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There is considerable interest in determining the molecu-
lar basis for human variation in drug response. Investiga-
tions over the past 20 years have largely focused on identi-
fying polymorphisms in genes that encode drug metabolism
enzymes. Significant progress has been made for many of the
cytochromes P450, including CYP2D6, CYP2C19, and
CYP2C9 (http://www.imm.ki.se/CYPalleles/). However, the
molecular basis for individual variation in CYP3A4 has re-
mained elusive. This is unfortunate, because CYP3A4 is the
most abundant hepatic and intestinal cytochrome P450, cat-
alyzes the metabolism of more than half of all drugs, and
represents the primary route of elimination for many drugs.
Some studies have reported a 10-fold variation in clearance
of CYP3A probe drugs (Floyd et al., 2003; Rogers et al., 2003),
although 90-fold variability in CYP3A4 protein expression
has been reported in liver (Lamba et al., 2002a). Some of the
variation occurs because in the general population, CYP3A
activity can be influenced by concurrent administration of
CYP3A inhibitors and inducers.

Some variation in CYP3A activity stems from the fact that
there are four human CYP3A genes (CYP3A4, CYP3A5,
CYP3A7, and CYP3A43) in the 231-kb CYP3A locus located
on chromosome 7q21–22.1 (Finta and Zaphiropoulos, 2000).
The molecular basis for polymorphic expression of CYP3A5
and CYP3A7 in adults has been described (Kuehl et al.,
2001), and CYP3A43 is expressed at too low a level to con-
tribute significantly to hepatic CYP3A activity (Koch et al.,
2002). Thus, the continuing quest is to determine the genetic
basis for variable expression of CYP3A4, the isoform believed
by many to be the major source of CYP3A-mediated drug
metabolism.

Ozdemir et al. (2000) reported a significant genetic compo-
nent to variable CYP3A expression. Several groups rese-
quenced the CYP3A4 coding region in attempts to identify
single nucleotide polymorphisms (SNPs) or insertions/dele-
tions (Sata et al., 2000; Eiselt et al., 2001; Lamba et al.,
2002b). However, none of the SNPs are polymorphic, with
frequencies of less than 1% in the populations studied (http://
www.imm.ki.se/CYPalleles/), and thus cannot be the major
factors influencing CYP3A expression. Resequencing of the
CYP3A4 promoter has identified multiple variants (Kuehl et
al., 2001; Lamba et al., 2002b), including one common vari-

ant allele, a �392A3G transition that has a higher allelic
frequency in African Americans than in white persons (Felix
et al., 1998; Rebbeck et al., 1998; Wandel et al., 2000); how-
ever, studies of the relationship of this SNP to CYP3A4
expression have been inconclusive (Lamba et al., 2002a).
Because the pregnane X receptor (PXR)/steroid and xenobi-
otic receptor is a major regulator of CYP3A-inducible expres-
sion (Blumberg et al., 1998; Lehmann et al., 1998), the prox-
imal and distal PXR binding elements in CYP3A4 have also
been resequenced but have so far shown no sequence varia-
tion (Kuehl et al., 2001; Lamba et al., 2002b).

A consensus is building that human variation in CYP3A4
activity is caused by regulatory polymorphisms rather than
structural polymorphisms in the CYP3A4 gene. The support-
ive evidence came first from a report that there is significant
correlation in human livers between expression of CYP3A4
and CYP3A5 (in polymorphic expressors) (Lin et al., 2002).
Further analysis revealed strong correlation between expres-
sion of each of the CYP3A family members (CYP3A4,
CYP3A5, CYP3A7, and CYP3A43) and between CYP3A4 and
PXR (Chang et al., 2003; Westlind-Johnsson et al., 2003).
Although at first glance one could conclude that PXR is a
likely transcription factor regulating constitutive CYP3A4
expression, mice nullizygous for PXR show either no change,
or even a small decrease, in constitutive expression of hepatic
CYP3A (Xie et al., 2000; Staudinger et al., 2001). Further-
more, human PXR sequence variants are so rare (Zhang et
al., 2001) that they cannot explain variation in CYP3A ex-
pression. These findings, coupled with reports of significant
correlation between the constitutive androstane receptor
(CAR) and CYP3A4, CAR, and PXR (Pascussi et al., 2001)
and between CYP2B6, CAR, CYP3A4, and PXR (Chang et al.,
2003) in human liver strongly supports the notion that ge-
netic variation in a common hepatic regulatory factor(s) un-
derlies human variability in hepatic CYP3A expression.
Thus, the article by Matsumara and colleagues (2004) in this
issue of Molecular Pharmacology is particularly valuable in
their further characterization of transcription factors impor-
tant for hepatic regulation of CYP3A4.

Matsumara et al. (2004) identify a region between �10.5
and �11.4 kb that functions as a constitutive liver enhancer
module (CLEM4). Significantly, this region binds and is reg-

ABBREVIATIONS: kb, kilobase(s); SNP, single nucleotide polymorphism; PXR, pregnane X receptor; CAR, constitutive androstane receptor;
CLEM, constitutive liver enhancer module; LCR, locus control region.
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ulated by multiple liver-enriched transcription factors, in-
cluding HNF-1; HNF4; the Jun family member AP-1, which
binds to a cAMP response element region; and USF1, which
binds to an E-box site. This clustering of transcription regu-
latory elements is likely to result in a high concentration of
transcription factors and strongly supports the notion that
this is a site important for CYP3A4 transcriptional activity.
Persons with a TGT insertion in the E-box site of the CLEM4
region were identified in the French population. The TGT
insertion disrupted binding of USF1 and decreased enhancer
activity in in vitro assays.

What is the significance of the TGT insertion to CYP3A4
promoter activity in vivo? The low allelic frequency in the
French population and extremely rare or null frequency
among Japanese subjects suggest that it may not contribute
significantly to common interindividual variability in
CYP3A4 expression. Nevertheless, the study by Matsamura
et al. (2004) is useful in its identification of the CLEM and
associated binding factors and in identification of additional
CYP3A4 promoter variants that may each contribute to vari-
able CYP3A4 expression.

Other liver-enriched transcription factors regulate
CYP3A4, including HNF4, HNF3, and CCAAT/enhancer-
binding protein-�, and some binding sites in the CYP3A4
promoter have been identified (Ourlin et al., 1997; Jover et
al., 2001; Rodriguez-Antona et al., 2003; Tirona et al., 2003).
Clearly, however, much work remains to be done. The
CYP3A4 5�-flanking region is 35.8 kb (Finta and Zaphiropou-
los, 2000) but only �2.5 kb has been resequenced (Kuehl et
al., 2001; Lamba et al., 2002b; this report) and only 13 kb
analyzed for hepatic or intestinal regulation (Goodwin et al.,
1999; Schuetz et al., 2002; Robertson et al., 2003; this report).

A comparative genomic approach may be useful for pin-
pointing candidate regulatory motifs (and their putative
binding factors) important for CYP3A regulation. Sequence
alignment of the intragenic regions from divergent species
can identify conserved motifs, what some have called “phy-
logenetic footprints” (Johnson et al., 2002). Because it is
assumed that sequence conservation implies functional im-
portance, these comparative genomic approaches use an evo-
lutionary approach to identify transcriptional regulatory
sites. A map of the mouse CYP3A locus (Zaphiropoulos, 2003)
and phylogenetic analysis of the CYP3A gene family among
45 vertebrate species (McArthur et al., 2003) should be help-
ful in this regard. Indeed, the comparative genomics ap-
proach has identified regulatory motifs in a variety of genes,
including the globin promoters, that were not identified by
biochemical or mutational approaches (Johnson et al., 2002).

It is generally accepted that transcription factors regulat-
ing gene expression bind in the 5� direction to the gene they
regulate. There is high sequence conservation between the
proximal promoter regions of the CYP3A genes, because the
CYP3A genes arose through a process of gene duplication.
The CYP3A genes may be coregulated by common transcrip-
tion factors that bind in the 5� direction to each CYP3A gene.
Comparative analysis of the CYP3A 5� regions may reveal
additional candidate regulatory regions. For example, is the
CLEM4 conserved among the CYP3A genes? However, genes
in a locus can also share long-range interactions with locus
control regions (LCRs). More than 38 mammalian LCRs have
been identified (Li et al., 2003); the globin LCR is the most
thoroughly described. Although the globin LCR is located 5�

of the globin locus, LCRs can be located upstream, down-
stream, or within genes that they control. Importantly, some
of the first studies on �-globin regulation focused on the
proximal 1.5-kb region because it was sufficient to drive
�-globin expression in erythroleukemia cells. However, this
fragment of DNA was insufficient to support �-globin expres-
sion in transgenic mice, because globin expression in eryth-
rocytes requires the LCR, which is located more than 10 kb 5�
of the globin locus (Li et al., 2002). Equally important was
that the enhancer activity in the globin LCR was not detect-
able in transient transfection experiments but could only be
detected when the LCR had integrated into the chromatin.
This is because LCRs function to maintain open chromatin
conformations and enhance transcription. These studies
demonstrated that tissue specific regulation of gene expres-
sion can depend both on their constitutive expression (regu-
lated by proximal promoters) and tissue specific enhance-
ment of gene expression (governed by LCRs).

One unresolved issue that merits further investigation is
whether the CYP3A locus has an LCR. Comparative genom-
ics, targeted enhancer trap approaches (Bulger and Grou-
dine, 2002), and YAC transgenic mice (Peterson et al., 1998)
harboring various fragments of the CYP3A locus will offer
powerful approaches to elucidate the promoter regions, en-
hancers, and possibly an LCR regulating the CYP3A genes
within the locus. Recently, a transgenic mouse containing the
CYP3A4 gene in a bacterial artificial chromosome was gen-
erated. Intriguingly, the CYP3A4 transgenic mouse ex-
pressed CYP3A4 in the intestine but not in the liver (Granvil
et al., 2003). Although several explanations are possible, this
mouse and other transgenic mice may provide valuable clues
on the location of regulatory sequences important for hepatic
expression of CYP3A4. Moreover, CYP3A4 is the most highly
expressed cytochrome P450 in human intestine and contrib-
utes significantly to the first-pass metabolism and decreased
oral bioavailability of some substrates (Kolars et al., 1992).
Whether the CLEM4 and associated transcription factors
identified in the report by Matsumara and colleagues (2004)
have any role in regulating CYP3A4 in human enterocytes
remains an important question for future experiments. Thus,
a major challenge for the future is to determine the transcrip-
tion factors that singly or together regulate CYP3A4 in liver
and intestine. If there is a single regulator that is predictive
of hepatic CYP3A, PXR, and CAR expression, then there is
still hope for the holy grail, that common genetic variations
exist in this important hepatic (and intestinal) regulatory
factor(s) and that simple DNA-based tests may predict hu-
man variation in CYP3A4 mediated clearance of drugs.

References
Blumberg B, Sabbagh W, Juguilon H, Bolado J, van Meter CM, Ong ES, and Evans

RM (1998) SXR, a novel steroid and xenobiotic sensing nuclear receptor. Genes Dev
12:3195–3205.

Bulger M and Groudine M (2002) TRAPping enhancer function. Nat Genet 32:555–
556.

Chang TK, Bandiera SM, and Chen J (2003) Constitutive androstane receptor and
pregnane X receptor gene expression in human liver: interinidvidual variability
and correlation with CYP2B6 mRNA levels. Drug Metab Dispos 31:7–10.

Eiselt R, Domanski TL, Zibat A, Mueller R, Presecan-Siedel E, Hustert E, Zanger
UM, Brockmoller J, Klenk H-P, Meyer UA, et al. (2001) Identification and func-
tional characterization of eight CYP3A4 protein variants. Pharmacogenetics 11:
447–458.

Felix CA, Walker AH, Lange BJ, Williams TM, Winick NJ, Cheung N-KV, Lovett BD,
Nowell PC, Blair IA, and Rebbeck TR (1998) Association of CYP3A4 genotype with
treatment-related leukemia. Proc Natl Acad Sci USA 95:13176–13181.

Finta C and Zaphiropoulos PG (2000) The human cytochrome P4503A locus. Gene
evolution by capture of downstream exons. Gene 260:13–23.

280 Schuetz

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Floyd MD, Gervasini G, Masica aL, Mayo G, George AL, Bhat K, Kim RB, and
Wilkinson GR (2003) Genotype-phenotype associations for common CYP3A4 and
CYP3A5 variants in the basal and induced metabolism of midazolam in European-
and African-American men and women. Pharmacogenetics 13:595–606.

Goodwin BJ, Hodgson E, and Liddle C (1999) The orphan human pregnane X
receptor mediates the transcriptional activation of CYP3A4 by rifampicin through
a distal enhancer module. Mol Pharmacol 56:1329–1339.

Granvil CP, Yu A-M, Elizondo G, Akiyama TE, Cheung C, Feigenbaum L, Krausz
KW, and Gonzalez FJ (2003) Expression of the human CYP3A4 gene in the small
intestine of transgenic mice: in vitro metabolism and pharmacokinetics of mida-
zolam. Drug Metab Dispos 31:548–558.

Johnson RM, Gumucio D, and Goodman M (2002) Globin gene switching in primates.
Comp Biochem Physiol 133:877–883.

Jover R, Bort R, Gomez-lechon MJ, and Castell JV (2001) Cytochrome P450 regula-
tion by hepatocyte nuclear factor 4 in human hepatocytes: a study using adenovi-
rus-mediated antisense targeting. Hepatology 33:668–675.

Koch I, Weil R, Wolbold R, Brockmoller J, Hustert E, Burk O, Nuessler A, Neuhaus
P, Eichelbaum M, Zanger U, et al. (2002) Interindividual variability and tissue-
specificity in the expression of cytochrome P4503A mRNA. Drug Metab Dispos
30:1108–1114.

Kolars JC, Schmiedlin-Ren P, Dobbins WO 3rd, Schuetz J, Wrighton SA, and
Watkins PB (1992) Heterogeneity of cytochrome P450IIIA expression in rat gut
epithelia. Gastroenterology 102:1186–1198.

Kuehl P, Zhang J, Lin Y, Lamba J, Assem M, Schuetz J, Watkins PB, Daly A,
Wrighton SA, Hall SD, et al. (2001) Sequence diversity in CYP3A promoters and
characterization of the genetic basis of polymorphic CYP3A5 expression. Nat Genet
27:383–391.

Lamba JK, Lin YS, Schuetz EG, and Thummel KE (2002a) Genetic contribution to
variable human CYP3A-mediated metabolism. Adv Drug Deliv Rev 54:1271–1294.

Lamba JK, Lin YS, Thummel K, Daly A, Watkins PB, Strom S, Zhang J, and Schuetz
EG (2002b) Common allelic variants of cytochrome P4503A4 and their prevalence
in different populations. Pharmacogenetics 12:121–132.

Lehmann JM, McKee DD, Watson MA, Wilson TM, Moore JT, and Kliewer SA (1998)
The human orphan nuclear receptor PXR is activated by compounds that regulate
CYP3A4 gene expression and cause drug interactions. J Clin Investig 102:1016–
1023.

Li Q, Harju S, and Peterson KR (2003) Locus control regions: coming of age at a
decade plus. Trends Genet 15:403–408.

Li Q, Peterson KR, Fang X, and Stamatoyannopoulos G (2002) Locus control regions.
Blood 100:3077–3086.

Lin YS, Dowling ALS, Quigley SD, Farin FM, Zhang J, Lamba J, Schuetz EG, and
Thummel KE (2002) Co-regulation of CYP3A4 and CYP3A5 and contribution to
hepatic and intestinal midazolam metabolism. Mol Pharmacol 62:1–11.

Matsumura K, Saito T, Takahashi Y, Ozeki T, Kiyotani K, Fujieda M, Yamazaki H,
Kunitoh H, and Kamataki T (2004) Identification of a novel polymorphic enhancer
of the human CYP3A4 gene. Mol Pharmacol 65:326–334.

McArthur AG, Hegelund T, Cox RL, Stegeman JJ, Liljenberg M, Olsson U, Sundberg
P, and Celander MC (2003) Phylogenetic analysis of the cytochrome P4503A
(CYP3) gene family. J Mol Evol 57:200–211.

Ourlin JC, Jounaidi Y, Maurel P, and Vilarem MJ (1997) Role of the liver-enriched
transcription factors alpha and DBP in the expression of human CYP3A4 and
CYP3A7. J Hepatology 2:54–62.

Ozdemir V, Kalow W, Tang B-K, Paterson AD, Walker SE, Endrenyi L, and Kashuba
AD (2000) Evaluation of the genetic component of variability in CYP3A4 activity:
a repeated drug administration method. Pharmacogenetics 10:373–388.

Pascussi JM, Drocourt L, Gerbal-Chaloin S, Fabre JM, Maurel P, and Vilarem MJ

(2001) Dual effect of dexamethasone on CYP3A4 gene expression in human hepa-
tocytes. Sequential role of glucocorticoid receptor and pregnane X receptor. Eur
J Biochem 268:6346–6358.

Peterson KR, Navas PA, and Stamatoyannopoulos G (1998) -YAC transgenic mice
for studying LCR function. Ann NY Acad Sci 850:28–37.

Rebbeck TR, Jaffe JM, Walker AH, Wein AJ, and Malkowicz SB (1998) Modification
of clinical presentation of prostate tumors by a novel genetic variant in CYP3A4.
J Natl Cancer Inst 90:1225–1229.

Robertson GR, Field J, Goodwin B, Bierach S, Tran M, Lehnert A, and Liddle C
(2003) Mol Pharmacol 64:42–50.

Rodriguez-Antona C, Bort R, Jover R, Tindberg N, Ingelman-Sundberg M, Gomez-
lechon MJ, and Castell JV (2003) Transcriptional regulation of human CYP3A4
basal expression by CCAAT enhancer-binding protein � and hepatocyte nuclear
factor-3�. Mol Pharmacol 63:1180–1189.

Rogers JF, Rocci ML, Haughey DB, and Bertino JS (2003) An evaluation of the
suitability of intravenous midazolam as an in vivo marker for hepatic cytochrome
P4503A activity. Clinical Pharmacol Ther 73:153–158.

Sata F, Sapone A, Elizondo G, Stocker P, Miller VP, Zheng W, Raunio H, Crespi CL,
and Gonzalez FJ (2000) CYP3A4 allelic variants with amino acid substitutions in
exons 7 and 12: evidence for an allelic variant with altered catalytic activity. Clin
Pharmacol Ther 67:48–56.

Schuetz E, Lan L, Yasuda K, Kim R, Kocarek TA, Schuetz J, and Strom S (2002)
Development of a real-time in vivo transcription assay: application reveals preg-
nane X receptor-mediated induction of CYP3A4 by cancer chemotherapeutic
agents. Mol Pharmacol 62:439–445.

Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, MacKenzie KI, LaTour A,
Liu Y, Klaassen CD, Brown KK, Reinhard J, et al. (2001) The nuclear receptor
PXR is a lithocholic acid sensor that protects against liver toxicity. Proc Natl Acad
Sci USA 98:3369–3374.

Tirona RG, Lee W, Leake BF, Lan LB, Cline CB, Lamba V, Parviz F, Duncan SA,
Inoue Y, Gonzalez FJ, et al. (2003) The orphan nuclear receptor HNF4alpha
determines PXR- and CAR-mediated xenobiotic induction of CYP3A4. Nat Med
9:220–224.

Wandel C, Witte JS, Hall JM, Stein CM, Wood AJ, and Wilkinson GR (2000) CYP3A
activity in African American and European American men: population differences
and functional effect of the CYP3A4*1B 5�-promoter region polymorphism. Clin
Pharmacol Ther 68:82–91.

Westlind-Johnsson A, Malmebo S, Johansson A, Otter C, Andersson TB, Johannson
I, Edwards RJ, Boobis AR, and Ingelman-Sundberg M (2003) Comparative anal-
ysis of CYP3A expression in human liver suggests only a minor role for CYP3A5 in
drug metabolism. Drug Metab Dispos 31:755–761.

Xie W, Barwick JL, Downes M, Blumberg B, Simon CM, Nelson MC, Neuschwander-
Tetri BA, Brunt EM, Guzelian PS, and Evans RM (2000) Humanized xenobiotic
response in mice expressing nuclear receptor SXR. Nature (Lond) 406:435–439.

Zaphiropoulos PG (2003) A map of the mouse Cyp3a locus. DNA Sequence 14:155–
162.

Zhang J, Kuehl P, Green ED, Touchman JW, Watkins P, Daly A, Hall SD, Maurel P,
Relling M, Brimer C, et al. (2001) The human pregnane X receptor: genomic
structure and identification and functional characterization of natural allelic vari-
ants. Pharmacogenetics 11:555–572.

Address correspondence to: Erin G. Schuetz, Department of Pharmaceuti-
cal Sciences, St. Jude Children’s Research Hospital, Memphis, TN 38105.
E-mail: erin.schuetz@stjude.org

Lessons from the CYP3A4 Promoter 281

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

