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Abstract

Background—~Patent ductus arteriosus (PDA) is one of the most common congenital heart
defects. Transcription factor AP-2 beta (TFAP2B) mutations are associated with the Char
syndrome, a disorder associated with PDA, and with facial and fingers abnormalities. Recently,
we identified two TFAP2B mutations in two families without Char syndrome phenotype, c.
601+5G>A and c.435_438delCCGG, and these TFAP2B mutations were associated with familial
isolated PDA. The aim of this study was to identify the effects of these mutations on TFAP2B
function.

Methods—~Plasmids containing the wild-type or mutated TFAP2B were constructed and
transfected in cells. Plasmids containing the TFAP2B coactivator, Cpb/p300-interacting
transactivator 2 (CITED2), was also transfected. TFAP2B expression was detected by luciferase
expression and by Western blot analysis.

Results—These mutations resulted in loss of transactivation function, which could not be
improved by Cpb/p300-interacting transactivator 2. The ¢.601+5G>A mutated gene did not
express any protein, whereas the ¢.435_438delCCGG mutation did not impact the transactivation
function activated by the wild-type TFAP2B.

Conclusions—These results suggest that a haploinsufficiency effect of TFAP2B could be
involved in familial isolated PDA.
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1. Introduction

The ductus arteriosus (DA) is a specific vascular structure between the aorta and the
pulmonary artery diverting the blood from the pulmonary artery into the aorta during fetal
development. After birth, DA undergoes functional and anatomic closure. In some people,
the DA does not close after birth, if present after the age of 3 mo, this condition is known as
patent DA (PDA). Untreated PDA usually results in life-threatening conditions, such as
congestive heart failure, pulmonary artery hypertension, and neonatal necrotizing
enterocolitis [1]. On the other hand, DA patency is essential in some special pathologic
conditions. Some DA-dependent congenital heart diseases, such as severe tetralogy of Fallot
and single ventricle with severe pulmonary artery stenosis, require palliative systemic
pulmonary shunt or stent implantation into the DA to ensure an adequate pulmonary blood
flow.

The DA originates from the left dorsum part of the sixth pharyngeal arch and is
histologically derived from cardiac neural crest cells (NCCs) [2,3]. Transcription factor
AP-2 beta (TFAP2B), is a transcription factor that is enriched in the neural crest and could
play an important role in regulating DA closure [4]. Cpb/p300-interacting transactivator 2
(CITED?2) acts as a TFAP2B coactivator and enhances its transcriptional efficiency [5]. To
date, most TFAP2B mutations [6-9] have been identified in Char syndrome patients, a birth
defect characterized by PDA and by deformities in the face and fingers [10]. However, no
mutation causing isolated PDA has been identified for a long time. Recently we reported
two TFAP2B heterozygous mutations, ¢.601+5G>A and ¢.435_438delCCGG, in two
unrelated families with PDA, but without features of the Char syndrome [11] (Figs. 1 and 2).
In both families, the mutated allele was only observed in affected individuals. This previous
study demonstrated that TFAP2B variations are not exclusively associated with the Char
syndrome, but may also be associated with isolated PDA. However, although we identified
the c.601+5G>A mutation in isolated PDA patients, it was also reported in Char syndrome
patients [7], stressing the need for a better understanding of this pathology.

To examine the pathogenic mechanism underlying isolated PDA, we conducted a functional
study of the TFAP2B ¢.601+5G>A and c.435_438delCCGG mutations using a
transactivation assay. We hypothesized that the disruption of TFAP2B transcription by these
mutations plays a major role in the etiology of isolated PDA.

2. Materials and methods

2.1. Plasmids

The pcDNA3-TFAP2B expression plasmid (containing the wild-type TFAP2B
[NM_003221]), the p3*AP2-Bluc plasmid (containing the luciferase reporter gene with
three copies of the TFAP2B recognition sequence), the pcDNA3-lacZ plasmid, the
pcDNA3-CITED2 plasmid (containing the TFAP2B coactivator, CITED2), and the empty
vector pcDNAS3 were all provided by S.B. (Dana-Farber Cancer Institute and Harvard
Medical School, Boston, MA). The ¢.435_438delCCGG expression plasmid, CMV-
CCGGdel, was developed by site-directed mutagenesis polymerase chain reaction using the
primers presented in Table 1. The CMV-Aexon3 vector expressing TFAP2B without exon 3
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was made using the primers presented in Table 1; these primers matched the 3’ terminal part
of exon 2 and the 5’ terminal part of exon 4. Both mutated TFAP2B vectors were confirmed
by sequencing.

2.2. Cell transfection and transactivation assay

U2-0S cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St
Louis, MO) supplemented with 10% fetal bovine serum (Sigma), penicillin (100 U/mL,
Sigma), streptomycin (10 pg/mL, Sigma) and I-glutamine (4 mM, Sigma). Cells were seeded
into a 96-well plate, 5000 cells/well. For transactivation assays, cells were transfected with
20 ng of CITED2 or pcDNAS3 vector, 100 ng of p3*AP2-Bluc plasmid, 20 ng of CMV-lacZ
plasmid, and 20 ng of wild-type or mutant plasmids using Fugene HD (Promega, Madison,
WI). To evaluate the activation of the luciferase reporter gene (p3*AP2-Bluc) by increased
doses of CITED2, we transfected 10, 20, or 40 ng of CITED2 together with 20 ng of wild-
type or TFAP2B mutant plasmids, and 20 ng of the CMV-lacZ plasmid for normalization.
To detect the effects of the CMV-CCGGdel plasmid (30 ng) on cotransfected wild-type
TFAP2B (30 ng), cells cotransfected with pcDNAS3 (30 ng) and CMV-CCGGdel (30 ng)
were compared, and cells transfected with pcDNA3 (60 ng) were used as control. Twenty-
four hours after transfection, luciferase expression was measured using the luciferase assay
system (Promega, E1500), according to the manufacturer’s instructions. LacZ levels were
assessed as previously described [12], and luciferase expression levels were normalized to
LacZ levels. Results are presented as relative luciferase value from three independent
transfection experiments performed in triplicate.

2.3. Western blotting

U2-0S cells were seeded in a 12-well plate (80,000 cells/well) and transfected with 800 ng
of pcDNA3, wild-type TFAP2B, ¢.435 438delCCGG, or ¢.601+5G>A plasmids using
Fugene HD (Promega). Western blotting was performed after 24 or 48 h. We used the
TFAP2B N-terminal specific polyclonal antibody (Sigma, AV38282) as the primary
antibody (1 pg/mL) and horseradish peroxidase-labeled goat anti-rabbit as the secondary
antibody. Proteins were detected using the enhanced chemiluminescence (ECL) advanced
Western blotting detection kit (GE Healthcare, Waukesha, WI).

3. Results

3.1. TFAP2B mutations disrupt transactivation

As expected, wild-type TFAP2B-induced luciferase expression, which was increased by
CITED?2 cotransfection. However, luciferase expression was lowered by TFAP2B
mutations. Furthermore, CITED2 could not enhance the transactivation of AP2-luc by
mutant TFAP2B (Fig. 3A). Because this decreased luciferase signal may have resulted from
an inability of the mutant TFAP2B to activate transcription or from a partial inhibition, we
cotransfected mutant or wild-type plasmids with different concentrations of CITED2 to rule
out one of these two possibilities. For wild-type plasmids, we observed that the luciferase
coactivation was enhanced in a CITED2 dose-dependent manner. However, for both
mutants, the luciferase signal was very low, and increasing the CITED2 dose had no effect
(Fig. 3B).
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3.2. The two TFAP2B mutations have different effects on the protein

The ¢.601+5G>A mutation causes the deletion of exon 3 of the TFAP2B messenger RNA
[11], and we developed a vector lacking exon 3. The ¢.435_438delCCGG mutation deletes 4
bp in exon 2, inducing a frameshift in the messenger RNA. This frameshift mutation was
predicted to encode a truncated 188-amino acid protein because of the presence of a
premature stop codon. To confirm the presence of TFAP2B protein expression from the
mutant vectors, we transfected the mutant or wild-type vectors in U2-OS cells and analyzed
TFAP2B expression by Western blotting (Fig. 4). Because the TFAP2B mutants had
sequence variations, we selected a N-terminal specific primary antibody. After transfection
(24 or 48 h), we observed that the wild-type TFAP2B was expressed (51 kD). However, the
€.435_438delCCGG mutation produced a 21-kD, and no protein was produced by the
TFAP2B ¢.601+5G>A mutant plasmid.

3.3. Truncated TFAP2B protein does not inhibit wild-type TFAP2B transactivation

To determine if the truncated protein produced by the c.435_438delCCGG mutation inhibits
wild-type TFAP2B transactivation, we cotransfected the ¢.435_438delCCGG and wild-type
TFAP2B plasmids into U2-OS cells. Compared with pcDNA3 and wild-type TFAP2B
cotransfection, the protein encoded by the gene bearing the c.435_438delCCGG mutation
had no impact on the transactivation of the wild-type TFAP2B (Fig. 3C). Therefore, the c.
435 _438delCCGG mutation did not competitively inhibit the function of the wild-type
TFAP2B allele.

4. Discussion

The aim of this study was to assess the effects of two TFAP2B mutations associated with
familial PDA in cultured cells. Our results showed that the ¢.601+5G>A and c.
435_438delCCGG mutations produced no functional protein and that the TFAP2B
coactivator, CITED2, was unable to increase their function. In addition, the c.

435 438delCCGG mutation produced a truncated protein, whereas the ¢.601+5G>A
mutation did not produce any detectable protein. Finally, the truncated protein encoded by
the ¢.435_438delCCGG mutation did not inhibit the function of the wild-type protein.

PDA is the main phenotype of the Char syndrome, and TFAP2B plays a key role in the
regulation of cardiac NCCs. Recently, a family of six members suffering from PDA without
any of the characteristic hand or craniofacial abnormalities of the Char syndrome was
identified, and their TFAP2B gene was sequenced. All six members were found to carry a
single-base substitution in exon 3, IVS2-2A>T8 [9]. This study suggested that mutations in
TFAP2B are not only associated with the Char syndrome but also associated with isolated
PDA, which was confirmed by our previous study [11]. Although the ¢.601+5G>A was
previously reported to be associated with Char syndrome [7], we identified this mutation in
isolated PDA patients. Presently, we do not understand the exact mechanisms by which the
same mutation may result in two different phenotypes. We may only hypothesize that these
different phenotypes result from a different phenotype penetrance or from complex
interactions between environmental and other genetic factors.
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TFAP2B encodes a neural crest—derived transcription factor [4], and it affects NCCs biology
mainly through the regulation of several target genes. Our study demonstrated that both c.
601+5G>A and ¢.435_438delCCGG mutants could not stimulate transcription and that
cotransfected CITED2 was unable to enhance the activation of mutant TFAP2B.
Furthermore, increasing the dose of coactivator could not improve this poor activation,
indicating that these mutations had a completely deficient function. We observed that the c.
601+5G>A mutant could not produce any protein, which indicated a haploinsufficient effect
involved in the development of isolated PDA. The ¢.435 438delCCGG mutant produced a
truncated protein with the loss of its DNA-binding domain. A recent study suggests that
coactivators, such as p300, bind with the N-terminal end of TFAP2B to coactivate target
genes [13]. In addition, TFAP2B binds to its DNA recognition sequence and dimerizes with
another TFAP2 molecule on the DNA via its C-terminal domain, activating the target gene
by the N-terminal transactivation domain [14,15]. Thus, the protein encoded by the c.

435 _438delCCGG allele contained the N-terminal part and might affect the function of the
wild-type protein through competition for coactivators. In this case, the ¢.435_438delCCGG
mutant would exhibit a dominant negative effect. However, cells cotransfected with c.

435 _438delCCGG and wild-type plasmids had no change in the luciferase signal, suggesting
that this mutation also affects the N-terminal coactivator-binding domain. These results are
consistent with a haploinsufficient effect involved in the pathogenesis of familial isolated
PDA.

How the disruption of the transactivation causes PDA? We know that two main processes
are involved in DA closure: functional DA closure by constriction and anatomic closure
caused by DA occlusion by intima thickening. During anatomic closure, endothelium is
detached from internal elastic lamina, and ductus smooth muscle cells migrate from media
into intima [16]. Because ductus smooth muscle cells are differentiated from NCCs [2,3],
proliferation, differentiation, and migration of NCCs are important for DA closure. TFAP2B
is expressed in NCCs during early embryogenesis [17]. Many genes are regulated in NCCs
during the embryonic life and are modulated by TFAP2B, such as bone morphogenetic
protein 2 and bone morphogenetic protein 4 [18,19], activin receptor-like kinases 2 (ALK2)
[20], many pivotal potassium and calcium ion channels (such as CACNA1G/alphalG,
CACNB2/Cal-beta2, and KCNA2/Kv1.2) [21-23], hypoxia-induced transcription factor,
and endothelin 1 [17]. All these factors constitute a complex network that modulates
functional and anatomic DA closure. Based on these previous studies and the results from
the present study, we speculated that TFAP2B could be a key modulator of this network.
Consequently, TFAP2B mutations disrupting transactivation should result in the
downregulation of these target genes, leading to the disruption of this network and to a
disrupted DA closure. However, many studies are still required to correctly understand the
complex relations between these factors and to explain why the same mutation may cause
Char syndrome or isolated PDA.

5. Conclusions

The alleles bearing the ¢.601+5G > A and ¢.435_438delCCGG mutations were unable to
activate the transcription of their target sequences. These results suggest that a
haploinsufficiency effect could be involved in familial isolated PDA.
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Fig. 1.

Schematic representation of the TFAP2B gene and position of the two mutations. The c.
601+5G>A mutation is located in the junction area of exon 3 and intron 3. The c.
435_438delCCGQG is located in the C-terminal part of exon 2. Boxes represent the exons.
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Fig. 2.

(A?) Identification of the (C)601+5G>A mutation in a family. (B) The (C)601+5G>A
mutation causes a 61-bp deletion in TFABP2B. (C) Identification of the
(C)435_438delCCGG mutation in an unrelated family. This figure was from our previous
study reporting these two mutations [11].
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Fig. 3.

Trinsactivation assay of wild-type and mutant TFAP2B. (A) Transcriptional assay. Cells
were transfected with 100 ng of p3*AP2-Bluc and 20 ng of lacZ plasmids. About 20 ng of
wild-type or mutant TFAP2B plasmid was cotransfected with 20 ng of CITED2 or pcDNA3
plasmid. The control value (third column from the left) was set to 1.0. (B) Transactivation
assay with increasing doses of CITED2 plasmid. Cells were transfected with 100 ng of
p3*AP2-Bluc and 20 ng of lacZ plasmids. The wild-type or mutant TFAP2B (20 ng) and
different doses of CITED2 plasmid (10, 20, or 40 ng) were cotransfected. The left column
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was set at 1.0 as control. (C) To determine if the product of the (C)435_438delCCGG
mutation would compete with wild-type TFAP2B proteins, 80 ng of p3*AP2-Bluc and 40 ng
of lacZ were transfected into U2-OS cells, as well as 30 ng of pcDNA3, wild-type or
CCGGdel plasmid. The left column was set to 1.0 as control. Twenty-four hours after
transfection, cells were lysed, and the luciferase expression was determined. Luciferase
expression was normalized to lacZ. Results are expressed as mean + standard error from
three independent experiments performed in triplicates. WT: wild-type.
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Fig. 4.

Dgtection of the expression of mutant TFAP2B proteins in transfected U2-0OS cells by
Western blot analysis. Cells were transfected with 800 ng of pcDNA3, wild-type, CCGGdel
or EXON3del TFAP2B plasmids. After 24 or 48 h, cells were collected, and a Western blot
was performed using a polyclonal TFAP2B N-terminal antibody.
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Table 1

Primers for mutagenesis PCR for the generation of TFAP2B mutant plasmids.

Primer Sequence

CMV-TFAP2B EcoRV Fwr  5-GTC AAG TAC GAA GAT ATC TAT GAG G-3

CMV-TFAP2B Sacll Rev 5-CGC CTG CCC GCG GGT AAATTC-3

TFAP2B CCGGdel Fwr 5-CTA CCA CTC GGT CCG CCG CAC GTG CTG CTG CAT TC-3
TFAP2B CCGGdel Rev 5-GAA TGC AGC AGC ACG TGC GGC GGA CCG AGT GGT AG-3
TFAP2B EXON3del Fwr 5-AAT GGA AGA CGT CCAGTT CCA GTT CCT CCC AA-3
TFAP2B EXON3del Rev 5-TTG GGA GGA ACT GGA ACT GGA CGT CTT CCATT-3/

Fwr = forward; PCR = polymerase chain reaction; Rev = reverse.
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