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Meng Kian Tee, Ningwu Huang, Izabella Damm, and Walter L. Miller

Department of Pediatrics, University of California, San Francisco, California 94143-0978

P450 oxidoreductase (POR) is the flavoprotein that acts as the obligatory electron donor to all
microsomal P450 enzymes, including those involved in hepatic drug metabolism as well as three
steroidogenic P450 enzymes. The untranslated first exon of human POR was located recently,
permitting analysis of human POR transcription. Expression of deletional mutants containing up
to 3193 bp of the human POR promoter in human adrenal NCI-H295A and liver Hep-G2 cells
located the proximal promoter at —325/—1 bp from the untranslated exon. Common human POR
polymorphisms at —208 and —173 had little influence on transcription, but the polymorphism at
—152 reduced transcription significantly in both cell lines. EMSA and supershift assays identified
binding of Smad3/Smad4 between —249 and —261 and binding of thyroid hormone receptor-3
(TRB) at —240/—245. Chromatin immunoprecipitation showed that Smad3, Smad4, TR, TRB, and
estrogen receptor-a were bound between —374 and —149. Cotransfection of vectors for these
transcription factors and POR promoter-reporter constructs into both cell types followed by hormonal
treatment showed that T exerts major tropic effects via TRB, with TRe, estrogen receptor-«, Smad3,
and Smad4 exerting lesser, modulatory effects. T5 also increased POR mRNA in both cell lines. Thyroid
hormone also is essential for rat liver POR expression but acts via different transcription factor com-
plexes. These are the first data on human POR gene transcription, establishing roles for TRB and
Smad3/4 in its expression and indicating that the common polymorphism at —152 may play a role in
geneticvariation in steroid biosynthesis and drug metabolism. (Molecular Endocrinology 25: 715-731,
2011)

NURSA Molecule Pages: Nuclear Receptors: TR-« | TR-8 | ER-a | RXR-e; Ligands: Thyroid hormone
| 17B-estradiol.

uman P450 oxidoreductase (POR) is a 77-kDa,

680-amino acid protein required for the activity
of all microsomal (type 2) cytochrome P450 enzymes,
including the steroidogenic enzymes P450¢17 (17 a-hy-
droxylase, 17,20 lyase), P450c21 (21-hydroxylase),
and P450aro (aromatase), and all hepatic drug-metab-
olizing cytochrome P450 enzymes (reviewed in Ref. 1).
POR contains two flavin moieties: a flavin adenine di-
nucleotide (FAD) and a flavin mononucleotide (FMN);
each resides in a separate lobe connected by a flexible
linker (2, 3). The FAD moiety of POR receives a pair of
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electrons from the reduced form of nicotinamide adenine
dinucleotide phosphate; this elicits a conformational
change, bringing the FAD and FMN moieties close to-
gether so that the electrons pass to the FMN domain; after
reversion to its initial conformation, the FMN domain
interacts with the redox-partner binding site of a micro-
somal P450 enzyme, donating the electrons and permit-
ting P450-mediated catalysis (Fig. 1). POR also serves as
a cofactor for several non-P450 enzymes, including
squalene monoxygenase (4), fatty acid elongase (5), heme
oxygenase (6), and cytochrome bs (7).

Abbreviations: AP-2, Activator protein 2; ChIP, chromatin immunoprecipitation; E2, es-
tradiol; ER, estrogen receptor; FAD, flavin adenine dinucleotide; FMN, flavin mononucle-
otide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; nt, nucleotide; POR, P450
oxidoreductase; gqRT-PCR, quantitative RT-PCR; RACE, 5’-rapid amplification of cDNA
ends; RAR, retinoic acid receptor; RXR, retinoid-X receptor; Smad, Sma and Mad related
protein; TR, thyroid hormone receptor; VDR, vitamin D receptor.
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FIG. 1. Function of POR. Reduced nicotinamide adenine dinucleotide
phosphate (NADPH) donates electrons (e-) to the FAD of POR, which is
bound to the endoplasmic reticulum. Electron receipt elicits a
conformational change, permitting the isoalloxazine rings of the FAD
and FMN moieties to come close together, so that the electrons pass
from the FAD to the FMN. POR then returns to its original orientation,
permitting the FMN domain of POR to interact with the redox-partner
binding site of the P450. Electrons from the FMN domain of POR reach
the heme group to achieve catalysis. The interaction of POR and the
PA450 is coordinated by negatively charged acidic residues on the
surface of the FMN domain of POR and positively charged basic
residues in the redox-partner binding site of the P450. CYTO,
Cytoplasm; ER, endoplasmic reticulum.

POR has attracted considerable recent interest following
the discovery that POR mutations cause a broad spectrum of
human disease, ranging from severe skeletal malformations
associated with defective steroidogenesis (Antley-Bixler
Syndrome), to phenotypically normal individuals with in-
fertility (8 —14). The human POR gene, located on chro-
mosome 7:75382356-75454109, consists of 16 exons
(15). The sequence of this gene in 842 normal persons
from four ethnic groups revealed a high degree of poly-
morphism; most notably, the coding sequence variant
A503V was found on approximately 28% of all alleles
(16). That study identified 12 common single-nucleotide
polymorphisms, having frequencies ranging from 3-80%
of alleles in at least one of our four ethnic groups (see
Table 4 in Ref. 16); three of these, 75382148 C—T
(=208 C—T), 75382183 C—A (—=173 C—A), and
75382204 C—A (—152 C—A), lie in the promoter re-
gion within 208 bp of the ATG translational start codon.
Promoter polymorphisms contribute to genetic variation
in hepatic drug metabolism mediated by some cyto-
chrome P450 enzymes. For example, the —806 C—T
polymorphism in the CYP2C19 promoter increases tran-
scriptional activity (17), whereas =740 T—G and —730
C—T intron 1 polymorphisms in the CYP1A2 gene de-
creases binding of the Ets transcription factor and induc-
ibility by dioxin (18). Similarly, ultrafast metabolism by
CYP2D6 results from gene duplication (19). Thus varia-
tions in POR promoter activity might influence both ste-
roidogenesis and drug metabolism.

The transcriptional regulation of the human POR gene
has not been examined previously, but some studies have
addressed the regulation of bovine and rat POR. In pri-
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mary cultures of bovine adrenal cells, both ACTH and
cAMP, but not phenobarbital, promoted accumulation
of POR mRNA, roughly in parallel with the mRNAs
for P450c17 and P450¢21 (20). In intact rats, hypoph-
ysectomy reduced hepatic, and, to a lesser degree, ad-
renal POR activity, protein accumulation, and mRNA
abundance; this reduction could not be reversed by
treating the rats with ACTH, GH, or human chorionic
gonadotropin, but was restored by treatment with T,
(21, 22). The discovery of the untranslated first exon of
the rat POR gene showed that it lacked TATA or
CCAAT boxes, but had several potential Sp1 sites (23).
RNA polymerase run-on assays showed an increase in
rat liver POR gene transcription in response to thyroid
hormone, and analysis of the 5'-flanking DNA of the
rat POR gene identified a thyroid-response region hav-
ing the sequence AGGTGAgctgAGGCCA at bases
—564 to —536 (24, 25). A proximal Egr-1/CACCC
element at —206 was required, irrespective of thyroid
status (26). With our identification of the untranslated
first exon of the human POR gene (15), it is now pos-
sible to examine the transcriptional regulation of the
human POR gene.

Results

Computational analysis of the POR promoter and
design of promoter/reporter constructs

The identification of the untranslated upstream exon
1U was done by probing the human genome sequence
with the 56-base sequence of the rat POR upstream un-
translated exon (15), showing that the human POR gene
is 71.8 kb long; however, the 5'-end of human POR
mRNA was not determined experimentally. To determine
whether the human POR gene contains additional un-
translated exons upstream from exon 1U, we performed
5'-rapid amplification of cDNA ends (RACE) using ho-
mopolymeric tailed cDNAs prepared from Hep-G2 cells
and NCI-H295A cells. The 5'-RACE products were
cloned into pBluescript, 28 positive clones were isolated,
and the eight longest 5'-RACE products from each cell
line were sequenced (Fig. 2). The 5’-ends of these 16 lon-
gest clones were located within the first 36 nucleotides
(nt) of exon 1U, and none of the clones extended up-
stream of exon 1U, indicating that the human POR gene
does not contain exons that lie upstream of exon 1U.

Using the UCSC Genome Browser (http://genome.ucsc.edu)
and ECR browser (http://fecrbrowser.dcode.org/), we searched
10 kb of the POR 5’-flanking DNA sequence for up-
stream, putative regulatory elements that are conserved in
mammals and sequences predicted to contain putative
transcription factor-binding sites. The computational ap-
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[GAAGGCGGTG GTAGCGCUCTC AGTGGTGTGG GCCTGAGCCC TGCCCAGGTG CCCGCAGAGA GCAGCCGGGC TGCCAGCG exon 1U]
AGGCGGTG GTAGCGCCTC AGTGGTH GCCTGAGCCC TGCCCAGGTG CCCGCAGAGA GCAGCCGGGC TGCCAGCG clone 16
GGCGGTG GTAGCGCCTC AGTG GCCTGAGCCC TGCCCAGGTG CCCGCAGAGA GCAGCCGGGC TGCCAGCG clone 3
G GTAGCGCCTC AGTG ; GCCTGAGCCC TGCCCAGGTG CCCGCAGAGA GCAGCCGGGC TGCCAGCG cleone 1
GGTGTGG GCCTGAGCCC TGCCCAGGTG CCCGCAGAGR GUAGCCGGGC TGCUCAGCG clones 19, 23
AGCCC TGCCCAGGTG CCCGCAGAGA GCAGCCGGGC TGCCAGCG clones 2, 6, 7
8, &, 12, 18, 21,
26, 27, 28
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FIG. 2. Location of the POR transcriptional start site. Cloning the 5’-RACE products from Hep-G2 and NCI-H295A cells yielded 28 clones. The
boxed sequence in the top panel shows the sequence of exon 1U as inferred (14), followed by the sequences of the eight longest 5'-RACE
products from Hep-G2 cells (clones 1-3, 6-9, and 12 as indicated to the right of the sequence) and the eight longest 5’-RACE products from NCI-
H295A cells (clones 16, 18, 19, 21, 23, and 26-28). The bottom panel shows the ethidium bromide-stained Tris-borate-EDTA-agarose gels of the
28 positive clones from Hep-G2 and NCI-H295A cells, digested with Sall-BamHI. Arrow indicates the POR 5’-RACE insert fragments.

proaches identified an 810-base long CpG island extend-
ing from —454 to +356, with a 0.84 ratio of observed to
expected CpG. Several regions that are highly conserved
among mammals and several other regions that have se-
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quences similar to transcription factor-binding sites were
also identified (Fig. 3A). A series of eight promoter/re-
porter constructs was built based on this computational
analysis and named according to the 5'-most base of the
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FIG. 3. Analyses of human POR promoter activity in Hep-G2 and NCI-H295A cells. A, Computational mapping of the human POR promoter from
nt —3250 to +78 (exon 1U). The regulatory potential (RP) compares frequencies of short alignment patterns between known regulatory elements
and neutral DNA (61, 62). The mammalian conserved region was computed based on multiple sequence alignments of the POR genes from
human, chimp, rhesus, mouse, rat, dog, and cow; the y-axis shows regions with greater than random nucleotide sequence identity. B, POR
promoter-reporter deletional constructs —3193, —2103, —1128, —753, —438, —325, —182, and — 114 were designed based on the analysis in
panel A. The promoter segments were cloned into a luciferase reporter vector, transfected into Hep-G2 and NCI-H295A cells, and assayed for
activities after 24 h. The data are expressed as fold-change over the —325 construct (mean = sem) from three independent experiments, each
done in triplicate. C, The wild-type —325 POR promoter-reporter construct and —325 construct carrying the polymorphisms —208 T, =173 A, and
—152 A were transfected into Hep-G2 and NCI-H295A cells and assayed for assayed for luciferase activities. Asterisks indicate a significant
difference between the wild-type —325 POR construct and the —152 A POR construct (P = 0.0014).
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POR promoter: —3193 includes all the conserved regions
identified; —2103 deletes the conserved mammalian re-
gion at —2515; —1128 deletes other apparently unim-
portant DNA; —753 deletes the two small clustered re-
gions of apparent regulatory potential at —871 and
—756; —438 deletes the broad region of conserved mam-
malian sequences between —756 and —452; —325 deletes
to the beginning of the region rich in potential regulatory
elements; —182 deletes to the beginning of the two prox-
imal mammalian conserved regions; —114 deletes the up-
stream of these two mammalian conserved regions.

POR promoter-luciferase activity

Because POR is required by microsomal cytochrome
P450 enzymes that are essential for adrenal steroidogen-
esis and hepatic drug metabolism, we analyzed the activ-
ities of the POR promoter constructs in human cell lines
that model these two tissues: adrenal NCI-H295A cells
and liver Hep-G2 cells. Compared to their activities in the
adrenal cells, the activities of the constructs from —438 to
—3193 were somewhat lower in Hep-G2 cells, and there
was a consistently lower activity of the —2103 construct
in Hep-G2 cells. However, there were no differences
greater than about 2-fold among any of the constructs
longer than —325, suggesting that the most important
elements driving basal POR transcriptional activity in
Hep-G2 and NCI-H295A cells lie within —325 bases up-
stream from the POR transcriptional start site (Fig. 3B).
Therefore, we arbitrarily set the activity of the —325 con-
struct as 100% for both cell lines, and compared the other
constructs to the —325 construct. Deletion to —182 re-
duced activity in both cell lines to about half of the —325
level, and further deletion to —114 had no further effect.
Thus the promoter/reporter data suggest that key ele-
ments required for the basal expression of the human
POR gene lie between —182 and —325 bases from the
transcriptional start site and would suggest that the re-
gion encompassing the polymorphism at —152 is not im-
portant for POR gene transcription (Fig. 3B). However,
none of the apparent differences in Fig. 3B reached statis-
tical significance.

By sequencing the proximal POR promoter in 702 nor-
mal persons of various ethnicities, we previously found
three single-nucleotide polymorphisms, —208 C—T,
—173 C—A and —152 C—A, in the 5'-flanking region at
frequencies ranging from 3% to 13% (16). To examine
the potential effects of the POR promoter polymorphisms
at —208, —173, and —152 directly, we incorporated
these polymorphisms into the —325 construct by site-
directed mutagenesis. As shown in Fig. 3C, the —208T
and —173A constructs had reporter activities comparable
to the wild-type —325 construct, but the activity of the
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construct containing the —152 C— A polymorphism was
reduced by about half in Hep-G2 cells (not significant)
and to approximately 35% in NCI-H295A cells (P =
0.0014), suggesting that —152 is associated with an im-
portant regulatory element. However, because deletion to
—114 did not reduce the activity compared with the —182
construct (Fig. 3B), the significance of the result with the
—152 C— A change was unclear.

EMSA

To determine whether the polymorphism at —152 affects
binding of transcription factors, we performed EMSA using
nuclear extracts from NCI-H295A or Hep-G2 cells and **P-
labeled double-stranded DNA probes encompassing bases
—163 to —139 with either C or A at position —152 (Fig. 4).
Both the —152A and —152C probes produced similar
DNA-protein band-shift patterns (lanes 1, 3, 5, and 7) that
could be competed by the corresponding unlabeled oligonu-
cleotides (lanes 2, 4, 6, and 8), suggesting that both probes
bound similar proteins from both NCI-H295A and
Hep-G2 nuclear extracts. Thus the polymorphism at —152
did not visibly alter binding of nuclear proteins iz vitro.

Because more basal transcriptional activity is con-
tained within the —325 construct than in the —182 con-
struct (Fig. 3B), we sought to identify the transcription

probe -152A  -152C -152A  -152C
5 8 g 8

0 0 © 0

2 v 2 o 2 5 2 o

8 38¢23 S 38273
.ﬁ

1 2 3 4
Hep-G2

5 6 7 8
NCI-H295A

FIG. 4. EMSA with wild-type —152C and mutant —152A probes. EMSA
was done with nuclear extracts from Hep-G2 (lanes 1-4) and NCI-H295A
(5-8) cells and 3?P-labeled probes for —152A and —152C oligonucleotides in
the absence (lanes 1 and 5) or presence (lanes 2—4 and 6-8) of unlabeled
competitor DNA oligonucleotides as indicated above the lanes. Arrows
indicate DNA-protein complexes. Both the A and C oligonucleotides bind
the same pattern of complexes, and an excess of each cold
oligonucleotide can compete for this binding. The nonspecific band is
indicated by n.s.
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FIG. 5. Scanning EMSA with probes from —330 to —181. EMSA was done with nuclear extracts
from Hep-G2 (A, C, and E) and NCI-H295A (B, D, and F) cells and *?P-labeled probes
corresponding to nucleotides —330/—306 (lanes 1 and 2), —305/—281 (lanes 3 and 4), —280/
—256 (lanes 5 and 6), —255/—231 (lanes 7 and 8), —230/—206 (lanes 9 and 10), and
—205/—181 (lanes 11 and 12) in the absence (—) or presence (+) of unlabeled competitor
oligonucleotides. Hep-G2 (C) and NCI-H295A (D) nuclear extracts were used with 32P-labeled
probes for regions —324/—300 (lanes 1 and 2), —299/—275 (lanes 3 and 4), —274/—250 (lanes 5

12 345 67 8 910111213 141516

and 6), —249/—225 (lanes 7 and 8), —224/—200 (lanes 9 and 10), —280/—256 (lanes 11 and 12),

and —255/—231 (lanes 13 and 14) in the absence (—) or presence (+) of unlabeled competitor
oligonucleotides. Nudlear extracts from Hep-G2 (E) and NCI-H295A cells (F) were incubated with 32P-
labeled probes for regions —291/—267 (lanes 1 and 2), —280/—256 (lanes 3 and 4), —274/—250
(lanes 5 and 6), —266/—242 (lanes 7 and 8), —255/—231 (lanes 9 and 10), —251/—227 (lanes 11 and
12), —249/—225 (lanes 13 and 14), and —242/—218 (lanes 15 and 16) in the absence or presence of
unlabeled competitor oligonucleotides. In panels A and B, the —255/—231 probe binds better than the
—280/—256 probe; in panels C and D, the —255/—231 binds better than the —274/—250 probe; in
panels E and F the —266/—242 probe binds better than the —255/—231 probe.

factors that might bind to the promoter region from —325
to —182; to do this we scanned the region from —330 to
—181 by EMSA using six oligonucleotides from the
region —330/—306 to —205/—181. When incubated
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with nuclear extracts from either NCI-
H295A or Hep-G2 cells, probes —280/
—256 and —255/—231 produced band-
shift patterns (in lanes 5 and 7,
respectively) that could be competed by
their corresponding unlabeled oligonu-
cleotides (lanes 6 and 8, respectively)
(Fig. 5, A and B). Next we repeated the
experiment using a new set of probes
that overlap the probes used in Fig. 5, A
and B. As shown in Fig. 5, C and D,
probes —324/—300 to —224/—200 pro-
duced weak band-shift patterns (lanes
1-10) compared with probes —280/
—256 and —255/—231 in NCI-H295A
and Hep-G2 extracts (lanes 11-14). To
confirm that the POR promoter region
—280 to —231 is important for binding
transcription factors, we performed
EMSA using probes that overlap one an-
other from —291 to —218. As shown in
Fig. 5, E and F, the strongest band-shift
patterns were obtained using probes for
—266/—242 (lane 7) and —255/—231
(lane 9). The probe —280/—256 pro-
duced weaker band-shift patterns with
both NCI-H295A and Hep-G2 extracts
(lane 3, Fig. 5, E and F). Thus our results
indicate that the region —280 to
—231 is required for binding tran-
scription factors.

A search of the DNA from —280 to
—231 using Transcription Element Se-
arch System (TESS; http://www.cbil.
upenn.edu/cgi-bin/tess/tess) and rVISTA
2.0 (27) identified sequences potentially
bound by heat shock factor 1, GAL4,
c-Ets-2, Sp1, estrogen receptor (ER)a,
GCEF, steroidogenic factor 1, AP-1, thy-
roid hormone receptor (TR)a, PPARa,
LVc, and Sma and Mad related protein 4
(Smad4). The EMSA band produced by
the —280/—256 probe could be com-
peted by excess unlabeled oligonucleo-
tide (lanes 2 and 10) or by an oligonucle-
otide containing the Smad3/4 consensus
sequence (lanes 4 and 12) (Fig. 6A).
However, all four —280/—256 mutant
oligonucleotides (lanes 3, 6-8, 11, 14—

16) or the mutant of this Smad3/4 consensus (lanes 5 and 13)
failed to compete with the —280/—256 probe for binding
proteins from NCI-H295A and Hep-G2 nuclear extracts.
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FIG. 6. EMSA scanning mutagenesis of the region between —231 and —280 identified in Fig. 5.
A, EMSA was done with nuclear extracts from Hep-G2 cells (lanes 1-8) and NCI-H295A cells
(lanes 9-16) and *?P-labeled —280/—256 probe in the absence (lanes 1 and 9) or presence (lanes
2-8 and 10-16) of unlabeled mutant competitor oligonucleotides (sequences shown in Table 1).
A single DNA-protein complex is seen (arrow). B, EMSAs done with the —266/—242 probe and
nuclear extracts from Hep-G2 cells in the absence (lane 1) or presence of cold competitors for
—266/—242 mutants (lanes 2-10), and Smad3/4 consensus and mutant (lanes 11 and 12), ER
consensus and mutant (lanes 13 and 14), and TR consensus and mutant (lanes 15 and 16). The
nonspecific band is indicated by n.s. C, As in panel B except using nuclear extract from NCI-
H295A cells. D, EMSA was done with the —255/—231 probe and nuclear extracts from Hep-G2
cells in the absence (lane 1) or presence of cold competitors for —255/—231 oligonucleotide (lane
2) and mutants (lanes 3-15). E, As in panel D except using nuclear extract from NCI-H295A cells.
F, Sequence of the POR promoter between —280 to —231. A putative Smad4 motif is located at
—263/—249, and an ER/TR half-site is located at —245/—240. The presence or absence of binding
to the various mutant oligonucleotides used in panels A-E indicate that the bases shown in
uppercase are required for the binding of transcription factors. mut, Mutant.

To confirm that Smad3/4 binds to the —280/—256 region,
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Hep-G2 cells. As shown in Fig. 6, B and
C, the band shift patterns produced by
the —266/—242 probe could be com-
peted by unlabeled oligonucleotide (lane
2), oligonucleotide mutants 1,2, 5,and 8
(lanes 3, 4, 7, and 10), and the Smad3/4
consensus (lane 11), but not by oligonu-
cleotide mutants 3,4, 6, and 7 (lanes 3, 6,
8,and 9), the Smad3/4 mutant (lane 12),
or oligonucleotides containing the con-
sensus sequences recognized by ER or
TR, or their mutants (lanes 13-16). The
sequence  GGTGGGCAGCCGGCC in
POR promoter region —263 to —249
matches the Smad4 motif (28). Taken to-
gether, the results in Fig. 6, A—C, suggest
that Smad3/4 binds between bases —280
to —242 in the human POR promoter.
As shown in Fig. 6, E and F, the —255/
—231 probe produced a band that could
be competed by excess unlabeled oligo-
nucleotide (lane 2), but not by mutant
—255/—231 oligonucleotides 4 (lane 6),
and 6 and 7 (lanes 8 and 9). These mu-
tant oligonucleotides carried mutations
in a putative ER half-site, AGGTCA
(29), which may prevent the binding of
the nuclear receptors ER, retinoid X re-
ceptor (RXR), TR, vitamin D receptor
(VDR), and RXR (Fig. 6, D and E). Thus
nucleotides —261/—256 and —252/—247
in the Smad4 motif, —258/—256, and
—246/—243 in the ER/TR half-site in POR
promoter, are required for the binding of
transcription factors (Fig. 6F).

To determine whether ER, RXR, TR,
VDR, or RXR bind to the —255/—231
region of the human POR promoter, we
used their binding sequences as unlabeled
competitors for the —255/—231 probe
in EMSA. Unlabeled consensus oligonu-
cleotides containing the sequences bo-
und by ER, TR, and RXR were effective
as competitors (lanes 4, 8, 10, and 12)
using nuclear extracts from both
Hep-G2 (Fig. 7A) and NCI-H295A (Fig.
7B), whereas oligonucleotides contain-
ing the mutant ER, TR, and RXR se-
quences or the consensus VDR and RXR
sequences were ineffective as competitors.

we performed EMSA with a downstream overlapping probe ~ These data suggest that ER, TR, and RXR may act as transcrip-
—266/—242 using nuclear extracts from NCI-H295A and  tion factors that bind to the —255/—231 region of POR.
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in charcoal-stripped media lacking phenol red in the absence (lanes 1, 4, 7, 10, and 13)
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mend.endojournals.org 721

Because TR, ER, and RXR appear to bind to
the —255/—231 region of the human POR pro-
moter, we determined whether estradiol (E2) or
T; affect the binding of transcription factors to
this DNA. Because other agents can bind to ER
and TR, we used nuclear extracts from Hep-G2
and NCI-H295A cells grown in media that con-
tained no phenol red and used charcoal-stripped
serum (hormone-free media). As shown in Fig. 7,
CandD, the —255/—231 probe produced bands
that can be competed by excess unlabeled oligo-
nucleotide but not by the mutant oligonucleo-
tide when incubated with nuclear extracts of
cells grown in regular culture media (lanes 1-3)
or in hormone-free media (lanes 4-6). Further-
more, the EMSA patterns were not altered by
overnight treatments of Hep-G2 or NCI-H295A
cells with 10 nm E2 (lanes 7-9) or 100 nm T
(lanes 10-12). Similarly, the EMSA patterns
were not altered when the cells were incubated
with E2 or T3 for 4 h (Fig. 7E).

Antibody supershift assays

Antibody supershift experiments confirmed
that TRa and Smad3/4 bind to the —255/-231
region of the human POR promoter. Hep-G2
and NCI-H295A cells were transfected with the
expression plasmids for ERa, Smad3, Smad4,
TRa, TR, or pBluescript SK vector only, and
nuclear extracts were prepared after overnight
treatments with 10 nm E2, 3 ng recombinant
human TGFp, or 100 nm T; (Fig. 8). Supershift
assays were done by preincubating nuclear ex-
tracts with the appropriate antibodies before
adding 3?P-labeled double-stranded DNA
probes. Preliminary results suggested that the li-
gand-receptor complexes dissociated during the
experiments; hence we added exogenous hor-
mones to the nuclear extract-antibody reaction
mixtures in the same concentrations used in the
cellular incubations (100 nm T or 10 nm E2) to
maintain the complexes during the supershift as-
says. The incubation of the —255/—231 probe
with nuclear extracts from Hep-G2 and NCI-
H295A cells expressing TRa produced a DNA-
protein complex that was supershifted by the
antibody against TR« (Fig. 8, A and B, lanes 2
vs. lane 4). Several antisera were tried; neverthe-
less, the supershifted bands were rather faint,
even with long autoradiographic exposures. The
complex formed by the —255/—231 probe and
nuclear proteins from cells expressing TR 3 was
inhibited by the antibody to TR (Fig. 8, A and
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FIG. 8. EMSA supershift assays. Hep-G2 and NCI-H295A cells were
transfected with expression plasmids for either ERa, Smad3, Smad4,
TRa, TRB, or pBluescript SK vector and treated with either 10 nm E2, 3
ng recombinant human TGFpB, or 100 nm T5. EMSA supershift assays
were done with >2P-labeled —255/—231 probe and nuclear extracts
from the Hep-G2 and NCI-H295A cells transfected with ERe, TR, TRB,
or pBluescript SK vector only (panels A and B) in the presence or
absence of unlabeled oligonucleotide —255/—231 competitor or
antibodies against either TRa, TRB, and ER« (indicated above the
lanes). For TR and ER supershift assays, 100 nm T5 or 10 nm E2 was
added to the antibody-nuclear extract binding mixtures, respectively.
The arrowhead in panel B indicates the antibody-supershifted band by
TRa antibody. In panels C and D, supershift assays were done with
—266/—242 probe and nuclear extracts from Hep-G2 and NCI-H295A
cells transfected with Smad3, Smad4, or pBluescript SK vector only
in the presence or absence of cold oligonucleotide —266/—242
competitor or antisera to either Smad3 or Smad4. The Smad4
supershift band migrates slower in the gel because Smad4 is a
larger protein than Smad3 (552 aa vs. 425 aa) (54). The asterisks
and open arrowheads indicate the supershift bands by Smad3 and
Smad4 antibodies, respectively. Due to the weak intensities of the
supershifted bands, long exposures of the autoradiograms are
shown in panels A-D.

B, lane 5 vs. lane 7). In Fig. 8, C and D, antibodies against
Smad3 and Smad4 supershifted (lanes 4 and 7) the DNA-
protein complexes formed by the —266/—242 probe and
nuclear extracts from cells expressing Smad3 and Smad4
(lanes 2 and 5). The available antisera to ER« failed to yield
a supershift or detectable interference with complex forma-
tion (Fig. 8, A and B).
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Chromatin immunoprecipitation (ChiP)

Searches of the POR promoter sequence from —325 to
—1 using Transcription Element Search System (TESS;
http://www.cbil.upenn.edu/cgi-bin/tess/tess) and rVISTA
2.0 (27) identified a potential activator protein 2 (AP-2 site)
(GCGACCCAGCC) extending from —153 to —143, but
identified no other potential transcription factors that might
bind at the polymorphic base, —152. Hep-G2 cells do not
express AP-2 (30); hence AP-2 was not a candidate to ex-
plain the impact of the —152 polymorphism in these cells,
but it remained possible that AP-2 might be germane to this
region’s activity in NCI-H295A cells, which do express
AP-2 (31). To determine whether AP-2 is recruited to this
region of the POR promoter, we performed ChIP assays.
DNA/protein complexes in HepG2 and NCI-H295A cells
were cross-linked with formaldehyde, the chromatin was
fragmented by sonication, and the cell lysates were immu-
noprecipitated with antibodies to AP-2. The DNA in the
immunoprecipitated chromatin was extracted, and the POR
promoter region from —222 to —36 was amplified by PCR.
The presence of a PCR product indicates that the DNA was
bound by AP-2. The data show that AP-2 is recruited to the
POR promoter in NCI-H295A cells, but not in Hep-G2 cells
(Fig. 9A).

Because the EMSA data indicated that Smad3/4, TR, ER,
and possibly RXR bind to —280 to —231 of the POR pro-
moter, we performed ChIP assays to determine whether
these factors are recruited to this segment of DNA. Cell
lysates from Hep-G2 and NCI-H295A cells were subjected
to another ChIP assay with antibodies to Smad3, Smad4,
TRa, TRB, RXRa, and ERa, followed by PCR to amplify
the POR promoter region from —374 to —149. As shown in
Fig. 9B, Smad3 (lanes 1 and 8), Smad4 (lanes 2 and 9), TR«
(lanes 3 and 10), TRB (lanes 4 and 11), and ER« (lanes 6 and
13), but not RXRa (lanes 5 and 12), are recruited to the
POR promoter in both Hep-G2 and NCI-H295A cells un-
der basal conditions.

We next did ChIP assays to determine whether E2,
TGFB, or T affect the recruitment of ERa, Smad3,
Smad4, TRa, and TR to the POR promoter. Hep-G2
and NCI-H295A cells were treated with these factors
for various times, chromatin was immunoprecipitated
with antibodies to ERa, Smad3, Smad4, TRa, and
TRB, and the POR promoter region from —374 to
—149 was amplified by PCR. As shown in Fig. 10,
compared with the untreated cells (lane 2), treatments
with 10 nm E2, 3 ng TGF, or 100 nm T5 for 2 h, 6 h, or
18 h (lanes 3-5) did not alter the recruitment of ERa« (Fig. 10, A
and D), Smad3, Smad4 (Fig. 10, B and E), and TR« (Fig. 10, C
and F) to the POR promoter in either Hep-G2 and NCI-
H295A cells. However, the recruitment of TR to the endog-
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FIG. 9. ChIP. A, Proteins cross-linked to chromatin from Hep-G2 and
NCI-H295A cells were precipitated with antiserum directed against AP-
2, and the associated DNA sequences were amplified with PCR primers
that amplify the POR promoter region between —222 to —36,
spanning the putative AP-2 binding sites. PCR products from input
chromatin before (input) and after immunoprecipitation (IP) are shown.
PCR amplification with ERB primers was used as a positive control for
the AP-2 ChIP assay, and mouse IgG was used as a negative control. B,
ChlIP assay was done with antisera directed against ERa, Smad3,
Smad4, TRa, TRB, RXRa, and amplified with PCR primers that amplify
the POR promoter region between —374 to —149, spanning the
Smad3/4 and ER/TR binding sites.

enous POR promoter was increased after 2 h treatment with T
(Fig. 10, Cand F).

T; regulation of the POR promoter by TR

Because ERa, Smad3, Smad4, TR, or TR are recruited
to the POR promoter, we sought to determine whether these
factors regulate POR promoter activity. Therefore, we
cotransfected NCI-H295A and Hep-G2 cells with expres-
sion constructs for these transcription factors and for the
—325 POR promoter-reporter construct and treated the
cells with 10 nm E2 or 100 nm T for 18 h. As shown in Fig.
11, A and B, —325 POR promoter-reporter activity was not
affected by ERa, ER B, Smad3, or Smad4 alone, or the com-
bination of ERa, ERB, Smad3, and Smad4 in E2-treated
or untreated cells. However, in the presence of T5, POR
promoter activity in Hep-G2 cells was increased 2.8-fold
by TR alone, 2.3-fold by TRa + TR, 2.1-fold by TRB
+ Smad3 + Smad4, and 1.8-fold by TRa + TRB +
Smad3 + Smad4 (Fig. 11A). In NCI-H295A cells treated
with T3, POR promoter activity increased 2.4-fold with
TRB alone, 1.8-fold with TRa + TR, 2.2-fold with TR«
+ Smad3 + Smad4, 3.7-fold with TRB + Smad3 +
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Smad4, and 3.0-fold with TRa + TRB + Smad3 +
Smad4 (Fig. 11B). Thus, our data suggest that T regula-
tion of POR promoter activity occurs predominantly
by TR, although the combination of TR, Smad3, and
Smad4 may also contribute some activity.

To determine whether E2, TGF, or T; regulates the
abundance of POR mRNA, Hep-G2 and NCI-H295A
cells were treated for 18 h with 10 nm E2, 3 ng TGFp,
or 100 nm T3, and cDNAs were prepared for quantita-
tive real-time PCR detection using the SYBR green flu-
orescent dye. In Hep-G2 cells, E2 increased POR ex-
pression by 2.2-fold, and T increased POR mRNA by
4.5-fold, but the apparent 1.9-fold induction by TGFf3
was not statistically significant (Fig. 12). In NCI-
H295A cells, E2 did not increase POR mRNA, and
TGFB and T; increased POR mRNA 2.3-fold and 2.7-
fold, respectively (Fig. 12).

Discussion

POR is required for the activities of two adrenal P450
enzymes that participate in cortisol biosynthesis and for
hepatic drug-metabolizing cytochrome P450 enzymes.
Therefore, to study the transcriptional regulation of hu-
man POR, we used human adrenal NCI-H295 A cells and
human liver Hep-G2 cells as models of these two tissues,
because our previous work permitted identification of
adrenal-specific and liver-specific cis-acting transcrip-
tional elements by this tactic (32). Deletional mutagenesis
scanning 3193 bp upstream from the untranslated first
exon showed that most basal transcriptional activity is
mediated by sequences within the first 325 bp; thus, this
DNA is the POR-proximal promoter. Our sequencing of
this DNA in 701 normal persons identified nine rare se-
quence variants, present in less than 0.5% of the popula-
tion, and three polymorphisms, present in more than 1% of
the population (16). Among African-Americans (AA), Cau-
casian Americans (CA), Asian Americans (AS), and Mexi-
can Americans (MA), the frequency of the C—T polymor-
phism at base —208 (genome position 75382148) was
6.2%,10.8%, 3.8%, and 2.8 %, respectively. For the C—A
polymorphism at —173 (75382183), the frequency in the
AA, CA, AS, and MA populations was 1.2%,4.4%, 1.5%,
and 3.1%, respectively. For the C—A polymorphism at
—152 (75382204), the frequency in the AA, CA, AS, and
MA populations was 2.6%, 13.0%, 7.8%, and 7.7%,
respectively. The activities of the —325 construct contain-
ing the —208 and —173 polymorphisms were normal in
NCI-H295A adrenal cells and in Hep-G2 liver cells, sug-
gesting that these polymorphisms exert minimal effects
on POR transcription. By contrast, activity of the —325
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IP, Immunoprecipitation; ctrl, control.

construct containing the —152 polymorphism was re-
duced to approximately 60% in Hep-G2 cells and to ap-
proximately 35% in NCI-H295A cells, suggesting that
this polymorphism may be an important contributor to
diminutions in the capacity to metabolize drugs or syn-
thesize steroids. ChIP assays showed that the —152 POR
promoter region binds AP-2 in NCI-H295A cells but not
in Hep-G2 cells, which do not express AP-2 mRNA (30).
Thus AP-2 is not the transcription factor responsible for
the difference in POR transcription in the —152C vs.
—152A alleles. The results suggest that the —152A se-
quence variant might recruit an inhibitory factor, but
TESS and rVISTA searches using the mutant sequence to
query the database did not identify a candidate factor.
We used EMSA to search for transcription factors that
bind to sequences in the proximal promoter, showing that
the region between —240 and —263 bound several fac-
tors, but we were unable to show protein binding to any

NCI-H295A
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of the polymorphic regions. Because
the functional data clearly establish the
importance of the region containing
—152, it is likely that the factors bind-
ing to this DNA were either lost from
our nuclear extract or bound with low
affinity. Thus we sought to identify the
factors binding between —240 and
—263.

Current knowledge of the binding
of transcription factors to the human
POR promoter is summarized in Fig.
13. Smad3, Smad4, TRa, TRB, and
ERa are recruited to the proximal POR
promoter between bases —240 and
—263. Smad3 and Smad4 played a role
in both NCI-H295A and Hep-G2 cells
but Smad3 or Smad4 alone did not in-
duce POR transcription. Smads bind
DNA as a complex of one Smad4 and
two Smad3 proteins (33); the motif at
POR promoter region —263/—249 re-
P cruits this trimeric Smad complex.

Thyroid hormone acts by recruiting a

coactivator complex to replace a core-
o pressor complex (34). TRa, TRB, and
ER could bind to the nuclear hormone
half-site at —245/—240 (Fig. 13), but
the effect of estradiol was minimal, and
TRa may have slightly inhibited the in-
duction by TRB. The role of ER on
POR regulation is unclear, although it
is possible that TR may compete with
ER for binding and interfere with tran-
scription (35). In NCI-H295A cells,
Smad3 and Smad4 appear to act synergistically with TR«
to regulate POR expression in the presence of T5. These
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three factors could interact with one another to regulate
POR promoter activity as another nuclear zinc-finger
transcription factor, retinoic acid receptor (RAR)-y, can
interact with Smad3 (36). Smad3 signals through the
TGFB pathway (33). T; treatment can increase TGEpB
expression in Hep-G2 cells stably expressing TRa (37);
this could be another mechanism by which TR« regulates
POR expression (Fig. 13).

In bovine adrenals (20) and in rat adrenals and liver (21,
22), ACTH via cAMP and T, are the principal hormonal
regulators of POR expression. In rat liver, a thyroid-respon-
sive element at —564/—536 and an Egr-1 element at —206
are required to mediate this response (24-26). Our data
show that the human POR promoter is also regulated by
thyroid hormone and that the principal mediator of this
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FIG. 11. Regulation of —325 POR promoter-reporter activity by T.
The —325 POR promoter-reporter construct was cotransfected into
Hep-G2 (A) and NCI-H295A (B) cells (with a Renilla control) and
expression plasmids for ERe, ERB, Smad3, Smad4, TR«, and/or TRB, as
indicated. The cells were treated with 10 nm E2 or 100 nm T5 for 18 h
and assayed for luciferase activity. Data are expressed as fold change
of hormonally treated over untreated cells (mean = sem) from three
independent experiments, each done in triplicate. Statistically
significant differences from control for each hormone and cell type are
indicated by asterisks (*) and the corresponding P value.

regulation is TR, acting on a thyroid-response element
at —245/—240. Consistent with this, T5 induced accumu-
lation of POR mRNA in both NCI-H295A adrenal cells
and Hep-G2 liver cells. In NCI-H295A cells, but not in
Hep-G2 cells, TRa may also play a role. By contrast, the
thyroid-responsive elements in the rat POR promoter are
located at —564 to —536 and are bound by TRa-TRa
and TRB-TRB homodimers and TRa-RXRa and TRB-
RXRa complexes (24). Thus, although transcription
from both the rat and human POR promoters is induced
by thyroid hormone, they achieve this with different DNA
elements at different locations that bind different TR
transcription complexes.
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FIG. 12. Quantitative RT-PCR. Hep-G2 and NCI-H295A cells were
treated for 18 h in the absence or presence of 10 nm E2, 3 ng TGFB, or
100 nm T3, and cDNAs were prepared for gRT-PCR and SYBR green
detection. The amount of POR mRNA was normalized to the amount
of GAPDH mRNA, and the data are expressed as mean fold change of
POR expression in treated cells over the untreated controls = sp.
Statistically significant differences from control for each cell type are
indicated by asterisks (*) and the corresponding P value.

Because POR is the electron donor for type 2 micro-
somal P450 enzymes that function in hepatic drug metab-
olism and adrenal steroidogenesis, the effects of T;, E2,
and TGFB on POR and the P450 enzymes should be con-
sidered together. Our results show that POR gene tran-
scription and mRNA accumulation are predominantly in-
creased by T; in Hep-G2 and NCI-H295A cells, with
smaller effects of TGFB and E2. By contrast, various mi-
crosomal P450 enzymes may have different responses to
E2, TGEB, or T;: for example, estrogen stimulates the
21-hydroxylase activity of CYP2C6 in a dose-related
manner in primary cultures of rat hepatocytes (38); TGFf3
inhibits the accumulation of P450c17 and ACTH recep-
tor mRNA and protein in both bovine and human adrenal
cells (39-41); TGFB inhibits CYP2B6, CYP2CS,
CYP2C9, CYP2C11, CYP2C19, and CYP3A4 expres-
sion in rat and human hepatocytes (42, 43); and thyroid

Co-repressors

Smad3

RNA Pol lI

Smadd  Smad4 ER AP-2.

[GGTGGGCAGCCGGCCICGGTGACCT] leceacccaced
-263/-249

12&1-5.1'-24[} -|153.f—143

FIG. 13. Binding of transcription factors to the human POR promoter.
A heterotrimer of two Smad3 molecules and one Smad4 binds to the
region between —263 and —249. Our in vitro data show that TR (TRa
and/or TRB) and ER can bind to the nuclear receptor half-site at —245/
—240, but our functional data in transfected Hep-G2 and NCI-H295A
cells indicate that the principal tropic regulator is TRB. Binding of T to
the TR recruits coactivators that displace corepressors and activate RNA
polymerase Il. The coactivators may interact with the Smad complex.
AP-2 binds POR promoter region between —153 and —143 in NCl-
H295A. The POR promoter probably binds additional factors, not yet
identified. Pol II, Polymerase II.
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hormone inhibits CYP2A1, CYP3A2, CYP3A4, and
CYP4A2 but stimulated CYP2C7 and had no effect on
CYP1A2, CYP2A2, CYP2C9, CYP2C11, CYP2C12, and
CYP2E1, in rat and human hepatocytes (44—49). Thus,
T;, E2 and TGFR lead to complex effects on POR and
microsomal P450 enzymes, so that any POR/CYP com-
bination of interest will need to be studied individually.

Materials and Methods

RACE

RNA was prepared from Hep-G2 and NCI-H295A cells us-
ing the Trizol reagent (Invitrogen, Carlsbad, CA), and 4 ug was
reverse transcribed in 20 mm Tris-HCI (pH 8.4), 50 mm KCl, 5
mM MgCl,, 10 mMm dithiothreitol, 500 um each dNTP, 2.5 pmol
antisense oligonucleotide to POR (as329-rt, 5'-TGTTCCTC-
CCCGTTTTCTTCATCTTTT; nt 329-303), 40 U RNaseOUT
(porcine liver Rnase A inhibitor; Invitrogen), and 200 U Super-
Script III reverse transcriptase (Invitrogen) at 50 C for 50 min.
The reaction was terminated at 85 C for 5 min, chilled on ice,
and incubated with 2 U RNase H (Invitrogen) at 37 C for 20
min. The cDNA was purified through a QIAquick spin column
(Qiagen, Chatsworth, CA), and a homopolymeric tail was
added to the 3'-end of the cDNA in 10 mm Tris-HCI (pH 8.4),
25 mm KCl, 1.5 mm MgCl,, 200 um dCTP, 20 U terminal de-
oxynucleotidyl transferase (New England Biolabs, Beverly, MA) at
37 Cfor 10 min. PCR was done with a sense adapter primer, s-anc2
5’-GGCCACGCGTCGACTAGTACGGGGGGGGGGGG and
an antisense primer to POR as252-bam 5'-ATAGGATC-
CAACTCGGGGACTTCTTCTTTTT (nt 252-231), 5'-RACE
products were digested with Sall/BamHI, and cloned into pBlue-
script SK vector. Clones containing the longest insert fragments
were subjected to DNA sequencing on both strands.

Promoter-reporter plasmid construction

The 5’-flanking DNA of the human POR gene, extending
from —1128 to +36 bp, was amplified by PCR of human
genomic DNA using Advantage 2 polymerase (Clontech) and
primer pairs —1128s and +36as (Table 1). Base +1 represents
the transcriptional start site, i.e. the first nucleotide in the un-
translated first exon of POR (15). The primers contain Nhel and
Bglll sites at 5'- and 3’-ends, respectively, to permit cloning into
Nbhel/BgllT sites in the pGL3-basic vector (Promega Corp., Mad-
ison, WI), upstream from the firefly luciferase reporter gene.
Deletion constructs comprising —753/+36, —438/+36, —325/
+36, —182/+36, and —114/+36 were generated by PCR using
Pfu Ultra II fusion HS DNA polymerase (Stratagene, La Jolla,
CA) with the primer pairs —753s/+36as, —438s/+36as, —325s
/+36as, —182s /+36as, and —114s /+36as (Table 1).

To generate longer POR promoter-reporter constructs, the
PCR product generated by primer pairs —1128s and +36as was
first cloned into pcDNA3.1/V5-His-TOPO vector using
pcDNA3.1/V5-His-TOPO TA cloning kit (Invitrogen), generat-
ing plasmid construct POR-1128-pcDNA3.1. The POR proxi-
mal promoter sequence from —2103 bp to —737 bp was ampli-
fied by PCR of human genomic DNA using Advantage 2
polymerase (Clontech Laboratories, Inc., Palo Alto, CA) and
primer pairs —2103s and —737as; primer —2103s contains a
Kpnl site at its 5'-end. This PCR fragment was digested with
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Kpnl and with EcoRI, which recognizes a site at —1042 bp, and
then cloned into Kpnl/EcoRI-digested POR-1128-pcDNA3.1,
generating construct POR-2103-pcDNA3.1. The $§’-flanking
DNA sequences of the POR gene from —2103 to +36 was
excised from POR-2103-pcDNA3.1 with Kpnl/BglIl and in-
serted into Kpnl/Bglll-digested pGL3-basic vector (Promega).
The proximal promoter sequence from —3193 to —1846 bp was
similarly amplified by PCR using Advantage 2 polymerase and
primer pairs —3193s, which contained a Kpnl site at its 5’ end,
and —1846as (Table 1). This PCR product was digested with
Kpnl and with BamHI, which which recognizes a site at —1892
bp, and then cloned into Kpnl/BamHI-digested POR-1128-
pcDNA3.1, generating POR-3193-pcDNA3.1. The 5'-flanking
DNA from —3193 to +36 was excised from POR-3193-
pcDNA3.1 with Kpnl/Bglll, and inserted into Kpnl/Bglll-digested
pGL3-basic vector (Promega).

All PCR amplifications were performed under a touch-down
cycling condition, starting at 95 C for 5 min, followed by 13
touch-down cycles of 95 C for 30 sec, 67 C to 61 C for 30 sec
(the annealing temperature for each subsequent cycle was de-
creased by 0.5 C), and 72 C for 2 min 30 sec. This was followed
by 35 amplification cycles at 95 C for 30 sec, 61 C for 30 sec,
and 72 C for 2 min, 30 sec, a final extension held at 72 C for 7
min, after which the reaction was then stopped at 4 C. The
sequences of all constructs were confirmed by sequencing on
both DNA strands. POR promoter sequences were obtained
from the University of California, Santa Cruz Genome Browser
website (http://genome.ucsc.edu).

Plasmids containing the cDNAs for human estrogen recep-
tor-a (ERa) (50) and -B (ERB) (51) were kindly provided by Dr.
Dale Leitman (University of California, San Francisco, CA).
Plasmids containing the cDNAs for human TR« (52) and TR
(53) were generous gifts from Dr. John Baxter (Methodist Hos-
pital, Houston, TX). Plasmids containing the cDNAs for human
Smad3 and Smad4 (54) cDNAs were generous gifts from Dr.
Rik Derynck (University of California, San Francisco).

Cell culture

Human adrenal NCI-H295A cells (55-57) were cultured at
37 Cand 5% CO, in RPMI 1640, supplemented with 2% fetal
calf serum, 5 ug/ml insulin, 5 wg/ml transferrin, 5 ng/ml sele-
nium, and 50 pug/ml gentamycin. Human liver Hep-G2 cells (58)
were cultured in DMEM with Eagle’s basic salt solution me-
dium, supplemented with 10% fetal calf serum, 1% nonessen-
tial amino acids, 1% sodium pyruvate, and 50 pg/ml gentamy-
cin on 0.1% gelatin-treated plates. The cells were grown to
50%-80% confluence on 12-well tissue culture plates 24 h
before trasfection. The POR promoter-reporter constructs or
the empty vector pGL3-basic vector (300 ng each) were trans-
fected with 2.4 ul of Enhancer (Qiagen) and 6 ul Effectene
transfection reagent (Qiagen) into NCI-H295A or Hep-G2 cells.
After 24 h, the cells were lysed and assayed for luciferase activ-
ity, normalized by Renilla luciferase activity expressed by
cotransfected pRL-CMV (Promega).

To determine the effects of E2, TGFB, or T, stimulation on
the recruitment of transcription factors, Hep-G2 and NCI-
H295A cells were treated with either 10 nm E2, 100 nm Ty
(Sigma), or 3 ng recombinant human TGFB (R&D Systems,
Minneapolis, MN) for various time points (2 h to 18 h) in
serum-free phenol red-free media, and the cells were harvested
for nuclear extracts or chromatin immunoprecipitation (ChIP)
as described below.
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TABLE 1. Sequences of oligonucleotides for PCR, site-directed mutagenesis (SDM), EMSA, ChlIP, 5'-RACE, and

gRT-PCR
Type of assay Sequences (5’ to 3’) Restriction site

PCR
+36_as GCACGTAGATCTTCAGGCCCACACCACTGAGG Bglll
—128_s GAATTCGCTAGCGCGTGAGCCACCGTGCCTG Nhel
—753_s GAATTCGCTAGCCGAGCTCTAGGCAGCGTCTG Nhel
—438_s GAATTCGCTAGCTCAGGCTGGATGGAGGGAAC Nhel
—325_s GAATTCGCTAGCGCCCGAAGGAGGAGGCTAGA Nhel
—182_s GAATTCGCTAGCGGAACCACGCACTTTCATTTCTCT Nhel
—114_s GAATTCGCTAGCGCCGTACCAAGAGCGCAAAT Nhel
—103_s GAATTCGCTAGCGGTATTGTGCCCCACCCTGA Kpnl
—37_as GCTGCCTAGAGCTCGCTTTTGAAGGC None
—193_s GAGGTACCGAAGAAGAGAAGCTTTCAGCTCGGTGTG Kpnl
—846_as AGTCTCGCTATGTTGCCCA None

SDM
—208-T_s AGAAGCCGCAGCCGCTGTCTCCAGGCGACTC None
—208-T_as GAGTCGCCTGGAGACAGCGGCTGCEGCTTCT None
—173-A_s ACCCCCGGAACCACGAACTTTCATTTCTCTG None
—173-A_as CAGAGAAATGAAAGTTCCTGGTTCCGGGGET None
—152-A_s CATTTCTCTGCCGGGAGACCCAGCCGAGCCG None
—152-A_as CGGCTCGGCTGGGTCTCCCGGCAGAGAAATG None

EMSA
—330/-306 CGGCGGCCCGAAGGAGGAGGCTAGA None
—324/-300 CCCGAAGGAGGAGGCTAGACCGGCG None
—305/-281 CCGGCGGGCGCACAGCCACAGTTCT None
—299/-275 GGCGCACAGCCACAGTTCTGCAGTG None
—291/-267 AGCCACAGTTCTGCAGTGATCCCCG None
—280/—256 GCAGTGATCCCCGGGAAGGTGGGCA None
—274/-250 ATCCCCGGGAAGCGTGGGCAGCCGGC None
—266/—242 GGAAGGTGGGCAGCCGGCCCGGTGA None
—255/-231 GCCGGCCCGGTGACCTGCAGGGTCC None
—251/-227 GCCCGGTGACCTGCAGGGTCCGAGC None
—249/-225 CCGGTGACCTGCAGGGTCCGAGCTG None
—242/-218 CCTGCAGGGTCCGAGCTGTAGAAGC None
—230/-206 GAGCTGTAGAAGCCGCAGCCGCCGT None
—224/-200 TAGAAGCCGCAGCCGCCGTCTCCAG None
—205/-181 CTCCAGGCGACTCCGCCACCCCCGG None
—163/—139 TCTCTGCCGGGAGACCCAGCCGAGC None

(=152A)

( -1 63)/— 139 TCTCTGCCGGGCGACCCAGCCGAGC None

—152C
—280/—256 mutant 1 GCAGTGATCCCCGGGAATTTGCGGCA None
—280/—256 mutant 2 GCAGTGATCCCCGGGAAGTCGGGCA None
—280/—256 mutant 3 GCAGTGATCCCCGGGAAGGTTTGCA None
—280/—256 mutant 4 GCAGTGATCCCCGGGAAGGTGGTTC None
—266/—242 mutant 1 TTCAGGTGCGCAGCCGGCCCGGTGA None
—266/—242 mutant 2 GGACTTTGGGCAGCCGGCCCGGTGA None
—266/—242 mutant 3 GGAAGGCTTGCAGCCGGCCCGGTGA None
—266/—242 mutant 4 GGAAGGTGGTTCGCCGGCCCGGTGA None
—266/—242 mutant 5 GGAAGGTGGGCATTTGGCCCGGTGA None
—266/—242 mutant 6 GGAAGGTGGGCAGCCTTTCCGGTGA None
—266/—242 mutant 7 GGAAGGTGGGCAGCCGGCTTTGTGA None
—266/—242 mutant 8 GGAAGGTGGGCAGCCGGCCCGTCTA None
—255/=231 mutant 1 GCCGGCCCGGATTCCTGCAGGGTCC None
—255/—231 mutant 2 TTTGGCCCGGTGACCTGCAGGGTCC None
—255/-231 mutant 3 GCCTTCCCGGTGACCTGCAGGGTCC None
—255/—231 mutant 4 GCCGGTTCGGTGACCTGCAGGGTCC None
—255/-=231 mutant 5 GCCGGCCTTGTGACCTGCAGGGTCC None
—255/—231 mutant 6 GCCGGCCCETCGACCTGCAGGGTCC None
—255/—=231 mutant 7 GCCGGCCCEGTTCCCTGCAGGGTCC None
—255/-231 mutant 8 GCCGGCCCGGTGATTTGCAGGGTCC None
—255/—231 mutant 9 GCCGGCCCGGTGACCCTCAGGGTCC None
—255/=231 mutant 10 GCCGGCCCEGTGACCTGTGGGGTCC None
—255/—231 mutant 11 GCCGGCCCGGTGACCTGCATTGTCC None
—255/—=231 mutant 12 GCCGGCCCGGTGACCTGCAGGTCCC None
—255/-231 mutant 13 GCCGGCCCGGTGACCTGCAGGGTTT None

(Continued)
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TABLE 1. Continued

Type of assay

Sequences (5’ to 3’)

Restriction site

SMAD3/4 consensus TCGAGAGCCAGACAAAAAGCCAGACATTTAGCCAGACAC None
SMAD3/4 mutant TCGAGAGCTACATAAAAAGCTACATATTTAGCTACATAC None
TR DR4 AGCTTCAGGTCACAGGAGGTCAGAGAGCT None
TR DR4 mutant AGCTTCAGAACACAGGAGAACAGAGAGCT None
TR palindrome [TR(P)] GATCGTAAGATTCAGGTCATGACCTGAGGAGA None
TR(P) mutant GATCGTAAGATTCAGAACATGGACTGAGGAGA None
RXR consensus AGCTTCAGGTCAGAGGTCAGAGAGCT None
RXR mutant AGCTTCAGCACAGAGCACAGAGAGCT None
ER consensus GGATCTAGGTCACTGTGACCCCGGATC None
ER mutant GGATCTAGTACACTGTGTACCCGGATC None
VDR consensus AGCTTCAGGTCAAGGAGGTCAGAGAGCT None
VDR mutant AGCTTCAGAACAAGGAGAACAGAGAGCT None
RAR consensus TCGAGGGTAGGGTTCACCGAAAGTTCACTCG None
Chip
ERB forward CCACTATCCTTGTGGGTGGA None
ERB reverse CAGCAGCTGGAGAAACTGAA None
S222 GAAGCCGCAGCCGCCGTCTC None
AS36 GCCGCCCCGCCCACTCG None
S374 GGAAACAGGGCCGTGGAGGAGACA None
AS149 TCGCCCGGCAGAGAAATGAAAGTG None
5'-RACE and RT-PCR None
as329-rt TGTTCCTCCCCGTTTTCTTCATCTTTT None
s-anc2 GGCCACGCGTCGACTAGTACGGGGCGGGGGEGE Sall
as252-bam ATAGGATCCAACTCGGGGACTTCTTCTTTTT BamHlI
s1622-or ATGTTCGTGCGCAAGTCCCAGTTC None
as2112-or GCAGCCGTAGTACAGCAGCGTCTC None
s702-gap CGGGGCTCTCCAGAACATCATCC None
as900-gap CGACGCCTGCTTCACCACCTTCTT None

Restriction sites are underlined, and mutations are in boldface fonts. s, Sense; as, antisense.

Nuclear extract

NCI-H295A and Hep-G2 cells were grown to 50-80% con-
fluence, harvested by centrifugation, and washed twice with 10
ml cold PBS. The cell pellets were resuspended in 10 mm HEPES
(pH 7.8), 10 mm KCl, 1 mm phenylmethylsulfonyl fluoride and
incubated on ice for 15 min; Nonidet P-40 was added to a final
concentration of 0.58% to lyse the nuclei after which the sus-
pension was vortexed for 15 sec and centrifuged at 8,000 X g
rpm for 30 sec. The pellet was resuspended in 20 mm HEPES
(pH 7.8), 50 mm KCI, 400 mm NaCl, 5.25% glycerol, 1 mm
phenylmethylsulfonyl fluoride, vortexed vigorously for 1 h on a
Fisher Vortexer Genie 2 (Fischer Scientific, Pittsburgh, PA), cen-
trifuged at 16,000 X g for 5 min, and the supernatant containing
nuclear proteins was collected.

EMSA and supershifts

Double-stranded EMSA oligonucleotides (Table 1) were end
labeled with [y->?P]ATP by T4 polynucleotide kinase (New
England Biolabs, Beverly, MA), and purified on G-50 MicroS-
pin columns (GE Healthcare, Piscataway, NJ). Binding of nu-
clear proteins was done with 9 ug nuclear extract, 1 pug poly
dI-dC (Sigma Chemical Co., St. Louis, MO), 50,000 cpm [vy-
32P]ATP-labeled oligonucleotide probe in 10 mm Tris-HCI (pH
7.5), 100 mm KCl, 1 mm EDTA pH 8, 4% glycerol, § mm
dithiothreitol, and 0.1 mg/ml BSA at room temperature for 20
min in the absence or presence of unlabeled oligonucleotide
competitor (80 ng). For supershift assays, Hep-G2 and NCI-
H295A cells were transfected with expression plasmids for ei-
ther ERa, Smad3, Smad4, TRa, TR, or pBluescript SK vector
only, treated with either 10 nm E2, 3 ng recombinant human

TGEB, or 100 nM T5; nuclear extract was preincubated with the
appropriate antibody for 1 h at 4 C, and [y->?P]ATP-labeled
oligonucleotide probe was added to the reaction mixture and
incubated at room temperature for 20 min. DNA-protein com-
plexes were displayed by electrophoresis on 6% nondenaturing
polyacrylamide gels in 1X Tris-borate-EDTA (pH 7.2) (50 mm
Tris-HCI, 0.11 M boric acid, 1 mm EDTA); the gels were then
dried and imaged with a Storm Phosphorimager (GE Health-
care). Each EMSA was done with at least three different prepa-
rations of nuclear extract, and representative autoradiograms
are shown.

Chip

ChIP assays were done similarly to our previous procedures
(59). Hep-G2 and NCI-H295A cells were fixed in 1% formal-
dehyde solution, washed three times with PBS, collected, lysed
on ice in 1% sodium dodecyl sulfate, 10 mm EDTA (pH 8), 50
mM Tris-HCI (pH 8) in the presence of protease inhibitors, and
sonicated on ice with a Fisher Dismembrator 550 for a total of
24 sec (with cycles of 4 sec on pulses followed by 25 sec off), and
chromatin was collected by centrifugation. Extracts were pre-
cleared with 20 ul of 50% protein A-agarose slurry containing
10 pg salmon sperm DNA, and 20 pg BSA. Before adding an-
tibodies directed against AP-2a, Smad3 and Smad4, TR«a, TR
(Abcam, Inc., Cambridge, MA), RXRa (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), and ERa (Abcam), an aliquot (20 ul)
of each sample was removed to use as an input for PCR. Immu-
noprecipitation was performed on a rocking platform at 4 C
overnight, and immune complexes were captured by protein
A-agarose beads (Invitrogen) and washed three times. Isolated
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chromatin was extracted with phenol, the DNA was precipi-
tated with ethanol, and sequences of interest were amplified by
PCR. For ERB, the primer pairs were: 5'-CCACTATCCTT-
GTGGGTGGA (ERB forward, bases —191 to —172) and 5’-
CAGCAGCTGGAGAAACTGAA (ERB reverse, bases 21 to 2),
which span an AP-2 binding site in the ER promoter (60), thus
serving as a positive control for AP-2 in the ChIP assay. For
POR, the $222 sense primer was 5'-GAAGCCGCAGCCGC-
CGTCTC (nt —222 to —203), and the AS36 antisense primer
was 5'-GCCGCCCCGCCCACTCG (—36 to —52), which span
the putative AP-2 binding site; we also used POR S374 sense
primer 5'-GGAAACAGGGCCGTGGAGGAGACA (nt —374
to —350) and AS149 antisense primer 5'-TCGCCCGGCA-
GAGAAATGAAAGTG (=149 to —173), which span the
Smad3/4 and the ER/TR binding sites.

Quantitative RT-PCR (qRT-PCR)

QRT-PCR using the SYBR green fluorescent dye detection
(Bio-Rad Laboratories, Inc., Hercules, CA) was done with
c¢DNAs prepared from Hep-G2 and NCI-H295A cells treated
for 18 h in absence or presence of 10 nm E2, 3 ng recombinant
human TGFp, or 100 nMm T35 in serum-free phenol-red free me-
dia. The following primer pairs were used for gRT-PCR: POR,
sense primer s1622-or 5'-ATGTTCGTGCGCAAGTCCCAG-
TTC (nt 1540-1563) and antisense primer as2112-or 5'-
GCAGCCGTAGTACAGCAGCGTCTC (nt 1707-1684);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), sense
primer s702-gap 5'-CGGGGCTCTCCAGAACATCATCC
(nt 702-724) and antisense primer as900-gap 5'-CGACGC-
CTGCTTCACCACCTTCTT (nt 900-877). The POR ex-
pression level was normalized to GAPDH level, both deter-
mined from the average threshold cycle (Ct) of triplicate
samples.

Statistical analyses
Statistical analyses were performed using two-tailed un-

paired ¢ tests, and significance was accepted for tests where
P < 0.05.
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