
Abstract Partial monosomy 10p is a rare chromosomal
aberration. Patients often show symptoms of the 
DiGeorge/velocardiofacial syndrome spectrum. The phe-
notype is the result of haploinsufficiency of at least two
regions on 10p, the HDR1 region associated with hypo-
parathyroidism, sensorineural deafness, and renal defects
(HDR syndrome) and the more proximal region DGCR2

responsible for heart defects and thymus hypoplasia/apla-
sia. While GATA3 was identified as the disease causing
gene for HDR syndrome, no genes have been identified
thus far for the symptoms associated with DGCR2 haplo-
insufficiency. We constructed a deletion map of partial
monosomy 10p patients and narrowed the critical region
DGCR2 to about 300 kb. The genomic draft sequence of
this region contains only one known gene, BRUNOL3
(NAPOR, CUGBP2, ETR3). In situ hybridization of hu-
man embryos and fetuses revealed as well as in other tis-
sues a strong expression of BRUNOL3 in thymus during
different developmental stages. BRUNOL3 appears to be
an important factor for thymus development and is there-
fore a candidate gene for the thymus hypoplasia/aplasia
seen in partial monosomy 10p patients. We did not find
BRUNOL3 mutations in 92 DiGeorge syndrome-like pa-
tients without chromosomal deletions and in 8 parents
with congenital heart defect children.
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Abbreviations BAC: Bacterial artificial chromosome ·
CHD: Congenital heart defect · DGS: DiGeorge 
syndrome · DHPLC: Denaturing high-performance 
liquid chromatography · FISH: Fluorescent in situ 
hybridization · HDR: Hypoparathyroidism, deafness, 
renal anomalies · PAC: P1-derived artificial chromosome ·
UTR: Untranslated region · VCFS: Velocardiofacial 
syndrome · wd: Week of development

Introduction

The DiGeorge syndrome (DGS)/velocardiofacial syn-
drome (VCFS) spectrum is a rather frequent human de-
velopmental disorder caused by abnormal development of
the third and fourth pharyngeal pouches during embryo-
genesis [1] resulting in the three main symptoms congeni-
tal heart defect, hypoparathyroidism/hypocalcaemia, and
thymus hypoplasia/aplasia or T cell defect, respectively.
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The most important cause of DGS/VCFS is a 1.5 or 3 Mb
microdeletion at chromosome 22q11 which occurs in
90% of cases. The estimated incidence is 1/4000 new-
borns [2, 3]. Reports of patients with partial monosomy
10p and features of this syndrome led to the definition of
a second minor DGS/VCFS locus on the short arm of
chromosome 10. Deletion studies in partial monosomy
10p patients mapped this locus in the vicinity of the
markers D10S547 and D10S585 on 10p13/14 [4, 5, 6].
Later it became clear that the partial monosomy 10p phe-
notype could not be explained by haploinsufficiency of
only a single region. A second more distal locus had to be
postulated [7], meaning that the DGS-like phenotype as-
sociated with partial monosomy 10p is a contiguous gene
syndrome. Haploinsufficiency of a distal region, termed

HDR, is responsible for hypoparathyroidism, sensorineu-
ral deafness, and renal anomalies whereas haploinsuffi-
ciency of a more proximal region, designated DGCR2,
contributes to the congenital heart defect and thymus hy-
poplasia/aplasia or T cell defect, respectively (Fig. 1).

Recently the molecular basis of the HDR1 phenotype
was solved. It was shown that loss of function mutations
of the GATA3 gene result in the phenotype of hypopar-
athyroidism, sensorineural deafness, and renal anoma-
lies, an autonomous clinical entity designated HDR syn-
drome [8]. The partial monosomy 10p subspectrum of
heart defect and thymus hypoplasia/aplasia still remains
unexplained. The DGCR2 locus associated with these
two features maps about 4 Mb proximal to the GATA3
gene. We established a P1-derived artificial chromosome
(PAC) contig spanning the DGCR2 locus and con-
structed a deletion map of terminal and interstitial 10p
deletions. In the course of the Human Genome Project
the PAC contig was sequenced, and in silico analysis of
the genomic sequence has focused the spotlight to a gene
designated NAPOR, ETR3, CUGBP2, or BRUNOL3 de-
pending on how this gene had been isolated. BRUNOL3
maps within the haploinsufficiency region DGCR2 
and represents the first candidate gene for the heart 
defect and thymus hypoplasia/aplasia associated with
partial monosomy 10p. In order to confirm the role of
BRUNOL3 for this developmental defect we performed
both RNA in situ hybridization onto sections of human
embryos and fetuses of various developmental stages
and a mutation screen in chromosomal intact DGS/
VCFS-like patients.
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Fig. 1 Deletion map of patients with monosomy 10p. PAC clones
(bold) indicate breakpoint spanning clones in the patients. PAC
clones (asterisks) represent the minimal tiling path and were se-
quenced by the Sanger Centre. Arrows Regions deleted in patients;
deletions continue in the direction of the arrowheads. Patients
P1/P2 [4], LEM [5], WAB [13], and WON [7] had terminal dele-
tions; patient MEG [12] had an interstitial deletion. The features of
the patients are given according to the acronyms of the DGS/VCFS
spectrum: CATCH cardiac defect, anomaly of face, thymic hypo-
plasia, cleft palate, hypocalcaemia/hypoparathyroidism; HDR hy-
poparathyroidism, deafness, renal anomaly. The regions for DGS
(DGCR2) and HDR syndrome (HDR1) are indicated. The proximal
boundary of the DGCR2 was defined in different publications by
patients P1/P2 [4], LEM [7], and WAB (this report). The gene
GATA3 is responsible for the HDR syndrome, BRUNOL3 is
mapped within the least extended 300-kb region DGCR2 defined
by patients MEG and WAB
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Table 1 Patients with symptoms of the DGS/VCFS spectrum.
Malformations of the three organs heart, parathyroids, and thymus
are listed separately. Developmental defects in these organs are as-
sociated with DGS/VCFS (n no abnormality detected, PVS pulmo-
nary valve stenosis, mVSD membranous VSD, DORV double-out-

let right ventricle, RAA right aortic arch, TOF tetralogy of Fallot,
IAA interrupted aortic arch, PA pulmonary atresia, PDA persistent
ductus arteriosus, TA truncus arteriosus, TGV transposition of
great vessels, C(L)P cleft (lip) palate, Vface face typical of
DGS/VCFS, CA coronary anomaly)

Patient Heart Parathyroids Thymus Other
no.

1 TOF n n CLP
2 IAA Hypocalcaemia n Vface
3 VSD n n Vface
4 Coarctation of aorta, n n Vface

aortic valve disruption
5 TOF n n –
6 No data No data No data “Typical VCFS”
7 Coarctation of aorta, n n –

hypoplastic aortic arch
8 TOF n n –
9 IAA Hypocalcaemia Aplasia –

10 IAA, mVSD Hypoparathyroidism Aplasia Unilateral renal agenesis
11 IAA Hypocalcaemia Low T cells Vface
12 mVSD n n –
13 mVSD n n Renal artery stenosis
14 TOF Hypocalcaemia n Vface
15 DORV n n –
16 IAA n n Vface
17 n n n Vface
18 VSD, ASD, PDA Hypocalcaemia n –
19 VSD, PDA n n –
20 VSD, PA Hypoparathyroidism Aplasia CLP, cryptorchidism
21 PVS Hypocalcaemia Low T cells cryptorchidism
22 TOF n n Speech delay
23 PVS n n Cleft soft palate
24 TOF –
25 TOF, DORV n n CLP, situs inversus
26 n n n Vface, cleft soft palate
27 RAA, VSD Hypocalcaemia n –
28 Double aorta n n –
29 RAA, DORV, mVSD Hypocalcaemia Aplasia Duane anomaly
30 TOF n n –
31 PA, VSD n n –
32 PA, VSD n n Typical “conotruncal anomaly face”
33 PDA Hypoparathyroidism n –
34 TOF n n Vface
35 TOF n n Vface
36 TOF n n Hirschprung’s developmental delay
37 n n n Vface, nasal speech
38 mVSD n n Vface, nasal speech
39 n n n Vface, nasal speech, speech delay
40 n n n Vface, nasal speech
41 PA, VSD n Low T cells Vface
42 Double aorta n n CLP, ureteric reflux
43 IAA n n Severe retardation
44 TOF, Ebstein’s anomaly n n Choanal atresia
45 RAA n n retardation, CP
46 n Hypoparathyroidism n Deafness
47 mVSD n n Nasal speech
48 IAA Hypoparathyroidism n –
49 IAA n n –
50 IAA n n –
51 IAA n n –
52 TA, IAA n n –
53 TA n n –
54 IAA n Low T cells –
55 n n Aplasia –
56 n n Aplasia –
57 DORV n n –
58 TGV n n –



Materials and methods

Fluorescent in situ hybridization studies

Metaphase spreads were prepared from cell lines according to stan-
dard procedures. Fluorescent in situ hybridization (FISH) was per-
formed with PACs or bacterial artificial chromosomes (BACs) la-
belled by nick translation with biotin-14-dUTP (Sigma) and prean-
nealed with Cot-1 DNA (Gibco BRL). Detection and visualization
was achieved using the avidin-fluorescein isothiocyanate/anti-avi-
din antibody system described elsewhere [9, 10]. Chromosomes 10
were identified by 4-6-diamidino-2-phenylindole counterstaining.
Breakpoint spanning clones were identified independently by two
scientists on the basis of a reduced signal intensity on the deleted
chromosome in comparison with the normal chromosome.

Northern blot

A hybridization probe from the 3′-untranslated region (UTR) of
the BRUNOL3 gene was generated by PCR (sense primer: 5′-CAA
CCC ACC TGC ATG CAT CTC CC-3′, antisense primer: 5′-CAG
AGT AGC ACA AGC CAA CTA TAA CCC-3′). The amplicon
was 410 bp in length and was labelled by random-primed synthe-
sis in the presence of [32P]dCTP (Amersham Pharmacia Biotech)
and used to probe a Human Cardiovascular System northern blot
(Clontech, catalog no. 7791-1) with hybridization and washing
conditions according to the manufacturer’s protocol. Signals were
detected by autoradiography.

In situ hybridization

Human conceptuses were collected from legally terminated preg-
nancies in agreement with the French law and ethics committee rec-
ommendations. Tissues were fixed with 4% paraformaldehyde, em-
bedded in paraffin blocks, and sectioned at 5 µm. Due to the lack 
of sequence information for heart or thymus specific BRUNOL3
isoforms we cloned a 410-bp PCR product of the 3′-UTR of 
BRUNOL3 (corresponding to bp 4383–4792 of NAPOR1 isoform,
GenBank accession no. AF036956) into a pGEM-T vector (Prome-
ga). This probe detects the three BRUNOL3 isoforms yet known.
Sense and antisense riboprobes were generated using either SP6 or

T7 RNA polymerase in the presence of [35S]UTP (1200 Ci/mmol;
NEN). Labelled probes were purified on Sephadex G50 columns.
Hybridization and posthybridization washes were carried out ac-
cording to standard protocols [11]. Slides were dehydrated, exposed
to Biomax MR X-ray films (Amersham Pharmacia Biotech) for
3 days, dipped in Kodak NTB2 emulsion for 17 days at 14°C, de-
veloped, counterstained with toluidine blue, and coverslipped with
Eukitt. Except for the pigmented retina no hybridization signal was
detected with the sense probe, confirming that the in situ hybridiza-
tion pattern of the antisense probe was specific.

Mutation screening

A total of 58 patients with symptoms of the DGS/VCFS (Table 1),
21 familial non-syndromic patients with conotruncal heart defects
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Table 2 Familial non-syndro-
mic patients with conotruncal
heart defects (for abbreviations
see Table 1)

Patient Heart Other
no.

59 TOF –
60 PA, multiple VSD –
61 mVSD –
62 TOF –
63 TOF –
64 TOF –
65 TOF –
66 TOF –
67 TOF –
68 TGV; VSD Cystic fibrosis
69 PVS, superior VSD, dextroposed aorta, –

bicuspid pulmonary valve
70 PA, VSD, major aortico-pulmonary collaterals –
71 DORV, single coronary artery –
72 PDA –
73 PDA –
74 PA, VSD –
75 Mild PVS –
76 Malposition of great vessels, tricuspid atresia –
77 TOF –
78 TOF Facial dysmorphisms, 

mental retardation
79 TGV, VSD –

Table 3 Patients with absent pulmonary valves. Patients were se-
lected on the anatomical criteria of absent pulmonary valve. Other
cardiovascular malformations are noted [S syndromic (i.e. with
symptoms of DGS/VCFS), NS non-syndromic (i.e. without symp-
toms of DGS/VCFS, details are not known); for other abbrevia-
tions see Table 1]

Patient Heart Other
no.

80 TOF NS
81 TOF, RAA NS
82 TOF, RAA S
83 – S
84 TOF NS
85 TOF, RAA, CA NS
86 TOF, infundibular VSD, CA S
87 TOF, RAA, CA, aortic stenosis S
88 TOF, RAA NS
89 TOF NS
90 TOF, inominate artery NS
91 TOF, CA, right descending aorta, S

interrupted inferior vena cava
92 TOF NS



(Table 2), and 13 patients with absent pulmonary valves together
with other cardiovascular malformations (Table 3) were screened
for mutations in the BRUNOL3 gene. In addition, four married
couples with two children showing congenital heart defects (CHD)
were included in this study (Table 4). To exclude partial mono-
somy 22q11 FISH was performed using the cosmid N25 (D22S75)
from the DGS deletion region on 22q11 (Appligene). 

Exons were amplified from 100 ng genomic DNA by PCR us-
ing intronic primers (Table 5). Conditions for PCR amplification
were 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 30 s
using a hot start polymerase (Amplitaq Gold, Perkin Elmer). The
amplified products were analysed on a denaturing high-perfor-
mance liquid chromatography (DHPLC) system (WAVE, Transge-
nomic) according to the manufacturer’s protocol (Table 5). Sam-
ples with heteroduplex peaks in the chromatogram were se-
quenced using an ABI 377 sequencer.

Results

Narrowing the haploinsufficiency region DGCR2

We established a PAC contig comprising of more than
100 clones spanning the haploinsufficiency region
DGCR2. Eight clones representing a minimal tiling path
were sequenced as part of the Human Genome Project
by the Sanger Centre (dJ928D21, dJ576A20, dJ1135P13,
dJ287O21, dJ186E20, dJ251M9, dJ33E13, dJ323N1;
Fig. 1). By means of this contig we were able to identify
breakpoint spanning PAC clones in three 10p deletion
patients (MEG, WON, WAB). The breakpoint of one
further patient (LEM) was characterized using mapping
data from the Sanger Centre. Breakpoint spanning clones
were identified in FISH experiments by comparing sig-
nal intensities of normal and deleted chromosomes. The
distal boundary of the critical region DGCR2 was de-
fined by patient MEG showing a heart defect and thymus
hypoplasia [4, 5, 12]. PAC clone dJ287O21 was a break-
point spanning clone in patient MEG. Patient LEM origi-
nally defined the proximal boundary of the DGCR2 [5].
BAC bA401F24 is spanning his breakpoint. This result-
ed in a critical region of approximately 1 Mb in size.

435

Table 4 Parents of children with congenital heart defects; DNA of
the children was not available for BRUNOL3 mutation screening
(for abbreviations see Table 1)

Parent Children with congenital heart defects
nos.

93, 94 One child with VSD, one child with TOF
95, 96 Two children with coarctation of aorta
97, 98 Two children with TOF
99, 100 One child with TOF, one child with coarctation of aorta

Table 5 Experimental conditions of BRUNOL3 mutation screen-
ing. PCR products were analysed by DHPLC (WAVE, Transge-
nomic). The DHPLC conditions are as follows: gradient of Buffer

B in within brackets followed by the oven temperature (buffer
compositions according to the manufacturer’s protocol)

Exon Forward primer Reverse primer DHPLC

1A CAG CAG ACA TCT AGC TCT GCC GGC AAA GTG CCT AAT GAG TCG (52–62)63
(51–61)65

1C AGA GGG CGC GTT AGT GAG C CAG CTC TAG AAA CTA GAA AAG CG (51–61)57
(48–58)60
(43–53)62

2 CTT CCT GTC CCT CAT CGT GCC CCA CCT GGA CGC CTG GCG (54–64)62
(49–59)64
(39–49)67

3 AGC ATT CAC AGA AAT TTC TAA AAC C TGA TTC TGG TAC AAA AGT AAA CCG (48–58)57
(44–54)59

4 TCA ATC TGC CTT TAC TTT CTC CC AGC AAG ACA GTT GGT TAC CAC C (44–54)57
(44–54)58

5 GAA ATG GCC TTT GCT CAT TCG AGC TCC AAT TAG CAC TGA AGG G (51–61)58
(48–58)60
(45–55)62

6 GTT TAA CAA GCG TCC AAC CC GAA AGG GCA GAT GAT ACA GTA C (49–59)59
(46–56)61

7 TCC ACT TTC CAA TGT GTC TGA CC AGT CAG TTT GCA GAG TTT CAG CG (52–62)62
(50–60)64
(47–57)66

8 TCT CAC CAT CTC CAC TTT GCC AGC ACG GTC AAA AGG AGA GGC (47–57)61
(47–57)63
(43–53)65

9 TGC TGA AAG TAA CTT TCT CTT CCC ACC TGC AAG GGA AGA GCA CCC (51–61)61
(49–59)65

10 ACT CAC CTC GTG TCT TCT CTC CC GAA GGC TGT CCA CCA GAG CAG C (50–60)61
(48–58)62

11 TGC TGT TTC TCT TCT CTA TTG TTG GG AGT GCT GCC TGT TGG GCT GGG (52–62)66
12 ACT TTG GAA ACT AAG ACT CAA GGG TGG GAA CCT ACT GCA ATA TAC TAG C (53–63)57

(49–59)59
13 AGG CTG ACT CCC TCT CTC GG ACT GGG TAG GGG AAG TGG G (54–64)60

(52–62)61
(49–59)62



We were able to further narrow this region by map-
ping the breakpoint of patient WAB. This patient has the
HDR syndrome and in addition the DGCR2 associated
malformation of the heart [13]. DJ251M9 was identified
as a breakpoint spanning PAC clone in patient WAB
shortening the critical region to about 300 kb.

PAC clone dJ928D21 is a breakpoint spanning clone
in patient WON representing with an HDR syndrome
without heart defect and without thymus hypopla-
sia/aplasia [7]. The breakpoint in this patient maps about
300 kb distal to the DGCR2 leaving him intact for the
DGCR2 but deleted for the HDR1 region (Fig. 1).

BRUNOL3 expression during human development

In order to identify candidate genes for the heart disease
and thymus hypoplasia/aplasia associated with haploin-
sufficiency of DGCR2 the genomic sequence of this re-
gion was analysed. The DGCR2 is located on the Homo
sapiens chromosome 10 working draft sequence segment
NT_008705.3. Thus far, only one known gene is mapped
into this 300 kb DGCR2 interval, BRUNOL3 (NAPOR,
CUGBP2, ETR3). Genomic structure of BRUNOL3 was
determined in silico by comparing cDNA sequence with
genomic sequence. The gene has 13 exons spanning a
genomic region of more than 300 kb (Fig. 2). Three iso-
forms [GenBank accession nos. AF036956 (NAPOR1),
AF090694 (NAPOR2), AF090693 (NAPOR3)] are
known [14, 15], which differ predominantly in their first
exons (exons 1A, 1B, 1C). Two further differences are a
short 18 bp deletion in exon 11 of NAPOR3 leading to a

loss of six amino acids in the protein and a 1359-bp in-
sertion in the 3′-UTR of NAPOR3. Nucleotides 1–15 of
exon 1B of NAPOR2 could not be found in the genomic
sequence. Apart from that no sequence differences be-
tween cDNA sequence and genomic sequence were ob-
served. All exon-intron boundaries are in accordance
with the AT-GT consensus sequence.

A hybridization probe was generated from a region of
the BRUNOL3 3′-UTR that is identical in all three
known isoforms of the gene (NAPOR1–3). We hybrid-
ized this probe onto a cardiovascular northern blot and
detected at least five transcripts of different lengths, two
strong signals at 6 kb and 5 kb and three weaker signals
at 9, 4 and 1.5 kb. The signal patterns were identical in
all heart tissues present on the northern blot (Fig. 3).
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Fig. 2 Gene structure of the BRUNOL3 gene. Genomic organiza-
tion of the three BRUNOL3 isoforms NAPOR1–3. Black boxes
Coding sequences; white boxes 5′-UTR. The gene structure refers
to the Homo sapiens chromosome 10 working draft sequence seg-
ment NT_008705.3. Intron sizes are given in kilobases

Fig. 3 Expression analysis in heart tissues. A northern blot with
different heart tissues (Clontech) was hybridized with a radio-
actively labelled BRUNOL3 probe. Above the lanes Tissues; left
migration of RNA molecular size markers in kilobases. Signals
are at 9, 6, 5, 4, and 1.5 kb



To obtain a more precise expression profile of 
BRUNOL3 during human development we performed
RNA in situ hybridization onto sections of human embry-
os ranging from Carnegie C10–C18. No BRUNOL3 ex-
pression was detected at Carnegie stage C10, the youngest
developmental stage studied (not shown). From Carnegie
stage C12 to C18 a BRUNOL3 expression was observed in
various tissues and organs (Table 6). The highest expres-
sion was observed in myotome (Fig. 4AA,CC) then mi-
grating muscular cells of proximal limb buds (Fig. 4DD).
Transcripts were also detected in peripheral nervous
system (dorsal root ganglia and cranial nerve ganglia,
Fig. 4A–C) and in the central nervous system (medial part
of neural tube and encephalon, Fig. 4CC, EE) and this 
signal increased during development. A signal was also
observed in the mesonephros by C12 (Fig. 4AA′) that 
decreased later, in the otic vesicle at C14 and C16
(Fig. 4EE′), in the apical ectodermal ridge of limb buds at
C14 and C16 (Fig. 4BB′, DD′), in the muscular layer of
oesophagus (Fig. 4BB′), stomach and intestine (not
shown) and around the trachea by C16 (Fig. 4BB′). No
BRUNOL3 expression was detected in the developing
heart during these embryonic stages. We then studied four
more fetal stages [8th, 9th, 15th and 18th week of devel-
opment (wd)] concentrating our attention to the heart and
thymus because defects in these organs are associated
with haploinsufficiency of DGCR2, and to the central ner-
vous system because of the strong signal observed during
embryogenesis. The strongest BRUNOL3 expression was
found in thymus from the 8th to 18th wd (Fig. 4F–G′, JJ′).
In the central nervous system, a strong BRUNOL3 expres-
sion was seen in the neural retina (Fig. 4HH′, RR′), the
dorsal horns of the spinal cord (Fig. 4OO′), the cerebral
cortex, the ventricular zone and the germinal matrix
(Fig. 4QQ′), the hippocampus (Fig. 4PP′) and the basal

ganglia (not shown). In the heart an expression was ob-
served in the 9th wd both in ventricles and auricles but not
in great vessels except at the tip of the pulmonary artery
(Fig. 4II′). A weak heart expression was also suspected on
the autoradiography in the 8th wd (Fig. 4FF′) and 18th wd
(not shown) but could not be confirmed after analysis of
the slides (no signal above the background). Finally, we
also detected BRUNOL3 transcripts in the muscular layer
of digestive tract (Fig. 4K–L′), epithelium of bronchial
bud (Fig. 4MM′) and nephrons of the kidney (Fig. 4NN)
during fetal development (results are summarized in 
Table 6). 
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Table 6 Time course of tissue expression of BRUNOL3 during
human development (+ presence of BRUNOL3 transcripts seen by
in situ hybridization, – absence of transcripts, ? data not available

due to the level of the section, x structure does not exist at this
stage, wd weeks of development, d days of development)

Tissue developmental stage C12, 26d C14, 32d C16, 37d C18, 44d 8 or 9 wd 15 wd 18 wd

Muscular system
Myotome ++ ++ ++ x x x x
Muscular cells in proximal limb buds x x ++ ++ ? ? ?

Kidney
Mesonephros ++ ++ + ? x x x
Nephrons x x ? ? ++ ++ ++

Peripheral nervous system
Dorsal root ganglia + ++ ++ ++ ? ? ?
Cranial nerve ganglia x ? ++ ++ ? ? ?

Central nervous system
Spinal cord – + ++ ++ +++ +++ +++
Encephalon – + ++ ++ ? +++ +++
Eye: optic vesicle then neural retina ? ? ? ? +++ +++ +++
Ear: otic vesicle then internal ear – ? ++ ++ ? ? ?
Heart – – – – + ? +?
Digestive and respiratory system – ? + ++ ++ ? ?
Thymus x x x +? +++ ? +++

Table 7 List of polymorphisms in the BRUNOL3 gene. Sequence
variations were found in 7 of 14 exons screened for mutations in
96 patients. Nomenclature corresponds to the recommendations of
the Nomenclature Working Group [16, 17]. Reference cDNA is
NAPOR1 (GenBank accession no. AF036956)

Exon Sequence variations Variations/wt %

1A No variants 0/100 –
1C c.-133–132insC 16/84 16

c.-172G>A 1/99 1
2 IVS2+6G>T 1/99 1

IVS2+6G>A 1/99 1
3 no variants 0/100 –
4 No variants 0/100 –
5 c.345T>A 25/75 25

c.348G>A 1/99 1
6 No variants 0/100 –
7 IVS7+28C>A 3/97 3
8 No variants 0/100 –
9 IVS9+10G>A 48/52 48

10 c.1165C>T 34/66 34
11 No variants 0/100 –
12 IVS11–18delT 47/53 47
13 No variants 0/100 –
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BRUNOL3 mutation screening in chromosomal normal
DGS-like patients

We screened a group of 92 DGS-like patients and 8 par-
ents with children presenting with congenital heart defects
for BRUNOL3 mutations by PCR amplification and subse-
quent DHPLC analysis of all exons except exon 1B where
a discrepancy between cDNA sequence and genomic se-
quence was observed. All patients had symptoms of the
DGS. Microdeletions on 22q11 and partial monosomies
10p had been excluded. The majority of patients showed
congenital heart defects. A thymus abnormality was ob-
served in ten patients. A thymus hypoplasia was demon-
strated in six of these patients; four patients had low T cell
numbers (Tables 1, 2, 3, 4). The mutation screening in this
collection of DGS-like patients revealed ten sequence
variations in seven exons of BRUNOL3 (Table 7). None of
these were obvious pathogenic mutations. Seven varia-
tions are located in intronic regions or in the 5′-UTR,
three variations are one basepair substitutions in coding
sequences leaving the amino acid sequences unchanged.

Discussion

The haploinsufficiency region DGCR2

Partial monosomy 10p is a rare chromosomal aberration.
Until now about 50 cases have been reported in the liter-
ature [18]. A significant number of these patients present
with features of DGS, such as heart defects, thymus hy-
poplasia/aplasia and T cell defects or with hypoparathy-
roidism/hypocalcaemia and other features. These symp-
toms are typical of the DGS/VCFS. That is why a second
minor DGS/VCFS locus (DGCR2) on 10p was postulat-
ed and mapped near marker D10S585 by 10p deletion
analysis in terminally and interstitially deleted patients
[4, 5, 6]. It was later shown that the phenotype of partial
monosomy 10p was indeed due to haploinsufficiency of
at least two regions, the HDR1 region responsible for
HDR syndrome and the more proximal region DGCR2
responsible for the heart defect and thymus hypoplasia/
aplasia [7]. The HDR syndrome causing gene GATA3
was identified by mutation screenings in HDR patients
without 10p deletions. Loss of function mutations in
GATA3 were found in three HDR syndrome patients [8].
Genes from the DGCR2 causing heart defects and thy-
mus hypoplasia/aplasia or T cell defects were unknown
yet. The region was originally defined by deletion map-
ping with FISH using YAC clones as probes.

Patients MEG and P1/P2 who presented with heart
defects and T cell defects showed the smallest region of
overlapping deletions leading to a size of more than
1 Mb for the DGCR2 [4]. A second study narrowed the
critical region to about 1 Mb by the new patient LEM,
who defined the proximal boundary of DGCR2 [5]. As
in the first study the distal boundary was defined by 
patient MEG. It is known from several studies that there
is a wide variability in the phenotypic features of pa-
tients with deletions or duplications of the same chromo-
somal region, such as partial monosomy 4p in patients
with Wolf-Hirschhorn syndrome, partial monosomy 5p
in cri du chat syndrome, and partial monosomy 22q11 in
DGS. For this reason the presence of a particular trait
carries more weight than its absence. Patient LEM pre-
sented with hypoparathyroidism and renal defects but
had neither a heart defect nor a T cell defect. Thus pa-
tient LEM showed symptoms of the HDR syndrome but
no symptoms associated with the DGCR2 and was there-
fore ill suited in defining the DGCR2. Recently we stud-
ied the breakpoint of patient WAB, who was published
as a patient with HDR syndrome [7]. Her symptoms of
hypoparathyroidism, sensorineural deafness, and renal
defect belong to the HDR syndrome and are most likely
the result of haploinsufficiency of GATA3 mapped within
the HDR1 haploinsufficiency locus. In addition, this pa-
tient showed a heart defect. The symptom of a heart de-
fect is not associated with the HDR1 region but with
haploinsufficiency of the more proximal region DGCR2.
For this reason, WAB is qualified for defining the critical
region DGCR2.
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Fig. 4A–R BRUNOL3 expression during human development.
A–R Bright-field illumination of haematoxylin/eosin stained slides,
adjacent to the ones presented for the in situ hybridization studies
under dark-field illumination (A′–R′), except F′ which is the auto-
radiography of the hybridized slide. Age are given in weeks of de-
velopment (wd). AA′ C12, 4th wd embryo. Expression is seen in
the myotome (M, arrow), the dorsal root ganglia (DRG, thin arrow)
and the mesonephros (Mn, arrowhead). B–E′ C16, 6th wd embryo.
CC′ and DD′ are a high magnification view of BB′. CC′, EE′ show
BRUNOL3 expression in the medial part of neural tube, on either
parts of sulcus limitans (arrowhead), in dorsal root ganglia (thin
arrow) and in the myotome (thick arrow). DD′ show a gene expres-
sion in proximal limb buds (migrating myotomal cells) and distally
in the apical ectodermal ridge (AER). BRUNOL3 is also expressed
around the trachea (T) and the oesophagus (E) as seen in BB′
(arrows). EE′ transverse section through the head, where an ex-
pression is observed in the rhombencephalon (Rh), mesencephalon
(Me), the otic vesicles (Ov, arrows), the cranial nerve (VII+VIII,
IX, X) and dorsal root ganglia (thin arrow). No BRUNOL3 expres-
sion was detected in the developing heart. RA Right auricle; LA left
auricle; RV right ventricle; LV left ventricle. F–H′ 8th wd sections.
FF′ Frontal section through the heart and thymus, showing a 
BRUNOL3 expression at the tip of the pulmonary artery (PA, thin
arrow) and in thymus (arrows) on the autoradiography, confirmed
after analysis of the slides (GG′). A weaker BRUNOL3 expression
was also suspected in the heart on the autoradiography but could
not be confirmed under dark field illumination (no signal above the
background). Ao Aorta. Expression is also shown in the neural 
retina (HH′, note the false-positive signal in pigmented retina).
I–N 9th wd sections. II′ frontal section of the heart showing 
BRUNOL3 expression in both ventricles but not in great vessels,
except at the tip of the pulmonary artery (thin arrow). JJ′ frontal
section of the heart and thymus showing a strong expression in the
thymus as compared to the heart (weak expression) and the pulmo-
nary artery (no expression). BRUNOL3 transcripts were also ob-
served in the muscular layer of stomach and intestine (KK′, LL′),
the epithelia respiratory trees (MM′) and in the nephrons of the
kidney (NN). O–P′ 15th wd sections. BRUNOL3 expression in the
dorsal horns of the spinal cord (OO′) and the hippocampus (PP′).
Q–R′: 18th wd sections. BRUNOL3 is expressed in the entire cere-
bral cortex including the frontoparietal cortex (arrow), the ventric-
ular zone (thin arrow), the germinal matrix (asterisk, QQ′) and in
the basal ganglia (thalamus, not shown). RR′ parasagittal section
of the eye where BRUNOL3 is still expressed in the neural retina
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We mapped WAB’s breakpoint about 300 kb proximal
to the distal DGCR2 boundary defined by MEG. This
narrows the size of the DGCR2 to about 300 kb. A T cell
defect is not observed in WAB. This is not unusual, how-
ever, because a high variability in phenotypic expression
and low penetrance is well known in partial monosomy
10p patients. Also it cannot be excluded that the symp-
toms heart defect and thymus hypoplasia/aplasia are the
result of haploinsufficiency of more than one gene with-
in the DGCR2. A gene responsible for heart defects may
be located in the distal part of the DGCR2 and a gene 
responsible for the thymus hypoplasia/aplasia may be 
located in a more proximal region that is not deleted in
WAB. The breakpoint of the recently published HDR
syndrome patient WON could be mapped to a PAC clone
that is located about 300 kb distal to the DGCR2. She is
hemizygous for the HDR1 region and GATA3 but dizy-
gous for the DGCR2 haploinsufficiency region. Her 10p
deletion accounts for the HDR syndrome phenotype and
the absence of a heart defect and a thymus hypopla-
sia/aplasia or T cell defect, respectively.

Within the 300-kb region defining the DGCR2 only
one known gene, BRUNOL3, was identified in the hu-
man genome draft sequence. It is a homolog of the Dro-
sophila bruno gene and belongs to a protein superfamily
of RNA binding proteins [19]. Drosophila bruno is a key
factor for Drosophila embryo development [20, 21]. Fur-
thermore there are several examples where defective
RNA binding proteins lead to different developmental
defects in various species [22, 23, 24, 25]. This and the
fact that it mapped within the DGCR2 made BRUNOL3
a candidate gene for the heart defect and thymus hypo-
plasia/aplasia or T cell defect observed in partial mono-
somy 10p patients.

Expression profile of the BRUNOL3 gene during 
human development

At present there are three isoforms of the gene in the dat-
abase (NAPOR1–3) differing predominantly in their first
exons [26]. We confirmed the presence of several iso-
forms by hybridizing a cardiovascular northern blot with
a BRUNOL3 probe. Moreover, an expressed sequence
tag database search with the BRUNOL3 cDNA reveals
expression in more than 20 different tissues. In order to
decide whether BRUNOL3 mutations might be responsi-
ble for the heart defect and thymus hypoplasia/aplasia in
partial monosomy 10p patients we established an expres-
sion profile of BRUNOL3 during early human develop-
ment. The strongest expression was observed in the mus-
cular system, the central nervous system and the thymus,
suggesting that BRUNOL3 plays an important role in hu-
man thymus development. This makes BRUNOL3 a can-
didate gene for the thymus hypoplasia/aplasia or T cell
defect often seen in 10p deletion patients. On the other
hand a weaker expression in the heart was observed in
the 9th wd, but we could not confirm a heart expression
at other developmental stages. This is contrary to another

report in which a strong expression of BRUNOL3 in the
developing heart was described [27].

It is important to mention that our in situ hybridiza-
tions were performed on a selection of developmental
stages only, and that we cannot exclude BRUNOL3 ex-
pression in stages other than described here. However,
the most likely explanation for these inconsistent results
is that specific isoforms are expressed in the developing
heart and that our hybridization probe from the 3′-UTR
failed to detect these isoforms. It was shown that both in
mice and chickens there is a transition from high to low
molecular weight BRUNOL3 isoforms during heart de-
velopment [27]. This is why our hybridization results do
not exclude a suggested role of BRUNOL3 in heart de-
velopment. Apart from thymus and heart, BRUNOL3 ex-
pression was observed in several other tissues and or-
gans, mainly the central nervous and muscular systems,
but also in the digestive tract, lung and kidney. These 
organs are usually not affected in partial monosomy 
10p patients. This might be due to a lower gene dose
sensitivity in these organs or due to a compensation of
BRUNOL3 by homologous genes. A good candidate
would be BRUNOL2 that has an 80% amino acid identity
with BRUNOL3 over the entire length of the protein.

Mutation screening of the BRUNOL3 gene in
DGS/VCFS-like patients

Despite the fact that no strong BRUNOL3 expression
was observed in the heart a role of the gene in heart de-
velopment cannot be excluded. Indeed, it has been dem-
onstrated that BRUNOL3 regulates alternative splicing of
specific genes during heart development in chickens and
mice [27]. In contrast, our in situ hybridization experi-
ments revealed a strong BRUNOL3 expression in the hu-
man thymus at different developmental stages. Taking
expression and mapping data together, BRUNOL3 repre-
sents a candidate gene for thymus and/or heart defects.
Therefore we screened 92 patients with CHD and/or thy-
mus hypoplasia and 8 parents with CHD children for
BRUNOL3 mutations. None of these patients had a mi-
crodeletion on 22q11 or deletion on 10p. As discussed
previously, the symptoms heart defect and thymus hypo-
plasia/aplasia could be the result of haploinsufficiency 
of more than one gene within the DGCR2. BRUNOL3
could be responsible for the thymus hypoplasia/aplasia,
and the gene responsible for the heart defects may be 
located in the distal part of the DGCR2. However, the
majority were selected for congenital heart defects. Pa-
tients with thymus hypoplasia/aplasia are very rare, and
only six of these patients had clear thymus hypoplasia/
aplasia, two of them as an isolated symptom. In addition,
four more patients had low T cell numbers. Mutations in
the BRUNOL3 gene were not identified. In addition to
technical limitations of the PCR-based screening method
that made it impossible, for example, to identify intra-
genic deletions and the fact that we did not analyse regu-
latory regions, there are several possible reasons why no
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mutations were found. BRUNOL3 is a gene with many
isoforms usually due to alternative splicing [26]. During
heart development there is a switch from high to low
molecular weight isoforms [27]. It is possible that we
missed one or more still unidentified exons in our muta-
tion screening that are specifically expressed during
heart and thymus development. In addition the DGS-like
phenotype might be the result of environmental and ge-
netic factors. It is known that teratogens and pregnancy
factors such as alcohol and retinoids or diabetes in 
the mother may also lead to this developmental defect 
[1, 28, 29]. It must also taken into account that CHD is a
very heterogeneous condition. Therefore the number of
patients investigated might be too small to find muta-
tions.

Future prospects

Haploinsufficiency of the DGCR2 is associated with
heart defects and thymus hypoplasia/aplasia. Patient
WAB narrowed this critical region to about 300 kb. So
far only the gene BRUNOL3 has been mapped within
this interval. This and the fact that BRUNOL3 is ex-
pressed in the developing heart and thymus made it a
candidate gene for the observed phenotype of partial
monosomy 10p patients. Patient WAB, who defined the
proximal boundary of the DGCR2 showed a heart defect.
However, it cannot be excluded that there are more re-
gions on chromosome 10p responsible for congenital
heart defects and that the heart defect in patient WAB is
due to haploinsufficiency of a gene distal to the DGCR2.
It is also possible that the heart defect in this patient is
the result of a position effect and that the DGCR2 is
larger than 300 kb. It was originally defined by patients
MEG and P1/P2 and had a size of about 2 Mb [4]
(Fig. 1). At least five more genes are mapped within this
region (Table 8). These genes are candidate genes for the
heart defect and thymus hypoplasia/aplasia as well. Ex-
pression profiles of all genes will give clues whether
they may play a role during heart and thymus develop-
ment. Good candidate genes could then be screened for
mutations in chromosomal normal DGS-like patients. If
no mutations are found, the possibility may remain to
generate heterozygous +/– knockout mice for candidate

genes and to compare the murine with the human pheno-
type. This was a successful approach for the DGS locus
on chromosome 22q11, where Tbx1 +/– mice developed
the cardiovascular defects typical of the DGS/VCFS 
[30, 31, 32].
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