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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 neuron 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 77 proximal promoter, however, is poorly understood.
In this study, we examined the 11 kb upstream nucleotide sequence of 7/ 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 7% 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 7% transcription in the forebrain.
Together, the findings in this study provide key insights into the upstream regulatory genomic architecture and regulatory

mechanisms controlling mammalian 77 gene transcription.
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Introduction

Tyrosine hydroxylase (Th) encodes the rate-limiting enzyme
for catecholamine neurotransmitter biosynthesis.
Homozygous loss of 7/ 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 nor-
adrenaline levels in multiple brain regions that are linked to
impaired associative and latent learning [3]. In humans,
individuals with mutations in the 7/ coding region on both
Th alleles can develop Th deficiency, which encompasses a
spectrum of movement disorders that typically first mani-
fests in infants [4].

The spatial organization of catecholaminergic neurons is
conserved in the mammalian brain [5], which indicates that
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there are evolutionarily conserved regulatory mechanisms
controlling the expression of genes required for catecholamin-
ergic phenotypes. Studies examining molecular mechanisms
regulating 7% transcription have concentrated on the human
and rodent 77 proximal promoter region (<1 kb upstream),
and these studies have identified several promoter cis--
regulatory elements that modulate gene expression [6—10].
Although the proximal promoter is necessary for 7/ expres-
sion, it is not sufficient to drive reporter gene expression
in vivo [11-13] and regulatory regions outside the proximal
promoter are required to activate 7/ expression. Studies with
the human and rat 7% locus have shown that the 11 and 9 kb
upstream regions, respectively, can drive reporter gene expres-
sion in adult catecholaminergic regions with minimal ectopic
expression [6, 12, 14, 15]. Despite their importance, a system-
atic 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 mamma-
lian catecholaminergic neurons as well as the extensive use of
rodents and other mammals to understand the function of
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these neurons in humans, there is a high priority on identifying
conserved upstream regulatory regions that control 7/ expres-
sion in the mammalian nervous system. Moreover, identifying
conserved upstream regions will also provide novel insight
into the molecular mechanisms controlling 7% expression nec-
essary for the specification and maintenance of catecholamin-
ergic neuronal phenotypes.

To establish whether there are conserved territories up-
stream of the mammalian 7h promoter, this study aligned
11 kb genomic sequences upstream of 7/ from nine mamma-
lian species. The conserved regions identified by this align-
ment were tested for their ability to recruit established tran-
scription factors that regulate 7/ 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 7/ 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 7h 11 kb
upstream region.

ChIP Assays

For ChIP experiments to detect NURR1 occupancy, human
SH-SYS5Y cells were grown in 60 mm culture dishes to ~ 80%
confluence and then transfected with p3XFlag-CMV-mNurr!
(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
9 min. Fixation was terminated by addition of 125 mM gly-
cine, and cells were washed twice with PBS before being
pelleted by centrifugation at 4 °C for 5 min and resuspended
with SDS Lysis Buffer (Millipore). The chromatin was
sheared with a Bioruptor sonicator (Diagenode) and immuno-
precipitation of cross-linked protein-DNA complexes used the
Magna ChIP Protein-A/G kit (Millipore) following the man-
ufacturer’s instructions. Immunoprecipitation reactions used
4 ug of either mouse anti-FLAG M2 antibody (Sigma) or
normal mouse IgG (Santa Cruz Biotechnology). Reverse
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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
FOXAZ2, lysates from non-transfected SH-SYSY cells were
prepared as described above. Immunoprecipitation reac-
tions used either 2.5 pg of mouse anti-PITX3 antibody
(Thermo, 38-2850), 1.5 g 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% formalde-
hyde in PBS on ice for 15 min. Fixation was terminated with
125 mM 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-SYSY cells and used
either 6 pg of goat anti-CTCF antibody (Santa Cruz), 10 pg of
goat anti-MEIS2 antibody (Santa Cruz Biotech, sc-10600),
2 pg of mouse anti-PBX1/2/3 antibody (Santa Cruz Biotech,
sc-28313), 5 ug 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 (20 ng/
mL; BD Bioscience), and EGF (20 ng/mL; BD Bioscience).
Initial cultures were expanded for 7-8 days and then dissoci-
ated 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 9 min.
Fixation reactions were terminated by the addition of
125 mM 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
6 ng of either goat anti-CTCF antibody (Santa Cruz) or nor-
mal goat IgG (Santa Cruz).

All immunoprecipitated 7/ promoter genomic DNA frag-
ments 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:

mouse 7/ El forward strand 5°’-GGGATTTGCAGGAG
CTTGCTCA-3".

mouse Th El reverse strand 5’-CTTGGACTCTCAGG
AGCCAACT-3".

mouse 7/ E2 forward strand 5’-TTCCATGAAAGCAC
AACTGGC-3'.
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mouse Th E2 reverse strand 5’-CAGGGTCGGCTGCT
GAGGAT-3".

mouse Th E3 forward strand 5’-TGGTCTGACTTTCA
GCTGCCCAAT-3".

mouse Th E3 reverse strand 5’-CAATACCACTCACT
GACCTCACTG-3".

mouse Th E4 forward strand 5’-GTGACCACCACTCA
CGGGCT-3".

mouse Th E4 reverse strand 5’-CCTGTGCACCAGTG
AGTCACATAA-3'.

mouse Th ES forward strand 5’-TCCAGGAGAACAGA
CGCCAGC-3".

mouse 7/ E5 reverse strand 5°-GCCAGGCTGAAGGC
AAGCACA-3'.

mouse 7/ negative control forward strand 5’-TGCCTCAG
CAGAGCCTGAGT-3'.

mouse 7/ negative control reverse strand 5°’-AAGCTCCC
CGTGACTGTGTG-3'.

human 7/ E1 forward strand 5’-CCAAATCCTTCTGG

GCCAGGA-3".

human Th El reverse strand 5’-CCGTTCTCTCTTCA
ACAATAGCC-3'.

human 7/ E2 forward strand 5°-TTCCATGAAAGCAC
AACTGGC-3".

human 7/ E2 reverse strand 5’-CAGGGTCGGCTGCT
GAGGAT-3".

human 7/ E3 forward strand 5’-TCGCTCTGGGCCTG
ACTTCC-3'.

human 7% E3 reverse strand 5’-AACACAGGACAGAA
TCCGCCGT-3'.

human 7% E5 forward strand 5’-TTGGAGCAAAGCGG
ACAAGCTCA-3".

human 7% ES5 reverse strand 5°-GCGCATTCACTTCA
GGTACCTC-3".

human T7h negative control forward strand 5°-
AGGCTGAGGCCTCTCCTTCCA-3'.

human 7% negative control reverse strand 5’-GAACTCCA
CCGTGAACCAGTACA-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 ¢ 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-SYSY cultures were seeded in Primaria-
coated 6-well plates (Corning) at 3 x 10° cells/well and incu-
bated at 37 °C for 24 h before using Lipofectamine LTX
reagent (Thermo Fisher Scientific) to co-transfect 4 pg of
pCMV-Myc-CTCF (a gift from Dr. Mary Donohoe, Burke

Medical Research Instiute), 2 pg of pGL4.20 reporter plasmid
containing Firefly luciferase under control of the rat 7/ 4.5 kb
promoter (generated in our laboratory), and 1 pg of pRL-
CMV (Promega), which constitutively expresses Renilla lu-
ciferase in order to control for variations in transfection effi-
ciency. After 24 h, 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 activi-
ties 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-SYS5Y cultures were seeded in Primaria-coated 6-
well plates (Corning) at 3 x 10° cells/well and incubated at
37 °C for 24 h 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 h 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 inten-
sities 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 TagMan as-
says (Applied Biosystems) for human 74 (Hs00165941 ml)
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 7h
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, 11 kb geno-

mic DNA sequences upstream of the 7/ proximal promoter
from nine mammalian species were aligned. This analysis
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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-ES5,
going from the proximal to distal end of the 7h upstream
region (Figs 1, 2, 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 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 report-
ed NURRI1 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 ES5 regions (Fig. 2c, Fig. 3b, Fig. 4a). To test wheth-
er these unreported binding sites recruit NURR1, chromatin
immunoprecipitation (ChIP) assays were performed in SH-
SYSY cells transfected with a FLAG-tagged NURR1 expres-
sion plasmid. These ChIP assays showed that NURRI is re-
cruited 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 NURRI regulates 7/ transcription by
targeting multiple upstream regulatory regions.

The specification and maintenance of the midbrain dopa-
minergic phenotype is regulated by the interaction of NURR1

Rat

Fig.2 Genomic sequence alignment and transcription factor binding sites P>
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 Nurrl [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 Nurrl and a core homeodomain (HD) binding motif
(highlighted in orange). ¢ Alignment of the E3 region reveals a novel
and conserved Nurrl binding site as well as two core homeodomain
(HD) motifs (highlighted in orange)

with other transcription factors, such as paired-like
homeodomain 3 (PITX3) and forkhead box A2 (FOXA2).
Both PITX3 and FOXA2 physically interact with NURRI
and function as co-activators [22, 23]. In the ES 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 FOXA?2 core binding motif
(‘5-AAAYA-3’) [25, 26] that is conserved in rodents and pri-
mates (Fig. 2b). In addition, the E2 region contains three con-
served FOXA2 binding sites (Fig. 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") 15 bp upstream from
the NURRTI sites (Fig. 2b, Fig. 4a). Inspection of the E3 region
also found a core homeodomain motif 5 bp upstream from a
Nurrl site (Fig. 3a, Fig. 4a).
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species examined. The five upstream regions of high conservation (E1—-
ES5) and proximal promoter (PP) are highlighted in yellow

Fig. 1 Conservation of 11 kb genomic sequences upstream of
mammalian 7. Graphic representation of human nucleotide sequence
conservation as a percentage relative to each of the other mammalian

@ Springer



Mol Neurobiol

A

E1 region

Human -1741
Baboon  -1742
Vervet -1745
Rat -1665
Mouse -1661
Cow -1721
Dog -1499
Panda -1495
Dolphin -1389
Human -1647
Baboon -1648
Vervet  -1652
Rat -1573
Mouse -1569
Cow -1628
Dog -1411
Panda -1407
Dolphin -1296
Human -1582
Baboon  -1582
Vervet -1588
Rat -1488
Mouse -1489
Cow -1556
Dog -1317
Panda -1316
Dolphin -1222
E2 region

Human -2443
Baboon  -2424
Vervet -2427
Rat -2199
Mouse -2218
Cow -2447
Dog -2111
Panda -2121
Dolphin -2048
E3 region

Human -5541
Baboon  -5634
Vervet  -4332
Rat -4500
Mouse -4627
Cow -4874
Dog -3856
Panda -3896
Dolphin -4257
Human -5450
Baboon  -5544
Vervet -4241
Rat -4417
Mouse -4595
Cow -4793
Dog -3765
Panda -3799
Dolphin -4177

GAGTGAGCAGCGACGGAACTGGGTTTTGTGGGATGCATAGGAGTTCACCCGGATAAGAGGTGGGTGAGGAATGACACTGCAAACCGGGGATCAC -1648
GAGTGAGCAGCGACCGAGGTGGGTTTTGTGGGATGCGCAGGAGCTCACCTGGATAAGAGGTGGCTGAGGAATGACACTGTGAACTGGGGATCAC -1649
GAGTGAGCTGCGACCGAGATGGGTTTTGTGGGATGCACAGGAGTTCACTTGGAT-AGAGGTGGCTGAGGAATGACACTGTGAACTGGGGATCAC -1653
GAGTAAATAGTCACTGAGCCGGGGTTTATGGGGTTTGTAGGAGCTTACTCAGA--GAAAGTAGATGAGAGATGCCATGCCAGTCTGAGTATCAC -1574
GAGTAAATAGTCCCTGAGCTGGGGGTTATGGGATTTGCAGGAGCTTGCTCAGA--GAAGGCAGAGGAGAGATGCTGCGCCAAGCTGGGTATCAC -1570
GAGTGAATCGTAGCTGAGCT-GGCTTTGTGGGATGCATAGGAGTTCGCCAGGAGAAGAAACGGGTGAGGAACAGCATTTCAAATGGGGCGTCAC -1629

GAATGAATGCTGGCTAAGCTGGGTTTTGTGGAATGCATAGGAGCTCACCTGCAGAAGAAGGGGGTG-——--—-—— AATCTTGCACACTAGGTATCGT -1412
GAATGAACGGTGGCTAAGTTGGGTTTTGTGGAGTGCATAGGAACTCAGCAGGAGGAGAAGGGGGTG-——-——— AACGTTGCAAACTGGGTGTCAT -1408
GAGTGAATGGTAGCTGAGCT-GGTTTTGTGGGATGCATAGGAGTTCGCCAGGAGAAGAAAAGGGTGAGGGGCAGTATTTCAAACAGGGTGTCAT -1297
GGAGCCCCAAATCCTTCTGG-GCCAGGAAGTGGGAAG-——————————————————————— GGTTGGGGG----dTCTTCCCTTTGCTTT[GACT -1583
GGAGCCCCAAATCCTTCTGG-GGCAGGAAGTGGGAAG-——————————————————————— GGTCGGGGGC--—-@TCTCCCCTTTGCTCTGACT -1583
GGAGCCCCAAATCCTTCTGG-GGCAGGAAGTGGGAAG-——————————————————————— GGTCGGGG-—-—— GTCTCCCCTTTGCTCTGACT -1589

AGAGCCCCAGGCTCTCCTGG-GAACGGAACTGTGAGGGCCAGAAGGTCAGCAAGGGA----GGTTAGGGA----GAGTTCCTTTTGTACTGACT -1489
AGAGCCTCAGA--CTCCTGG-AACAGGAACTGTGGGGGTC--~AGGTCAGCAGGGGA----GGTTAGGGA---—-FJTGTTCCCTTTGTACTIGACT -1490
GGAGCCCAAACTCTTCTGG--AGCCGGAAACGGGGATTTTAGGGAGTGGGACCAACAGC--GGGGAGGTGAGGAGA-————————————— F--- -1557
GGCCTCCCAAGCACCCCAGGAAGCGGGAAGTGAGAACAGCCGAGGGTGAGAAGACCGGCAGGGGGAGGCATAGGGAGGCACCTCTCTTTGIACT ~-1318
GGACCCCCAGTCCCTCCTGG-AGCAGGAAGTGGGAGGAACCAAGGATGGGAGGGTCAGCAGGGCAAGG--GGAGEGAGGCACTTTCGCCTGCACT ~-1317
GAAGTCCAAACCCTCCTTT--AGCCGGAAATGGGGATGGTTGGGGGTGAGATCAATAG---GGGTGGGTGAGGGEAGG————5 —————— F--G -1223

GAGCACTCAGCCT! TGTGGGACA-- -1528
GAGCACTCA---- TGTGGAACA-- -1532
GAGCACTCA---- TGTGGAACA-- -1538
CAGCATTTATCCT! TGCAGAGCA-- -1435
TAGCATTTATCCT! TGCACAGCA-- -1436
—-GTCACTCGGGC- TGTGGAGCAAG -1503
GACTTCTTGGGCT! TGTGAAGGA-- -1262
GACTGAGCTCTCT! GGTGAGGTAAG -1260
GGTCACTCAGGCT! TGTGGAGCAAG -1166

TGAAAGCAC-AACTGGCCC-GGCAGGAAACCG. -2353
TGAAAGCAC-AACTGGTCCAGGCAGGAAACCG. -2333
TGAAAGCAC-AACTGGCCCAGGCAGGAAACCG. -2336
TGCAAGCAC-CTCCAGCCGAGACAAGAAAACG. -2109
TGCAAGCAC-CTCCAGCCGAGACAAGAGAACG. -2128
CGCAAG----CGCTGGCTCAGGGCGGCAAAGGG -2361
CGCAGGCCCACGACTGCTCAGGTAGGCAAGGG. -2019
TGCAGGCCCACGCTGGCTCAGGTGGGCAAAGG. -2029
CGCAGG----CACCGGCTCAGGGAAGCCAAGGG -1961
CGCTCTGGGCCTGACTTCCAAACACCC CCCTAAGTGCATCCGATCGACTGGCAGGGCGGCT-GTTCCGGGGCCCACCTCGTCCATG-——————~ -5451
CGCTCTGGGCCTGACTTCCAAACACCC CCCTAAGTGCATCCGATCGACCGGCAGGGCGGCT-GCTCCGGGGCC-GCTTCGTCCATG-——————— -5545

CGCTCTGGGCCTGACTTCCAAACACCC CCCTAAGTGCATCCGATCGACCGGCAGGGCGGCT-GCTCCGGGGCCTGCTTCGTCCATG--—————— -4242
TGCCTCTGGTCTGACTTTCAACTGCCC CCCTAAGTGTCTCCTATCGAC- —-CGACC-GCAGCTGGTGCTGTCCGGTACGTG-——————— -4418

TGCCTCTGGTCTGACTTTCAGCTGCCC CCCTAAGTGTCTCCTAT--———-———-——-— CGACC-GCAGCTGGTGCTGTCTAGTACATA - -4596
CTC —CCGACTTCCAAACGCAC CCCTGGGCGCCTCGCATCGACCGGCGGGGCGGCTAGCCCCAGGCCCGGCTCTGCC——————— - -4794
TCCTGCAGGTCCGCCTTCCAAATGCCC —CCTGAGAGCATCGGATCGACCGGTGATGCGCC--GGCTCCCGGCCGACCTGCCACACACT-——-——— -3766
TCCTGAAGGTCTCACTTCCAAATGACC —CCTGAGTGCCTCGGATCGACCAGTGAGGCAGC--GGCTCTGGTCCGACCCACCATGCGCTGCCCCC -3800
CCC——————— CTGACTTCCAAATGACC —CCTGAGCGCATCGGATCGACCAGTGGGGCGGCCGGCTCCTGGCCCGTCTCGTCG-——————————— -4178
—CGCTCCGCCCGCCCTGCTGTGG! -GGCTCCATCTGATGGCCTCATTAGGGC T-GGGTCTGACAGGGAC-—-——-——— GGCGGA -5364

—CGCTCCGCCCGCCCTGCTGCGEG! -~GGCTCCATCCGATGGCCTCGTTAAGGC! T-GGGTCTGACAGGGAC-- --GGCGGA -5458
—CGCTCCGCCCGCCCGGCTGCGG —~GGCTCCATCCGATGGCCTCGTTAGGGC! T-GGGTCTGACAGGGAC-—-—--—— GGCAGA -4155
—TTCTGAGTCTACAGCCCCGAGGCTGCTGCTCCATCCGATGGCCTCGTTAGGGC T-GGGCCTGATGAGGACAAGAATGGCTGGA -4320
—-TTCTGTGCCTACAGCCCCGAGGCTGCTGCTCCATCCGATGGCCTCGTTAGGGC T-GGTTCTGATGAGGACAAGAATGGCTGGA -4498
—ATCCCCTC GCTCCCTGCGACG--CTCATCAGAGC| TCAGCGCTGACA-GGC-————————————— -4731

—CCCCCCGCCTGCCCGCCCAGCTGCTCGGTTCCATCCGATGGTCTCGTTAGAGC TCAGCTCTGACAGGGC-- - -3681
CACCCCCGCCGGCTCGCCCAGCTGCTCGGTTCCATTCGATGGCCTCGTTAGAGC] TCAGCTCTGACAGGGC-- - =-3714
—ACCTCCTCCACCCGCCTTCTCGCCTCTGCTCCCT-CCACGTCCTCCTTAGGGC TCAGCTCGGACA-GGC-————————————= -4094

ChIP assays in SH-SY5Y cells showed that endogenous  identified in the E2 and E3 regions were not sufficient to
PITX3 and FOXA2 are recruited to the ES, but not E2 or E3 recruit either PITX3 or FOXA2 under these conditions used
regions (Fig. 4c, d). These findings indicate that NURR1,  in these studies. Previous work with SH-SYSY cells also de-
PITX3, and FOXA2 collectively target the ES region to regu-  tected PITX3 binding to the ES, but not E2, region [24]. By
late Th expression. By contrast, the binding site motifs  contrast, studies with mouse embryonic midbrain cells and
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E4 region

Human -7329
Baboon  -6980
Vervet -5676
Rat -5831
Mouse -5917
Cow -5781
Dog -5170
Panda -5179
Dolphin -5421
Human -7231
Baboon -6882
Vervet -5578
Rat -5730
Mouse -5816
Cow -5690
Dog -5070
Panda -5079
Dolphin -5319
Human -7124
Baboon -6775
Vervet -5471
Rat -5633
Mouse -5721
Cow -5590
Dog -4983
Panda -4993
Dolphin -5225

B

E5 region

Human -8980
Baboon -8629
Vervet -7328
Rat -8976
Mouse -8284
Cow -7140
Dog -6528
Panda -6559
Dolphin -6819
Human -8898
Baboon  -8547
Vervet -7293
Rat -8895
Mouse -8203
Cow -7031
Dog -6438
Panda -6469
Dolphin -6728

Fig.3 Genomic sequence alignment and transcription factor binding sites
for the E4 and ES 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 T/ expression in response to

————GGCTGTGGCCTTGCAATGAGATGTGATTT AGCACAGCT GCCGCCT-- GAACTGAATGCC
—-—---GGCCGCGGCCTTGCAATTAGATGTGATTT AGCACAGCTGCTGCCT-- GAACTGAATGTC

—-—-—-GGCTGCGGCCTTGCAATTAGATGTGATTT, AGCACAGCTGCTGTCT-- GAACTGAATGTC
GGTAGGCAGCCGTCTTGCAATTAGACATGA-TT ATCACCACCGTGGTCC-- GAACTGAATGTC
GGCAGGCAGCCATCTTGCAATTAGACATGA-TT ATCGCCACTCTGGTCC—--—-— GAACTGAATGCC
——--GGCTCTGGTCTTGCTGTTGGACCTGA-TT! AGCACAGCTG-———————-——— CCTGGGC CAGCTGAATGCG
—----GGCACCGGGCCTGCCACTGTACCCGA—-— AACACAGCT GCCGGCGCCTGCCCCGGA GACCTGCACTCG
——-—-GGCACCGGGCCTGTCACTGTGCCCGC-GT! AACACAGCT GTGCCCGCCCGCCCCCGA GACCTGCA--CG
——-—-GACACTGGTCTTGCAATTAGACCTGA-TT, AGCACAGCT GCCACAGGCTGCCCGGGA GAACTGAATGTG

GCTCTTATTGCTTTTCACTCGAC GGCTGTCAAGAGC-CAGGGGGAGGGGGCAGAGGGTGGGGACCGGAGGTCTGATTGA
GCTCTTACTGCCTTTCACTCCAC GGCTGTCAAGAAC-CAGGGGGAGGGGGCAGGGTGTGGGGACCAGAGGTCTGATTGA
GCTCTTACTGCCTTTCACTCCAC GGCTGTCAAGAAC-CAGGGGGAGGGGGCAGGGGGTGGGGACCAGAGGTCTGATTGA
ACTCTTATTGCTTTT-ACT-GGC| —--CTGTCAAGTACTCTGGGAGGTGGCACGGAGGGT----ATTACGTGACTCACTGG
ACTCTTATTGCTTTT-ACT-GGC —-CTGTCAGATATGCTGGGAGGTGGCGTGGAGGG—————— TTATGTGACTCACTGG
GCTCTTACTGCTTTTC-TCCGGC] GGGCTGAGAGGA--CCAGGGGAGGGAGCCGTGGGGGAGGGCCC-———~ CCGGCTGA
CTCCTCCTGTCTTCCA-GCAGG(] TGATTGAAAG----CCAG-—-——————————— TGGGA-GGGGCAGCGGGCAAGA-GC
TCGCTCTTGCCCTCCA-GCAGG(] TGACTGAGA---—-— ——-TGGGAGGGGGTGGCGGGCAGGCTGA
GCCCTTATTGCTTTTC-TCCGGC| -GTGGGTGGGGGCCCGCAGGCAGGCTGA

GTCACCGGCATGGGGGCGAGGCTGGGTG-—————~ CCCGGA-GGGGTCTGCAAGAAACCAGGAGCACCTGGCAGGAA -7089

GTCACCAGCATGGGGGTGAGGCCGGGTG- --CTCAGG-GGGGTCTGCAAGAAAGCAAGAGC-CCTGGCGGGAA -6741
GTCACCAGCATGGGGGTGAGGCCGGGTG-—————— CTCAGG-GGGGTCTGCAAGAAAGCAAGAGC-CCTGGCGGGAA -5437
TGCACAGGT---TGGGAGAGGCAAGGGC-——-——-—— CTTAG--GGGGGACAGAGGGAAGCAGGAATACCAGAGAGGAC -5599
TGCACAGGC---TGGGGAAGGCAAGGGC-—-—-——— TTTAGAAGGAGGCGGGAGGGAACCAGGAATACCTGGAAAAAC -5685

GTCACTGGCACGGGGACAAGGTGGGGGGC--~--ATCTGAGA-AGGGACCCCCGGGAGCCAACAGCACCCGGCAGG-A -5553
ATCACC-ACAGGGGGGCCGGGCGGGGTGGGGGTGCCCAGGG-ACAGACCCCACAGAATCCAGGGCACCTGCCAGGAG —-4941
GTCACT-GCA-GGGGGCCAGGCGGGGTGGGGG—--CTCGGG-ACGGGCCCCAAGGAACCCAGAGCACCTGGCAGGAG -4954

GTCACTGGCATGGGGGCAAGGCAGGGGG-———— GTCTGCAG-AGGGACCCCCAGGAGCCAGGAGCACCTGTCAGGAA -5188

GGACAAGCTCAGGTGTTGGTAGAGTTCATCCCAGGCCCCAAAGTAATCAC G GCCCTGTCT CGGC-
AGACAAGCTCAGGTGTTGGTAGAGTTCATCCCAGGCCCCAGAGTAATCAC G GCCCTGTCT CGGC-
GGACAAGCTCAGGTGTTGGTAGAGTTCATCCCAGGCCCCAAAGTAATCAC-———————— G| GCCCTGTCT CGGC-
AGGCCAGCTCCAGTGTCAGGCGCCCTCATTCCA-ACTCCAAAGTAATCGC G| GCACTGTCT CAGA-
AGGCCAGCTCCAGTGTCAGGCGCCTTCATTCCA-ACTCCAAAGTAATCGC-——=-—=-——— G GCACTGTCT CAGT-
GAGCCAGCTCA-GTCTCTGCCGAGCTCACCGTGGGCCCCAGAGGCATCACAGAGAAGTAAG GCCCTGTCT CAGCC
GGGCCAGCTC--ATGTCAGCCCCACGCAACCCGGGCCCCAGAGT CATCAAAACTCAGAACGC GCCCTGTCT CAGCA
GGGCCAGCTC--GTGTCAGCCGAGCTCATCCTGGGGCCCAGAGT CATCAAAAATAAGAAAGC GCCCTGTCT CGGTG
GGGCCAGCTCG-GTCTCAGCTGAGCTCATCCTGGGCCCCAAAGT CATCAGAAATAAGTAATC GCCCTGTCT CGACT

GGCTGGGGCAGCGGCACGCAGCGGCCTGG GCCGGGGGTGGGGGCTCCTCCGAGCCCC GCAG-AGGTACCTGAAGTG
GGCTAGGGCAGCGGCACGCAGCAGCCTGG GCTGGGGGTGGGGGCTCCTCCGAGCCCC CAG-AGGCACCTGAAGCG
GGCTAGGGCAGCGGCACGCAGCAGCCTGG GCTGGGGGTGGGGGCTCCTCCGAGCCCC CGG-AGGCACCTGAAGCG
GTGTGGGTCA--GGCGCACCGCAGCCTGG GT GGCGGGGGCCTCCTCCCAGCTCC GCCC-AGGCACCTGAGCCA
GTATGGGTCA--GACTCACTGCAGCCTGG GT---GGTGGGGGCCTCCTCAGAGCTCC GCCC-AGGCACCTGAGCCA
AGCCAGGTCAGCGGCAC---GCGGCCTGG GCCGGCAGCGGGGGCTCCTCTGA--GCT GCTGGAGGCAACTGGGGAG
AGCGGGGTCATCGTCGC-—--GCAGCCGGC GGTGGGGGCGGGGGCTGCTCCAGGCCCT GCCGGAGGCAG-TGGGAGG
AGCGGGGTCAGCGGCAC---GCAGCCTGC GCTGGGGGCGGGGGCTCCTCCGCACCCC GTGGGAGGCA--TGGAACG
AGCTGGGTCAGCGGCGT---GCGGCCTGC GCGGGGGGCGGGGCCCCTCCAAG--CCC GCCAATGGCACCTGGAAGG

glucocorticoid receptor activation [53] (GRE; highlighted in green). orange)

cultured MNOD cells reported PITX3 and FOXA2 binding to  regulatory protein complexes [27, 28], the differential

the E2 region [22, 23]. Given the importance of combinatorial
interactions between transcription factors in regulating DNA-

binding site specificity and the formation of transcription  the co-expression of other proteins.
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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 NURRI (highlighted in

recruit-

ment of PITX3 and FOXA?2 to the E2 region may reflect cell
type differences in either post-translational modifications or
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Fig. 4 Recruitment of established regulators of 7 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 ES
regions within SH-SYSY cells over-expressing FLAG-NURRI (n = 3).
c—d ChIP assays testing PITX3 and FOXA2 occupancy, respectively, on
the E2, E3, and E5 regions within SH-SYSY cells (=3 for each). e—f

In OB dopaminergic neurons, the heterodimeric transcrip-
tion 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 77 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

ChlIP assays testing PBX1/2/3 and MEIS2 occupancy, respectively, on the
E4 region within OB tissue (=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 (7 =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

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, ). 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 mam-
malian OB, whereas the previously identified MEIS-PBX
site may be an important co-regulator of 7/ expression spe-
cifically in rodents.
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MEIS2 also regulates Th transcription in the OB by
physically interacting with the paired box 6 (PAX6) tran-
scription factor [29]. PAX6 is necessary for OB dopami-
nergic neuron development and survival [31-33], but
whether it targets a specific 7h 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 con-
sensus 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 ES regions, but not with either E1, E2,
or a negative control region (Fig. 4g). Together, these stud-
ies 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 tran-
scription 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 rele-
vance 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 develop-
ment, but the ENCODE database shows that NRSF does not
occupy either the E1 region or the 7/ promoter in human
embryonic stem cells [40]. Thus, NRSF may not regulate 7/
expression either during development or in the normal adult
brain. Further studies are required, however, to establish
whether NRSF regulates 7h expression by targeting the E1
region under pathological conditions associated with elevated
NRSF expression levels, such as MPTP-mediated neurode-
generation [36].

CTCF is a Novel, Direct Regulator of Th Promoter
Activity in the Forebrain

Analysis of the El region identified an unreported and con-
served CCCTC-binding factor (CTCF) consensus site adja-
cent to the previously reported NRSF site (Fig. 2a, Fig. 4a).
CTCEF is broadly expressed in many tissues and is a bifunc-
tional regulator of transcription [41]. CTCF has not been pre-
viously reported to regulate 7% 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 occu-
pied the E1 region in the OB, but not in the midbrain (Fig. Sa,
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b), suggesting that CTCF is a region-specific regulator of Th
expression. In a small subset of cortical neurons, 7% is tran-
scribed, but not translated into protein [42]. ChIP assays
showed that CTCF also occupied the E1 region in cortical
tissue (Fig. 5c), suggesting that CTCF is a forebrain-specific
regulator of 7h. ChIP assays were also conducted with fore-
brain progenitors in neurospheres derived from the adult
subventricular zone. These assays also found CTCF occupan-
cy in the El region, revealing that CTCF regulation of 7% is
not limited to only mature neurons (Fig. 5d). To establish
whether CTCF targeted the 7/ promoter outside of the ner-
vous system, ChIP assays were conducted with liver tissue.
These assays showed no significant occupancy of E1 (Fig. 5¢)
and indicate that CTCF is not required for maintaining 7%
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 CTCEF is recruited to the E1 region in this cell
line (Fig. 5f). These assays showed that co-transfection of a
Ctcf expression plasmid reduced 7/ promoter activity
(Fig. 6b), whereas siRNA-mediated partial knock-down
of CTCF in these cells increased 7/ promoter activity
(Fig. 6¢c—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 7/ proximal promoter in pla-
cental mammals. The restricted conservation of these regions
to placental mammals likely reflects the presence of a 7/ gene
paralogue (7h2) in non-placental mammals and other verte-
brates (avians, reptiles, amphibians, and fish) that may have
arisen from whole-genome duplication in early vertebrate evo-
lution [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 7% gene are distributed between the two paralogs
in other vertebrates.

Our identification of highly conserved territories within the
mammalian 77 upstream region ranging in length between ~
100 to ~200 bp significantly advances our understanding of
genomic control of 7/ expression. These findings contrast
with a previous analysis of humans, rats, and mice that only
identified five short conserved sequences (18—60 bp in length)
[6]. Four of these five previously reported sequences overlap
with the regions identified in our alignments, but the limited



Mol Neurobiol

>
w
O

5 * 5 15
3 4 T 4] @
= = =
< ey <10
23 23 g
c c c
w w w
o 21 o 2 )
= = n.s. ; 5
®© © ®©
ol | By TR
|
IgG| + | — oG + | - IgG| + | -
oCTCF| — | + | oCTCF[ — | + | oCTCF| — | +
oB MB Cortex

Fig.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
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number of species analyzed together with an apparent empha-
sis on contiguous sequences with near perfect homology like-
ly 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 77 transcription during
development and homeostasis. NURRI is a key regulator of
Th expression in several brain regions, and our study showed
that NURRI is recruited to the E2, E3, and E5 regions.
NURRI is a bifunctional regulator of 7/ transcription, and
whether it either activates or represses transcription is influ-
enced by its interaction with other transcription factors [21,
23]. Thus, the recruitment of NURRI1 to E2, E3, and ES5 re-
gions is expected to make the 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.

NURRLI is also reported to bind the 7/ proximal promoter
[46, 47], but a previous analysis of nucleotide conservation
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Fig. 6 CTCF regulates Th promoter activity. a Luciferase reporter
activity with the 4.5 kb rat T/ promoter in SH-SYSY cells with over-
expressing CTCF (n=3). b, ¢ Western blots and quantitation of protein
levels, respectively, for SH-SYSY cells with partial Ctcf expression
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within the 77 proximal promoter found that this site was poor-
ly 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 ES5 regions is the
conserved mechanism by which NURRI1 regulates Th
transcription.

The findings in this study suggest that the E5 region is
important for regulating 7% transcription in midbrain neurons.
This region can recruit the transcription factors (NURRI,
PITX3, and FOXAZ2; this study) and co-activator proteins
(DJ1 and MTAT; [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 7/ expression in the developing mid-
brain by also recruiting NURRI1, PITX3, and FOXA2
[21-23], which suggests 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

—_
(6]

ctrl CTCF
KD

o
o

ctrl CTCF ctrl CTCF
KD KD

with the 4.5 kb rat 7/ 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

@ Springer



Mol Neurobiol

these regulatory regions within the midbrain, however, is lim-
ited to the substantia nigra since the loss of either PITX3 or
FOXAZ2 only disrupts development of dopaminergic neurons
in the substantia nigra [25, 48-51]. By contrast, NURRI is
critical for all ventral midbrain dopaminergic neurons [18,
19], and thus, other transcription factors may interact with
NURRI on the E2, E3, and ES5 regions in midbrain regions
outside the substantia nigra to regulate 7/ transcription.
Further studies are required to establish whether these con-
served upstream regions are targeted by other transcription
factors that regulate specification and maintenance of mid-
brain dopaminergic phenotypes, such as LMX1A/B, EN1,
NGN2, and OTX2 (reviewed in [52].

In the OB, our studies indicate that MEIS2, PBX1, and
PAXG6 regulate Th transcription, in part, by collectively
targeting the E4 upstream region. Our findings also suggest
that the E3 and ES5 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 ES 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 with-
in E4 suggests that this region mediates the conserved regula-
tion of 7/ expression by MEIS and PBX proteins in the mam-
malian OB, whereas the previously identified MEIS-PBX site
may be an important co-regulator of 77 expression specifical-
ly in rodents. It should also be noted that the one of the con-
served MEIS-PBX sites overlap with AP-1 binding site that is
responsible for induction of 7% expression in response to glu-
cocorticoid receptor activation [53]. AP-1 also has a highly
conserved site in the 7/ proximal promoter that is an impor-
tant modulator of stimulus-induced transcription [10, 54, 55].
This further suggests that the E4 region is an important regu-
lator of 77 expression in the olfactory system, and future stud-
ies 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 7h transcription.

The present study identified CTCF as a novel and region-
specific regulator of 7/ 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 be-
tween distant genomic regions [41], CTCF may be important
for bringing E1 into the proximity of other 7% 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

@ Springer

repressor of Th expression, and this property may be impor-
tant for restricting 7/ transcription to specific neuronal sub-
populations 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 77/ gene.
Moreover, our findings that these regions recruit transcription
factors that are established regulators of 77 expression pro-
vides insight into conserved mechanisms that regulate speci-
fication and maintenance of catecholaminergic neuronal phe-
notypes in the mammalian brain. These mechanisms, howev-
er, also likely include contributions from regulatory regions
downstream of the transcription start site. Previous studies
with transgenic mice showed that downstream regions can
augment reporter expression levels [58, 59]. The first 2 kb
downstream of the human 77 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 com-
bined input from upstream and downstream regulatory re-
gions is required to drive 7/ expression at high levels specif-
ically in catecholaminergic neurons.
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