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Abstract

The paired-like homeobox-containing gene Ehox plays a role in embryonic stem cell differentiation and is highly expressed in the
developing placenta and thymus. To understand the mechanisms of regulation of Ehox gene expression, the 5’-flanking region of the
Ehox gene was isolated from a mouse BAC library. 5'-RACE analysis revealed a single transcriptional start site 130 nucleotides upstream
of the translation initiation codon. Transient transfection with a luciferase reporter gene under the control of serially deleted 5’-flanking
sequences revealed that the nt —84 to —68 region contained a positive cis-acting element for efficient expression of the Ehox gene. Muta-
tional analysis of this region and oligonucleotide competition in the electrophoretic mobility shift assay revealed the presence of a
CCAAT box, which is a target for transcription nuclear factor Y (NFY). NFY is essential for positive gene regulation. No tissue-specific
enhancer was identified in the 1.9-kb 5’-flanking region of the Fhox gene. Ehox is expressed during the early stages of embryo develop-
ment, specifically in the brain at 9.5 dpc, as well as during the late stages of embryo development. These results suggest that NFY is an
essential regulatory factor for Ehox transcriptional activity, which is important for the post-implantation stage of the developing embryo.

© 2006 Elsevier Inc. All rights reserved.
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Homeobox genes, which are transcription factors that
are involved in normal differentiation and development,
were originally identified as genes in which mutations
caused body segment transformation in Drosophila [1].
Our BLAST database search using conserved homeodo-
main sequences showed the existence of more than 225 ver-
tebrata homeobox genes in a variety of species. These genes
share a common sequence motif, the homeodomain, which
is 183 nucleotides (nt) in length and encodes a 61-amino
acid domain that is responsible for DNA binding [2]. While
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most homeobox genes can be classified based on sequence
homologies within the homeodomain and elsewhere in the
encoded protein, the remaining genes show more
divergence.

The ES cell-derived homeobox (Ehox) gene was origi-
nally identified by subtractive hybridization as a homeo-
box-containing gene that is essential during the earliest
stages of embryonic stem (ES) cell differentiation [3]. Fhox
is an X-linked paired-like homeobox gene that is proposed
to have a dual role in trophoblast stem cells and compart-
ments of the developing placenta, as well as during devel-
opment of the pharyngeal pouches, and possibly
delineates the area that becomes the thymus [4]. To verify
the function of this gene, we cloned the 5’'-flanking region
of the Ehox gene and characterized it in terms of transcrip-
tional regulation.
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Materials and methods

Isolation of the mouse Ehox gene 5'-flanking region. To screen the
mouse bacterial artificial chromosome (BAC) library (ResGen) containing
the 5’-flanking region of Ehox gene, the following gene-specific primers
were used: 5-GCTTTCGGTTTTCACAACCTC-3' (primer 1; corre-
sponding to nucleotides +57 to +77 relative to the transcription start site)
and 5-TCTTCCCACCATTCAACTTTTC-3' (primer 2; +185 to +206);
primer specificity was confirmed by reverse transcription polymerase chain
reaction (RT-PCR) and genomic PCR (data not shown). PCR amplifi-
cation was performed in a 50 pl reaction mixture containing 1 pl of the
BAC library, 20 pmol of each of the primers, 0.4 mM dNTPs, 3 mM
MgCl,, 1.25 U Taq polymerase (Roche), and PCR buffer. The following
PCR conditions were used: 94 °C for 3 min, followed by 35 cycles of
denaturation at 94 °C for 30 s, annealing at 46 °C from 30 s, extension at
72 °C for 45 s, and the final extension step was prolonged to 5 min. DNA
from three positive clones was isolated, analyzed by restriction enzyme
mapping and Southern blot, and then completely sequenced in both
directions.

5'-Rapid amplification of cDNA ends. To determine the transcription
initiation site of the Ehox gene, 5'-rapid amplification of cDNA end (5'-
RACE) was carried out according to the manufacturer’s protocol using
Marathon-Ready cDNA from Testis tissue (Clontech). The first PCR was
performed using a gene-specific primer 1 (5’-TCTTCTGCTTTGTCCCA
TTCCACTGCTG-3’; nt 268-295 of the Ehox cDNA; GenBank Accession
No. AF265350) and Adaptor primer 1, included in the kit, as primers. The
second PCR was performed using a gene-specific primer 2 (5'-
TGAAAGCCGACAGCCGACAGCCGAAAG-3’; nt 19-45) and Adap-
tor primer 2, included in the kit, as primers and the diluted (1/100) reaction
mixture of the first PCR as a template. PCR cycling conditions were an initial
denaturation step at 94 °C for 1 min followed by 35 cycles at 94 °C for 30s,
60 °C for 30s, and 72°C for 1 min. PCR products were separated in 2%
agarose gel, cloned into pCRII-TOPO (Invitrogen), and sequenced.

Construction of promoter-luciferase chimeric plasmids. A series of
plasmids that contained fragments of various sizes from the 5'-flanking
region of the mouse Fhox gene were constructed by inserting DNA
fragments between the X/ol and HindIlI sites of the pGL3-basic vector
(Promega). Briefly, 5'-end-deleted DNA fragments were obtained by PCR
using the following synthetic oligonucleotides that incorporated a 5’-end
Xhol site and 3’-end HindIII site: for the 5’-ends of the inserts, 5-CCC
GCTCGAGATCATGGATTCATTCC-3' (nt —1987 to —1967, as desig-
nated from the transcription start site), 5'-CCCGCTCGAGAACAT
TATGTCTGTTAG-3' (nt —1243 to —1224), 5'-CCCGCTCGAGT
AACAGGCCGCTAGTAT-3' (nt —533 to —515), 5-CCCGCTCGAGA
TCCTGCTCCTTGCAGCA-3' (nt —176 to —159), 5'-CCCGCTCGAG
CCCATAGCTGCAGGAGATC-3' (nt —126 to —108), 5'-CCCGCTCG
AGAAATGGAGGTCAGGATAGC-3' (nt —107 to —89), 5-CCCG
CTCGAGCTATGATTGGACACTTGGTAAC-3' (nt —84 to —63), 5'-C
CCGCTCGAGGTAACCTGCACTACCGCCCCC-3' (nt —68 to —47),
and 5'-CCCGCTCGAGTTGCAAAGCTAGGTTTTC-3' (nt —20 to —2);
and for the 3’-ends of the inserts, 5'-GACAAGATCTAAGCTTTCCCCA
TCATATTC-3' (nt +91 to +108 as designated from the transcription start
site). To make the mutant construct of pm-84, the following nucleotide
sequences were used as a sense strand for PCR:
5-CCCGCTCGAGCTATGIATAAGIACACTTGGTAAC-3'; the NFY-
binding sites are boxed and mutations therein are italicized. The amplified
DNA fragments were digested with Xhol and Hindlll, and inserted
immediately upstream of the luciferase reporter gene. The sequences and
orientations of the constructs were verified by nucleotide sequencing.

Cell culture and transient transfection assay. Murine NS20Y neuro-
blastoma cells (obtained from Dr. M. Maral Mouradian, NIH) were
grown in Dulbecco’s modified Eagle’s medium that was supplemented
with 10% fetal bovine serum, 100 U/ml penicillin, and 100 pg/ml strep-
tomycin (Gibco-BRL). Cells were plated at 5x 10* cells per well into
12-well plates. Following 24 h of incubation, transient transfection of
plasmids for the luciferase reporter assay was carried out with 0.5 pg of
each promoter-reporter construct together with 3 ul of Fugene (Roche)

per pg of plasmid DNA. Co-transfection with 0.1 pg of the B-galactosidase
expression vector pSV-f (Promega) was used to normalize for transfection
efficiency. After incubation for 2 days, cell extracts were prepared and
assayed for luciferase and [-galactosidase activities, according to the
manufacturer’s protocols (Promega). The transfections were performed in
triplicate on a minimum of three separate occasions. The data were nor-
malized by calculating the ratio of the luciferase and B-galactosidase
activities. The average normalized luciferase activity is presented as fold-
activation relative to the activity of the pGL3-basic vector.

Electrophoretic mobility shift assay. The oligonucleotides used as probes
for electrophoretic mobility shift assay (EMSA) were annealed to their
respective antisense strands and end-labeled with [y->2PJdATP using T4
polynucleotide kinase. Nuclear extracts for EMSA were prepared as
described previously [5]. For the binding reactions, 5 png of nuclear extract
was incubated with reaction buffer [10 mM Tris-HCI (pH 7.5), 50 mM
NaCl, | mM DTT, 1 mM EDTA, 5% glycerol, 2 pg poly(dI-dC) - poly(dI—
dC), and 1 pg BSA]in the presence or absence of competitor for 10 min at
room temperature. The radiolabeled double-stranded oligomers (1 ng) were
added to the reaction mixture for an additional 20 min at room temperature.
In the competition experiments, unlabeled competitors containing intact or
mutant NFY consensus sequences were added in 100-fold excess. The
binding products were electrophoresed at 4-5 V/cm in a 6% polyacrylamide
gel in 0.5x TBE. The gel was dried and analyzed by autoradiography. The
DNA sequences of the sense strands of oligonucleotides were as follows:
NF-Y, 5-CACCTATGATTGGACACTTGGTA-3’; and mNFY, 5'-
CACCTATGATAAGACACTTGGTA-3’; the NFY-binding sites are
underlined and mutations therein are italicized.

Gene expression analysis. In situ hybridization to DNA from 9.5-day
post-coitus (dpc) whole embryos was performed as described previously [6]
with a 260-bp probe from the Ehox cDNA (nt 606-866). The probe was
labeled with digoxigenin using the T7 and T3 RNA polymerase (Roche)
for the antisense and sense strands, respectively. PCR with mouse Mar-
athon-Ready ¢cDNA (Clontech) was carried out on various tissues. The
primer set for the Fhox gene was designed to span one intron, thereby
eliminating the possibility of genomic contamination. The following
nucleotide sequences were used: 5'-AGATGGATAGGTGTGAGTGAA
G-3' and 5-GTCAAGGGTGGTACACCAG-3'. The PCR conditions
were as follows: 94 °C for 2 min, followed by 30 cycles of denaturation at
94 °C for 30 s, annealing at 63 °C for 45 s, extension at 72 °C for 45 s, and
the final extension step was prolonged to 3 min. The GAPDH gene was
used as an internal control with the following primer sequences: 5'-TG
GCCAAGGTCATCCATGACAACTTTG-3' and 5'-GCCTGCTTCAC
CACCTTCTTGATGTCA-3'. For GAPDH, the following PCR condi-
tions were used: 94 °C for 2 min, and then 30 cycles of denaturation at
94 °C for 30 s, annealing/extension at 68 °C for 60 s, and the final exten-
sion step was prolonged to 5 min.

Results and discussion
Genomic structure of the Ehox DNA

The mouse BAC DNA pool was screened by PCR
using a primer set for the extreme 5'-end of the Ehox
cDNA. Three positive clones were identified, the DNA
inserts of which were subjected to restriction endonucle-
ase mapping and Southern blot analysis. A total of
9.4 kb of the mouse 5-UTR and full-reading frame of
the Ehox gene was subcloned into the pBluescript II
SK(+) vector at the BamHI and Xhol sites, and
sequenced. The FEhox gene spans ~4.8 kb of the genome
and is organized into four exons and three introns (Table
1). We did not find any comparable sequences in any
other species, with the exception of the rat (GenBank
Accession No. NM_001024889).
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Table 1
Exon and intron junctions of the Ehox gene®

227

Exon number Exon size (bp) Sequence of exon-intron junction Intron size (bp)
5" splice donor 3’ splice donor

1 197 GAATGGTGAG TACAGGTGGG 190

2 406 GAAAGGTAAG CCCAGAAGAC 2,401

3 46 TTAAGGTAAG GGTAGAGATG 1,313

4 237

& Exon sequences are shown in bold. The 5’ donors, GT, and the 3’ donors, AG, are underlined. The sites of exon 1 and exon 4 are calculated from

position +1 and to the end of the cDNA, respectively.

Transcription initiation site and upstream promoter region rials and methods. Three positive clones were sequenced,
all of which had a transcript that was initiated from the

To determine the transcription initiation sites of the  guanidine residue 130 bp upstream of the ATG codon
Ehox gene, 5'-RACE was performed, as described in Mate-  (Fig. 1). In the proximal upstream region from this

-902 GAGIGGCCAGAGCCTGI TGTAAAATGT TTGCTCCTAAAGACCAGT TTGACCACATGCCTGCAGA

-838 GGGGCTGCTTATCTGACAGIATCTGGATAGAGACTGECGCCTGCTCTCGACCCTTTGACCTTCC

GATA GATA

-774 AGCGAACACATTAGGAAGGCCCATTCAAGAGAAAT GCAGGGAACCT TAGCAAGGTATGGCGATT

-710 TACTCAGTCCTTCACAGTTTTAACCAGTCTGT CCAGGACTAATAACCCCCCATCCTCACCCAAG

-646 CTCCTGAAAAGGCACACCATGGACACATGGCAGACTCTAACTGAGCTTTCTGTGAACACTCAAA

-582 GGAAGAGACCTGGTGGATCACCTTCTCCGTTTAATTTCTCTTCTCTATCAAGT AACAGGCCGCT

Del t aEF1
-518 AGTATAAACTACTGGGCCTAGATGAAAGACACTCTGTGT TTTGAGAGGAGGTGGTCTCACTGTG

-454 GITCTGGTTTTCTGAAAATCACTATGT AAACAAGCCT GGCCTGAAACT CAGAATCCACTTCATT
-390 CTTTCCCCTGAACGCTGGGATGAATGT CGT GAAAAGACACCCCCAACT AAACAAGAGATATTCT

-326 AAAAACACTTGTGTATTGICTCCAGAGCTTTTCTTCTTCAATACGAGTCGTTTGGCACAGI TGA
NKX25
-262 ACGTAGACAGTAATTTATCCAACT GCAAGGT GGGT CGCCACGT GTGCATCCATACCAGCTCAAG
Del t aEF1 USF

-198 TACCATGCGGTCCCTGCAATGATATCCTGCTCCTTGCAGCACAACCTGITCTGITTTGCACCTG

Del t aEF1
-134 AGGCTCAACCCATAGCTGCAGGAGATCAAAT GGAGGT CAGGATAGCTCACCTATGATTGGACAC

AP4 AP1 Del taEF1 NFY
-70 TTGGTAACCT GCACTACCGCCCCCAAGGGCTATGAGAGAATCTCTTCCTGGT TGCAAAGCTAGG
SP1

-6 TTTTCGECTTTCAGCTTTCGGECTTTCGGECTTTCAGCTTTCGECTGTCGECTGTCGECTTTCAGC

+59  TTTCGGTTTTCACAACCT CAGGAACT CCGACT CAGAAT CTGCT GGGGAAAGCT GCAGGGAAGCA

+123 CTCAGGACATGGAGCATCAAAACACCAA
Translation start site

Fig. 1. Nucleotide sequences of the 5'-flanking region of the mouse Ehox gene. The major transcription initiation site (identified in our 5’-RACE analysis),
a guanidine, is designated as the +1 nucleotide (bold). Potential cis-acting elements are underlined with the names indicated below the line. The ATG

translation initiation codon is boxed.
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guanidine (designated as +1), several consensus-binding
sites for transcription factors, which included GATA [7],
DeltaEF1 [8], NKX25 [9], USF [10], AP4, AP1, NF-Y
[11], and SP1 [12], were identified.

Transcriptional regulation of the Ehox gene

The transcriptional activity of the Ehox gene was exam-
ined using a transient transfection method. To determine
the regulatory elements responsible for Ehox gene expres-
sion, a series of deletion constructs of the 5'-region of the
gene was generated (Fig. 2A). These deletion constructs
were transiently transfected into NS20Y cells, and the lev-
els of luciferase activity were determined. Fig. 2B shows
that deletion up to position —84 did not result in any sig-
nificant changes in the promoter activity, relative to the
luciferase activity of the longest Ehox promoter-reporter
construct (nt —1987 to +108). The promoter activity was
lost in the construct that contained nt —68 to +108. These
results indicate that the minimal promoter comprises a
region that spans from nt —68 to +108, and potential posi-

tive regulatory elements seem to be located in the region
from nt —84 to —68, a region that is essential for high-level
expression of the Ehox gene. The region from nt —84 to
—68 contains the CCAAT box, a target for the transcrip-
tion factor NFY, which is involved in the activation of
the Ehox promoter. For further analysis, a 2-bp mutation
of the NFY-binding site (CCAAT — CTTAT) was intro-
duced into the p-84 plasmid, to generate p-m&4
(Fig. 3A). As shown in Fig. 3B, NS20Y cells transfected
with p-m84 showed markedly lower luciferase levels than
cells transfected with the wild-type p-84.

In an attempt to identify transcription factors that
have a potential to interact with the Ehox promoter
region, a synthetic double-stranded DNA probe for
NFY was subjected to a gel retardation assay. As shown
in Fig. 4, DNA-protein complexes were formed with the
nuclear extracts. The specificities of these complexes for
the sequence were shown in a competition experiment,
in which the complexes were competed by a 100-fold
excess of unlabeled wild-type probe, but not by a 100-
fold excess of unlabeled mutant-type probe. Typically,
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Fig. 2. Deletion analysis of the E/hox gene promoter. Reporter plasmids, which contain the luciferase gene under the control of various fragments of the
Ehox promoter, were transfected into NS20Y cells. The promoter regions used for the assay are shown (A). The activity of the pGL3-basic vector is given
the value of 1, and the relative fold-activity of the Ehox promoter is shown (B). Each activity value represents the average of at least three independent
experiments and is normalized by the activity of the co-transfected pSV-f3 plasmid.
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Fig. 3. Effects of site-directed mutations within the NFY-binding region of the Ehox promoter. (A) Reporter constructs that contain the NFY site or a
mutation in the NFY site. The altered nucleotides in the NFY site are shown as bold and italicized characters. (B) The indicated constructs were
transfected into NS20Y cells and cultured for 2 days. Each activity value represents the average of at least three independent experiments and is

normalized by the activity of the co-transfected pSV-f plasmid.
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Fig. 4. Binding analysis of the NFY probe. EMSA with radiolabeled
oligomers that contain the NFY site was performed in the absence or
presence of an excess of each specific oligomer or mutated oligomer. NS,
non-specific.

NFY occupies a relatively fixed position in the promoter,
usually between nt —80 and —60 upstream of the tran-
scription start site [13], which matches exactly our map-
ping of the Fhox promoter. The interaction of NFY
with the CCAAT element is necessary for basal constitu-

tive promoter activation, although NFY also mediates
cell-specific and inducible gene expression [14]. It has
been reported that Ehox is highly expressed in the thy-
mus, skin, and testis [3]. To verify NFY regulation of tis-
sue specificity by binding to the 1.9-kb Ehox 5'-flanking
region, we examined the Fhox promoter activities of cell
lines 2B4 (thymus), F9 (testis), and NS20Y (brain)
(Fig. 5). The cell lines did not differ with respect to Ehox
expression, which suggests that additional control ele-
ments govern the tissue specificity of NFY-mediated bas-
al control of gene expression.

Ehox expression patterns

To examine Fhox expression during development, we
performed whole mount in situ hybridization and PCR.
As shown in Fig. 6A, Ehox expression was widespread
in the brain at 9.5 dpc. In addition, Fhox was expressed
in the adult brain, albeit at very low levels, compared
with the testis and developing embryo (Fig. 6B). Ehox
is known to be expressed in trophoblast stem cells, com-
partments of the developing placenta, and the pharyngeal
pouch during embryo development [3,4]. Recently, it has
been reported that FEhox is expressed in the ovary and
testis as a reproductive homeobox on the X chromosome
(Rhox) family member [15]. It is also known that Ehox
is not expressed in the brain, either during development
or adulthood [3,4,15]. The reasons for the observed
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Fig. 5. Ehox promoter activities of different cell lines. The luciferase
reporter plasmid was transfected into the NS20Y, F9, and 2B4 cell lines,
and the cells were cultured for 2 days. Each activity value represents the
average of at least three independent experiments and is normalized by the
activity of the co-transfected pSV- plasmid.

discrepancies are unclear. We designed the PCR primers
to be specific for Fhox cDNA and sequenced the PCR
products, to reduce the risk of genomic contamination.

Furthermore, the RNA 260-bp pRNA probe, which
encompasses part of exon 4 and the 3’-UTR, was narrow-
ly defined, as we did not obtain any specific in situ results
using any other region, with the exception of part of the
5’-UTR (data not shown).

On several occasions, we attempted to generate chime-
ric mice from the FEhox-hemizygous mutant ES cells.
However, we obtained only three pups, all of which died
within 2 months without obvious crucial defects. This
suggests that Ehox plays a critical functional role during
development. How early FEhox is expressed remains
unclear. We noted Ehox expression in blastocyst embryos
as well as during ES cell differentiation (data not shown),
as reported by other groups [3,4]. Ehox was expressed in
7.5-dpc embryos, as well as in 9.5-dpc and 11.5-dpc
embryos (Fig. 6), which indicates that Ehox is expressed
throughout the post-implantation stage of the developing
embryo. It is clear that NFY is an important regulator of
Ehox transcriptional activity, since NFY binding to the
CCAAT box is often essential for gene transcription, par-
ticularly that of TATA-less genes [16]. Taken together,
our results suggest that NFY is an essential regulatory
factor for the Ehox transcriptional activity that occurs
throughout the post-implantation stage of the developing
embryo. Further studies are required to define the factors
and elements necessary for tissue-specific Ehox gene
transcription.

GAPDH

Fig. 6. Ehox gene expression patterns. In situ hybridization to 9.5-dpc whole embryos was performed with antisense (A) and sense (B) probes for the Ehox
cDNA. PCR for the Fhox gene and the internal control gene GAPDH was performed on samples from various tissues (C).
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