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SUMMARY

Fifteen patients with selective IgGl deficiency were screened for immunoglobulin H chain C region
locus (IGHC) gene deletions and three deletion haplotypes were found: del GJ, del GJ-G4 and del G4.
These haplotypes, together with four deletion haplotypes described by us previously (del GJ (NY), del
GJ (VIT) del GJ-G2 (NY) and del G2-G4 (HJE)), were further characterized using pulsed-field gel
electrophoresis (PFGE) to determine the physical extent of the deletions. The MluI fragment sizes
confirmed the deletions, although the deduced sizes of the most extensive deletions indicated that
material had been inserted into the locus.
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INTRODUCTION

The human immunoglobulin H chain C region locus (IGHC) is
roughly 300 kb in size and the genes are ordered 5'-M-D-G3-
G1-EPI-A1-GP-G2-G4-E-A2-3' [1,2]. Lack of expression of
immunoglobulin isotypes has, in a few cases, been linked to
homozygous deletions of the corresponding IGHC genes [3-8].
Heterozygous deletions may influence the expression of the
affected isotype(s), but the expression of the residual allele(s) on
the sister chromosome is often raised to compensate for the
deleted gene segments [7,9-11]. To date, 10 major types of
IGHC gene deletions have been described by us and others
(Table 1).

We have previously described a case ofhomozygous deletion
of GI in an IgGl-deficient patient [7,12], and another Gl
deletion in a patient with common variable immunodeficiency
[11]. In this study, we have examined patients with selective
IgGI deficiency with respect to their IGHC genes, using
conventional electrophoresis and pulsed-field gel electrophore-
sis (PFGE). We also used PFGE to characterize further the
deletions we have described previously.

MATERIALS AND METHODS

DNA samples for conventional electrophoresis
Genomic DNA was isolated from blood samples as described
[13]. DNA samples from 15 Swedish IgGI-deficient patients
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Table 1. Immunoglobulin H chain C region
locus (IGHC) deletions

Deletion Reference

del GI (NY) [7]
(VIT) [I 1]
(ERI) This report

del GJ-G2 (NY) [7]

del GJ-G4 (TAK) [26]
(TOU) [27]
(LAZ) This report

del EPJ-GP (TOU) [30]

del EPJ-G4 (FRO) [4]
(T17) [5]

del AJ-E (SAF) [4]
(DEM) [6]
(SPA) [8]
(D847) [10]
(BAR, MON) [22]

del GP-A2 (101)[9]
(CRU) [6]
(ABB, MOI, ZER) [22]

del G2 (MOD) [6]

del G2-G4 (HJE) [11]

del G4 (SPA) [18]
(LAZ) This report
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Fig. 1. Pulsed-field gel electrophoresis (PFGE) Southern blot analysis. Samples digested with MluI and probed with the G probe. Lane

1, subject carrying del GI (NY), this sample was electrophoresed at conditions different from the other samples (see Materials and

Methods); lane 2, patient carrying del GJ (VIT); lane 3, subject carrying del GJ (patient 2) and a 370-kb normal band (mother of patient

in lane 4); lane 4, patient carrying del GI (patient 2); lane 5, subject carrying del GJ-G2 (NY); lane 6, patient carrying del G4 (patient 1)

and del GJ-G4 (patient 1); lane 7, subject carrying del GJ-G4 (patient 1) (mother of patient in lane 6); lane 8, patient carrying del GJ-G2

(NY); lane 9, control, homozygous for the 350-kb band. The positions of the three smallest yeast (Saccharomyces cerevisiae)

chromosome standards, 245, 290 and 370 kb in the gels are shown.

were used in the study. Samples from Swedish blood donors
were used as controls.

Conventional Southern blot
The DNA samples were digested with restriction enzymes

obtained from New England Biolabs (Beverly, MA) and
Boehringer Mannheim Biochemicals (Mannheim, Germany).
Incubations were carried out in the five-buffer system of
Boehringer. BamHI digests were used for the detection of
immunoglobulin G chain genes (IGHG), PstI for immuno-
globulin A chain genes (IGHA) and BamHI for immunoglobu-
lin E chain genes (IGHE). DNA of each sample (4 ug) was

digested with 20 U of restriction enzyme. The BamHI digests for
the detection of IGHG genes were separated in 0 7% agarose

gels in Tris-acetate EDTA (TAE) buffer [14] at 1-0 V/cm for 50 h
and the other digests (PstI for IGHA and BamHI for IGHE
genes) were separated in 0-8% agarose in TAE buffer at 1-6 V/
cm for 15 h. The gels were denatured in 0 4 M NaOH, 1-5 M

NaCl, renatured in 0 5 M Tris pH 7-6, 15 M NaCl, and the DNA
was transferred to Hybond (Amersham, Slough, UK) mem-

branes in 2 x SSC.

PFGE DNA samples
High molecular weight DNA was prepared from peripheral
blood following the strategies previously described [15]. After

erythrocyte lysis in 1 mm NH4HCO3, 114 mm NH4HCl, the
remaining leucocytes were embedded in 0 5% low melting
agarose at a final concentration of 1 x 107 cells/ml. The agarose-
cell mixture was formed into 100-pI blocks using a plastic slot
former (Pharmacia, Uppsala, Sweden). The solidified blocks

were treated in 0-5 M EDTA pH 8, 1% sarkosyl, 1 mg/ml
proteinase K for 12+24 h at 50'C and transferred to 0 5 M

EDTA at 40C for longterm storage.

PFGE
To remove EDTA, the DNA sample blocks were equilibrated
three times for 30 min with the restriction enzyme incubation
buffer (Boehringer Mannheim Buffer H for Mlul) and digested

overnight with 75 U MluI (Boehringer Mannheim, New Eng-
land Biolabs, and Amersham). The digested samples were

typically electrophoresed for 50 h at 225 V with a pulse time of
30 s in a 2% agarose gel, 0 25 x TAE buffer [14] using a TAFE
apparatus (Beckman Instruments, Palo Alto, CA). In the
attempt to separate the 345- and 350-kb fragments the pulse
times were shortened to 20 s and the voltage elevated to 275 V
(Fig. 1, lane 1). Saccharomyces cerevisiae chromosomes (Bio-
Rad, Richmond, CA) and A phage concatamers (Bio-Rad and
Promega, Madison, WI) were used as markers. After ethidium
bromide staining and photography, the gels were exposed to 60
mJ/cm2 254 nm UV light and denatured in 0 5 M NaOH, 1-5 M
NaCl twice for 15 min followed by transfer to nylon membrane
(Hybond; Amersham) using the same solution as used for
denaturation.

Probes
The following probes were used: G probe, a 2-0-kb HindIII-
EcoRI fragment of clone 24B [16] containing the human G4; E
probe, a 2-6-kb BamHI fragment containing the human E[l 7]; A
probe, a 0-6-kb XhoI-PstI fragment of the human A2 [18].
Probes were labelled with a-32P-dCTP, 3000 Ci/mM (Amer-
sham), to a specific activity of 2 x 109 ct/min per pg using a

random priming kit (Pharmacia).

Hybridizations
Hybridizations were carried out at 650C in 0-5 M Na2HP04,
NaH2PO4 pH 7-2, 10 mm EDTA, 7% SDS, 1% bovine serum

albumin (BSA) [19]. The filters were then washed at 65°C in a

final concentration of 0 3 x SSC, 0-1% SDS.

Total immunoglobulin quantification
Total serum levels of IgM, IgG and IgA were measured by using
nephelometry (ICS Analyzer II, Beckman Instruments).

IgG subclass analysis
Serum levels of IgG 1, IgG2, IgG3 and IgG4 were determined by
the single radial immunodiffusion technique (SRID) using
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Fig. 2. Southern blot analysis. (a) DNA digested with Bam HI and hybridized with the G probe. Lane 1, patient 1 (del G4; del GJ-G4);
lane 2, heterozygous control; lane 3, patient 2 (delGI). (b) DNA digested with BamHIand hybridized with the E probe. Lane 1, patient 1

(del G4; del GJ-G4); lane 2, control. (c) DNA digested with PstI and hybridized with the A probe. Lane 1, control; lane 2, patient I (del
G4; del GJ-G4). * Polymorphic fragments.

Table 2. Immunoglobulin serum levels of subjects carrying deletions. Values underlined with a single line are subclasses
expressed from a hemizygous gene, the values with double underlining are from genes that are homozygously deleted.

Serum levels (g/1)

Family Deletion IgG I IgG2 IgG3 IgG4 IgA IgM

Patient 2
Mother delGI 35 6-3 0-8 0-2 16 1-2
Father 39 6-5 0-8 0-2 28 1-2
Patient delGI 2-9 2-9 1-3 0-2 1-5 2-2
Brother del GI 2-6 5-8 1-4 0-0 1-8 2-6
Sister 63 6-1 0-9 0-5 2-3 2-3

Patient 1
Mother del GJ-G4 4-9 2-7 1 2 0 4 2 6 1-3
Father del G4 1-8 6-0 1-2 0-1 3-4 1-0
Patient del Gl-G4/del G4 1-4 8-1 2-6 0-0 1-4 1-6
Brother del Gl-G4/del G4 0-8 2-5 2-9 0-0 1-9 1-5

Normal range* 4-2-13 12-75 04-1-3 00-2-9 04-3-1 03-2-0

* Normal range as determined in our laboratory.

human IgG subclass-specific MoAbs. MoAbs used were: clone
NL16 (HP6012) (anti-IgGI), GOMI (HP6008) (anti-IgG2),
ZG4 (HP6010) (anti-IgG3) and GB7 (HP6013) (anti-IgG4), all
purchased from Unipath (Bedford, UK).

Autoradiogram scanning
Autoradiogram band intensities were measured with a dual

wavelength TLC scanner using a tungsten lamp (Shimadzu,
Kyoto, Japan).

Deletion nomenclature
Deletion haplotypes were assigned using the suggested nomen-

clature for deletions in the IGHC [20]. Deletions were desig-
nated according to the most immunoglobulin H chain J gene
segments (IGHJ) proximal and most IGHJ distal gene encom-

passed, i.e. a deletion encompassing Gl-EPl-Al-GP-G2 was

designated del GJ-G2.

RESULTS

Patients with selective IgGI deficiency (IgGI < 3-6 g/l, normal
range in our laboratory 4-2-13 g/l, reported mean values range
between 5-9 and 8-0 g/l [21]) were probed with the G probe in
BamHI digests to screen for GI deletions, and two of 15 patients
had restriction fragment length polymorphism (RFLP) patterns
indicating deletions. One patient, patient 1, lacked the G4 bands
and had GI, G2 and GP restriction fragments with half the
expected intensity, indicating two deletions, one involving G4
and one encompassing Gl-EPl-AI-GP-G2-G4 (Fig. 2a, lane 1).
Another patient, patient 2, had a GI restriction fragment band
with half the expected intensity, indicating a heterozygous
deletion of GI (Fig. 2a, lane 3). These two samples were studied
further, using the E and A probes to determine the extent of the
deletions. Patient 2 had EPl and Al restriction bands with
normal band intensities (data not shown), limiting the genes
deleted to GI (del GJ). Patient 1, carrying two deletions, had
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Fig. 3. Summary of pulsed-field gel electrophoresis (PFGE) results. Map
derived from [1,2,18]. The BamHI alleles for GP, G2 and G4 are

indicated. The SPA haplotypes are from [8].

restriction bands with half the expected intensity for EPI (Fig.
2b, lane 1) and Al (Fig. 2c, lane 2), confirming one deletion
spanning from Gl to G4 (del GJ-G4) and restricting the other
deletion to G4 only (del G4). The indicated half-dose bands were

confirmed with dual wavelength TLC scanning, using the G3
band as internal standard for each lane (data not shown).

To determine the physical extent of the deletions, the
haplotypes described above and four other deletion haplotypes
described by us previously: del GJ (NY), del GJ-G2 (NY) [7] del
GJ (VIT) and del G2-G4 (HJE) [11] were run on PFGE, using
MluI digests. MluI cuts 5' ofM and 3' ofA2, generating a 350- or

370-kb band identifiable with probes for any of the IGHC genes

[1,2,22]. In this study we have used the G probe for detection of
the IGHC PFGE bands.

Patient 2 had a normal 350-kb and a 325-kb band (Fig. 1,
lane 4). From studying samples from patient 2's family it was
concluded that the del GJ (patient 2) haplotype was on the same
background (BamHI haplotype H2) as the del GJ (VIT)
haplotype [11] (data not shown), which gave an identical band of
325 kb (Fig. 1, lane 2). Conversely, the previously described del
GJ (NY) haplotype, which was found to be on a haplotype HI
background [7], had a fragment of an estimated 345 kb, hardly
separable from the normal 350-kb band (Fig. 1, lane 1).

Patient 1, indicated to carry two deletion haplotypes, del G4/
del GJ-G4, had two fragments smaller than found in controls;
one 330-kb band (del G4) and one 225-kb band (del GJ-G4) (Fig.
1, lane 6). The deletion haplotypes previously described by us,

del GJ-G2 (NY) and del G2-G4 (HJE), generated 250-kb and
300-kb fragments respectively (Fig. 1, lanes 5 and 8).

The serum levels of the families of the IgGl -deficient
patients with gene deletions are shown in Table 2.

In patients with selective IgGI deficiency we have found a 19%
(3/16) frequency of deletions (two heterozygous deletions in 15
examined in this study and one previously described homo-
zygous deletion of GI [7]). In the families of the IgGI-deficient
patients there is not a complete correlation between heterozy-
gous deletion and low serum levels. In three families, three of 10
subjects carrying heterozygous deletions of GI had normal
IgGI serum levels. However, only one of five of the family
members that carried two copies of the G1 had normal levels
(Table 2 and [7]). The similar frequencies of low IgGl levels
indicate a defect that is not dependent on gene deletion,
although the penetrance may be higher when the Gl is only
present in a single copy.

It is plausible that the deletions found in the IGHC may be
the result of non-equal homologous recombination (NEHR)
[4,11,23,24]. The hitherto only sequenced breakpoints (del GJ-
G4) were indeed found to be in regions 15 kb 3' to G3 and G4
that show high homology (96-4%) [24].

IfNEHR has generated the GI deletions described here, the
expected size range of the deletion would be the length of the
gene (i.e. the probe used, 2 kb) plus the distance to either of the
flanking genes; 26 kb to G3 and 19 kb to PEI [18] (Fig. 3, Table
3). In the two del GJ haplotypes in this study that are on a
BamHI haplotype H2 we find a 325-kb MluI band indicating a
25-kb deletion of the 350-kb MluI band, in line with a deletion
caused by NEHR. The MluI band size of the del GJ haplotype
on the BamHI haplotype HI background is about 345 kb, and
could indicate a smaller deletion, 5 kb, not caused by NEHR.
From the previous study, however, we know that the deletion
involves at least 14 kb [12]. This discrepancy could be due to
insertion of DNA at the event causing the deletion, or the
deletion could have occurred on a 370-kb MluI haplotype
background, and in this case the del GJ haplotype would also be
due to a 25-kb deletion (Fig. 3, Table 3). In two pedigrees we
have studied, the 370 kb MluI allele and the BamHI haplotype
Hi were co-inherited (data not shown) and the 370 kb MluI
band in the SPA family was also inherited in this fashion [8]. The
370-kb MluI haplotype could thus be due to a 20-kb insertion on
an ancestral BamHI haplotype H 1, but as there have only been a
limited number of 370-kb MluI alleles where the BamHI
haplotypes have been determined, it is still possible that there
are 370-kb alleles associated with other BamHI haplotypes. The
20-kb difference between the MluI 350-kb and 370-kb haplo-
types resides in the 3' half (GP-G2-G4-E-A2) of the IGHC
locus, and the exact nature and location of this 20-kb insertion/
deletion is not known, although there are no indications that it
involves any of the known IGHC genes [22].

The del G2-G4 haplotype MluI band was 300 kb and, as it is
on a BamHI haplotype HI or H3 background, it indicates a
deletion of 50 or 70 kb. The distance between G2 and G4 is 18
kb, and the genes proper (exons and introns) are about 1-6 kb
each [25]. The region between GP and G2 is unfortunately
poorly mapped, but the size of a deletion caused by NEHR
would be predicted to be in the range of 44-71 kb (Fig. 3, Table
3).

The 330-kb MluI band for the del G4 haplotype is the same
size as the previously described del G4 haplotype [8], and NEHR
would delete 18-23 kb (Table 3). The del G4 described here is on
a BamHI haplotype HI or H3 background, whereas the
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Table 3. Distinct deletion haplotypes

Theoretical
Genetic markers deletion size (kb)

PFGE size Deletion
Haplotype Patient BamHI GP-G2-G4 Other (kb) (kb) Min. NEHR Max.

Normal 370 (Hl) 370

Normal 350 350

del GI (NY) HI 345 5 or 25 2 21-28 47
(Patient 2, VIT) H2 325 25 or 45 2 21-28 47

delGJ-G2 (NY) 250 100 or 120 126 144-152 170

del GJ-G4 (Patient 1, TAK, TOU) 225 125 or 145 145 168-171 194

del EPJ-GP (TOU) ? 54 73-104 123

del EPJ-G4 (FRO, T17) ? 125 144-148 123

del AJ-E (D847) H4 (or H6) de novo ? 135 145-148 158
(BAR, DEM, MON, SAF, SPA) 200 150 or 170 135 145-148 158

del GP-A2 (ZER, 101, CRU) SG1 5.4 ? 109 1-45 ?
(ABB, MOI, 101, CRU) SG1 5.5 ? 109 - 145 ?

del G2 (MOD) H3 2 20-52 70

del G2-G4 (HJE) HI or H3 300 50 or 70 21 44-71 94

del G4 (Patient 1) HI or H3 330 20 or 40 2 20-25 43
(SPA) H2 or H4 330 20 or40 2 20-25 43

The deletions described have been divided into subgroups based on genetic markers. In many cases the information is sparse and deletions of the
same major type are grouped together as long as no differences have been published. The two subtypes of del GI are distinguished by different BamHI
GP-G2-G4 haplotype backgrounds [11] and their different MluI band sizes (this report). The delAI-Ehaplotypes may be on the same background, but
inasmuch as the D847 is a de novo deletion, it is distinct from the other haplotypes [10]. The two subtypes of del GP-A2 are distinguished by different
HindIII switch GI alleles [22], 101 and CRU are listed in both subgroups as they have not been characterized with respect to their switch G1 alleles.
The two subtypes of del G4 are distinguished by different BamHI GP-G2-G4 haplotype backgrounds (this report). The theoretical non-equal
homologous recombination (NEHR) deletion sizes were calculated by increasing the minimum size with the size of either of the flanking regions
involved. The theoretical deletion sizes are calculated assuming that the 20-kb insertion/deletion found in MluI digests is 3' of A2.

previously described del G4 is on an H2 or H4 background. The
possibility ofan HI, 370-kb, background could indicate a 40-kb
deletion, but would then involve a deletion of the BamHI site 3'
of G2. The size of the G2 BamHI fragment is normal (13-5 kb,
Fig. 2a) in the del G4 haplotype, so it is most likely a 20-kb
deletion on a 350-kb background (Fig. 3, Table 3).

The del GJ-G2 haplotype MluI band was 250 kb, indicating a
deletion of 100 or 120 kb. If the estimated 98 kb distance
between AI and G2 [2] is correct, a minimum deletion of 126 kb
is needed to span from Gl to G2, and about 150 kb would be lost
if the deletion was caused by NEHR (Table 3). This means that
the del GJ-G2 haplotype MluI fragment is larger than expected,
even if the deletion occurred on a MluI 370-kb background. If
the deletion was caused by NEHR it indicates that about 20-50
kb extra material has been inserted (Fig. 3).

The del GJ-G4 haplotype MluI band was 225 kb, which is the
minimal size ofa del GJ-G2 haplotype. Again, if the deletion was
caused by NEHR, the haplotype is 25-45 kb larger than
expected (Fig. 3, Table 3). The genes that constitute the BamHI
haplotypes (GP, G2 and G4) are all absent, and we thus do not
have any indication of the haplotype background for the deleted
genes, and the haplotype described here may be the same as the
two del GJ-G4 haplotypes described previously [26,27].

The two larger deletions we studied thus do not comply with

NEHR deletion, unless an insertion preceded/followed the
deletion. These two deletions both encompass the poorly
mapped Al-GP-G2 region, but we do not have any reason to
believe that the two independent and unanimous estimates of
the distance between Al and G2 are incorrect [1,2].

The del A l-E haplotype characterized by others with PFGE
gave a 200-kb band [8]. A deletion in accordance with a NEHR
event would generate a 205 or 225 MluI band, depending on the
original haplotype. This indicates that the del A l-E haplotype is
the result ofNEHR deletion on the 350-kb background (Fig. 3,
Table 3). Contrary to the deletions we report here that also span
the A I -GP-G2 region, this haplotype does not appear to include
any inserted material.

The mechanism involved in the generation ofdeletions in the
IGHC region is thus most likely NEHR. The switch region
sequences, which are the location of the breakpoints in the
somatically controlled deletions during isotype switch, do not
seem to be the primary site of breakage, as only four of the types
of deletions could have occurred 5' of the homologous target
genes. The best example of this is the generation of del GP-A2
haplotypes, that must have involved sequences 3' of the AI and
A2 genes, as the GP lacks the switch region. The sparse
involvement of the 5' region of the genes would also explain why
no deletions have been found encompassing the G3 gene. As all
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of the deletions described could have occurred 3' of the
homologous target genes, there is a possibility of homologous
'fragile' sequences 3' of the genes. 'Fragile' sequences may, in
addition to being regions of homology between the IGHC
genes, contain clusters of recognition sites for DNA topoiso-
merases, which nick DNA [28] or the Z-DNA motif d(TG)n that
induces conformational changes in the DNA [29]. The published
breakpoint region contains multiple clusters of topoisomerase I
recognition sites, but no Z-DNA motifs (unpublished observa-
tions). The Z-DNA motifs, however, influence the recombina-
tion frequencies in regions surrounding it (0 2-1 2 kb) and may
thus lie outside the 0 9-kb region sequenced. The only require-
ment for enhanced recombination frequencies could, however,
simply be long stretches of homologous DNA.

The 'true' frequency of deficiency of a given subclass is still
not known, and for convenience any level < 2 s.d. below the
mean could be considered defect. This, however, assumes a
Poisson distribution ofserum levels of the IgG subclasses, which
may not be correct. Furthermore, the definition is purely
statistical and does not take into account the symptoms, if any,
in the patients. In addition, the range of levels considered
normal varies extensively between laboratories [30], making
comparisons of data obtained by different groups difficult. A
number of apparently healthy subclass-deficient [31,32] indi-
viduals have previously also been described, casting doubt on
the relevance of the defect. In other patients still, the deficiency
observed may be irrelevant [33] for the symptoms noted, and
taken together these data suggest that the clinical status of the
patient may be more important than the actual subclass levels
when gammaglobulin prophylaxis is being considered.

In this study we have addressed the question whether
patients with a deficiency of IgGl, with serum levels well below
the normal range, carry a heterozygous deletion of the G 1 gene.
Only two patients exhibited such a deletion, suggesting that
most deficiences are due to a regulatory dysfunction. In
addition, even in individuals carrying a gene deletion, levels of
IgGl may be within the normal range (Table 2). This probably
reflects that the remaining allele, being productive to a normal
extent, gives rise to half of the expected serum IgGl, i.e. 2 1-
6 5 g/1, and most individuals with a heterozygous gene deletion
would therefore probably remain undiagnosed.
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