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Segmental haplosufficiency: transmitted deletions of
2p12 include a pancreatic regeneration gene cluster
and have no apparent phenotypic consequences
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Segmental aneuploidy usually has phenotypic consequences but unbalanced rearrangements without
phenotypic consequences have also been reported. In particular, harmless deletions of G-dark bands 5p14
and 16q21 have each been found in more than one independent family. Here, we report two families that
were ascertained at prenatal diagnosis and had similar overlapping deletions that removed most of the
gene poor G-dark band 2p12. PCR mapping showed that the deletions had a minimum size of 6.1 and
6.9Mb with at least 13 hemizygous loci including a cluster of six pancreatic islet-regenerating genes. These
deletions had no apparent phenotypic consequences in eight family members. In contrast, a third family
was ascertained through a child with Wilm’s tumour; both the child and his mother had more proximal
deletions, developmental delay and some dysmorphic features. The deletion had a minimum size of 5.7Mb
and extended into the gene-rich area of 2p11.2. These results are consistent with the idea that there may
be segments of the genome that are consistently haplosufficient. The introduction of higher resolution
methods of dosage analysis into diagnostic laboratories is already revealing more transmitted
abnormalities of uncertain significance. As a result, published cases of transmitted imbalances have been
collected as a guide to the possible significance of such findings in the future (see the ‘Chromosome
Anomaly Collection’ at www.som.soton.ac.uk/research/geneticsdiv).
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Introduction
It can no longer be assumed that euchromatic imbalance at

the cytogenetic level is automatically associated with

mental and physical impairment. Exceptions to this rule

have been found in families in which autosomal deletionsReceived 6 April 2004; revised 11 June 2004; accepted 25 June 2004
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or duplications have been directly transmitted from

phenotypically normal parents to unaffected children.

Couturier et al1 reported a clear example in 1985 when a

deletion of 13q21 was found in a mother and son with

normal phenotypes. The following year, Overhauser et al2

used molecular genetic methods to confirm a deletion of

5p14 in six phenotypically normal carriers from a three-

generation pedigree. However, it was not until 14 years

later that Hand et al3 confirmed these observations by

finding a similar 5p14 deletion in a child referred for a

peroxisomal disorder that was regarded as coincidental to

the deletion.

A larger number of transmitted and de novo abnormal-

ities of uncertain clinical significance are being detected

with the increasing resolution of conventional cytogenetic

analysis,4 molecular cytogenetic analysis5–8 and the intro-

duction of array technology into diagnostic laboratories.9

Transmitted imbalances are one of the few ways in which

the significance of this new class of abnormalities can be

determined. Here, we report the direct transmission of

deletions of the proximal short arm of chromosome 2 from

parents to children in two independent families without

apparent phenotypic consequences and a third family in

which the deletion is associated with a clinical phenotype.

The two clinically normal families with 2p12 deletions

suggest that at least 13 genes within band 2p12 are

haplosufficient.

Material and methods
Probes
Family 1 Whole chromosome paint (wcp) for chromo-

some 2 was obtained from Cambio. YACs 850A4

(D2S2112), 747F5 (D2S2110) and 953D7 (D2S329) were

mapped to 2p12 and provided by the YAC Screening

Centre (Milan).

Family 2 The Multicolour banding (MCB) probe set for

chromosome 2 was described by Weise et al10 and YAC

894F8 in 2p13.1–12.3,. YAC 953D7 in 2p12 and BAC 4C8

in 2p11.2 were used for conventional FISH.

Cytogenetic and molecular cytogenetic methods

Chromosome preparations were prepared using standard

techniques after synchronisation with excess thymidine

and release with deoxycytidine.11 Fluoresecence in situ

hybridisation in families 1 and 2 was carried out using

modifications of the method of Pinkel et al,12 the MCB

method in family 2 as described by Weise et al10 and the

high-resolution comparative genomic hybridisation (HR-

CGH) in family 3 according to the method of Kirchhoff

et al.5

Molecular genetic methods

The extent of the deleted material in families 1, 2 and 3 was

determined by microsatellite analysis using fluorescent

PCR. Physical locations were taken from the Ensembl

database (www.ensembl.org) Version 19.34a1 (15th De-

cember, 2003). All the primer sequences and PCR condi-

tions are available from the Genome Database

(www.gdb.org). For family 1, the breakpoints were refined

using replicate semiquantitative PCR. Each test was

performed in duplicate with each microsatellite being

coamplified with a control disomic sequence for the

deletion carrier and a number of normal controls. Standard

PCR conditions were used but the number of cycles was

reduced to 20 to ensure linear amplification as described by

Roberts and Thomas.13 All PCR products were analysed on

an ABI automated sequencer (Applied Biosystems, Foster

City, CA, USA).

The breakpoints in family 3 were refined using real-time

quantitative PCR on an ABI Prism 7000 sequence detection

system (Applied Biosystems, Foster City, CA, USA) accord-

ing to the manufacturer’s instructions. Primers were

designed with Primer Express Software (Applied Biosys-

tems, Foster City, CA, USA) and DNA sequence information

was obtained from the public UCSC database (www.geno-

me.ucsc.edu) (UCSC version hg16; NCBI build 34). An

SYBR Green PCR master mix (Applied Biosystems, Foster

City, CA, USA) was used for PCR according to the

manufactureŕs instructions. The copy number was mea-

sured relative to GAPDH. Two normal individuals were

included. Each assay was duplexed and evaluated by a

comparative method validated by Applied Biosystems with

the formula 2�DDCt. Care was taken that as equal as possible

amounts of reference and patient DNA were compared,

illustrated by the GAPDH Ct value.

Results
Cytogenetics and molecular cytogenetics
Family 1 Nondisjunctional trisomy 18 was found in the

proband (III. 1) (Figure 1). After amniocentesis in her next

pregnancy at the age of 21 years, an interstitial deletion of

chromosome 2 (del (2)(p11.2p13)) (Figure 2) was identified

in the mother (II.3) and foetus (III.2). The same deletion

was found after amniocentesis in her subsequent pregnancy

(III.3). In addition, a paternal balanced pericentric inver-

sion of chromosome 4 (inv(4)(p15.32q21.3)) was found in

both pregnancies. The deletion was present in a total of five

family members including a maternal aunt (II.5) and the

maternal grandmother (I.2). These family members were

phenotypically normal as were the children born from the

two pregnancies at term. The mother was overweight from

the age of 11 and the grandmother at the age of 74 years,

suffers from severe obesity and hypertension.

In a lymphoblastoid cell line from the grandmother (I.2),

wcp hybridised to both chromosomes 2 uniformly and to
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no other chromosome (data not shown). FISH with the

proximal 2p12 YAC 953D7 (D2S329) confirmed a deletion

of part of this band (Figure 3A), while the distal 2p12 YACs

850A4 (D2S2112) and 747F5 (D2S2110) were retained on

both homologues. The karyotype of the grandmother was:

46,XX,del(2)(p11.2p12).ish del(2)(wcp2þ , D2S2112þ ,

D2S2110þ , D2S329�). This lymphoblastoid cell line is

available from the European Cell and Animal Culture

Collection (ECACC) (ref. DD 0141).

Family 2 A morphologically altered chromosome 2 was

found in the foetus, his mother and her father after a

woman of 38 years was referred for amniocentesis due

to advanced maternal age. According to GTG banding,

both breakpoints of the altered chromosome were thought

to be in 2p12 (data not shown). The karyotype was

refined to 46,XX or XY,del(2)(p11.2p12 or p12p12).ish

del(2)(894F8þ ;953D7-;4C8þ ) after applying the region-

specific 2p13.1–p12.3 YAC 894F8 (Figure 3B), the 2p12

YAC 953D7 and the 2p11.2 BAC 4C8, as well as the high-

resolution MCB probe set for chromosome 2 (Figure 3B).

The missing chromosomal material could not be detected

elsewhere in the karyotype of any of the three family

members studied using these FISH techniques. The foetus

was born as a normal male and the mother and grandfather

were of normal intelligence. Further family members were

not available for cytogenetic studies.

Family 3 The proband was ascertained at 11 months of

age when he was treated for Wilms tumour and it was

noticed that he was physically and mentally retarded. His

chromosomes were normal at the level of resolution

available (Figure 4), but a diminution of proximal 2p was

subsequently detected in the proband (dim(2p10p12)mat)

and his mother (Figure 3C) after a series of patients with

apparently normal karyotypes were referred to the Juliane

Marie Centre for testing with HR-CGH. He walked at 20

months and, at 2 years and 4 months, all his milestones

were delayed corresponding to a developmental age

ranging between 11 and 21 months; language was the

most severely affected at the equivalent of 11 months of

age. He had problems concentrating but was cheerful and

easy to communicate with. There was a suspicion of

epilepsy. He had a relatively large head with frontal

bossing, a flat face and low-set abnormally moulded ears.

No hearing loss or visual problems were recorded.

He had a recurrence of Wilms localised to the right

kidney, a nephrectomy and chemotherapy but is now

generally well with no indication of a recurrence. He

attends a special kindergarten and his development is

progressing. At 4 years and 9 months, he has a develop-

mental age of 2 years and 6 months. He still has problems

concentrating, is easily diverted and has substantial

problems with his pronunciation.

III:1

II:2 II:3

III:2 III:3

I:2

N

I:1

N

II:1

N

II:4 II:5

Figure 1 Pedigree of family 1. The affected proband with
trisomy 18 is fully shaded. Upper right quarter shading
indicates individuals with a deletion of 2p, lower right
quarter shading denotes chromosome 4 inversion carriers
and ‘N’ indicates chromosomally normal family members.

Figure 2 Idiogram and partial karyotypes of the deletion in family 1. The deleted chromosome is on the right-hand side in
each case and the deleted region arrowed.
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The mother has features similar to the proband. In

particular, she has the same abnormally moulded ears,

which were operated on for aures alatae, and severe

pronunciation problems. She had difficulties in school

and her expressive language problems make her difficult to

understand. She has limited intellectual resources but takes

care of her five children as a single parent.

Molecular mapping

A clear region of hemizygosity within flanking regions of

heterozygosity was identified in all family members tested

using 29 microsatellites across the 15.9Mb of chromosome

2 between 72.4Mb and 88.3Mb from the 2p telomere. The

grandmother was mapped in family 1, all three deletion

carriers in family 2 and both deletion carriers in family 3.

Replicate dosage PCR was needed to complete the mole-

cular mapping in family 1 to distinguish between homo-

zygosity and hemizygosity for a number of markers just

within and outside the deletion. Families 1 and 2 had

similar sized deletions with minimum sizes of 6.1 and

6.9Mb and maximum sizes of 7.4Mb (Figure 5). Both distal

breakpoints were within the 0.5Mb between D2S286 and

D2S2114 and both proximal breakpoints within the 1.2Mb

between D2S2343 and D2S1396 (Figure 5).

Family 3 had a more proximal deletion with a distal

breakpoint within the 1.2Mb between D2S2180 and

D2S2343 and a proximal breakpoint within the 1.7Mb

between D2S1331 and D2S2216 (Figure 5). These estimates

were further refined in family 3 using real-time quantita-

tive PCR. Amplicons showing reduced copy number were

positioned on chromosome 2 at 81212491 and 86900295

bases from the short arm telomere, giving a minimum size

of 5.69Mb. Amplicons showing normal copy number were

positioned at 80792535 and 88444328 bases indicating a

maximum size of 7.65Mb. However, the most proximal

amplicon showing normal copy number was at 88311785

using D2S2216 microsatellite typing and at 88444328

using real-time PCR. Thus, when these microsatellite and

real-time PCR results are combined, the maximum size of

the deletion is reduced to 7.52Mb.

Discussion
The deletion in family 1 was originally reported in

abstract.14 The apparently harmless deletions of 2p12 in

eight individuals from families 1 and 2 contrast with the

more proximal 2p11.2–2p12 deletion in family 3 and the

relatively consistent phenotype in the four patients

reviewed by Lacbawan et al.15 These four patients had

overlapping deletions of 2p11–p13 or 2p11.2–p13, which

extended into both the flanking G-light bands 2p11.2 and

2p13. Consistent findings included abnormal facies with a

C

BA a

b

Figure 3 (A) The white arrow indicates the deletion of YAC 953D7 using FISH in family 1; (B, a) MCB in family 2 using probe
set 2. One of the dark greenish pseudocolour bands indicated by the white arrows on the pseudocoloured chromosomes and
fluorochrome profiles is absent from the deleted 2 and present on the normal 2; (B, b) Results of conventional FISH illustrating
the deletion of YAC 953D7 in family 2. (C) HR-CGH in family 3 showing the 99.5% confidence intervals (light lines) and 99.5%
dynamic standard reference intervals (dark lines). The deletion at chromosome 2p is detected where the two intervals do not
overlap. Vertical lines represent the 0.5, 0.75, 1.0, 1.25 and 1.5 ratios. The deletion is shown as a red bar to the left of the
chromosome idiogram. For technical reasons, the length of the bar is somewhat larger than the actual size of the deletion.

Segmental haplosufficiency
JCK Barber et al

286

European Journal of Human Genetics



prominent or broad nasal bridge, an abnormally shaped

nose and low set or abnormal ears. Myopia and sensor-

ineural or conductive hearing loss were also found. The

proband in family 3 had frontal bossing, abnormal low-set

ears and developmental delay but no recorded visual or

hearing loss. The mother had similar features and both the

mother and child had language problems. We conclude

that the phenotype in both of them is due to the 7.5Mb

deletion, which extends into gene-rich 2p11.2. This is

analogous to the deletions of band 5p14; those restricted to

G-dark 5p14 itself have no consistent phenotypic effect,2

while those that extend into the adjacent G-light band

Figure 4 Partial karyograms of chromosomes 2 from the
proband in family 3. The deletion could not be confirmed
using GTG-banding analysis.

Family

1

Family

2

Family

3

72.4 D2S2112

73 D2S2110 p13.2

73.3 D2S2111

73.6 D2S2109 p13.1

75.3 D2S286

75.6 D2S1351

75.8 D2S2114

76.6 D2S2116

77.2 D2S1774

79.1 D2S1262

79.4 D2S329 p12

79.7 D2S139

80.3 D2S253

80.5 D2S2180

81.7 D2S2343

82.7 D2S289

82.9 D2S1396

83.2 D2S1332

83.4 D2S2162

83.8 D2S2964

84.9 D2S440

85 D2S2371

85.1 D2S1790 p11.2

85.3 D2S2161

85.5 D2S2333

86 D2S2232

86.1 D2S388

86.6 D2S1331

88.3 D2S2216

92 CEN

Mb    Locus

Figure 5 Extent of each deletion with respect to the cytogenetic bands of proximal 2p and the physical location of the
microsatellites tested. Deleted loci are shaded in black.
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Table 1 Hemizygous genes in families 1 and 2

Gene symbol Gene name Expression Gene/protein family Function Related disease Other gene family locations

1.
NM_032181

Hypothetical
protein FLJ13391

Liver; pancreas;
kidney; lung

Ambiguous Not known None One other not mapped

2. MRPL19 Mitochondrial
ribosomal protein
L19

Spleen; brain;
skeletal muscle;
liver; pancreas;
prostate

L19P family of
ribosomal proteins

Multiple None None

3. C2orf3 Chromosome 2
open-reading
frame 3

GC-rich DNA-
binding factor

Not known OMIM 189901 Unkown

4. LRRTM4 Leucine-rich repeat
transmembrane
neuronal 4

Brain Chondro-adherin
precursor cartilage
leucine rich

Not known None 2p12; 5q31.2;10q21.3;17q21.33;19p13.3

5. Novel REG See 6–9, 11 See 6–9, 11 See 6–9, 11 See 6–9, 11 See 6–9, 11 See 6–9, 11
6. REG1B* I beta Pancreas Precursor islet of

langerhans
regenerating (REG)
proteins

Pancreatic islet
regeneration;
diabetogenesis;
pancreatic
lithogenesis

Chronic
calcifying
pancreatitis
(OMIM
167770)

1p12
7. REG1A* I alpha Pancreas; liver;

prostate; lung
8. REGL* REG like Pancreas
9. PAP Pancreatitis-

associated protein
1 precursor

Pancreas

10. CTNNA2 Catenin (cadherin-
associated
protein), alpha 2

Brain; skeletal
muscle; pancreas

Vinculins and other
catenins

Cell –cell and cell–
matrix adhesion

Cerebellar
disturbance in
null mice
(OMIM
114025)

Multiple

11. Novel REG See 5–9 See 5–9 See 5–9 See 5–9 See 5–9 See 5–9
12. LRRTM1 Leucine-rich repeat

transmembrane
neuronal 1

Brain; kidney Chondro-adherin
precursor cartilage
leucine rich

Not known None 2p12;5q31.2;10q21.3;17q21.33;19p13.3

13. Q8NBL2 Hypothetical locus Ambiguous Not known Not known 19q13.1

Note: REG stands for REGenerating islet derived.

S
e
g
m
e
n
ta
l
h
a
p
lo
su

fficie
n
cy

JC
K
B
a
rb
e
r
et

a
l

2
8
8

E
u
ro
p
e
a
n
Jo
u
rn

a
l
o
f
H
u
m
a
n
G
e
n
e
tics



5p13 are associated with mental retardation in multiple

family members.16

G-dark bands are generally gene poor17 and the 8.3Mb of

2p12 contain only 15 genes. The deletions in families 1 and

2 are a minimum of 6.1 and 6.9Mb in size, respectively, and

contain at least 13 hemizygous genes (Table 1). In addition,

at least part of the tachykinin 1 receptor locus (TACR1) is

deleted in family 1. Six of these 13 belong to the precursor

islet of langerhans-regenerating family (REG). Underexpres-

sion of these genes has been associated with chronic

calcifying pancreatitis and overexpression with diabetes.

This raises the possibility of a ‘cryptic’ pancreatic pheno-

type, which might only be expressed as a result of damage

or infection of the pancreas. The corollary might be

protection against the heritable causes of diabetes. Alter-

natively, haploidy of this cluster of closely related genes,

which is thought to have arisen by duplication, may be

more easily tolerated than haploidy of a series of unrelated

single loci. The majority of the other genes involved also

have related loci on other chromosomes (Table 1). Our

results imply that either all the deleted loci are haplosuffi-

cient or that the cumulative effect of these oligogenetic

imbalances is insufficient to disturb normal development.

It has also been suggested that 2p12 is haplolethal because

deletion of this band has not been previously recorded in

the Human Cytogenetics Database.18 In contrast, our

results suggest that the deletions in families 1 and 2 are

rarely ascertained because any phenotypic consequences

would be unlikely to come to medical attention.

Other families in which deletions, duplications or

unbalanced translocations have been transmitted from an

unaffected parent to an unaffected or affected child are

listed in Tables 2 and 3, respectively. Marker chromosomes

have been specifically excluded as they have been exten-

sively reviewed elsewhere. In Table 2, the majority of

families (11/15) were ascertained at prenatal diagnosis or

for other reasons that are likely to have been coincidental.

The chromosomal imbalances have been confirmed by a

complementary technique in 12/15 families. Bortotto et al19

proposed that the predominantly maternal transmission

could be associated with imprinting, but none of the regions

in Table 2 is thought to contain imprinted loci. Incomplete

ascertainment of these families is a more likely explanation.

These imbalances are not thought to have been responsible

for any phenotypic effects among the 43 carriers.

In Table 3, the majority of families (17/21) were

ascertained through the phenotype of an affected proband,

but the parent and other relatives with the same imbalance

were unaffected. The imbalance was confirmed in 14/21

families. These abnormalities are analogous to those in

Table 2 wherever the phenotype in the proband is likely to

have been coincidental as in the del(5) of Hand et al,3 the

del(11) of Li et al,20 the dup(1) of Bortotto et al,19 the

dup(1) of Chan et al,21 the dup(8)s of Harada et al22 and the

der(15) of Guichaoua et al.23 Imprinting explains the

contrast between the phenotypes in parents and children

with duplications of 15q11.2–q13,24 6q2425 and possibly

14q24.3–q31.26 Re-examination of the parents in the case

of Browne et al24 suggests that paternal duplications of

15q11.2-q13 can have phenotypic consequences, but

much milder than those associated with maternal duplica-

tions of the same segment.27 The lack of a ‘second hit’ is

Table 2 Phenotypically unaffected parents with the same euchromatic imbalance as their unaffected children

Region Con Ascertainment Mode C Reference

del
2 p12 F/M PD previous +18 Mat 5 Family 1
2 p12 F/M PD Both 3 Family 2
2 q13–q14.1 F MC miscarriages Mat 2 Sumption and Barber30

3 p25.3–pter F PD maternal age Mat 2 Knight et al31

5 p14 M PD maternal age Mat 6 Overhauser et al2

8 p23.1/2–pter F PD maternal age Pat 2 Reddy32

8 q24.13–q24.22 F PD triple screen Mat 2 Batanian et al33

11 p12 F PD maternal age Mat 3 Barber et al34

13 q21 F MC miscarriages Mat 2 Couturier et al1

16 q13–q22 F/P PD maternal age Mat 3 Hand et al3

dup
1 p21–p31 F PD maternal age Mat 2 Zaslav et al35

8 p23.1–p23.3 F I oligoasthenospermia Mat 3 Engelen et al36

13 q14 F PD ?Turner syndorme Mat 2 Liehr et al7

18 p11.2–pter M PD Mat 2 Wolff et al37

der
6;21 del ?6p25–pter and

?21q11–pter
F PA* phenotype of sibling Mat 4 Borgaonkar et al38

Total 15 families 12/15 PD 11/15;MC 2/15; PA*1/
15; I 1/15

13/15 Mat; 1/
15 Pat; 1/15 Both

43

Con¼ confirmed with FISH (F), chromosome paint (P) or molecular analysis (M); C¼number of carriers in family; PD¼prenatal diagnosis;
PA¼phenotypic abnormality; PA*¼phenotypic abnormality due to another identified cause; MC¼miscarriage; I¼ infertility; Mat¼maternal; Pat –
paternal.
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likely to explain the lack of retinoblastoma in the mother

of a child with the 13q14 deletion.28 Nevertheless, over

half the 56 carriers in this category were phenotypically

unaffected.

To the best of our knowledge, only the duplications of

8p23.222 and the deletions of 5p14,2,29 16q213 and 2p12

(present report) have been transmitted without consistent

phenotypic consequences in more than one independent

family. We suspect that many more families exist than are

reported in the literature and that segmental haplosuffi-

cency may be more common at the cytogenetic and

subcytogenetic level, especially where gene density is low.

These results have implications for microarrays and other

high-resolution means of dosage analysis as not all the

abnormalities detected will be causal. In addition, arrays in

which probe density reflects gene density may be a better

way of detecting clinically significant cases than arrays in

which probes are spaced at regular intervals. A collection of

other published examples of apparent haplosufficiency or

chromosomal nonpenetrance (the ‘Chromosome Anomaly

Collection’) can be viewed at www.som.soton.ac.uk/

research/geneticsdiv/.
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