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Abstract

The Zfhx1a gene expresses two different isoforms; the full length Zfhxla-1 and a truncated isoform termed Zfhx1a-2 lacking the first
exon. Deletion analysis of the Zfhx1a-1 promoter localized cell-specific repressors, and a proximal G-string that is critically required for
transactivation. Transfection of Zfhxla-1 cDNA, but not Zfhx1a-2, downregulates Zfhxla-1 promoter activity. Mutation of an E2-box
disrupted the binding of both Zfhx1a isoforms. Consistent with this, transfected Zfhx1a-1 does not regulate the transcriptional activity of
the E-box mutated Zfhxla-1 promoter. Competitive EMSAs and transfection assays show that Zfthxla-2 can function as a dominant
negative isoform since it is able to compete and displace Zfhxla-1 from its binding site and overcome Zfhxla-1 induced repression of
the Zfhxla-1 promoter in cells. Hence, the Zfhxla-1 gene is autoregulated in part by negative feedback on its own promoter which

is, in turn, modified by the availability of the negative dominant isoform Zfhxla-2.

© 2007 Elsevier Inc. All rights reserved.
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Zfhxla (8EF1, ZEB, Zfhep®) is a member of the ZFH
family, containing zinc finger domains widely flanking a
central homeodomain-like sequence [1,2]. Zfhxla is
involved in smooth muscle differentiation, neurodifferentia-
tion, skeletal patterning, lymphopoiesis and cancer metas-
tasis [3-6]. Null mice have defects of craniofacial
development, skeletal patterning, and severe T cell defi-
ciency, and die at birth due to a failure to breathe, however,
the cellular and molecular basis for this is unknown [5]. In
humans, heterozygous mutations cause metaplasia of the
cornea [7]. Zfhxla is expressed as two different isoforms,
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Zfhxla-1 which encodes the full-length protein and an
N-terminal-deleted isoform termed Zfhxla-2 [8]. Zfhxla-2
mRNA does not contain the first exon of the gene, and
therefore the protein is missing a PCAF/p300 interaction
domain near the N-terminus, but contains the CtBP
co-repressor and the SMAD binding sites [9]. Both Zfhx1a
isoforms strongly bind the E2-box consensus sequence
CACCTG [1 and references there in]. Binding and repres-
sion by Zfhxla-1 has been shown with the GATA3,
CD4, E-cadherin, p73 and IL2 target genes [10,11]. How-
ever, little is known about how the Zfhx1a gene is regulated
to bring about the observed developmental roles of Zfhx1a.

We initially carried out deletion analysis of the human
Zfhxla-1 promoter in order to identify the DNA elements
that account for transcriptional activity in different cell
types. Sequence analysis of the proximal promoter with
TRANSFAC [12] identified consensus binding sites for
the transcription factors Runxl, Spl and MZFI1 and two
putative Zfhxla binding sites. We demonstrate that
Zfhxla-1 is able to repress expression of its own gene by
binding to one of these E2-box sites. Surprisingly, the
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alternative isoform Zfhx1la-2 competes for binding and acts
as a dominant negative of Zfhxla-1, antagonizing auto-
repression of the gene.

Materials and methods

Cell lines. CHO-K1 (Chinese Hamster Ovary), C2C12 (mouse myo-
blast), and Jurkat (human lymphoblastic T-leukemia) were obtained from
the American Type Culture Collection (ATCC, Rockville, MD).

Reporter and expression plasmids. Full-length Zfhxla-1 cDNA
(3407 bp) and Zfhxla-2 cDNA (2900 bp) were subcloned into the mam-
malian cell expression vector pPCDNA4/HisMaxB (Invitrogen) and refer-
red to as HisMax/Zfhxla-1 and HisMax/Zfhxla-2, respectively. The
human Zfhxla gene promoter was isolated by PCR amplification of
human genomic DNA. Z1p.1000Luc contains from —913 to +44 of the
human Zfhx1la gene inserted into a promoterless luciferase reporter vector
(pGL3-basic, Promega, Madison, WI). Subclones of this promoter were
prepared by standard cloning methods. The 5’-deletions are: Z1p.359Luc
(=359 to +44 of the Zfhxla promoter), Z1p.219Luc (—219 to +44),
Z1p.133Luc (—133 to +44), Z1p.133AG (deleting bases —57 to —13 from
Z1p.133Luc), and Z1p.12Luc (—12 to + 44). In addition, a 3'-deletion was
prepared, Z1p.786AEagl, containing the fragment from —913 to —129 of
the Zfhxla promoter inserted into pGL3-promoter (Promega). All clones
were confirmed by sequence analysis.

In vitro mutagenesis. A mutation of the E2-box at —120/—125 (Zfhx1la-
binding site 2; BS2) was generated by using a sequential PCR strategy [13].
The following primers were employed: 5'-CTAGCAAAATAGGCTG
TCCC-3', 5'-TTCCTCAtaTGTGGTGGG-3', 5'-CCCACCACAtaTGA
GGAA-3" and 5'-GGAACCAGGGCGTATCTC-3'. The PCR amplicons
were subcloned into pGL3-basic, and verified by DNA sequencing.

Transfection studies. C2C12 cells were transfected by the calcium-
phosphate method [13]; CHO-K1 and Jurkat cells were lipofected with
Fugene6 (Roche Diagnostics, IN). C2C12 cells were plated at a density of
1.5 x 10° cells and CHO-K1 cells at 2 x 10° per well in 6-well plates. CHO-
K1 and C2C12 were transfected with 1.0 ng of the Zfhxla-1 promoter
construct or pGL3-basic and with 0.5 ug of a PB-galactosidase vector,
CMVB, as a control for transfection efficiency. Jurkat cells were seeded in
12-well plates (1.5 x 10° cells/well) and transiently transfected with 0.7 pg
of the Zfhxla promoter construct and 0.3 pg of pCMVp. For co-trans-
fections, CHO-K1 cells were transfected with 1.0 pug of Zfhx1a-1 promoter
constructs and 0.8 pg of either HisMax/Zfhxla-1 or HisMax/Zfhxla-2,
and 0.6 pg CM V. Luciferase and B-galactosidase activity were evaluated
as described [21]. Results were expressed as luciferase/B-galactosidase
activity. Means were compared by one-way ANOVA followed by Stu-
dent-Newman-Keuls (SNK) tests or t-tests. P <0.05 was considered
significant. All experiments were done in triplicate and were repeated at
least three times.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts were
prepared from Jurkat cells as described [14]. Zfhxla-2 protein was
synthesized by in vitro translation in rabbit reticulocyte lysates (RRL)
according to the manufacturer’s instructions (T7-TnT Quick Coupled
Transcription/Translation System, Promega) using HisMax/Zfhx1a-2.
Three different DNA probes were used and designated as: binding site 1
(BS1), an Nhel/Xhol fragment of Z1p133AGLuc which contains the
promoter sequence from —132 to —58; binding site 2 (BS2), an oligonu-
cleotide spanning from —197 to —236 of the Zfhxla-1 promoter
(5-TCTCCCCACCACACCTGAGGAAAACTTTTCCCTCGCCCCT-3');
and BS1+2, an Nhel/Xhol fragment of Z1p268Luc with the DNA
sequence from —268 to +7 of the Zfhxla-1 promoter. In addition, a
mutated version of BS2 (BS2 mut) was synthesized with the following
sequence: 5'-TCTCCCCACCACAtaTGAGGAAAACTTTTCCCTCGC
CCCT-3'.

DNA fragments were labelled with [0->’PJdATP by fill-in with
Klenow. One microliter of the nuclear extract (3 pg) or 3 pl of Zfhxla-2
programmed RRL were incubated with [**P}-labeled DNA probe
(50,000 cpm) in binding buffer (20 mM Hepes, pH 7.9, 50 mM KCl,
2mM MgCl,, 100 uM ZnCl,, 1 mM DTT, 0.6 mg/ml BSA, 0.6 mg/ml

poly dI/dC) in a total volume of 15 ul and incubated at room tem-
perature for 60 min. For supershift analysis, 0.2 ug of antibody was
incubated with the protein 20 min before adding the DNA probe.
Antibodies for supershifts were anti-Zfhxla-1 antibodies directed
against N-terminus (SC-E20) or C-terminus (SC-C20) peptides (Santa
Cruz Biotech). Samples were loaded onto a 5% polyacrylamide gel and
electrophoresed in 0.25x TBE buffer. The gel was exposed to Rx film
overnight.

Potential Zfhxla binding sites into the Zfhxla-1 promoter were iden-
tified by comparison with the TRANSFAC transcription factor database
[12] using MOTIF sequence motif search.

Western blots. Nuclear extracts from Jurkat, SupTl1, and C33a were
used for Western immunoblots with our polyclonal anti-Zfhxla antibody
as described [4,14].

Results
Regulatory elements in the Zfhxla-1 promoter

The human Zfhxla-1 promoter was isolated to define
the major regulatory elements in different cell types.
Constructs containing 913 bp (Z1p.1000Luc), 359 bp
(Z1p.359Luc), 219 bp (Z1p.219Luc), or 12 bp (Z1p.12Luc)
of the promoter in a luciferase reporter (Fig. 1A) were
transfected into CHO-K1, C2C12, or Jurkat cells. Data
are expressed relative to Zlp.12Luc (control), which did
not differ from the pGL3 vector. The highest activity
was obtained in Jurkat cells, where Z1p.1000Luc was
32.4-fold higher (P <0.05) than Zlp.12Luc (Fig. 1B).
Deletion of nucleotides —913 to —360 (creating
Z1p.359Luc) had no effect on activity in Jurkat cells, how-
ever, the other cell types had increased activity with the
smaller construct, indicating the presence of a cell-specific
repressor element. Further deletion to —219 significantly
increased (P <0.001) Zfhxla-1 promoter activity in Jur-
kat cells, indicating another repressor element (Fig. 1B).
This element is not observed in CHO-K1, C2CI12
(Fig. 1B) or P19 cells (not shown) suggesting that
Zfhxla-1 promoter has two different cell-specific regula-
tory regions.

In order to characterize the minimal Zfhxla-1 promoter,
additional clones were transfected into Jurkat cells. Expres-
sion of Z1p.133Luc was not significantly different from the
219 bp construct, whereas Z1p.786AEagl (containing bases
—913 to —129 of the Zfhxla gene driving an SV40 proxi-
mal promoter) had little activity, confirming that the strong
activity of the Zfhxla-1 promoter is within 128 bases of the
start site (Fig. 1C).

The proximal promoter contains 77% guanosine nucleo-
tides from —66 to —1 relative to the transcriptional start
site, and lacks canonical TATA or CAAT boxes
(Fig. 1D). To evaluate the importance of this G-string, a
deletion of bases —57 to —13 was created in the context
of Z1p.133Luc (termed Z1p.133AG). Luciferase expression
of Z1p.133AG was strongly reduced (12-fold) as compared
to Z1p.133Luc (P <0.0001, Fig. 1C), demonstrating the
importance of the G-string in Jurkat cells. In addition,
Z1p.133AG retained basal activity above the Zlp.12Luc
control plasmid.
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Fig. 1. Zthxla-1 promoter activity in Jurkat, CHO-K1 and C2C12 cells and localization of an essential Zfhxla-1 promoter enhancer to the G-string. (A)
Schematic of DNA constructs containing the 5'-flanking region of Zfhxla-1 gene in the pGL3 vector. Z1p.786AEagl contains from —913 to —129 of the
Zthxla promoter inserted into pGL3-promoter vector having the SV40 promoter (stripped box). The bent arrow is the transcriptional start site. (B)
Luciferase activity of 5’-deletions of Zfhxla-1 promoter in Jurkat (immature lymphoblast), CHO-K1 (ovary) and C2C12 (myoblast) cells. Clones were
transfected into triplicate wells and the results were expressed as luciferase/p-galactosidase activity. Values are the fold activation compared to Z1p.12Luc,
expressed as means + SEM of three to six experiments. Means were compared by one-way ANOVA followed by Student-Newman—Keuls. *P < 0.05 vs.
Zlp.12Luc; **P <0.01 vs. Z1p.12Luc; **P < 0.001 vs. Z1p.12Luc. (C) Deletions of the proximal promoter were transfected into Jurkat cells. Values are
the fold activation compared to the appropriate controls (either Zlp.12Luc, or pGL3-promoter), expressed as means + SEM of three experiments.
P <0.0001 vs. Zlp.133Luc. (D) The sequence of the human Zfhxla promoter analyzed by TFSEARCH (at http://www.cbrc jp/research/db/
TFSEARCH.html) identifies candidate regulatory transcription factors; Runx (R), MZF1 (M), and SP1 (SP) binding sites. The underlined sequence is
deleted in the Z1p.133AG construct.

Zfhxla-1 autoregulates its promoter Z1p133Luc (Fig. 2A, lanes 7-9). These results indicate that
Zfhxla-1 represses its own gene, however, the proximal

Analysis of the Zfhxla-1 promoter sequence with the  binding site, BS1, is not sufficient for regulation. Autoreg-

TRANSFAC program revealed two potential binding sites  ulation requires sequences between —359 and —133, which

for Zfhxla protein. Binding site 1 (BS1) is on the lower  contains BS2.

strand at —63 to —68, and is preceded by two imperfect

sites between —97 and —112. BS2 is at nucleotide —220 Both Zfhxla isoforms bind to the Zfhxla-1 promoter

to —225 of the Zfhxla-1 promoter. These binding sites

have perfect E2-box sequences (CACCTG) for Zfhxla EMSAs were used to examine the formation of specific

binding [15]. To investigate the functional importance of = Zfhxla complexes at each binding site. We used nuclear

these elements we first performed transient transfection  extracts from Jurkat cells as a source of Zfhxla-1 protein

assays. Zfhxla-1 promoter-luciferase constructs were co- because of the high endogenous expression of Zfhxla-1
transfected with Zfhxla-1 or Zfhxla-2 expression clones (Fig. 3A). Zfhx1a-2 protein was synthesized in vitro in rab-
or with the empty expression vector (HisMax) into CHO- bit reticulocyte lysates. In vitro translation performed in

K1 cells. Zfhxla-1 co-transfection repressed the basal  the presence of [>>S]methionine showed three major bands
activity of Z1p1000Luc to 50% and repressed Z1p359Luc  specific for Zfhxla-2, which correlate with three well
to 25% (Fig. 2A, lanes 2 and 95). Co-transfection of  defined Zfhxla-2-specific bands on EMSA analysis.

increased amounts of Zfhxla-1 caused increased repression Both Zfhxla-1 and Zfhxla-2 bind specifically to the
(Fig. 2B). However, Zthx1a-2 did not repress the activity of ~ BS1+2 probe, which contains both putative binding sites
the promoter (Fig. 2A, lanes 3 and 6). Interestingly, neither ~ (Fig. 3B). The complex observed with Jurkat nuclear
of the Zfhx1a isoforms were able to regulate the activity of  extract was disrupted by anti-Zfhxla-1 antibodies directed
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Fig. 2. Zfhxla-1 represses its own promoter activity, but Zfhx1a-2 does not.
(A) Co-transfection of Zthxla promoter clones with Zfhxla-1 or -2
expression plasmids. Cells were co-transfected with the indicated reporter
constructs and Zfhxla-1 or Zfhxla-2 expression vectors, or the empty
expression vector (pcDNA4/HisMax). The promoter activity of each
construct was normalized to the condition with the highest activity. (B)
CHO-K 1 cells were co-transfected with 1.0 pg of Z1p1000Luc and with 0.5,
0.8, 1.0 and 1.3 pg of the Zfhx1a-1 expression vector, or with 1.0 pg of the
empty vector. Results are means + SEM in both figures (n = 4-6). *P < 0.05
vs. control (Empty vector); ***P < 0.001 vs. control (Empty vector).

4+ 0
+

+
'

ACTIVITY (%)
(4,] ~l
o (3]

RELATIVE LUCIFERASE
N
o

against either the N- (not shown) or C-terminus of the pro-
tein. The band containing Zfhx1la-2 and BS1+2 was super-
shifted only by the C20 antibody (raised against C-terminal
region) but not by the N-terminus-directed antibody (E20)
since Zfhxla-2 lacks the N-terminus region of the full-
length isoform. The addition of an unrelated antibody
(anti-actin) did not inhibit either Zfhxla-1 or Zfhxla-2
complex formation (Fig. 3B).

We performed EMSAs using separate BS1 or BS2
probes. Neither Zfhxla-1 nor Zfhxla-2 bound the BSI
probe (Fig. 3C). On the contrary, Zfhxla-1 and Zfhxla-2
each showed strong complex formation with [**P]-BS2
(Fig. 3D, lanes 2 and 8) that could be competed by an
excess of the same cold oligonucleotide but not by the unre-
lated oligonucleotide. The Zfhx1a-1 complexes were super-
shifted by C20 and E20 antibodies but not by anti-actin
antibody showing the specificity of the complex
(Fig. 3D). As expected Zfhxla-2 complex formation was
only disrupted by the C20 antibody to the C terminal
sequence (Fig. 3D, lane 5).

In order to ascertain whether the E-box in BS2 was
involved in the Zfhxla binding, we generated the BS2mut
probe with a double mutation (CACCTG — CA#TGQG) in
the E2-box sequence, which disrupts the binding of
Zfhxla-1 [15]. As expected, neither of the Zfhx1la isoforms
bound to this mutated probe (Fig. 3E).

Functional studies using a Zfhxla-1 promoter mutated
in BS2 (Z1p1000mutLuc) showed no repression by either
Zfhxla-1 or Zfhxla-2 expression vectors (Fig. 3F). There-
fore, disruption of BS2 was sufficient to disrupt Zfhxla-1
autoregulation.

Zfhxla-1 and Zfhxla-2 compete to bind and regulate the
Zfhxla-1 promoter

In spite of the strong binding of the Zfhx1a-2 isoform to
the binding site 2, the protein did not regulate the Zfhxla-1
promoter (Fig. 2A). In order to investigate competition
between the isoforms, we incubated [**P}-BS2 with 1 pl of
Jurkat nuclear extract (containing Zfhxla-1) and increas-
ing amounts of RRL programmed with Zfhxla-2. The
resulting complexes were resolved by EMSA. As shown
in Fig. 4A, increased amounts of Zfhxla-2 resulted in a
reduction of the signal of the Zfhxla-1 complex, while
increasing the signal of the lower Zfhxla-2 complex. Spec-
ificity of both complexes was determined by addition of an
anti-Zfhxla antibody that disrupted both complexes
(Fig. 4, lanes 1 and 6). Binding of the isoforms to the
BS2 site seems to be mutually exclusive. The function of
Zfhxla-2 was also studied by transfections. While
Zfhxla-2 alone does not regulate its promoter, Zfhxla-1
alone repressed the promoter, and addition of increasing
amounts of Zfhxla-2 progressively relieved that repression
(Fig. 4B). Hence, Zfhx1a-2 disrupts auto-repression of the
gene by Zfhxla-1, apparently by competition at the DNA-
binding site.

Discussion

Functional analysis of the Zfthx1a-1 promoter shows cell
specific positive and negative regulatory elements. How-
ever, the proximal promoter region is sufficient to support
much of the transcriptional activity of the Zfhxla-1 gene.
Analysis of the human Zfhxla-1 promoter in Jurkat cells,
a human immature single positive lymphoblast cell line,
identified a key guanosine-rich region at positions —1 to
—66 relative to the transcriptional start site. The basal
activity of this TATA-less promoter appears to be concen-
trated in this region. Sequence analysis with Transfac 5.0
(using 100% core factor identity and matrix identity
>90%) identified consensus binding sites for the transcrip-
tion factors Runxl (AML-1/CBFA2), SP1, and MZFI
(Znf42), all of which are conserved within the mouse and
human G-string sequence (Fig. 1D). These three factors
are involved in hematopoiesis [16,17], and Runx1 is abso-
lutely required for normal differentiation of the T and B
cell lineages [18]. Runx]l mRNA is highly expressed in
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Fig. 3. BS2 sequence is necessary for each Zfhxla isoform binding to Zfhxla-1 promoter. (A) Zfhxla is strongly expressed in Jurkat and mouse
thymocytes. Western analysis of Zfhx1a protein expression in thymocyte nuclear extract (Thy), and cytosol (Thy(c)) and nuclear extracts from C33a (C33),
SupT1 (T1), and Jurkat (J) cells. (B) EMSAs were performed with Jurkat nuclear extracts (NE), Zfhx1a-2 programmed reticulocyte lysate (Zfhxla-2 RRL)
or unprogrammed reticulocyte lysate (UP RRL) plus [**P]-BS1+2 oligonucleotide. (C) EMSA using the same protein sources and the [*?P]-BS1 probe,
showing no binding of protein. (D) EMSA using the [**P}-BS2 probe. 3*P-probes were competed by 100-fold molar excess of cold specific oligonucleotides
(unlabeled probe) or cold actin oligonucleotide (actin oligo). Antibodies used for supershift are (a) SC-E20 Zthxla N-terminus antibody (E20), (b) SC-C20
Zfhxla C-terminus antibody (C20), and (c) anti-actin antibody (C11). (E) EMSAs with Jurkat NE or Zfhxla-2 RRL were incubated with the wild type
[*P}-BS2 probe (WT *P-PROBE) or its mutant (Mut *?P-PROBE). (F) CHO-K1 cells were co-transfected with 0.8 ug of the Zfhxla-1, Zfhxla-2
expression vector or the empty vector and 1.0 pg of the Z1p1000Luc or Z1p1000mut Luc. Results are expressed as means + SD and are representative of

three experiments with same results. ***P < 0.001 vs. control (first column on the left).

double negative (DN) thymocytes [19] where it participates
in differentiation of DN1-4 populations [18]. Runx]l may
act in part by activating the Zfhxla gene through the G-
string sequence since differentiation of DN cells is dis-
rupted in Zfhxla-null mice [3]. Further studies are needed
to characterize the expression of Zfhxla-1 during
lymphopoiesis.

Our studies indicate that Zfhxla-1 protein is capable of
repressing its own promoter by binding directly to one of
two consensus sites. Transfection and DNA-binding assays
identified BS2 as the active repressor element, and demon-
strated that BS1 was not active despite having a perfect E2-
box sequence. The functionally important BS2 site is
located —220 to —225 relative to the transcriptional start
site and may contribute to the repressor element observed
at —220 to —359 in Jurkat cells (Fig. 1B). Multiple
Zfhxla-binding motifs do not seem to be critical for

Zfhxla-1 autoregulation as described previously for other
Zfhxla target genes [15,20,21].

Zfhx1a-2 isoform lacks the N-terminal p300 and P/CAF
interaction domain [9], and most of the N-terminal zinc fin-
ger cluster [8]. However, Zfhxla-2 does contain the CtBP-
interaction domain, which mediates repression by binding
CtBP1/2. The P/CAF-interaction domain allows P/CAF
to acetylate the CtBP binding site, thereby disrupting the
ability of Zfhxla to repress transcription [9]. Since
Zfhxla-2 lacks the P/CAF interacting domain, it might
be anticipated to have constitutive repressor activity. How-
ever, our functional data indicate that Zfhx1a-2 is not able
to repress the Zfhxla-1 promoter in spite of strong binding
to the E2-box present in BS2. Competition experiments
demonstrate that Zfhxla-2 competes with the full length
Zfhxla-1 protein for the BS2 site, behaving as a dominant
negative isoform of Zfhxla. We have previously shown
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Fig. 4. Zthxla-2 blocks the silencer activity of Zfhxla-1 and displaces
Zfhxla-1 from its binding site. (A) EMSA where the [*>P}-BS2 probe was
incubated with 1.0 pl of Jurkat NE plus increasing amounts of Zfhxla-2
RRL (1-9 ul). (B) CHO-K1 cells were co-transfected with 0.8 ug of
Z1p359Luc, 0.8 pg of the Zfhxla-1 expression vector and increasing
amounts (0.25, 0.5 and 0.8 pg) of the Zfhxla-2 expression vector. Total
DNA concentrations were equalized using the empty expression vector.
Results are expressed as means + SD and they are representative of three
experiments with same results. *P < 0.05, ***P <0.001 vs. control (first
column on the left).

tissue-specific expression of the Zfhxla-2 (Zfhep-2) mRNA
[8], suggesting that this isoform modifies the activity of
Zfhxla-1 in a cell-specific manner.

In conclusion, we show that the Zfhx1a gene is autoreg-
ulated at the promoter level and also through the expres-
sion of a dominant negative isoform, Zfhxla-2. In
addition to this transcriptional regulation, separate results
from our laboratory indicate that the activity of Zfhxla
protein is regulated by changes of phosphorylation [14];
unpublished results.).
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