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The rat tyrosine hydroxylase gene promoter contains an E-box/dyad motif and an octameric and heptameric
element that may be recognized by classes of transcription factors highly expressed during nervous system
development. In a one-hybrid genetic screen, we used these sites as targets to isolate cDNAs encoding new
transcription factors present in the brain. We identified ZENON, a novel rat POZ protein that contains two
clusters of Kruppel-like zinc fingers and that presents several features of a transcription factor. ZENON is
found in nuclei following transient transfection with the cDNA. The N-terminal zinc finger cluster contains a
DNA binding domain that interacts with the E box. Cotranfection experiments revealed that ZENON induces
tyrosine hydroxylase promoter activity. Unlike other POZ proteins, the ZENON POZ domain is not required
for either activation of transcription or self-association. In the embryonic neural tube, ZENON expression is
restricted to neurons that have already achieved mitosis and are engaged in late stages of neuronal differen-
tiation (late postmitotic neurons). ZENON neuronal expression persists in the adult brain; therefore, ZENON
can be considered a marker of mature neurons. We propose that ZENON is involved in the maintenance of

panneuronal features and/or in the survival of mature neurons.

The two major cell types in the nervous system, neurons and
glia, both comprise a large number of subtypes. The generation
and maintenance of this phenotypic diversity require extracel-
lular signals that are converted into tightly regulated transcrip-
tional cascades. Many transcription factors involved in these
cascades—often basic helix-loop-helix (bHLH), homeodo-
main, or zinc finger-containing proteins—remain to be identi-
fied. Description of these factors would help elucidate the
molecular events leading to the differentiation of the various
cell types in the nervous system.

One way to identify these factors is to isolate novel proteins
that interact with sequences promoting the neural expression
of a highly developmentally regulated gene. A good candidate
is the gene encoding tyrosine hydroxylase (TH), the rate-lim-
iting enzyme in catecholamine biosynthesis (44, 56). The ex-
pression of the TH gene is a common feature of all neurons
and neuroendocrine cells that synthesize and release cat-
echolamines (dopamine, norepinephrine, and epinephrine).
These cells are extremely diverse in their functional, morpho-
logical, and anatomical properties and have different embry-
onic origins. Depending on their locations in the adult central
nervous system (CNS) and peripheral nervous system (PNS),
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catecholaminergic cells originate from different parts of the
neural tube and neural crest (6, 73, 74). In the embryonic
neural tube, catecholaminergic cell groups arise from various
neuromeres (64, 78), suggesting that a large number of extra-
cellular signals and transcription factors govern the specifica-
tion and maintenance of catecholaminergic identity.

The production and functional analysis of knockout mice
revealed the essential roles of several transcription factors in
the specification and differentiation of catecholaminergic cells.
Mash1, Phox2a, and Phox2b are involved in noradrenergic
specification (25, 28, 54, 61). Nurrl and Lmx1b are fundamen-
tal for establishing dopaminergic identity in the substantia
nigra (13, 68, 70, 71, 88). GATA-3, dHAND, and eHAND are
implicated in sympathetic differentiation (29, 46). However,
there is no in vivo evidence for the direct regulation of TH
gene expression by these factors, suggesting that they act early
in the transcriptional cascades leading to catecholaminergic
identity. Presumably, other as-yet-unidentified factors regulate
transcription by interacting directly with TH regulatory se-
quences. The rat TH proximal promoter contains within the
first 220 bp upstream from the transcription start site many
elements that are potential transcription factor binding sites.
With the exception of the AP1/TRE and CRE sites (76), the
roles of these proximal elements have not been documented in
vivo. The production and analysis of transgenic mice have
demonstrated that large parts of the rat TH promoter region
are necessary to direct expression in the appropriate cells, but
the elements responsible for cell-specific expression have not
been mapped precisely (8, 47, 53, 69, 72). In contrast, in vitro
studies have revealed the roles of several proximal elements,
including the E-box/dyad, AP1/TRE, and CRE elements (37,
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41, 42, 75, 86), octameric and heptameric (oct/hept) elements
(18, 86), SP1 (84), and the NBRE-like 1 motif (36).

The E-box/dyad and oct/hept elements appear to be the
most promising for selecting novel transcription factors
present in the nervous system. They are potentially bound by a
wide variety of transcription factors thought to play fundamen-
tal roles in the mechanisms underlying cell type diversity in the
nervous system. The E box may be recognized by bHLH and
some zinc finger transcription factors (34, 55) and is sur-
rounded by a dyad symmetry element that could interact with
other families of transcription factors. The juxtaposed oct/hept
elements can bind several classes of homeodomain proteins,
including POU and paired-like proteins (18, 87). Two E-box/
dyad motif-interacting proteins, rITF2 and CDP2, were previ-
ously identified (85). None of these proteins was found to be a
novel transcription factor specifically expressed in the nervous
system, perhaps because the cDNA library used was built from
a neuroendocrine cell line and not from freshly dissected neu-
ral tissue and also because the screening strategy was based on
in vitro interactions between DNA and proteins.

As a first step toward identifying novel transcription factors
in the nervous system, we used the E-box/dyad and oct/hept
elements as targets in a functional in vivo genetic assay. An
adult rat brain cDNA library and a rat embryo cDNA library
built from mesencephalic and rhombencephalic catecholamin-
ergic nuclei were screened, leading to the isolation of several
transcription factors. We describe here the discovery of a gene
encoding a novel POZ zinc finger protein designated ZENON,
for “zinc finger gene expressed in neurons.” The most striking
feature of ZENON is that its expression is confined mainly to
neurons that have already achieved mitosis and are differenti-
ated or engaged in late stages of neuronal differentiation (ma-
ture neurons).

MATERIALS AND METHODS

One-hybrid screening. The target sites used in this assay were the E-box/dyad
motif (5'-TTCAGAGGCAGGTGCCTGTGAC-3") and the oct/hept element
and surrounding region (5'-CAGTGGATGCAATTAGATCTAATGGGACGG
A-3") (underlining indicates the E-box, octameric element, and heptameric ele-
ment). Three copies of these sites were independently inserted upstream from
the HIS3 reporter gene into the single blunt-ended Xhol site of yeast expression
vector pYi22670HIS (12). The orientation of each E-box and oct/hept element
in the resulting plasmids was confirmed by sequence analysis to be the same as
that in the rat native TH promoter.

The two reporter plasmids were linearized with Stul and introduced into yeast
strain YM954 (83) by the polyethylene glycol-lithium acetate method (22). Re-
combinants were selected by growth on plates lacking uracil. Genomic DNA was
prepared from five colonies for each reporter plasmid and digested with HindIII.
Southern blot analysis was used to confirm integration at the URA3 locus, with
the ampicillin resistance gene as the probe. Two strains in which only one copy
of the reporter plasmid had been integrated were selected for the screening and
were named YM-E and YM-OH.

Two libraries of rat cDNAs fused to the Gal4 activation domain (pGAD10;
Clontech) were screened with YM-E and YM-OH: an adult rat brain library
(Clontech) and an embryonic day 14 (E14) rat library built from brain regions
containing the mesencephalon and the pons by using a two-hybrid cDNA library
construction kit (Clontech). After transformation, the reporter strains were used
to seed selective medium lacking leucine (library marker) and histidine to select
for transcription of the HIS3 reporter gene. We added 20 mM 3-aminotriazole to
the medium to prevent the growth of colonies due to leaky HIS3 expression.
Several colonies were isolated over a 10-day period. The corresponding cDNA
clones were extracted and amplified in bacteria. The specificity of HIS3-positive
phenotype activation was checked by transforming YM-E and YM-OH in par-
allel with each purified plasmid. cDNAs conferring reproducible growth on
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selective medium for only one of the two strains were integrally sequenced and
used for BLAST queries (5).

Isolation of the complete ZENON coding sequence. The 5’ coding sequence
was obtained by single-stranded ligation of cDNA (SLIC) (20). Single-stranded
c¢DNA was synthesized from rat brain poly(A)* RNA with an antisense primer
contained in the 3" extended cDNA clone: 5-AGAATCCTGGGTTTGGGTC
TTTGG-3'. After ligation with oligonucleotide A5'NV, nested PCR was per-
formed with the first SLIC primer (A5’-1) and specific primer Z3'-1 (5'-GTCA
TGTTCCCTCAGAGGCTGACTC-3") and then with the second SLIC primer
(AS5’-2) and specific primer Z3'-2 (5'-CTCAGTGATGGAAGAAACGGCATA-
3"). The resulting PCR product was inserted into pPGEM-T Easy (Promega) and
sequenced.

The 3’ coding sequence was obtained by 3’ anchored PCR (20). Single-
stranded cDNA was synthesized from rat brain poly(A)* RNA with oligonucle-
otide RA3'NV. Several rounds of nested PCR were successively performed to
obtain the complete 3’ coding sequence: the first step with A3’-1 and Z5'-1a,
Z5'-1b, Z5'-1c, Z5'-1d, Z5'-1e, and Z5'-1f and the second step with A3'-2 and
75'-2a, Z5'-2b, Z5'-2c, Z5'-2d, Z5'-2e, and Z5'-2f. The resulting PCR products
were inserted into pGEM-T Easy and sequenced.

The primer sequences were as follows: Z5'-1a, 5'-GCAGCCAGTTCTCGTC
GGTG-3'; Z5'-1b, 5'-AACCGTTCCATGTAACAGGGGAG-3'; Z5'-1¢, 5'-GA
GAGTGACCCCGAAACCCG-3'; Z5'-1d, 5'-AAGGAAAGTCAAGTGGAG
GAAGGAA-3'; Z5'-1e, 5'-TCAGTATTGTAACAAGGCTTTCACGC-3'; Z5'-
1f, 5'-CGGGAGCATGACGGGAAAG-3'; Z5'-2a, 5'-AGCAACCACCAGTC
CCCTTCAC-3'; Z5'-2b, 5'-ATCTTCGGGCAAAACCACAAATG-3'; Z5'-2c,
5'-CTGTGTGGAGATGAGTGAAGCATTTG-3'; Z5'-2d, 5'-GAGGAAGGA
ACGAGGGAGCAGA-3'; Z5'-2e, 5'-ACACAGGGGAGAAGCGTTACCAC
T-3'; and Z5'-2f, 5'-CACCAAAAGAAGCACTTATTCAAGACCT-3'".

Eukaryotic ZENON expression. ZENON sequences encoding residues 1 to
1202 and residues 196 to 1202 were inserted into vector pPFLAG-CMV5b (Sigma)
to obtain pFLAG-ZENON and pFLAG-APOZ, respectively. These plasmids
encode ZENON in frame with a C-terminal FLAG peptide. 293T kidney epi-
thelial cells were grown in Dulbecco’s modified Eagle medium supplemented
with 10% heat-inactivated fetal calf serum and 1% penicillin-streptomycin.

For whole-cell extracts, 3 X 10° cells were used to seed 10-cm culture dishes
on the day before transfection. Cells were transfected by the calcium phosphate
precipitation method with 25 pg of pPFLAG-ZENON or pFLAG-APOZ per dish.
Cells were harvested 48 h after transfection and lysed in lysis buffer, containing
5 mM HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl,, 0.5 mM dithiothreitol
(DTT), 1 pM ZnSO,, 0.5 mM phenylmethylsulfonyl fluoride, and protease in-
hibitors without EDTA (Roche). NaCl then was added to a final concentration
of 300 mM to release the nuclear extracts. Cell debris was pelleted by ultracen-
trifugation, and supernatants, corresponding to whole-cell extracts, were divided
into aliquots and frozen at —80°C.

For Western blot analysis, 20 ug of whole-cell extracts was subjected to
electrophoresis in a 9% polyacrylamide gel and blotted onto a nitrocellulose
membrane. The ZENON-FLAG fusion proteins were detected by using anti-
FLAG M2 antibody (Sigma) according to the manufacturer’s instructions.

For subcellular localization, 10° cells per well were plated in 24-well culture
dishes 24 h before transfection. Cells were transfected with 0.8 pg of pFLAG-
ZENON per well or with the same amount of insert-free pPFLAG-CMV5b as a
control. Transfected cells were incubated for 48 h, and nuclei then were stained
with Hoechst reagent diluted in culture medium (7 pwg/ml). Cells were rinsed and
fixed by incubation for 1 min in 50% ethanol-50% acetone. Immunocytochem-
ical analysis was performed with the anti-FLAG antibody according to the man-
ufacturer’s instructions. Goat anti-mouse antibody conjugated to the Cy3 fluoro-
phore was used as a secondary antibody (1:400; Jackson Laboratories). No
staining was observed when the cells were transfected with insert-free pFLAG-
CMV5b, demonstrating the specificity of the anti-FLAG antibody.

Electrophoretic mobility shift assays (EMSAs). Sequences encoding L-ZE-
NON (amino acids 177 to 752) or R-ZENON (amino acids 751 to 1203) were
introduced into pGEX-4T1 (Amersham Pharmacia Biotech) in frame with the
glutathione S-transferase (GST)-encoding sequence. The production of recom-
binant proteins in BL21 cells (Stratagene) was induced by incubation with 0.1
mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 2 h at 37°C. Purification
was performed with a glutathione-Sepharose resin (Amersham Pharmacia Bio-
tech) according to the manufacturer’s recommendations. ZENON proteins were
cleaved from GST by thrombin digestion.

Primers containing the BssHII and Bst98I restriction sites were designed to
amplify a PCR fragment spanning the rat TH proximal promoter from positions
—259 to —59. The pTH probe was obtained by BssHII and Bst98I digestion of
the PCR product. The E probe was generated from a double-stranded oligonu-
cleotide with the same sequence as the motif used for one-hybrid screening,
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except that a GGG sequence was added at the 5’ end. The sequences of the AE
and PAN oligonucleotides used for competition were 5'-GGGTTCAGAGGTC
CGTGCCTGTGAC-3" and 5'-GGGGAAAAGGACAGGTGCCCTGATT-3'
(underlining indicates mutated and intact E boxes), respectively. For radiolabel-
ing of the probes, the Klenow fragment of DNA polymerase I was used to fill the
5’ overhangs with 3?P-labeled nucleotides.

Binding reaction mixtures contained 1 ug of recombinant protein, 0.02 pmol
of radiolabeled probe, 10 ng of poly(dI-dC), 10% glycerol, 50 mM KCI, 20 mM
HEPES (pH 7.9), 1 mM DTT, and 1 M ZnSO, in a total volume of 10 pl. After
incubation for 15 min, DNA-protein complexes were resolved by nondenaturing
electrophoresis (5% polyacrylamide, 0.25X Tris-borate—-EDTA electrophoresis
buffer). The gel was dried for autoradiography.

RT-PCR. Total RNA was extracted from 2 X 10° cells (PC12, 293T, and HeLa)
and treated with DNase I by using the RNeasy system (Qiagen). Reverse transcrip-
tion (RT) was performed from 1 pg of RNA with random primers and Superscript
II reverse transcriptase (Invitrogen) according to the manufacturer’s instructions.
ZENON and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were amplified
from 10% of the RT reaction mixture under identical PCR conditions (35 cycles of
94°C for 30 s, 60°C for 45 s, and 72°C for 1 min with standard polymerase from
Promega). Identical primers chosen within conserved regions were used to amplify
ZENON and GAPDH from human cells (293T and HeLa) and rat cells (PC12). The
sequences of the ZENON primers used were as follows: 5'-CTCAAGGACGACT
TTCACAGTGA-3' and 5'-GGGGAATTTGAGAAGTTGCG-3'. The sequences
of the GAPDH primers used were as follows: 5'-GACCCCTTCATTGACCTCAA
CTA-3' and 5'-CAGTGTAGCCCAGGATGCC-3'.

Transient transfections and luciferase assays. HelLa and 293T cells were
grown in Dulbecco’s modified Eagle medium supplemented with 10% heat-
inactivated fetal calf serum, and PC12 cells (rat pheochromocytoma) were grown
in RPMI 1640 supplemented with 10% horse serum and 5% fetal calf serum.
Cells were electroporated as previously described (51) with 1 pmol of 5kbTH-
Luc or 5kbTH(AE)-Luc (65) and 1.5 pmol of effector pcDNA; (Invitrogen),
pcDNA;-Z, pcDNA;-AP, or pcDNA;-AC. The latter plasmids contain various
fragments of ZENON c¢DNA subcloned into pcDNA;. To normalize for trans-
fection efficiency, 2 g of Renilla luciferase expression plasmid (pRL-TK; Pro-
mega) was also added. In a control experiment, we checked that ZENON
effectors did not induce Renilla luciferase transcription. For each set of condi-
tions, the amount of DNA was adjusted to 17.5 wg with pBluescript in a final
volume of 15 pl, which was added to the cells. Firefly and Renilla luciferase
activities were measured 48 h after transfection as previously described (4) by
using a dual-luciferase reporter assay system (Promega).

GST pull-down assays. GST fusion proteins and whole-cell extracts containing
complete or partial ZENON-FLAG polypeptides were obtained as described
above. After immobilization on glutathione-Sepharose resin, GST fusion pro-
teins were incubated for 30 min at room temperature with cell extracts in binding
buffer (10% glycerol, 100 mM KCI, 20 mM HEPES [pH 7.9], 1 mM DTT, 0.4%
NP-40) supplemented with 10% bovine serum albumin (BSA). Successive washes
with binding buffer containing 10%, 5%, and no BSA were performed prior to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western blotting
with the anti-FLAG antibody.

Northern blotting. A fragment of ZENON c¢DNA corresponding to amino
acids 210 to 582 was subcloned into the EcoRI site of pcDNA;. We used 1 pg of
this plasmid, linearized by Xhol digestion, to synthesize a 3*P-labeled riboprobe
with RNA polymerase T7 (riboprobe combination system Sp6/T7; Promega).
RNA was prepared from fresh tissues by the acidic phenol-chloroform-guanidine
thiocyanate method. Poly(A)* RNA was extracted with Dynabeads oligonucle-
otide (dT),s (Dynal). After denaturation in formamide and formaldehyde for 5
min at 65°C, 0.5 to 2 ug of poly(A)" RNA was resolved by electrophoresis in 1%
agarose denaturing gels and transferred by capillary blotting to nitrocellulose
membranes (Protran; Schleicher & Schuell). The blots were hybridized with 107
cpm of 3?P-labeled riboprobe as previously described (4).

In situ hybridizations. Riboprobes were synthesized from various cDNAs
inserted into pcDNA; or pGEM-T Easy. After linearization of the plasmids,
nonradioactively labeled riboprobes were synthesized in the presence of 3.5 nmol
of digoxigenin (Dig)-11-UTP or fluorescein (Fluo)-12-UTP (Roche) by using ribo-
probe combination system Sp6/T7. The ZENON riboprobe spans the whole coding
sequence except for the POZ domain (amino acids 188 to 1203). Rat microtubule-
associated protein 2 (MAP2) cDNA (1.3 kb) was obtained from rat brain by RT-
PCR with oligonucleotides having the sequences 5'-GTTGCCAGGAGGAAATC
AGT-3' and 5'-AACAAGCAGGTCGGTGATCT-3'. This cDNA fragment is not
part of the MAP2c isoform, which is not restricted to neurons (79). The TH and
glutamic acid decarboxylase (GADG67) riboprobes were synthesized from the com-
plete rat TH and GAD67 cDNAs. The choline acetyltransferase (ChAT) riboprobe
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contains the 3’ end of the ChAT coding sequence and part of the 3’ untranslated
region.

Adult and postnatal day 1 (P1) brains were obtained from 225-g and newborn
Wistar rats, respectively, perfused with 4% paraformaldehyde (PFA) freshly
prepared in phosphate-buffered saline (PBS). Following perfusion, brains were
postfixed by overnight incubation in the same solution. Embryos were collected
from pregnant Wistar females as previously described (65) and fixed by immer-
sion in 4% PFA for 24 h. Adult brains used for cryosections were cryoprotected
by incubation for 48 h in 15% sucrose in PBS and frozen in isopentane. Other
tissues were embedded in BSA-gelatin, and 250-pm sections were cut with a
Vibratome (Leica VT1000S).

Hybridization experiments were performed essentially as described previously
(82). Double in situ staining was carried out with 14-pm cryosections. Probes
were detected with alkaline phosphatase-conjugated anti-Dig and anti-Fluo an-
tibodies (Roche). Colorimetric detection was achieved with 5-bromo-4-chloro-
3-indolylphosphate (BCIP) and either nitroblue tetrazolium (NBT; Promega) or
2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyltetrazolium chloride (INT; Roche).
Dig- and Fluo-labeled riboprobes were applied together to the slides. After
detection of the Dig-labeled probe with NBT-BCIP, the anti-Dig antibody was
removed by washes with 0.1 M glycine (pH 2.2)-0.1% Tween before incubation
with the anti-Fluo antibody. No background signal was observed on slides hy-
bridized with the sense control probes and incubated with NBT-BCIP for at least
as long as the corresponding antisense probes.

BrdU incorporation assays. Pregnant Wistar females were injected intraperi-
toneally with 1 mg of bromodeoxyuridine (BrdU) (Sigma) 2 h before they were
killed. Embryos were fixed in 4% PFA and processed for in situ hybridization as
described above. BrdU incorporation was visualized by immunohistochemical
analysis. Sections were treated for 45 min at room temperature with 2 N HCl in
PBS supplemented with 0.25% gelatin (PGT) and 0.1% Triton X-100 and then
were incubated for 48 h at 4°C with an anti-BrdU antibody (1:500; Becton
Dickinson) diluted in PGT supplemented with 1% Triton X-100. The secondary
antibody (biotinylated anti-mouse immunoglobulin G; 1:200 in PGT supple-
mented with 1% Triton X-100; Vector) was applied to the slides and detected by
using diaminobenzidine.

Nucleotide sequence accession number. The ZENON sequence has been
deposited under GenBank accession number AY623002.

RESULTS

Identification of proteins that interact with the rat TH pro-
moter. We adapted the yeast in vivo one-hybrid genetic screen
(80) to isolate cDNAs encoding putative DNA binding do-
mains able to interact with the rat TH promoter. Two yeast
strains were generated, one carrying the E-box/dyad motif and
the other carrying the oct/hept element. Approximately 1 X
10° and 4 X 10° colonies of each strain were transformed with
an adult rat brain library and an E14 rat embryo library, re-
spectively. Ten cDNAs that led to the desired HIS3-positive
phenotype when expressed in the strain harboring the E box
were isolated (Table 1, dyad cDNAs). The strain carrying the
oct/hept element transformed with these cDNAs did not grow
in the absence of histidine, suggesting that the encoded pro-
teins interact specifically with the E box/dyad motif. Only one
cDNA was able to activate HIS3 gene expression specifically in
the strain carrying the oct/hept element (Table 1, oct/hept 4
cDNA).

The 11 isolated cDNAs were sequenced. Six encoded the
previously characterized DNA binding proteins rITF2,
SREBP2, Sox14, ATBF1, and Lhx9. The relationship between
these factors and TH gene regulation remains to be analyzed.
Four other cDNAs were dissimilar to sequences for all known
classes of transcription factors. The corresponding mRNAs
could not be found in the brain by in situ hybridization (data
not shown). Finally, the sequence of the remaining cDNA
(dyad 17) indicated that it encoded a truncated protein con-
taining five putative zinc fingers. SLIC and 3" anchored PCR
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TABLE 1. cDNA:s isolated by one-hybrid screening with rat TH promoter sequences

cDNA Library Homology Reference(s)
Dyad 1 Adult rITF2 (bHLH) 27, 85
Dyad 2 Adult None
Dyad 7 Adult None
Dyad 17¢ Adult Unknown POK protein
Dyad 16 Embryo (E14) rITF2 (bHLH) 27, 85
Dyad 22 Embryo (E14) None
Dyad 32 Embryo (E14) SREBP2 (bHLH) 30
Dyad 56 Embryo (E14) Sox14 (high mobility group) 26
Dyad 66 Embryo (E14) ATBF1 (zinc finger and homeodomain) 31
Dyad 100 Embryo (E14) None
Oct/hept 4 Embryo (E14) Lhx9 (homeodomain) 10, 67

“ Corresponds to ZENON.

strategies (20) were used to elongate the dyad 17 cDNA until
a complete open reading frame (ORF), which we named ZE-
NON, was reconstituted. Among the 11 cDNAs isolated, the
ZENON cDNA was selected for further studies because it
encoded a new protein with putative DNA binding domains.

ZENON is a novel POZ Kruppel-like zinc finger protein.
The deduced amino acid sequence of ZENON (1,203 amino
acids) (Fig. 1A) is similar to those of members of a growing
family of proteins containing a protein-protein interaction do-
main named the POZ (pox zinc finger) or BTB (broad com-
plex—tramtrack-bric-a-brac) domain (2, 9) (Fig. 1B). ZENON,
like many other POZ proteins, contains zinc fingers in addition
to the N-terminal POZ domain. Nine are typical C,H, zinc
fingers, and one has a C,HC structure. A single C,HC substi-
tution among several C,H, zinc fingers was previously reported
for Lola, a drosophila POZ protein (23). Four of the C,H, zinc
fingers are preceded by an H-C link that closely matches the
characteristic motif TGEKPFE for Kruppel zinc fingers (Fig.
1C). ZENON may therefore be a POK (POZ Kruppel-like zinc
finger) protein. The ZENON primary structure is unique
among those of POK proteins, since the zinc fingers are clus-
tered into two “hands” of five fingers each, one at the N
terminus (“left hand”) and the other at the extreme C terminus
(“right hand”). ZENON shares this particularity with the “two-
handed” group of zinc finger proteins, which do not contain a
POZ domain.

The ZENON coding sequence has three in-frame ATG
codons, the first being preceded by a stop codon (Fig. 1A). The
third ATG (methionine 196; GCCATGA) is surrounded by a
consensus Kozak sequence (A/G CCATG A/G) (40), unlike
the two first ATGs, which are located upstream from the POZ
domain (methionine 1, CAGATGA; and methionine 4, GT-
CATGT). To determine whether translation could be initiated
from one of these two 5’-terminal ATG codons, we trans-
formed mammalian cells with a plasmid containing all or part
of the ZENON OREF with a 3'-terminal, in-frame tag to allow
detection of the polypeptide. Since the expression plasmid did
not include any initiation signal, the translation start point was
determined by the inserted ZENON sequences. The complete
sequence gave rise to a longer peptide than the partial se-
quence containing only the most 3’-terminal ATG (Fig. 1D).
This result indicates that translation is not initiated from me-
thionine 196 when methionines 1 and 4 are present and sug-
gests that the N-terminal part of the ZENON protein contains

the complete POZ domain despite the lack of a consensus
Kozak sequence at positions 1 and 4.

Three predicted polypeptides that are quite similar to ZE-
NON recently appeared in databases (Fig. 2A). Rat sequence
XP_236553.2 (RefSeq accession number) is virtually identical
to the ZENON sequence. This putative polypeptide was an-
notated from a genomic database and extends an additional 28
amino acids upstream from the first methionine. In contrast,
the mouse and human nucleotide sequences (deduced
polypeptide accession numbers BAC35654.1 [EMBL] and
XP_172341.2 [RefSeq], respectively) predict the same transla-
tion start point as that which we observed experimentally,
supporting our assignment of the ORF. Therefore, rat se-
quence XP_236553.2 can be considered the putative ZENON
protein, and BAC35654.1 and XP_172341.2 can be considered
mouse and human orthologs. At the actual stage of genome
sequence advancement, short ZENON ortholog sequences
have been found in cow and dog genomes but not in those of
other mammals. No orthologs have been found in chicken,
xenopus, zebra fish, drosophila, and nematode databases.

The rat genomic sequence encoding predicted polypeptide
XP_236553.2 maps to chromosome 8q31. A BLAST search
with the complete coding sequence for ZENON revealed un-
interrupted alignment with this genomic sequence, showing
that the ORF consists of a single exon. Although alternative
splicing may occur outside the coding region, no polypeptide
variants can be generated by this mechanism.

A predicted rat polypeptide distantly related to ZENON was
also found in databases (RefSeq accession no. XP_220612.2).
This putative protein displays an overall primary structure sim-
ilar to that of ZENON (Fig. 2B), with an N-terminal POZ
domain (49% identity with the ZENON POZ domain, which
shares only 30% identity with other POZ domains), a C,HC
and C,H, zinc finger cluster (52% identity with ZENON zinc
fingers 2 to 5 and surrounding sequences), and two C-terminal
zinc fingers (45% identity with ZENON zinc fingers 9 and 10).
Although this predicted polypeptide and ZENON are not
closely related, they may belong to the same family. Except for
this putative homolog, ZENON did not show similarity outside
the conserved domains with any peptide present in the data-
bases, suggesting that it could be a member of a new family of
POK proteins.

ZENON is a DNA binding protein. Several POZ proteins
(e.g., Kaiso and Bcl-6) are found in nuclei following transient
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FIG. 1. ZENON is a POZ Kruppel-like zinc finger protein. (A) Schematic diagram of the primary structure of the ZENON protein. The
position of each element is indicated by the amino acid (aa) scale above the structure. The fragment isolated by one-hybrid screening is indicated
by a broken line. Amino acids are numbered from the most amino-terminal methionine in frame with the POZ domain. Zinc finger motifs are
represented as circles numbered from 1 to 10. Zinc finger 2 is a C,HC zinc finger (shaded circle); the others are C,H, zinc fingers (white circles).
A repeat, GRRRYPAELDR-AE/GRRRYPAELDRCAE, is indicated by two triangles. M, methionine. (B) Amino acid alignment of ZENON and
other POZ domains. The alignment was generated with ClustalX software. The most highly conserved amino acids are shaded. Asterisks indicate
positions at which 100% identity among all of the sequences is observed. Dots indicate positions at which the amino acids are functionally similar.
The arrow indicates a position at which K or R is usually found but is not conserved in the ZENON primary sequence. (C) Amino acid sequence
alignment of ZENON zinc fingers 1 to 10 with one Kruppel zinc finger. Note the HX,H spacing in zinc finger 5, with X representing any amino
acid. This spacing is thought to provide greater flexibility for DNA binding than the more common HX;H spacing. (D) Western blot analysis of
the ZENON translation start site in mammalian cells. 293T cells were transfected with a complete (amino acids 1 to 1202) or a partial (amino acids
196 to 1202) ZENON OREF in frame with a 3'-terminal FLAG sequence. The partial construct includes a methionine surrounded by a consensus
Kozak sequence (position 196 in panel A). After separation on a polyacrylamide gel, the ZENON-FLAG fusion proteins were detected with an
anti-FLAG antibody. The fusion protein obtained with the complete ZENON coding sequence has a higher molecular mass than the protein
encoded by the partial sequence, suggesting that translation can start from methionine residues located upstream from the POZ domain (positions
1 and 4 in panel A), despite the absence of a Kozak sequence.
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FIG. 3. The ZENON protein is targeted to nuclei. 293T cells were
transfected with the complete ZENON coding region (amino acids 1 to
1202) in frame with the FLAG sequence. The ZENON-FLAG fusion
protein was detected with an anti-FLAG antibody 48 h after transfec-
tion. Nuclei were counterstained with Hoechst reagent. The arrowhead
indicates a nucleus containing the ZENON-FLAG fusion protein. The
arrow indicates a nucleus in which the ZENON-FLAG fusion protein
is not present, probably because the cell was not transfected. Bar, 20
pm.

transfection with their full-length cDNAs (17, 19). 293T kidney
epithelial cells were transfected with a ZENON-FLAG fusion
construct. Immunofluorescence analysis with an anti-FLAG
antibody revealed the nuclear distribution of the fusion protein
(Fig. 3). This localization was compatible with a function in
DNA binding.

POK proteins usually interact with DNA through their zinc
finger domains. The DNA binding properties of the two ZE-
NON zinc finger clusters were examined separately by EMSA.
The complete ZENON polypeptide could not be produced in
Escherichia coli because it was subject to proteolytic degrada-
tion, as also observed for other large zinc finger proteins (77).
Consequently, two partial ZENON polypeptides were gener-
ated (Fig. 4A). L-ZENON contains zinc fingers 1 to 5 (left
hand) and surrounding regions but not the POZ domain. The
cDNA encoding L-ZENON approximates the partial ORF
isolated by one-hybrid screening. Bacterial expression of this
cDNA gave rise to two products of equal intensities, one full
length and one truncated. Both contained the complete left
hand of zinc fingers, as indicated by their sizes. R-ZENON
contains the C-terminal part of ZENON with zinc fingers 6 to
10 (right hand).

The interactions between DNA and some POZ zinc finger
proteins as well as two-handed zinc finger proteins are highly
flexible, with large variations in orientation and spacing of the
target sequences (35, 62, 66). As L-ZENON was initially found
to interact with the E box in yeast, the right hand of zinc fingers
may recognize a sequence located outside the immediate vi-
cinity of the E box. R-ZENON, however, failed to bind a large
radioactive probe (pTH probe) covering 200 bp of the TH
proximal promoter, including the E box (Fig. 4B). In contrast,
two complexes, denoted I and II, were resolved in the presence
of L-ZENON, suggesting that only the left hand of zinc fingers
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interacts with the TH promoter. Complexes I and II may con-
tain the full-length and truncated versions of L-ZENON, re-
spectively. Two L-ZENON-containing complexes were also
obtained with a shorter probe spanning only the E-box/dyad
element (E probe). These complexes were disrupted by the
zinc chelator orthophenanthroline, confirming the involvement
of the zinc fingers in DNA binding (Fig. 4C). The specificity of
L-ZENON binding to DNA was assessed by competition ex-
periments (Fig. 4D). No complex was observed when a cold
probe was used as the competitor (complex intensity was re-
duced by 79% with a 50-fold molar excess of E probe compet-
itor). Oligonucleotides with a mutated E box (AE) or an intact
E box surrounded by unrelated flanking sequences (PAN)
were less effective competitors (23 and 58% complex intensity
reductions, respectively).

In summary, the N-terminal zinc finger cluster in ZENON is
a putative DNA binding domain that interacts preferentially
with the E-box/dyad element. Taken together with the nuclear
localization, these results suggest that ZENON is a DNA bind-
ing protein.

ZENON functions as a transcriptional activator indepen-
dently of the POZ domain. To investigate whether ZENON
could act as a transcriptional regulator, we next conducted
overexpression experiments with three cell lines: the TH-pos-
itive neuroendocrine cell line PC12 and TH-negative 293T and
HeLa cells. Cells were cotransfected with reporter plasmids
and various amounts of expression vectors carrying all or part
of the ZENON coding sequence. The potential DNA binding
domain, as defined by binding experiments, was included in all
ZENON constructs: pcDNA;-Z contained the whole coding
sequence, pcDNA;-AP lacked the POZ domain, and pcDNA;-
AC lacked the C-terminal zinc finger cluster (Fig. 5A). Re-
porter plasmids contained the luciferase gene driven by the
5-kb rat TH promoter with either a wild-type or a mutant E
box. In 293T and HeLa cells, TH promoter activity was in-
duced in the presence of pcDNA5-Z (4.3- and 7.9-fold in-
creases relative to activity obtained with empty pcDNA;, re-
spectively) (Fig. 5B). In contrast, the overexpression of
ZENON had no effect in PC12 cells. Induction factors were
correlated with the level of expression of endogenous ZENON
in the various cell lines, as revealed by a comparative RT-PCR
analysis. Endogenous ZENON is highly expressed in PC12
cells, explaining why ZENON overexpression had no effect on
TH promoter activity in these cells. ZENON is weakly ex-
pressed in 293T cells and hardly detectable in HeLa cells.
Therefore, the latter cell line constitutes an appropriate cellu-
lar model for ZENON overexpression experiments (Fig. 5B).
In HeLa cells, ZENON induced TH promoter activity in a
dose-dependent manner (Fig. 5C). Consistent with the results

FIG. 2. Amino acid alignment of ZENON with putative polypeptides present in databases. (A) Alignment of ZENON with putative orthologs.
XP_236553.2 and XP_172341.2 were annotated from rat and human genomic sequences, respectively. The BAC35654.1 sequence was predicted
from a murine cDNA. The alignment was generated with ClustalX software. Asterisks indicate positions at which 100% identity among all of the
sequences is observed. Dots indicate positions at which amino acids are functionally similar. The arrow indicates a position at which K or R is
usually found among POZ proteins but is not conserved in the primary sequences of ZENON and its orthologs. The POZ domain (boxed
sequence), zinc fingers (underlined sequence), and repeat (shaded sequence) are indicated. Note that the repeat is not evolutionarily conserved
because it is not present in humans. (B) Schematic alignment of ZENON with a potential homologous rat polypeptide, XP_220612.2. The related
regions are indicated by black boxes, and the percentages of amino acids identical between each region of ZENON and its homolog are indicated.
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FIG. 4. Interaction of ZENON zinc finger domains with the E box. (A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of purified
L-ZENON and R-ZENON proteins. L-ZENON was generated from a sequence containing zinc fingers 1 to 5 (left hand), whereas R-ZENON was
produced from a sequence containing zinc fingers 6 to 10 (right hand). Approximately 20 pg of L-ZENON and 5 pg of R-ZENON were run on
a 9% polyacrylamide gel and stained with Coomassie blue. The L-ZENON sequence gave rise to two products of equal intensities, one full length
and one truncated. Both contained the complete left hand of zinc fingers, as indicated by their size. (B) EMSA with a *?P-labeled pTH probe
spanning the TH proximal promoter. The pTH probe is shown alone (first lane) or in the presence of 1 pug each of L-ZENON and R-ZENON
recombinant proteins (following lanes). Arrows indicate free probe and complexes I and I1 observed with L-ZENON. (C) EMSA with a **P-labeled
E probe covering the E box and surrounding dyad element. The E probe is shown alone (first lane) or with 1 pg of L-ZENON alone (second lane)
or in the presence of orthophenanthroline (o-phenanth; following lanes). (D) EMSA with the *?P-labeled E probe incubated with 1 pg of
L-ZENON alone or in the presence of various competitors (molar excess, 50- or 200-fold). Complex intensity represents the sum of complex I and
complex II intensities quantified with Gelanalyst software. The results shown are representative of four independent gel retardation assays.

of the binding experiments, the integrity of the E box was
required for the full effect. All three ZENON constructs acti-
vated transcription, but maximal induction was observed when
the C-terminal part was included (13.5-, 8.2-, and 3.1-fold in-
creases obtained with pcDNA;-AP, pcDNA5-Z, and pcDNA;-
AC, respectively). In contrast, the absence of the POZ domain
did not significantly affect the induction of TH promoter ac-
tivity, although a modest increase in transcriptional induction
was observed with pcDNA;-AP. Similar results were obtained
for 293T cells (data not shown).

The observation that the ZENON POZ domain is not in-
volved in transcriptional induction was surprising, as dimeriza-
tion through this domain is thought to be necessary for tran-
scriptional regulation (49). To evaluate the capacity of the
ZENON POZ domain to trigger homodimerization, we per-
formed GST pull-down assays with two GST-ZENON fusion
proteins, GST 1-752 and GST 177-752 (Fig. 5D). GST 1-752
spans the POZ domain and N-terminal zinc finger cluster, and
GST 177-752 lacks the POZ domain. Intriguingly, the full-
length ZENON-FLAG polypeptide was found associated with

both GST fusion proteins, demonstrating that the POZ do-
main is not essential for a ZENON self-interaction in vitro
(Fig. 5D, upper panel). Consistent with this observation, a
partial ZENON-FLAG polypeptide lacking the POZ domain
was also bound by both GST 177-752 and GST 1-752 (Fig. 5D,
lower panel). No ZENON protein could be detected with GST
alone.

Altogether, these results suggest that ZENON stimulates
TH gene transcription via a mechanism independent of oli-
gomerization involving the POZ domain. The ZENON POZ
domain rather may be involved in heteromeric interactions,
which could mediate other functions in addition to TH gene
regulation. To begin to examine these functions, we next de-
termined the organs and cells which express ZENON.

ZENON is expressed in neurons in the adult rat brain. The
distribution of ZENON mRNA was first investigated by high-
stringency Northern blot analysis of various adult rat organs
(Fig. 6). A single 6.5-kb mRNA was detected in all brain
regions examined, in cell line PC12, and in the adrenal me-
dulla. No signal was detected in nonneural tissues, including
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FIG. 5. ZENON modulates TH transcriptional activity independently of the POZ domain. (A) ZENON effectors used in cotransfection
experiments. The indicated fragments of the ZENON ORF were introduced into pcDNA; downstream from a cytomegalovirus promoter to
generate pcDNA;-Z, pcDNA;-AP, and pcDNA;-AC. (B) Comparative RT-PCR analyses of ZENON expression in PC12, 293T, and HeLa cells.
The first lane shows a negative control (PC12 cells in the absence of reverse transcriptase). Amplification of GAPDH was used to normalize for
RT efficiency in each cell line. Values (induction factors) represent the induction of wild-type TH promoter activity (SkbTH-Luc) by 1 pmol of
pcDNA;-Z in each cell line relative to the control (1 pmol of empty pcDNA;). (C) Cotransfection experiments with ZENON effectors in HeLa
cells. Reporter plasmids contained the luciferase gene driven by the rat TH promoter, either intact (SkbTH-Luc; white bars) or bearing a mutated
E box [SkbTH(AE)-Luc; black bars]. Cells were transfected with various amounts of ZENON effector constructs (0 to 1.5 pmol), the total amount
of DNA being brought to 1.5 pmol by the addition of insert-free pcDNA;. In the absence of ZENON effectors, the transcriptional activity of
5kbTH-Luc was approximately twice that of SkbTH(AE)-Luc; results are shown as induction of TH promoter activity to facilitate interpretation.
Values represent the means + 95% confidence intervals for five independent experiments performed in triplicate with various plasmid prepara-
tions. SkbTH-Luc induction by ZENON effectors was significant compared to that obtained with empty pcDNA; (P < 10~*). For each ZENON
effector, SkbTH-Luc induction and 5kbTH(AE)-Luc induction were significantly different (P = 0.001). 5kbTH-Luc induction by pcDNA;-AC was
significantly lower than 5kbTH-Luc induction by pcDNA;-Z and pcDNA;-AP (P < 10°). ns, no significant difference in the induction of TH
promoter activity was obtained with pcDNA;-Z and pcDNA;-AP (P > 0.01). (D) GST pull-down assay with GST-ZENON fusion proteins GST
177-752 and GST 1-752 and GST alone. GST 177-752 does not include the POZ domain. The fusion proteins and GST were incubated with cell
extracts containing the complete or partial ZENON-FLAG polypeptide and then were subjected to Western blot analysis with an anti-FLAG
antibody. (Upper panel) Complete ZENON-FLAG polypeptide (1 to 1202). (Lower panel) ZENON-FLAG polypeptide lacking the POZ domain
(196 to 1202).

the heart, spleen, liver, and muscle, although mRNA was
found in the kidneys. ZENON expression thus appears to be
restricted mainly to neural and neuroendocrine tissues. The
mRNA detected was much longer than the 3,609-bp OREF,
probably due to a long 3’ untranslated region, as is common for
POZ mRNAs (17).

We next investigated whether ZENON could be linked to a
particular class of neurotransmitters. In situ hybridization with
serial adult rat brain sections showed that ZENON expression
domain contains catecholaminergic, cholinergic, and y-ami-
nobutyric acid (GABA)-ergic nuclei, as revealed by TH,
ChAT, and GADG67 stainings, respectively (Fig. 7, upper pan-
els). To further characterize the cell types expressing ZENON,

we performed double in situ hybridization with a Dig-labeled
ZENON riboprobe and several Fluo-labeled riboprobes. Dou-
ble-labeling experiments with a Fluo-TH probe revealed ZENON
expression in all catecholaminergic neurons of the olfactory bulb,
substantia nigra, and locus coeruleus. In the hypothalamus, colo-
calization was less obvious because of the high density of ZE-
NON-positive cells in the region (Fig. 7A to E). When a Fluo-
ChAT probe was used, doubly labeled cells were detected in the
septum, diagonal band, and pons. These results suggest that most
cholinergic neurons express ZENON, although the existence of
ZENON-negative cholinergic cells cannot be excluded (Fig. 7F to
I). The Dig-ZENON probe also colocalized with a Fluo-GAD67
probe in most GABA-ergic neurons of the olfactory bulb, septum,
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FIG. 6. Northern blot analysis showing the tissue distributions of ZE-
NON mRNA. (Upper panel) Poly(A)" RNAs from various rat tissues
(0.5 to 2 pg/lane) hybridized with a ZENON riboprobe. The arrow
indicates the estimated size of ZENON mRNA. (Lower panel) Hy-
bridization with a GAPDH probe to normalize for loading differences.

cerebral cortex, hippocampus, and thalamus (Fig. 7J to N). ZE-
NON mRNA was thus found in several neuronal subtypes.

To determine whether ZENON was expressed in all neu-
rons, a panneuronal MAP2 probe was used. ZENON and
MAP2 expression domains completely overlapped on serial
sections (Fig. 8, upper panels). The more intense signal ob-
served with the MAP2 probe was due to the presence of MAP2
mRNA in the dendrites. Double-labeling experiments with
Dig-ZENON and Fluo-MAP2 probes revealed colocalization
in virtually all neurons of the olfactory bulb, pyriform cortex,
cerebral cortex, striatum, hippocampus, thalamus, pons, and
cerebellum (Fig. 8A to H). All ZENON-positive cells ex-
pressed MAP2, demonstrating that in the adult brain, ZENON
expression is restricted mainly to neurons.

ZENON is present in mature neurons. We next investigated
ZENON expression in rat embryos (Fig. 9). The developing
CNS presents the advantage that several differentiation stages
can be visualized in the same transverse section of the neural
tube. The dividing progenitors are located within the ventric-
ular zone. When a progenitor exits the cell cycle, it enters the
adjacent subventricular zone to initiate differentiation and mi-
grates laterally into the marginal zone as differentiation
progresses. Hence, at least during early developmental stages,
the position of a cell is determined by the time at which the last
division was completed, with mature cells being located in the
lateral part of the marginal zone.

ZENON mRNA was never observed within the ventricular
zone of the embryonic CNS. ZENON mRNA was first de-
tected in the ventral spinal cord at E12, most likely in mo-
toneurons (Fig. 9C). At later stages, the signal in the spinal
cord was more intense and extended along the ventral-dorsal
differentiation gradient (Fig. 9E to I). No clear signal was
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detected in the heads of E12 and E13 embryos; therefore,
ZENON expression appears later in the brain than in the
spinal cord. ZENON mRNA was first observed in the brain at
E14 as lateral staining in the telencephalon and diencephalon
(Fig. 9G). In E17 brains, a strong signal was observed in the
cortex, thalamus, and hindbrain; this signal extended to virtu-
ally all brain regions by P1 (Fig. 9J to N). Although the signal
was concentrated mainly in the CNS, ZENON was also ex-
pressed in the PNS. ZENON mRNA was never observed in the
migratory neural crest. In the PNS ZENON mRNA was first
detected at E13 as a weak signal in postmigratory neural crest
cells of the trigeminal and dorsal root ganglia (Fig. 9D to F).
ZENON expression was not observed in placodally derived
neurons at early stages. Outside the nervous system, ZENON
was present in the limbs (Fig. 9F and I), transiently in somites
(Fig. 9C) and, in contrast to our findings for adult rats, in the
embryonic liver (Fig. 9F and I).

The onset of ZENON expression in the CNS of E12 embryos
was delayed compared to neuronal differentiation, as assessed on
the basis of MAP2 expression. In E13 and E14 neural tubes, the
ZENON signal was restricted to the ventral-lateral part of the
MAP?2 territory. In contrast, ZENON expression was essentially
the same as that of MAP2 in P1 brain regions. We performed
BrdU incorporation assays to investigate why ZENON and
MAP?2 expression patterns were different during embryogenesis
but overlapped in P1 brain regions (Fig. 10A). In the spinal cord
of E14 embryos, the MAP2 expression domain was complemen-
tary to BrdU staining, indicating that progenitors exhibit neuronal
features shortly after they exit the cell cycle. In contrast, an un-
labeled region was observed between the areas that were BrdU
and ZENON positive. This physical gap corresponds to a tempo-
ral delay in the expression of ZENON: early postmitotic neurons
first express only MAP2 and then begin to express ZENON as
they progress into differentiation (Fig. 10B). Ventricular and sub-
ventricular zones become residual, and the marginal zone, con-
taining mature neurons, extends as development progresses. This
explains why the ZENON expression pattern is similar to that of
MAP?2 only during late developmental stages.

These observations demonstrate that ZENON is a marker of
late postmitotic neurons in the embryonic CNS. ZENON is not
expressed in the migratory neural crest or in the postmigratory
neural crest at early stages, suggesting that it is also a marker
of late postmitotic neurons in the PNS. ZENON expression
persists during adulthood; thus, we conclude that ZENON is a
marker of mature neurons.

DISCUSSION

The rat TH proximal promoter contains several sequences
potentially bound by transcription factors believed to be im-

FIG. 7. ZENON mRNA is present in various neuronal subtypes in adult brain. (Upper panels) Adult rat sections (250 wm) were hybridized
with ZENON, TH, ChAT, GADG67, and sense riboprobes, which were detected by NBT-BCIP. Bars, 1 mm. The letters indicate the regions from
which doubly stained sections A to N were taken. (Lower panels) Adult rat brain sections (14 wm) were hybridized with Dig- and Fluo-labeled
riboprobes, which were consecutively detected by incubation with NBT-BCIP (blue) and INT-BCIP (red) substrates. Bars, 50 pm. (A to E)
Dig-ZENON and Fluo-TH riboprobes. A, olfactory bulb; B, hypothalamus; C and D, substantia nigra; E, locus coeruleus. (F to I) Dig-ZENON
and Fluo-ChAT riboprobes. F and G, diagonal band; H and I, pons. (J to N) Dig-ZENON and Fluo-GAD67 riboprobes. J, olfactory bulb; K,
septum; L, cerebral cortex; M, hippocampus; N, reticulate nucleus of thalamus.
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ZENON

FIG. 8. ZENON mRNA colocalizes with MAP2 mRNA in adult brain. (Upper panels) Serial adult rat sections (250 wm) were hybridized with
Dig-ZENON and Dig-MAP?2 riboprobes, which were detected by NBT-BCIP. Bars, 1 mm. The letters indicate the regions from which doubly
stained sections A to H were taken. (Lower panels) Adult rat brain sections (14 wm) were hybridized with Dig-ZENON and Fluo-MAP2
riboprobes, which were consecutively detected by incubation with NBT-BCIP (blue) and INT-BCIP (red) substrates. For each brain region
examined, a double-labeling experiment and in situ hybridization with the Dig-ZENON riboprobe only performed on adjacent sections are shown
in parallel. Bars, 50 wm. Insets show higher magnifications (bars, 10 pm) of the doubly labeled cells. A, olfactory bulb; B, pyriform cortex; C,
cerebral cortex; D, striatum; E, hippocampus; F, thalamus; G, pons; H, cerebellum.

portant for the development of the nervous system. An E-box/ 55). Several classes of homeodomain proteins may bind juxta-
dyad motif is required for the appropriate expression of a posed oct/hept elements (18, 87). In a one-hybrid genetic
reporter gene in a catecholaminergic cell line and is potentially screen, we used the E-box/dyad and oct/hept elements as tar-
recognized by bHLH and zinc finger transcription factors (34, gets to identify novel transcription factors present in the brain.



E17

FIG. 9. ZENON gene expression during development. Rat sections (250 wm) were hybridized with Dig-ZENON and Dig-MAP2 riboprobes,
which were detected by NBT-BCIP. Bars, 1 mm. E12 (A to C), E13 (D to F), and E14 (G to I) panels show whole-embryo sections at the E12,
E13, and E14 developmental stages, respectively. The plan and level of each section are indicated on the embryo schemes. The arrow indicates
ZENON gene expression in the ventral spinal cord. The arrowhead indicates ZENON gene expression in the lateral telencephalon and
diencephalon. Asterisks indicate expression in the trigeminal and dorsal root ganglia. E17 (J to K) and P1 (L to N) panels show coronal
hemisections of the forebrain and hindbrain at the E17 and P1 developmental stages, respectively.
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A B

ZENON I
Brdu

MAP2
BrdU

ZENON

FIG. 10. ZENON is a marker of late postmitotic neurons in the
developing spinal cord. (A) E14 rat sections (250 pm) were hybridized
with Dig-ZENON and Dig-MAP?2 riboprobes, which were detected by
NBT-BCIP. Samples were subsequently subjected to immunohisto-
chemical analysis to determine BrdU incorporation. Bar, 50 pm.
(B) Interpretation correlating ZENON and MAP?2 expression patterns
with the timing of differentiation. VZ, ventricular zone; SVZ, subven-
tricular zone; MZ, marginal zone.

We isolated ZENON, a novel POZ Kruppel-like zinc finger
protein that has features of a transcription factor. The most
striking property of ZENON is that its expression is confined
mainly to mature neurons, suggesting a function in the differ-
entiation and/or survival of late postmitotic neurons.

ZENON may be the first identified member of a novel family
of POK transcription factors. The POZ domain is a conserved
protein-protein interaction motif found in many transcription
factors, oncogenic proteins, and other biologically important
proteins (2, 9, 15, 14, 48). The ZENON POZ domain is similar
to that of Kaiso, a transcription factor that was first identified
as a p120 catenin-interacting protein and that exhibits methy-
lation-dependent DNA binding (17, 63). However, the two
proteins are not closely related, since they are dissimilar out-
side the POZ domain. Databases contain a putative rat ORF
identical to the ZENON OREF (and the putative human and
mouse orthologs) and a similar predicted polypeptide. Other-
wise, except for the conserved domains, the ZENON sequence
is not similar to any other sequences, suggesting that ZENON
could be the first identified member of a small family of POK
proteins. Strikingly, ZENON appears late during evolution,
since no related ORF was found in the zebra fish, drosophila,
and nematode genomes.

A particularity of ZENON family members is the presence
of two hands of five zinc fingers each. The left hand was
encoded by the partial cDNA isolated by the one-hybrid sys-
tem. That this domain binds the E-box/dyad element was con-
firmed in vitro, and we demonstrated that the zinc fingers were
responsible for the binding. E boxes of the CAGGTG type,
such as the rat TH E box, are targets for zinc finger proteins of
several families, including Snail-related proteins (34) and two-
handed proteins (21). The comparison with two-handed pro-
teins is particularly relevant, since they exhibit a primary struc-
ture close to that of ZENON, with two separate zinc finger
clusters. A model was proposed for DNA binding by two-
handed proteins; in this model, the two hands of zinc fingers
independently interact with two distant AGGTG sequences
(66). In addition to the E box, an AGGTG sequence is present
within the rat TH proximal promoter (68 bp upstream from the
transcription start site). However, R-ZENON failed to bind
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the probe containing this motif; therefore, ZENON does not
appear to show the same binding properties as two-handed
zinc finger proteins. In agreement with this observation, the
sequence of ZENON zinc fingers is not closely related to that
of two-handed proteins.

ZENON is an atypical POZ protein: the activation of tran-
scription is independent of the POZ domain. Consistent with
the enhancer function of the E-box element (86), ZENON
strongly induces TH promoter activity in a cell line. This find-
ing is in contrast to the transcriptional repression by the POZ
domain reported for most POZ proteins (32, 38, 43, 45, 58).
The ZENON POZ domain includes serine at a key position at
which lysine or arginine is usually found. This substitution may
well be responsible for the absence of repression, as suggested
by mutagenesis studies of three POZ proteins having different
effects on transcription (49, 50): the repressor PLZF, the re-
pressor Bcl-6, and FAZF, whose POZ domain is transcription-
ally inert. Based on the observation that the FAZF POZ do-
main contains a serine instead of lysine or arginine, the authors
of those studies showed that lysine or arginine was necessary
for repression, allowing the formation of a charged pocket that
mediates interactions with corepressors. Replacement of lysine
or arginine with serine was sufficient to abolish repression. This
finding may explain the absence of repression by the FAZF
and ZENON POZ domains.

A striking feature of ZENON is that the POZ domain ap-
pears to be nonessential for transcriptional regulation. Other
POZ factors, including GAGA and ZF5, behave as transcrip-
tional activators, but their POZ domains are necessary for
DNA binding or transcriptional activation. The POZ domain
of ZF5 mediates both activation and repression, depending on
the promoter context (33, 57). A DNA binding model has been
proposed for GAGA, a strong transcriptional activator of sev-
eral drosophila genes (11, 59, 81). This model involves oli-
gomerization through the POZ domain and suggests a key role
for the POZ domain in selecting the target genes regulated by
GAGA (35). POZ factors often contain other transcriptional
regulation domains outside the POZ domain (45, 52, 58). The
activation of transcription by ZENON is probably mediated by
another domain, possibly located in the C-terminal part of the
protein, because the removal of this part substantially reduced
the induction of TH promoter activity.

The function of the ZENON POZ domain remains to be
established. POZ domains are interfaces for protein-protein
interactions, mediating homomeric and heteromeric associa-
tions with other POZ proteins. The ZENON POZ domain may
be involved in interactions with other POZ factors, as it was
not required for self-association. A combinatorial code for
gene expression has been suggested to be mediated by POZ
domains. This scenario is illustrated by the POZ protein
Bach2, a repressor of the immunoglobulin heavy-chain 3’ en-
hancer. After association with MAZR through the POZ do-
main, both factors strongly upregulate fgf4 gene transcription
in a POZ domain-dependent manner (39). Another example is
TTK, which interacts with GAGA and represses GAGA-me-
diated activation. POZ domains of both proteins appear to be
necessary and sufficient for TTK-GAGA interactions (59, 60).
Thus, depending on the partner, POZ factors regulate different
target genes and exhibit opposite effects on transcription. Het-
eromeric association provides the potential for an increased
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repertoire of DNA sequence interactions. ZENON may be
recruited on different promoters by interacting with other POZ
proteins through the POZ domain.

Association with differentiation and/or survival of late post-
mitotic neurons. ZENON is found in many neuronal subtypes
in the adult brain, including catecholaminergic, cholinergic,
and GABA-ergic neurons. These data indicate that the func-
tions of ZENON are not restricted to TH gene regulation. Two
attempts to isolate E-box/dyad element-interacting proteins
did not lead to the identification of a catecholaminergic cell-
specific transcription factor, although different methods and
cDNA libraries were used (85; this study). This observation
suggest that the E-box/dyad element, crucial for cell-specific
TH gene expression in transient transfection experiments, does
not have the same role in vivo. The E-box/dyad element may
participate in the maintenance of TH gene expression once the
first steps of catecholaminergic differentiation have been initi-
ated from other, as-yet-unidentified regulatory sites. Such a
maintenance function does not necessarily require interactions
with catecholaminergic cell-specific transcription factors. Al-
ternatively, rather than a unique catecholaminergic cell-spe-
cific protein, a combination of widely expressed transcription
factors recruited by different regulatory elements could ac-
count for cell-specific TH gene expression.

Unlike other POZ proteins (7, 16), XENON expression
shows no obvious regionalization in the developing CNS and is
largely similar to MAP2 expression at late stages, suggesting a
panneuronal function, at least in the CNS. Most importantly,
the onset of ZENON expression in the CNS is delayed com-
pared to that of MAP2, a marker classically used to character-
ize differentiated neurons. This observation contrasts with the
expression patterns reported for other POZ proteins. For ex-
ample, XKaiso, a POZ protein widely present in the xenopus
CNS, is supplied maternally and expressed throughout early
development (38). The expression of Lola, a drosophila POZ
protein implicated in axon pathfinding, decreases sharply dur-
ing late embryogenesis (23, 24). In the neural tube, the restric-
tion of ZENON to the lateral marginal zone could indicate a
role in late differentiation events. In addition, persistent ex-
pression in neurons of the adult brain suggests that ZENON
may be required for the maintenance of neuronal features
and/or for the survival of neurons. Unlike most other cell types
that are constantly being renewed, neurons, as postmitotic cells
generated during embryogenesis, have to survive throughout
the life of the organism. This unique longevity may involve
specific antiapoptotic mechanisms, particularly in species with
a long life expectancy. Several POZ proteins, including Bcl-6
(reviewed in reference 3), are implicated in cell cycle regula-
tion and can inhibit apoptosis, and the absence of POZ protein
Mizl leads to increased apoptosis in the ectoderm of knockout
mice (1). ZENON has not been found in drosophila and nem-
atode, which are species with a short life expectancy. Based on
this observation, it is attractive to speculate that ZENON reg-
ulates the expression of antiapopototic genes, preventing ma-
ture neurons from undergoing apoptosis.
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