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Abstract

The constitutive androstane receptor (CAR) is a transcription factor that belongs to the nuclear
receptor superfamily. CAR binds as a heterodimer with the retinoid X receptor a« (RXRa) to CAR
response elements (CAREs) and regulates the expression of various drug metabolizing enzymes
and transporters. To identify CAR/RXRa binding sites in the human genome, we performed a
modified yeast one-hybrid assay that enables rapid and efficient identification of genomic targets
for DNA-binding proteins. DNA fragments were recovered from positive yeast colonies by PCR and
sequenced. A motif enrichment analysis revealed that the most frequent motif was a direct repeat
(DR) of RGKTCA-like core sequence spaced by 4 bp. Next, we predicted 149 putative CAR/RXRa
binding sites from 414 unique clones, by searching for DRs, everted repeats (ERs) and inverted
repeats (IRs) of the RGKTCA-like core motif. Based on gel mobility shift assays, the CAR/RXRa he-
terodimer could directly interact with the 108 predicted sequences, which included not only clas-
sical CAREs but also a wide variety of arrangements. Furthermore, we identified 17 regulatory po-
lymorphisms on the CAR/RXRa-binding sites that may influence individual variation in the ex-
pression of CAR-regulated genes. These results provide insights into the molecular mechanisms
underlying the physiological and pathological actions of CAR/RXRa heterodimers.
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1. Introduction

Constitutive androstane receptor (CAR), a DNA-binding and ligand-regulated transcription factor that belongs
to the superfamily of nuclear receptors [1], is mainly expressed in the liver and acts as a chemical sensor of xe-
nobiatics [2]. In addition, it is expressed in a wide range of organs such as the small intestine, kidney, adrenals,
testis, and brain [3]. Generally, it is localized in the cytoplasm in a complex with heat shock protein 90 and the
CAR cytoplasmic retention protein and is translocated to the nucleus in response to the stimulation of cells by
phenobarbital (PB) and other CAR activators [4] [5]. In the nucleus, CAR binds as a heterodimer with the reti-
noid X receptor a (RXRa) to CAR response element (CARE) and regulates the expression of various drug me-
tabolizing enzymes and transporters including CYP2B6 [6], CYP3A4 [7], CYP2C9 [8], UDP-glucuronosyl-
transferase type 1Al [9], sulfotransferase 2A1 [10], and ABCG2 [11].

Initial studies indicated that CAR/RXRa bound 5 bp-spaced direct repeats (DR5) [2]. Later studies found that
CAR/RXRa bound DR4 motif within phenobarbital response enhancer modules (PBREMsS) in a proximal pro-
moter region of the human CYP2B6 gene and a variety of DRs [6] [12]. Moreover, CAR can also bind to
everted repeat (ER) and inverted repeat (IR) arrangements [7] [10] [13] [14]. Because most known CAREs have
been identified within promoter regions, CAREs at distal regions, i.e., more than 10 kb upstream and down-
stream of transcription start sites (TSS) of target genes, remain unknown. Although DNA microarray experi-
ments have been performed to study the expression profiles of genes regulated specifically by CAR/RXRa, mi-
croarray approaches cannot determine whether the regulated genes are primary or secondary target genes [13]
[15]-[16]. Recently, genome-wide screening to identify transcription factor-binding sites, using methods such as
ChlIP-on-chip and ChlP-seq, has been performed against the many nuclear receptors [17]-[23]. Such a whole
genome-approach has not been adopted previously for CAR/RXRa.

We previously developed a modified yeast one-hybrid (MY 1H) system that enabled rapid and efficient identi-
fication of genomic targets for DNA-binding proteins [24]. Here, using this system, we reported functional
screening for CAR/RXRa binding sites in the human genome. We demonstrated that 108 human genomic frag-
ments could directly interact with the CAR/RXRa heterodimer by electrophoretic mobility shift assays (EM-
SAs). Moreover, we identified 17 regulatory single nucleotide polymorphisms (rSNPs) within the identified
CAR/RXRa binding sites.

2. Materials and Methods
2.1. Plasmid Constructions

Human RXRa was amplified by the polymerase chain reaction (PCR) from uterus cDNA (PCR Ready-cDNA,
Maxim Biotech, Inc., San Francisco, CA, USA). This cDNA fragments were cloned into pGADT7 (CLONTECH,
Mountain View, CA, USA) and reamplified by PCR with primers (Table 1, RXRa_F and RXRa_R) to generate
the restriction sites for subcloning. pPGADT7 was cleaved with Hindlll and ligated with linker DNA to remove
the nuclear localization signal (NLS) and GAL4 activation domain (GAL4AD). The resulting plasmid was des-
ignated as pADH1. Then, RXRa cDNA was inserted into pADH1 and the resulting plasmid was named
pADH1_RXRa. A foot-and-mouth disease virus (FMDV) 2A sequence was amplified by annealing synthetic
oligonucleotides (Table 1, FMDV 2A_F1, and FMDV 2A_R1) and reamplified by PCR with primers (Table 1,
FMDV 2A F2, and FMDV 2A _R2) to generate the restriction sites. FMDV 2A fragment was inserted at the
C-terminal end of RXR in pADH1_RXRa and the resulting plasmid was named pADH1_RXRa_2A. The frag-
ment including NLS-GAL4AD was amplified by PCR from pGADT7 with primers (Table 1, NLS_GAL4AD_F
and NLS_GAL4AD_R) and inserted into pADH1. The resulting plasmid was hamed pADH1_NLS_GAL4AD.
Similarly, three tandem copies of NLS_GAL4AD were inserted at pADH1 and the resulting plasmid was desig-
nated pADH1 NLS GAL4AD x 3. Human CAR cDNA was cloned by PCR with primers (Table 1,
NLS_GAL4AD_F and NLS _GAL4AD_R) from pcDNA-CAR [25] and reamplified by PCR with primers
(Table 1, pADH1-hCAR_F and pADH1-hCAR_R) to generate the restriction sites for subcloning. The cDNA
was inserted into pADH1_NLS GAL4AD x 3 and the resulting plasmid was named pADH1_NLS GAL4AD x
3_ CAR. The NLS_GAL4AD x 3_CAR fragment obtained from pADH1 NLS GAL4AD x 3 CAR was in-
serted at the C-terminal end of RXRa_2A in pADH1_RXRa_2A and the resulting plasmid was named pADH1_
RXR a_2A_NLS _GAL4AD x 3_CAR. pSUR (GeneBank AB425277) was constructed as previously described
[24] and used as a reporter in yeast one-hybrid assays. pSUR-DR4 and pSUR-CYP2B6-NR3 were constructed
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Table 1. Primer sequences.

Primer name Sequence (5'—3")
hRXRa_F AAAAAGCTTACGCGTGCCGCCACCATGGACACC
hRXRa_R TTTAAGCTTTCTAGACTACTCGAGAGTCATTTGGTGCGGCGC
FMDV-2A_F1 AAAAGATCTTAAAATTGTCGCTCCTGTCAAACAAACTCTTAACTTTGATTTACTCAAACTGGCTG

FMDV-2A_R1 AAATCTAGAGGATCCTTTACTAGTTGGACCTGGATTGCTTTCTACATCCCCAGCCAGTTTGAGTAAATCA

FMDV-2A_F2 AAAGTCGACAAAATTGTCGCTCCTGTCAA
FMDV-2A_R2 TTTTCTAGAGAATTCCCGCGGCTCGAGACGCGTTGGACCTGGATTGCTTTC
NLS-GAL4AD_F AAAAGATCTATGGATAAAGCGGAATTAATTCCCGAGC
NLS-GAL4AD_R TTTCTCGAGTTTGGATCCCTCTTTTTTTGGGTTTGGTGG
pADH1-hCAR_F CTTGTCGACAGATCTGCCGCCACCATGGCCAGTAGGGAAGATGA
pADH1-hCAR_R CTTTCTAGACTACTCGAGTCAGCTGCAGATCTCCTGGAGCAGCGG
hCAR_F AAAGTCGACGGATCCGCCGCCACCATGGCCAGT
hCAR_R TTTTCTAGACTACTCGAGTCAGCTGCAGATCTCCTGGA
dpSUR_F AAAAAGTTATCAAGAGACTGC
dpSUR_R CTAATGCTTCAACTAACTCCA
SPO13-S CGGCTATTTCTCAATATACTCC
Consensus DR4_F GATCAGTTCATGGCAGTTCATGGCAGTTCAGATC
Consensus DR4_R GATCTGAACTGCCATGAACTGCCATGAACTGATC
random_F CGCGTTGTGTGTGTTTTATTCC
random_R GGAATAAAACACACACAACGCG

by inserting 3 copies of consensus DR4 [26] and 4 copies of CYP2B6 XREM-NR3 [27] upstream of the SPO13
promoter of pSUR, respectively. For in vitro transcription/translation, the cDNAs for human RXRa and CAR
were inserted into the Hindll1/Xho | site and the Sal I site of pSP64 Poly (A) (Promega, Madison, WI, USA),
respectively.

2.2. A modified Yeast One-Hybrid Assays

The human genomic library for a modified yeast one-hybrid assay was generated as previously described [24].
The effector plasmid, pADH1_RXRa_2A NLS GAL4AD x 3_CAR, was transformed into the 5FOA-selected
yeast containing the human genomic library using polyethylene glycol/lithium acetate. The obtained transfor-
mants were grown on synthetic complete media lacking leucine, tryptophan, and uracil but containing 25 pg/ml
6-azauracil for 3 weeks at 30 °C. Human genomic fragments were recovered from the positive colonies by co-
lony-direct PCR with primers corresponding to the vector sequences (Table 1, dpSUR_F and dpSUR_R). The
PCR fragments were directly sequenced with the primers (Table 1, SPO13-S) and used for further experiments.

2.3 EMSAs

The TNT SP6 High Yield system from Promega was used to prepare the human CAR and RXRa proteins.
Double-stranded DNA probes (Table 1, consensus DR4_F and consensus DR4_R) were used with both ends
labeled with Cy5. Proteins were incubated with 200 ng of calf thymus DNA (Invitrogen, Carlsbad, CA, USA)
and 1 pmol of the labeled oligonucleotide at 4°C in the presence or absence of the unlabeled oligonucleotides.
The binding reaction was carried out in the EMSA binding buffer containing 12 mM HEPES (pH 7.9), 60 mM
KCI, 4 mM MgCl,, 1 mM EDTA, 12% glycerol, and 0.5% Nonidet P-40. The reaction mixtures were directly
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loaded onto 4% nondenaturing polyacrylamide gels made in 0.5 x TBE. In the supershift experiments, CAR and
RXRa proteins were incubated with antibodies against CAR (Santa Cruz Biotechnology, Santa Cruz, CA, USA,
sc-13065) or RXRa (Santa Cruz Biotechnology, sc-553X) overnight before incubation with the probe. After elec-
trophoresis was performed at 4°C, the gels were analyzed using a bio-imaging analyzer (FLA-7000 FUJIFILM).
The consensus DR4 and random sequences (Table 1, random_F and random_R) were used as positive and neg-
ative controls, respectively.

2.4. Bioinformatics

To map the obtained sequences on the human genome assembly (GRCh37), the cloned sequences were analyzed
using NCBI’s BLAST and the RGKTCA motif was searched using EMBOSS fuzznuc of Galaxy
(https://usegalaxy.org/) [28]-[30]. For stringency of the search, we allowed up to 2-bp mismatches in the DR4
motif and 1-bp mismatches in the other motifs. The nearest gene and the distance from the center of the binding
site to the transcriptional start site of the gene within 1000 kb were identified with GREAT
(http://bejerano.stanford.edu/great/public/html/) [31].

3. Results
3.1. Interaction between the CAR/RXRa Heterodimer and CARE in Yeast

To simultaneously express CAR and RXRa proteins in yeast, we constructed effector plasmids by placing
FMDV 2A peptide between CAR and RXRa [32]. Although CAR is expressed as a fusion to the NLS_GAL4AD,
RXRa was expressed as the native protein to minimize the effect of RXRa homodimer on reporter activations
(Figure 1(a)). To evaluate the function of CAR/RXRa heterodimer, yeast cells were transformed with these ef-
fectors and the indicated reporters (Figure 1(b)). The transformants expressing either CAR or RXRa alone were
unable to grow, whereas the transformants expressing both CAR and RXRa were able to grow in a CARE-de-
pendent manner (Figure 1(b)). The known CAR activators, CITCO [14] and PB [33] had no effect on the yeast
growth in our assay conditions (data not shown). These results indicated that CAR/RXRa heterodimer could ac-

tivate the reporter gene via CAREs.
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Figure 1. Yeast one-hybrid assay of the CAR/RXRa heterodimer. (a) Schematic diagrams of the effector plasmid. FMDV
2A peptide sequence was placed between CAR and RXRa under the control of the ADH1 promoter. CAR and RARa were
expressed via a 2A-mediated translational skip mechanism; (b) An examination of the CAR/RXRa heterodimer in yeast cells.
Yeast cells were transformed with each effector and reporter plasmids and were grown on synthetic complete media lacking
leucine and tryptophan (-Trp -Leu) or and lacking leucine, tryptophan, and uracil (-Trp -Leu -Ura). The plates were photo-

graphed after 4 days of growth at 30°C.
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3.2. Identification of CAR/RXR«a Heterodimer-Binding Sites in the Human Genome

The human genomic library was constructed by inserting approximately 300 bp fragments in reporter plasmids
and treating with 5FOA to efficiently eliminate false-positive interactions in the yeast one-hybrid assay [24].
The CAR/RXRa expression plasmids were transformed into the library and more than 2.8 x 10° were selected
on synthetic complete media lacking leucine, tryptophan, and uracil but containing 25 pg/ml 6-azauracil. After 3
weeks, 421 positive colonies were picked from the selection plates and colony-direct PCR was performed to re-
cover human genomic fragments. The PCR fragments were directly sequenced and 414 unique sequences were
obtained. As a result of genome mapping, the majority of the 414 unique sequences were located at distal sites,
far from the TSS, or in introns. Next, we performed motif enrichment among the 414 unique clones using
MEME-ChIP [34]. The most frequently observed motif was a DR4 motif which is known as a classical CARE
(Figure 2). Then, to obtain putative CAR/RXRa binding sites from the 414 unique clones, we selected these
sequences based on the half-site core motif (RGKTCA). As a result, a total of 149 putative CAR/RXRa binding
sites were obtained (Figure 3(b)). Interestingly, these sequences contained various types of elements such as

aelod it

RGKT CANNWRAGKT CA

Figure 2. Motif enrichment. The most significant motifs found by MEME-
ChIP (http://meme.nbcr.net/meme/doc/meme-chip.html) in the clones ob-
tained from the modified yeast one-hybrid assay. E value: 9.7 x 1034 R = A
orG,K=TorG,W=AorT.
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Figure 3. Validation assays for direct interactions between the CAR/RXRa
heterodimer and the predicted elements. (a) EMSAs were performed with the
in vitro-synthesized human CAR and RXRa proteins. The proteins were in-
cubated with 1 pmol of the Cy5-labeled consensus DRA4. In a competition as-
say, 100-fold molar excess of the unlabeled oligonucleotides (DR4 or Ran-
dom) were added to the reaction mixture. In a supershift experiment, the in-
dicated antibodies were incubated in the reaction mixture. Closed and open
arrowheads indicated the CAR/RXRa protein-DNA complexes and the super
shifted band, respectively. (b) The number of the predicted CAR/RXRa
binding motif and the confirmed. The predicted CAR/RXRa binding sites
were obtained by EMBOSS fuzznuc of Galaxy based on RGKTCA motif. For
the stringency of the search, motif substitution allowed up to 1-bp mismatches.
Motif substitution allowed up to 2-bp mismatches only for the DR4 motif.
The direct interaction was confirmed by EMSA competition assays.
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3.3. Experimental Validation of the Putative CAR/RXRa Binding Sites

To examine the direct interaction of putative CAR/RXRa binding sites with the CAR/RXRa heterodimer, we
performed EMSA. Incubation of the Cy5-labeled consensus DR4 with the combination of CAR and RXRa, but
not either receptor alone, produced retarded complexes (Figure 3(a), lanes 2 - 4). The complexes represented a
sequence-specific interaction between consensus DR4 and the human CAR/RXRa proteins, since the formation
of this complex was specifically reduced with molar excess of unlabeled competitors (Figure 3(a), lanes 5 and
6). Moreover, the addition of anti-RXRa antibody created a slower-migrating complex and the addition of anti-
CAR antibody resulted in the disappearance of the band (Figure 3(a), lanes 7 and 8). No supershifted bands
were observed with anti-HNF4 antibodies (data not shown). These results indicated that the sequence-specific
binding complex contained both CAR and RXRa, presumably as a heterodimer.

To examine the direct interaction of CAR/RXRa with the 149 putative CAR/RXRa binding sites, we per-
formed a semi-quantitative EMSA competition assay. In this method, it is possible to examine binding intensity
using a 10- and 100-fold molar excess of unlabeled competitors. Typical examples are shown in Figure 4. Se-
quence | (lanes 15 - 20) was equivalent in binding intensity to the positive control (Consensus DR4, lanes 9 - 14).
That is, sequence | had strong binding affinity with the CAR/RXRa heterodimer. In the same way, sequence Il
(lanes 21 - 26) had moderate binding affinity and sequence 111 (lanes 27 - 32) had low binding affinity. Thus, we
evaluated 149 putative CAR/RXRa binding sites and confirmed that at least 108 CAR/RXRa binding sites could
directly interact with the CAR/RXRa heterodimer by EMSA (Table 2). These sequences contained not only
classical CAREs but also a wide variety of additional arrangements.

3.4. rSNPs in the Identified CAR/RXRa Binding Sites

rSNPs in transcription factor-binding sites, which alter the ability of a transcription factor to interact with DNA,
may lead to predictable differences in gene expression and may be associated with disease susceptibility.
Therefore, we tried to identify rSNPs in each of the CAR/RXRa binding sequences using the NCBI SNP data-
base. Thirty five rSNPs were identified and the effect on the binding affinity between CAR/RXRa and 35 rSNPs
was examined by EMSA. As a result, 17 rSNPs were identified based on differences in the DNA-binding affini-
ties (Table 3)

4. Discussion

In the present study, we identified CAR/RXRa-binding sites in the human genome by a modified yeast one-hy-
brid assay. Next, we demonstrated that the 108 obtained sequences could directly interact with the CAR/RXRa
heterodimer by EMSAs. These sequences contained not only classical CAREs but also a wide variety of ar-
rangements (e.g., DRs, ERs, and IRs). Moreover, 17 functional rSNPs on the CAR/RXRa binding sites were
identified by analyzing differences in DNA-binding affinity.

Lane 1[2]3]4]5]6]7]8]9[t0]11]12[13[14]15]16[17][18]19]20[ 21] 22[ 23] 24] 25[26]27] 28] 29[ 30]31] 32] 33[ 34[35
RXRa -] ¥ - * + + + + +
CAR -1+ + + + + . .

Competitors | = | = |- |-~ - Ci DR4 I I n Random
eibonid x10 | x100 | x10 | x100 | x10 | x100 | x10 | x100 | x100

B I 5 | WY R e o ey oo Y oo § 0 OB TG I 2 & Y s | S Y

e b (FISIN IR S [ VIS ISV ] S]]

Free probe!

Figure 4. Typical examples of evaluation assays for the putative CAR/RXRa
binding sites. EMSAs were performed with the in vitro-synthesized human
CAR and RXRa proteins. The proteins were incubated with 1 pmol of the
Cy5-labeled consensus DR4. In a competition assay, 10 or 100-fold molar
excess of the unlabeled oligonucleotides were added to the reaction mixture.
The closed arrowhead indicates the CAR/RXRa protein-DNA interaction.
Sequence | is a strong binding sequence (Table 2, #30). Sequence Il is a
moderate binding sequence Table 2, #79). Sequence Il is a week binding
sequence (Table 2, #89).
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Table 2. CAR/RXRa-binding sites.

Length . . Competition (%)
# Position ’E‘S:g&?}%g?g _(I_ng;e CAR/RXRa bindnig sequence Motif
(bp) x10 x100

1 oyt sy 105 FECH (+5(i'§83'i)2'8NECUT2 {gJAGTTCAaAGGTCAcat DRL 146+16 95204
2 amemertaszeztes 22 O iaraony M2t cgoAGGTCARAGGTCAgg DRI 107%22 787%29
IR oTP (135'3553'25%85 CagAGGTCGGAGGTCAagt DRL  17.9405 435+2.1
4 mmrosanrzs U3 D ipeer o T caaAGTTCAaAGGTCActg DRI 520%13 1158+09
5 coorianieieas 112 PCDH17 (+865800)  ttaAGTGCAgGGGTCAgga DRL 252409 44.6+08
6 oo 176 RTN4R'(‘+11(8J;%%01‘;)’ RPAL  {yAGCTCAGAGTTCAaag DRI 41.4+18 903+11
T rroseomirowes | 283 DAL ((;1741323%) PRDMS 1 AGGTCAaGAGTTCAagy DR2 30.2+26 101.9+14
8 oepomooesy 92 O ((‘fl?’f;lzz)) USPOX  (4iGGGTGARCAGGTCAaly DR2 715430 102.7+03
9 493976%*;33597876 180 Eﬁgf?@z(szfggg) JOCGGATCAtGAGGTCAaga DR2 222+08 502+2.1
10 gopaarossey 168 RO ((:2159532173)) PIK3RS 1 1gAGGTCAgagAGGTCAage DR3  353+11 1103+96
1 omssoo ameroey | 11 SO 8323333 'MFSD9  AGGTCAaagAGTTTAaca DR3  568+05 102.8+11
12 428278%‘_?&828030 186 NR3C1($_74232%338)' YIPFS  agAGGTCACagAGGTCAtaa DR3  60.0+06 111.6+2.1
13 s riorsy 143 BMPER(YS?E’Q‘S)' BBS9  caAGTTCACMtAGTTCAtia DR3 655+04 1113+13
14 457320(53_%73230 . 27 CXorf36 %:g;i%gg ZNF673 1 AGGCCAggUAGTTCAcca DR3  359+21 915429
15 o 475?9%}7 iy 15 N (+(7Jr61'igf‘7)é7c)17°rf67 cacAGGTCAggCAGTTGAtgc DR3 131409 469+19
16 Chre: 4942951-4943334 384 RPP40 ((:fgslfgs)) CDYL  40AGGACAGtgGGGTCAggc DR3 344+58 89.6+26
17 1205759%‘_?2:0576060 95 STXBPS"&??%Q GTR2EL (aAGGTCAaggaAGTTCAatt DR4 62.8+13 107.8+14
18 erptaniaergy, 140 OB g‘l‘gigié')ATF”P 1taAGGTCAAClgAGGTCAtt DR4  515+12 107.6+07
19 S e C10rf115(£:1144;'36%37)), MARKL geaAGGGCABIIACGTCAR oy 505211 772208
20 et e 161 VI (_(i%;%%)WPAP agtGGATCACttgAGGTCAgga DR4  20.6+0.8 69.0+11
2 it eigg 116 M2 (*?féﬁ%g)CCDCSSA OtAGGTCAMasAGTTCAtgt DR4 708+0.8 112.6+04
22 Chre: 1165688-1165800 113 8042 (Ef;&“égg) DLGAPZ 1/ GGTTCAMGGGTGCACa DR4  50.1+0.7 1042 +0.0
B giaoroness sy 259 GPC5 (~680,612) CtgGGGTCAtGATTTCAtay DRA 412412 934408
24 1772878%‘_?7:72879 5 119 ?gf&iﬁ ((i %67623833%)) 1taGGGTCAQCtgAGTTCAtt DR4  615+19 1008+13
25 Chré: 205 PRPHZ(10564), TBCC . oGTTACRAgAGTTCAaga DR4  754+02 127.9+45

42700810-42701034

(+12,962)
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Continued
I 438%%7 inzs 37 EDAZR(_(IS%SQ'%)E’)' AR JagAGGTCAatgaGGTTCAcay DR4 49.7+08 99.8+07
2 areoaiorsasy 280 MPDZ (-24.841)  taaAGGTTAaatgAGGTCActa DR4 532+08 104.7+16
B gt e 141 RANBP3 (-4295)  tcaAGTTCAtasAGGTCAcac DR4  61.7+13 1146+0.56
29 i sy 165K ((;15743?22527)) SLITS  aAGTTCACttaAGTTCAgag DR4  57.6+0.7 116.7+0.7
30 Chre: 4846264-4846562 299 CSMD1 (+5915) CaaAGGTCACHaAGGTCAttt DR4 714+15 1251+11
3 gaes 455_%15626556 125  PKN2 ((1582332"432483))' LMO4  AGGTCAMtgaAGTTCAagt DR4  554+07 106.2+35
2 BC T & NS 12(;?53'1787';‘31;1) aagAGGTCAQUgGGGTCAgat DR4 450+13 99.8+13
B eeorusers | 212 DokP (’fo(')%g?)' AGMO . aAGGGCACcagAGTTAAcagy DR4 239+16 67.6+08
34 et eo0s 137 DPHP E;;é%gg)z ). BMP4 . JAGGTCAAglgAGTTCAct DR4 702409 1185+14
B esimeni g 288 O (_(13512;123) CALKZ  4GtGGATCAClgAGGTCAgga DR4  260+2.4 65007
3B oo 4022%2:08 is 8 NONE atgGGGTCAacaaAGTTTAaga DR4  833+49 1192452
7 L irsomios00sgs | 149 NONE aagAGGTTAcaagAGTTCAtat DR4  692+11 1129+03
38 280086%‘_%008785 171 CMCL (EEZZ‘:%%) EOMES 10GGGTCACAlgAGGGCAcat DR4  51.9+18 1053+ 1.0
9 o mocneors 6L AGBLL (+735458)  aagAGGTCAACtgAGTTCAtcc DR4  69.2+06 114.4+0.3
O . (Efééff% PSATL  40yAGGTGAtaaGGTTAARly DR4 210+15 64.6+05
a1 651682%2%2:168305 g2 FIFL (75%‘3’2; QS%;“KDMA atgGTGTCAgaagAGTTCAtca DR4  64.7+0.6 107.5+02
2 et e, 169 ZEB1 (-2431) aaaAGGTGAacagAGTTCAltg DR4 735+14 1136+10
43 Chrd: 4003949-4004240 292 fgg:;&fg‘ég%) atgGGGTCAQCtaGGTTTACtt DR4  43.3+0.8 100.1+2.4
4 e 473?;_% s1ag70 148 LARPL é:ff;f;% C50rf4 1 JcAGGTCACCtgAGGTCAgga DR4  342+1.1 97.2+03
B o ez 2 O (’(73%96))' SPESPL 1 tGGGTCAACtaAGGTCAgga DR4 502439 100.7+09
6 Lot 42%3012 70 39 Clg'c‘ﬁf}gl(&;g%%%%? JCCAGTGCAgaagAGGTCAcac DRA  27.7420 78.3+0.9
T oosssintrosare 129 Rk (E+133624§$s)a) ZFPM2 - 1cGGGTCACHaAGGTCAgga DR4 40704 957409
8 4755‘22%;”5775 297 IDH3A (szgfgg%ACSBel JgaGGGTCAMMGAGGTCAgga DR4 393+08 98.1+27
9 cronrtaioooss T8 P'ﬂ;‘gi g%g)a atAGTTAAQatgAGGTCAtac DR4  19.3+54 622456
50 3179025(;‘_%6i790663 3gs HSPAIB ((f;(i‘g’l)) HSPALA . 1aGGATCAAagaAGTTCAgly DR4 571410 88.6+0.2
51 90222932%&23063 118 NONE JtaAGGTCAtaaaAGTTCAggt DR4  63.1+18 1106+ 0.4
52 chrx: 113 TFDP3 (~1235) 1taAGGTTA2atgAGGTCAtaa DR4  551+02 97.8+04

132353555-132353667
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Continued
53 807399%2%(2):7 ooty 280 PTPRQ E;i)ggg%)OTOGL caaGGTTGAttagAGTTCAgce  DR4 482+13 93503
54 aonsorchnssososo M7 ((_&3523)5)' VNNL o aAGGTCGIClgAGGGCAtca  DR4 37.7+23 89.0+0.3
55 soioianayeigs 132 D (z'+885766:r’39(§’5))' DHX35 1 caGGGTCACaaaAGGCCAata DR4 34302 88.9+16
56 Chris: 609485-609841 357  C-UML (&_ggfggﬁ)c'zml JOtGGGTCAMgAGGTCAgga  DR4 41.9+1.1 96.9+0.56
57 40el 4%‘_2;‘681706 290 ©OTOPL ‘Ii‘éiﬁi%ﬁf”mc JOCGGATCACHgAGGTCAgga ~DR4 175+10 60.6+0.7
58 reorronmgeress  E0 STIM2 (+835,504) JJUAGGTCACtcaAGTTCACty  DR4 66.1+15 1143+ 14
59 e ey 279 CTTN “fffééf)gz)'z)s HANKZ  {GGATCACCtgAGGTCAgga DR4 17.5+09 557+26
60 iopasonsiozase 2T S rageren ) SO casGGGTCARCAGGGCACy  DR4 406%14 1022%03
61 grgrergmgrsgsy 120 o (—2(%38’%)3,75)TEAP4 CaaAGGTTAcaagAGTTCTctt  DR4 604+14 96.3+18
62 gosroocosresss 164 RPIA (+385,204) CaBAGGTTACCHAGGTCAtat ~ DR4 36.9+15 925+ 1.1
63 gerormmemroreer M43 T ("(}r%éjg)'\"wsg’ JJgGGGTTAgcagAGTTGAGet  DR4 338+34 76.2+50
64 888988%_?5898955 77 PKD2 ((1229?,181852)), SPP1 cagAGTTCAattccAGTTGAaca  DR5 17.6+2.2 734403
65 | ogsoonrosaag 212 o ((er‘é%fglz)é)PAPPAz JCtGGGTCAQgaaaAGTTCAlgy DR5 69.6+9.1 98.0+0.2
66 1333303(?3“_%33306 o 287 EYA4 ((jr213914"97899g)' RPSI2 GtGGTTCAatcacAGTTCActy DR5 49.6+0.2 89.9+10
67 seosacnaegssog 128 O (_(fg'lll%é)BAzm 20aAGTTCA22cacAGTTCAMt ~ DRS 71619 109.9 %0.9
68 ouo000t mosotos 163 TTLLY (+384,721) aagAGGTCAagicaGGTACAaac  DR5 37.2+0.7 864+ 1.0
69 goscono ruseoss 69 CETN3 (+144,942) agJAGGTCAggagyAGTTCACty DR5 67.0+2.5 102.2+0.8
70 363761(5:2r3)’<6:376213 g2 FRRGL ((fg’fffgg) CXorf9 ggAGGTCAatatyAGGTCAcay DR5 39.2+03 958+ 1.2
71 485708%_;15571087 210 L%E%%’Qé’s%}lffa?f%’l) JaaAGGTCACtcagAGTTCAtt ~ DR5 68.6 +9.7 120.4 + 0.4
2 uscanioegs, 173 M 188’?};;’;%%;7)' PTER  12aAGTTCAtggtasAGTTCAlgg DR6 74.0+12 119.3+06
73 808198%_?5819929 ga ©CK2 (*‘mfj%gmxm JaaAGTTCAMHGAGGTCAC  DR6 64.7+1.0 112.9+ 1.4
T rerooesorss 148 RASGRP3( ggfggg)o) LTBPL  aAGTTCAtgatagAGTTCAaag DR6 653+13 1125+12
75 eoaseon mousras 125 PRL (~745,604) ttgAGCTCAAttcCtAGTTCACca  DR6 27.2+0.8 74.3+0.8
76 acsrsice ase7say 216 CCNT2 (~1149) ttgAGGTCAQgagitcgAGGGCAagy DR8 11.7+10 548+26
77 368250%2%2525172 120 B! “gfﬁ’gmw CtgGGGTCACaggyccagAGGTCACty DR9 18.8+3.0 70.2+3.6
8 oiiooron anioooas 146 C2lorf62 (-4816)  tagGGGTCACCteggtagGGGTCAggy DRO 17.9+06 58.7+0.7
79 eioonetiiiooooe 120 T (}i?g%%)g)UBAPZL tcaGGGTCAaacaatgctgAGTTCAaat DR10 344+ 1.2 90.0+0.6
O o I ¥ NONE QacTGAACTCTGGTCAMt  ER1 13.0£50 58332
81 chri2: 344 ALGI10 (+168,404) tggTGCCCTCCtAGGTCAgy ~ ER3 37.6+0.8 41.6+45

34343448-34343791
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Continued
82 Chr12: 98 CSDA (-870) attTGGCCCctagGGTTCAgac  ER4A 19.6+02 42.6+0.6
10876774-10876871

83 1300115%‘_%0011906 379 A('S'SEL'I‘_% ((111%60%793)’) {CtTGAACTCCtgGGCTCAagt  ERA 4.4+25 552409

84 cosroamie ey 117 ZWINT (-525,250) CtgTGACCTCtgAGAACTtaa  ER4 19.7+05 8L6+17

85 40 4%%?‘58525 75  HAOL ((t‘éggga?) BMP2  CaTGAACTIttlggAGGTCAtat  ER5 78.2+05 115.0+0.4
86 pypsaa o osaseys 199 MAPchg(fl(s_f,Zuls'zl)Sl)' PLDS  (aaGGAACTaaataAGTTCAttt ~ ER5 30911 75609

87 2197896%_;11:9789818 130 Sﬂfjf:ﬁ‘l’ g%éggg atgTGAACTCHCtaAGTTCAlgy ~ ER6 79.0+0.7 1111407
88 escecnnnagsr 167 NONE QtgTGACCTHttaaAGTTAAGlt ~ ER6 26.9+25 87.2+14
89 s ioesr 118 "DZRN3((I§’§§ 5,33}))’ CNTN3  pacTGACCCatittcaGGTTCACty  ER7 30049 53.0+25
0 L 4395?—2181:5 ey 271 NKX6_? +(2_13§ '125541))' ANKL - 0cTGACCTtgctgagAGTTCAlGt  ER7 66.1+02 1015+0.5
9 oaesaomigssone 145 T MC ((‘+28°24’§fgl))' FOXO03  , cTGAACTClgeactaAGGTCAgat ER8 653+16 103+0.3

2 g, 482%2%‘1:3 sgzro 105 TTcTe (Eff%‘r”gé?P%KAS gatTAAACTctaatcaaAGGTCAaay  ER8 76.5+1.2 106.7 + 3.1
B epoamav o a2 ORPP (Efgé?c?fgi SIRPBL (ciTGACCCtittgicasAGGTCAatt  ER9 589+ 1.5 1014+ 0.6
U erraanty gy 37 TMX3 (+168,639) HTGAACTCtOtctgasAGGTCACtt ER9 722+ 15 1053+0.5
95 429 4654(1:2-2112:9 16764 219 PPIF (Eng{gg PPCS ggaTGACCTgaggccaggAGTTCAaga ER9 54.4+04 96.9+15
% cosniantuise, 144 MEF2C (-441,568)  accTTAACTClgictggaAGGTCAaga ERQ 21.9+10 795+19
7 4861C7h_§20 isg0y 276 ESM1 (2323??5653) SNX18 5 JaTGACCTetgecegctaAGTTCAagt ER10 53.4+ 15 111.2+0.8
98 o e s 149 MTRNRLL(+228816)  accTGAACTIcasaggaaGGTTCA ERIO 318+ 10 1017417
9 g 485%';%:9 ieer0 104 ™ PRSS@;Z%Z%;)' RIPK4 tggAGTTCATGACCTtgt IR0 50.8+2.9 126.6 +2.0
100 o isarmonasons 228 O asaney e CaaAGGACATGAACTGt IR0 6.4+10 529+11
101 |y arssionriaoesayy 190 O (ijfggﬂ')YTHDCZ atgAGTTCATGTCCTttg IRO 192428 722+30
102 5 ooonm s rooouss 399 NONE CaaAGGACATGAACTcat IR0 20.4£27 65607
103 oecorect o congag 240 PPPZRE’@%@%» MSL2  {aAGTTCAWCTGAAATHa  IR2 159+23 460+ 15
104 0 48%'(‘)3‘;:71 so0g 139 GTF3C1 ((;éggggf)) GSGIL  {AGTTCAgCTGACCTetg IR2 487+24 1166+1

105 coporanipiosio 404 et ((11131%,?(1)?)' aggAGGTCAaagTGTCCTcty  IR3 88+6.8 544+6.9
106 15238822{“_175:2388 460 229 ACTR3B ((_*fgfgg)' KRCCZ 1 gAGTTCAllggcaTGACCTegg  IR6 12.4+3.7 856+13
107 cops0mnriogsoasy 204 CCNGL (-5261) taaAGGTCAMGCCtTAACCTagy  IR6 16.1+12 70.0+11
108 Chrig: 191 ASXL3(762687), KLHLI4 o pGTTCARCCIccc TTAACTatg  IR7 329+ 1.4 95.7+0.8

30395764-30395944

(~42,880)
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Table 3. rSNPs in the identified CAR/RXRa binding sites.

. .. Concentration of EMSA
dbSNP Gene (Distance to TSS) Sequences Motif competitor  Competition (%)
atgGGGTCAacaaAGTTTAaga 62.8+0.6
rs115089792 NONE DR4 x10
atgGTIGTCAacaaAGTTTAaga 36.0+04
_ taaAGTTCAtggtaaAGTTCAtgg 64.0+1.1
371021620 AMIBBALSI8.247), PTER DR6 x10
(=33,201) taaAATTCAtggtasAGTTCAtgg 194+08
tttTGAACTctgtctgaaAGGTCACtt 744+04
rs62097972 TMX3 (+168,639) ER9 x10
tttTGAAT TctgtctgaaAGGTCACtt Not detected
caaAGGTCACttaAGGTCALtt 629+1.1
rs181870712 CSMD1 (+5915) DR4 x10
caaAAGTCACttaAGGTCALtt 26.0+15
aggAGGTCAggaggAGTTCActg 56.9+0.9
rs117662912 CETNS3 (+144,942) DR5 x10
aggAAGTCAggaggAGTTCActg 179+0.6
tgaAGGTCAaagAGITTAaca 955+0.9
rs113398776 SLC9A2 (+30,825), MFSD9 (+86,346) DR3 %100
tgaAGGTCAaagAGATTAaca 95+1.1
agaTGACCTctgcccgctaAGTTCAagt 101.8+15
rs190307664 ESM1 (+232,659), SNX18 (+235,162) ER10 %100
agaTGACCTctgcccgctaACTTCAagt 36.5+0.9
taaAGGTTAaatgAGGTCActa 1028+ 1.1
rs115070434 MPDZ (—24,841) DR4 %100
taaAGGTTAaatgAGGTCCcta 66.3+5.7
gotGGGTCAactaAGGTCAgga 97.6+04
rs148735323  NOX5 (—76,449), SPESP1 (+7746) DR4 %100
ggtGGATCAactaAGGTCAgga 71.1+0.8
agtGGTTCAatcacAGTTCActg 94409
rs145145243 EYA4 (—231,989), RPS12 (+194,798) DR5 %100
agtGGTTCAatcacAGTTCTIctg 60.7+15
tggAGCTCAgAGTTCAaag 82.1+05
rs369662801 RTN4RL1 (+9904), RPA1 (+185,001) DR1 %100
tggAGCTCAgCGTTCAaag 221+55
caaAGGTTACCcttAGGTCAtat 96.5+0.2
rs79536015 RPIA (+385,204) DR4 %100
caaAGGTTACCttAGGTCGtat 675+09
acCTGAACTttcaaaggaaGGT TCAatt 945+21
rs4497728 accTGAAATttcaaaggaaGGTTCAatt 20.2+05
rs4303542 MTRNR2L1 (+228,816) - ER10 %100
rs4307980 acCTGAACAttcaaaggaaGGTTCAatt 23506
acCTGAACTttcaaaggaaGI T TCAatt 68.6 +£0.9
ttgAGCTCAattcctAGTTCAcca 62624
rs138716773 PRL (-745,604) DR6 %100
ttgAGCTT AattcctAGTTCAcca 12.0+£3.9
caaAGGACATGAACTCctt 46.9+0.7
rs11914034  ACR (+12,179), RABL2B (+33,256) IRO %100
caaAGGACGTGAACTCctt 776+05

It has been reported that CAR/RXRa can bind promiscuously to multiple DNA binding motifs such as DR1
[35], DR3 [7], DR4 [8] [12] [36]-[38], DR5 [2] [11], ER6 [7], ER7 [39], ER8 [40], ER9 [39], ER10 [39], IR2
[10], IR3 [41], and IR6 [42]. In addition to these motif types, our results indicated that CAR/RXRa. could bind
to DR2, DR6, DR8-10, ER1, ER3, ER4, ERS5, IR0, and IR7 (Figure 3(b) and Table 2). As these motif types
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overlap with the binding sequences for other nuclear receptors, CAR/RXRa would compete for binding to these
elements and cross talk with other nuclear receptors [35] [38] [41]. On the other hand, CAR/RXRa may prefera-
bly bind to DR4 relative to the other motifs, because DR4 motif was enriched by motif enrichment among 414
clones (Figure 2).

We could not identify the previously reported CAR/RXRa-binding sites in this study. There are some expla-
nations for missed CAR/RXRDNA interactions. First, the quality of a library will affect the efficiency of identi-
fication of protein-DNA interactions. Second, some CAREs may exist adjacent to sequences recognized by
yeast transcription factors and may be discarded during the negative selection by 5FOA [8]. However, we could
identified new CAR/RXRa binding sites located in or in the proximity of genes with various functions such as
metabolic process, cell cycle, cell proliferation and apoptosis. In particular, Heat shock 70 kDa protein 1A
(HSPA1A) is known as a stress inducible gene that promotes liver tumor cell proliferation [43]. Importantly, the
HSPALA gene was reported as a CAR-dependent gene in a microarray analysis of CAR-knockout mice [15].
Furthermore, we confirmed the CAR-dependent activation of human HSPALA mRNA expression in human he-
patoma HepG2 cells by real-time PCR assays (data not shown). CAR is thought to be essential for liver tumor
promotion via the direct regulation of the Mdm2 gene [44] [45]. In addition to this mechanism, our results sug-
gested that CAR is associated with liver tumor promotion via direct regulation of HSPA1A.

ChIP-on-chip or ChlIP seq techniques are powerful methods for identifying transcription factor-DNA interac-
tions. However, these methods can also identify potential indirect transcription factor-DNA interactions. In con-
trast, our strategy for the identification of CAR/RXRa binding sites in the human genome was fundamentally
different and was based on the direct interaction of CAR/RXRa with human genomic sequences using yeast ge-
netic selection. We expect that these findings will provide insights into the molecular mechanisms underlying
the physiological and pathological actions of CAR/RXRa heterodimers.

5. Conclusion

In this paper, we identified CAR/RXRa-binding sequences in the human genome by a modified yeast one-hy-
brid assay. The binding sites were located in the proximity of genes with various functions such as metabolic
process, cell cycle, cell proliferation and apoptosis. Motif enrichment analysis revealed that the most frequently
observed motif was a DR4, although the identified sequences contained not only classical CAREs but also a
wide variety of arrangements. Next, we demonstrated that 108 human genomic fragments could directly interact
with the CAR/RXRa heterodimer by EMSAs. Furthermore, we identified 17 regulatory polymorphisms on the
CAR/RXRa-binding sites which may influence individual variation of expression levels of CAR-regulated
genes. We expect that these findings will provide insights into the molecular mechanisms underlying the physi-
ological and pathological actions of CAR/RXRa heterodimers.
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