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locus favours de novo pathological alleles through
different mechanisms

Francesca Fusco', Mariateresa Paciolla'-2, Federico Napolitano'!, Alessandra Pescatore!,
Irene D’Addario?, Elodie Bal*, Maria Brigida Lioi2, Asma Smahi4, Maria Giuseppina Miano' and
Matilde Valeria Ursini'-*

'Institute of Genetics and Biophysics ‘Adriano Buzzati-Traverso’, IGB-CNR, naples 80131, ltaly, 2University of
Basilicata, Potenza 85100, ltaly, *Dermopatic Institute of the ‘lmmacolata’, IRCCS, Rome 00167, ltaly and *INSERM
U781 et Département de Génétique, Hopital Necker-Enfants Malades, Paris 75015, France

Received August 22, 2011; Revised October 13, 2011; Accepted November 22, 2011

IKBKG/NEMO gene mutations cause an X-linked, dominant neuroectodermal disorder named Incontinentia
Pigmenti (IP). Located at Xq28, IKBKG/NEMO has a unique genomic organization, as it is part of a segmental
duplication or low copy repeat (LCR1-LCR2, >99% identical) containing the gene and its pseudogene copy
(IKBKGP). In the opposite direction and outside LCR1, IKBKG/NEMO partially overlaps G6PD, whose muta-
tions cause a common X-linked human enzymopathy. The two LCRs in the IKBKG/NEMO locus are able to
recombine through non-allelic homologous recombination producing either a pathological recurrent exon
4-10 IKBKG/NEMO deletion (/IKBKGdel) or benigh small copy number variations. We here report that the
local high frequency of micro/macro-homologies, tandem repeats and repeat/repetitive sequences make
the IKBKG/NEMO Iocus susceptible to novel pathological IP alterations. Indeed, we describe the first two in-
dependent instances of inter-locus gene conversion, occurring between the two LCRs, that copies the
IKBKGP pseudogene variants into the functional IKBKG/NEMO, causing the de novo occurrence of
p-Glu390ArgfsX61 and the IKBKGdel mutations, respectively. Subsequently, by investigating a group of 20
molecularly unsolved IP subjects using a high-density quantitative polymerase chain reaction assay, we
have identified seven unique de novo deletions varying from 4.8 to ~115 kb in length. Each deletion removes
partially or completely both IKBKG/NEMO and the overlapping G6PD, thereby uncovering the first deletions
disrupting the G6PD gene which were found in patients with IP. Interestingly, the 4.8 kb deletion removes the
conserved bidirectional promoterB, shared by the two overlapping IKBKG/NEMO and G6PD genes, leaving
intact the alternative IKBKG/NEMO unidirectional promoterA. This promoter, although active in the keratino-
cytes of the basal dermal layer, is down-regulated during late differentiation. Genomic analysis at the break-
point sites indicated that other mutational forces, such as non-homologous end joining, Alu-Alu-mediated
recombination and replication-based events, might enhance the vulnerability of the IP locus to produce de
novo pathological IP alleles.

INTRODUCTION cutaneous lesions, starting in the neonatal period and naturally
evolving in four successive inflammatory stages, are hallmarks

Incontinentia Pigmenti (IP; OMIM 308300) is a rare X-linked for IP diagnosis (1,2).

dominant disease, lethal in males, affecting the neuroectoder- About 73% of IP females carry a loss-of-function mutation in

mal tissues, always associated with skin defects. The the IKBKG/NEMO gene (inhibitor of kappa light polypeptide
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gene enhancer in B-cells, kinase gamma/nuclear factor kappaB,
essential modulator, GenBank NM_003639.3, OMIM 300248),
whereas in 27% of cases the mutation still remains elusive (3).
The IKBKG/NEMO gene encodes for NEMO/IKKgamma
which acts as a regulatory subunit of the inhibitor of the
kappaB (IkB) kinase (IKK) complex required for canonical
nuclear factor kappaB (NF-kappaB) pathway activation
involved in many fundamental physiological functions (4,5).
It is currently believed that the highly heterogeneous and often
severe clinical presentation of IP might be due to the pleiotropic
role of the NEMO/IKKgamma. In addition, the absence of
NEMO/IKKgamma protein makes the cells sensitive to apop-
tosis, leading to the IP-associated male lethality and skewed
X-inactivation in females (6—10). The IKBKG/NEMO locus
has a unique genomic organization. In the centromeric direction,
the IKBKG/NEMO gene partially overlaps the G6PD
(glucose-6-phosphate dehydrogenase, GenBank NM_000402)
gene. The two overlapping genes share a conserved promoter
region (promoterB), which has a housekeeping bidirectional ac-
tivity (11—13). It is worth nothing that G6PD is a disease gene,
causing the X-linked G6PD deficiency (OMIM 305900) (14),
the most common enzymopathy in humans. More then 140 dif-
ferent hypomorphic mutations of G6PD have been identified so
far, whereas large deletions or a loss-of-function mutation of this
gene have never been discovered, leading geneticists to consider
that the absence of this gene might be lethal in males (15—17).

In the telomeric direction, the IKBKG/NEMO gene is part of
a 35.7kb segmental duplication containing two low copy
repeats (LCRs) arranged in an opposite orientation, one cover-
ing the functional gene (LCR1) and the other its partial
pseudogene copy (LCR2).

IKBKG/NEMO is structured in nine coding exons (exons 2—
10) and four alternative non-coding first exons. Transcription
from exons 1B and 1C is directed by the strong bidirectional
promoterB, whereas that from exons 1D and 1A is directed
by a weak unidirectional promoterA, located in intron 2 of
G6PD (13). The non-functional /KBKGP spans the region
between exons 3 and 10.

A recurrent deletion (IKBKGdel) frequently associated with
IP (>70% of cases) is generated by non-allelic homologous
recombination (NAHR) due to a misalignment between two
MEdium Reiterated 67B (MERG7B) repeated sequences. The
deletion removes a region, ~11.7kb in length, spanning
exons 4—10 in the IKBKG/NEMO gene. Furthermore, the
NAHR mechanism can also generate benign copy number var-
iations (CNVs), such as the exond—10 [KBKGP deletion,
named /KBKGPdel, and the exond—10 IKBKG/NEMO gene
duplication, named MERG67Bdup, that are both risk alleles
for pathological /IKBKGdel in IP patients. Notably, 65% of
IP cases are sporadic carrying a de novo IKBKG/NEMO
mutation (18,19).

The LCR1 and LCR2 sequence homology makes them
prone to recombination, as extensively documented in previ-
ous reports. Aradhya et al. (18) detected evidence for sequence
exchange between the LCR1 and LCR2 copies pointing out
that inversion events promoted by their opposite orientation
might be responsible for the maintenance of their similarity.

More recently, we have observed that recombination events
produced by NAHR between the two LCRs repositioned an
exond4—10del from the pseudogene to the /KBKG/NEMO
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gene, thereby causing the IP pathogenic mutations (19).
Finally, recent papers have provided additional proof
showing that recombination between these two LCRs might
cause the copy number gain observed in mental retardation
families (20,21).

We here report that the high frequency of micro/macro-
homologies, tandem repeats and repeat/repetitive sequences
might predispose the IP Jocus to novel types of genomic rear-
rangements arising through different mechanisms generating
pathological alterations (22). We report the first instances of
IKBKG/NEMO pathogenic mutations resulting from gene-
conversion events and arising between the two homologous
LCRs. Furthermore, using a custom-designed high-density
quantitative real-time polymerase chain reaction (QRT-PCR)
in a group of molecularly unsolved IP patients, we have iden-
tified seven different deletions involving not only /KBKG/
NEMO, but also the overlapping G6PD gene or, in one case,
eliminating the bidirectional promoterB. The analysis of
such a promoterB deletion has revealed novel unsuspected fea-
tures of the regulatory region of the IKBKG/NEMO gene,
which may explain the manifestation of the skin defects in
the carrier patient.

RESULTS

Gene conversion mediated by LCRs in the IP locus causes
a de novo mutation in the IKBKG/NEMO gene

A mechanism such as inter- or intra-chromatid unidirectional
gene conversion might be expected to generate pathological
alterations in the IP locus because of the high degree of hom-
ology between the two LCRs (>99% identity). Supporting
this assumption, we identified two unrelated IP families in
which a sequence variation in /KBKGP in the unaffected
father was unidirectionally copied in IKBKG/NEMO by a
gene-conversion event causing the disease in the affected
daughter.

In the IP-603 family, the proband (Fig. 1A, II:1) carried a
known c¢.1167delC mutation in IKBKG/NEMO exon 10,
leading to the frameshift p.Glu390ArgfsX61 in the NEMO/
IKKgamma protein (3) and the non-pathogenic c.1167delC
in its /IKBKGP pseudogene (Fig. 1B). The unaffected father
(Fig. 1A, I:2) carried the c.1167delC in the /KBKGP pseudo-
gene (Fig. 1B).

Genotype analysis of the family members performed using
five polymorphic microsatellites [short tandem repeats
(STRs)] surrounding the IP Jocus (DXS1684, DXS8061,
DXS15, DXS1073 and DXS1108) did not identify any recom-
bination event and revealed that the proband inherited the X
chromosomes matching the relative haplotype asset present
in each parent (Fig. 1A). Therefore, c.1167delC is located in
the inherited paternal allele, suggesting that a gene-conversion
event had occurred during paternal meiosis.

In the second family, IP-583 (Fig. 2A), we investigated a
sporadic IP case (Fig. 2A, 11I:1) carrying the common patho-
logical IKBKGdel and also two non-pathogenic CNVs,
IKBKGPdel and MER67Bdup (Figs. 2A and B and 3A). To
assess the mechanism generating the occurrence of the
IKBKGdel, we studied the inheritance of both CNVs in
IP-583 relatives and we observed the presence of the
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Figure 1. IP-603 family analysis reveals a gene-conversion event. (A) I[P-603 pedigree; the affected IP patient (II:1) is indicated by a black symbol. The haplo-
type analysis by multiallelic STR markers (DXS1684, DXS8061, DXS15, DXS1073 and DXS1108) at the JKBKG/NEMO locus in the IP-603 family is shown.
(B) Sequence analysis of exonl0 in the JKBKG/NEMO gene and in the /[KBKGP pseudogene. On the top, the electropherograms of exonl0 in the gene (wild-
type) and in the pseudogene (mutation c.1167delC, chrX:delG_153 868 348—153 868 349) in the IP-603 father (I:2) are shown; on the bottom, the electropher-
ograms of the point mutation ¢.1167delC, p.Glu390ArgfsX61 observed in the IP-603 patient (II:1) in the /[KBKG/NEMO gene and in the /KBKGP pseudogene are

shown. The model of the gene conversion is shown.

IKBKGPdel in the father (II:2, Fig. 2A and B) and the
MERG67Bdup in the unaffected mother (II:1) and grandmother
(I:2, Fig. 2A and B). STR analysis along the female lineage of
the IP proband (III:1) revealed the presence of MER67Bdup in
the recombinant N2 haplotype, indicating that this duplication
is located in the /IKBKG/NEMO gene of the maternal allele
(Fig. 2A). Consequently, the pathological IKBKGdel 1is
located in the paternal haplotype (N5), suggesting that a gene-
conversion event is the most obvious mechanism able to
explain the presence of the exon 4—10 deletion in both the
pseudogene and the gene in the proband. This may have oc-
curred between the /IKBKGPdel and the wild-type /IKBKG/
NEMO gene in the father’s germline homogenizing the gene
and pseudogene sequences and making both mutated.

Novel deletions in the IP locus involve IKBKG/NEMO and
overlapping genes

Mutations of the IKBKG/NEMO gene are responsible for 70—
80% of IP. The lack of /KBKG/NEMO mutations in the
remaining 20—30% of IP cases is probably due to the detection
system. For this reason, we decided to test 20 patients, with an
unambiguous clinical diagnosis of IP (based on skin biopsy
analysis) but lacking molecular diagnosis, by using a custom-

designed high-density quantitative real-time polymerase chain
reaction (QRT-PCR), which proved to be effective in revealing
quantitative DNA alterations in the IP locus.

We designed 13 specific primer pairs (Ps): 9 able to amplify
fragments with a single localization (PF, P1, P2, P3, P4, P9,
P10, P11 and P12; Fig. 3B) covering the region from the
G6PD to CTAG2 (Cancer/Testis AntiGen 2, NM_020994,
OMIM 300396; Fig. 3B) genes, outside the LCRs; and 4
(P5, P6, P7 and P8) with a double localization, in LCR1 and
LCR2 (Fig. 3B, Supplementary Material, Fig. S1A) (19). As
a control, we established the genomic profile of the PF to
P12 probe in 10 control DNA female samples (XX) and 10
male samples (XY). No apparent alteration in the 13 IP
samples was observed, whereas an abnormal RT-PCR
genomic profile, found in seven samples (IP-48, IP-51,
IP-11, IP-47, IP-50, IP-14 and IP-43), indicated the presence
of different size deletions (Supplementary Material, Fig. S1B
and Table S1). In IP-48, both LCR1 and LCR2 were
deleted. Indeed, the probes localized in the duplicated region
were calculated to have two fewer copies. In the other six IP
samples, the quantification probes indicated only the presence
of LCR2, whereas in IP-43 two intact LCRs were counted
(Fig. 3C, Supplementary Material, Table S1). Thus, we iden-
tified seven deletions in heterozygotes of different lengths,
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Figure 2. IP-583 family analysis reveals a gene-conversion event. (A) IP-583 pedigree; the affected IP patient (III:1) is indicated by a black symbol. The haplo-
type analysis by multiallelic STR markers (DXS1684, DXS8061, DXS15, DXS1073 and DXS1108) at the /IKBKG/NEMO locus in the IP-583 family is reported.
NI and N2 represent the haplotypes that segregate through the female lineage of the IP proband (III:1), whereas N3, N4 and N5 segregate through the male
lineage of III:1. N1 and N2 carried the MER67Bdup (dup), whereas N4 and N5 carried the exon4—10 deletion /KBKGPdel (del) in the pseudogene. N5 also
carried the deletion /KBKGdel (del) in the gene. (B) PCR tests in the IP-583 family reveal the presence of /KBKGdel in 11I:1; MER67Bdup in 1:2, 1I:1 and

11I:1; and IKBKGPdel in 11:2 and III:1. (C) STR legend.

each including both /KBKG/NEMO and the overlapping
G6PD genes. To map the breakpoints, we designed additional
primers in the 5" (proximal) and 3’ (distal) sequences flanking
the deleted regions (Supplementary Material, Tables S2 and
S3). Surprisingly, although the distal junctions (3’_IP) of the
seven deletions mapped in different positions within the
locus, the proximal junctions (5'_IP) were clustered in two
regions that we called R1 and R2 (Fig. 3B). In IP-48 and
IP-51, the 5'-breakpoint (5'-bkp) was predicted to be in a
region located in G6PD intron5 (R1 region, Fig. 3B, Supple-
mentary Material, Table S2), whereas in IP-11 and IP-47,
the 5-bkp was predicted to be in G6PD 3’ untranslated
region (UTR; R1 region, Fig. 3B, Supplementary Material,
Table S2). In IP-14 and IP-43, the 5'-bkp was proximal to
G6PD exon2 (R2 region, Fig. 3B, Supplementary Material,
Table S2), whereas in IP-50 it was in G6PD intron2 (R2
region, Fig. 3B, Supplementary Material, Table S2). The
3’-bkp positions were unique and scattered along LCR1 with
the exception of IP-48 and IP-43 whose 3'-bkp positions
were located outside LCR1 and LCR2. In IP-48, the 3'-bkp
mapped in the region between IKBKGP and CTAG2,
whereas in IP-43 the distal breakpoint mapped in the region
between IKBKG/NEMO intron1C and intron2 (Fig. 3B, Sup-
plementary Material, Table S3).

The genomic architecture flanking the breakpoint
junctions reveals a local high content of repeat elements

To explore why the IKBKG/NEMO locus and the surrounding
genomic regions are prone to rearrangement, it was essential
to determine the positions of the breakpoint-clustering
regions and to analyse the junction-sequence signatures in
detail. Therefore, we performed an in silico analysis of the
IP locus to search for repeat sequences potentially able to
lead to genomic instability (23—-30).

The tandem repeats finder (31) showed that the highest
number of tandem elements was found to be located in LCR1
and LCR2 (chrX:153 790—153 800 kb and chrX:153 860—153
870 kb; UCSC Genome Browser on Human Feb. 2009
GRCh37/hg19; Supplementary Material, Table S4) as well as
in the region upstream of the /KBKG/NEMO gene (chrX:153
750—153 760 kb; Supplementary Material, Table S4).

Repeated sequence analysis, performed by Repeated Mask,
revealed an enrichment of short interspersed element (SINE)
repeat elements (Alu sequences) in the region proximal to
LCR1 (chrX:153 740—153 780 kb), of long-interspersed ele-
ments (LINEs) in the region near LCR2 (chrX:153 880—
153900 kb) and of long terminal repeats (LTRs) between
LCRI1 and LCR2 (chrX:153 820—153 840 kb; Supplementary
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altered copy number.

Material, Table S4) and near LCR2 (chrX:153 880—
153 900 kb; Supplementary Material, Table S4).

Taken together, these observations reveal that the breakpoint
‘hot spots’ clustered in R1 (chrX:153 740—153 770 kb) and R2
(chrX:153 760—153 780 kb) were in regions with a high content
of SINEs (33% in R1 and 28.9% in R2) and tandem repeat cle-
ments (24 and 7% in R1 and R2, respectively) but with a low
content of LINEs (4.2% in R1 and 14.1% in R2) and LTRs
(5.8% in R1 and 6.2% in R2) (Supplementary Material,
Table S4). On the contrary, an enrichment of specific repetitive
sequences was not observed within the genomic region sur-
rounding the 3’ junctions (Supplementary Material, Table S4).
One exception was noticed in the chrX:153 810—153 820 kb
region where the 3’_IP-11 breakpoint was in 41.6% of the
LTR sequences (Supplementary Material, Table S4). In the
3’-bkp of IP-14 and in the IP-50 (3’_IP-14, 3'_IP-50) samples,
we found a high number of tandem repeat elements
(chrX:153 790-153 800 kb; Supplementary Material,
Table S4).

Finally, we looked for sequence homologies (23—30) in a
10 kb region surrounding the 5 and 3’ breakpoint junctions
in each IP sample. We found that the 11 breakpoint regions
were located in AluS elements (four AluScs, two AluSxs, two

AluSgs, two AluSq2s and one AluSz), and AluYs and AluJbs
(Table 1). More interestingly, their junction regions appeared
to contain microhomology sequences (16—118 bp in length)
(Table 1).

Fine mapping of the breakpoint junctions in the IP-43
sample defines the novel IKBKGdelB 1P allele

The determination of the junction sequences, although it repre-
sents a key point in the study of the origin of rearrangements,
is not always easy to obtain in the case of large alterations
(30), especially where a high sequence complexity surrounds
the breakpoints making it very difficult to sequence them.
This is the case in our study in which the breakpoint deletions
are located in regions with a high content of DNA repeats and,
consequently, we were not able to identify the precise break
junctions except for the rearrangement found in the IP-43
sample. Indeed, we used different nested primer pairs to
narrow down the deleted region observed in the IP samples
but we obtained the informative amplicon only in IP-43 (Sup-
plementary Material, Fig. S2). In this case, we amplified a
fragment of 5.8 kb in the control DNA and a fragment of
1.0kb in the IP sample (primers B—E; Supplementary
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Table 1. List of IP patients and their observed breakpoints in the IP locus
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1D Origin ~ Minimal Upstream Downstream Deleted region Extended homology Micro-homology
deletion X-chromosomal  X-chromosomal position
size (bp)”  position
IP-48 Italian 115198 153763 394 153 878 592 G6PD exons 1-4, IKBKG/NEMO, AluJb(241 bp)/AluY 16 bp (95%)
CTAGIA, CTAGIB, IKBKGP (290): 84%
IP-51 Greek 65249 153763 394 153 828 643 G6PD exons 1-4, IKBKG/NEMO, AluSg (261 bp)/AluY 70 bp (75%)
CTAGIA (298 bp): 88%
IP-11 Italian 63275 153757 815 153 821090 G6PD, IKBKG/NEMO, CTAGIA  AluSx (292 bp)/AluSz 57 bp (85%)
(315 bp): 75%
IP-47 Spanish 45745 153757 815 153 803 560 G6PD, IKBKG/NEMO AluSx (226 bp)/AluSg 16 bp (95%)
(264 bp): 86%
IP-50 Mexican 26 568 153769 487 153796 055 G6PD exons 1 and 2, IKBKG/ AluSc5 (382 bp)/AluSq2 90 bp (85%)
NEMO (441 bp): 87%
IP-14 French 22218 153774414 153796 632 G6PD exons 1 and 2, IKBKG/ AluSc5 (382 bp)/AluSq2 48 bp (95%)
NEMO (441 bp): 87%
IP-43 Spanish ~4 800" 153774414 153776 269 G6PD exons 1 and 2, IKBKG/ AluSc (258 bp)/AluSc 118 bp (85%)

NEMO exonlB-1C (299 bp): 86%

All IP patients showed a severe IP phenotype (seizures and mental retardation) but IP-43 had only skin IP alterations.
All IP patients were extremely skewed for the X-inactivation pattern in peripheral blood lymphocytes (X-inactivation values >90:10%) and in IP-43 also in the

skin biopsy.

“The deletion extension was calculated by measuring the distance (bp) between the two probes with an altered copy number in the qRT-PCR experiments.
®In IP-43, the size of the deletion resulting from the PCR amplification is reported.

Material, Fig. S2). This was the smallest fragment obtained in
the IP DNA suggesting the presence of a deletion of about
4.8 kb in IP-43 (Supplementary Material, Fig. S2).

Nucleotide sequence analysis of this fragment (B—E, Sup-
plementary Material, Fig. S2) wvalidated the positional
mapping of the deletion but did not allow us to sequence
across the breakpoint junctions. Indeed, both the proximal
(5-bkp segment; Fig. 4A and Supplementary Material,
Fig. S2A) and distal (3’-bkp segment; Fig. 4A and Supplemen-
tary Material, Fig. S2A) breakpoints were located in high-
density contiguous A/u elements (88.70 and 85.45% of Alu,
respectively; Fig. 4B). This architecture suggested that an
Alu-Alu-mediated recombination had occurred in the IP-43
progenitor germline. Two homology regions (HR1 and HR2)
were present in 5'-bkp (HR1) and 3'-bkp (HR2) with 86% of
identity (Supplementary Material, Fig. S3). In addition, the
5'-bkp contained two long tandem repeats [(TTTTG)n
(TTTT)n, TR in Fig. 4B] making it impossible to sequence
their junction fragments.

IKBKGdelB deletion abolishes the promoterB that
regulates IKBKG/NEMO expression in keratinocyte
differentiation

The 4.8 kb deletion detected in the IP-43 sample removed the
5" UTR end portion of the IKBKG/NEMO gene (covering the
non-coding 1B and 1C exons) and the 5’ region of G6PD (cov-
ering exons 1 and 2) (Fig. 4A). We have named this novel de-
letion /IKBKGdelB, because it eliminates the entire /IKBKG/
NEMO promoterB, leaving intact the /[KBKG/NEMO exon 2
that contains the ATG. The IKBKGdelB allele in the 1P-43
patient would be expected to lack the transcription driven by
promoterB, leaving only the mRNA transcribed from promo-
terA. We have previously shown that the /JKBKG/NEMO pro-
moters A and B act independently (13). Nevertheless, in the
skin of the IP-43 patient, who presented only the characteristic

dermatosis (Table 1), we did not know whether promoterA
was functioning. Indeed, any further analysis of the in vivo ex-
pression of the IKBKGdelB allele was denied by the skewed
X-inactivation profile (>90:10%) observed in the IP-43
DNA skin biopsy. We previously reported (13) that promoterA
directs transcription from the alternative exon 1D (liver-
specific) and 1A isoforms, whereas promoterB directs the tran-
scription from the 1B and 1C isoforms (Fig. 5A). To obtain a
better insight into the contributions of the promoterA- and
promoterB-directed transcriptions in the skin, we analysed
their activity by RT-PCR in two conditions: (i) in vivo on
RNA from different layers of the skin from healthy donors
(Fig. 5B) and (ii) in vitro on RNA from differentiated and pro-
liferating HaCat keratinocyte cell lines (Fig. 5C). By using
primer pairs, specific for each IKBKG/NEMO isoform, we dis-
covered that although 1C was not expressed, 1A was reduced
during keratinocyte differentiation and only the 1B transcript
expression was consistently present. Therefore, promoterA
was functioning in the lower undifferentiated layers of the
skin and was down-regulated during the differentiation,
whereas promoterB was expressed in all layers of the skin
(Fig. 5B). Comparable results were obtained in the in vitro dif-
ferentiated HaCat keratinocyte cell line (Fig. 5C). In both
systems, we determined the expression of DeltaNp63alfa, as
a marker of skin differentiation (Fig. 5B and C). Moreover,
the level of expression of G6PD did not change during kerati-
nocyte differentiation (data not shown).

DISCUSSION

We have previously reported that the IP /ocus can undergo
NAHR producing either pathological rearrangements (/KBKG-
del) or benign variants (MERG67Bdup and IKBKGPdel) (19). In
this study, we highlight that other molecular mechanisms, such
as gene conversion, Non-Homologous End-Joining (NHEJ),
Microhomology-Mediated End Joining (MMEJ) and Fork

¥20¢ I4dy 0z uo 1senb Ag 20185G/092 L/9/ L /8101 e/Bwy/wod dno olwapede//:sdiy woly pspeojumoq


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddr556/-/DC1

1266 Human Molecular Genetics, 2012, Vol. 21, No. 6

1D

A 2oy
ATG
A < —
>
153,76Mb 153,78Mb
o | ] P Jassanss 2 | TR
3 2 IBIC Exonl
MIR3 MIR3 AluSz  MIR3 L2 AluSx  AluSe AlSz L2 L2 AluY
4= AluSx AllY  Aluse Alusx@me dmm 2 {— AluSx
o ™ - ¢ . ¢ AluSx
e M LIMCS LIMCS LIMCS
TR TR TCCCGGGTTCAG
<> TTTTTAGTAGAGA

| IKBKG/NEMO PromoterA
0 IKBKG/NEMO PromoterB

A

<1 Repeat sequence
—w TR, Tandem Repeat sequence

G6PD exons
B /KBKG/NEMO exons <+« IKBKGdelB deletion
% :::::::sz::: <> HR, Homology Regions between 5'and 3'bkp

Figure 4. Repeated sequence analysis around the 5'-bkp and 3’-bkp junctions of the I[KBKGdelB deletion. (A) Schematic representation of the IKBKGdelB de-
letion. The horizontal arrows show the transcription direction. The /KBKG/NEMO non-coding exons (1D, 1A, 1B and 1C) and G6PD exons | and 2 are shown.

(B) The filled arrows represent the repeated sequences. TR, tandem repeat.

Stalling and Template Switching (FoSTeS), may take place at
the IP Jocus. We have discovered novel IP mutations generated
by de novo events during parental gametogenesis whose origin
could be due to the peculiar genomic architecture of the
IKBKG/NEMO region. Most of them are novel rearrangements
whose breakpoint site analysis reveals the disruption of the over-
lapping G6PD gene and of one of the /[KBKG/NEMO regulatory
elements that is controlled during skin development.

Different mechanisms operate in the IP locus enhance the
vulnerability of IKBKG/NEMO to mutations

Gene conversion, the non-reciprocal exchange of genetic in-
formation between homologous DNA sequences, could be
implicated in the IP disease. On the basis of haplotype ana-
lyses, we here report an intrachromatid gene-conversion
event that may occur during paternal spermiogenesis. These
findings were obtained by studying two unrelated families
with two sporadic IP females carrying de novo IKBKG/
NEMO mutations: the mutations identified in the functional
IKBKG/NEMO are copied from the IKBKGP pseudogene. In
both cases, the father had a pseudogene polymorphism
(c.1167delC in IP-603 1:2; IKBKGPdel in 1P-583 11:2, Figs 1
and 2) that perfectly matched the mutation identified in the
gene in the affected daughters.

In general, gene conversion cannot be formally distinguished
from double crossover (32) and, therefore, we cannot exclude
the possibility that a NAHR event between misaligned chroma-
tids had occurred in the probands’ parental germlines. However,
the replacement of the wild-type sequence with a mutated se-
quence (c.1167delC or IKBKGdel) in the gene acceptor,
copying it from a highly homologous sequence in the pseudo-
gene donor, is an extremely likely event when compared with
the occurrence of an identical de novo alteration. It is worth
noting that, gene-conversion events producing sequence

identity between the IKBKG/NEMO gene and its pseudogene
have already been reported by Aradhya et al. (18), but instances
of gene-conversion mutations generating the pathological
IKBKG/NEMO allele have not been reported until now.
Finally, in the above reported cases, the gene-conversion
event occurred in paternal germlines (Figs 1 and 2). It is
indeed well known that during spermiogenesis, programmed
double-strand breaks (DSBs) are induced to facilitate the chro-
matin remodelling that takes place in the elongating spermatids
(33,34) and that proteins involved in the homologous recombin-
ation repair machinery are present (35).

Besides gene-conversion mutations, we provide evidence of
other mutational mechanisms facilitated by the local genomic
architecture and able to trigger IP alleles as de novo rearrange-
ments. We identified seven different de novo deletions in het-
erozygotes which had arisen in a context of high-density
repeat sequences and micro/macro-homologies (16—118 bp,
Table 1) that are well-known substrates for different mutation-
al forces such as NHEJ, MMEJ and/or FoSTeS (26-28). In
silico analysis of the DNA sequence at the IP locus revealed
a high prevalence of repeat sequences, such as SINEs,
LINEs and LTRs, especially at the proximal breakpoints (Sup-
plementary Material, Table S4) (36). These repetitive ele-
ments, together with tandem repetitive elements, are able to
generate DSBs or to provide unusual DNA secondary struc-
tures including cruciforms, hairpins, triplexes and tetraplexes
(37) that may inhibit DNA polymerization increasing the prob-
ability of generating rearrangements. Moreover, all the dele-
tion breakpoints are clustered within or in the proximity of
Alu repeat clusters (Table 1), frequently involved in recombin-
ation events (38—40). In addition, the presence at the break-
point junctions of microhomologies due to short homologous
DNA stretches (16—118 bp, Table 1) makes more likely
mechanisms based on coupled homologous and non-
homologous  recombination, homologous single-strand
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Figure 5. IKBKG/NEMO promoter structure and qRT-PCR analysis of the 5" UTR alternative isoforms in differentiated skin layers. (A) Genomic structure of
the JKBKG/NEMO promoters. PromoterA (PA) is unidirectional and located in G6PD intron2, whereas PromoterB (PB) is bidirectional and located between the
G6PD and IKBKG/NEMO genes. The 5" UTR alternative isoforms (IKBKG_ID, IKBKG_1A4, IKBKG_IB and IKBKG_1C) of IKBKG/NEMO are shown. The
arrows indicate the position of the primers used for the RT-PCR experiments. (B) Quantification of the JKBKG/NEMO transcripts by RT-PCR analysis on
cDNA from different layers of the skin, obtained by centrifugal elutriation assay (57). We used primers amplifying from exon 2 to exons 1A, 1B and 1C, re-
spectively, and a primer pair to quantify the JKBKG_total transcript, located between exons 2 and 3. The expression profile of the 1B isoform, transcribed from
promoterB, shows the same profile as the /KBKG_total, suggesting that it accounts for most of the /KBKG/NEMO transcripts. More interestingly, the 1A isoform
decreases from fraction 1 to fraction 5 suggesting a down-regulation during skin differentiation. (C) The quantification of the JKBKG/NEMO transcripts in the
HaCat keratinocytes during in vitro differentiation is reported. /[KBKG_1B is the more abundant transcript having a stable expression in both the proliferating and
differentiated HaCat cell lines. The JKBKG 1A transcript is less abundant in the differentiated cells. The isoforms /KBKG_ID and IKBKG _1C are not expressed
in the skin fractions and in the HaCat cell line. The DNp63alfa (OMIM 603273) transcript is expressed in the basal layer of the human epidermis and is down-
regulated during keratinocyte differentiation (58,59).

invasion and completion by an MMEJ event. On the other
hand, all seven rearrangements arise in a genomic context in
which the presence of LCRs might drive the DSBs (41-43)
or might stimulate genomic rearrangements without being
physically involved, as in the FoSTeS model (44).

Large deletions of IKBKG/NEMO found in IP patients
extend to overlapping genes

Besides the recurrent intragenic IKBKG/NEMO exon 4—10 de-
letion described in most IP cases, /[KBKGdel, we report here
seven novel large deletions affecting /KBKG/NEMO and the
centromeric and telomeric located genes, G6PD and
CTAGI1A/B, respectively. Each deletion had a proximal junc-
tion in the G6PD gene deleting from 3’ UTR to exon 1
(Fig. 3C and Table 1). The genomic organization of the IP
locus in the centromeric direction shows that the /KBKG/

NEMO and G6PD genes are overlapping and divergently tran-
scribed from opposite strands of the DNA in a ‘head-to-head’
organization conserved during evolution (12,13).

The G6PD gene encodes for the initial enzyme of the
pentose phosphate pathway (14). Glucose-6-phosphate de-
hydrogenase deficiency, an X-linked disease, is the most
common human enzyme defect. The patients, most frequently
males, exhibit non-immune haemolytic anaemia in response to
stress or fava bean ingestion. Heterozygous female carriers of
a G6PD-deficient allele may present clinical manifestations of
GO6PD deficiency, i.e. favism and severe chronic haemolytic
anaemia (45), although, in most cases, they have almost
normal G6PD levels due to a selective advantage of cells
expressing the normal allele (17).

The G6PD gene exhibits a remarkable polymorphism in
human populations (>400 variants) and almost all mutations
are point alterations resulting in amino acid substitutions
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(15,17,46), whereas large deletions or loss of function of this
gene have never been discovered. Data from the g6pd(—)
mouse embryo suggest that alleles with rearrangements dele-
terious for the G6PD gene are embryonic lethal, whereas het-
erozygous carrier female mice may survive due to the strong
selection against mutant cells early in haematopoiesis (47).
The results obtained in mice are partially in agreement with
the results obtained in women who are heterozygous for
certain severe human G6PD mutations who present a drastic
skewed X-inactivation essentially confined to the blood (46).
However, males carrying the same mutation in hemizygotes
may survive although presenting severe haemolytic anaemia.

On the other hand, an extensive skewing of X-inactivation
has commonly been observed in the blood and fibroblasts of
IP patients as indeed a skewed X-inactivation has been consid-
ered a diagnostic criterion of IP before undergoing genetic
diagnosis (1,48).

Our study is the first to report large deletions involving the
G6PD gene in IP patients. The patients here described did not
present any clinical manifestations matching the classic G6PD
deficiency leading us to hypothesize that a somatic progressive
selection against cells expressing the mutated alleles may
occur. Therefore, the deleted IKBKG/NEMO allele is able to
trigger IP outcomes in the carrier females, whereas the
G6PD deleted allele is silent because selection masks the
G6PD deficiency outcome in the haematopoietic cells.

Finally, the CTAG1A4 (OMIM 300657) and its identical copy
CTAGIB (OMIM 300156) genes are located in Xq28, LCR1
and LCR2 (18). CTAGIA/B cancer/testis antigens genes,
which were deleted in three out of seven IP patients (IP-48,
IP-51, IP-11), are expressed in a variety of malignant
tumours but solely in the testis among normal adult tissues
(49). Therefore, no additional abnormalities of the IP
phenotype due to the contribution of the deletion of the
CTAGI1A/B genes should be observed in those patients.

Functional relevance of the IKBKGdelB deletion for the
IKBKG/NEMO expression in the keratinocytes

The discovery of the first IP rearrangement involving one of the
key regulatory elements of /[KBKG/NEMO expression gives us
an entry point to investigate the /KBKG/NEMO gene transcrip-
tion regulation. We have already established that /[KBKG/
NEMO has two main conserved regulatory regions: promoterB
is a strong bidirectional promoter which directs transcription
from exons 1B and 1C, whereas promoterA is a weak unidirec-
tional promoter, located in intron 2 of G6PD that directs tran-
scription from exons 1D and 1A (13). In the IP-43 patient, we
mapped a genomic deletion (IKBKGdelB) of the bidirectional
promoterB. The deletion abolished the exons /KBKG _IB,
IKBKG_I1C, G6PD_exonl and G6PD_exon2 that are promo-
terB-dependent, whereas the /IKBKG/NEMO translational start
site, located in exon 2, was not affected.

The absence of promoterB would result in a severe form of
the disease in IP-43, and the patient instead presented only the
classic IP skin alterations. The higher degree of X-inactivation
skewing which we measured in the peripheral blood and in the
skin biopsy of the patient precluded the expression analysis in
vivo and suggested a strong disadvantage for cells expressing
the IKBKGdelB which would disappear preferentially after

X-inactivation. The coordinated regulation of two /KBKG/
NEMO promoters offers a model to explain the skin lesion
pathogenesis in the IP-43 patient. Indeed, the patient’s kerati-
nocytes expressing the IKBKGdelB allele in the basal layer of
the skin could contain the NEMO/IKKgamma protein trans-
lated only from the 1A isoform. During keratinocyte differen-
tiation, the physiological decline of the 1A isoform and the
lack of 1B synergically contribute to deplete those cells of
the IKBKG/NEMO transcripts, to inhibit the NF-kappaB sig-
nalling and to cause premature keratinocyte death by apop-
tosis. According to the model of IP skin pathogenesis, the
spontaneous necrotic cell death of some NEMO-deficient ker-
atinocytes triggers the expression of proinflammatory media-
tors by the neighbouring wild-type keratinocytes resulting in
the development of the skin lesions (50,51).

Conclusions

The presence of highly homologous regions (LCR1 and
LCR2) and the high density of repetitive sequences may
have a genome structure-destabilizing effect and predispose
the IP Jlocus to generate novel rearrangements by different
mechanisms. The result of these rearrangements are non-
redundant pathological alleles whose analysis has unravelled
the existence of a large deletion of the G6PD gene but also
novel unsuspected regulatory mechanisms of /IKBKG/NEMO
gene transcription regulation that could be more intricate
than previously thought. Taken together, our results lead us
to propose that IP belongs to the class of pathological condi-
tion also known as genomic disorders (52).

MATERIALS AND METHODS

Subjects

All the IP patients analysed in this study met the 1993 revised
criteria for the classification of IP (1,2). All patients’ material
was gathered, after receiving the informed consent from the
participants, under protocols approved by the Declaration of
Helsinki. Each potential participant with IP was interviewed
and asked to complete an extensive questionnaire. All
medical records of [P-affected family members were reviewed
to confirm the diagnosis. All affected females underwent skin
biopsy obtained from the limbs, usually from the legs. The cu-
taneous lesions (erythema, vesicles and pustules in the first
stage, followed by verrucous and keratotic lesions in the
second stage, linear hyperpigmentation in the third stage and
pale, hairless, scarring patches in the fourth stage) were
observed in all patients. The results of the skin biopsies led un-
equivocally to a diagnosis of IP.

Blood samples were collected in ethylenediaminetetraacetic
acid tubes, and genomic DNA was extracted using the conven-
tional salt precipitation technique. All patients had an appar-
ently normal karyotype. The subjects were initially screened
by the following conventional assays (9,19): the /IKBKG/
NEMO gene deletion (IKBKGdel) and IKBKGP pseudogene
deletion were investigated by a long-range PCR with the
EXPAND Long Template PCR system (Roche, Mannheim,
Germany) as described in Bardaro et al. (53). For point muta-
tion screening of coding sequences, the electropherograms
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were obtained by direct sequencing using Big Dye Terminator
Cycle Sequencing Reactions on an ABI 3100 (PE Applied
Biosystems, Lennik, Belgium) on a PCR fragment of each
exon and were compared with the genomic sequences from
GenBank and from control samples.

STR microsatellite analyses and qRT-PCR

Five microsatellite markers distributed along the Xq28 IP
region (DXS1684, DXS8061, DXS15, DXS1073 and
DXS1108) were genotyped in the families under study. We
used in this analysis all the polymorphic STR markers avail-
able in the region, as described in public databases (UCSC,
Ensembl, etc.) and also additional dinucleotide repeats devel-
oped and characterized in the Xq28 region as previously
described (54). We identified and delimited the unrepeated
regions in chrX:153 747 962—-153 959 172 by RepeatMask,
and we designed six primer pairs for real-time experiments
outside the duplicated region, as described in Fusco et al.
(19). All amplification products (70—100 bp) were mapped
in the unrepeated regions and were interspersed at 3—20 kb
of sequence intervals (PF-P1, 15.4 kb; P1-P2, 5.6 kb; P2—
P3, 54%kb; P3-P4, 1.4kb; P9-P10, 7.5kb; P10-P11,
2.3kb; P11-P12, 47.6kb; P12-P13, 7.2kb). RT-PCR
assays were carried out on the Applied Biosystems (Lennik,
Belgium) 7900HT system by using the interaction of SYBR
Green as a fluorescent reporter (Power SYBR Green PCR
Master Mix, Applied Biosystems). The primers, designed
using Primer express 3.0 oligo software (Applied Biosystems),
are available upon request. All quantifications were normal-
ized to the endogenous gene control Beta-2-microglobulin
(B2M gene, GenBank NM_004048.2; OMIM 109700). A
total of 25ng of genomic DNA (in triplicate) from each
sample was subjected to RT-PCR experiments using the spe-
cific synthetic primers. The DNA copy number was deter-
mined as 2E-ddCt for a patient versus a female control, as
described in Fusco ef al. (19).

Long-range PCR amplification

Oligonucleotide real-time data were used to initially pinpoint
approximate breakpoint positions in the genome. We next
designed primers for deletions to amplify the rearrangement
breakpoint  junctions. Different  orientations and
combinations of primers were also tested for breakpoint
analyses. Long-range PCR was conducted with TaKaRa LA
Taq polymerase according to the manufacturer’s protocol.

Cell culture and centrifugal elutriation and in vitro
differentiation assays

Human keratinocytes were grown to confluence as described
(55,56), trypsinized and collected by centrifugation. The
cells were fractionated according to cell size by methods
described earlier (57).

For in vitro differentiation assays, HaCaT cells were grown
in 0.1% foetal calf serum, and CaCl, was added to a final con-
centration of 1.2 mm. The cells were harvested at 0 and 6 days
after calcium induction.
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Gene expression analysis by qRT-PCR

Human total RNA from an undifferentiated keratinocyte cell
line and at different stages of differentiation was used as a
source of cDNA. Reverse transcription was carried out with
the Superscript III enzyme (Invitrogen, Life Technologies,
Carlsbad, CA) according to the manufacturer’s protocol. The
IKBKG/NEMO 5’ UTR variants and the overall expression of
IKBKG/NEMO were detected using primers described in
Fusco et al. (13). gqRT-PCR assays were carried out on the
Applied Biosystems 7900HT system by using the interaction
of SYBR Green as a fluorescent reporter (Power SYBR Green
PCR Master Mix, Applied Biosystems). An automatically cal-
culated melting point dissociation curve generated after every
assay was examined to ensure the presence of a single PCR
species and the lack of primer—dimer formation in each
sample. Standard curves were generated from serial 1/5 dilu-
tions of cDNA. The corresponding RT-PCR efficiency was cal-
culated for each couple of primers. The normalized gene
expression was calculated as described in Fusco et al. (13).
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