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Genomic rearrangement in NEMO
impairs NF-«B activation and
is a cause of incontinentia pigmenti

The International Incontinentia Pigmenti (IP) Consortium

* A full list of authors appears at the end of the paper

Familial incontinentia pigmenti (IP; MIM 308310) is a geno-
dermatosis that segregates as an X-linked dominant disorder
and is usually lethal prenatally in males. In affected females it
causes highly variable abnormalities of the skin, hair, nails, teeth,
eyes and central nervous system. The prominent skin signs occur
in four classic cutaneous stages: perinatal inflammatory vesicles,
verrucous patches, a distinctive pattern of hyperpigmentation and
dermal scarring'. Cells expressing the mutated X chromosome are
eliminated selectively around the time of birth, so females with IP
exhibit extremely skewed X-inactivation’. The reasons for cell
death in females and in utero lethality in males are unknown. The
locus for IP has been linked genetically to the factor VIII gene in
Xq28 (ref. 3). The gene for NEMO (NF-kB essential modulator)/
IKKY (IkB kinase-y) has been mapped to a position 200 kilobases
proximal to the factor VIII locus*. NEMO is required for the
activation of the transcription factor NF-kB and is therefore
central to many immune, inflammatory and apoptotic path-
ways®~’. Here we show that most cases of IP are due to mutations
of this locus and that a new genomic rearrangement accounts for
80% of new mutations. As a consequence, NF-kB activation is
defective in IP cells.

The extreme skewing of X-inactivation observed in IP patients
has implications for screening of candidate genes. Complementary
DNA prepared from females with IP will not contain the mutated
allele of the disease locus, so screening of candidate genes for
mutation must be performed with genomic DNA. We used two
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approaches to screen NEMO: (1) generation and sequencing of
fibroblast cDNA from extremely rare cases that express only the
mutated X chromosome (two male cases and one female abortus,
see Methods); and (2) resolution of the NEMO genomic structure
for mutational analysis of individual exons. Reverse transcriptase
polymerase chain reaction (RT-PCR) from messenger RNA derived
from skin fibroblasts from four affected fetuses (D, K, IP85m and G)
and controls (C1 and C2) was conducted with NEMO-specific
primers (Fig. 1). Male samples D and IP85m have only one X
chromosome. Female sample K is unusual in that contrary X-
inactivation skewing has resulted in expression of only the mutated
(IP) X chromosome. Affected female G expresses both Xs, as
expected for a fetal IP case that has not yet undergone selective
elimination of affected cells.

Amplification between primers located in NEMO exons 2 and 3
(exon organization in Fig. 2) for fetuses K, D and G produced a
product corresponding to the 5" end of NEMO cDNA. However,
amplification between exons 2 and 4 produced the predicted
fragment from fetus G and control RNAs but not from fetuses D
and K. Thus, the 3" end of the NEMO cDNA is absent in fetuses K
and D. This could not be explained by loss of individual exons
because we could amplify all 10 coding exons from genomic DNA
(not shown). These results indicate that a mutation that disturbs
mRNA production may exist between primers R4 and R1 in exons 3
and 4, respectively.

In a sample from another affected male (IP85m), RT-PCR across
the entire coding region of NEMO was successful and the products
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Figure 1 Amplification by RT—PCR of NEMO ¢DNA from IP patient cell lines. The positions
of PCR products relative to NEMO exons are shown at the top. Amplification is from fetal
cDNA samples G, K and D, cDNA from healthy donors (C1 and C2) and control DNA (D1
and D2). PCR of filamin cDNA from all samples acted as a control for RNA integrity. Primer
sequences are given in Methods.
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sequenced completely. An A-to-G change (base 1,259) was detected
within the STOP codon of the mature message (see Supplementary
Information). This would result in the addition of 27 residues to the
carboxy terminus of the NEMO protein. Examination of the
relevant region of genomic DNA (exon 10) from family IP85
revealed that the male proband’s affected mother is heterozygous
for the change, whereas his unaffected grandmother and grand-
father have an intact STOP codon. The mutation has therefore
appeared de novo with the disease in this family. To determine the
spectrum of mutations in additional IP families, we sequenced the
complete NEMO locus (Fig. 2). The 23-kilobase (kb) gene is
composed of 10 exons with three alternative non-coding first
exons™'’ (1a, 1b and 1c; Table 1). The NEMO gene partially
overlaps the G6PD gene and is transcribed in the opposite
direction®.

Exons 1-9 and the coding portion of exon 10 were amplified by
PCR from 30 classically affected, unrelated IP patients (see Table 2
for primer sequences). Amplification products were screened for
mutations by single-strand conformation polymorphism (SSCP),
heteroduplex analysis or direct sequencing. Only four additional
changes were found (Fig. 2 and see Supplementary Information). A
10-base pair (bp) insertion in exon 2 (between coding nucleotides
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127 and 128) in family XL349 was found in both an IP proband and
her affected mother but not in unaffected siblings. The insertion is
an exact duplication of the previous 10 nucleotides, shifts the
reading frame of the protein to add eight amino acids after residue
43 and then truncates the protein at the next, in-frame STOP codon.
A second insertion in exon 9 of a single C (1110—1111) within a run
of cytosines segregates with the disease in family XL203. This
frameshift mutation would putatively append 23 new amino acids
onto proline residue 370 of the translated protein. A mis-sense
transition (A/G) in exon 10 that changes a methionine to a valine in
the C terminus of the NEMO protein (M407V) was found in an
affected female from family 72. SSCP analysis showed that this
relatively conservative change segregates with the disease through a
three-generation pedigree. Finally, a C-to-T (C184T), proline to
STOP codon mutation found in exon 2 in family XL352 predicts a
truncated protein consisting of the amino-terminal 61 amino acids
of NEMO. These mutations were not detected in more than 60
unrelated X chromosomes. In addition to apparently pathogenic
changes, a polymorphism in exon Ic in the 5" untranslated region
(-165 from exonlc and 5,678 of the NEMO genomic sequence)
changes a C to a G in 6 out of 40 chromosomes.

Surprisingly few mutations were detected by screening individual
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Figure 2 Genomic structure of the NEMO gene and partial restriction map (H, Hindlll; E,
EcoRl). The 10 exons span 23 kb of genomic sequence. Non-coding (open boxes) and
coding exons (filled boxes) are shown. Three alternative first exons numbered 1a, 1b and
1c are found spliced to exon 2. The positions of intragenic mutations, a common
polymorphism and restriction fragments seen on Southern blots are shown. The
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relationship of coding exons 2—10 to the two coiled-coil (CC1 and CC2), leucine zipper
(LZ) and zinc finger (ZF) motifs of the NEMO secondary structure is illustrated. Inset, the
orientation of NEMO to factor VIll, GGPD and the Xq28 telomere (not to scale) with arrows
ina5" — 3’ direction.

Table 1 Intron-exon structure of the human NEMO gene

Intron Size (bp) Donor* Acceptor*

1a 5,263 GTCCCATCAGgtggggaaag gaagggcgacCGCGAAACTG
1b 174 CTGCTGACAGgtgtggtcct acttgggcggCGAGCTGGAC
1c 3,889 TGGCAGCTAGgtatctgatt tctctttcagCCCTTGCCCT
2 3,981 GAGCTCCGAGgtgaggaaag ctgccaccagATGCCATCCG
3 2,165 ATGCCAGCAGgtagtcgggg tatcctgcagCAGATGGCTG
4 1,757 TGGAGGGTCGgtgagtcggyg cccgtgecagGGCCCGGGLG
5 1,128 CGGAGGAGAAgtgagtcage ctttcctcagGAGGAAGCTG
6 1,023 GCGGAAGCGAgtgagtgcga ccgteccttagGGAATGCAGC
7 607 GAAGGCCCAGgtgagggccc gatttgccagGCGGATATCT
8 257 AGTCGGCCAGgtgggcctct gttttcaaagGATCGAGGAC
9 298 CCCGCCCCTGgtgagtgage cttttcccagCCTACCTCTC

*Upper case denotes exon sequence, lower case denotes intron sequence.
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exons of NEMO in IP patients. Moreover, amplification and
sequencing of all coding exons failed to detect any mutation in
fetuses K and D that could explain the abnormal mRNA structure.
We therefore investigated the possibility of genomic rearrangement
by Southern blotting. Genomic DNAs from IP patients and healthy
individuals were digested with HindIII and EcoRI and hybridized to
a probe representing the coding region of NEMO cDNA. In addition
to the expected wild-type fragments (12-kb and 8-kb HindIII, 13-kb
and 3.3-kb EcoRI), we found a novel 8-kb HindIII band and a novel
2.8-kb EcoRI band for 38 out of 47 unrelated IP patient samples
(Fig. 3a). The novel fragments were concordant for the two enzymes
in all cases and were absent for the affected male (IP85m, above)
containing a mutation in the termination codon (not shown). The
novel bands segregated with disease in each pedigree analysed. In
two families an EcoRI band of about 14 kb was observed along with
the novel 2.8-kb band (for example, IP64, Fig. 3a), with a con-
comitant reduction in signal for the wild-type 13-kb band. This
band did not segregate with disease in these families and is therefore
a non-pathogenic variant.

The appearance of novel bands is associated with the develop-
ment of IP. For two families with sporadic cases (IP44 and IP91) the
novel bands (8-kb HindIII and 2.8-kb EcoRI) were found in the
proband’s DNAs but not the parents’ and have therefore appeared
de novo with the disease (Fig. 3b). To determine whether the new
bands resulted from a deletion, we screened hemizygous DNA from
a male abortus whose mother carries the rearrangement (IP1m).
This male is from a four-generation IP family (IP1; ref. 11) and has
inherited the IP haplotype from his affected mother (data not
shown). NEMO exons 1a—10 could be amplified by PCR. When
DNA from this male was analysed by Southern blotting, 13-kb and
3.3-kb wild-type EcoRI bands and the novel 2.8-kb band were seen
(lane 12, Fig. 3b). As only one X chromosome is present in this fetus,
more than one sequence homologous to the NEMO gene must be
assumed. The presence of a doublet of hybridizing HindlIIl frag-
ments at about 12 kb in all lanes implies that at least part of NEMO
is also duplicated in wild-type DNA. Complementary DNA probes
encompassing coding sequences from exons 2 and 3 detected the
novel IP-specific fragments but probes containing sequences from
exons 4—10 did not. Furthermore, hybridization with single exons
revealed that exon 3, but not exon 2 or 4, is present on the novel
EcoRI fragment, whereas exons 2 and 3 but not 4 hybridize to the
novel HindIII band (not shown).

To investigate whether intronic sequences are involved in the
rearrangement, DNA from the male abortus (IP1m) was used to
amplify across NEMO introns. Amplification across single introns
(with forward and reverse primers flanking individual exons; Table
2) was successful for all introns (not shown). However, differences
were found compared with controls when PCR reactions were
anchored at exon 2 (Fig. 3¢). In the affected male (IP1m), ampli-
fication could proceed from exon 2 to exon 3 but not from exon 2 to
exons 4, 5, 6 or 7. The mutation therefore involves disruption within
intron 3. Anchoring the PCR reactions at exons 3 or 7, however,
yielded wild-type products for all combinations with downstream
exons (Fig. 3¢). This is compatible with the existence of a putative
second copy of NEMO that contains exons 3—10 but not exons 1 and
2. This second copy must be highly homologous: sequencing of
long-range PCR products from IP1m revealed that copies of exon 3
in tandem with either exon 2 or exon 4 were identical. Importantly,
analysis of DNA from IP-affected male fetus D yielded results
similar to those obtained for IP1m for both long-range PCR and
Southern blotting, indicating that the common genomic rearrange-
ment is responsible for the production of aberrant NEMO mRNA
lacking sequences from exons 4—10 as described above. Our RT-
PCR, Southern and genomic PCR data indicate that a common
rearrangement within intron 3 of NEMO generates novel restriction
fragments that contain exon 3.

We used this information to isolate the boundary of rearrange-
ment neighbouring exon 3 within the 2.8-kb novel EcoRI band.
DNA from the male abortus (IP1m) was digested with EcoRI and
ligated to pre-annealed adapter oligonucleotides with EcoRI cohe-
sive ends (see Methods). Nested PCR between adapter primers and
exon-3-specific forward primers yielded a product of about 2 kb
that was sequenced completely. The fragment was found to extend
from exon 3 into intron 3 for 1.8 kb. The sequence then diverged
from intron 3 identity after a position equivalent t015,749 of the
NEMO genomic sequence; a novel 104-bp sequence was found
between this boundary and the EcoRI site. Interestingly, the bound-
ary between intron 3 and this sequence coincides precisely with the
end of a repeat of the MER67B family in intron 3. The 104-bp
sequence, which itself is homologous to an L2 repeat, was used to
screen available sequence data from Xq28 BAC clones and found
within a short sequence contig from BAC clone 211L10, which also
contains the NEMO gene (for sequence see Supplementary Infor-
mation).

Table 2 Primers and conditions for PCR amplification of individual exons

Exon Length (bp) Forward primer (6" — 3') Reverse primer (5" — 3’)
Product size (bp)
1a 125 GGA AGT CAG CCC AGA AAT GT GTA CTT ACT GCC CCC TTC CA
1b 39052 GGG CGG GGC TTG TGT TTT TA AGA AGC GCG GAG CAG GAA CG
1c ?% TTC CTG CTC CGC GCT TCT GG CCA GGA GAG CCC ATT CAT TC
2 Sgg TCT GCT GGG TAA GGA TGT GG TCT GCA GGT GGG GAG AAG AC
3 g?; CCC AGC TCC CCT CCA CTG TC CAC CTG GCG TCA CTC GGC GGG T
4 ??g CAG TGC TGA CAG GAA GTG GC AAC CCT GGA AGG GGT CTC CGG AG
5 123 CAT CAG CTC GCA GTC ACA GG CCG ACA CTT CTC AGC CTT TC
6 39571 AAG GGG GTA GAG TTG GAA GC AGG CAA GTC TAA GGC AGG TC
7 ?ZZ GCC ACT CTT TCA TCC TTC TC CTG GGC AAC AAG AGC ARA AC
8 ?g TGC CTG GTG GGT GGC TGG CT CAG TGT CGC ACC CAC TGC TCA
9 2;25 GCT GCT TTG ACA CTA GTC CA CAG AGA GCA ACA GGA AGG TC
10 ggg CGG CGG CTC CTG GTC TTA CA GCC ACC CAG CCC TTC ATC CT
363
468 ## © 2000 Macmillan Magazines Ltd NATURE |VOL 405 |25 MAY 2000 | www.nature.com




To confirm that the novel sequence is associated with the re-
arranged 2.8-kb EcoRI fragment, we conducted PCR between exon 3
and the novel boundary sequence for families with and without the
common rearrangement found on Southern blots (Fig. 3d). The
resulting 2-kb band occurs only in IP patients who have been shown
to carry the altered band by Southern blotting, not in controls and
parents of sporadic cases, and is a simple diagnostic PCR test for
80% of IP cases. The presence of a 13-kb band in patients or controls
without the rearrangement suggested that the natural site for the
boundary sequence may be 3’ of NEMO. End sequencing of both
this band and a 13-kb EcoRI fragment housing exons 3—10 of
NEMO from BAC clone 211L10 confirmed this hypothesis. Further-
more, at this downstream location sequences identical to the
MERG67B of intron 3 were found juxtaposed to the 104 bp of L2
repeat in the same orientation as in the NEMO gene. Further PCR
and sequencing indicated that although 870 bp of intron 3 is
repeated 3’ of the NEMO gene, there is no additional exon 3
within this fragment.

The most common mutation in IP is therefore a deletion of part
of the NEMO gene mediated by directly repeated sequences within
intron 3 and 3’ of exon 10 (Fig. 3e). The translocation of sequences

letters to nature

from this downstream region to intron 3 can explain the novel band
sizes observed on Southern blots, as EcoRI and HindIII sites are
found at appropriate 3’ positions. That the rearrangement gives rise
to aberrant NEMO message has also been proved by RT-PCR
amplification between L2 primer JF3R and exon 3 forward primers
on cDNA from fetus D and K (not shown). This revealed that at least
26 novel amino acids would be appended to the 133 residues of
NEMO encoded by exons 2 and 3. A second, homologous but
incomplete copy of the NEMO gene, suggested by Southern and
PCR data, appears to be unaltered by the IP mutation (Fig. 3e). IP
therefore joins a growing list of disorders caused most frequently by
genomic rearrangement'?. The origin of the genomic rearrange-
ments often shows a predilection for one parent. For example,
homologous recombination between tandem repeats leading to de
novo duplication in CMTIA occurs primarily during male
gametogenesis”. For IP, two-thirds of new mutations originate
from fathers, consistent with paternal bias for rearrangement’.
The origin of mutation has been established for 12 patients with
the rearrangement. Ten occurred during male gametogenesis,
implicating intrachromosomal interchange. In cases of genomic
rearrangement, it is important to ascertain whether more than one
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Figure 3 Genomic rearrangement in IP patients. a, Southern blot hybridized with NEMO
cDNA representing exons 2—10 showing the appearance of new £coRl (2.8 kb) and Hindlll
(8 kb) bands in unrelated IP females compared with controls. IP10 does not show these
bands for either enzyme. A female in family IP64 also has a novel 14-kb band that does
not segregate with disease. For Hindlll, a doublet of bands at 12 kb is seen instead of the
expected single band in addition to bands corresponding to exons 7—10 (faint 8-kb band).
b, Novel £coRl and Hindlll bands appear de novo with the disease in sporadic cases of IP
(IP44 and IP91). Segregation in family 39 is also shown. A male sample from family IP1
carrying the rearrangement still retains wild-type £coRI bands although the smaller of the
doublet Hindlll bands has disappeared. C, control female DNA. ¢, Long-range PCR across
the NEMO gene in male patient IP1m. Schematic shows 12 PCR reactions conducted in
patient (IP) versus control (N) samples, and the gel shows the products. Ticks, successful
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amplification in IPTm; crosses, lack of amplification. d, Diagnostic PCR in IP patients with
the rearrangement. Amplification between exon 3 forward primer 3FH and a primer from
the L2 repeat in the rearranged £coRl fragment (JF3R) gives a 2-kb band only in IP
samples (lanes 1, 5, 6, 8, 14—18). A 13-kb band is seen in control samples that do not
have the rearrangement (lanes 2—4, 7, 9-13, 19, 20). e, Model for IP rearrangements. In
addition to the NEMO gene (left), a NEMO pseudogene lacking exons 1 and 2 is proposed
(right, NEMOs). An 870-bp region of identity corresponding to a MERG7B repeat (arrow)
exists both in intron 3 and 3’ to exon 10. An L2 repeat follows the 3'MERG7B sequence at
the downstream site (hatched box). Recombination between the regions of identity will
delete exons 4—10 of NEMO. Diagnostic PCR between exon 3 and the L2 sequence yields
a 2-kb band in patients and a 13-kb band in controls.
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gene is involved. Of the nine out of 47 IP patients found not to
have a rearrangement, six have been screened for intragenic
changes and four found to have mutations (above). These segregate
with the disease in families or have arisen de novo with the disease,
indicating that defects in NEMO alone are sufficient to cause the
disorder.

NEMO is essential in the NF-«B activation process’. NF-«kB
homo- or heterodimers are sequestered in the cytoplasm through
interaction with an inhibitory molecule of the IkB family. Upon
cytokine stimulation, the IkB molecules are phosphorylated, poly-
ubiquitinated and degraded through the ubiquitin—proteasome
pathway®'*. NF-kB is then free to translocate to the nucleus and
to activate its target genes. This phosphorylation event is carried out
by a high molecular mass, multiprotein kinase complex containing
two subunits with kinase activity (IKK1/a and IKK2/B). The third
known component of this IKK complex is NEMO (IKKv, IKKAP or
IKBKG Human Gene Nomenclature)>®, a protein with relative
molecular mass 48,000 (M, 48K). NEMO has no apparent catalytic
activity; it interacts directly with the kinase subunits and is required
for activation of the kinase complex in response to extracellular (or
intracellular) stimuli. Its absence results in a complete inhibition of
NF-kB activation. We therefore determined whether NF-kB activa-
tion was defective in IP patients K and D, who express only mutated

NEMO, compared with controls. These patients possess the
common rearrangement found in 80% of IP cases.

We analysed cytoplasmic extracts from primary embryonic
fibroblasts by western blotting for the abundance of the three
known subunits of IKK (IKK-1, IKK-2 and NEMO), the two
major subunits of NF-kB (p50 and relA) and two IkB species
(IkB o and B) (Fig. 4a). No 48K band corresponding to the
NEMO molecule was detected in fibroblasts from patients K and
D compared to controls, although a low relative molecular mass
band of about 21K was seen. This may represent the truncated
version of NEMO predicted from genomic and RT-PCR analysis.
Analysis of IKK-1, IKK-2, p50 and relA protein levels did not reveal
any significant differences between patients and controls. However,
a substantial increase in IkBa and Ik B was seen in fibroblasts from
patients K and D. As the stability and levels of IkBs are controlled by
NEF-kB, this observation indicated that the NF-«kB system may be
perturbed in IP patients.

NF-kB activation was measured in embryonic fibroblasts from
patients K and D with an electrophoretic mobility shift assay (Fig.
4b). Upon stimulation with tumour necrosis factor (TNF), two
retarded complexes were observed with nuclear extracts prepared
from normal and patient G embryonic fibroblasts. A supershift
experiment showed that the upper complex was composed of both
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Figure 4 Defective NF-«B activation in IP cells. a, NEMO is not detected in IP embryonic
fibroblasts. Cytoplasmic extracts derived from normal, G, K or D embryonic fibroblasts
were subject to western blotting with antibodies directed against NEMO, IKK-1, IKK-2,
p50, relA, IkBa and IkBR. ANEMO, putative truncated version of NEMO found only in
patients K and D. b, NF-kB is not activated in IP embryonic fibroblasts. Top, normal
fibroblasts or those derived from patients G, K or D were mock- or TNFa-treated. Retarded
complexes corresponding to p50/relA and p50/p50 dimers (see below) are indicated.
Bottom, nuclear extracts prepared from TNF-treated normal embryonic fibroblasts were
pre-incubated with pre-immune serum (p.i.) or with anti-relA or p50 sera, then analysed
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with an EMSA. Asterisk, nonspecific band generated with the p.i. serum. Supershifted
p50/relA and p50/p50 dimers are indicated. ¢, IkBa degradation is defective in IP
embryonic fibroblasts. Normal cells or those derived from patients G, K or D were treated
with TNFe (10 ng ml“) for the indicated times, and cytoplasmic extracts were prepared
and analysed, after western blotting, with anti-lkBa antibody. d, IP embryonic fibroblasts
are TNF-sensitive. Normal cells or those derived from patients G, K or D were mock (C),
TNFa (T) or TNFe plus cycloheximide (T+CHX)-treated for 20 h, and the cell viability was
determined through trypan blue exclusion. One experiment, out of two giving similar
results, is shown.
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p50 and relA proteins, whereas the lower one was composed of p50
only (Fig. 4b). Importantly, neither p50/relA nor p50/p50 complex
was induced in nuclear extracts derived from TNF-treated embryonic
fibroblasts from patients K and D, indicating a complete defect in
the NF-kB activation process. A similar observation was made when
interleukin-1 (IL-1) was used instead of TNF (data not shown).

As the translocation of NF-kB to the nucleus results from
degradation of IkB, the fate of IkBa in normal and IP embryonic
fibroblasts after treatment with TNF or IL-1 was determined.
Whereas patient G and control fibroblasts exhibited complete
disappearance of IkBa after 40 min of TNF or IL-1 treatment, no
such disappearance could be observed in cells from patients Kand D
(Fig. 4c, and data not shown).

In several cell types, including embryonic fibroblasts, NF-xB
protects against TNF-induced apoptosis”. We investigated the
sensitivity of normal and IP embryonic fibroblasts to TNF (Fig.
4d). In contrast to cells from controls or patient G, which were
unaffected by treatment with TNF or TNF and cycloheximide,
embryonic fibroblasts from patients K and D were sensitive to
TNF and this sensitivity was increased by cycloheximide. These data
demonstrate a lack of NF-kB activation in IP embryonic fibroblasts,
resulting from a defect at the level of the NEMO molecule. As a
consequence, IP cells are highly sensitive to pro-apoptotic signals.

Can the pathology observed in male and female IP patients be
explained in terms of NEMO function? The genes encoding com-
ponents of the IKK complex have been inactivated by homologous
recombination in the mouse. Inactivation of IKK2 resulted in
embryonic death due to massive liver apoptosis at day 14 (for a
review see ref. 6), whereas that of NEMO resulted in death of male
embryos at day 12 with a similar phenotype'® (murine NEMO is also
X-linked). A similarly marked phenotype was observed when the
gene encoding relA, the most potent transcriptional activator of the
NF-«B family, was inactivated'”. This phenotype was due to the pro-
apoptotic effect of TNF", in keeping with the high sensitivity to
TNF-induced apoptosis observed in cell lines derived from IP
patients. In both mice and humans, therefore, the complete absence,
or strong reduction, of NF-kB activity results in embryonic lethality.

A prominent role for NF-kB in the apoptotic response also has a
bearing on the phenotype in heterozygous females. It is likely that
skewing of X-inactivation, at least in blood, results from progressive
apoptotic elimination of cells bearing mutated NEMO on the active
X chromosome. For NEMO-deficient heterozygous female mice, a
phenotype comparable to that seen in man has not yet been
reported. Owing to lyonization, however, understanding the effects
observed in human patients is difficult. Further clues emerge from
targeting of other components of the NF-«kB pathway in mouse®.
The individual inactivation of four of the five known members of
the NF-kB family results in more or less severe defects in the
immune response. More interestingly, mice devoid of both the
p105/p50 and the pl00/p52 subunits fail to generate mature
osteoclasts, causing severe osteopetrosis’?'. Osteoclasts are also
essential for tooth eruption as they resorb the alveolar bone to
form an eruption pathway, and eruption abnormalities are a
prominent feature of the human IP phenotype. Mice carrying
inactivation of IKK1 (refs 22—24) exhibit almost intact activation
of NF-kB by pro-inflammatory stimuli, but show defects in mor-
phogenetic events, including limb and skeletal patterning, and
proliferation and differentiation of epidermal keratinocytes. At
the skin level, NF-kB appears to have a dual role: it controls cell
growth in the stratified epithelium and regulates apoptosis. Defects
in both pathways may explain the characteristic skin lesions
observed in IP. Also reminiscent of the abnormalities observed in
female IP patients are the deformed incisors and lack of hair follicles
in the IKK1™~ mice.

The phenotype observed in a surviving male with a mutation in
NEMO (IP85m) provides a unique view of the consequences of
impaired NF-kB function in man. Severely compromised immune

NATURE|VOL 40525 MAY 2000 | www.nature.com

## © 2000 Macmillan Magazines Ltd

letters to nature

cell function, lack of teeth and osteopetrosis (see Methods) are
consistent with mouse models of defective NF-kB function. A
comparison can be made between the phenotype in IP85m and
that of patients with familial expansile osteolysis (FEO, or familial
Paget disease of bone, PDB). This is an autosomal dominant
disorder characterized by focal areas of increased bone remodelling.
In contrast to our findings, activating mutations in the gene for a
positive activator of NF-kB function (RANK) have been found to
account for this disorder in two families®. Interestingly, IP85m also
showed signs of capillary bed abnormalities, both in the skin and the
gut, suggesting an unsuspected role for NF-kB in the maintenance
of blood vessel architecture.

The chromosomal rearrangement found in most patients would
result in a truncated molecule carrying the 133 N-terminal amino
acids of NEMO plus an unknown number of novel residues. This
molecule would contain part of the first coiled-coil domain (Fig. 2),
and may still interact with IKK-2 but is unlikely to respond to
upstream signals. The mutation in family X1.349 results in a NEMO
molecule consisting of only 61 N-terminal amino acids. This short
peptide could not interact with IKKs and is probably inactive. The
insertion that introduces a frameshift after amino acid 370 results in
the replacement of the entire C-terminal, zinc finger domain with 23
unrelated amino acids. Deletion of this zinc finger domain results in
a severe loss of function of the NEMO molecule in complementa-
tion assays (G.C. and A.L, unpublished data). Thus, with rare
exceptions, mutations causing IP severely truncate the NEMO
protein and result in loss of function.

An interesting mutation is that affecting the STOP codon in male
patient IP85m. A likely explanation for this milder phenotype is
partial loss of NEMO function, raising the possibility that mis-sense
mutations with only minor effects on NEMO function may cause a
less morbid phenotype. Therefore, mis-sense mutations in NEMO
may contribute to a wide range of conditions related to IP such as
immune deficiency, osteopetrosis, and dental and ophthalmological
abnormalities.

Methods
Collection of families and preparation of samples

Families with IP were ascertained with ethical committee approval at the collaborating
institutions. All affected females had a history of perinatal blistering and at least one other
stage of skin lesions, dental, and/or eye, and/or central nervous system abnormalities.

Fibroblast lines

Primary fibroblast cultures expressing a mutant IP X chromosome were available from
four subjects. Fetus K was a spontaneously aborted, affected female belonging to a three-
generation IP family. Lethality in this case was associated with exclusive expression of the
maternal X chromosome bearing the IP mutation, presumably because a deleterious
mutation is present on the opposing X or for stochastic reasons. (A.S. et al; manuscript
in preparation). Fetus D was a spontaneously aborted, affected male with an affected
mother. Fetus G was a medically interrupted affected female belonging to a large IP family.
X-inactivation was random in this line. IP85m was the affected son of a classically affected
IP female. He was born with multiple capillary hemangiomas, developed lymphodema of
the lower limbs and failed to thrive owing to malabsorption. Despite a destructive red
blood cell picture and recurrent infections due to poor immune cell function, he survived
two and a half years then succumbed to a tuberculosis infection. He had operations to
remove his spleen and a gut stricture, and biopsies revealed abnormal capillary beds in the
gut, extrahepatic erythropoiesis and osteopetrosis. His skin developed a reticular
pigmentation. His cognitive development was normal.

DNA technology and mutation screening

DNA was extracted from fibroblasts or lymphoblasts. Southern blots were conducted with
neutral transfer onto Immobilon NY+(Millipore) and ultraviolet crosslinking. PCR
amplification of individual NEMO exons was conducted with Amplitaq gold and primers
described in Table 2. Long-range PCR was conducted using EXPAND long template PCR
system (Roche Molecular Biochemicals). DNA sequencing was conducted with BigDye
terminator cycle sequencing (Perkin Elmer). SSCP and Heteroduplex analyses were done
as described®?.

RNA isolation and RT-PCR

Poly A+ RNA was isolated from fibroblast cultures with Ingenious Mini Message Maker
(R& D Systems) and cDNA prepared with the AmpGold RNA PCR system (Perkin Elmer)
and random primers. Primers used for amplification of NEMO ¢DNA:
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E2F(CCCTTGCCCTGTTGGATGAAT), R(CGTCCTCGGCAGGCAGTGGCC),
F1(GGCCACTGCCTGCCGAGGACG), R1(ACCCTCCAGAGCCTGGCATTG),
R4(CTTCAGATCGAGCTTCTCGAG), LZF(GCGGACTTCCAGGCTGAGAGG).

Genomic sequencing of the NEMO gene

The NEMO gene was contained within BAC clone 211L10 from RPCI11 (human male
BAC library) (S.A. et al., manuscript in preparation). The gene sequence was determined
by a combined strategy of shotgun sequencing of M13 subclones and long-range genomic
PCR products. BAC DNA was sonicated and the ends repaired with T4 DNA polymerase.
Fragments of 1-2 kb were fractionated from the mixture by agarose gel electrophoresis
and subcloned into M13mp18 vector prepared by digestion with Smal. We screened
20,000 clones and sequenced 120 NEMO-positive M13 clones. Sequence tracts were
assembled with Applied Biosystem’s FACTURA and INHERIT programs. Gaps were then
closed with PCR to amplify the intervening material. The exon—intron boundaries are
given in Table 1. The gene is listed under accession number AJ271718.

Adapter PCR of the intron 3 rearrangement boundary

DNA from a male abortus with the NEMO rearrangement from family IP1 (ref. 11) was
digested with EcoRI and purified by ethanol precipitation. We pre-annealed 750 pmol of
adapter primers Eco adaptl (CTAATACGACTCACTATAGGGCTCGAGCAGCCTCC-
GAGGGCAG) and Eco adapt2 (P-AATTCTGCCCTCGGAG) by denaturing in 30 wl buffer
(5mM Tris pH 7.4, 50 mM MgCl2). Genomic DNA (100 ng) was ligated to a 250-fold
molar excess of pre-annealed adapter primers in a 10 pl ligation reaction with T4 DNA
ligase and manufacturers buffer (NEB). Primers AP1 (CCATCCTAATACGACTCACTA-
TAGGGC) and intron2/exon 3 forward primer 3F (CCCAGCTCCCCTCCACTGTC) were
incorporated into a primary PCR reaction with the EXPAND long template PCR system
(Roche Molecular Biochemicals). A nested reaction with adapter primer AP2 (TCAC-
TATAGGGCTCGAGCAGC) combined with a primer F3 from within exon 3 (CGGCA-
GAGCAACCAGATTCTGC) yielded a 2-kb fragment. Diagnostic PCR across the
boundary in IP patients was performed with 3FH (GACCAGCTCCCCTCCACTGTC)
forward primer, JE3R (CTCGGAGACACAGGAACCAGCA) reverse primer and system 3
of the EXPAND kit (annealing temperature 65 °C, 10 cycles of 7-min extension and 20
cycles with increments of 20's per cycle).

NF-xB function in IP fibroblast lines

Recombinant human interleukin-1la was from Biogen. Recombinant human TNFa was
from PreproTech. Cycloheximide was from Sigma. Antisera: anti-NEMO® anti-p50 1141
and anti-relA 1226 (ref. 28), anti-IkBB 30715 (ref. 29). Purified polyclonal antibody
directed against IKK-2 and IkBa were from Santa Cruz. IKK-1 monoclonal antibody was
from Pharmingen. Preparation of cell extracts, western blot analysis and electrophoretic
mobility shift assays were performed as described™. For cytotoxicity assays, cells

were treated for 20 h in complete growth medium with 20 ngml™ TNFa« or 20 ng ml™
TNFa plus 300 ngml™" cycloheximide. Viability of cells was estimated by trypan blue
exclusion.
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