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ABSTRACT

DGCRG is the most centromeric gene in the human DiGeorge
critical region and is the only gene in the region with a second
functional copy on a repeat localized more distally on chromo-
some 22. We isolated the chicken ortholog of DGCR6 and
showed an embryonic expression pattern that is initially broad
but becomes gradually restricted to neural crest cell derivatives
of the cardiovasculature. Retrovirus based gene transduction was
used to deliver sense and antisense messages to premigrating
neural crest cells in vivo. Embryos in which DGCR6 expression
was attenuated revealed cardiovascular anomalies reminiscent of
those found in DiGeorge syndrome. Moreover, the expression
profiles of three other genes from the DiGeorge critical region,
TBX-1, UFDIL, and HIRA, were shown to be altered in this
model. TBX-1 and UFDIL levels were increased, whereas HIRA
was decreased in the hearts and pharyngeal arches of embryos
treated with antisense or partial sense constructs, but not with
sense constructs for DGCR6. The expression changes were tran-
sient and followed the normal DGCR6 expression profile. These
data show that neural crest cells might have a role in the
distribution of modulator signals to the heart and pharyngeal

Congenital anomalies can provide important clues for the
impact of specific processes in embryonic development. With
respect to the chromosome 22 deletion syndrome or DGS
(OMIM 188400), a patient’s phenotype is clearly related to
disturbance of migration or differentiation of neural crest. This
might also be evoked by an inadequate interaction with sur-
rounding cells like the endo- and mesoderm in the pharyngeal
arches. In DGS patients, cardiovascular anomalies often coin-
cide with thymic, thyroid, and parathyroid defects (1). All
these areas are populated by cephalic and cardiac NCC that
delaminate from the dorsal neural tube during neurulation and
enter the mesodermal compartment of the embryo (2-5). The
chicken NCC ablation model (6) shows that these neural crest
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arches. Moreover, it shows a repressor function for DGCR6 on
the expression of TBX-1 and UFDIL. For the first time, Di-
George syndrome is shown to be a contiguous gene syndrome in
which not only several genes from the critical region, but also
different cell types within the embryo, interact in the develop-
ment of the phenotype. (Pediatr Res 56: 440—448, 2004)

Abbreviations
DGS, DiGeorge syndrome
DORY, double outlet right ventricle
EGFP, enhanced green fluorescent protein
TAA-B, interruption of the aortic arch-type B
IRES, internal ribosomal entry site
ISH, in situ hybridization
LTR, long terminal region
NCC, necural crest cells
PFA, paraformaldehyde
PTA, persistent truncus arteriosus
VSD, ventricular septal defect

areas are preferentially disturbed in DGS. In this respect, it is
remarkable that, of the cardiovasculature in DGS patients,
primarily the cardiac outflow tract and the fourth pharyngeal
arch arteries are affected, although all arch arteries as well as
outflow and inflow tracts of the heart are invaded by NCC (5,
7). The DGS phenotype in general presents with I[AA-B, PTA,
VSD, and tetralogy of Fallot (8, 9).

Although the affected chromosomal region has been known
for over a decade, pinpointing the gene(s) involved in DGS is
difficult. Genomic analysis of patients revealed a hemizygously
typical deleted region of 1.5- to 3.0-Mb on chromosome
22ql.1 carrying over 30 genes. This region appears highly
unstable due to the presence of AT-rich sequences (10) and low
copy repeats (11). To date, four genes within this region have
been described as candidate genes: HIRA (12), UFDIL (13,
14), CRKL (15), and TBX-1 (16—-18). Of these genes, TBX-1 is
the most promising, as hemizygously deleted mice show severe
abnormalities in pharyngeal arch development (16). However,
Thx-1 is not expressed in NCC, and, despite large-scale genetic
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screenings (18), only one patient has been described with a
~750-kb deletion that encompasses the 3' end of 7BX-1 (19).
Possible explanations for these discrepancies are i) the involve-
ment of embryonic cell types other than NCC in the etiology of
DGS, ii) the presence of cis-acting elements in the 7BX-/
region regulating its expression “at distance” (20), or iii)
modifier genes of the phenotype like Vegf (21) or Fgf-8
(22-24). In fact, identification of haplo-insufficiency of genes
on chromosome 22q11 in “nondeleted” DGS patients turns out
to be extremely complicated. Besides the case mentioned
above, this has only been described for one patient that was
deleted in UFDIL and CDC45L (13).

Animal models have been described with DGS-type congen-
ital cardiovascular malformations, but none of the genes in-
volved localize to human chromosome 22ql.1. These models
include null mutants for endothelin-1 (25), endothelin recep-
tor-A (26), endothelin converting enzyme-1 (27), transforming
growth factor 32 (28), mesenchyme forkhead genes Mfh-1/
Foxc2 (29) and Mf-1/Foxcl (30), Pax3 (31), Semaphorin-3C
(32), vascular endothelial growth factor (VEGF165 (21)), and
Fgf-8 (22-24). Most likely, they represent downstream genes
involved in cardiovascular development that are controlled by
elements on 22ql.1.

In this study, we describe the chicken ortholog of DGCR6.
In humans, this gene is located at the most centromeric border
of the DiGeorge critical region, and within a 75-kb repeat
located more distally (11). DGCR6, which shows sequence
homology to the Drosophila gonadal protein GDL and to the
laminin-yl chain, has been shown to be deleted in DGS
patients, and is highly expressed in heart and striated muscle
(33). During murine embryogenesis, Dgcr6 shows a wide-
spread distribution with highest expression in the pharyngeal
arches and central and peripheral nervous system (34). We
show in chicken embryos that DGCRG6 is expressed in NCC
and their derivatives, like vascular smooth muscle cells and
cardiac ganglion cells. Using a retrovirus-based gene delivery
system in vivo, DGCRG6 expression was disturbed, specifically
in premigrating chicken NCC, as has been recently described
for UFDIL (14). The attenuation of DGCR6 resulted in car-
diovascular anomalies reminiscent of those found in DGS. In
addition, expression profiles of TBX-1, UFDIL, and HIRA
were analyzed in the pharyngeal arches and in the hearts of
treated embryos. DGCR6 appeared to modify the expression of
all three DiGeorge candidate genes in a distinct but transient
manner. We conclude that DGCRG6 represses normal 7BX-1
and UFDIL expression and stimulates HIRA, and may there-
fore be considered as modifier in the contiguous gene cascade
that leads to DGS.

METHODS

Isolation of chicken DGCRG6. To isolate chicken DGCRG,
10° plaque-forming units (pfu) from a chicken heart cDNA
library (Stratagene, Heidelberg, Germany) were screened with
the human DGCR6 cDNA (kindly provided by S. Demczuk,
Montreal). Four positive clones spanning the complete cDNA
were subcloned using the lambda ZAP excision procedure, and
were automatically sequenced on both strands. DGCR6 se-
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quence information is available in the GenBank database (ac-
cession number AF048985).

ISH and immunostaining. **S-based ISH on sections were
performed as described previously (35, 36). DIG-based ISH on
embryos in whole mount and on sections were essentially
performed as described (37), with minor modifications. Briefly,
prehybridization treatment included digestion with 10 wg/mL
proteinase-K, re-fixation in 4% PFA/0.2% glutaraldehyde, and
preincubation in 50% formamide solution containing 5X SSC,
1% SDS, 50 pg/mL tRNA, and 50 ug/mL heparin, at 55°C.
Overnight hybridization to DIG-labeled antisense cRNA
probes (DIG RNA labeling kit, Roche Molecular Biochemi-
cals, Mannheim, Germany) at 55°C was followed by posthy-
bridization washes and detection with an alkaline phosphatase-
conjugated antiserum (1:500, Roche Molecular Biochemicals)
and NBT/BCIP staining.

Embryos were fixed with 4% PFA, embedded in paraffin,
and sectioned for standard immunohistochemistry with the
HNK-1 antibody (Developmental Studies Hybridoma Bank,
Iowa City, IA, U.S.A.), tissue culture supernatant diluted 1:20
in PBS with 0.05% Tween-20 and 0.5% BSA. Visualization
was performed by incubation with horseradish peroxidase-
conjugated rabbit-anti-mouse antiserum (1:200, DAKO,
Glostrup, Denmark), followed by staining with 0.04% diami-
nobenzidine tetrahydrochloride/0.06% H,O, in 0.05 M Tris-
maleic acid (pH 7.6).

Retroviral constructs. The pro-retroviral pCXIZ (38) vector
was kindly provided by Dr. T. Mikawa (New York, NY,
U.S.A.), and was used as backbone for retroviral constructs.
Full-length DGCR6 cDNA (nucl. 117-1247) was cloned in
sense and antisense direction between the 5'-long terminal
region (LTR) and the IRES (internal ribosomal entry site),
which preceded the LacZ marker gene and the 3'-LTR of
pCXIZ. The partial sense construct for DGCR6 (nucl. 361—
1248) gives rise to an N-terminal truncated product that lacks
the putative transmembrane region, inasmuch as translation
will start at nucleotide 603. CXL that contains LacZ under
retroviral LTR control (39) was used as control virus.

All retroviral constructs were stably transfected to the D17.2G
helper cell line. /n vivo infection of premigrating NCC was
performed at stage HH9—11, as has been described (5, 7). All
animal studies have been approved by the Institutional Review
Board. After reincubation embryos were fixed in 4% PFA and
stained for the LacZ gene product. In conjunction with recent
reports (40—42), it appeared that LacZ expression from the IRES-
containing retroviral constructs was sparse and tissue specific. To
bypass this drawback, the presence of infectious retroviral parti-
cles was demonstrated using RT-PCR of in vitro incubated R2 rat
fibroblasts with i) conditioned medium from nonproducing pack-
aging cells (negative control); ii) conditioned medium from
DGCRé6-antisense retrovirus producing cells (containing LacZ);
and iii) conditioned medium from CXL producing cells. /n vivo
transduction was demonstrated using cDNA from microdissected
hearts (HH24 and HH3 1), pharyngeal arch mesenchyme (HH 24),
and from the proximal parts of the arch arteries (HH31) of
infected and control embryos. Total RNA was isolated (RNAzol,
Campro-Scientific, Veenendaal, The Netherlands), treated with
DNAse-l, and 5 g was used for random hexamer-primed first-
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strand ¢cDNA synthesis. Equal amounts of cDNA were PCR
amplified with primers for LacZ (5'- gcgcagcctgaatggegaatg-3';
5'-gcaccacagatgaaacgecgag-3'), DGCR6 (5'-ctgctggagatccageacc-
3'; 5'-catccatcattcgetgetee-3'), IRES (5'-ccttattccaageggctte-3'),
and GAPDH (5'-gcacgccatcactatcttccag-3'"; 5'-ccagacggcaggtcag-
gtcacc-3"). All samples were subjected to 35 rounds of PCR (94°C
for 30 s, 60°C for 30 s, 72°C for 45 s) with 10 pmol of appropriate
primers. To identify the distribution patterns of infected NCC,
transduction was performed with a mixture of DGCR6-antisense
virus and CXL, and with CXL alone, followed by X-gal staining
(immersion in PBS containing 10 mM potassium ferricyanide, 10
mM potassium ferrocyanide, 2 mM MgCl,, and 0.1% [wt/vol]
X-gal) of the embryos. Migration was distinct and matched the
patterns as described for CXL alone.

In vitro demonstration of antisense effect. Constructs were
prepared in which full-length DGCR6 was cloned in sense and
antisense orientation at the 3' end of EGFP in the pEGFP-N1
vector (CLONTECH, Palo Alto, CA, U.S.A.). These constructs
were used to transfect the packaging cells that produce the
sense DGCRO6-IRES-LacZ carrying retrovirus (see above).
Transfection was performed by electroporation of 25,000 cells
with 10 ug supercoiled plasmid DNA, by applying one 20-ms
pulse of 200V in a 4-mm cuvette (GenePulser Xcell, Bio-Rad,
Hercules, CA, U.S.A.). EGFP expression was assessed after
48 h of culture with a fluorescence microscope (Leica Micro-
systems, Inc., Deerfield, IL, U.S.A.) and the area of expression
was determined with Labworks software (UVP Labworks 4.0
(UVP Ltd., Cambridge, U.K.). The area ratios between EGFP-
DGCRG6-antisense and -sense constructs in the packaging cell
line were measures for the inhibiting effect of EGFP expression
caused by the hybridization of sense and antisense DGCR6.

Real-time RT-PCR. Embryos were grouped according to treat-
ment, ie. untreated, CXL, DGCR6-antisense, DGCR6-partial
sense, DGCRG6-sense (each group n = 5), and total RNA was
isolated from microdissected hearts and arches of stage HH24 and
HH31 embryos (see above). Primer design and SYBR green PCR
analysis were performed according to ABI protocols (Applied
Biosystems, Foster City, CA, U.S.A.) and run on an ABI PRISM
7700 Sequence Detector (Applied Biosystems). The following
primers, 10 pmol of each, were used: GAPDH (5'-ggggaaagtcatc-
cctgag-3'; 5'-ggcaggtcaggtcaacaac-3'), TBX-1 (5'-gcactaccacceg-
gactc-3"; 5'-cgttatcgtccageaggtt-3'), UFDIL (5'-tcgcaaaggggtagt-
gtgt-3'; 5'-gaggcactgtcaccaggag-3'), and HIRA (5'-caggc-
tgatgatcggagtt-3'; 5'-ccctccacactcgtcaaag-3'). Equal amounts of
cDNA (see above) were amplified using 40 PCR cycles of 95°C
for 15 s, 60°C for 30 s, and 72°C for 30 s, preceded by a hot start
at 95°C for 10 min. Four log dilutions of control cDNA (untreated
HH24 embryo) were used to analyze the linearity of amplification
(R* > 0.95) for each set of primers and was included in every
analysis as positive control. Melt-down analysis was included to
test for aspecific PCR amplicons and was additionally checked by
ethidium-bromide—stained agarose gel electrophoresis (no addi-
tional products were found; data not shown).

Embryos of the same age group were subjected to analysis of
the DiGeorge candidate genes (7BX-1, UFDIL, and HIRA) and
GAPDH in one and the same real-time RT-PCR run. Crossing
of threshold (Ct) values obtained for the experimental genes
were normalized against each own GAPDH value (43). ¢ Test
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(»p < 0.05) analysis was applied to test for significance of
gene-expression differences between DGCRG6-retrovirus and
CXL treated groups. Values of untreated and CXL-treated
groups were not significantly different from each other (p >
0.95, not shown). Analyses were repeated three times and no
significant interexperimental differences were obtained (not
shown).

RESULTS

Structural analysis of DGCR6. We isolated the chicken
variant of DGCR6 (Genbank AF048985; Fig. 1a) and show a
high degree of conservation between human, mouse, and
chicken sequences (Fig. 1b). Homology was restricted to res-
idues 280—801 matching 83% with its human (80% on cDNA)
and murine homologues (79% on cDNA). Structurally, the
predicted protein shows a single transmembrane domain (res-
idues 50—69) predicted by the “DAS”-transmembrane predic-
tion server (http://www.sbe.su.se/~miklos/DAS), a potential
tyrosine kinase domain (residues 18—-24), and several protein
kinase-C phosphorylation sites (residues 76—78, 82—84, and
195-197), suggesting a receptor-like function. N-terminals of
the arginine residue at position 18 in chicken, human, and
mouse sequences are essentially nonhomologous. Moreover, in
the chicken and mouse sequences, the stop loci are conserved,
whereas the predicted human peptide is 22 residues longer.
Further homology searches revealed minor identity to the
Drosophila gonadal protein gene gdl.

Expression of DGCRG6 during chicken embryogenesis.
DGCR6 mRNA is expressed in a variety of cells during the
initial stages of chicken development, revealing higher signal
in the dorsal part of the neural tube and the mesoderm adjacent
to the endoderm (Fig. 2a). At HHI18, the embryos showed
expression in NCC-populated areas, like the pharyngeal arches
and the frontonasal mesenchyme (Fig. 2, b and c). Moreover,
the endothelium lining the arch arteries is positive for DGCR6
(Fig. 2d). At HH28, high amounts of DGCR6 message were
found in ectoderm-derived tissues, like the ventral horn of the
neural tube, and in neural crest derivatives, such as the spinal
ganglia, and the smooth muscle cells of the pharyngeal arch
arteries (Fig. 2, e—h). At stage HH44, vascular expression was
diminished (not shown), and cardiac expression became re-
stricted to the parasympathetic ganglia (Fig. 2, i—k), as con-
firmed by HNK-1 immunostaining (Fig. 2/).

Targeting NCC with retroviral DGCR6 constructs. Retro-
viral constructs carrying antisense and (partial) sense chicken
DGCRG6 were prepared and tested in vitro for infection prop-
erties. Rat fibroblasts were incubated with viral preparations
and transduction was demonstrated with RT-PCR (Fig. 3a).
Transduction in vivo was tested similarly by RT-PCR on
embryonic tissues. LacZ was demonstrated in embryos of
which NCC were infected with DGCRO6-sense and -antisense
virus, and with CXL control virus, but not in noninfected
embryos (Fig. 3b). In vitro analysis of inhibition of expression
by antisense DGCR6 showed a 41-53% reduction in EGFP
expression upon transfection of cells producing the DGCR6-
sense retrovirus with the EGFP-DGCRG6-antisense construct
(not shown). Potential disturbance in migration patterning of
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Figure 1. Chicken DGCR6. (a) cDNA sequence and deduced amino acid sequence of chicken DGCR6. A potential tyrosine kinase phosphorylation site is shown
in boldface. The underscored sequence represents a putative transmembrane domain. Three potential protein kinase-C domains are italicized in boldface. Chicken
DGCRG6 cDNA sequence is available at Genbank (AF048985). (b) Alignment of chicken, human (X96484), and murine (AF021031) DGCR6 protein sequences.
Homologous amino acids are boxed. The 5' phosphorylation site and the transmembrane region are conserved.

NCC infected with the DGCRo6-antisense retrovirus was ana-
lyzed by double infection of premigrating NCC with the
antisense and CXL viruses. Infected NCC were identified by
X-gal staining and staining patterns were compared with those
of embryos that were treated with CXL alone (Fig. 3, ¢ and d).
TUNEL analysis on sections of these embryos did not reveal
changes in pattern or frequency of apoptosis within infected
cell populations (not shown). This shows that the presence of
sense or antisense mMRNA for DGCR6 does not affect cell death
and migration patterns of NCC.

Cardiovascular morphology upon retroviral infection.
Transduction of premigrating NCC with antisense retroviral
constructs for DGCR6, and with a partial sense construct for
DGCRG, resulted in a high incidence of severe cardiovascular
anomalies (Table 1). These anomalies became apparent during
the remodeling stages of the vasculature, i.e. from stage HH28
onward, but were never identified earlier. The use of overex-
pression constructs, i.e. full-length sense constructs of which
expression was driven by the retroviral promoter elements, as
well as LacZ-containing control viruses, did not result in the
anomalies induced by the attenuation of DGCR6. The pheno-
type designated subarterial ventricular septal defect in the
setting of a double outlet of the right ventricle was present in
45% of the embryos treated with DGCR6-antisense and in 68%
treated with the partial sense construct. It was characterized by
an abnormal right-sided position of the aorta (in Fig. 4, com-

pare a and ¢ with b and d) and a severely hypoplastic and
ventrally displaced ventricular outflow tract septum. The latter
resulted in an abnormal communication between left and right
ventricles in the outflow segment of the heart up to the
semilunar valve level (Fig. 4, e—/). No defects above this level,
which would be typical for PTA, were found.

Vascular dysmorphic features were present within the group
of embryos of which the NCC were transduced with the
DGCRG6-antisense and -partial sense viruses in 16% and 23%
of the cases, respectively (Table 1). During normal develop-
ment, the right ventricle in the avian embryo is bilaterally
connected to the dorsal (descending) aorta through the left and
right sixth pharyngeal arch arteries. Blood from the left ven-
tricle runs through the right fourth arch artery (ascending aorta)
and left and right third arch (brachiocephalic) arteries into the
embryo (Fig. 5, b, d, and f). The left fourth arch artery normally
regresses between HH26 and HH31. The most severe end of
the spectrum of phenotypes induced by DGCR6-antisense or
-partial sense transduction included regression of the right
fourth arch artery (Fig. 5, a, ¢, and e) or anomalous persistence
of the left fourth arch artery (not shown). Consistent with DGS
and other animal models for this syndrome, especially the
fourth, and not the third and sixth arch arteries appeared prone
to abnormalities.

DiGeorge gene expression analysis. Real-time RT-PCR
analysis was performed to determine gene expression profiles
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Figure 2. Expression patterns of DGCR6. (a) ISH for chicken DGCR6 at
stage HH10. Note high expression in the dorsal part of the neural tube (N7),
and in the lateral mesoderm facing the endoderm (arrow). Bar = 10 um. (b)
ISH showing high levels of DGCR6 expression at HHIS in the NT, the
myotome (M), and in the neural crest derived mesenchyme of the pharyngeal
arches (PA). Bar = 10 um. (¢) At HH18, DGCRG6 expression was found in the
eye, the frontonasal mesenchyme (FN), and in the limb buds (L). Bar = 100
um. (d) DGCRG6 is not only expressed in the PA (asterisk), but also in the
endothelial lining of the arch arteries (arrows), and of the dorsal aorta
(arrowhead) at HH18. Bar = 10 um. (e, f) Darkfield (e) and brightfield (f)
micrograph of the NT and adjacent tissues at stage HH28. DGCR6 expression
is evident in the spinal ganglia (SG), and in the ventral horn (VH) of the neural
tube ectoderm. C, cartilage. Bar = 10 um. (g, #) PA in dark (g) and brightfield
(h) show DGCR6 expression in the mesenchymal condensations surrounding
the third (/11), fourth (/V), and sixth (V1) arch arteries. Lung tissue (L) is also
positive. Bar = 10 um. (i, /) Whole-mount ISH of the HH44 heart, showing
DGCRG6 expression in the cardiac ganglia (arrows) that are localized in the
sulcus mesenchyme between the atria (4) and ventricles (V). Bar = 100 pum.
(k, 1) ISH for DGCRG6 (k) and immunostaining with the HNK-1 antibody that
identifies neural crest cells and nervous tissue (/) on consecutive sections show
co-localization in the cardiac ganglia (arrows). M, myocardium; Co, coronary
artery; s, sulcus mesenchyme. Bar = 10 um.

of three other DiGeorge candidate genes, 7BX-1, UFDIL, and
HIRA in morphologically affected regions of the heart and arch
arteries in DGCR6-retrovirus treated embryos. Relative mean
expression ratios, i.e. expression values normalized to
GAPDH, are outlined in Figure 6. Compared with CXL control
virus treatment, transduction with DGCR6-antisense and -par-
tial sense constructs lead to an increase in 7BX-1/ and UFDIL
in the heart and aortic arch mesenchyme at stage HH24 (p <
0.05). In contrast, HIRA was down-regulated to 63-50%
(heart) and 30—0.1% (arches) in these two groups of embryos.
The use of DGCR6-sense constructs never resulted in signifi-
cant changes in gene expression, except in the heart at HH24
for TBX-1 (p = 0.04, Fig. 6a). However, biologic significance
of this small increase, i.e. 15% compared with 81% and 93% in
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Figure 3. Identification of infectious retroviral particles. (¢) RT-PCR on
RNA from R2 rat fibroblast transduced with conditioned medium from pack-
aging cells producing no virus (4, control), DGCR6-antisense virus (B), and
CXL control virus (C). Primers for LacZ identified particles in B and C,
whereas primers for DGCR6 and for IRES-DGCR6 only amplified from
sample B. GAPDH primers identified template RNA in all samples. “0”
represents sample without template (negative control). () RT-PCR on RNA
samples from embryonic hearts (odd-numbered lanes), pharyngeal arch mes-
enchyme (lanes 2, 4, 6, 8), and on pharyngeal arch arteries (lanes 10, 12, 14,
16). RNA was isolated from untreated embryos (w?), from antisense DGCR6
(a-sense), full-length sense DGCRG6 (sense), and CXL treated embryos. 0 =
negative control. Primers for LacZ resulted in amplification of a 309-bp
product, and for GAPDH in a 535-bp product. (¢, d) Frontal view on the X-gal
stained hearts of stage HH30 embryos of which the NCC were transduced with
a mixture of DGCR6-antisense and CXL (c¢), and with CXL alone (d). X-gal
staining shows essentially identical distribution patterns of transduced cells,
indicating that the attenuation of DGCR6 does not result in abnormal NCC
migration or cell death.

DGCRG6-antisense and -partial sense groups, is unlikely and is
underlined by the lack of cardiovascular defects in these
embryos. All changes were transient as no significant differ-
ences in expression could be measured at HH30, despite
perturbed morphology at this stage.

DISCUSSION

Expression and structural aspects of DGCR6. Our results
strongly indicate a role for DGCRG6 in cardiovascular develop-
ment. DGCR6 was first described (33) as localized to the
DiGeorge critical region and as hemizygously deleted in four



DGCR6 IS A MODIFIER OF DIGEORGE SYNDROME

445

Table 1. Cardiovascular morphology after retroviral infection

DGCR6

CXL

Antisense (n = 31)

Part-sense (n = 22)

Sense (n = 17) Control (n = 20)

Subarterial VSD/DORV 14 (45%) 15 (68%) 0 0
Absent PAA-IV* (right) 4 (13%) 2 (9%) 0 0
Persistant PAA-IV* (left) 1 (3%) 3 (14%) 0 0

* PAA-1V, fourth pharyngeal arch artery.
CRé6-antisense Normal Normal

S S Ui

Figure 4. Cardiac anomalies. Sections through the outflow tract at HH31,
after transduction with the DGCR6-antisense construct (a, ¢, e, g), and control
embryos (b, d, f, h). Panels a, b, e, fare overviews of the heart in which the
other panels are marked. (b, ¢, d) Aortic (4o) and pulmonary (PT) orifices, just
above the level of the semilunar valves, with the NCC-derived condensed
mesenchyme (CM) normally situated centrally between the orifices (), and
malpositioned ventrally after transduction (c). (e, g) DORV (asterisk, g). The
left ventricular outflow tract (LVOT) connected to the aorta is malpositioned to
the right (g) compared with the control embryo (%), and disconnects to the right
ventricular outflow tract (RVOT). RA, right atrium; L4, left atrium; LV, left
ventricle; VCS, superior caval vein. Bar = 10 pwm.

DGS patients. The human gene showed homology to the
laminin gamma-1 chain and to the Drosophila gonadal protein
GDL, of which only homology to the latter was conserved in
the chicken sequence of DGCR6. The potential single trans-
membrane domain and phosphorylation sites suggest a recep-
tor-like function for DGCRG6, but no functional homology to
any known receptor family has been found to date. Murine
Dgcr6 was expressed during embryogenesis in the pharyngeal
arch mesenchyme and in the central and peripheral nervous
system (34). We confirmed these expression data in chicken

DGCR6-antisense
e ’

- v
v/ LA

VI

1] VI F 1l
' 1l vi

= ] ¢

Figure 5. Vascular anomalies. (g, b) Frontal view on the heart. Note that the
right fourth pharyngeal arch artery () is missing from the DGCR6-antisense
transduced embryo (a). (¢, d) Schematic representation of the arch arteries at
HH28 showing absence of the right fourth arch artery (c¢). In the normal
situation (d), blood from the left ventricle runs into a left and right brachio-
cephalic arteries (//]) and into a right ascending aorta (/}). From the right
ventricle the blood runs bilaterally through the sixth arch arteries (arterial
ducts) into the dorsal aorta. (e, f) Sections through the pharyngeal arch region,
showing absence of the right fourth arch artery (e), compared with normal (f).
Bar = 50 um.

embryos and, in addition, showed a pattern of expression that
was initially broad, but became gradually restricted to neural
crest—derived tissues. With respect to cardiovascular develop-
ment, it is of special interest that the myocardium does not
express DGCR6, whereas mRNA is abundant during the im-
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Relative amount TBX-1

mCA

m DGCRé6-antisense
0O DGCRé6-part. sense
m DGCRé6-sense

*P<0.05

@cL

m DGCRé6-antisense
O DGCRé6-part. sense
®mDGCRé6-sense

* P<0.05

‘mCXL

B DGCR6-antisense
0O DGCR6-part.sense
B DGCR6-sense

HH24  HH24 HH30  HH30
arches heart arch heart
arteries *P<0.05

Figure 6. DiGeorge candidate gene expression profiles. Relative expression
of TBX-1, UFDIL, and HIRA in hearts and aortic arches at stage HH24 and 30.
NCC of stage HH10 embryos were infected with DGCR6-antisense, -partial
sense, -sense, or control (CXL) retroviruses and embryos (n = 5 in each group)
were reincubated to stage HH24 or HH30. Hearts and aortic arch mesenchyme
(HH24) or arch arteries (HH30) were microdissected and used for real time
RT-PCR. From each sample, amplifications were performed for GAPDH and
for the gene of interest within one experiment. Ct values were normalized to
GAPDH for ¢cDNA input, and means and SEM were calculated. Asterisks
(a—c) represent the groups that show significant differences (¢ test, p < 0.05)
of DGCRG6-retrovirus—treated groups compared with CXL treatment. 7BX-1
and UFDIL were transiently up-regulated upon transduction with DGCR6-
antisense and -partial sense constructs in both arches and hearts. HIRA, on the
other hand, was down-regulated dramatically in both groups. Transduction
with the DGCR6-sense construct did not result in changes in expression, except
for a slight increase in 7BX-/ in the heart at stage HH24 (p = 0.037).

portant stages of pharyngeal arch remodeling. DGCR6 expres-
sion in the arches is not confined to the neural crest—derived
mesenchyme, as has been shown, for example, for the endo-

HIERCK ET AL.

thelin-A receptor (26), or to the mesoderm and epithelia like
Thx-1 (44). The DGCR6 expression pattern most closely re-
sembles that of UfdIL (14, 45). It appears that the DiGeorge
candidate genes, as described for other genes (46), show
distinct and overlapping expression patterns in the pharyngeal
arches during crucial stages of vascular remodeling.

Morphology after transduction of NCC with DGCR6. We
decided to target DGCR6 expression in vivo, specifically in
NCC, by means of a retroviral transduction technique. Re-
cently, we have shown the ability to efficiently target gene
expression of the ubiquitin fusion degradation-like protein-1
UFDIL (14), and of the transcription factor E7S (47) in
chicken embryos by retroviral delivery of antisense messages.
Transfection data show that expression was reduced to 41-53%
upon introduction of an antisense construct for DGCRG in an in
vitro system. This would be in line with the presumed protein
levels in a hemizygously deleted DGS patient. CXL-driven
LacZ markergene expression, as previously shown by our
group, has proven its use for NCC transduction and NCC
tracing in vivo (3-5). Targeting DGCRG6 expression in cardiac
NCC using these procedures resulted in abnormal development
of the cardiac outflow tract and pharyngeal arch-related vas-
culature reminiscent to the DiGeorge phenotype.

The cardiac phenotype in our chicken model included sub-
arterial VSD/DORYV (45—-68%). The neural crest—derived aor-
topulmonary septum (APS) in these embryos was severely
hypoplastic, and did not reach the interventricular septum.
Furthermore, because the aorta was malpositioned, the APS
was not aligned with the ventricular septum resulting in a
persisting left-right communication. This malformation has
been described in human patients as a subarterial VSD and
appears related to 22ql.1 deletions (8). This in contrast to the
“lower” and smaller perimembranous VSD, which are present
in deletion patients, but are not indicative for de/22q/1. The
development of the fourth pharyngeal arch arteries was se-
verely affected in 16-23% of the embryos, whereas third and
sixth arch arteries developed normally. The abnormal persis-
tence of the left and complete absence of the right fourth arch
artery suggests that this segment is bilaterally affected. When
avian and mammalian vascular development are compared,
absence of the right fourth arch artery in chickens equals the
type-B interruption of the aortic arch (IAA-B). This phenotype
is highly indicative for chromosome 22 deletion syndrome,
inasmuch as more than 50% of patients with this phenotype
suffer from deletions in 22ql1 (8).

It is remarkable that targeting DGCRG6 function in this
chicken model results in a similar vascular phenotype as has
been described for the Thx/™'~ mouse models (16—18).
Whereas the initial specification of the pharyngeal arch arteries
appears normal in both chickens and mice (48), the remodeling
of the fourth aortic arch artery is seriously hampered, whereas
the third and sixth arch arteries develop normally. In addition,
in both models the NCC migration patterning appears not to be
disturbed (49). This suggests a close relationship between
DGCRG6 and TBX-1 and between NCC and the TBX-/-positive
surrounding cells during cardiovascular development, possibly
through growth factors like Fgf-8 or -10 (24, 50) or VEGF164
(21).
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DGCR6 modifies expression of TBX-1, UFDIL, and
HIRA. Our data provide the first evidence for a contiguous
type of functional interaction between gene products encoded
by different genes within the DiGeorge critical region. We
showed that interference with DGCR6 in cardiac NCC influ-
enced the expression levels of 7TBX-1, UFDIL, and HIRA in the
pharyngeal arches and in the heart, even before morphologic
anomalies were present. When morphology responds, i.e.
around HH30, expression levels of these genes have returned
to normal. This is in line with the expression profile of DGCR6
during development. In early development (HH10-HH28),
DGCR6 mRNA was abundantly present in neural crest—
populated areas in the embryo like the pharyngeal arches, the
frontonasal mesenchyme, and the media of the pharyngeal arch
arteries. In these areas, DGCR6 co-localizes with UFDIL (14,
45) and HIRA (51), and is present in close proximity to
TBX-1-positive areas like the endoderm and ectoderm of the
pharyngeal pouches and the mesodermal core of the pharyn-
geal arches (20). Because cardiovascular expression of DGCR6
becomes restricted to the parasympathetic ganglia on the heart
after HH28, the effect of the antisense construct was expected
to diminish in the heart and vessels. Apparently, the transient
alteration of gene expression during remodeling stages was
sufficient for cardiovascular anomalies to develop. The obser-
vation that the partial sense construct, based on the originally
described DGCR6 sequence (33), induced the same cardiovas-
cular phenotype and gene expression profile as the antisense
construct suggests a dominant negative effect for this gene
product. Based on its receptor-like structure, this suggestion
appears feasible, as the partial construct codes for an amino-
truncated peptide that lacks the potential transmembrane do-
main and 5' phosphorylation sites and can therefore be consid-
ered soluble.

The increase in 7BX-1 and UFDIL levels after the attenua-
tion of DGCR6 indicates a repressor function for DGCR6
during normal development (Fig. 7). On the other hand, the
decreases in HIRA levels show a positive regulatory mecha-
nism. Considering the expression patterns of 7BX-/ and the
fact that DGCR6 was attenuated in NCC, DGCRG6-mediated
repression should be considered in terms of a cellular interac-
tion mechanism, instead of cis- or trams-activation of gene
expression as has been recently described for the 7hx-1 pro-
moter (20). Whether that also accounts for UFDIL and HIRA
needs further investigation. A repressor function for DGCRG6 is
supported by the mouse models in which parts of chromosome
16, including Dgcro6, are deleted (18, 52). These mice do not
show cardiovascular anomalies. However, the lack of typical
phenotypic DGS characteristics does not rule out involvement
of modifier genes, especially of repressors. When 7hx-/ is
homozygously present, the absence of a repressor is not ex-
pected to have a major effect. However, when protein levels
drop due to hemizygosity, the presence of a repressor could
further diminish these levels and worsen the phenotype. In line
with this hypothesis the recovery from arterial growth delay, as
described by Lindsay and co-workers (48), in the Df1/+ mouse
model, could be explained by the expression pattern of DGCR6
and its repressor function on 7hx-1, i.e. expression of DGCR6
is high in the smooth muscle cells of the pharyngeal arch
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Figure 7. Interaction model in the pharyngeal arch arteries. Hypothetical

interaction of DGCR6 with other DiGeorge candidate genes in the pharyngeal
arches during critical phases of cardiovascular remodelling. DGCR6 is ex-
pressed in the neural crest—derived pharyngeal mesenchyme (yellow), but not
in the ectoderm (Ect) or endoderm (End). TBX-1, on the other hand, shows
distinct expression in the latter two structures (purple) and in the mesodermal
core (MC) of the arches. Attenuation of DGCR6 in NCC results in an
up-regulation of 7BX-/ and UFDIL, and in down-regulation of H/RA. This
suggests a repressive effect on 7BX-/ and UFDIL, and activation of HIRA
during normal development. P44, pharyngeal arch artery.

arteries around HH28, but diminishes after this stage. This
decrease of DGCRG6 in the vessels would relieve the pressure
on TBX-1 expression, allowing a recovery of gene expression
and a (partial) restoration of vessel morphology.

Although a repressor function for DGCR6 on TBX-1 would
explain several characteristics of described mouse models, it is
more difficult to understand why our model, in which 7BX-1 is
elevated, evokes a similar phenotype as models in which 7bx-/
is targeted. However, an increase in 7bx-/ in the mouse model
described by Merscher and co-workers (16) causes defects that
are similar to 7hx-/ haploinsufficiency, as well. Possibly a
temporal disbalance in gene expression profiles during critical
stages of cardiovascular development is responsible for the
described anomalies. On the other hand, the temporal decrease
of UFDIL and increase of HIRA in our model might be
instrumental for involvement of additional gene cascades all
leading to a similar developmental response. The fact that
attenuation of UFDIL by the same antisense retrovirus tech-
nique in chicken embryos primarily evokes conotruncal anom-
alies supports this hypothesis (14). Detailed analysis of down-
stream effectors will be needed to sort out these possibilities.
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