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Abstract

Tyrosine hydroxylase (Th) encodes the rate-limiting enzyme in catecholamine biosynthesis, and 

the regulation of its transcription is critical for the specification and maintenance of 

catecholaminergic neuronal phenotypes. For many genes, regulatory genomic DNA sequences that 

are upstream of the proximal promoter control expression levels as well as region-specific 

expression patterns. The regulatory architecture of the genomic DNA upstream of the Th proximal 

promoter, however, is poorly understood. In this study, we examined the 11kb upstream nucleotide 

sequence of Th from nine mammalian species and identified five highly conserved regions. Using 

cultured human cells and mouse olfactory bulb tissue, chromatin immunoprecipitation (ChIP) 

assays show that these conserved regions recruit transcription factors that are established 

regulators of Th transcription (such as NURR1, PITX3, FOXA2, MEIS2 and PAX6). This analysis 

also identified a conserved binding site for CTCF, and functional studies in cultured human cells 

and ChIP assays with mouse tissue show that CTCF is a novel regulator of Th transcription in the 

forebrain. Together, the findings in this study provide key insights into the upstream regulatory 

genomic architecture and regulatory mechanisms controlling mammalian Th gene transcription.
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INTRODUCTION

Tyrosine hydroxylase (Th) encodes the rate-limiting enzyme for catecholamine 

neurotransmitter biosynthesis. Homozygous loss of Th in mice is embryonic lethal due to 

disruption of cardiac and/or cardiovascular development [1,2]. Heterozygous Th mutant 

mice are viable and fertile with a normal physical appearance, but they have reduced 

noradrenaline levels in multiple brain regions that are linked to impaired associative and 

latent learning [3]. In humans, individuals with mutations in the Th coding region on both 
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Th alleles can develop Th deficiency, which encompasses a spectrum of movement disorders 

that typically first manifests in infants [4].

The spatial organization of catecholaminergic neurons is conserved in the mammalian brain 

[5], which indicates that there are evolutionarily conserved regulatory mechanisms 

controlling the expression of genes required for catecholaminergic phenotypes. Studies 

examining molecular mechanisms regulating Th transcription have concentrated on the 

human and rodent Th proximal promoter region (<1kb upstream), and these studies have 

identified several promoter cis-regulatory elements that modulate gene expression [6–10]. 

Although the proximal promoter is necessary for Th expression, it is not sufficient to drive 

reporter gene expression in vivo [11–13] and regulatory regions outside the proximal 

promoter are required to activate Th expression. Studies with the human and rat Th locus 

have shown that the 11kb and 9kb upstream regions, respectively, can drive reporter gene 

expression in adult catecholaminergic regions with minimal ectopic expression [14,6,15,12]. 

Despite their importance, a systematic and thorough examination of evolutionary 

conservation within these upstream sequences is lacking. Previous studies have compared 

human and rodent upstream sequences, but these studies concentrated on consensus 

transcription factor binding sites and short conserved motifs, and did not define potential 

upstream enhancer or repressor territories [6,8]. Given the conservation in the spatial 

organization of mammalian catecholaminergic neurons as well as the extensive use of 

rodents and other mammals to understand the function of these neurons in humans, there is a 

high priority on identifying conserved upstream regulatory regions that control Th 
expression in the mammalian nervous system. Moreover, identifying conserved upstream 

regions will also provide novel insight into the molecular mechanisms controlling Th 
expression necessary for the specification and maintenance of catecholaminergic neuronal 

phenotypes.

To establish whether there are conserved territories upstream of the mammalian Th 
promoter, this study aligned 11kb genomic sequences upstream of Th from nine mammalian 

species. The conserved regions identified by this alignment were tested for their ability to 

recruit established transcription factors that regulate Th expression in the midbrain and 

olfactory bulb (OB), which contain the two largest groups of dopaminergic neurons in the 

brain.

MATERIALS AND METHODS

Nucleotide sequence alignment

Upstream genomic DNA sequences for Th were downloaded from Ensembl (http://

www.ensembl.org). The species used for the alignments were: Baboon (Papio anubis), Cow 

(Bos taurus), Dog (Canis lupus familiaris), Dolphin (Tursiops truncatus), Human (Homo 
sapiens); Mouse (Mus musculus), Panda (Aliuropoda melanoleuca), Rat (Rattus norvegicus), 

and Vervet (Chlorocebus sabaeus). Sequence alignments and visualization were performed 

using Multi-LAGAN and mVista web-based services (http://genome.lbl.gov/vista/mvista/

submit.shtml)[16,17]. All sequence alignments and comparisons were made relative to the 

human Th 11kb upstream region.
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ChIP assays

For ChIP experiments to detect NURR1 occupancy, human SH-SY5Y cells were grown in 

60mm culture dishes to ~80% confluence and then transfected with p3XFlag-CMV-mNurr1 
(a gift from Dr. Kaoru Saijo, UC Berkeley) using Lipofectamine LTX (Life Technologies). 

Twenty-four hours after transfection, cells were washed with PBS and then cross-linked with 

1% formaldehyde in PBS at room temperature for 9min. Fixation was terminated by 

addition of 125mM glycine, and cells were washed twice with PBS before being pelleted by 

centrifugation at 4°C for 5min and resuspended with SDS Lysis Buffer (Millipore). The 

chromatin was sheared with a Bioruptor sonicator (Diagenode) and immunoprecipitation of 

cross-linked protein-DNA complexes used the Magna ChIP Protein-A/G kit (Millipore) 

following the manufacturer’s instructions. Immunoprecipitation reactions used 4μg of either 

mouse anti-FLAG M2 antibody (Sigma) or normal mouse IgG (Santa Cruz Biotechnology). 

Reverse cross-linking was done overnight in the presence of Proteinase K at 62°C with 

shaking.

For ChIP assays to detect binding by PITX3 and FOXA2, lysates from non-transfected SH-

SY5Y cells were prepared as described above. Immunoprecipitation reactions used either 

2.5μg of mouse anti-PITX3 antibody (Thermo, 38-2850), 1.5μg of rabbit anti-FOXA2 

antibody (Abcam, ab108422) or an equivalent amount of normal IgG (Santa Cruz Biotech).

For ChIP experiments to detect CTCF, MEIS2, PBX1/2/3 and PAX6 occupancy in vivo, 

adult C57BL6 mice (aged 2–5 months) of both sexes were used for tissue from the OB, 

cortex, ventral midbrain and liver. The tissue was washed with ice cold PBS and then cross-

linked with 1% formaldehyde in PBS on ice for 15 min. Fixation was terminated with 

125mM glycine, and the tissue was washed twice with PBS before addition of SDS Lysis 

Buffer (Millipore). Immunoprecipitation of protein/chromatin complexes was performed as 

described above with SH-SY5Y cells and used either 6μg of goat anti-CTCF antibody (Santa 

Cruz), 10μg of goat anti-MEIS2 antibody (Santa Cruz Biotech, sc-10600), 2μg of mouse 

anti-PBX1/2/3 antibody (Santa Cruz Biotech, sc-28313), 5μg of rabbit anti-PAX6 antibody 

(Abcam, ab5790-100), or an equivalent amount of normal IgG (Santa Cruz Biotech).

For ChIP experiments with neurospheres, cultures were generated from dissociated anterior 

subventricular zone tissue of adult mice (aged 3 months) grown in DMEM/F12 media 

supplemented with B27 (Life Technologies), bFGF (20ng/mL; BD Bioscience) and EGF 

(20ng/mL; BD Bioscience). Initial cultures were expanded for 7–8 days, and then 

dissociated and used to reseed new cultures. The passaged cultured were expanded for 7 

days, after which the neurospheres were pelleted and washed with PBS before being cross-

linked with 1% formaldehyde in PBS at room temperature for 9min. Fixation reactions were 

terminated by the addition of 125mM glycine, and the tissue was washed twice with PBS 

before addition of SDS Lysis Buffer (Millipore). Immunoprecipitation of protein/chromatin 

complexes was performed as described above with SH-SY5Y cells and used 6μg of either 

goat anti-CTCF antibody (Santa Cruz) or normal goat IgG (Santa Cruz).

All immunoprecipitated Th promoter genomic DNA fragments were amplified and 

quantified using a 7600 Fast Real-time PCR System (Applied Biosystems) using SYBR 

Green PCR master mix (Applied Biosystems). Primer sequences used for amplifying were:

Wang et al. Page 3

Mol Neurobiol. Author manuscript; available in PMC 2020 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mouse Th E1 forward strand 5′-GGGATTTGCAGGAGCTTGCTCA-3′

mouse Th E1 reverse strand 5′-CTTGGACTCTCAGGAGCCAACT-3′

mouse Th E2 forward strand 5′-TTCCATGAAAGCACAACTGGC-3′

mouse Th E2 reverse strand 5′-CAGGGTCGGCTGCTGAGGAT-3′

mouse Th E3 forward strand 5′-TGGTCTGACTTTCAGCTGCCCAAT-3′

mouse Th E3 reverse strand 5′-CAATACCACTCACTGACCTCACTG-3′

mouse Th E4 forward strand 5′-GTGACCACCACTCACGGGCT-3′

mouse Th E4 reverse strand 5′-CCTGTGCACCAGTGAGTCACATAA-3′

mouse Th E5 forward strand 5′-TCCAGGAGAACAGACGCCAGC-3′

mouse Th E5 reverse strand 5′-GCCAGGCTGAAGGCAAGCACA-3′

mouse Th negative control forward strand 5′-TGCCTCAGCAGAGCCTGAGT-3′

mouse Th negative control reverse strand 5′-AAGCTCCCCGTGACTGTGTG-3′

human Th E1 forward strand 5′-CCAAATCCTTCTGGGCCAGGA-3′

human Th E1 reverse strand 5′-CCGTTCTCTCTTCAACAATAGCC-3′

human Th E2 forward strand 5′-TTCCATGAAAGCACAACTGGC-3′

human Th E2 reverse strand 5′-CAGGGTCGGCTGCTGAGGAT-3′

human Th E3 forward strand 5′-TCGCTCTGGGCCTGACTTCC-3′

human Th E3 reverse strand 5′-AACACAGGACAGAATCCGCCGT-3′

human Th E5 forward strand 5′-TTGGAGCAAAGCGGACAAGCTCA-3′

human Th E5 reverse strand 5′-GCGCATTCACTTCAGGTACCTC-3′

human Th negative control forward strand 5′-AGGCTGAGGCCTCTCCTTCCA-3′

human Th negative control reverse strand 5′-
GAACTCCACCGTGAACCAGTACA-3′

All ChIP experiments were conducted as three independent assays and the mean relative 

enrichment of the target region is reported with error bars representing the standard error of 

the mean. Statistical significance was assessed using either two-tailed Student’s t-test or 

ANOVA with appropriate post-hoc tests.

CTCF over-expression and knock-down

To measure Th promoter activity when Ctcf was over-expressed, SH-SY5Y cultures were 

seeded in Primaria-coated 6-well plates (Corning) at 3x105 cells/well and incubated at 37°C 

for 24 hours before using Lipofectamine LTX reagent (ThermoFisher Scientific) to co-

transfect 4μg of pCMV-Myc-CTCF (a gift from Dr. Mary Donohoe, Burke Medical 

Research Instiute), 2μg of pGL4.20 reporter plasmid containing Firefly luciferase under 

control of the rat Th 4.5kb promoter (generated in our laboratory), and 1μg of pRL-CMV 
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(Promega), which constitutively expresses Renilla luciferase in order to control for 

variations in transfection efficiency. After 24 hours, cells were harvested and Firefly and 

Renilla luciferase activity levels were measured using the Dual-Glo Luciferase Assay 

System (Promega) with a LMaxII luminometer (Molecular Devices). Luciferase activities 

are reported as the mean of at least three independent measurements with error bars 

representing the standard error of the mean.

To measure Th promoter activity when Ctcf was knocked-down, SH-SY5Y cultures were 

seeded in Primaria-coated 6-well plates (Corning) at 3x105 cells/well and incubated at 37°C 

for 24 hours before being transfected with siRNA (Dharmacon Accell siRNA) according to 

the manufacture’s instruction. Control cultures were treated with Accell Delivery Media 

(Dharmacon). All cultures were maintained at 37°C for 48 hours following transfection 

before were divided to conduct either Western blot or qRT-PCR analyses.

Knock-down of CTCF in cultures was confirmed by Western blots with goat anti-CTCF 

(Santa Cruz Biotech., sc-15914X at 1:1000 dilution) and mouse anti-beta-Actin (Sigma, 

A5316, at 1:6000 dilution). Blots were imaged with an Odyssey Imaging System (Li-Cor 

Biosciences) and intensities were quantified using ImageJ software (National Institutes of 

Health). Protein band intensities are reported as the mean of three individual trials with error 

bars representing the standard error of mean.

Th expression levels in transfected cells were measured by qRT-PCR. Total RNA from cells 

was collected using the GenCatch Total RNA Extraction System (Epoch Life Science). First-

strand cDNA syntheses were generated with SuperScript III reverse transcriptase 

(Invitrogen). Quantitative PCR reactions were performed with TaqMan assays (Applied 

Biosystems) for human Th (Hs00165941_m1) and beta-Actin (Hs3044422). All reactions 

were carried out on a 7500 Fast Real-Time PCR System (Applied Biosystems). All samples 

were run in triplicate and expression levels for Th were normalized to beta-Actin. The mean 

relative expression levels are reported with error bars representing the standard error of the 

mean.

RESULTS

Genomic sequence alignments and identification of conserved upstream regions

To identify regions of evolutionary conservation, 11kb genomic DNA sequences upstream of 

the Th proximal promoter from nine mammalian species were aligned. This analysis 

identified five regions of high homology based on the criteria of being a minimum length of 

75 nucleotides length, having more than 50% homology to human, and being conserved in 

all nine species. These conserved regions were named E1–E5, going from the proximal to 

distal end of the Th upstream region (Fig 1–3). All five of the regions were found in only 

placental mammals and were absent in alignments with Th upstream regions from avians, 

reptiles, amphibians and fish (data not shown).

Recruitment of established regulators of Th transcription

Several individual transcription factor binding sites upstream of the Th proximal promoter 

have been reported, and many of these sites overlap with the conserved regions identified by 
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our alignment (Fig 4A). NURR1 (NR4A2) is a transcription factor necessary for Th 
expression in the midbrain [18,19]. NURR1 can also drive dopaminergic differentiation in 

the OB [20]. The E2 region identified in this study contains a previously reported NURR1 

binding site [21,22] and our analysis shows that this site is highly conserved in mammals 

(Fig 2B, Fig 4A). Our analysis also identified potential novel NURR1 binding sites in the E3 

and E5 regions (Fig 2C, Fig 3B, Fig 4A). To test whether these unreported binding sites 

recruit NURR1, chromatin immunoprecipitation (ChIP) assays were performed in SH-SY5Y 

cells transfected with a FLAG-tagged NURR1 expression plasmid. These ChIP assays 

showed that NURR1 is recruited to the E2, E3 and E5 regions, but not to a negative control 

region in intron 10–11 (Fig 4B). Together, the ChIP assays indicate that NURR1 regulates 

Th transcription by targeting multiple upstream regulatory regions.

The specification and maintenance of the midbrain dopaminergic phenotype is regulated by 

the interaction of NURR1 with other transcription factors, such as Paired-like homeodomain 

3 (PITX3) and Forkhead Box A2 (FOXA2). Both PITX3 and FOXA2 physically interact 

with NURR1 and function as co-activators [23,22]. In the E5 region, our analysis found that 

a previously reported PITX3 binding site [24] is conserved in mammals (Fig 3B, Fig 4A) 

and also identified a previously unreported FOXA2 core binding motif (5′-AAAYA-3′)
[25,26] that is conserved in rodents and primates (Fig 2B). In addition, the E2 region 

contains three conserved FOXA2 binding sites (Figu 2B) that were previously identified in 

embryonic midbrain progenitors [22]. A previous ChIP-seq study also indicated PITX3 

targets a region that overlaps E2 [23], but a consensus PITX3 binding site motif (5′-
TAATCC-3′) was not identified within this region. The analysis of the E2 region, however, 

did find a core homeodomain sequence (5′-TAAT-3′) 15bp upstream from the NURR1 sites 

(Fig 2B, Fig 4A). Inspection of the E3 region also found a core homeodomain motif 5bp 

upstream from a Nurr1 site (Fig 3A, Fig 4A).

ChIP assays in SH-SY5Y cells showed that endogenous PITX3 and FOXA2 are recruited to 

the E5, but not E2 or E3 regions (Fig 4C,D). These findings indicate that NURR1, PITX3 

and FOXA2 collectively target the E5 region to regulate Th expression. By contrast, the 

binding site motifs identified in the E2 and E3 regions were not sufficient to recruit either 

PITX3 or FOXA2 under these conditions used in these studies. Previous work with SH-

SY5Y cells also detected PITX3 binding to the E5, but not E2, region [24]. By contrast, 

studies with mouse embryonic midbrain cells and cultured MN9D cells reported PITX3 and 

FOXA2 binding to the E2 region [23,22]. Given the importance of combinatorial 

interactions between transcription factors in regulating DNA binding site specificity and the 

formation of transcription regulatory protein complexes [27,28], the differential recruitment 

of PITX3 and FOXA2 to the E2 region may reflect cell type differences in either post-

translational modifications or the co-expression of other proteins.

In OB dopaminergic neurons, the heterodimeric transcription factors Pre B-cell Leukemia 

homeodomain 1 (PBX1) and Myeloid ecotropic viral integration site 2 (MEIS2) promote 

specification of the OB dopaminergic phenotype by directly binding to a site upstream of the 

mouse Th proximal promoter [29,30]. Our analysis, however, found that this target site, 

which is between the E2 and E3 regions, was not conserved throughout mammals (Fig 4A). 

By contrast, inspection of the E4 region identified three MEIS-PBX consensus binding 
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motifs that are well conserved (Fig 3A, Fig 4A), and ChIP assays with mouse OB tissue 

showed that both MEIS2 and PBX1/2/3 associate with the E4 region (Fig 4E,F). The high 

conservation of the MEIS-PBX binding motifs within E4 suggests that this region mediates 

the conserved regulation of Th expression by MEIS and PBX proteins in the mammalian 

OB, whereas the previously identified MEIS-PBX site may be an important co-regulator of 

Th expression specifically in rodents.

MEIS2 also regulates Th transcription in the OB by physically interacting with the Paired 

Box 6 (PAX6) transcription factor [29]. PAX6 is necessary for OB dopaminergic neuron 

development and survival [31–33], but whether it targets a specific Th cis-regulatory region 

has not been established. PAX6 contains two functional DNA-binding domains, a paired 

domain and homeodomain, that each bind to distinct recognition sequences [34]. None of 

the upstream regions identified in this study contain consensus binding sites for the paired 

domain, but the E2, E3 and E4 regions contain core homeodomain (5′-TAAT-3′) binding 

site motifs (Fig 2B,C, Fig 3A, Fig 4A). ChIP assays with mouse OB tissue showed that 

PAX6 associates with the E3, E4 and E5 regions, but not with either E1, E2 or a negative 

control region (Fig 4G). Together, these studies indicate that MEIS2, PBX1 and PAX6 

regulate Th transcription in the OB, in part, by collectively targeting the E4 upstream region.

The Neuron-Restrictive Silencer Factor/RE1-Silencing Transcription factor (NRSF/REST) 

mediates epigenetic regulation of Th transcription in cultured cell lines and binds to a site 

found within the E1 region (Fig 2A and Fig 4A)[35–37]. This NRSF binding site shows 

conservation, but the in vivo relevance of this site is unclear. NRSF expression levels in the 

adult brain under physiological conditions are very low and there are several alternatively-

spliced NRSF isoforms that have different DNA binding affinities [38,39]. Furthermore, 

NRSF is expressed at high levels during embryonic development, but the ENCODE database 

shows that NRSF does not occupy either the E1 region or the Th promoter in human 

embryonic stem cells [40]. Thus, NRSF may not regulate Th expression either during 

development or in the normal adult brain. Further studies are required, however, to establish 

whether NRSF regulates Th expression by targeting the E1 region under pathological 

conditions associated with elevated NRSF expression levels, such as MPTP-mediated 

neurodegeneration [36].

CTCF is a novel, direct regulator of Th promoter activity in the forebrain

Analysis of the E1 region identified an unreported and conserved CCCTC-binding factor 

(CTCF) consensus site adjacent to the previously reported NRSF site (Fig 2A, Fig 4A). 

CTCF is broadly expressed in many tissues and is a bifunctional regulator of transcription 

[41]. CTCF has not been previously reported to regulate Th expression, but ChIP-seq data 

from over 45 different cell lines in the ENCODE database show that CTCF associates with a 

region that overlaps with E1 (Fig 4A). To establish whether CTCF targets the E1 region in 
vivo, ChIP assays were performed with tissue from several mouse brain regions. These 

assays showed that CTCF occupied the E1 region in the OB, but not in the midbrain (Fig 

5A, B), suggesting that CTCF is a region-specific regulator of Th expression. In a small 

subset of cortical neurons, Th is transcribed, but not translated into protein [42]. ChIP assays 

showed that CTCF also occupied the E1 region in cortical tissue (Fig 5C), suggesting that 
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CTCF is a forebrain-specific regulator of Th. ChIP assays were also conducted with 

forebrain progenitors in neurospheres derived from the adult subventricular zone. These 

assays also found CTCF occupancy in the E1 region, revealing that CTCF regulation of Th 
is not limited to only mature neurons (Fig 5D). To establish whether CTCF targeted the Th 
promoter outside of the nervous system, ChIP assays were conducted with liver tissue. These 

assays showed no significant occupancy of E1 (Fig 5E) and indicate that CTCF is not 

required for maintaining Th repression in non-neural tissues.

To address whether modifying CTCF expression levels could alter Th promoter activity, 

luciferase transcription assays were conducted with SH-SY5Y cells since we had shown that 

CTCF is recruited to the E1 region in this cell line (Fig 5F). These assays showed that co-

transfection of a Ctcf expression plasmid reduced Th promoter activity (Fig 6B), whereas 

siRNA-mediated partial knock-down of CTCF in these cells increased Th promoter activity 

(Fig 6C–E). These findings indicate that CTCF functions as a repressor of Th transcription 

in these cells. Moreover, together with the ChIP assays, these findings show that CTCF is a 

forebrain-specific and direct regulator of Th transcription.

DISCUSSION

Our analysis identified five highly conserved regions in the genomic DNA upstream of the 

Th proximal promoter in placental mammals. The restricted conservation of these regions to 

placental mammals likely reflects the presence of a Th gene paralogue (Th2) in non-

placental mammals and other vertebrates (avians, reptiles, amphibians and fish) that may 

have arisen from whole-genome duplication in early vertebrate evolution [43]. In situ 
hybridization studies in both developing and adult fish showed that the two Th paralogues 

have largely complementary expression patterns [43–45], suggesting that the cis-regulatory 

mechanisms controlling the single placental mammalian Th gene are distributed between the 

two paralogs in other vertebrates.

Our identification of highly conserved territories within the mammalian Th upstream region 

ranging in length between ~100bp to ~200bp significantly advances our understanding of 

genomic control of Th expression. These findings contrast with a previous analysis of 

humans, rats and mice that only identified five short conserved sequences (18–60bp in 

length)[6]. Four of these five previously reported sequences overlap with the regions 

identified in our alignments, but the limited number of species analyzed together with an 

apparent emphasis on contiguous sequences with near perfect homology likely prevented 

this previous analysis from identifying the larger territories of high conservation described in 

the current study.

The five upstream regions defined in the present study contain both previously and newly 

identified binding sites for transcription factors that regulate Th transcription during 

development and homeostasis. NURR1 is a key regulator of Th expression in several brain 

regions, and our study showed that NURR1 is recruited to the E2, E3 and E5 regions. 

NURR1 is a bifunctional regulator of Th transcription, and whether it either activates or 

represses transcription is influenced by its interaction with other transcription factors 

[23,21]. Thus, the recruitment of NURR1 to E2, E3 and E5 regions is expected to make the 
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regulatory role of these regions bifunctional as well, which suggests these regions can act as 

either distal enhancers or repressors depending on specific transcription factor expression 

profile of the cell.

NURR1 is also reported to bind the Th proximal promoter [46,47], but a previous analysis of 

nucleotide conservation within the Th proximal promoter found that this site was poorly 

conserved outside of rodents [10]. In addition, the position of this putative site in the 

promoter potentially conflicts with the binding of general transcription factors, such as TBP. 

In light of these observations, the findings from the present study suggest that the targeting 

of the E2, E3 and E5 regions is the conserved mechanism by which NURR1 regulates Th 
transcription.

The findings in this study suggest that the E5 region is important for regulating Th 
transcription in midbrain neurons. This region can recruit the transcription factors (NURR1, 

PITX3 and FOXA2; this study) and co-activator proteins (DJ1 and MTA1; [24]) that are 

established regulators of the midbrain dopaminergic phenotype. Other studies have also 

indicated that the sequences within the E2 regions are also important for driving Th 
expression in the developing midbrain by also recruiting NURR1, PITX3 and FOXA2 

[23,21,22], which suggests that that regulatory protein complexes assembled on the E5 

region may work coordinately with those assembled on the E2 region. The role of PITX3 or 

FOXA2 on these regulatory regions within the midbrain, however, is limited to the 

substantia nigra since the loss of either PITX3 or FOXA2 only disrupts development of 

dopaminergic neurons in the substantia nigra [48–50,25,51]. By contrast, NURR1 is critical 

for all ventral midbrain dopaminergic neurons [18,19], and thus, other transcription factors 

may interact with NURR1 on the E2, E3 and E5 regions in midbrain regions outside the 

substantia nigra to regulate Th transcription. Further studies are required to establish 

whether these conserved upstream regions are targeted by other transcription factors that 

regulate specification and maintenance of midbrain dopaminergic phenotypes, such as 

LMX1A/B, EN1, NGN2 and OTX2 (reviewed in [52].

In the OB, our studies indicate that MEIS2, PBX1 and PAX6 regulate Th transcription, in 

part, by collectively targeting the E4 upstream region. Our findings also suggest that the E3 

and E5 regions may also contribute to regulation of Th in the OB by recruiting Pax6. The 

presence of a homeodomain motif in E3 suggest that PAX6 could directly bind this region, 

but the absence of either a paired domain or homeodomain recognition motif in E5 suggests 

that PAX6 associates with this region indirectly through interactions with other DNA-

binding proteins. An important goal for future studies is to establish whether the association 

of PAX6 to the Th upstream regions is mediated by direct binding to the Th genomic DNA 

or through protein-protein interactions with factors, like MEIS2, that are also recruited to 

these regions. The high conservation of the MEIS-PBX binding motifs within E4 suggests 

that this region mediates the conserved regulation of Th expression by MEIS and PBX 

proteins in the mammalian OB, whereas the previously identified MEIS-PBX site may be an 

important co-regulator of Th expression specifically in rodents. It should also be noted that 

the one of the conserved MEIS-PBX sites overlap with AP-1 binding site that is responsible 

for induction of Th expression in response to glucocorticoid receptor activation [53]. AP-1 

also has a highly conserved site in the Th proximal promoter that is an important modulator 
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of stimulus-induced transcription [10,54,55]. This further suggests that the E4 region is an 

important regulator of Th expression in the olfactory system, and future studies will address 

with MEIS, PBX or PAX6 proteins bound to E4 interact with AP-1 bound to either E4 or the 

proximal promoter to drive Th transcription.

The present study identified CTCF as a novel and region-specific regulator of Th 
transcription. The CTCF recognition sequence in the E1 region is strongly conserved and the 

ChIP assays showed that CTCF occupied this region preferentially in the forebrain. Since 

CTCF can mediate interactions between distant genomic regions [41], CTCF may be 

important for bringing E1 into the proximity of other Th distal regulatory regions. CTCF is a 

bifunctional regulator of transcription and its ability to either repress or enhance 

transcription is context-dependent [41]. Our functional studies indicate that CTCF is a 

repressor of Th expression, and this property may be important for restricting Th 
transcription to specific neuronal subpopulations in the forebrain [42,56]. Since CTCF is 

broadly expressed in the brain and other tissues [57], further studies are required to establish 

how brain region-specific recruitment to the E1 region is achieved.

The conserved upstream regions identified in this study significantly advance our 

understanding of the genomic DNA regulatory architecture for the mammalian Th gene. 

Moreover, our findings that these regions recruit transcription factors that are established 

regulators of Th expression provides insight into conserved mechanisms that regulate 

specification and maintenance of catecholaminergic neuronal phenotypes in the mammalian 

brain. These mechanisms, however, also likely include contributions from regulatory regions 

downstream downstream of the transcription start site. Previous studies with transgenic mice 

showed that downstream regions can augment reporter expression levels [58,59]. The first 

2kb downstream of the human Th gene was found to be sufficient for activating transcription 

in specific brain regions, but it did not suppress ectopic reporter gene expression in non-

catecholaminergic regions [58]. This suggests that the combined input from upstream and 

downstream regulatory regions is required to drive Th expression at high levels specifically 

in catecholaminergic neurons.
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Figure 1. 
Conservation of 11kb genomic sequences upstream of mammalian Th. Graphic 

representation of human nucleotide sequence conservation as a percentage relative to each of 

the other mammalian species examined. The five upstream regions of high conservation 

(E1–E5) and proximal promoter (PP) are highlighted in yellow.
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Figure 2. 
Genomic sequence alignment and transcription factor binding sites for the E1, E2 and E3 

upstream regions. A, alignment of the E1 region reveals a novel and conserved binding site 

motif for CTCF (highlighted in orange). The alignment shows that a previously reported 

NRSF binding site [35] is partially conserved in mammals (highlighted in green). The E1 

region also contains an aryl-hydrocarbon response element (ARE) that was previously 

identified in mice [60]; highlighted with open box). This mouse ARE, however, is only 

partially conserved in mammals and may be a species-specific regulatory element. B, 

alignment of the E2 region shows that previously reported binding sites for FoxA2 and 

Nurr1 [21,22] within this region are conserved in mammals (sites are highlighted in green). 

This alignment also reveals an additional, novel and conserved binding site for Nurr1 and a 

core homeodomain (HD) binding motif (highlighted in orange). C, alignment of the E3 

region reveals a novel and conserved Nurr1 binding site as well as two core homeodomain 

(HD) motifs (highlighted in orange).
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Figure 3. 
Genomic sequence alignment and transcription factor binding sites for the E4 and E5 

upstream regions. A, alignment of the E4 region reveals three novel and conserved binding 

site motifs and MEIS-PBX heterodimers [61](MEIS-PBX; highlighted in orange). One of 

the MEIS-PBX sites overlaps a previously identified AP-1 binding site reported to mediate 

the induction of Th expression in response to glucocorticoid receptor activation [53](GRE; 

highlighted in green). Another MEIS-PBX site overlaps with partially conserved core 

homeodomain binding site motif (HD; highlighted in orange). B, alignment of the E5 region 

shows that a previously identified PITX3 binding site (highlighted in green) is conserved in 

mammals [24]. Analysis of this region also identified previously unreported and conserved 

binding site motifs for FOXA2 and NURR1 (highlighted in orange).
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Figure 4. 
Recruitment of established regulators of Th transcription to conserved upstream regions. A, 

graphic representation of transcription factor binding sites previously reported and identified 

in the current study. B, ChIP assays testing NURR1 occupancy on the E2, E3 and E5 regions 

within SH-SY5Y cells over-expressing FLAG-NURR1 (n=3). C–D, ChIP assays testing 

PITX3 and FOXA2 occupancy, respectively, on the E2, E3 and E5 regions within SH-SY5Y 

cells (n=3 for each). E–F, ChIP assays testing PBX1/2/3 and MEIS2 occupancy, 

respectively, on the E4 region within OB tissue (n=6 and n=5 for PBX and MEIS, 

respectively). G, ChIP assays testing PAX6 occupancy on the E2, E3 and E4 regions within 

OB tissue (n=4). For all ChIP assays, negative control regions are indicated by “crtl”, 

asterisks indicate a significant difference (p ≤ 0.01) and “n.s.” indicates non-significant 

enrichment.
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Figure 5. 
Tissue-specific recruitment of CTCF to the E1 upstream region. A–F, relative enrichment of 

the E1 region in ChIP assays for CTCF with mouse olfactory bulb (OB), midbrain (MB), 

cortex, adult neurosphere cultures (aNSC), liver tissue, and SH-SY5Y neuroblastoma cells, 

respectively (n=3 for each).
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Figure 6. 
CTCF regulates Th promoter activity. A, luciferase reporter activity with the 4.5kb rat Th 
promoter in SH-SY5Y cells with over-expressing CTCF (n=3). B and C, western blots and 

quantitation of protein levels, respectively, for SH-SY5Y cells with partial Ctcf expression 

knock down by RNAi (n=3 for each). D, luciferase reporter activity with the 4.5kb rat Th 
promoter in SH-SY5Y cells with Ctcf expression knocked down by RNAi (n=3). For all 

studies, asterisks indicate a significant difference (p ≤ 0.01) and “n.s.” indicates non-

significant difference.
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