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system; and (2) oxidation and cleavage of the side chain
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Peroxisomal multifunctional enzyme type 2
perMFE-2) catalyzes conversion of (24E)-3a,7a,
2a-trihydroxy-5b-cholest-24-enoyl-CoA to (24-keto)-
a,7a,12a-trihydroxy-5b-cholestanoyl-CoA, which
re physiological intermediates in cholic acid syn-
hesis. In contrast to long chain fatty acid oxidizing
nzymes clofibrate does not induce peroxisomal en-
ymes metabolizing bile acid intermediates. We pro-
osed the existence of PPAR-independent regula-
ion of cholesterol side chain oxidation in the
rocess of bile acid synthesis. In the present study,
e characterized the promoter region of the human
erMFE-2 gene. The promoter contains the Sp1/AP2
inding site (2151/2142) within 197 base pairs up-
tream of the translation start site. Mutation of the
p1/AP2 binding site decreases the promoter activ-

ty. Analysis by the luciferase assay revealed that
he activity of the promoter region is strong in
epG2 and HeLa cell lines, although the activity in
epG2 cells was five- to sixfold higher than that in
eLa cells. Transient transfection assays have con-
rmed that AP2a and AP2g were able to transacti-
ate the perMFE-2 promoter/luciferase chimeric
ene. Cotransfections with Sp1 expression plasmid
ecreased the promoter activity. We suggest that
erMFE-2 promoter activity is the result of both the
bundance of AP2 and Sp1 family members and their
elative ratios. © 2001 Academic Press

Key Words: peroxisomes; bile acids; AP2; Sp1.

A number of enzymes, localized to several subcellular
ompartments, participate in the formation of bile acids
rom cholesterol. The reactions may be divided into two

ain stages: (1) oxidation and modification of the ring

Abbreviations used: perMFE-2, peroxisomal multifunctional en-
yme type 2; perMFE-1, peroxisomal multifunctional enzyme type 1;
HCA, 3a,7a,12a-trihydroxy-5b-cholestanoic acid; (24E)-D24-THCA,

24E)-3a,7a,12a-trihydroxy-5b-cholest-24-enoic acid; 24-OH-THCA,
a,7a,12a,24j-tetrahydroxy-5b-cholestanoic acid.
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ollowed by conjugation (1). It is known that peroxisomes
re involved in the oxidative cleavage of the steroid side
hain in bile acid biosynthesis (2). Oxidation of THCA
3a,7a,12a-trihydroxy-5b-cholestanoic acid) to cholic acid
ccurs in peroxisomes of human and rat liver through a
echanism analogous to that of fatty acid b-oxidation (3).
Peroxisomes oxidize a variety of substrates including

traight chain fatty acids, 2-methyl-branched fatty acids
e.g. pristanic acid), and the side chain of the bile acid
ntermediates di- and trihydroxycoprostanic acids (3). It
as been found that peroxisomes contain two b-oxidation
athways with different substrate specificities. In human
iver, for example, straight chain acyl-CoAs are desatu-
ated by palmitoyl-CoA oxidase, and their enoyl-CoAs are
hen converted to 3-oxoacyl-CoAs by multifunctional en-
yme type 1 (perMFE-1), which forms (hydration) and
ehydrogenates (3S)-hydroxyacyl-CoAs (3). Straight
hain 3-oxoacyl-CoAs are cleaved by 3-ketoacyl-CoA thio-
ase to acetyl-CoA and shortened acyl-CoA.

In contrast, 2-methyl-branched fatty acids and the
oA esters of the bile acid intermediates di- and trihy-
roxycoprostanic acids are desaturated by branched
hain acyl-CoA oxidase (4), and their enoyl-CoAs are
hen converted to the corresponding 3-oxoacyl-CoAs by
ultifunctional enzyme type 2 (perMFE-2) (5). The
CPx is responsible for the cleavage of the 3-oxoacyl-
oAs of 2-methyl-branched fatty acids and the bile acid

ntermediates (6).
Another crucial difference between the two peroxiso-
al b-oxidation pathways is an expressional regula-

ion. Administration of peroxisome proliferators (e.g.,
brates) leads to the rapid and coordinated transcrip-
ional induction of the nuclear genes encoding the en-
ymes of the first peroxisomal b-oxidation pathway (3).
is-acting peroxisome proliferator-responsive elements
PPREs) have been identified in the 59-flanking regions
f the palmitoyl-CoA oxidase, MFE-1 and 3-ketoacyl-
oA thiolase (3, 7) genes. The nuclear hormone recep-

ors called PPARs (peroxisome proliferator-activated
eceptors a, b and g) regulate the first peroxisomal
-oxidation pathway (7). Gel retardation and co-
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ransfection assays revealed that PPAR heterodimer-
zes with retinoid 3 receptor b (RXRb) and that the
wo receptors cooperate for the activation of the
-oxidation genes. The natural fatty acids, especially
olyunsaturated fatty acids, activate PPARs as po-
ently as do the fibrates (clofibrate, Wy 14,643, etc.) (7).

In contrast to the first peroxisomal b-oxidation path-
ay the second one is not induced by clofibrate (3). We
roposed that transcriptional regulation of genes en-
oding enzymes of the second peroxisomal b-oxidation
athway is modulated by another nuclear receptor(s).
ere we isolated the promoter region of the human
erMFE-2 gene and investigated its activity in human
ell lines by a luciferase reporter system. It turned out
hat the promoter activity of perMFE-2 gene is medi-
ted by the relative binding of AP2 and Sp1 to Sp1/AP2
ecognition sequence.

ATERIALS AND METHODS

Cell lines. HepG2 and HeLa cells were maintained in Dulbecco’s
odified Eagle medium (DMEM) containing 10% (v/v) fetal bovine

erum.

Plasmid construction. The 2406/27 region of human perMFE-2
as obtained from genomic DNA (0.12 mg) by PCR amplification with
rimers: 59-atctcgagCCAGGGGCTATCTCTGGAAGCC-39 and 59-
taagcttGGCCTGCAACGACACACACACG-39 (with lowercase se-
uences indicating mismatches to the region upstream of the first
xon of human perMFE-2 gene). The embedded XhoI and HindIII
estriction endonuclease sites in the PCR primers allowed the re-
ease of a 400 bp insert.

The pGL3-basic vector (Promega), which contains the luciferase
ene as a reporter, was used for the generation of all constructs for
romoter analysis. Different regions of the human peroxisomal
FE-2 promoter were amplified using PCR and subcloned between

he XhoI and HindIII restriction enzyme sites of the pGL3-basic
ector. PCR conditions were 2 min at 95°C, followed by 30 cycles of
5 s at 95°C and 45 s at 62°C and extension of 2.5 min at 72°C. The
esulting amplified PCR fragments were subcloned into pGL3-basic
lasmid and sequenced by BigDye Terminator Cycle Sequence Kit
PE Applied Biosystems, Foster City, CA). Mutations of the putative
inding sites were introduced using the QuickChange site-directed

FIG. 1. Nucleotide sequence of the 59-flanking region of the huma
tart site. Putative Sp1/AP2 binding sites are underlined.
227
utagenesis kit (Stratagene, La Jolla, CA) according to the manu-
acturer’s instructions. TRANSFAC database on transcriptional reg-
lation was used for searching the sequences of individual regula-
ory elements within the promoter region (8). The Sp1 expression
ector (human Sp1 cDNA subcloned into pEVR2 plasmid) was gen-
rously provided by Dr. Suske (Institut fur Molekularbiologie und
umorforschung, Philipps-Universität Marburg, Marburg, Ger-
any). The AP2a and AP2g cDNAs subcloned into pcDNA3.1(1)

xpression vector (Invitrogen) as described previously (9) were gen-
rously provided by Dr. Lisa McPherson (Department of Surgery,
tanford University, CA).

Transient transfection assays. Cells were plated at 1 3 105 in A60
m tissue culture plates and incubated for 16–18 h. Transfection
as performed using FuGene 6 transfection reagent (Roche Diagnos-

ic Corporation, Indianapolis, IN) according to the manufacturer’s
nstructions. In brief, 0.1 ml of serum free DMEM containing 2.0 mg
f plasmid DNA with perMFE-2 promoter region, 0.5 mg of pSV40b-
alactosidase vector as internal standard for transfection efficiency
nd 3.0 ml of FuGene 6 were incubated at room temperature for 30
in. After incubation, the mixture was added to each plate. After

8 h culture, transfected cells were harvested by lysis. Lysis buffer
nd reagents used in the luciferase assay were supplied as luciferase
ssay kit (Promega, Madison, WI). Firefly luciferase activities were
easured by Labsystems Luminoskan (Labsystems Oy, Helsinki,
inland) and transfection efficiencies were normalized by the activ-

ty of b-galactosidase derived from the cotransfected pSV40b-
alactosidase plasmid (Promega, Madison, WI). b-Galactosidase ac-
ivity was measured with b-Gal Reporter Gene Assay Kit (Roche
iagnostics GmbH, Mannheim, Germany).

ESULTS

Recently the gene coding for human perMFE-2 was
apped to chromosome 5q2.3 (5). It has been shown

hat the region of the 400 bp upstream of the tran-
cription start site is sufficient to activate transcrip-
ion, but consensus sequences were not identified
10).

To examine the functional activity of the promoter
e cloned 2406/27 region of human perMFE-2 pro-
oter DNA into pGL3-basic firefly luciferase reporter

lasmid, which contains neither a promoter nor en-
ancer (Fig. 1). Luciferase activity was measured after

erMFE-2 gene. The sequence is numbered relative to the translation
n p
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8 h. PerMFE-2 promoter activity was 5.7-fold greater
n HepG2 than in HeLa cells (Fig. 2). These findings
upport previously observed data that perMFE-2 ex-
ression is highest in liver (11).
We used deletion analysis to map the basal activities

f the promoter. The 197 bp (2203/27) promoter di-
ected maximal expression of the luciferase reporter
ene (Fig. 2). Analysis of the 197 bp sequence by
RANSFAC database (8) has shown GC-rich region

292/283) similar to reverse Sp1 binding site (12).
eletion of the Sp1 binding site (construct 2203/294)

esulted in decrease of promoter activity by 80% in
epG2 and HeLa cells (Fig. 2). The residual promoter
ctivity should be modulated by another cis-
lement(s). Further analysis of 2203/294 fragment

FIG. 2. Deletion analysis of the human perMFE-2 promoter in
epG2 (a) and HeLa (b) cells. HepG2 and HeLa cells were trans-

ected with plasmids containing an perMFE-2 promoter sequence
used to the luciferase reporter gene. All cells were cotransfected
ith pSV40b-gal to normalize for transfection efficiency. Results are

eported as the mean 6 SD of three independent transfections. *P ,
.05 and **P , 0.01 versus 2406/27 construct.
228
) corresponding to Sp1 binding site.
To determine if elevated Sp1 expression is sufficient to

ncrease perMFE-2 promoter activity, HepG2 and HeLa
ells were transiently transfected with perMFE-2 pro-
oter luciferase reporter constructs and expression plas-
id for Sp1 (Fig. 3). Surprisingly, overexpression of Sp1

ecreased perMFE-2 promoter activity of both 2203/27
nd 2203/294 fragments in HepG2 and HeLa cells. Sta-
istically significant decrease of perMFE-2 promoter ac-
ivity was 2-fold greater in HeLa than in HepG-2 cells.
lthough Sp1 is generally considered as ubiquitous tran-
cription factor, there is considerable evidence that Sp1
articipates in cell type-specific gene expression (13–15).

FIG. 3. Effect of cellular expression of Sp1 on perMFE-2 pro-
oter activity in HepG2 (a) and HeLa (b) cell. HepG2 and HeLa cells
ere transfected with human perMFE-2 promoter luciferase re-
orter constracts. In addition, cells were cotransfected with either
.5 mg of Sp1 expression plasmid or 0.5 mg of Sp1(2) control expres-
ion plasmid. All cells were also cotransfected with pSV40b-gal to
ormalize for transfection efficiency. Results are reported as percent
f perMFE-2-luciferase activity (mean 6 SD of three independent
ransfections) over that of 2203/27 construct (100%) for each indi-
idual cell type. *P , 0.05 and **P , 0.01 versus Sp1(2) trans-
ection.
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ome promoters in specific cell types is not clear. Most
tudies have not observed differences in the ability of
uclear extracts from different cell type to protect Sp1-
inding sites in DNase I footprinting experiments in
itro. We proposed that another protein(s) may bind near
he Sp1 site, thus preventing Sp1 binding. As soon as
pplication of Dnase I footprinting and EMSA is limited
n this particular case we used cotransfections and mu-
agenesis for identification of specific binding sites.

Computer analysis has revealed that 292/283 and
151/2142 GC-rich boxes contain AP2 binding sites

Fig. 1). Overexpression of AP2a and AP2g increased
erMFE-2 promoter activity in HepG2 and HeLa from
.2- to 6.5-fold (Fig. 4). The transactivation by AP2g
as greater than by AP2a factor in both cell types.
ransfection of HeLa cells with AP2a and AP2g in-
reased perMFE-2 promoter activity more significantly
han transfection of HepG2 cells. These data show that
oth GC-rich boxes may act as cis-elements for AP2a
nd AP2g. To characterize these GC-rich boxes further
e substituted key base pairs. The 2151/2142 box
GGAGCCGCG was transformed to GGAATAAACG

mutation 1) and 292/283 box TCCCGCCCCC to TC-
CATAACC (mutation 2). Mutation 2 did not affect

he promoter activity (Fig. 5). Mutation 1 decreased the
ctivity by 3.5 times (Fig. 5). These results show that
he 2151/2142 GC-rich box is a functional one.

ISCUSSION

The oxidative cleavage of THCA, an intermediate in
he biosynthetic pathway of cholic acid, is believed to
roceed by a mechanism similar to the peroxisomal
-oxidation of fatty acids (3). The first intermediate of
his reaction sequence is (24E)-D24-THCA-CoA. In hu-
an peroxisomes, this reaction is catalysed by

ranched chain acyl-CoA oxidase (4). The reactions
atalysed by perMFE-2 synthesize 24-keto-THCA-CoA
rom (24E)-D24-THCA-CoA. The hydratase component
f perMFE-2 converts (24E)-D24-THCA-CoA to
24R,25R)-24-OH-THCA-CoA (16), which is converted
o 24-keto-THCA-CoA by the dehydrogenase part of the
erMFE-2 (5, 11). Then SCPx cleaves the 24-keto-
HCA-CoA to choloyl-CoA and propionyl-CoA (6).
Opposite to the first b-oxidation route the clofibrate

reatment does not induce the second peroxisomal
-oxidation pathway (3). Thus we proposed that the
econd peroxisomal b-oxidation pathway is PPAR-
ndependent and the regulation of its expression has to
e investigated.
In this study, we demonstrate that expression of

uman perMFE-2 is induced by transcription factors
P2a and AP2g and attenuated by Sp1 binding to
ecognition sequence located within and 2151/2142
egion. To our knowledge this is the first demonstra-
ion of promoter regulation of peroxisomal enzyme par-
229
icipating in bile acid synthesis. Furthermore, we show
PAR-independent regulation of peroxisomal protein
xpression, which proofs evolutionary different origin
f two peroxisomal b-oxidation routes.
Transcription factors play an important role in gene

egulation by interacting with specific DNA sequences
resent in the promoter regions of genes. Often tran-
cription factors are members of larger families that
xhibit structural similarities but are expressed in
issue-specific or spatial patterns or recognize different
NA binding sequences. In the past, essential GC-
oxes in promoters were often equated with “Sp1-

FIG. 4. Effect of cellular expression of AP2a and AP2g on
erMFE-2 promoter activity in HepG2 (a) and HeLa (b) cell. HepG2
nd HeLa cells were transfected with human perMFE-2 promoter
uciferase reporter constracts. In addition, cells were cotransfected
ith either 0.5 mg of AP2 expression plasmid or 0.5 mg of AP2(2)

ontrol expression plasmid. All cells were also cotransfected with
SV40b-gal to normalize for transfection efficiency. Results are re-
orted as percent of perMFE-2-luciferase activity (mean 6 SD of
hree independent transfections) over that of 2203/27 construct
100%) for each individual cell type. *P , 0.01 versus AP2(2)
ransfection.
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inding sites” thereby overlooking the fact that Sp1 is
ot the only protein, which recognizes this important
lement (12). In addition to Sp1 there exist at least
hree other proteins, BTEB1 (basic transcription ele-
ent binding protein 1) (17), TIEG1 and TIEG2

TGFb-inducible early protein 1 and 2) (18, 19) which
ave a binding specificity very similar, if not identical,
o Sp1. Thus far, little is known how Sp1 act on natural
romoters in combination with other transcription fac-
ors in vivo. Specificity could be obtained also by the
nteraction with co-activators or co-repressors.

The current study suggests that AP2 may modulate
erMFE-2 expression via interaction to the 2151/142
C-rich box. Overexpression of AP2a and AP2g pro-

eins by transient transfection in both HepG2 and
eLa cells resulted in increase in perMFE-2 promoter
ctivity (Fig. 4). On the other side, overexpression of
p1 protein resulted in decrease of the perMFE-2 pro-
oter activity (Fig. 3).
AP2 transcription factor family includes AP2a, AP2b

nd AP2g (9). Functional AP2 binding sites have been
dentified in many viral and cellular enhancer ele-

ents. AP2 proteins bind DNA as a dimer, which forms
hrough a helix-span-helix domain and the binding of
his dimer to DNA is dependent on an adjacent region
f net basic charge (20). A methodical study of binding
ite specificity has shown that both AP2a and AP2g
ecognize the same consensus DNA sequence and that
ranscriptional activation by AP2 proteins is directly
elated to the affinity of the binding site (9). Overex-

FIG. 5. Mutagenesis study of human perMFE-2 promoter. Mu-
ations of 2151/2142 (Mut-1), 292/283 (Mut-2) or both (double
utation) of GC-rich boxes of 2203/27 region of perMFE-2 promoter
ere introduced by Stratagene kit. HepG2 cells were transfected
ith plasmids containing wild type or mutated perMFE-2 promoter

equence fused to the luciferase reporter gene. All cells were cotrans-
ected with pSV40b-gal to normalize for transfection efficiency. Re-
ults are reported as the mean 6 SD of three independent transfec-
ions. *P , 0.05 and **P , 0.01 versus wild type of 2203/27
onstruct.
230
ransactivation of promoters containing lower affinity
inding sites that would not be activated in the pres-
nce of low levels of AP2 expression.
We suggest that the observed AP2 promoter specific-

ty could be the result of both the abundance of AP2
amily members and the relative ratios of AP2 and Sp1.
n the other side we can not exclude the possibility

hat the same Sp1/AP2 binding sites in promoter of
erMFE-2 are recognized by another nuclear receptors.
s has been shown recently the promoter of the rate-

imiting enzyme in bile acid synthesis, cholesterol 7a-
ydroxylase (CYP7A), contains basic transcription ele-
ent (BTE) and a Sp1 binding site in the 2100/282

egion (21). Transient transfection assay have con-
rmed that BTEB1 was able to transactivate the
YP7A promoter/luciferase chimeric gene (21). Subse-
uently we may suggest that expression of another bile
cid producing enzymes can be modulated by BTEB1
lso.
The exact mechanism by which perMFE-2 promoter

xerts its liver selectivity on the expression of
erMFE-2 is still unclear and is the focus of future
tudies.
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