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Keywords: carnitine, γ-butyrobetaine dioxygenase, peroxisome proliferator-activated 33

Convincing evidence from studies with peroxisome proliferator-activated receptor (PPAR)α-16 deficient mice suggested that the carnitine biosynthetic enzyme γ-butyrobetaine dioxygenase 17 (BBD) is regulated by PPARα. However, the identification of BBD as a direct PPARα target 18 gene as well as its exact regulation remained to be demonstrated. In silico-analysis of the 19 mouse BBD promoter revealed seven putative peroxisome proliferator response elements 20 (PPRE) with high similarity to the consensus PPRE. Luciferase reporter gene assays using 21 mutated and non-mutated serial 5´-truncation BBD promoter reporter constructs revealed that 22 one PPRE located at -75 to -87 relative to the transcription start site in the proximal BBD 23 promoter is probably functional. Using gel shift assays we observed in vitro-binding of 24 PPARα/RXRα heterodimer to this PPRE confirming that it is functional. In conclusion, the 25 present study clearly shows that mouse BBD is a direct PPARα target gene and that 26 transcriptional up-regulation of mouse BBD by PPARα is likely mediated by binding of the 27 PPARα/RXR heterodimer to one PPRE located in its proximal promoter region. The results 28 confirm emerging evidence from recent studies that PPARα plays a key role in the regulation 29 of carnitine homeostasis by controlling genes involved in both, carnitine synthesis and 30 carnitine uptake.
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HepG2 cells, a human hepatoma cell line (DSMZ, Braunschweig, Germany) that is 93 commonly used for transient transfection assays [START_REF] Gutgesell | 418 Mouse carnitine-acylcarnitine translocase (CACT) is transcriptionally regulated by 419 PPARα and PPARδ in liver cells[END_REF], were cultured in RPMI1640 GlutaMax-1 94 medium (Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal calf serum 95 (Invitrogen) and 0.05 mg/mL gentamycin (Invitrogen). Cells were maintained at 37ºC in a 96 humidified atmosphere of 95% air and 5% CO 2 . Medium was changed every 2 days. For 1,394 to +94 relative to transcription start site was scanned and analyzed for putative PPRE 104 using the NUBIScan (nuclear receptor binding site scanner; [START_REF] Podvinec | NUBIScan, an in silico approach 466 for prediction of nuclear receptor response elements[END_REF]). EMSA experiments were performed as described recently in more detail [START_REF] Wen | Mouse OCTN2 is directly regulated by peroxisome 421 proliferator-activated receptor α via a PPRE located in the first intron[END_REF]. In brief, PPARα/RXRα and an oligonucleotide corresponding to PPRE6 in gel shift assays (EMSA).
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As shown in Fig. 4, a major DNA-protein complex was formed between the specific probe of PPARα/RXRα and WY-14,643 was observed when both, PPRE1 and PPRE6 were mutated.
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The key role of PPRE6 for transcriptional regulation of the mouse BBD promoter by PPARα 354 could be further evidenced by using reporter constructs, in which PPRE6 was either mutated 355 (BBD construct 5) or deleted (BBD construct 6). In these constructs, the basal reporter 356 activity was the lowest of all constructs tested and there was no response at all to exogenous 
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 5 upon protein degradation. The released trimethyllysine is further oxidised to A c c e p t e d M a n u s c r i p t ,643 was purchased from Sigma-Aldrich (Steinheim, Germany).

  97reporter gene experiments, cells were seeded in 96-well culture plate at a density of 4 x 10 4 98 per well. Cells were used for transient transfection at a confluence of 70%.
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 3 In silico-analysis of mouse BBD promoter 101 Using cDNA and genomic sequences from NCBI Genbank (Accession number 102 BC019406 and AL691416) an approximately 1.5 kb fragment of mouse BBD promoter from -

  103

4

 4 Generation of mouse BBD promoter reporter constructs 107Six BBD promoter-truncation constructs were designed (Fig.1 and 2). The 1,488 bp 108 promoter fragment from -1,394 to +94 relative to transcription start site (BBD-1,488) 109 containing seven predicted PPRE was PCR amplified from mouse BAC clone RP23-110I8 110 (imaGene, Berlin Germany). The generated PCR fragment with BglII and XhoI restriction 111 sites introduced at the 5´ and 3´ ends was subcloned into the BglII and XhoI digestedA c c e p t e d M a n u s c r i p t 6 pGL4.10 [luc2] vector (Promega, Mannheim, Germany) upstream of the luciferase reporter 113 gene, thereby, providing the full-length construct pGL4-BBD-1488 (BBD construct 1). The 114 BBD promoter-truncation constructs pGL4-BBD-1197 (BBD construct 2; from -1,103 to +94) 115 containing six putative PPRE, pGL4-BBD-668 (BBD construct 3; from -574 to +94) 116 containing five putative PPRE, pGL4-BBD-376 (BBD construct 4; from -282 to +94) 117 containing four putative PPRE, pGL4-BBD-232 (BBD construct 5; from -138 to +94) 118 containing three putative PPRE, and pGL4-BBD-164 (BBD construct 6; from -70 to +94) containing two overlapping PPRE were PCR amplified from parental clone pGL4.10-BBD-120 1488 by using different 5´-primers flanking the putative PPRE and a common 3´-primer. The 121 primer sequences are shown in Tab. 1. The generated PCR products containing two adapters 122 of BglII and XhoI site at the end were subcloned into the BglII and XhoI digested pGL4.10 123 [luc2] vector upstream of the luciferase reporter gene. The cloned DNA fragments were 124 sequenced to confirm the integrity of the constructs. 125 In addition, BBD promoter constructs containing 3 copies of either PPRE6, PPRE1 or 126 PPRE3 in front of a mini promoter of the luciferase reporter gene were designed. To generate 127 these, the following oligonucleotides (Eurofins MWG Operon, Ebersberg, Germany) 128 containing either 3X PPRE6, 3X PPRE1 or 3X PPRE3 and two adapters of KpnI and HindIII 129 site were annealed: 3X mBBD_PPRE6 (forward: 5´-TCGAAATACTCTAATCAGAACAAA 130 GGTCCCGGCATCTAATCAGAACAAAGGTCCCGGCATCTAATCAGAACAAAGGTC 131 CCGGCATGGGGCG-3´, reverse: 5´-AGCTCGCCCCATGCCGGGACCTTTGTTCTGATT 132 AGATGCCGGGACCTTTGTTCTGATTAGATGCCGGGACCTTTGTTCTGATTAGAGTA 133 TT-3´), 3X mBBD_PPRE1 (forward: 5´-TCGAAGCTGGGACTGAAGTTCAACGGTAGA 134 ATGCCGACTGAAGTTCAACGGTAGAATGCCGACTGAAGTTCAACGGTAGAATGC 135 CTGTCTC-3´, reverse: 5´-AGCTGAGACAGGCATTCTACCGTTGAACTTCAGTCGGCA 136 TTCTACCGTTGAACTTCAGTCGGCATTCTACCGTTGAACTTCAGTCCCAGCT-3´), 137 3X mBBD_PPRE3 (forward: 5´-TCGAAAGATTATTTGGTGACCCCTGACAGATTTTTA A c c e p t e d M a n u s c r i p t

188mouseM a n u s c r i p t 9 (A c c e p t e d M a n u s c r i p t 10 Numerical 1 3 . 2 Fig. 1 ,construct 3 (Fig. 1 )M a n u s c r i p t 12 mouse 3 . 3

 9101321311233 Fig.1, there was a significant increase in luciferase activity in response to co-expression of
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 6 302mouse OCTN2-PPREint1 and the in vitro-translated PPARα/RXRα heterodimer as positive 303 control (lane 4; Fig.4), whereas no complex was formed between the mutant non-specific 304 probe OCTN2-PPREint1_mut and in vitro-translated PPARα/RXRα heterodimer as negative 305 control (lane 5; Fig.4). A strong DNA-protein complex formation was also observed between 306 the specific probe of mouse BBD-PPRE6 and in vitro-translated PPARα/RXRα heterodimer 307 Fig.4). In addition, competition experiments using the oligonucleotide corresponding 308 to mouse BBD-PPRE6 and 5-, 10-and 50-fold molar excess of unlabelled specific probes 309 (OCTN2-PPREint1) were performed to test the specificity of PPARα/RXRα binding (lanes 7, 310 8 and 9; Fig.4). As demonstrated in Fig.4, the complex intensity was successively reduced 311 with increasing molar excess of unlabelled specific probe. At 50-fold molar excess of 312 unlabelled probe, complex formation was almost completely absent being indicative of 313 complete competition. No DNA-protein complex formation was observed between the mutant 314 oligonucleotide PPRE6mut and in vitro-translated PPARα/RXRα heterodimer (lane 10; Fig.
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 4 These results demonstrated that PPARα/RXRα heterodimer binds specifically to PPRE6 of 316 mouse BBD.

  from studies with PPARα-deficient mice existed[11, 320 12, 15] suggesting that the carnitine biosynthetic enzyme BBD is regulated by PPARα, the 321 identification of BBD as a direct PPARα target gene as well as its exact regulation remained 322 to be demonstrated. To clarify this, we performed in silico-analysis of the mouse BBD 323 promoter using NUBIScan software, and found seven putative PPRE with high similarity to 324 the known consensus PPRE sequence in an approximately 1.5 kb fragment of mouse BBD 325 promoter. In order to explore their functional relevance for transcriptional regulation of mouse 326 BBD by PPARα, we created different serial 5´-truncation BBD promoter reporter constructs 327 containing a different number of putative PPRE and tested their responsiveness to exogenous 328 mouse PPARα/RXRα and WY-14,643 in reporter gene assays. Using this approach we found 329 that the two PPRE most distant from the translation start site (PPRE3 and PPRE2) are not of 330 importance for the regulation of BBD by PPARα because the responsiveness of the 331 corresponding truncation constructs without PPRE3 and PPRE2 to exogenous mouse 332 PPARα/RXRα and WY-14,643 did not differ from that of the full-length reporter construct 333 (BBD construct 1). To confirm that PPRE3 and PPRE2 are not functional we also tested the 334 responsiveness of truncation constructs harboring a selective mutation in either PPRE3 or 335 PPRE2, and indeed found that their responsiveness to both, exogenous PPARα/RXRα and 336 WY-14,643 did not differ from that of the non-mutated construct. When analyzing the 337 responsiveness of the next truncation construct, in which, in addition to PPRE3 and PPRE2, 338 PPRE1 was deleted, we observed a marked loss in the basal reporter activity (without 339 exogenous PPARα/RXRα and WY-14,643) but the response to exogenous PPARα/RXRα and 340 WY-14,643 was similar as that of the full-length construct indicating that PPRE1 is also not 341 of importance for PPARα-dependent regulation of the mouse BBD promoter. Since the 342 truncation construct without PPRE1 (BBD construct 4) and all truncation reporter constructs 343 with a selective mutation in PPRE1 were still similar responsive to exogenous PPARα/RXRα A c c e p t e d M a n u s c r i p t 15 containing PPRE3 and PPRE2, we concluded that one or more of the remaining putative 346 PPRE (PPRE4, PPRE5, PPRE6 and PPRE7) located in the more proximal region of the BBD 347 promoter are functional. To test this, we created further truncated and mutated reporter 348 constructs where the remaining PPRE were either serially deleted or mutated. According to 349 this, we observed that mutating PPRE6 resulted in a complete loss of responsiveness to both, 350 exogenous mouse PPARα/RXRα and WY-14,643 indicating that PPRE6 is a functional PPRE 351 in the mouse BBD promoter. The same complete loss of responsiveness to exogenous mouse 352
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 16 PPARα/RXRα and WY-14,643. Hence, these observations indicated that the two most 358 proximal PPRE, PPRE5 and PPRE4, are not functional. This was also confirmed by testing 359 the responsiveness of truncation constructs harboring a selective mutation in either PPRE5 or 360 PPRE4. A further strong evidence for the key role of PPRE6 in the regulation of mouse BBD 361 promoter was provided from experiments using a reporter construct containing multiple 362 copies of PPRE6 in front of the luciferase reporter gene. Cells transfected with this construct 363 showed a marked response to exogenous mouse PPARα/RXRα and WY-14,643, whereas 364 cells transfected with constructs containing multiple copies of either PPRE1 or PPRE3 did not 365 show any response at all. Collectively, these results from reporter gene experiments indicated 366 that PPRE6 is essential for regulation of mouse BBD by PPARα. Moreover, these data 367 demonstrate that the other PPRE predicted from NUBIScan analysis are obviously not 368 functional and probably of minor importance for PPARα-dependent regulation of mouse BBD. 369 To further clarify whether PPRE6 in the BBD promoter is functional and binds the A c c e p t e d RXRα proteins and oligonucleotides representing PPRE6. In the presence of of the BBD gene differs between mouse, rat and human. In the rat, the translation start site of 385 the BBD gene is in the second exon (cDNA sequences from FQ210746 and NM_022629, 386 genomic DNA sequences from AC106654), whereas in mice and humans the translation start 387 sites are in the first and third exon, respectively (cDNA sequences from NM_003986 and 388 genomic DNA sequences AC015756). Considering these differences, the exact regulation of 389 the BBD gene by PPARα might differ, at least partially, between mice, rats and humans. This, 390 however, has to be clarified in future studies. 391 In conclusion, the present study clearly shows that mouse BBD is a direct PPARα 392 target gene and that transcriptional up-regulation of mouse BBD by PPARα is likely mediated 393 by binding of the PPARα/RXRα heterodimer to a PPRE located in its proximal promoter 394 region. The results confirm emerging evidence from recent studies that PPARα plays a key 395 role in the regulation of carnitine homeostasis by controlling genes involved in both, carnitine 396 synthesis and carnitine uptake [11, 12, 15]. From a practical point of view, this study indicatesA c c e p t e d M a n u s c r i p t 17 that fibrates, synthetic agonists of PPARα used in the therapy of hyperlipidemia, might 398 stimulate the synthesis of carnitine.
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  and uptake into cells are stimulated by fasting in pigs as a model of nonproliferating 444 species. J Nutr Biochem 2009;20:840-7.445 14. Gutgesell A, Ringseis R, Brandsch C, Stangl GI, Hirche F, Eder K. Peroxisome 446 proliferator-activated receptor α and enzymes of carnitine biosynthesis in the liver are 447 down-regulated during lactation in rats. Metabolism 2009;58:226-32.
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  ).Transient transfection was performed as described recently in more detail[START_REF] Ringseis | LDL receptor 468 gene transcription is selectively induced by t10c12-CLA but not by c9t11-CLA in the 469 human hepatoma cell line HepG2[END_REF]. In brief,

	165	2.6 Transient transfection
	166	
	141 167	After HepG2 cells were transiently transfected with 50 ng of the generated reporter gene constructs
	142 168	annealing, the double stranded DNA fragments were cloned into the KpnI and HindIII and co-transfected with 50 ng of both, mouse PPARα expression plasmid (pCMX-mPPARα)
	143 169	digested pGL4.23 [luc2/minP] vector (Promega). After cloning fragments were controlled for and mouse RXRα expression plasmid (pCMX-mRXRα) (both, generous gifts from R.M.
	144 145 151 170 171 174 176 177	the identity of the 3X PPRE by DNA sequencing. 2.5 Site-directed mutagenesis of BBD promoter reporter constructs Evans, Salk Institute for Biological Studies, San Diego, CA, USA), or 100 ng empty vector (pCMX) using FuGENE 6 transfection reagent (Roche Diagnostics, Mannheim, Germany) according to the manufacturer´s protocol. Cells were also co-transfected with pGL4.74 used as internal control reporter vector to normalize for differences in transfection efficiency (Promega, Mannheim, Germany). A 3X ACO-PPRE vector (containing three copies of consensus PPRE from the ACO promoter in front of a luciferase reporter gene; a generous gift a n u s c r i p t M from Dr. Sander Kersten, Nutrigenomics Consortium, Top Institue (TI) Food and Nutrition,
	152 153 154 155 156 157 158 159 178 179 180 181 182 183 184 185	CgGTATACgTGACATTCAGGA-3´, reverse: 5´-TCCTGAATGTCAcGTATACcGTCACT AATGAAATA-3´), PPRE3mut (forward: 5´-TTTAAAAAAATCTGTCtGGGGaCACCAAA TAATCT-3´, reverse: 5´-AGATTATTTGGTGtCCCCaGACAGATTTTTTTAAA-3´), PPRE4mut (forward: 5´-AATACTGCAAGTGGACaCaGGCCTCTGCCTACCAC-3´, reverse: 5´-GTGGTAGGCAGAGGCCtGtGTCCACTTGCAGTATT-3´), PPRE5mut (forward: 5´-CAAGTGGACTCTGGCCaCaGCCTACCACTCAGCAG-3´, reverse: 5´-CTGC TGAGTGGTAGGCtGtGGCCAGAGTCCACTTG-3´), PPRE6mut (forward: 5´-GCCCCAT GCCGGGACCaTaGTTCTGATTAGAGTAT-3´, reverse: 5´-ATACTCTAATCAGAACtAtG Wageningen, Netherlands) and pGL4.23 vector were transfected as positive and negative controls, respectively. Following transfection, cells were treated with either 50 µmol/L WY-14,643 to achieve activation of PPARα or vehicle only (DMSO = control) for 24 h. Afterwards, cells were washed with phosphate-buffered saline and lysed with passive lysis buffer (Promega). Luciferase activities were determined with the Dual-Luciferase Reporter Assay System from Promega according to the manufacturer´s instructions using a Mithras LB940 luminometer (Berthold Technologies, Bad Wildbad, Germany) as described recently A c c e p t e d in more detail [23].
	160 186	GTCCCGGCATGGGGC-3´), PPRE7mut (forward: 5´-ATTATAAAATAAcAAACAtGGGC
	161 187	AAACACAGTGAT-3´, reverse: 5´-ATCACTGTGTTTGCCCaTGTTTgTTATTTTATAAT-2.7 Electrophoretic mobility shift assay (EMSA)
	162	3´). The mutant constructs were controlled for the intended mutations and the absence of any
		unexpected mutations by DNA sequencing.
		8

146 Mutation constructs were prepared by introducing a mutation in the putative PPRE 147 with Site-Directed Mutagenesis kit according to the manufacturer's protocol (Stratagene 148 Europe, Amsterdam, Netherlands) using the following oligonucleotides: PPRE1mut (forward: 149 5´-AGACAGGCATTCTtCCGTaGAACTTCAGTCCCAGC-3´, reverse: 5´-GCTGGGACTG 150 AAGTTCtACGGaAGAATGCCTGTCT-3´), PPRE2mut (forward: 5´-TATTTCATTAGTGA

Table 1 472

 1 Oligonucleotides used for PCR amplification of promoter region of mouse BBD

	473	
	Oligonucleotide	Oligonucleotide sequence (5´-3´)
	mBBD_BglII	ATCAGATCTTGTTTCTGGTCTTTGGTGA
	mBBD_164_XhoI	ATCCTCGAGATGGGGCGAACTGTAGGCT
	mBBD_232_XhoI	ATCCTCGAGCTTACAGCTAGTCACTGTGC
	mBBD_376_XhoI	ATCCTCGAGCCATTTGCGTAGCGGTTTTC
	mBBD_668_XhoI	ATCCTCGAGTCCAGTGAGAAATATACTGTG
	mBBD_1197_XhoI	ATCCTCGAGTCAGTATCGGATACAGTGAAG
	mBBD_1488_XhoI	ATCCTCGAGGCACACCATGGGCTAAGAATAT

Table 2 475

 2 Sequence alignment of consensus PPRE with putative PPRE predicted from in silico-analysis 476 of mouse BBD promoter using NUBIScan software and sequence alignment of putative PPRE

	477		
	478	between mouse, rat and human using 1.5 kb DNA sequence upstream of the translation start
	479	site of BBD gene	
		PPRE	Species	Sequence and position*
		denomination	
		Consensus		AGGTCAnAGGTCA
		PPRE	
		PPRE4	M. musculus	-29 5'AGGCCAgAGTCCA -17prom
			R. norvegicus	85 3'AGGCCAGAGTCCA 73int1
			H. sapiens	13824 5'AGGCCAGAGTCCA 13836int2
				*************
		PPRE5	M. musculus	-36 5'TAGGCAgAGGCCA -24prom
			R. norvegicus	80 3'TAGGCAGAGGCCA 92int1
			H. sapiens	13817 5'ATAGCAGAGGCCA 13829int2
				---**********
		PPRE6	M. musculus	-87 5'AGAACAaAGGTCC -75prom
			R. norvegicus	131 3'AGAACAAAGGTCC 143int1
			H. sapiens	13762 5'AGAACAAAGGTCC 13774int2
				*************
		PPRE7	M. musculus	-212 3'AGAAACaAGGGCA -224prom
			R. norvegicus	280 5'AGAAACAATGGCA 268int1
			H. sapiens	13632 3'AGAACCAATGACA 13620int2
				****-***-****
		PPRE1	M. musculus	-367 5'AGTTCAaCGGTAG -335prom
			R. norvegicus	416 3'AGCTCAAC-----423int1
			H. sapiens	13486 5'TTTTCAAAAG---13495int2
				---****------
		PPRE2	M. musculus	-836 5'AGGTATaCGGTCA -825prom
			R. norvegicus	886 3'AGGTATACAATCA 874int1
			H. sapiens	13210 5'AAATATATAGTCA 13022int2
				*--****---***
		PPRE3	M. musculus	-1256 3'CTGTCAgGGGTCA -1268prom
			R. norvegicus	1313 5'CTGTCAGGGATCA 1301int1
			H. sapiens	12593 3'-CATTAAG-ATAA 12603int2
				---*-*-*--*-*

*Nucleotides of putative PPRE are underlined. Matching nucleotides between mouse, rat and human are shown 491 luciferase activities of the BBD promoter-truncation reporter vectors and the renilla luciferase 492 expression vector determined by dual luciferase assay. Results represent means ± SEM for 493 one out of three independent experiments each performed in triplicate.

Renilla luciferase (Rluc) (encoding the renilla luciferase reporter gene; Promega), which was

2.8 Statistical analysis

transfection of either pCMX-mPPARα and pCMX-mRXRα or empty vector (pCMX), and,

PPARα/RXRα heterodimer, we performed gel shift assays using in vitro-translated mouse

by asterisks. Position of PPRE was indicated.
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PPARα/RXRα, a strong band representing the DNA-PPARα/RXRα complex appeared using 373 the PPRE6-containing oligonucleotide, whereas the bands were weaker in the presence of an 374 excess on unlabelled specific oligonucleotide. No band for the DNA-PPARα/RXRα complex 375 was observed when olinucleotides containing the mutated PPRE6 were used. Although we did 376 not perform antibody supershift assays, these results strongly support our aforementioned 377 assumption that the PPARα/RXRα heterodimer binds to PPRE6 of mouse BBD and that 378 PPRE6 is decisive for transcriptional regulation of mouse BBD.
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To investigate whether regulation of the BBD gene by PPARα might be similar 380 between mouse, rat and human, we compared the promoter and intron sequences of these 381 species. According to this, we found that PPRE6 shares a complete (100%) sequence identity 382 between mouse, rat and human which is indeed indicative of a similar regulation of the BBD 

BBD construct 4

BBD construct 3 mut1 

Relative Luciferase Activity