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Abstract
Cytochrome P4501B1 (Cyp1b1) is expressed specifically in certain neural crest (NC) cells during
embryogenesis. Mesenchymal progenitor cells that develop from NC cells are modeled here by
mouse C3H10T1/2 and 3T3-L1 cells. Dexamethasone in combination with
methylisobutylxanthine (DM) induces Cyp1b1 and a 6.7 kb mouse Cyp1b1 promoter-luciferase
reporter in each cell type prior to adipogenesis. An 18 base sequence (at −6.11 kb) (PaxE) which
was essential for this reporter stimulation in 3T3-L1 cells bound the transcription factor Pax6. This
is shown by gel mobility shifts and sequence mutations. Heterologous vector expression of Pax6
in 3T3-L1 cells enhanced DM stimulated Cyp1b1 promoter activity through cooperation with two
Sp1 sites in the proximal promoter region. Chromatin immunoprecipitation showed that DM
stimulated binding of Pax6 adjacent to Sp1 in the proximal promoter more than in the PaxE
region. The Cyp1b1 induction by DM in C3H10T1/2 cells was more rapid but independent of
Pax6. The far upstream enhancer region (FUER) found in rat Cyp1b1 responded to DM but was
inactive in the mouse promoter due to key sequence changes. The expression patterns of Pax6 and
Cyp1b1 frequently overlap during mouse embryogenesis. The relationship between Pax6 and
Cyp1b1 expression warrants further investigation, particularly in the NC.
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Introduction
Cytochrome P4501B1 (Cyp1b1) is well known for a key role in the metabolic activation of
carcinogenic polycyclic aromatic hydrocarbons [1]. However, accumulating data reveal that
Cyp1b1 also plays major roles in multiple endogenous cell signaling pathways and in
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developmental processes. Thus Cyp1b1 is specifically expressed in rhombomere 4 in the
developing neural tube [2]. The function remains elusive. There is however evidence for a
role in retinoic acid synthesis even though this process is more commonly directed by
Aldh1a forms [2]. In endothelia, Cyp1b1 promotes vasculogenesis by detoxifying reactive
oxygen species that affect cell morphology [3]. Cyp1b1 was first identified as the
predominant cytochrome P450 isoform in mouse embryo fibroblasts (MEFs)2 [4], as an
AhR-inducible isoform in human keratinocytes [5] and as a cAMP-induced isoform in rat
adrenals [6]. Cyp1b1 is also substantially expressed in epithelial cells located in skin, uterus,
mammary and the prostate [7, 8]. Epigenetic effects provided by promoter methylation have
a major impact on the cell selectivity of Cyp1b1 expression [9], providing another
mechanism of cell specific control and again suggesting important physiologic roles for
Cyp1b1.

Cyp1b1 plays an important role in human and mouse eye development [10–12]. The unique
temporal and positional expression of Cyp1b1 in developing mouse embryos [13] and zebra
fish [14] as well as the selective hormonal regulation of Cyp1b1 in rat steroidogenic tissues
[6, 15–17] strongly suggest that there are important physiological substrates. Cyp1b1 is
expressed early during the process of adipogenesis [18], suggesting a possible important
function for Cyp1b1 substrates in this process. Multi-potential mouse C3H10T1/2 (10T1/2)
embryo fibroblasts (MEF) cells and 3T3-L1 pre-adipocytes each undergo adipogenesis
following stimulation by a standard IDM cocktail consisting of insulin (I), dexamethasone
(D) and methylisobutylxanthine (M), a cAMP phosphodiesterase inhibitor [19, 20]. Cyp1b1
expression is stimulated in 10T1/2 cells in parallel with PPARγ (peroxisome proliferator-
activated receptor gamma), a critical mediator of this differentiation process [21, 22]. During
adipogenesis one or more endogenous ligands are likely to mediate PPARγ activation [23].
Natural activators including fatty acid oxidation products found in lipoproteins such as 13-
HODE (13-hydroxy octadecadienoic acid), as well as arachidonic acid metabolites such as
prostaglandin J2-derivatives [24, 25] can function as potential CYP substrates. Such
substrates are often ligands for the aryl hydrocarbon receptor (AhR) which activates Cyp1b1
expression [26, 27]. Cyp1b1 deletion in endothelial cells enhances oxidative stress again
suggesting an important role for Cyp1b1 in the lipid oxidation [3, 28].

Although constitutive expression of Cyp1b1 in MEFs depends in part on AhR [29],
expression of this receptor declines substantially during adipogenesis as Cyp1b1 increases
[18, 30–32]. This suggests that AhR is not the predominant stimulant for Cyp1b1 during
adipogenesis. Although this increase occurs concomitantly with the stimulation of PPARγ
[22], we have developed clonal 10T1/2 lines that distinguish Cyp1b1 and PPARγ increases.
However, only the latter increase is coupled to DNA synthesis, a requirement for the
adipogenesis [22, 33]. In previous reports we have demonstrated that Cyp1b1 expression in
rat steroidogenic tissues is highly stimulated by cAMP/Protein kinase A through a far
upstream enhancer region (FUER). This 189 bp sequence which is located 5.1 kb upstream
from the transcription start site functions through the cooperation of one CREB site and
three SF-1 sites [16, 17, 34].

2Abbreviations used:
AhER, AhR-response enhancer region; AhR, aryl hydrocarbon receptor; ChIP, chromatin immunoprecipitation; CRE, cAMP response
element; CREB, CRE binding protein; CYP, cytochrome P450; D, dexamethasone; DM, dexamethasone and methylisobutylxanthine;
ECL, enhanced chemiluminescence; EMSA, electrophoretic mobility shift assay; FUER, far upstream enhance region; h, hour(s); HD,
homeobox domain; I, insulin; IDM, insulin, dexamethasone, and methylisobutylxanthine; M, methylisobutylxanthine; LRH-1, liver
receptor homologue 1; MEF, mouse embryo fibroblast; PAH, polycyclic aromatic hydrocarbon; PaxE, mouse Cyp1b1 Pax6 element;
PCR, polymerase chain reaction; PD, paired domain; PKA, protein kinase A; PPARγ, peroxisome proliferator-activated receptorγ;
PPR, proximal promoter region; qPCR, quantitative real-time PCR; SF-1, steroidogenic factor 1; Sp1, stimulatory protein 1; TCDD, 2,
3, 7, 8-tetrachlorodibenzo-p-dioxin; SREBP, Sterol regulatory element-binding protein.
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The central hypothesis for the present experiments is that Cyp1b1 is stimulated during
differentiation processes by factors other than AhR that may function at distal sites like the
FUER. The expression of Cyp1b1 in neural crest cells of the early embryo is particularly
intriguing in this regard [35]. Cyp1b1 converts retinol to retinoic acid [36] which has been
linked to effects of Cyp1b1 deletion in these cells [2]. Neural crest cells differentiate during
embryogenesis to both neurons and mesenchymal progenitor cells that then give rise to
bone, cartilage and adipose cells [37]. 10T1/2 cells provide an excellent model for these
mesenchymal progenitor cells [33] while 3T3-L1 cells represent a further stage of
commitment as precursors for adipogenesis [33]. In this manuscript we utilize a series of rat
and mouse Cyp1b1 promoter-luciferase reporters to demonstrate that stimulation of Cyp1b1
during adipogenesis in 10T1/2 and 3T3-L1 cells is indeed enhanced by far upstream
sequences and that these cells differ appreciably in their Cyp1b1 response mechanisms.

Here we provide evidence that the rat FUER alone responds rapidly to adipogenic
stimulation in these cells but nevertheless can be deleted from these reporter constructs
without affecting their substantial stimulation during adipogenesis. We show that this
stimulation of Cyp1b1 by DM in mouse 3T3-L1 cells depends on a distal element which is
also completely conserved in the rat, and that DM treatment increases binding of the key
developmental transcription factor Pax6 to this regulatory element. We refer to this
conserved sequence as the Cyp1b1 Pax6 element (PaxE). We subsequently found that the
Cyp1b1 proximal promoter contains an alternative site for Pax6 activity that is linked to
stimulation of Sp1 activity. We show that adipogenic stimulation of Cyp1b1 in 10T1/2
which occurs much faster than in 3T3-L1 cells can also depend on Sp1 but is less dependent
on Pax6.

Pax6 is a highly conserved transcription factor which regulates important events during
embryonic development particularly in the hind brain and the eye [38]. Pax6 is expressed
coordinately in the mouse embryo with Cyp1b1 [35, 38]. Pax6 also plays a key role in
development of the central nervous system and pancreas [39–41] including the control of
insulin and glucagon. Pax family proteins primarily function through a paired domain (PD)
but also contain a homeobox domain (HD) which interacts with distinct DNA motifs [42,
43]. The PaxE sequence corresponds to elements in many genes that respond to Pax6
through interaction with the PD domain. We also report that PaxE is part of a 194 base
sequence that is over 90 percent conserved between rats and mice and which includes two
core homeobox elements. The significance of these findings in relation to the expression of
Cyp1b1 during development is discussed.

Material and methods
Chemicals

Insulin, dexamethasone, and methylisobutylxanthine were purchased from Sigma-Aldrich
(St Louis, MO).

Antibodies
Rabbit anti-mouse PPARγ monoclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Rabbit anti-mouse Pax6 polyclonal antibody was
purchased from Chemicon International, Inc. (Temecula, California). Rabbit anti-mouse
Cyp1b1 antibody was generated in this laboratory as previously described [4]. Rabbit anti-
mouse Sp1 antibody was purchased from Biotechnology (Charlottesville, VA)
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Cell culture
3T3-L1 preadipocytes and 10T1/2 cells were obtained from ATCC (Bethesda, MD) and
were maintained in DMEM/F12 medium supplemented with 10% FBS, 100 units/ml
penicillin, and 100 µg/ml streptomycin. Cells were cultured with initial plating density of
3×105 cells/well in 6-well plates, or 1×105 cells/well in 12-well plates. At 100% confluence,
cells received fresh medium supplemented with 10% FBS. After being maintained at
confluence for 2 days, cells were treated with 1.74 µM insulin, 1 µM dexamethasone, 0.5
µM methylisobutylxanthine, or combinations of these agents. For the time course
experiments shown, the initiation of treatment is designated as zero hour (0 h) and continues
for up to 48 h. Adipogenic differentiation of these cells following treatment with insulin has
previously been described by this laboratory and many others [8, 21, 22, 31].

Plasmid constructions and cell transfection
Mouse Pax6 expression vector (pmPax6) was generously provided by Dr. Masaharu Sakai
(Hokkaido University School of Medicine, Japan) [44].

A luciferase reporter vector pGL3-basicPlus was created by modifying the pGL3-basic
vector (Promega, Madison, WI) by introduction of a PstI-SmaI-KpnI-EcoRI-XhoI-NheI-
BglII-HindIII-cloning-site sequence in place of a multi-cloning-site sequence in pGL3-basic.
PCR fragments of mouse Cyp1b1 5'-flanking sequence were subcloned into pGL3-basicPlus
or pGL3-basic according to the primers used. Primers with a KpnI site, m1B1(−6712)KpnIF,
m1B1(−6110)KpnIF, and m1B1(−6091)KpnIF (Table 1) were used to generate fragments
starting at sites –6712, −6110, and −6091 on 5’-flanking sequence of mouse Cyp1b1 gene,
respectively. Primer m1B1(−203)EcoRIF (with an EcoRI site) was used to generate a
fragment starting at site −203. Primers with an EcoRI site, m1B1(−5966) EcoRIR,
m1B1(−5706)EcoRIR, m1B1(−5186)EcoRIR and a primer with an NheI site,
m1B1(+130)NheIR, were used to generate fragments ending at sites −5966, −5706, −5186,
and +130, respectively. Mutant Pax6, Sp1a, and Sp1b sites were made with the ExSite PCR-
Based Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according to the
manufacturer's standard protocol. A luciferase vector primer m1B1Pax6R was used to
mutate the Pax6 site in 5-flanking sequence of mouse Cyp1b1 with one of primers
m1B1Pax6Mut1F, m1B1Pax6Mut2F, m1B1Pax6Mut3F, and m1B1Pax6Mut4F. The
following sets of primers were used to mutate Sp1a and Sp1b sites in 5-flanking sequence of
mouse Cyp1b1: m1B1MutSp1aF and m1B1MutSp1aR and m1B1MutSp1bF and
m1B1MutSp1bR. The small letters in the sequences indicate the mutant bases.

Transient transfection of these Cyp1b1 reporters into mouse 10T1/2 and 3T3-L1 cells were
performed with TransIT-LT1 (Mirus Bio Corporation, Madison, WI) following the
manufacturer's recommended protocol. Approximately 24 h prior to transfection, cells were
plated at a cell density of 1×105 cells in complete growth medium per well of a 12-well
plate. Each transfection for a well requires 0.83 µg of DNA and 2.5 µl of TransIt-LT1. Cells
were incubated with TransIT-LT1-DNA mixture for 48 h. Cotransfection of mouse Pax6
expression vector pmPax6 with Cyp1b1 reporters was carried out at the ratio 0.38 µg : 0.44
µg (molar ratio at 1 : 1, Pax6 vector : reporter). Luciferase activity was normalized by Dual-
luciferase Reporter Assay System (Promega, Madison, WI). The statistical analysis of
significance was performed by Student’s t test.

Western Immunoblotting
Following treatments, the cells were washed three times with ice-cold PBS. Total cellular
protein was extracted using RIPA buffer (50 mM Tris pH 7.4, 0.25% sodium deoxycholate,
1% NP-40, 1 mM EGTA, 1 mM EDTA, 150 mM NaCl, 0.05% SDS, 1 mM PMSF, 1 µg/ml
leupeptin, 1 µg/ml aprotinin). Protein concentrations were determined by using the BCA
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protein assay kit (Pierce Biotechnology, Rockford, IL). For analysis, 30 µg/lane of total
cellular protein was heated at 95 °C for 5 min before being loaded on 10% SDS-
polyacrylamide gels. Total cellular protein was separated by electrophoresis, and transferred
to a nitrocellulose membrane. After transferring, the membrane was incubated with the
primary antibody of interest at 4 °C over night, and further with horse radish peroxidase-
conjugated secondary antibodies. Immune complexes were visualized using the enhanced
chemiluminescence (ECL) detection method per manufacturer’s protocol (Amersham
Pharmacia Biotech, Buckinghamshire, United Kingdom). Band densities in the immunoblots
were quantified using the ImageQuant 5.2 Software (Amersham Biosciences, Pittsburgh,
PA). Expression of numerous genes, including many housekeeping genes, changes during
adipogenesis (including β-actins). Therefore, gels were loaded based upon total sample
protein content as the most reliable basis for comparison. Western blots were repeated at
least twice with similar results.

Electrophoretic Mobility Shift Assay (EMSA)
3T3-L1 cell and 10T1/2 nuclear extracts were prepared from either untreated or DM treated
cells. Oligonucleotide probes were end-labeled by T4 polynucleotide kinase. Pax6 Binding
reactions were performed in 10 µl total volume with 10 µg 3T3-L1 nuclear extract and
20,000 cpm of labeled probe in specific binding buffer. Pax6 binding buffer contained 20
mM HEPES (pH 7.9), 0.2 µg/µl Poly(dI-dC), 0.5 mM EDTA, 0.5 mM dithiothreitol, 0.1%
NP-40, 100 mM KCl, 0.1 mM MgCl2, and 5% (v/v) glycerol. The binding reactions were
resolved on a 6% non-denaturing polyacrylamide gel at 220 volts for 2.5h at 4°C. Following
electrophoresis, DNA-protein complexes were analyzed with a PhosphoImager. For
competition experiments a 100-fold molar excess of unlabeled oligonucleotides or 3 µl of
Pax6 antibodies was added to the nuclear extracts before addition of radio labeled probe.
Sp1 EMSA was carried out as described previously [17]. Sequences of oligonucleotides
used in EMSA were shown in Table 1.

Chromatin Immunoprecipitation (ChIP) Assay
To cross-link protein to DNA, formaldehyde was directly added to the dishes at a final
concentration of 1% at room temperature with gentle agitation for 10 min. Glycine was
added to quench the reaction. Cells were then washed with ice-cold PBS twice and collected
by centrifugation. Nuclei were isolated by incubation in cell lysis buffer (10 mM Tris, 10
mM NaCl, 0.2% Nonidet P-40, 1x phosphatase inhibitor cocktail (6.25 mM NaF, 12.5 mM
β-glycerophosphate, 12.5 mM para-nitrophenyl phosphate, 1.25 mM NaVO3), 1x protease
inhibitor cocktail (Sigma-Aldrich, St Louise, MO)) for 10 min. Resuspended nuclei were
lysed in nuclei lysis buffer (50 mM Tris, 10 mM EDTA, 1% SDS, 1x phosphatase inhibitor
cocktail, and 1x protease inhibitor cocktail) for 10 min. The lysate was sonicated with 8
pulses of 15 seconds each at output level 60%. Sheared chromatin was cleared by
centrifugation in desktop centrifuge at 14, 000 rpm for 10 min. The chromatin was diluted
with IP dilution buffer (20 mM Tris, 150 mM NaCl, 2 mM EDTA, 0.01% SDS, 1% Triton
X-100, 1x phosphatase and protease inhibitor cocktail) to reduce the SDS concentration to
below 0.2%, and incubated with the primary antibody, which was pre-bound to Dynabeads
(Invitrogen Corporation, Carlsbad, CA) for 2 h at 4 °C. The tube was placed on the magnet
for 1 min and the supernatant was removed. The Dynabeads were washed twice with 500-µl
aliquots of IP wash buffer 1 (20 mM Tris, 50 mM NaCl, 2 mM EDTA, 0.1% SDS, 1%
Triton X-100, pH 8.0), once with IP wash buffer 2 (10 mM Tris, 0.25 M LiCl, 1 mM EDTA,
1% Nonidet P-40, 1% deoxycholate, pH 8.1), and twice with TE (10 mM Tris, 1 mM
EDTA, pH 8.0). 10% of Chelex-100 was added to the washed beads, and the mix was
vortexed and followed by boiling for 10 min. Proteinase K was added to beads and the mix
was incubated at 55°C for 30 min, followed by another boiling for 10 min. The eluate was
used as a template in quantitative real-time PCR (qPCR). For the qPCR evaluation of

Zheng et al. Page 5

Arch Biochem Biophys. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Cyp1b1 proximal region, forward primer, 5'-CTAAGGTCCCGCTTCCTCCA-3'; and
reverse primer, 5'-ATGCGCCATCCCTCTACTCC-3' were used. For the qPCR evaluation
of PaxE region, forward primer, 5'-TCAGCTCTTGTGTTCCTTTCG-3'; and reverse primer,
5'-GGGGAGGAAAGCTGTATTCAT-3' were used. ChIP-qPCR results were calculated
based on the ΔΔCt method using the SuperArray ChIP-qPCR Data Analysis Template
(Frederick, MD) according to the SuperArray manual. ChIP DNA fractions were normalized
to input DNA (ΔCt) to account for any differences due to chromatin sample preparation.

Statistical Analyses
Statistical analysis was done using Excel ((Microsoft, Redmond, WA). Statistical
significance was determined by two-tailed Student's t test for unpaired or paired
observations (P < 0.05).

Results
We have previously reported that combinations of insulin (I), dexamethasone (D) and
methyl isobutyl xanthine (M) (IDM or DM) which induce adipogenesis in the mouse
mesenchymal progenitor 10T1/2 line also extensively stimulate the expression of Cyp1b1
[22, 33]. We have also shown that sequences more than 5 kb upstream from the transcription
start site regulate Cyp1b1 during hormonal stimulation [15]. Here we use a variety of
methods, including immunoblotting, chromatin immunoprecipitation and Cyp1b1-promoter
luciferase reporters, to test whether far upstream sequences also control the substantial
stimulation of Cyp1b1 during the early stages of adipogenesis in 3T3-L1 cells [21]. In these
cells, subsequent addition of insulin to the cell culture media induces formation of
intracellular lipid droplets over the course of an additional 4 days of treatment. This is a
similar yet slower response than observed for 10T1/2 cells [18]. We then test whether the
same mechanism is conserved in 10T1/2 cells. 3T3-L1 cells share with 10T1/2 cells a
common MEF progenitor source but represent a further stage of commitment towards
adipocytes. The experimental designs for immunoblotting, chromatin immunoprecipitation,
and comparisons of Cyp1b1 promoter-activity using luciferase reporters are shown
schematically in Figure 1A.

Cyp1b1 and PPARγ expression in 3T3-L1 cells
The expression of Cyp1b1 and the key differentiation mediator PPARγ1 in pre-adipocyte
3T3-L1 cells were increased with time after addition of a DM combination (Fig. 1B).
Inclusion of insulin in the differentiation cocktail had no effect while each component was
separately ineffective (Fig. 1C). These increases in PPARγ expression are consistent with
previous reports for these cells [45].

In order to characterize the regulation of this Cyp1b1 in 3T3-L1 cells, we examined the
response of a 6.7 kb mouse Cyp1b1 reporter (pMo6.7) in comparison to the Cyp1b1 protein
expression (Fig. 1B and 1D). Expression of the pMo6.7 reporter mRNA responded to the
adipogenic cocktail (DM) with a significant twofold stimulation within 12 h at which time
Cyp1b1 protein expression appeared to be unaffected (Fig. 1B and 1D). The shorter 1.1 kb
mouse Cyp1b1 luciferase reporter (pMo1.1) was much less responsive. This suggests that
the DM-responsive element is located at sites distal to the conserved AhR-response
enhancer region (AhER) centered at −1.0 kb [29]. There was no stimulation of the pMo0.2
reporter (Fig. 1D), emphasizing the importance of the upstream enhancer elements.

Far Upstream Enhancer Region does not contribute to DM stimulation of Cyp1b1
We have identified a far upstream enhancer (FUER) in the rat Cyp1b1 promoter that
mediates responses to protein kinase A in adrenal cells via synergy between three SF-1 sites
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and a 3’-CRE element [17] (rat −5298 to −5110) (Fig. 2A). Utilizing a rat Cyp1b1 luciferase
reporter (pRat7.0) equivalent to the mouse flanking region pMo6.7, the responses of these
constructs to DM stimulation in 3T3 L1 cells were compared (Table 2). A similar pattern of
species-specific responses was seen between the mouse and rat reporter constructs when
they were transfected into 10T1/2 cells. The responses to DM were greater in rats than mice,
and occurred more rapidly than in 3T3-L1 cells. A maximum level of luciferase activity was
attained in 3–6 h and was sustained out to 24 h (Table 2; Fig. 5B). When the rat FUER was
linked to only the truncated 0.2 kb proximal promoter (pRatFUER) DM stimulation was
similar to that of the Mo6.7 reporter in both cell lines (Table 2).

Interestingly, sequence analysis of the mouse FUER (mouse −5202 to −5001) showed that
each of the functionally important SF-1 sequences exhibited base substitutions compared to
the orthologous rat SF-1 and CREB sites (Fig. 2B). We have previously shown that such
mutations remove PKA responsiveness [17]. We therefore shortened the rat Cyp1b1 reporter
to either include (pRat5.4) or exclude the FUER (pRat 5.0, pRat3.9) (Fig. 2A). Sequential
deletions of the rat Cyp1b1 reporters responded less to DM than the full length pRat 7.0
reporter but deletion of the functional FUER did not obliterate all responsiveness (Table 2).
These results suggest that there exists some redundancy between the FUER and more
proximal sequences with regard to responsiveness of the Cyp1b1 promoter to stimulation by
DM.

The DM stimulation of mouse Cyp1b1 in 3T3-L1 cells depends on a 19 base distal
sequence and proximal Sp1 sites

To further identify elements contributing to the DM response we carried out a more detailed
deletion analysis of the 6.7 kb mouse Cyp1b1 promoter reporters using 3T3-L1 cells.
Deletion from −6.7 to −6.110 kb did not affect activity whereas deletion to −6.091 kb
eliminated the response to DM. This identifies a 19 bp region (−6110 to −6092) as essential
for the DM response (Fig. 2C). The immediate upstream sequence (−6712 to −6111) did not
appear to contribute significantly. The 19 bp sequence plus a further 144 bases of
downstream sequence was linked directly to the minimal 0.2 kb proximal promoter (−6110
to −5966). This reporter was found to be unresponsive to DM and had only minimal activity
above that of the proximal promoter (Fig. 2D). A longer downstream segment (−6110 to
−5706) was also ineffective. However, when the reporter was extended from the 19 base
sequence to include an additional downstream 0.9 kb (−6110 to −5186) enhancer activity
regained about half of the maximum responsiveness to DM stimulation (Fig. 2D). This 19
bp sequence thus functions with additional complexes formed upstream of −5186.

The proximal promoter contains two Sp1 sites that are essential for basal, cAMP and TCDD
stimulated Cyp1b1 reporter activity [16, 17, 34]. Mutation of these sequences also
completely removed most basal activity and all DM stimulatory activity from the pMo6.7
reporter (Fig. 2E), strongly suggesting that the Sp1 sites cooperate with upstream enhancer
sequences in this DM response.

Characterization of the 19 base element as a Pax6 binding site (PaxE)
The 19 base mouse sequence which is essential for DM responsiveness includes an 18 base
sequence that is completely conserved in the rat (Fig. 3A). A search for known DNA
recognition elements in the Cyp1b1 flanking region revealed a close match with the binding
site for the Pax6 paired domain (PD) [46] (Fig. 3B). Sequence comparisons with the
flanking regions of four mouse genes that are stimulated by Pax6 (Glucagon, δ-crystallin,
optimedin A, and Reelin) [39, 47, 48] revealed similar sequence homologies (Fig. 3B). We
have denoted this 18 base conserved sequence in the mouse Cyp1b1 promoter region as the
Pax6 enhancer (PaxE). The variability in these PaxE-like sites suggests flexibility in the
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Pax6 recognition element. Although the upstream 602 bases do not increase the reporter
activity, the immediate 154 base mouse upstream segment (−6264 to −6111) has only 12
mismatches with the corresponding rat sequence (92 percent conserved) (Fig. 3A). This
sequence contains a TAATTA core homeobox sequence that can potentially bind to Pax6
through a C-terminal homeodomain (HD) or compete with a homeobox protein [42, 43, 49]
(Fig. 3A).

To examine the functional role of these sequences, localized mutations of PaxE were
generated by sequentially changing two bases in pMo6.11 (Fig. 3C). The impact of these
mutations on the DM stimulation of 3T3-L1 cells showed that sites −6102/−6103 (Mut2)
located at the center of the conserved PaxE element are critical for Cyp1b1 promoter
activity. By contrast, six adjacent bases (Mut1, Mut3 and Mut4) are much less important
(Fig. 3C).

DM activates complex formation of Pax6 with PaxE
To examine whether DM stimulates Pax6 to binds directly with the PaxE sequences in the
Cyp1b1 promoter, gel shift assays were conducted. Pax6 present in nuclear extracts from
3T3-L1 cells bound directly to the PaxE sequence as shown by the decrease in mobility after
addition of an anti-Pax6 antibody to the extracts (α-Pax 6) (Fig. 3D). This doublet complex
and the supershifted α-Pax6 complexes were each appreciably stimulated by DM treatment.
The substantial increase in the amount of supershifted complex indicates stabilization by the
antibody. Mutation at position 2 of PaxE (which diminishes promoter activity) substantially
attenuated this complex formation, including the supershifted complex.

PaxE also formed a significant amount of a very low mobility complex (LM), which was
increased by DM but did not contain Pax6, as evidenced by insensitivity to α-Pax 6. The
basal level of the LM complex was also appreciably enhanced when the PaxE interaction
with Pax6 was decreased by introduction of mutation 2. The decreased mobility of the LM
complex suggests participation of larger proteins and/or additional proteins. This effect of
mutation 2 suggests that there is competition for PaxE between a Pax6 complex and this LM
complex, which is apparently favored by the mutation at position 2.

Transfection with Pax6
To assess the quantitative effect of Pax6 levels on Cyp1b1 expression we transfected
heterologous Pax6 into 3T3-L1 cells which were then also treated with DM. We tested the
interaction of Pax6 with distal and proximal sequences in the Cyp1b1 promoter by
cotransfecting a CMV-Pax6 expression vector (pmPax6 or a control vector) with a Cyp1b1
luciferase reporter (pMo6.11 wild-type or various mutations/deletions) or a pMo0.2 reporter
(wild-type or Sp1 mutations) [44]. Activities were compared with and without a 48 h DM
treatment. Both DM addition and Pax6 transfection stimulated reporter activity by 1.8 and
1.55 times, respectively (Table 3, Table 4). Results deviated somewhat from those shown in
Figure 3C which were conducted with earlier passages on 3T3-L1 cells and different serum
in the media. Additional DNA was also transfected to control for the Pax6 vector.

Basal activities as well as responses of the Cyp1b1 reporters to DM stimulation (Table 3)
were suppressed by each of the PaxE mutations to a level equivalent to the activity of the
proximal promoter pMo0.2. The DM stimulated levels also similarly declined (Table 3). The
mutations in PaxE therefore remove most of the additional activity provided to the proximal
promoter by the 6 kb of upstream sequence under either basal conditions or following DM
stimulation. Therefore, the effects of these mutations suggest that PaxE is functioning
similarly under both basal and stimulatory conditions consistent with the EMSA
experiments which show Pax6 complex formation under both conditions (Fig. 3D).

Zheng et al. Page 8

Arch Biochem Biophys. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



By contrast, after transfection with pmPax6, Cyp1b1 reporter activities were insensitive to
the mutations, especially in combination with DM (Table 3). The combination of DM
addition and Pax6 transfection produced a synergistic 3.2 fold stimulation. However, there
was almost as much activity after equivalent stimulations of the proximal promoter. This
suggests that this ineffectiveness of the distal mutations arises because the activity is almost
entirely generated from interaction of Pax6 with the proximal promoter. This proximal
promoter activity of Pax6 is evidently further stimulated by activation by DM.

Stimulation by either DM addition or Pax6 transfection was almost completely blocked by
mutation of the two Sp1 sites (Table 4). These data suggest that there is a low affinity
interaction of transfected Pax6 with Sp1 in the proximal promoter, either through direct
interaction with DNA or with the Sp1 protein.

Chromatin Immunoprecipitation (ChIP) of Pax6 and Sp1 complexes
The role of Pax6 and Sp1 elements in the regulation of Cyp1b1 was also assessed by ChIP
experiments. The binding of SP1 and Pax6 to the proximal promoter and to the distal PaxE
region of Cyp1b1 were each confirmed via ChIP analyses utilizing the primers shown in Fig.
4A and 4B. Size fractionation showed that the ChIP fragments of DNA were typically about
200–500 bp in length. The distal primer pair targets immunoprecipitated DNA fragments
that include the sequence −6078 to −6185 corresponding to the PaxE site, while the
proximal primer pair targets the sequence immediately upstream of the transcription start
site.

DM stimulated an early binding of Sp1 (after 12 h) to the proximal promoter region (Fig.
4C), followed by subsequent binding of Pax6 in this region (after 48 h). In the distal region,
an initial Sp1 binding (there is an Sp1 sequence adjacent to PaxE), occurred but decreased
with time (Fig. 4C). On the other hand, Pax6 binding to the distal region increased after 12
h, prior to the increase in the proximal region at 48 h (Fig. 4C). Pax6 may therefore first
bind to the upstream enhancer before shifting to a binding site on the proximal promoter,
subsequent to a transfer of Sp1 from a distal site.

We also tested the DNA that was immunoprecipitated by anti-Pax6 antibody for other Pax6
responsive genes. PCR analyses showed binding to a segment of the Mab21 proximal
promoter, a gene known to participate in eye development that contains a Pax6 element [50].
DM produced appreciable stimulated of Mab21 levels (Fig. 4D).

Stimulation of Cyp1b1 in 10T1/2 cells
Although 10T1/2 cells share many similar overall responses to the DM stimulus with 3T3-
L1 cells, there are appreciable differences in the respective mechanisms. Treatment of
10T1/2 cells with DM concomitantly increased both Cyp1b1 and PPARγ1 expression
during a 48 h post treatment (Fig. 5A), while a further 48 h of insulin treatment then
stimulates formation of lipid droplets [32, 33]. However the full length pMo6.7 Cyp1b1
reporter (Fig. 5B) responded to DM treatment and also reached a maximum in
approximately 6 h, which is much faster than in 3T3-L1 cells (Figure 1). Deletion mutants
(pMo1.1and pMo0.2) failed to respond to stimulation by DM. A shift in mechanism between
6 and 24 h is suggested by the increased response of the proximal promoter reporter
(pMo0.2) at later times relative to that of pMo6.7, unlike the shifts observed in Figure 1 for
3T3-L1 cells. Figure 6A confirms that 24 h of DM treatment stimulates promoter activity in
10T1/2 cells without any contributions from regulatory elements upstream from the
proximal promoter, including apparently from PaxE. However, like the 3T3-L1 cells, this
response depends on Sp1 sites in the proximal promoter (Fig. 6B & Table 4). By contrast,
promoter activity 6 h after DM treatment (Fig. 6B) is insensitive to Sp1 mutations but is
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highly dependent on far upstream sequences (Fig. 6C). This DM stimulation of Cyp1b1
promoter activity 6 h after DM treatment in 10T1/2 cells decreases by about 50 percent
compared to the full length reporter, when the PaxE sequence is deleted in pMo5.2 (Fig.
6C).

Sp1 is a particularly complex transcription factor of over 750 amino acids which binds GC
rich DNA sites through a C-terminal zinc finger domain and is modified in many ways
including by multiple kinases at 14 S/T sites [51]. Cyp1b1 has two Sp1 sites in the proximal
promoter region that are commonly essential for transcription [5]. EMSA assays confirmed
that Sp1 binding to both Sp1a and Sp1b sites was appreciably stimulated by 24 h of DM
treatment of 10T1/2 cells (Fig. 7A). Excess Sp1 oligonucleotide competed the small
amounts of 32P-Sp1a or Sp1b probes, and mutations in the competing Sp1 oligonucleotide
obliterated the binding to the probe, confirming specificity of the binding interactions.
Additional ChIP assays showed that DM stimulated Sp1 binding to the proximal promoter
over time, but not to the distal region (Fig. 7B). In contrast, Pax6 binding was minimal in
either region over the same treatment time span (Fig. 7B). Together these data indicate a
rapid stimulation of Cyp1b1 in the multi-potential 10T1/2 cells, unlike DM responses in
3T3-L1 cells, is independent of Sp1 but dependent on upstream interactions. This upstream
participation however seems to be independent of PaxE and Pax6. Importantly, this fast
response mechanism appears to be absent in 3T3-L1 cells.

This fast activation in 10T1/2 cells slowly transforms to a predominant dependence on the
proximal binding of Sp1 that is shown by the EMSA complexes. The late binding of Pax6 in
the proximal region suggested by the ChIP analysis may reflect a proximal Sp1/Pax6
interaction of the type identified through heterologous transfection of Pax6 (Table 3 & 4).
Many interactions of Sp1 with other transcriptions factors have been reported [52]. The
ChIP assays confirm that DM stimulated Sp1 binding to the proximal promoter (Fig. 7B).

Discussion
Cyp1b1 exhibits a specific spatial-temporal pattern of expression during mouse
embryogenesis, notably in the neural crest and hindbrain [13, 35, 53]. Neural crest cells
migrate during embryogenesis to provide a major source not only of neurons but of
mesenchymal progenitor cells for generation of bone, cartilage and fat [54]. The mouse
multi-potential 10T1/2 cell line and the more adipogenic 3T3-L1 line which each expresses
Cyp1b1 provide models for cells derived from neural crest through this mesenchymal
development [55]. We have previously shown that 10T1/2 cells exhibit a substantial increase
in Cyp1b1 expression following adipogenic stimulation by the DM combination [22, 33].
This increase precedes the increase in PPARγ, the central regulator of adipogenesis [21].
Here we show that in 3T3-L1 cells there is a comparable increase in Cyp1b1 expression
following the same adipogenic stimulation, but which is slower than in 10T1/2 cells and
delayed temporally relative to the increase in PPARγ

Interestingly, different mechanisms for the stimulation of Cyp1b1 expression appear to be
involved in each cell type. The slower stimulation of Cyp1b1 expression in 3T3-L1 by the
adipogenic DM mixture depends on an 18 base sequence which is located 6.1 kb upstream
of the transcription start site. This sequence, although highly conserved between mice and
rats, is only minimally involved in the equivalent 10T1/2 response (Fig. 3 and 6). We have
now shown that this 18 base sequence binds the major developmental regulator Pax6. This
transcription factor, like Cyp1b1, is expressed in the neural crest, hind brain and eye and is
critical to developmental processes at these sites [49]. This Pax6 element (PaxE) binds to the
paired domain (PD) which is located near the N-terminus of Pax6 [46] (Fig. 3B). The PD
mediates the stimulation of transcription for several Pax6 responsive genes (Glucagon, δ-
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cryystallin, optimedin A, and Reelin) [40, 47, 48]. Pax proteins also have a central
homeobox domain (HD) [56, 57] which may bind to the TAATTA core homeobox element
located in the highly conserved 155 base sequence (>90 percent) upstream of PaxE (Fig.
3A). Homeobox elements mediate transcription produced by several developmental
regulators including Hox proteins. Importantly, Hoxb1 is strongly expressed in the mouse
neural crest rhombomere 4 immediately prior to Cyp1b1 [58]. These two proteins are
spatially co-localized while Pax6 appears at the rhombomere periphery [35] (M. McGuire,
unpublished).

These same promoter analyses show that 3T3-L1 stimulation also depends on the Sp1
elements in the proximal promoter (Fig. 2E). In 10T1/2 cells DM rapidly activates the
Cyp1b1 promoter activity within 3h through a process that depends on far upstream
sequences (Fig. 6). Promoter deletion experiments and ChIP analyses each suggest that Pax6
and PaxE contribute much less to Cyp1b1 stimulation in 10T1/2 cells.

We initially considered that the FUER which mediates the strong adrenal response of rat
Cyp1b1 to cAMP [17] might also contribute to this rapid response to DM in 10T1/2 cells
(Table 2). This possibility was supported by the finding that FUER is indeed activated early
in this stimulation of 10T1/2 cells, probably because DM activates either SF-1 (Nr5a1) or
LRH-1 (Nr5a2) provided by transcription factors which each mediate the FUER response
[17, 59]. However, deletion of either FUER from the rat Cyp1b1 promoter or the equivalent
mouse FUER region (−5202 to −5001) did not affect the DM stimulation (Fig. 6C). In
addition , each of the active SF-1 and CREB elements that mediate the PKA stimulus in the
rat FUER differs at critical bases in the mouse sequence [17] (Fig. 2B).

DM stimulates the binding of very low levels of Pax6 protein to PaxE in 3T3-L1 cells which
were only detectable through the high sensitivity provided by EMSA and 32P-labeling (Fig.
3D). ChIP comparisons (Fig. 4C and 7B) confirm that Pax6 binding to the Cyp1b1 promoter
increases following the DM stimulation of 3T3-L1 cells, but is greater in the proximal
promoter than in the distal region around PaxE. The EMSA complex is sensitive to the Mut2
mutation which blocks reporter activity and is not only bound but also stabilized by the Pax6
antibody (α-Pax6). The DM activation of Pax6 in this complex may involve kinase
modification. The C-terminus of Pax6 comprises a proline-serine-threonine rich domain [60]
that can be phosphorylated by several kinases including Mek/Erk Map kinase which is
activated during early adipogenesis [8, 61]. Darpp-32, an inhibitor of PP1, a serine protein
phosphatase which reverses Pax6 phosphorylation, increases during 3T3-L1 adipogenesis
[60, 62].

The Pax6 complex also competes for the PaxE site with a low mobility (LM) complex which
does not include Pax6 but which is similarly stimulated by DM (Fig. 3D). The LM complex
formation is increased by the Mut2 mutation, suggesting that this mutation decreases the
affinity of the 18 base sequence for Pax6 while increasing the affinity for alternative binding
proteins. The individual components of the PaxE and LM complexes will be important to
identify to further understand the mechanisms by which PAX6 contributes to the regulation
of Cyp1b1 and the physiologic role of Pax6 and the PaxE binding site. We have previously
described a similar competition between DNA binding proteins for a pair of AhR
recognition sites in the AhER of the Cyp1b1 promoter [16]. Streptavidin beads combined
with specific biotin-labeled oligonucleotides selectively precipitated the respective unique
complexes. This approach could be used in combination with mass spectrometry to identify
the individual protein components of PaxE complexes in future studies. They are however
beyond the scope of the present study.
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Pax6 functions in combination with Sp1 complexes in the proximal promoter. The DM
stimulated Cyp1b1 promoter activity in 3T3-L1 cells is completely dependent on these Sp1
sites (Fig. 2E). Heterologous expression experiments established that Pax6 directly
stimulates the Cyp1b1 proximal promoter in 3T3-L1 cells (Tables 3 and 4) consistent with
the ChIP detection of Pax6 binding in this region. This stimulation by heterologous Pax6
also depends on Sp1 but is insensitive to PaxE mutations and may therefore replace the
enhancer effects of PaxE. The Pax6 stimulation of the neuro-regulator reelin also requires
Sp1 binding in the proximal promoter via a Pax6 element adjacent to the Sp1 element [40].
No equivalent sequence is however evident in the proximal promoter of Cyp1b1 (Fig. 4B).

The 24 h DM stimulation in 10T1/2 cells also depends on the activation of the adjacent Sp1
sites in the proximal promoter. The Sp1 complexes which have been directly shown by
EMSA for 10T1/2 cells (Fig. 7A) probably also mediate the Sp1 contributions to DM
stimulation of Cyp1b1 in 3T3-L1 cells. By contrast, the distinctive acute stimulation in
10T1/2 cells is independent of Sp1, consistent with the time dependent increase in Sp1
binding to the proximal promoter shown by the ChIP analyses (Fig. 7B).

These Sp1 elements are also essential for basal and AhR-induced activity of human
CYP1B1 [63] and for cAMP stimulation of rat Cyp1b1 [17]. Sp1 contains three Cys2–His2
zinc fingers which bind to GC-rich DNA sequences [51, 64] but which also interact with
other transcription factors [52]. Sp1 undergoes O-glycosylation and phosphorylation [64]
which may therefore contribute to the DM activation (Fig. 7). Further analysis of proximal
promoter Pax6 /Sp1 interactions is clearly of interest, especially for the role of putative
phosphorylation sites on Sp1 and identification of additional proteins contributing to the
regulatory complexes. Sequence modification in the proximal promoter adjacent to the Sp1
sites could also be employed to identify further cis interactions between binding proteins,
while gel shift and pull down approaches coupled with mass spectrometry could be used to
further characterize direct interactions of Pax6 with Sp1[16, 40].

In summary, we have identified a Pax6 binding site in the far upstream Cyp1b1 5’-flanking
sequence and also a partnership between Pax6 and Sp1 in the proximal promoter, each of
which is stimulated by the adipogenic DM mixture in 3T3-L1 cells. This dual mechanism
for Pax6 which involves distal and proximal sites is represented in Figure 8. The proximal
process is aided by the elevated levels of Pax6 provided by transfection. The distal PaxE
complex may however direct the Pax6 to the proximal Sp1. Differences in the Pax6
involvement in the related 10T1/2 and 3T3-L1 cells suggest appreciable plasticity in the
regulation of Cyp1b1 during the fate processes emerging from the neural crest. The several
unusual features of the Cyp1b1 gene suggest very special functions for Cyp1b1-mediated
monooxygenase activity toward endogenous cell substrates during development. These gene
features include the presence of only 2 introns and a very long conserved 3’-UTR [4, 5] and
the presence of novel upstream regulatory regions including the AhER [16, 29], the FUER
[17] and the Pax6 region described here. Although the upstream promoter regions of both
mice and rats share the PaxE and adjacent sequences (Fig. 2A, Fig. 3A), they also differ
significantly, especially with respect to the FUER at SF-1 and CREB sequences (Fig 2B). In
comparison to the rodent promoter, the human Cyp1b1 promoter region does not retain
either feature. The endogenous substrates for Cyp1b1 are critical to these activities.
Conversion of retinaldehyde to retinoic acid by Cyp1b1 has been previously demonstrated
and implicated in the neural crest changes [2, 36]. However, other substrates such as
melatonin and estradiol may also involve Cyp1b1 during developmental processes [2, 65,
66]. Cyp1b1 in endothelial cells also suppresses oxidative stress and NF-κ B signaling while
promoting vasculogenesis [3, 28]. The involvement of Cyp1b1 substrates in oxidative stress
processes may contribute to fatty acid regulation and PPARγ. Notably, Pax6 directly binds
to PPARγ and RXR in the regulation of glucagon expression in the pancreas [67]. PPARγ
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is expressed in endothelial cells [68] and in macrophage [69], each alongside Cyp1b1. The
recurrent co-expression of Pax6, PPARγ and Cyp1b1 requires further investigation with
respect to how their functions may interact.
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Highlights

1. Cyp1b1 is stimulated in multipotential mouse cell lines by adipogenic stimuli.

2. A far upstream element in the Cyp1b1 promoter binds the homeobox factor
Pax6.

3. Pax6 binding to this conserved 18 base element is activated by adipogenic
stimuli.

4. Higher levels of transfected Pax6 also stimulate the proximal promoter of
Cyp1b1.

5. Pax6 partners with Sp1 in these effects of adipogenic stimuli on the Cyp1b1
promoter.
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Figure 1. Cyp1b1 and PPARγ are similarly expressed in 3T3-L1 preadipocytes
(A) Experimental designs for analysis of Cyp1b1 responses to adipogenic stimuli. Top
panel, experimental designs for Western-blotting and ChIP assay. 3T3-L1 and 10T1/2 cells
were cultured at an initial plating density of 3×105 cells in complete growth medium
containing 10% FBS per well of a 6-well plate. At 100% confluence, cells received fresh
complete medium. After being maintained at confluence for 2 days, cells were treated with
1.74 µM insulin, 1 µM dexamethasone, 0.5 µM methylisobutylxanthine, or combinations of
these agents. The initiation of treatment is designated as zero hour (0 h) and cells were
harvested at designated time points. Down panel, experimental designs for luciferase assays.
Transient transfection of Cyp1b1 reporters into 3T3-L1 and 10T1/2 cells were performed
with TransIT-LT1 (Mirus Bio Corporation, Madison, WI). Approximately 24 h prior to
transfection, cells were plated at a cell density of 1×105 cells in complete growth medium
per well of a 12-well plate. Each transfection for a well requires 0.83 µg of DNA and 2.5 µl
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of TransIt-LT1. Cotransfection of mouse Pax6 expression vector pmPax6 with Cyp1b1
reporters was carried out at the ratio 0.38 µg: 0.44 µg (molar ratio at 1 : 1, Pax6 vector :
reporter). Cells were incubated with TransIT-LT1-DNA mixture for 48 h, and then started
DM treatments. The initiation of treatment is designated as zero hour (0 h), and cells were
harvested at designated time points. Luciferase activity was normalized by Dual-luciferase
Reporter Assay System (Promega, Madison, WI). (B) Time course for DM stimulation of
Cyp1b1 and PPARγ protein expression in 3T3-L1 cells after DM treatment. Total cellular
protein was separated by SDS-PAGE and immunoblotted with rabbit anti-mouse Cyp1b1
and PPARγ antibodies. This is representative of one of two experiments with similar results.
Note: the PPARγ bands separate into multiple PPARγ1 forms probably derived from post
translational modifications and the PPARγ2 form predominates in adipocytes but is much
less mobile due to an extra 28 AA at the N-terminus. (C) Cyp1b1 and PPARγ expression in
3T3-L1 cells after treatments of Dexamethasone (D), Methyl isobutylxanthine (M) and
insulin (I) singly and in combinations for 48 h. This is representative of one of two
experiments with similar results. (D) Time courses for induction of three Cyp1b1 promoter
reporters transfected into 3T3-L1 cells after DM stimulation, measured as luciferase activity.
The cells transfected with luciferase reporters were treated with DM for the indicated time
(0 to 48 h). Luciferase activities represent the averages of at least three separate transfections
and are presented as the mean relative expression ± S.D. The average luciferase activities of
pMo6.7 in untreated 3T3-L1 and 10T1/2 cells are assigned a value of 100.
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Figure 2. DM stimulation of Cyp1b1 in 3T3-L1 cells depends on a conserved 19 base sequence 6
kb upstream and on proximal Sp1 sites, but not on the FUER
(A) Cyp1b1 regulatory regions in the 5’-flanking sequence and the sites of termination of
mouse reporters in relation to enhancer regions. The region starting at −6264 is shown in
Figure 3. (B) Alignment of mouse and rat homologous FUER sequences. PKA responsive
elements in the rat are compared (Two CRE and Four SF-1 binding sites). (C) Comparison
of sequential deletion Cyp1b1 reporter constructs yields identification of a 19 bp sequence
critical for the response to stimulation by DM. (D) Comparison of sequential deletion
Cyp1b1 reporter constructs of sequences downstream of a key 19 bp regulatory sequence on
the response of Cyp1b1 to DM. (E) Mutation of Sp1 sites (Sp1a and Sp1b) in the Cyp1b1
promoter demonstrates key role of these regulatory elements in both basal activity and DM
responsiveness. For all experiments shown, the 3T3-L1 cells were transfected with
luciferase reporters and treated with DM for 48 h. Luciferase activities represent the
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averages of at least three separate transfections. Data are presented as the mean relative
expression ± S.D. compared to unstimulated pMo6.7 or pMo6.11.
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Figure 3. Pax6 binding element is located within a 19 base sequence designated as PaxE
(A) Alignment of 193 base mouse sequence that includes PaxE with homologous rat Cyp1b1
sequence. (B) Alignment of the putative Pax6 sequence with well-defined Pax6 sequences
from four mouse genes [40, 41, 47, 48]. (C) Comparison of the effects of two base
substitutions in PaxE, using the same methods as described in Figure 2. Data are presented
as the mean relative expression ± S.D. compared to unstimulated pMo6.11. (D) PaxE
electrophoretic mobility assay using nuclear extracts from 3T3-L1 cells after 48 h of control
or DM treatment. Wild type PaxE was also compared with the Mut2 mutation. The effect of
pre-incubating the nuclear extract with anti-Pax6 antibody reveals the presence of Pax6
demonstrated binding of Pax6 to PaxE which is enhanced by DM treatment but obliterated
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by mutation of two key bases (Mut2). EMSA data are shown from one of two independent
experiments that provided similar complexes. The Pax6 complexes (antibody suppressed),
the supershifted complex (antibody stimulated) and low mobility (LM) complexes (antibody
independent) are indicated.
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Figure 4. Chromatin immunoprecipitation (ChIP) assays of Pax6 and Sp1 binding to distal and
proximal regions of the mouse Cyp1b1 5’-flanking sequence
(A, B) Primer sets used to amplify distal and proximal regions. Pax6 and Sp1 elements
(Sp1a and Sp1b) are shown. (C) The chromatin immunoprecipitation assays for Pax6 and
Sp1 binding with 3T3-L1 cells untreated or treated with DM for 12 h or 48 h. Cell
preparation of DM treatments is shown in Figure 1A. (D) Pax6 binding to Mab21/2 gene
(positive control). Chromatin fragments were immunoprecipitated with anti-Pax6 antibody,
and the Pax6 sequence were amplified and quantitated by real-time PCR using primers sets
shown in Figure A and B. Data are the mean ± S.D. of three independent experiments except
where indicated. *, p<0.05, compared to control. #, data from a single experiment.
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Figure 5. Time courses for Cyp1b1 and PPARγ expression following adipogenic stimulation of
mouse embryo 10T1/2 cells
(A) Cyp1b1 and PPARγ expression in 10T1/2 cells after DM treatment measured as protein
and mRNA. 10T1/2 cells were treated with DM for indicated times. Total cellular protein
was separated by SDS-PAGE and immunoblotted with rabbit anti-mouse Cyp1b1 and
PPARγ antibodies. Data shown are representative of one of two experiments with similar
results. Cyp1b1 mRNA quantification was carried out via real-time-PCR. Relative mRNA
expressions are shown as the mean ± S.D from triplicate samples. (B) Induction of luciferase
activity of pMo6.7, pMo1.1 and pMo0.2 by DM treatment in 10T1/2 cells. The cells
transfected with luciferase reporters were treated with DM for indicated time (0 to 24 h).
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Luciferase activities represent the averages of at least three separate transfections times and
data are presented as the mean relative expression ± S.D.
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Figure 6. Cyp1b1 promoter activity after DM stimulation of 10T1/2 cells is regulated differently
at 6 and 24 h
(A) Promoter deletions used to test the role of the upstream and proximal regions in the DM
stimulation of 10T1/2 cells. Two Sp1 mutations test the roles of Sp1a and Sp1b in the
proximal promoter region. (B) The Sp1 sites contribute to the DM late response of pMo6.7
(p<0.01) after 24 h but not after 6 h, (C) Deletion analyses conducted to test the role of
upstream sequences in DM stimulation of the Cyp1b1 promoter in 10T1/2 cells. Luciferase
activities represent the averages of at least three separate transfections and data are presented
as the mean relative expression ± S.D.
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Figure 7. DM activates the binding of Sp1 but not Pax6 to the Cyp1b1 promoter in 10T1/2 cells
(A) EMSA assessment of SP1 binding to proximal promoter sites using nuclear extracts
from either untreated or DM treated (24 h) 10T1/2 cells. Sp1a, Sp1b and corresponding
mutant oligonucleotides were tested directly and with gel mobility super shifts by anti-Sp1
antibody. Data shown are representative of one of two duplicate experiments with similar
results. (B) Chromatin immunoprecipitation (ChIP) assays with distal and proximate regions
of mouse gene 5-flanking sequence with 10T1/2 nuclear extracts. Primer sets used to
amplify distal and proximate regions are shown in Figure 4A and 4B. The chromatin
immunoprecipitation assay was performed with 10T1/2 cells untreated or treated with DM
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for 6 h or 24 h. Data are the mean ± S.D. of three independent experiments except where
indicated. #, data from a single experiment.
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Figure 8. Mechanism for activation of Cyp1b1 by Pax6 in mouse 3T3-L1 cells
The developmental regulator Pax6 acts at two sites in the Cyp1b1 promoter when expression
is increased in mouse 3T3-L1 cells by adipogenic stimuli. Co-operation of Pax6 with Sp1 in
the proximal promoter region (PPR) is indicated. This co-operation is enhanced by a distal
binding of Pax6 at a conserved 18 base element (PaxE).
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Table 1

The oligonucleotides used in subcloning of luciferase reporters and EMSA.

Oligonucleotides Sequences

Subcloning

m1B1(-6712)KpnIF 5’ -AAAGGTACCGAGCTCCTTGATCACCTTCTT

m1B1(-6110)KpnIF 5’ -AAAGGTACCATAACTCAGGCATGAATAC

m1B1(-6091)KpnIF 5’ -AAAGGTACCAGCTTTCCTCCCCGCCCCCA

m1B1(-203)EcoRIF 5’ -AAAGAATTCTATTGTTTCAGGAGGGTCC

m1B1(-5966)EcoRIR 5’ -AAAGAATTCATTCTTCTGATCCTTTGACC

m1B1(-5706)EcoRIR 5’ -AAAGAATTCGAGTAGACTTGGAGGGGGGC

m1B1(-5186)EcoRIR 5’ -AAAGAATTCAGCCGCAACACTGCCTTTG

m1B1(+130)NheIR 5’ -AAAGCTAGCGCTTTCTCACGGAGTTGGGG

m1B1Pax6R 5’ -GTACCCGGGCTGCAGTACCT

m1B1Pax6Mut1F 5’ -CATAAtaCAGGCATGAATACAGCTTTCCTCCCCGC

m1B1Pax6Mut2F 5’ -CATAACTatGGCATGAATACAGCTTTCCTCCCCGC

m1B1Pax6Mut3F 5’ -CATAACTCAttCATGAATACAGCTTTCCTCCCCGC

m1B1Pax6Mut4F 5’ -CATAACTCAGGtcTGAATACAGCTTTCCTCCCCGC

m1B1MutSp1aF 5’ -CGCCCCACCCCCTAAGGTCC

m1B1MutSp1aR 5’ -TGAGGttgGGGACGCACTGCGAAAATCC

m1B1MutSp1bF 5’ -CGCCCCcaaCCCTAAGGTCCCGCTTCCTC

m1B1MutSp1bR 5’ -TGAGGGGCGGGACGCACTGC

EMSA

m1B1Pax6 (Cyp1b1 Pax6) 5’ -TTTTCATAACTCAGGCATGAATACAGCTTTAAAAGTATTGAGTCCGTACTTATGTCGAAA-5’

Mut2Pax6 (Cyp1b1 Pax6
mutation 2)

5’ -TTTTCATAACTatGGCATGAATACAGCTTTAAAAGTATTGAtaCCGTACTTATGTCGAAA-5’

Consensus Sp1 5’ -CCCTTGGTGGGGGCGGGGCCTAAGCTGCGGGGAACCACCCCCGCCCCGGATTCGACGC-5’

Mut Sp1 (mutant Sp1) 5’ -CCCTTGGTGGGttgGGGGCCTAAGCTGCGGGGAACCACCCaacCCCCGGATTCGACGC-5’

Sp1a 5’ -TCGCAGTGCGTCCCGCCCCTCACAGCGTCACGCAGGGCGGGGAGTG-5’

Sp1b 5’ -CCTCACGCCCCACCCCCTAAGGTGGAGTGCGGGGTGGGGGATTCCA-5’

Mut Sp1a (mutant Sp1a) 5’ -TCGCAGTGCGTCCCcaaCCTCACAGCGTCACGCAGGGgttGGAGTG-5’

Mut Sp1b (mutant Sp1b) 5’ -CCTCACGCCCCcaaCCCTAAGGTGGAGTGCGGGGgttGGGATTCCA-5’

The small letters in the sequences shown indicate mutant bases.
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Table 2

Rat Cyp1b1 promoter activity is higher than mouse Cyp1b1 promoter activity after DM treatment.

Reporters 3T3-L1 (DM 24 h) C3H10T1/2 (DM 3 h) C3H10T1/2 (DM 24 h)

Rat

pRat7.0 6.5±0.5 11.7* 6.3±0.7

pRat5.4 ND 3.3* ND

pRat5.2 ND 4.7* ND

pRat5.0 ND 7.3* ND

pRat3.9 ND 5.5* ND

pRat2.3 ND 2.7* ND

pRat1.0 0.8±0.1 1.4* 2.6±0.6

pRat0.2 0.6±0.1 1.0±0.2 1.2±0.2

pRatFUER ND 3.9±0.2 2.7±0.4

Mouse

pMo6.7 2.2±0.2 2.9±0.4 3.0±0.4

The data shown are the means ± S.E.M from three separate experiments except indicated with asterisk.

ND, not done.

*
data from one experiment.
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Table 3

The 48 hours DM induction of mouse Cyp1b1 luciferase reporters with or without cotransfection with a mouse
Pax6 expression vector (pmPax6) in 3T3-L1 cells.

pMo6.11 pMo6.11Mut1 pMo6.11Mut2 pMo0.2

Control 100±9 67±5 66±3 70±6

DM 180±13** 134±12* 120±5* 102±3

PAX6 155±10** 147±8** 143±15* 124±9

PAX6+DM 322±9** 309±17** 328±10** 282±16**

The data shown are the means ± S.E.M from three separate experiments.

P value is determined by comparison to pMo6.11 control.

*
P < 0.05;

**
P <0.01.
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