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Abstract. 

 

The hypothesis was tested that sequence diversity in PXR cis-regulatory regions are 

significant determinants of variation in inducible and constitutive CYP3A4 expression. 

A combination of comparative genomics and computational algorithms were used to 

select regions of the human PXR promoter and intron 1 that were resequenced in the 

polymorphism discovery resource 24 DNA subset.  PXR SNPs were then genotyped in 

donor human livers phenotyped for CYP3A4 and MDR1 mRNAs and primary human 

hepatocytes phenotyped for basal and rifampin inducible CYP3A4 activity. The human 

PXR promoter (16.9 kb) was significantly larger than in rodents (2.9 kb). Eighty-nine 

SNPs were identified in the promoter and intron 1 of PXR. The SNPs most consistently 

associated with CYP3A4 phenotypic measures were a 44477T>C (-1359) promoter SNP 

(in LD with SNP 463170,  a 6 bp deletion in intron 1a,  and SNP 46551, a C nucleotide 

insertion in intron 1b);  SNP 63396C>T in intron 1 (in LD with SNPs 63704A>G, 

63813(CAAA)(CA) variable repeat, and 65104T>C); and SNPs 56348C>A; 69789A>G 

and 66034T>C. Donor livers with the variant PXR alleles had altered hepatic expression 

of PXR targets compared to livers with PXR wild-type alleles. These results identified 

PXR promoter and intron 1 SNPs associated with PXR target gene expression (CYP3A4) 

in donor livers and cultured hepatocytes and that a striking number of the linked intron1 

SNPs will affect putative binding sites for hepatic HNF3beta (FOXA2), a transcription 

factor linked with PXR expression.  
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Introduction.  

The pregnane X receptor (PXR), also known as the steroid and xenobiotic 

receptor (SXR), and NR1I2 is a member of the orphan nuclear receptor family 

(Bertilsson, et al., 1998;Blumberg, et al., 1998;Lehmann, et al., 1998).  Several PXR 

isoforms exist with different amino terminal sequences. PXR and PAR2 are mutually and 

exclusively transcribed from exon 1a and exon 1b, respectively. PXR.1 has a CTG 

translation start site in exon 2 whereas PAR2 has an ATG translation start site in exon 1b 

leading to an additional 39 amino acids at the amino terminal end. PXR (and PAR2) are 

ligand activated by many drugs and induce transcription of numerous drug detoxification 

genes including CYP3A4 and ABCB1/MDR1 encoding P-glycoprotein (Synold, et al., 

2001). CYP3A4 is involved in the oxidative metabolism of more than 50 percent of 

prescribed drugs along with maintenance of endogenous steroid homeostasis (Wrighton, 

et al., 1996). Thus, administration of PXR ligands along with substrates of CYP3A4 and 

MDR1 can result in accelerated drug metabolism and clearance due to induction of 

CYP3A4 and MDR1 and is the basis of many drug-drug interactions. For example 

combinatorial treatment with rifampin requires dosage adjustment to maintain therapeutic 

efficacy (Borcherding, et al., 1992). 

There is well documented variability in both basal and PXR inducible CYP3A4 

expression and activity within the population (Lamba, et al., 2006;Lamba, et al., 

2002;Lown, et al., 1997;Perry and Jenkins, 1986;Watkins, et al., 1989;Kolars JC, et al., 

1992). However, SNPs in the coding region of the CYP3A4 gene are not frequent enough 

to explain the observed variability in CYP3A4. The finding that expression of PXR and 

CYP3A4 are significantly related in human livers raised the possibility that PXR 
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sequence variation might explain some differences in CYP3A4 expression (Lamba, et al., 

2004;Chang, et al., 2003).  However, sequence diversity in the PXR coding region is not 

sufficient to explain variation in either PXR or its transcriptional  target CYP3A4 (Zhang, 

et al., 2001;Hustert, et al., 2001). 

The present study used a combination of comparative genomics and 

computational algorithms to select regions of the human PXR promoter and intron one 

for resequencing.  These SNPs were then related to CYP3A4 basal and inducible 

expression in order to identify SNPs contributing to the substantial variability observed in 

hepatic PXR and target gene expression.  
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Methods. 

 

In silico analysis of the PXR gene to identify regions to resequence. 

Several web based bioinformatic tools were used to screen 37 kb of the PXR gene (16 kb 

promoter and 21 kb intron 1) for the presence of DNA response elements for liver 

enriched transcription factors (LETFs), and for regions of high evolutionarily 

conservation between multiple species.  Cister plot 

(http://zlab.bu.edu/~mfrith/cister.shtml), 

 NUBISCAN (http://www.nubiscan.unibas.ch/) and Transfac 

(http://transfac.gbf.de/TRANSFAC/lists/matrix/matrixByName.html) were used to 

identify regions harboring clusters of DNA response elements for various transcription 

factors. TFs for which matrices were available to do CISTER include DR4, PXR, DR3, 

DR1, HNF4α, DR1, HNF1, HNF3α, HNF4, HNF3β, CEBPα, CEBP, CEBPδ, HNF-6, 

CEBPβ, GATA4, GR (glucocorticoid receptor), HNF3γ, NF-1, NF-Kappaβ, SP1 and 

TATA, CRE, ERE, NF-1, E2F, Mef-2, Myf, CCAAT, AP-1, Ets, Myc, GATA, LSF, 

SRF, CDX and Tef. The UCSC (http://genome.ucsc.edu ), ECR (evolutionary conserved 

(http://ecrbrowser.dcode.org/ ) and rVISTA 

(http://genome.lbl.gov/vista/rvista/submit.shtml ) genome browsers were used to identify 

regions of  conservation between humans and other species on the PXR GENE. 

 

Subjects.  Institutional Review Boards and Clinical Research Advisory Committees at St. 

Jude Children’s Research Hospital, and the University of Pittsburgh, Pittsburgh, Pa 

approved the use of tissue samples from organ donors. 
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Study populations. Cohort I. A subset of 24 samples encompassing the same range of 

diversity as the complete set of Polymorphism Discovery Resource (PDR24) was 

purchased from the Coriell DNA repository 

(http://ccr.coriell.org/nigms/products/pdr.html) and was used for discovery of SNPs in the 

potential regulatory regions of PXR.   

 

Cohort IIa. Primary Human Hepatocyte culture.  Tissues were provided by the Liver 

Tissue Procurement and Distribution System (NIH Contract #N01-DK-9-2310) and by 

the Cooperative Human Tissue Network. 46 human livers (Caucasians; Males, n=29, 

Females, n=17, all CYP3A5 nonexpressors) were procured from donor organs that were 

not suitable for whole organ transplantation or from remaining tissue after reduced 

allograft transplantation. Human hepatocytes were isolated (Strom SC, et al., 1998) and 

cells were plated on collagen-coated 6-well plates or 60 mm culture dishes and 

maintained in Modified Williams E medium (Hyclone, Logan, Utah) for 48 hrs (wash-out 

phase) and then treated with vehicle or 10 µM rifampin for 48 hr. The activity of 

CYP3A4 was determined by measuring the testosterone metabolism in cultured 

hepatocytes treated with vehicle (defined as basal controls) or rifampin (Kostrubsky, et 

al., 1999).  

 

Cohort IIb. Liver resource for hepatic mRNA quantification of PXR.1, PAR2, 

CYP3A4 and MDR1.  Human liver tissue for cohort IIb was processed through Dr. 

Mary Relling’s laboratory at St. Jude Children’s Research Hospital and was provided by 
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the Liver Tissue Procurement and Distribution System (NIH Contract #N01-DK-9-2310) 

and by the Cooperative Human Tissue Network.  Total RNA was isolated from the liver 

tissue from organ donors (46 Caucasian livers (males, n=29, females, n=17) using Trizol 

(Invitrogen, Carlsbad, CA). First strand cDNA was prepared using oligo dT primers 

(Invitrogen, Superscript RT-PCR system). Real-time PCR quantitation of PXR, PAR2, 

CYP3A4, MDR1 and the quality/housekeeping control GAPDH was carried out using the 

QuantiTect SYBR Green PCR kit (QIAGEN, Valencia, CA) according to the 

manufacturer’s instructions. cDNA was analyzed in duplicate by real time PCR on an 

ABI PRISM 7900HT Sequence Detection System (PE Applied Biosystems, Foster City, 

CA, USA). Primers used for real time quantification are provided in Table 1. Specificity 

of amplification was confirmed in each case by performing melt curve analysis and 

agarose gel electrophoresis. The averaged Ct values for each gene were analyzed by the 

comparative Ct method to obtain relative mRNA expression levels (Lamba, et al., 2004). 

 

Resequencing PXR.  Fifteen regions of interest, based on the in silico analysis, (Fig. 1, 

Table 1) were sequenced for discovery of genetic variants in the  PDR24 DNA samples. 

PCR amplifications were performed using primers described in Table 1. Amplification 

was carried out in a 1 x PCR buffer using 50 ng of genomic DNA, 10 pmol each of 

forward and reverse primers, 0.2 mM dNTPs and 1.5 units of Taq polymerase (Expand 

High Fidelity PCR System, Roche).  PCR products were checked for the correct size by 

agarose gel electrophoresis.  Before sequencing, unincorporated nucleotides and primers 

were removed by incubation with Shrimp Alkaline Phosphatase (USB) and Exonuclease I 

(USB) for 30 min at 37°C, followed by enzyme inactivation at 80°C for 15 min. 
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Sequencing was carried out by an ABI Prism 3700 Automated Sequencer using the PCR 

primers or internal primers (see Table 1).  Sequences were assembled using the Phred-

Phrap-Consed package (University of Washington, Seattle, 

http://droog.mbt.washington.edu/PolyPhred.html), which automatically detects the 

presence of heterozygous single nucleotide substitutions by fluorescence based 

sequencing of PCR products (Rieder, et al., 1998;Nickerson, et al., 1997).   

We should point out that since we resequenced PXR in DNA from the PDR24 

(representing multiple racial populations) the SNP changes observed in the combined 

population (e.g., SNP44477T>C) were sometimes opposite to the frequency observed in 

the White subjects in this study.  For example, the 44477T allele was more frequent in the 

PDR24, but the 44477C allele frequency was higher in the White subjects in this study. 

 

 

 

Statistical Analysis. Since the phenotypic markers were not normally distributed, group 

differences were analyzed non-parametrically using the Wilcoxon rank sum test (W) to 

compare binary groups (e.g., GG + GT vs. TT). The Kruskal-Wallis (KW) test was used 

to compare three groups of genotype for each polymorphism (e.g., GG vs. GT vs. TT) 

with the phenotype. 

All statistical calculations were performed using statistical program R: A Language and 

Environment for Statistical Analysis (http://www.R-project.org). To assess the 

effects of combinatorial SNPs, samples were stratified by the most common informative 
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genotypes (e.g., 63396 heterozygotes) and then the effect of additional genotypes on 

phenotypic measures with this group determined as above. 

 

 

Results. 

In silico analysis of the PXR promoter and intron1 to identify regions to resequence. 

The PXR promoter (16 kb) and intron 1 (24.9kb) total 41 kb were analyzed using various 

bioinformatic tools to judiciously choose regions for resequencing using the selection 

criteria of evolutionary conservation and/or   regions that contained putative clusters of 

transcription factors binding sites since these regions are more likely to be functionally 

important. The UCSC, VISTA and ECR (evolutionary conserved region) browsers were 

used to perform comparative genomic analysis between different species. Fig. 1A shows 

a snapshot from the UCSC browser with global alignment of the human PXR promoter 

and intron 1 compared with genomes of other species. This track shows a measure of 

evolutionary conservation in 17 vertebrates, including human, chimp, mouse, rat, 

chicken, fugu and zebrafish based on a phylogenetic hidden Markov model, phastCons 

(Siepel, et al., 2005). The taller the shaded peaks, the greater the extent of conservation 

between species in this region. The 400 bp proximal promoter region showed the greatest 

evolutionary conservation between human and rodents. Analysis of the mouse and human 

PXR gene using Ensembl (http://www.ensembl.org/Homo_sapiens) (Fig. 2A) revealed 

that, although the genes flanking human PXR – telomeric 5’ (AAT1 -testis-specific 

AMY-1 binding protein - also known as C3orf15)  and centromeric 3’ (GSK3B -

glycogen synthase kinase-3beta) are conserved with mice, the distance between PXR and 
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the upstream gene AAT1 was 16 kb in humans versus only 2.9 kb in mice. Although both 

the UCSC and ECR browsers (Fig. 1A, B) indicate a region with a high degree of 

conservation in intron1, this conserved region represents a retroposed pseudogene 

(Prohibitin) present in hPXR intron 1, but not present in a syntenic region of mouse PXR 

(mPXR is on chr 6, while the pseudogene is on mouse chr 15).  This result stems from the 

fact that both programs use global alignment to detect conserved regions, but as 

illustrated here, some caution must be used in the interpretation since the region of 

conservation will not always be within the same gene.  

 Local gene-to-gene alignment of human and mouse PXR using rVISTA also 

indicated that the greatest evolutionary conservation was in the proximal promoter and 

intron 1 and that the intron 1 peak is absent (Fig. 1C). The CISTER program was used to 

predict cis-element clusters by using matrices from TRANSFAC and a hidden Markov 

model (Frith, et al., 2001;Wingender, et al., 2000) (Fig. 1D). The 15 regions of the PXR 

promoter and intron 1 meeting these selection critera (Fig. 1D, Table 1) were targeted for 

resequencing.  

 

Single nucleotide polymorphisms in the PXR promoter and intron 1.  PXR promoter 

and intron 1 regions were resequenced in 24 samples from the Coriell polymorphism 

discovery resource (PDR24-cohort I). Eighty-nine SNPs/indels were identified (Table 2), 

five of them shared with the HAPMAP project. A comparison of LD between pairs of 

loci for PXR in Caucasian HAPMAP samples was obtained using the ‘Marker program’ 

(http://www.gmap.net/marker ) (Fig. 2B).  This indicated that the PXR gene is broken 

down primarily into two large Haplotype blocks. The tails of the two blocks intersect just 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on October 9, 2007 as DOI: 10.1124/dmd.107.016600

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD#16600 

 12

upstream of the retrotransposed prohibitin pseudogene. Block one begins in the upstream 

gene AAT1 and extends 3’ ending in intron 1 around  SNP rs3030845.  The second block 

picks up in intron1 around SNP rs4566573 and extends 3’ into GSK3B  (Fig. 2B, Table 

2).  

 

Effect of PXR SNPs on basal and rifampin inducible CYP3A4 activity (Cohort IIa). 

SNPs with a minimum allele frequency of more than 5% and SNPs predicted to reside in 

a putative TF binding sequence based on in silico analysis (described later) were 

genotyped in DNA from primary  human hepatocytes from 46 White subjects (all 

CYP3A5 non-expressors) phenotyped in culture for basal and rifampicin inducible 

CYP3A4 activity measured as testosterone 6β hydroxylation. PXR SNPs associated with 

CYP3A4 Basal Activity  (vehicle treated hepatocytes): (Table 3, Fig. 3). These SNPs 

were clustered in two regions (and different blocks), the proximal promoter region and 

the proximal 7kb of intron 1 flanking exon 2. Because a number of  informative SNPs 

were in LD, a single SNP from the each “LD” group was randomly selected as the “LD 

TAG SNP” to represent the linked SNPs associated with CYP3A4.  SNP 63396C>T was 

chosen as an intron 1 LD Tag SNP (it was in LD with intron 1 SNPs: 63704G>A and a 

polymorphic repeat at 63813 (CAAA)5/6(CA)12/13; and in  partial LD with  intron 1 

SNPs 63877T>C and 66034C>T). In the combined population, persons homozygous for 

the 63396C had three fold lower CYP3A4 activity (0.03 ± 0.02 pmol/min/mg protein)  

compared to persons heterozygous or homozygous for the 63396T allele (0.09± 0.05 

pmol/min/mg protein), p=0.006 (Table 3, Fig. 3A).  
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Since CYP3A4 is more highly expressed in female vs. male livers, and because 

we have previously demonstrated that for genes showing sexual dimorphism it is 

important to stratify by gender before looking for genotype/phenotype associations 

(Lamba, et al., 2003), we next segregated the livers by sex and re-ran the analysis. Basal 

CYP3A4 activity was related to several linked SNPs including the 44477T>C located at -

1359 bp in the  PXR promoter (Fig. 3C).  Thus, SNP 44477 ( -1359) was selected as the 

promoter LD tag (in LD with a 6 bp deletion in intron 1a  (SNP 46370 (Uno et al, 2004) 

and a 46551C nucleotide insertion in intron 1a).  Among females homozygous for the 

44477T allele, testosterone 6β- hydroxylase activity was ~ 3 fold higher (0.18 ± 0.06 

pmol/min/mg protein) compared to persons homozygous for  44477C (0.06 ±  0.04 

pmol/min/mg protein; p=0.037). Although the 63396 SNP was significantly associated 

with CYP3A4 activity in the combined population, it was not significantly associated 

with CYP3A4 in females. This may be due to the lower number of females homozygous 

for the 63396C allele (2/17) compared to males (4/29). Females homozygous (TT) for the 

intron 1B 58188T>C SNP had significantly lower (2.3 fold) basal CYP3A4 activity vs. 

58188 TC subjects (0.08± 0.04 pmol/min/mg protein vs.0.19 ± 0.05 pmol/min/mg 

protein, p=0.026) (Fig. 3E, Table 3).  

PXR SNPs associated with rifampin induced CYP3A4 activity: Upon treatment 

with rifampin there was 6-fold variation in induction of CYP3A4 activity. The majority 

of samples with low CYP3A4 basal activity demonstrated the highest induction and those 

with the highest basal activity demonstrated lower induction. Thus, the genotypes 

associated with lower basal activity were more likely to be associated with higher 

induction phenotypes and vice versa. Individuals homozygous for the LD Tag SNP 
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63396C  demonstrated a 16.56 ± 3.1 fold induction in CYP3A4 activity vs. 9.26 ± 6.1 

fold induction in individuals homozygous for the major 63396T allele (Fig. 3B). 

Likewise, rifampicin mediated fold induction in CYP3A4 activity was 2 times higher in 

subjects with 63877CC/66034TT genotypes (17.3±1.2) as compared to subjects 

homozygous with 63877TT/66034CC genotypes (8.8±5.9). Similar effects were observed 

for the 68740T>A/69245C>T SNPs (Table 3, Fig.3F).  

 

Combinatorial effect of PXR SNPs (Cohort IIa).  We attempted to infer PXR 

haplotypes using the PHASE 2.02 program since single variants might miss the 

combinatorial effect of SNPs in a haplotype (Stephens, et al., 2001). However, the 

number of PXR haplotypes was too large to allow any analysis for association. 

Nevertheless, variation in PXR might be influenced by additional SNPs that were not 

captured by variation at a single marker (e.g., functionally important SNPs might be 

masked if they are present together with other SNPs that have a greater effect). Hence, 

we first segregated individuals by the two most common genotypes: the promoter 

44477CT and intron 1 63396CT heterozygotes. Those SNPs whose association with 

CYP3A4 increased in statistical significance after stratification are shown in Table 4.  For 

example, the 69789A>G SNP that independently demonstrated marginal association with 

CYP3A induction (p=0.058) (Table 3), increased significance among 44477CT carriers 

(p=0.01) (Table 4); likewise the association of SNP 68740 with CYP3A4 induction 

increased from p=0.02  to p=0.008 (Table 3 vs 4) upon stratification.  One novel SNP 

associated with increased basal CYP3A4, 56348C>A, was uncovered by this approach. 
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Effect of PXR SNPs on the hepatic mRNA levels of PXR, PAR2, CYP3A4 and 

MDR1 (Cohort IIb).  PXR genotype analysis was next performed on donor human liver 

tissue phenotyped for mRNA expression of PXR and PAR.2 and two of the targets, 

CYP3A4 and ABCB1/MDR1. The 69789A>G genotype was associated with lower 

MDR1 mRNA (p=0.035), the effect being more pronounced in females (p=0.008) (Fig. 

4C). Among males the 45005 C>T (referred to as 25385C>T by (Zhang, et al., 2001)) 

located at -831 bp in the PXR promoter was associated with significantly lower hepatic 

PXR levels (p=0.029, Fig. 4A). Persons homozygous for the  63396 C intron 1 tag SNP 

had lower PAR2 mRNA levels compared to subjects with at least one 63396T allele  

(p=0.038, Fig. 4B).   

We again determined whether there were any combinatorial interactions between 

SNPs after stratification by common genotypes.  Among 44477CT heterozygous 

subjects: (a) the 69789 A>G SNP was significantly associated with lower hepatic 

expression of CYP3A4 (Fig. 5B) and PXR (Fig. 5C);  (b) subjects heterozygous for the 

56348C>A genotype had lower CYP3A4 mRNA compared with subjects with the 56348 

CC genotype (Fig. 5A); and (c) PXR showed a trend for being higher in persons carrying 

the 63396T allele.   

Within the 63396 CT heterozygous stratified subgroup: the 46370-6bp deletion 

(in LD with 44477T>C and 46551 Cins) which is present in a HNF1 binding site in the 

PAR2 5’UTR was associated with lower expression of PAR2 in subjects having at least 

one allele with deletion (DD+ND) as compared to subjects with no deletion (NN), Fig. 

5F; and CYP3A4 mRNA tended to be lower in persons with the 44477(-1359) T allele 

(Fig 5E). 
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 In silico analysis for functional effect of SNPs on PXR locus. We used Transfac to 

determine if any PXR SNPs, particularly those associated with any of the hepatic traits 

measured, were located in TF (transcription factor) binding sites or disrupting or creating 

any TF sites (Fig. 6).  Interestingly, a number of SNPs in LD at the 3’ end of intron 1 

were located in hepatic nuclear factor 3 binding sites: (a) the 63396 LD tag SNP is  

located in a putative ΗΝF3β (also known as FOXA2, fork head transcription factor 

FoxA2) binding site; (b) the 63813 (CAAA)5/6 (CA)12/13 gain in polymorphic repeats 

increased the number of HNF3β binding sites; and (c) screening the HAPMAP data for 

any additional SNPs that were in LD with the linked 63396/63704/63813 SNPs revealed, 

a new SNP at 65104T>C (rs 2461823) that was also  predicted to gain an HNF3β binding 

site.  The 69245C>T change (which occurs in LD with the 68740 T>A that was 

associated with lower CYP3A4 expression in hepatocytes) disrupts a binding site for 

CREB (Fig. 6).  The 69789 A>G SNP, which was associated with lower expression of 

multiple PXR targets in liver, was present in a HNF4 binding site and the A>G change is 

predicted to result in the loss of the binding site. The 44477T>C SNP results in the loss 

of one binding site each for STAT1, STAT3, STAT6, HELIOSA and NFAT (Fig 6). The 

44477 SNP is in LD with the 6 bp deletion which is located in an HNF1 binding site at 

position 46370 and a 46551 C ins which is present in a STRE (Stress response element) 

site.  Although several other PXR SNPs associated with hepatic traits were located in TF 

binding sites (Table 2) the functional significance to PXR expression/activity remains 

unknown. 
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Discussion. 

 

Potential regulatory regions in the PXR gene were screened for sequence 

variations that could explain the observed variability in the hepatic expression of PXR 

and its targets CYP3A4 and MDR1. Although the same genes in human and rodent flank 

the PXR gene, surprisingly, the human PXR promoter was significantly larger, containing 

an additional 13 kb compared with the rodent orthologs.  Although there are regions of 

similarity between the conserved 2.9 kb promoter of rodent PXR and the proximal 

promoter of human PXR, the greatest degree of conservation is within the first 400 bp of 

the human proximal promoter. It is possible that rodents deleted the distal PXR promoter 

since blast analysis failed to identify nucleotide sequences corresponding to the distal 

13kb intergenic region 5’ of human PXR in the rodent genome. The functional 

implications of the additional 13 kb of promoter sequence to human PXR expression 

remains to be determined. 

PXR is comprised of two haplotypes blocks. Resequencing of approximately 15 

kb of the PXR promoter and intron 1 in DNA from the PDR24 subset identified 89 SNPs. 

SNPs that were most highly associated with PXR target gene expression were clustered 

in three regions, with each cluster containing multiple SNPs in LD.  Although for clarity 

of presentation we randomly designated one of the SNPs in each cluster as the LD tag 

SNP, the functional effect could be due to any of the single variants or synergistic effects 

of the SNPs in LD.  

The results from the present study, in conjunction with other works, implies that  

HNF3β (also known as fork head transcription factor FoxA2) in particular, and other 
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hepatic transcription factors such as HNF4 and HNF1 may influence transcriptional 

activity of the PXR promoter and that SNPs in the TF binding sites alter PXR 

expression/activity.  First, we found that multiple PXR SNPs associated with CYP3A4 

expression were residing in and predicted to alter HNF binding sites. The 69789A>G 

SNP destroyed a potential HNF4 binding site and was associated with lower MDR1, 

CYP3A4 and PXR mRNA expression. This is consistent with results from ourselves 

(Tirona, et al., 2003) and others (Kamiya, et al., 2003;Kyrmizi, et al., 2006) on the 

important role of HNF4 in regulating hepatic PXR expression.  Most striking was the fact 

that the cluster of SNPs tagged with the 63396C>T SNP, in LD with the 63704G>A, 

63813(CAAA)n/(CA)n and  65104T>C), were each effecting HNF3β binding sites. 

Primary cultured human hepatocytes with the 63396T allele had higher basal CYP3A4 

and conversely, lower rifampin induction. Among livers stratified for the 44477CT 

genotype, those with the 63396T allele had higher PXR mRNA in donor liver (Fig. 5D). 

The combined genotype (63396T, 63813 increased repeats and 65104C) is predicted by 

TRANSFACT to increase ΗΝF3β binding sites compared with the  63396C/63813fewer 

repeats/65104T genotype. The finding that SNPs affecting PXR target expression (and 

PXR levels) are predicted to alter intron 1 ΗΝF3β binding sites is intriguing in light of 

studies showing that the human PXR proximal promoter is activated by HNF3β (Gibson, 

et al., 2006), that HNF3β is recruited to the mouse PXR promoter (between -167 and -

193 bp) during liver development(Kyrmizi, et al., 2006), and that HNF3β cross talks with 

PXR to modulate its drug induced activation of lipid metabolism (and glucose levels) in 

fasting mice (Nakamura, et al., 2007).  Because HNF3β is an hepatic regulator of bile 

acid and glucose homeostasis (Rausa, et al., 2000) this regulation of PXR by HNF3β and 
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cross-talk with HNF3β not only suggests that HNF3β may be a master regulator of PXR, 

but that PXR, in addition to its known role in bile acid biology, may have some 

unexpected role in modulating blood glucose levels.   

The 44477T>C (-1359 bp) tag1 promoter SNP (in LD with the 6bp deletion at 

46370) defined another cluster of informative SNPs. However, the relationship of this 

SNP to CYP3A4 expression differed between primary hepatocytes and donor livers. 

Hepatocytes with the 44477T allele had higher basal CYP3A4 but lower rifampin 

mediated induction of CYP3A4, while among donor livers with the 63396 CT genotype, 

those with the -1359 SNP had lower CYP3A4 and PAR2 mRNA. It is possible that the 

intrinsic differences between the environment of cultured hepatocytes and donor livers, 

and hence potential differences in the transcription factor levels, differentially effects the 

alleles. 

The functional relevance of the 63813 SNP might also be related to the nature of 

this “SNP” – a  polymorphic tetranucleotide (CAAA) that repeats 5 or 6 times followed 

by a dinucleotide repeat (CA) that occurs 12 or 13 times. There are numerous reports in 

the literature where polymorphic repeats have been associated with variability in mRNA 

expression. For example, a polymorphic CA repeat in  intron 1 of EGFR has been 

associated with altered EGFR expression in breast cancer (Gebhardt, et al., 1999). A 

repeat polymorphism in the ERβ gene has been implicated in menopausal and 

premenstrual symptoms (Takeo, et al., 2005) and impaired healing in the elderly, 

predisposing to venous ulceration (Ashworth, et al., 2005).  

The 45005T (-831 bp) promoter SNP, located in a putative NF-KappaB and 

ISFG-2 site, was associated with lower hepatic PXR mRNA expression in male livers in 
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this study. Another group recently reported that the same 45005 (23585)C allele was 

associated with increased susceptibility to inflammatory bowel disease, Crohn’s disease 

and ulcerative colitis (Dring, et al., 2006). This result was intriguing because it was 

recently reported (Zhou et al., 2006) that PXR KO mice show significant inflammation 

within the intestine. Coupled with the fact that PXR  suppresses the inflammatory 

response these results suggested that persons with lower PXR expression (the 45005T 

allele in livers) might have a higher inflammatory response. Consistent with this notion, 

PXR expression was lower in patients with IBD (Dring, et al., 2006). However, 

paradoxically the 45005 (25385) C allele was significantly more frequent in IBD patients 

than the control population (Dring, et al., 2006). There are several possible explanations 

for the discrepant results. The SNP, which effects a putative NF-KappaB site, could 

behave quite differently in the non-inflammatory vs. inflammatory state and there could 

be tissue specific differences between liver and colon in the functional consequence of 

this SNP. A PXR 3’UTR SNP (rs1054190) and an intron 5 SNP were  shown to modify 

disease course for patients with primary sclerosing cholangitis, a hepatic disease where 

bile duct pathology leads to inflammation, fibrosis and ultimately cirrhotic disease 

(Karlsen, et al., 2007).  This suggests that in addition to PXR’s well-known roll in 

modifying expression of drug detoxification genes, it can significantly effect the 

inflammatory response in mouse intestine and liver. The relationship of these newly 

identified PXR SNPs and risk of these inflammatory diseases should help to strengthen 

the identity of which PXR SNPs are important to PXR expression/function in various 

tissues and disease states.  Moreover, the recent finding that PXR -/- mice develop 

hepatic steatosis (Nakamura, et al., 2007), and the growing body of work implying a 
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connection between PXR, HNF3β and glucose homeostasis, suggests that PXR may be a 

modulator gene in these diseases and that PXR genotyping in other disease settings is 

warranted. 

The results from the present study indicate that there exists substantial genetic 

variability in potential regulatory regions of PXR, that some SNPs are associated with 

PXR target gene expression, and that a number of these SNPs reside in or create or 

destroy putative transcription factor binding sites.  The fact that the identical SNPs were 

associated with various PXR traits, in spite of limitations in measuring the phenotypic 

traits (which themselves show intrinsic genetic variation) in two non-identical hepatic 

environments, strongly  suggests that they are likely functionally important and need to 

be tested further for their relationship to PXR traits in well controlled studies.  
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Legends for figures. 

 

Figure 1. In silico analysis of the PXR promoter and intron1. (A) Snapshot from the 

UCSC genome browser showing Human chr3:120,967,502-121,008,972 (May 2004 

assembly).  A cartoon immediately above indicates the locations of the 16 kb PXR 

promoter, exon1a (45387/47117), ex1b (46527/46659), intron1, and exon2 (70368)) in 

AF364606. (B) Snapshot from the ECR browser with alignment of human PXR with 

mouse, rat and chicken. (C) Results from the rVISTA browser with local alignment of 

mouse and human PXR. (D) CISTER analysis of PXR. Regions with clusters of binding 

sites for liver enriched transcription factors and hormone receptors are indicated. The 

verticle colored lines indicate probabilities that regulatory factors bind to cis-elements at 

these positions. The peak heights indicate the overall probability of sites being within a 

cluster of cis-elements bound by their factors. Each color corresponds to a different TF 

binding site. Lines in the upper half of the plot indicate cis-elements on the sense strand, 

and lines in the lower half refer to the complementary strand.  

 

Figure 2. Structure of the Human and Mouse PXR Genes. (A) Synteny between 

human PXR (NR1I2) on chromosome 3 and mouse PXR on chromosome 16 is 

maintained, as the order of genes is 5’ to 3’ AAT1, PXR and GSK3B. (B) Haplotype 

block structure of PXR (NR1I2) from the CEPH HAPMAP data generated with the 

Marker program (http://www.gmap.net/marker) relative to neighboring genes AAT1 

and GSK3B. The colored blocks indicate the degree of linkage disequilibrium (D’ values) 

between any two SNPs indicated (in the CEPHs). The colored triangle regions (and 
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associated boxed SNPs) indicate LD blocks identified.  The SNPs identified in this study, 

which are nearest to the HapMap SNPs that lie at the intersection between the two PXR 

haplotypes blocks, are indicated.  

 

 

Figure 3. Association of various PXR genotypes to basal and rifampicin induced 

CYP3A4 activity (cohort IIa). CYP3A4 activity was measured as testosterone 6-beta 

hydroxylation (pmols/min/mg protein) in 46 primary human hepatocytes (CYP3A5 non-

expressors) treated with rifampin (induced) or with vehicle (basal). Association of SNPs 

with basal (A,C,E) and fold-induced (B,D,F)  CYP3A4 activity is shown. Box plots 

indicate 1st and 3rd quartiles, with the bold line within the box representing the median 

value; the whiskers represent the range after excluding the outliers. The outliers are 

defined by the R package as data points which fall outside of the 1st and 3rd quartiles by 

more than 1.5 times the interquartile range, and  circles falling outside the box represent 

outliers. The p values from the Kruskal-Wallis nonparametric test comparing the 

significance of all three genotypes is shown for all SNPs, and the Wilcox test comparing 

two groups (denoted by bars) is shown for some. 

 

 

Figure 4. Association of PXR genotypes with hepatic expression of PXR (A), PAR2 

(B) and MDR (C) mRNAs in cohort IIb.  mRNA was obtained from donor livers of 

Caucasian CYP3A5 non-expressors. Hepatic expression of PXR, PAR2 and MDR was 

quantitated by real time PCR using SYBR green as described in materials and methods. 
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Log2 values for the hepatic expression are plotted on the y axis. Box plots for SNPs 

demonstrating statistically significant association are shown.  

 

Figure 5. Association of SNP-SNP interaction analysis with hepatic expression of 

CYP3A4, PXR, PAR2. Within the subgroup heterozygous for the 44477CT SNP, 

hepatic CYP3A4 expression was associated with genotypes 56348CA (A) and 69789CA 

(B), and hepatic PXR expression was associated with the 69789 CA (C) and the  63396 

SNP (D). Within the subgroup heterozygous for the 63396 CT genotype, hepatic 

CYP3A4 (E) and PAR2 (F) mRNAs were associated with the 44477 T>C and the linked 

46370 6bp deletion, respectively. Log2 values for the hepatic expression are plotted on 

the y axis. 

 

Figure 6. Summary of functionally significant SNPs. PXR SNPs that were related to 

CYP3A4, MDR1 or PXR are depicted along  a map of the PXR promoter and intron1 

relative to their position on the PXR gene (AF364606; chr3:120968000:121009019). 

HapMap Tag SNPs (Rel#20/phaseII, Jan, 06) in CEPHS (Caucasians) are indicated by rs 

number.  HapMap SNPs in LD to our SNPs are indicated. SNPs in full or partial LD are 

shown connected by solid and hatched lines, respectively. SNPs predicted to reside in 

transcription factor sites and to cause loss (-) or gain (+) of the site are indicated. 

Phenotypes associated with SNPs are boxed by relationship to hepatocytes (top), liver 

(middle) or other studies (bottom). ERMBT, erythromycin breath test; IBD, 

inflammatory bowel disease. 
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Table. 1 PCR primer sequences and cycle conditions used to amplify PXR for 
resequencing and for real time quantification of PXR, PAR2, CYP3A4 and MDR1mRNAs.  
Region 
Amplified AF364606 

Amplicon 
length Direction Sequence (5'--> 3') 

Condition
s (°C) 

PXR.1 translation 
start site as +1 

Rg1 37197-37546 349 bp F GAGAGTTATGCCATGTTCACA 56 -33193 to -32844 
   R GCATTACGAGGCCCAGAT   
       
Rg2 38550-39745 1195 bp F AGCAATTAAGAAAGTGCTGAAC 56 -31840 to -30645 
   R CTTACGGTTTGCTTGTCTTGA   
       
Rg3 44007-45784 1777 bp F CCTGCAGAAACCTGAGAATAT 56 -26383 to -24606 
   R AGTCCAGCACTTGAACTAGC   
       

Rg4 46323-46873 550 bp F CTGATGCTCTCTGGTCCTGC 60 
-24067 to -23517 
(Ex1b) 

   R TGCCTGCTATAGCTGATTCATTG   
       
Rg5 50000-51906 1906 bp R TGAGGGTGAGATAGTTCCTTCC 55 -20390 to -18484 
   F GAACGTGGACAACATTAATTCA   
       
Rg6 51803-52721 918 bp F CAGTGACCTGGTTCCAAAG 56 -18587 to -17669 
   R AATCCAACTAACCAGACAGA   
       
Rg7 55211-56416 1205 bp F GTGAACACTCCTATGTAACAC 57 -15179 to -13974 
   R CTGTGGCCTAGTTGGCCCAT   
       
Rg8 56397-58307 1910 bp F CTCCACTCCAGAAATCACTG 56 -13993 to -12083 
   R GGTGAGTGGCTCACACCTAT   
 seq      
Rg9 58288-59302 1014 bp F ATAGGTGTGAGCCACTCACC 57 -12102 to -11088 
   R GCTGGCCATGCAGAGGCTA   
       
Rg10 60608-61475 867 bp F GCCAGATCTGTCTATGGC 52 -9782 to -8915 
   R TAATAATGTCCTGTATATGCT   
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Rg11 62218-62538 322 bp F ATAGCATTATTGAGAGATACC 53 -8172 to -7852 
   R GTGGAATAGAGAGTGGCTGC   
       
Rg12 63248-64039 791 bp F CTGGATACAAGTCCCTTATG 55 -7142 to -6351 
   R ATTCACATGCAAGATGAATTA   
       
Rg13 65965-66438 473 bp F GCCACCTTGGATAACAGCTG 56 -4425 to -3952 
   R TTCAGCATCATTCAGGAGCC   
       
Rg14 68114-69190 1076 bp F ATACAGAACCTTAGTTACTGCA 53 -2276 to-1200 
   R TCTGTTTCCAACATCATGACA   
       
Rg15 68127-70655 2528 bp F  GTTACTGCATCCATCCATAT 57 -2263 to 265 

  
seq 1500 
bp R CTGAGGCCCTGAGACGTTAC   

   seqF CTGTCAGATGTCACCTGTCAT   
   seqR AAGAGAGCTGTAATCATGACAT   
Primers for real time quantification     
       
CYP3A4   F CACAGATCCCCCTGAAATTAAGCTTA 54  
   R AAAATTCAGGCTCCACTTACGGTG   
       
PXR   F CAAGCGGAAGAAAAGTGAACG 57  
   R CACAGATCTTTCCGGACCTG   
       
PAR2   F TGCACAGTGCTGCGGCTGA 57  
   R AAGTCAGCATGGTTCCAGCT   
       
MDR   F GCTCCTGACTATGCCAAAGC    57  
   R CTTCACCTCCAGGCTCAGTC   
       
GAPDH   F GTCAGTGGTGGACCTGACCT 60  
   R TGAGCTTGACAAAGTGGTCG   
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Table 2.  Allele frequencies of SNPs (in/dels) identified in PXR’s promoter and intron 1 

Position in 
AF364606 

Position 
from 
translation 
start site 
(+1)a 

Position 
from 
transcription 
start site 
(+1)b rs number (HAPMAP) 

PDR (n=24) 
Allele1           Allele2 

Whites (n=46)            
Allele1       Allele2 Region Effects 

37345G>A -33045 -8491    G=0.99 A=0.01 Upstream  

37479T>C -32911 -8357  T=0.9 C=0.1   Upstream  
38851G>A -31539 -6985  G=0.98 A=0.02   Upstream  
38982G>A -31408 -6854 rs4688036 A=0.92 G=0.08   Upstream  
39057G>A -31333 -6779  G=0.96 A=0.04   Upstream  
39117A>G -31273 -6719 rs9832958 A=0.78 G=0.22   Upstream  
44477T>C -25913 -1359 rs1523130 

(Celera C=0.67,T= 0.33) 
C=0.542 T=0.45 C=0.73 T=0.27 5'UTR STAT1,3,6, 

NFAT sites 
lost in T allele 

44578A>G -25812 -1258  G=0.94 A=0.06   5'UTR  
44664C>A -25726 -1172  C=0.98 A=0.02   5'UTR  
45005C>T -25385 -831 rs3814055*# 

(PAAR,C=0.70, T=0.30) 
C=0.71 T=0.29 C=0.69 T=0.31 5'UTR SNP present 

in NF-Kβ, 
ISGF-3 sites 

45354G>C -25036 -482  G=0.98 C=0.02   5'UTR  
45387C>T -25003 -449  C=0.98 T=0.02   5'UTR 

(Ex1a) 
 

45634G>A -24756 -202 rs1523128# 
(PAAR, T=0.95,C=0.05) 

G=0.92 A=0.08   5'UTR 
(Ex1a) 

C/EBP sites 
gained in A 

allele 
46370 6bp del -24020  rs3842689   N=0.71 D=0.29 5'UTR 

(Ex1b) 
HNF1 site lost 
with deletion 

46555 C ins -23839  rs11421631   5C=0.71 6C=0.29 5'UTR 
(Ex1b) 

C insertion 
present in 
STRE site 

50041A>T -20349  rs4234666* 
(G=0.80, C=0.20) 

A=0.91 T=0.09   intron1b  

50288G>C -20102   G=0.77 C=0.23   intron1b  
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50646C>T -19744  rs4472074 C=0.92 T=0.08   intron1b  
50666A>G -19724   A=0.77 G=0.23   intron1b  
50675insC -19715  rs11409387 I=0.77 N=0.23   intron1b  
51272A>G -19118   A=0.98 G=0.02   intron1b  
51347C>A -19043   C=0.98 A=0.02   intron1b  
51555del -18835  rs3030845 D=0.74 N=0.26   intron1b  

51890G>T -18500   G=0.95 T=0.05   intron1b  
51945(TTAins) -18445   (TTA)4= 

0.90 
(TTA)5
= 0.10 

  intron1b  

51957C>A -18433   C=0.98 A=0.02   intron1b repeat is 
present in 

FOXJ2 site 
51958G>A -18432   G=0.98 A=0.02   intron1b  
52056C>A -18334   C=0.98 A=0.02   intron1b  
52480C>T -17910   C=0.98 T=0.02   intron1b  
52501C>T -17889  rs4566573 C=0.98 T=0.02   intron1b SNP present 

in DR4 site 
52605T>C -17785     T=0.97 C=0.03 intron1b  
55416A>G -14974   A=0.90 G=0.10 A=0.01 G=0.99 intron1b  
55508C>T -14882     C=0.99 T=0.01 intron1b  
55835T>C -14555     T=0.99 C=0.01 intron1b PPARγ site 

gained in C 
allele 

55911T>A -14479     T=0.98 A=0.02 intron1b  
55952G>C -14438   G=0.96 C=0.04 G=0.98 C=0.02 intron1b SNP present 

in DR4 site 
56130C>G -14260     C=0.99 G=0.01 intron1b  
56225G>C -14165   G=0.98 C=0.02 G=1.0 C=0.0 intron1b  
56310T>G -14080     T=0.99 G=0.01 intron1b  
56348C>A -14042   C=0.56 A=0.44 C=0.71 A=0.29 intron1b SNP present 

in DR3 site 
56939A>G -13451   A=0.98 G=0.02   intron1b  
57001C>T -13389   C=0.98 T=0.02   intron1b  
57036C>G -13354   C=0.92 G=0.08   intron1b  
57347C>T -13043   C=0.96 T=0.04   intron1b  
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57552G>A -12838   G=0.92 A=0.08 G=0.98 A=0.02 intron1b  
57610C>G -12780   C=0.98 G=0.02   intron1b  
57725T>C -12665   T=0.98 C=0.02   intron1b  
57805A>G -12585  rs6773295 A=0.90 G=0.10 A=0.98 G=0.02 intron1b  
57825G>T -12565  rs6438545 G=0.90 T=0.10 G=0.98 T=0.02 intron1b  
57836A>T -12554   A=0.98 T=0.02   intron1b  
58105T>G -12285     T=0.99 G=0.01 intron1b  
58188T>C -12202  rs13085558 T=0.90 C=0.10 T=0.91 C=0.09 intron1b  
58234G>A -12156   G=0.96 A=0.04   intron1b  
58638G>A -11752   G=0.92 A=0.08 G=0.97 A=0.03 intron1b  
58850A>T -11540   A=0.94 T=0.06   intron1b HNF4 site lost 

in T allele 
58947G>A -11443   G=0.98 A=0.02 G=0.99 A=0.01 intron1b  
58977C>T -11413   C=0.72 T=0.28   intron1b  
59009G>T -11381   G=0.64 T=0.36   intron1b  
60877T>C -9513   T=0.79 C=0.21 T=0.97 C=0.03 intron1b HEB site 

gained in C 
allele 

62445G>A -7945   G=0.91 A=0.09 G=0.98 A=0.02 intron1b SNP present 
in HNF4α and 

NF1 sites 
62449A>G -7941   A=0.91 G=0.09 A=0.98 G=0.02 intron1b SNP present 

in NF1 site 
62452A>T -7938   A=0.91 T=0.09 A=0.98 T=0.02 intron1b SNP present 

in NF1 site 
62460C>A -7930   C=0.91 A=0.09 C=0.98 A=0.02 intron1b  
62466A>G -7924   A=0.83 G=0.17 A=0.96 G=0.04 intron1b  
62467A>G -7923   A=0.91 G=0.09 A=0.098 G=0.02 intron1b  
63396C>T -6994  rs2472677 C=0.75 T=0.35 C=0.38 T=0.62 intron1b SNP present 

in HNF3β site 
63448C>A -6942     A=0.99 C=0.01 intron1b  
63563T>G -6827   T=0.94 G=0.06   intron1b  
63704A>G -6686  rs12492296 G=0.75 A=0.35 G=0.38 A=0.62 intron1b  

63813(CAAA)
5/6, (CA)12/14 

-6577  rs4267673,rs7372335 5/12=0.58 6/13= 
0.42 

5/12= 
0.62 

6/12= 
0.38 

intron1b HNF3β  site 
gained by 
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(CAAA)CA 
insertion 

63877T>C -6513  rs6438546* 
(T=0.62, C=0.38) 

C=0.64 T=0.36 T=0.63 C=0.37 intron1b  

66034T>C -4356  rs13059232* 
(T=0.43, C=0.56) 

T=0.56 C=0.44 T=0.35 C=0.65 intron1b  

66261G>A -4129   G=0.96 A=0.04
1 

  intron1b  

68162G>T -2228  rs2416818 
(G=0.86, A=0.14) 

G=0.88 T=0.12   intron1b  

68381G>T -2009  rs4688040 G=0.54 T=0.46 G=0.79 T=0.21 intron1b SNP present 
in HNF3αsite 

68456G>T -1934     G=0.80 T=0.20 intron1b  
68535G>A -1855   T=0.60 G=0.40   intron1b  
68593T>G -1797   T=0.98 G=0.02   intron1b  
68618T>C -1772   T=0.98 C=0.02   intron1b DR4 site lost 

in C allele 
68707G>A -1683  rs4688041 G=0.92 A=0.08   intron1b  
68740T>A -1650  rs2472679 T=0.92 A=0.08 T=0.96 A=0.04 intron1b  
68804C>T -1586   C=0.98 T=0.02   intron1b  
68895C>A -1495   C=0.98 A=0.02   intron1b  
68943C>A -1447  rs2461817 A=0.65 C=0.35 C=0.75 A=0.25 intron1b SNP present 

in DR3 and 
C/EBPγ sites 

69245C>T -1145     C=0.95 T=0.05 intron1b CREB site lost 
in T allele 

69413G>A -977   G=0.098 A=0.02   intron1b  
69488A>G -902   A=0.094 G=0.04 A=0.95 G=0.05 intron1b  
69764G>T -626   G=0.87 T=0.13 G=0.98 T=0.02 intron1b  
69789A>G -601  rs7643645* 

(G=0.31, A=0.69) 
G=0.45 A=0.55 A=0.64 G=0.36 intron1b HNF4 site lost 

in G allele 
a, Position in AF364606, +1 being translation start site;b, position relative to 
translation start site based on AF061056, +1 being transcription start site.       
* indicates SNPs identified in HAPMAP; frequencies are in the parentheses       
# indicates SNPs identified by Zhang et al 2001        
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I: insertion; N: Normal (WT allele);D : deletion        
highlighted SNPs = showed significant association to traits in study       
boxed SNPs between 55835 and 56348 are located in the retrotransposed prohibitin pseudogene      
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Table 3.  Association of PXR SNPs with basal and rifampin mediated induction of CYP3A4 activity in primary human hepatocytes 
   Subjects  Phenotype I Phenotype II 
    Basal Testosterone 6� Hydroxylation (pmol/min/ng protein) Fold induction in Testosetrone 6 � hydroxylation; (rif/untreated) 
Polymorphism   all  females  males all  females  males 
44477 T>C CC (n=24, F=7, M=17) 0.074±0.04,  0.06±0.04 (p=0.058, 

*0.05) 
0.077±0.04 9.79±5.0 11.18±5.5(p=0.06) 9.22±4.8 

LD 46370 6 bp 
del 

CT (n=16, F=8, M=8) 0.089±0.06 0.10±0.06 0.077±0.07 11.35±7.4 7.46±3.5 15.23±8.5 

LD 46555 C ins TT (n=4, F=2, M=2) 0.1225±0.08 0.18±0.06 
(p=0.037**) 

0.06±0.04 7.38±7.7 3.87±0.3 10.8±11.4 

                
45005 C>T CC (n=20, F=7, M=13) 0.084±0.06  0.12±0.08 0.06±0.04 10±6.6 6.75±5.1 (p=0.046) 11.77±6.8 
  CT (n=19,F=8, M=11) 0.077±0.04 0.08±0.05 0.078±0.04 9.75±3.7 11.26±3.6 8.65±3.5 
  TT (n=4, F=2, M=2) 0.125±0.1 0.105±0.05 0.14±0.16 9.81±12.6 4.19±0.15 15.43±18.7 
                
56348C>A CC (n=19,F=8, M=11) 0.08±0.06  0.10±0.07 0.06±0.04 10.84±7.6 7.2±4.8 18.83±8.4 
  CA (n=20, F=8, M=12) 0.096±0.06 0.09±0.06 0.09±0.07 9.59±5.4 8.98±4.3 9.98±5.8 
  AA (n=2, F=1, M=1) 0.035±0.007 0.03 0.04 17.6±1.7 16.38 13.49 
                
58188 T>C TT (n=36, F=14, M=22) 0.08±0.054 0.08±0.04 (p=0.02) 0.08±0.06 9.44±5.4 9.3±4.9 9.52±5.8(p=0.01) 
  TC (n=8, F=3, M=5) 0.10±0.08 0.19±0.05 0.048±0.03 13.75±9.06 5.14±2.2 18.91±7.2 
                
63396C>T CC (n=6, F=2, M=4) 0.036±0.02 (p=0.02, 

0.006*) 
0.05±0.03 (p= 0.07*) 0.03±0.01(p=0.02) 16.46±3.1 (p=0.02, 

0.004*) 
13.5±4 17.95±1.3(p=0.08, 

0.03*) 
LD 63704 G>A CT (n=23, F=7, M=16) 0.09±0.05 0.08±0.05 0.096±0.06 9.36±6.2 9.02±4.5 9.48±7.0 
LD 63813 repeat  TT (n=17, F=8, M=9) 0.09±0.06 0.12±0.07 0.06±0.04 9.26±6.1 6.89±4.7 11.37±6.6 
                
63877 T>C TT (n=16, F=7, M=9) 0.09±0.06 (p=0.037, 

0.01*) 
0.13±0.07 (p=0.06*) 0.06±0.02(p=0.07) 8.8±5.9 (p=0.04, 

0.01*) 
5.5±2.8(p=0.07, 
0.04*) 

11.37±6.6 (p=0.09*) 

LD 66034 C>T TC(n=25, F=7, M=17) 0.09±0.05 0.08±0.04 0.09±0.06 9.8±6.3 9.28±4.2 10.05±7.1 
  CC(n=4, F=1, M=3) 0.03±0.014 0.03 0.03±0.01 17.3±1.2 16.38 17.6±1.3 
                
68381 G>T GG(n=26, F=9, M=17) 0.08±0.05 0.11±0.06 (p=0.054) 0.064±0.03 10.58±7.2 6.9±4.7(p=0.09) 12.53±7.6 
LD 68456 G>T GT (n=19, F=7, M=12) 0.08±0.06 0.07±0.04 0.09±0.07 9.94±5.0 10.85±4.6 9.4±5.3 
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68740T>A TT (n=42, F=17,M=25) 0.087±0.05 0.10±0.06 0.08±0.05 9.43±5.4 (p=0.02) 8.58±4.1 10.02±5.9 (p=0.03) 
69245C>T TA (n=4, M=4) 0.05±0.03   0.05±0.03 18.89±8.3   18.89±8.3 
                
68943 C>A CC (n=22, F=10, M=12) 0.09±0.06 0.12±0.06 (p=0.06) 0.07±0.04 9.06±5.7 6.89±4.4 10.79±6.2 
  CA (n=20, F=6, M=14) 0.074±0.06 0.07±0.05 0.08±0.06 12±±7.01 10.6±5.05 12.61±7.8 
  AA (n=1) 0.03   0.03 4.38   4.38 
                
69789 A>G AA (n=15, F=8, M=7) 0.08±0.06 0.11±0.07 0.05±0.02 10.53±7.9 (p=0.058*) 6.73±4.7 14.88±8.8 
  AG (n=25, F=9, M=16) 0.08±0.06 0.09±0.06 0.09±0.06 9.86±5.1 10.2±4.5 9.66±5.6 
  GG (n=3, M=3) 0.04±0.03   0.04±0.03 17.42±1.6   17.42±1.6 
* indicate the pvalue when heterozygous were combined with homozygous group          
** indicate p value of comparison between homozygous groups            
  shading indicates p value between 0.05 and 0.1      
  shading indicates p value <0.05      
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Table 4.  SNPs significant in combination with 44477 and 63396 in cohort II 

    
Basal Testosterone 
Hydroxyaltion P value 

Fold induction 
Testosterone 
hydroxylation (Rif) P value 

-1359 promoter  68740T>A (LD with 69245)    
44477CT (n=19) TA (n=3) 0.04±0.01 p=0.04 22.2+6.2 p=0.008 
 TT (n=16) 0.91+0.07  8.8+5.1  
      
 69789A>G     
 AA+AG (18) 0.07+.02,0.08+0.5 p=0.075 10.1+4.9,9.7+4.5 p=0.01 
 GG(2) 0.02+0.02  18.2+0.74  
      
63396CT (n=23) 44477C>T     
 CC+CT  (n=20) 0.08+0.05 p=0.2 10.14+6.1 p=0.03 
 TT (n =2) 0.11+0.03  3.4+0.9  
      
 56348C>A     
 CA (n=15) 0.11+0.06 p=0.049 8.03+4.3 p=0.037 
 CC (n=4) 0.055+0.02  23.45+9.5  
      
 68740T>A (LD with 69245)    
 TA (n=3) 0.056+0.03 p=0.2 19.76+10.2 p=0.03 
 TT (n=20) 0.075+0.05  7.8+3.8  
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