Am. ]J. Hum. Genet. 43:605-611, 1988
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Summary

High-resolution cytogenetics analysis of peripheral blood lymphocytes was done prospectively on 27 of 28
patients with features of DiGeorge anomaly. Twenty-two patients (81%) had normal chromosome studies
with no detectable deletion in chromosome 22. Five patients (18%) had demonstrable chromosome abnor-
malities. Three patients had monosomy 22ql1, one due to a 4q;22q translocation, one due to a 20q;22q
translocation, and one due to an interstitial deletion of 22ql11. One patient had monosomy 10p13, and one
patient had monosomy 18q21.33, although the latter had subsequent resolution of T-cell defects. These
findings are consistent with the heterogeneity of DiGeorge anomaly but confirm the association with mon-
osomy 22ql1 in some cases. However, monosomy 10p13 may also lead to this phenotype. Because of these
associated chromosome findings, cytogenetic analyses should be done on patients with suspected DiGeorge
anomaly. This is particularly important since many of the abnormalities involving chromosome 22 are
translocations that can be familial with a higher recurrence risk. Since only one subtle, interstitial deletion

of chromosome 22 was observed, it is not clear whether high-resolution cytogenetic analysis is cost

beneficial for all such patients.

Introduction

DiGeorge anomaly (DGA) is a development defect of
the third and fourth branchial arches. Since its descrip-
tion by A. M. DiGeorge (1965), numerous retrospec-
tive studies have been done to delineate the defects as-
sociated with thymic and parathyroid hypoplasia.
Variability has been noted in both the types and severity
of the defects, so that both complete and partial forms
of the sequence can be recognized (Conley et al. 1979).
Although most patients have evidence of heart defects,
some may present with only hypocalcemic seizures
(Conley et al. 1979).

DGA is also known to be associated with several
recognizable syndromes, such as Zellweger syndrome,
teratogenic exposures (alcohol and retinoic acid), and
chromosome abnormalities, primarily monosomy
22q11 (Lammer and Opitz 1986).
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In 1981, de la Chapelle et al. reported familial DGA
associated with an unbalanced 20;22 translocation
producing monosomy for 22q11 (de la Chapelle et al.
1981). This association of DGA and monosomy 22ql1
was confirmed by Kelley et al. (1982), who reported
three of 14 patients with DGA and monosomy 22q11
due to unbalanced translocations involving chromo-
somes 3, 10, and 20. These cases were all identified
as gross translocations after routine chromosome anal-
ysis and suggested the possibility that, analogous to
the situation in Prader-Willi syndrome (Ledbetter et al.
1982), small interstitial deletions of 22q11 might be
present in some patients, but some deletions would only
be detectable by high-resolution chromosome tech-
niques. Thus, we began a prospective study of patients
with DGA, using routine and high-resolution chro-
mosome analysis to investigate the frequency of both
monosomy 22q11 and other chromosome abnormali-
ties in this group.

Material and Methods

Patients with suspected DGA who were seen between
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1982 and 1987 were referred after prospective ascer-
tainment by presentation with one or more of the fol-
lowing findings: (1) conotruncal cardiac malformations
(truncus arteriosus, right sided aortic arch, interrupted
aortic arch), (2) persistent hypocalcemia with or with-
out seizures, (3) thymic aplasia noted at surgery or au-
topsy, and (4) family history of DGA.

Whenever possible, peripheral blood-lymphocyte
chromosome analysis, determination of PTH levels, and
T-cell function studies were done. High-resolution chro-
mosome analysis on peripheral blood samples were
done using methotrexate synchronization ( Yunis 1976)
and trypsin G-banding. Immunologic studies were per-
formed using standard methods of indirect immuno-
fluorescence and flow cytometry as well as functional
evaluation measured by tritiated thymidine incorpora-
tion in several concentrations of phytohemagglutinin,

Table |
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pokeweed mitogen, and concanavalin A. PTH levels
were determined by the method of Mallette et al. (1982).

Results

A summary of patient data is given in table 1. There
were an equal number of male and females among the
28 patients evaluated. The majority of patients (75%)
were ascertained primarily because of a congenital heart
defect which was subsequently determined to be a
conotruncal defect. Three patients (11%) were ascer-
tained because of neonatal hypocalcemia, with or with-
out seizures but without cardiac defects. In addition,
two patients were known to have had a positive family
history of complete or partial DGA.

Seven patients had absence or severe hypoplasia of
the thymus, noted at surgery or autopsy. These patients

Family
Patient No., History DGA
sex (Birth Date) Ascertainment®  of DEA CHDP Other Defects Types® Status Chromosomes
1,M(2/80) ......... MCA,CHD Yes TA, RAA, VSD  Cleft lip P Dead 46,XY
Clubfeet
2,F(12/80) ......... CHD, HCA No PDA,VSD Micrognathia P Alive 46,XX
Scoliosis
Developmental
delay
3,M(2/81) ......... HCA, SZ No None None noted P Alive 46,XY
4, M (4/81) ......... CHD, HCA No RAA, PST None noted P Alive 46,XY
S, M (5/81) ... CHD, HCA No VSD, PST Microstomia P Alive 46,XY
Polythelia
6, M (12/81) ........ CHD, HCA Yes TA See text P Alive 45,)(Y,t(4;22)d
7, M (4/82) ......... HCA, SZ No None Del 10p P Alive 46,XX,del(10p)d
Phenotype
8, M (7/82) ......... CHD, HCA No AVC, PDA, RAA Coloboma, cleft C Dead 46,XY
lip and palate
Microcephaly
(CHARGE assoc)
9, F(7/82) .......... HCA, SZ No None Dysmorphic P Alive 46,XX
facial features
10, M (7/82) ........ MCA, CHD No DORV Cleft lip and C Dead 46,XX
palate, coloboma,
Holoprosencephaly
11, F(12/82) ........ CHD, HCA No TA, IAA, VSD  Low-set ears C Dead 46,XX
PFO, PDA
12, M (3/83) ........ CHD, HCA No PS, RAA, Posteriorly rotated C Dead 46,XY
MVSD ears
13, M (4/83) ........ CHD, HCA No IAA, SC-VSD  Dysmorphic facial P Dead 46,XX
BAV, PDA features
14, F(8/83) ......... CHD, HCA No IAA Dysmorphic facial P Dead 46,XX
features

(continued)
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were designated as having “complete” DGA. In the re-
mainder, T-cell deficits or dysfunction were documented
by immunologic testing. The latter were designated as
having “partial” DGA. All patients had at least pro-
longed episodes of hypocalcemia requiring calcium sup-
plementation for varying periods of time.

All patients with complete thymic aplasia died within
several months of birth. At least six of 21 patients with
partial defects died within the first year of life, usually
from causes related to their cardiac defect.

Cytogenetics analysis, using peripheral blood lym-
phocytes, could be performed in all but one patient.
In that patient, the diagnosis was made postmortem
and there was no growth of skin fibroblasts. Twenty-
two patients (79% ) had normal chromosome studies,
and high-resolution analysis showed no demonstrable

Table | (continued)
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deletion of 22q11. This group included one familial case
in which a patient had two previous sibs with DGA.
Five patients (18% ) had a demonstrable cytogenetic ab-
normality. Four of the five cases were detectable by rou-
tine chromosome studies, while patient 28 had a subtle
interstitial deletion which was suspected by routine anal-
ysis but could only be confirmed with certainty by ex-
tensive high-resolution analysis.

Patient 6 (table 1) has been reported elsewhere (Green-
berg et al. 1984). He had a positive family history (two
affected sibs) and was subsequently shown to have an
unbalanced 4q;22q translocation with monosomy
22ql1 [45,XY,4,-22,+der(4),t(4;22)(q35.2;q11 )mat].
This derivative chromosome 4 was inherited from his
mother, who also had monosomy 22q11 with only mild,
subclinical expression of DGA. At 5 years of age, he

Family
Patient No., History DGA
sex (Birth Date) Ascertainment®  of DEA CHDP Other Defects Types® Status Chromosomes
15, M (9/83) ........ CHD, HCA No PVA, RAA None noted C Dead 46,XX
MVSD -
16, F(9/83) ......... CHD, HCA No TOF Cleft palate P Alive 46,XX
Posteriorly rotated

ears

17, M (10/83) ....... CHD, HCA No IAA, PDA, None noted C Dead ND
MVSD

18, M (11/83) ....... CHD, HCA No TOF del 18q phenotype P Alive 46,XY,del(18q)¢
19, M (3/83) ........ CHD, HCA No TOF Cleft palate P Dead 46,XY
20,F(8/84) ......... CHD, HCA No TA, RAA Dysmorphic facial P Alive 46,XX

features
21, M (9/84) ........ CHD, HCA No 1AA, VSD Low-set ears P Alive 46,XY
22, M (10/84) ....... CHD, HCA No TA, IAA, VSD  Asymmetric facies P Dead 46,XY
23, F(2/85)......... CHD, HCA No TOF, PVA Dysmorphic facial P Alive 46,XX

features
24, M (2/86) ........ CHD, HCA No TA Telecanthus P Dead 46,XY
25, F(11/85) ........ CHD, HCA No 1AA, VSD Cupped ears P Alive 46,XX
26, F(6/86) ......... HCA No VSD Dysmorphic facial P Alive 45 XX,1(20;22)4

features
27, M (4/87) ........ CHD, HCA No TAI, RAA, VSD Hypertelorism, C  Dead del(22)(q11.21.23)}4

Low-set ears

28, M (5/87) ........ CHD, HCA, SZ No ASD, VSD Posteriorly rotated P Alive 46,XY

ears

4 CHD = congenital heart defect; MCA = multiple congenital anomalies; HCA = hypocalcemia; SZ = seizures; FH = family history
of DGA.

b AVC = AV canal; BAV = bicuspid aortic valve; DORV = double-outlet right ventricle; IAA = interrupted aortic arch; MVSD =
membranous ventricular septal defect; PDA = patent ductus arteriosus; PFO = patent foramen ovale; PS = pulmonic-valve stenosis;
PST = pseudotruncus; PVA = pulmonic-valve atresia; RAA = right-sided aortic arch; SC-VSD = supracistal ventricular septal defect;
TA = truncus arteriosus; TOF = tefralogy of Fallot; VSD = ventricular septal defect.

¢ C = Complete DGA (thymic aplasia); P = partial DGA (thymic hypoplasia or T-cell deficit).

d See text for details.
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is normocalcemic, has mild immune deficiency, and is
mildly delayed. However, his cardiac status is still of
significant concern despite a shunting procedure for his
truncus arteriosus.

Patient 7 (table 1), who has also been reported else-
where (Greenberg et al. 1986), has a de novo deletion
of 10p [46,XX del(10)(p.13)]. She was initially ascer-
tained because of hypocalcemia and seizures. Although
she has no cardiac defect, she does have persistent T-cell
dysfunction, suggesting partial DGA. Her other clini-
cal features—such as prominent forehead, epicanthal
folds, anteverted nares, and short neck— are consistent
with the monosomy 10p13 phenotype.

Patient 18 (table 1) had a de novo deletion of 18q
[46,XY,del(18)(q21.33)] (not shown). This patient had
features consistent with monosomy 18q phenotype (fea-
tures such as midface hypoplasia, small ear canals, and
widely spaced nipples) and also had tetralogy of Fallot
and persistent hypocalcemia. Although his DGA was
initially diagnosed based on these findings with T-cell
deficits, he subsequently had resolution of his T- and
B-cell defects over time. Thus, he probably did not have
true DGA but may have had a transient or partial defect.

Patient 26 (table 1) was found to have monosomy
22q11 due to a de novo unbalanced 20q;22q transloca-
tion with breakpoints at q13.3 and ql1.2, respectively
[45,XX-20,-22,+der(20),t(20522) (q13.3;q11.2)] (fig.
1). Her clinical findings include downslanting palpebral
fissures, broad nasal bridge, broad philtrum, and mild
micrognathia in addition to persistent hypocalcemia and
T-cell dysfunction.

Patient 27 (table 1) was found to have an interstitial
deletion of 22q11.21-11.23 (fig. 2). A discrepancy in
length between the two homologues was suspected by
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Figure | Cytogenetics results of patient 26. An idiogram of
chromosome 22 at approximately the 850-band stage of resolution
(ISCN 1985) is shown to the left, with an arrow indicating the ap-
proximate breakpoint in proximal 22q of the unbalanced 20q;22q
translocation. To the right is a G-banded partial metaphase (approx-
imately 500-band stage) from patient 26, with the normal 20 on
the left, the normal 22 on the right, and the derivative 20 in the mid-
dle. The breakpoint in chromosome 20 appears to be at the telomere
of the q arm, with no detectable deletion.

Greenberg et al.

routine chromosome studies. Extensive high-resolution
analysis was facilitated by a polymorphism in the short
arm which allowed distinction of the maternal and
paternal homologues. The paternal homologue had a
relatively short stalk region, and in good-quality
prometaphase cells the q11.22 subband could be visual-
ized. The maternal homologue had a longer stalk, the
distance between the centromere and band q12 was con-
sistently shorter than that in the paternal homologue,
and subband q11.22 could never be visualized. The abil-
ity to distinguish the two homologues, therefore, in-
creased our confidence that the homologue discrepancy
was not simply differential contraction. High-resolution
studies on both parents were normal, indicating a mater-
nal de novo deletion. The patient’s clinical findings in-
cluded hypertelorism and low-set ears with truncus ar-
teriosus; type 1, right-sided aortic arch; and ventricular
septal defect. He had persistent hypocalcemia. Although
his T-cell function studies were normal, he had no
demonstrable thymus or parathyroid glands at post-
mortem examination at age 1 mo. '

Thus, in our experience, 19% of patients with
confirmed or suspected DGA had a demonstrable chro-
mosome abnormality, over half of such cases being mon-
osomy 22ql1.

Discussion

DGA is a multifactorial development field defect
affecting the third and fourth branchial arches. A re-
cent review by Lammer and Opitz (1986) discussed the
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Figure 2 Cytogenetics results of patient 28. An idiogram of
chromosome 22 at approximately the 850-band stage of resolution
(ISCN 1985) is shown to the left, with a dot marking subband
22q11.22. To the right are G-banded partial metaphases from three
different cells, showing the normal 22 to the left of each pair and
the deleted 22 to the right of each pair. Subband 22q11.22 is marked
by a dot in the normal homologue of each pair and cannot be seen
in the deleted homologue, either because the breakpoints flank this
subband or because deletion of q11.21 has caused q11.22 to merge
with the centromeric region. Note that in all three cells the normal
22 has a relatively short stalk, which was inherited from the father,
while the deleted homologue has a longer stalk and was inherited
from the mother.
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heterogeneity of this condition. On the basis of our
prospective study of complete and partial DGA, these
defects may be more common than previously thought,
as children with partial defects may be missed. Since
DGA may not always be an obvious diagnosis, we at-
tempted to ascertain cases by at least two of DGA’s three
predominant components—namely, conotruncal cardiac
defects, persistent hypocalcemia, and thymic or T-cell
defects.

Since 1972, a number of chromosome abnormali-
ties have been reported in association with DGA (table
2). The majority of these involve monosomy 22. Al-
though the patients reported by Rosenthal et al. (1972)
and DeCicco et al. (1973) had complete monosomy 22,
most of the others have unbalanced translocations in-
volving chromosome 22 and various chromosomes (3,
3,4,10,11, 18, 20, 20, and X). The two translocations
involving chromosome 3 and the two translocations in-

Table 2
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volving chromosome 20 each occur at different break-
points. In addition, there is one balanced 2;22 translo-
cation and our patient with an interstitial deletion of
22q11. This brings the number of reported patients with
abnormalities of chromosome 22 and DGA to 14.
There have been at least four patients reported with
monosomy 10p and features of DGA. A patient of Gen-
cik et al. (1982) had persistent hypercalcemia and ab-
sence of a thymic shadow on chest x-ray and was sus-
pected of having DGA. No autopsy was done to
document this. Three additional patients with deletion
10p and partial DGA have been reported (Herve et al.
1984; Koenig et al. 1985; Greenberg et al. 1986). An-
other patient with both monosomy 10p and trisomy
14q also had evidence of partial DGA (Bridgman and
Butler 1980). Thus, there are at least five patients with
monosomy 10p and evidence of at least partial DGA.
A recent patient reported with monosomy 10p had

Cytogenetic Abnormalities Reported in Association with DGA

Reference

Cytogenetic Abnormalities

A. Monosomy 22

Rosenthal et al. 1972 .........
DeCicco et al. 1973...........
Back et al. 1980 .............
de la Chapelle et al. 1981 ... ...
Kelley et al. 1982 ............

Greenberg et al. 1984 . ........
Augusseau et al. 1986 .........
Bowenetal. 1986 ............
Faedetal. 1987 .............
Schwanitz and Zerres 1987 .. . ..
Current series, patient 26 ......
Current series, patient 27 ......

45,XY,-22

45,XX,-22

45,XX,-11,-22, + der(11),1(11;22)(p15;q11)
45,-20,-22, +der(20),1(20;22)(q11;q11)
45,XX,-10, - 22, + der(10),t(10;22)(q26;q11)
45,XX, - 3,-22, +der(3),1(3;22)(q29;q11)
46,XY, - 22, + der(20),1(20;22)(q11;q11)

45, -4, 22, +der(4),t(4;22)(q35;q11)
46,XX,1(2;22)(q14.1;q11.1) .
46,XY, - 22, + der(18),1(18;22)(q12;q11)
45,XX, - 3,-22, +der(3),t(3;22)(p25;q11)
45,X,t(X;22)(q21;q11)

45,XX, - 20, - 22, + der(20),1(20;22)(q13;q11)
46,XY,del(22)(q11.21;q11.23)

B. Monosomy 10p

Bridgman and Butler 1980 .. ...
Gencik et al. 1982............
Herve et al. 1984 ............
Koenig et al. 1985............
Greenberg et al. 1986 .........

46,XX, — 10, +der(10),1(10;14)(p14;q22)
46,XY,del(10)(p13)
46,XY,del(10)(p13)
46,XY,del(10)(p13)
46,XX,del(10)(p13)

C. Other

Van den Berghe et al. 1973 . ...
Townes and White 1978 .. .. ...
Taylor and Josifek 1981 .......
Schinzel 1984................
Greenberg et al., in press ......

46,XY,—-12,+der(1),t(1q;12p)
46,X,dup(8)(q22 —qter)
46,XX,del(5)(p13)

Trisomy 18
46,XX,del(17)(p13)
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hypocalcemia and a conotruncal cardiac defect, al-
though thymic abnormalities or T-cell dysfunction were
not mentioned (Debevec and Brezigar 1986).

In individual cases, at least five other chromosomes
have been noted to be associated with DGA. These in-
clude trisomy 18 (Schinzel 1984, pp. 628-633), mon-
osomy 12p with trisomy 1q (van den Berghe 1972),
monosomy 5p (Taylor and Josifek 1981), partial trisomy
1q (Townes and White 1978), and monosomy 17p13
(Greenberg et al., in press). The last patient is of in-
terest, since one of the patients in the series of Conley
etal. (1979) had lissencephaly in addition to DGA, sug-
gesting that DGA could be part of the spectrum of
defects in the Miller-Dieker syndrome and monosomy
17p13.

On the basis of our findings, we feel that chromo-
some analysis should be performed on infants with sus-
pected DGA. Since the clinical diagnosis of DGA may
be difficult without postmortem examination, the
diagnosis can be suspected on the basis of conotruncal
cardiac defects, persistent hypocalcemia, and T-cell dys-
function. However, difficulties in diagnosis may occur,
as in our patient with monosomy 18q. In addition, since
T-cell function may deteriorate over time, chromosome
analysis should be performed as early as possible. Clin-
ically, there were no discernable characteristics to dis-
tinguish the infants with monosomy 22q11 from DGA
infants with normal chromosomes. Since several of the
patients reported with translocations had a positive fam-
ily history of DGA, familial cases may have a greater
likelihood of having an unbalanced translocation. How-
ever, the majority of DGA patients with translocations
were sporadic. Although monosomy 22q11 has become
the most frequent chromosome abnormality associated
with DGA, it is not common and a variety of other
chromosomes may be involved.

In approximately 81% of the cases that we studied
there were no rearrangements involving chromosome
22. We were able to detect only one interstitial deletion
of chromosome 22. We are aware of only one other
case of DGA associated with an interstitial deletion of
chromosome 22 (]. Mascarello, personal communica-
tion). Such interstitial deletions of 22ql1 are difficult
to detect even with high-resolution cytogenetic tech-
niques, and its cost-effectiveness at this time is uncer-
tain. Good-quality routine chromosome studies may
lead to a suspicion of interstitial deletion on the basis
of homologue length discrepancy, which could then be
confirmed by high-resolution analysis. The availability
of DNA probes from chromosome 22 may help to elu-
cidate this further. Recently, the anonymous poly-
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morphic probe D22S9 has been shown to map prox-
imal to the 22q11 breakpoint in four different DGA
translocation cases (Fibison and Emanuel 1987). This
suggests it may be within or close to the critical region
for DGA.
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