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Abstract

Studies suggest that genetic factors are associated with the eticlogy of leaming disabilities. Incontinentia Pigmenti (P, OMIM#308300), which is caused by
mutations of the IKBKG/NEMO gene, is a rare X-linked genemic disorder (1:10000/20:000) that affects the neurcectodermal tissues. It always affects the skin and
sometimes the hair, teeth, nails, eyes and central nesvous system (CNS). Data from IP patients demonstrate the heterogeneity of the clinical phenotype: about 30%
have CNS manifestations. This extreme variability suggests that IP patients might atso have jearning disabilities. However, no studies in the literature have evaluated
the cognitive profile of IP patients. In fact, the leaming disability may go unnoticed in general neurlogical analyses, which focus on major disabling manifestaltons of
the CNS, Here, we investigated the neurapsychelogical outcomes of a selected group of IP-patients by focusing on leaming disabilities. We enrcllzd 10 women with
IP (7 without mental retardation and 3 with mild fo severe mental retardation) whose clinicat diagnesis had been confimed by the presence of a recurrent deleticn in
the IKBKG/NEMO gene. The participants wers recruited from the Italian patients’ association (I.P.A.S5 1. Onlus). They were submitted to a cognitive assessment
that included the Wechsler Adult Imtelligence scale and a battery of tests examining reading, arithmetic and writing skills, We found thal 7 patients had deficits In
salculationfarithmetic reasoning and reading but not writing skills; the remaining 3 had severe to mild intellectual disabilities. Results of this comprehensive evaluation
of the melecular and psyshonaurological aspects of [P make It possible to place “leaming disabilitiss” among the CNS manifestations of the disease and suggest that
ihe IKBKG/NEMO gene is a genetic detemminant of this CNS defect. Our findings indicate the importance of an appropriate psychoneurclogical evaluation of IP
patients, which includes sarly assessment of leaming abilities, to prevent the onset of this deficit.
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Introduction

ncaontinentia Figmerti (IP, OMIM#308300) is a rare X-linked dominant geremic disorder that is lethal in males, Females can survive thanks to X-inzctivation
mosaicism {1], [2]. The gene respansible for IP, which is called the Inhibitor of Kappa light poly peptide gene ennancer in B-cells, Kinase Gamma/Nuclear factor
kappaB Essential MOdulator {KBKG/NEMO, NM_D036832.3; OMIM#300248) [3] is localed in X428 and encodes for a regulatory subunit of NF-kappaB signalling,
which is invoived in many physiological functions [4], [5], [8]. Most IF patients have an identical deletion {{K8KGdef) that eliminates the gencmic region from exond
to exon 0 of the IKEKG/NEMO gene and consequently abolishes the protein function £2], [7]. 18}

The phenatypic expression of IP is always characterized by skin lesions. They appear at birth and ewoive spontansously in four typical inflammatory stages, which
are currantly considered as the diagnastic criteria fer [P [1], [9]. Frequently. other neuroaciodermal tissues including teeth, hair, nails, eyes and the central narvous
system (CN$S) are also damaged [2], [10], [11]. Moreover, a matked variability of the phenotype is also present in r¢lated patierts with the same genetic aiteration [2].
The CNS ig affected in 10-30% of IP cases, resuiting in seizures, hamiparesis, spasticity, microcephaly, cercbeliar ataxia and mental retardation [2], [10], [11]. This
mconsistent involvament of the CNS in [P is a typical aspect of the highly heterogenecus clinical presentation always reported in this disease [2], [10], [11]. Indeed,
abundant data have shown that the same [KBKE/NEMO mutation (JKBKGder) might produce intrafamilial helerogeneity with mild IP in the mother and severe 1P in
the daughter {2}. it has been assumed that this wide range of varability is due to the rendomn selection of X-inactivation in heterozygous |P females, coupled with the
pleatrapic rale of the NEMO/IKKgamma protein in the cell. In fact, the NEMO/IKKgamma is involvad in a complex signalling pathway that regulates the expression of
hundreds of genes, and its mutation can produce different, unpredictable phenotypic outcomes. Indeed, this explains the wide spectrum of anomalies observed in IP.

Neuroimaging investigations of 1P patients have shown infarctions (often multiple) and atrophy [12], [13]. In addilicn to white matter abnormalities, both large-vessel
and small-vessel diseasas have been reported [13]. Some studias have suggested the presence of pathogenic mechanisms, including inflammatary, developmental,
vascular and infectious pracesses. Hennei and coifeagues [13] suggested that smali-vessel pcclusion is the primary cause of this condition and the inflammatory
process is @ secondary cause. However, the IP-induced pathogenesis of the CNS is still a controversial issua. [t has been suggested that developmental
inflammanory mechanisms, occlusive phenomena in small vessels, or both, are respensible [1], [11]. In almest all IP patients with CNS lesions, clinical neurslogical
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abnormalities such a5 selzures, mental detay and hemiparesis, have been found [11], [14]. In particutar, studies have reported that one-third of all IF* patients are
affected by seizures and mental retardation [15] as a consequence of nzurological damage [16]. Maregver, the absence of structural CNS abnormalities does not
exclude the possibility that brain functions are altered. To our knowledge the cognitive phanotype of this syndroma has naver been Investigated using standard
neurapsychclogical instruments that allow describing the cognitive profile of iP. The NEMG/IKKgamma protein is, however. involvad in a compiex signalling pathway
that regulates the expression of hundreds of genes and its mutation can produce different phenatypic cutcomes.

in any case, studying the cognitive phenctype of 1P in detail should provide new insights for a better understanding of this illness,

The presence of specific fearming disabilities is likely overlooked in IP patients who have no neurclogical or infellectual abnormalities. because until now atiention has
been focused on the predominant manifestations that have the greatest impact on quality of life. Leaming disakilities inciude a group of disorders characterzed by
inadequate development of specific academic, language, and speech skills. For example, leaming disabilities affact reading, mathematics and writing. We focused on
the investigation of learning disabilties because more than 150 genes on the X-chromosome have been icentitied as responsible for learning cisabilities [17]; in fact,
they account for over 10% of all cases of leaming disabilities [{8]. As the iP syndrome is an X-linked dominant genomic disorder, we hypothesized that some as yet
un-assessed leaming disabilities might be present in patients without CNS signs symptoms. Furthermore, it is worth of noting that NEMO!IKBKG Is the crucial
regutator of the entire NF-KB transcription pathway, which has baen shown 1o be required for synaptic plasticity and leaming in mice [19], {20} Therefore, we aim to
perferm a detailed evaluation of the cognitive phenotype of 1P in order to further improve our knowledge about this iliness.

Using a muitidisciplinary approach. we aimed to investigate the cognitive phenotype of & selected aroup of IP patients to determine whether any CNS dysfunctions
cause significant difficuity in the acquisition and use of listening, speaking, writing, reasoning or mathematical abilities. Moreover, as 1P is diagnosed at pirth, IF
children with feaming disabiiitlas could benefit from eary and appropriate therapeutic support to prevent onselt of the cognilive deficit.

Methods

Participants

Between February and December 2012, we enmlled ten women with Incontinentia Pigmenti (IF) who had a defined /KBKG/NEMO gene deletion (XBKGde/) in Xo2B.
Participants were recruitad through the italian patients® association (1. P.A.88.1. Onius, www.incontinentiapigmenti,if) and came fiom several different regions in lialy.

The inclusion criteria adopted to recruit the 1P patients in this study were:

1. GENETIC HOMOGENEITY OF THE IR LOCLS: all patients carried the IKBXGde! allele in the IKBKG/NEMO gane as a cause of IP;

2. FAMILIAL DATA; none of the patients had any previous familia! history of mental handicap;

3. TALIAN MOTHER TGONGUE: ail patients, recruited thanks to the coliaboration of the ltalian IP association (I.P.A.85.1. Onlus}, were tested using Italian
language tests.

Age and education ranged respectively from 21-59 and 8~18 years (mean age = 33.3413.02 years and mean education = 12.843.85 years). The study was appoved
by the {ocal Ethics Committes of the IRCCS Santa Lucia Foundation in Rome, Italy. After a full explanation, participants or their parents gave their written informed
consent according te the standards set by the local Ethics Commitee. All participants filled in the clinical questionnaire (approved by the fntermational IP Consortiurn,
www. ipif. ang}, which investigates all aspects of IP phenotype: skin, hair, teeth, nail, eye, and CNS defects.

Neuropsychological analysis

To obtaln a measure of the participants’ general verbal and nen verbal intelligence, we submitted them to 2 cognitive assessment using the Wechsler Aduil
Intelligence Scale-Revised (WAIS-R; Italian Version [21]}. According to thelr educational [evel, participants were also submitted to a batlery of tests examining
reading [22], writing [23] and arithmetic [24] skilis. The aim was to determine whether the participants with IP whose general intelligence was in the normal range had
any specific leaming disabilities. All participants were assessed individually in a dedicated rcom remote from noise or any olher cause of disturbance. Reading
competence was assessed with a standard, widely used reading echievement test for junior high school students (MT Reading Test [22]). In this test, two meaningful
text passages werne prasented. The participants had 1o read the first passage aloud (within a 4-minute time limit). Speed (time in seconds per syllable) and accuracy
(number of errors, adjusted for the amourt of text read) were considered. To measure comprehension, participants had to read the second passage without a time
Emi{ and then respond ta 15 muliple-choice questions with four aliematives. Raw scores were converted to z scores accarding to standard referance data {25]. To
assess wiiting skills and orthographic accuracy, we administared the handwriting task, which consisted of wriling a text reac aloud by the exariner {battery for
evalualing orthographic abiities ir: pubtic schoois [23]). To assess arithmetic competence, we used standardized arithmetic batteries (AC-MT 11-14; [26] MT-
advanced 2 [27]) that included written (magnitude comparison tasks, number ordering tasks and logical-arithmetic problem sclving) and oral calculations (mental
caleulation and generat speed). The comect responses in each area were summed Lo obtain a total score. Stimuius materials and redated reference noms varied
depending on the grade leval. Participants’ performance was not invalidated by ccular defects because they wore glasses and their vision was nommal or corrected 1o
normal.

Molecular analysis

DNA samples from all participants enrclied in this study wers investigated by lang-range PCR to reveal the presence of the IKBKG/NEMO gere deletion IKBKGdel).
This was performed with the EXPAND Long Template PCR system {Roche Mannheim, Gemmary) according 1o the manufacturers protocol. Bardaro and colleagues

[28] reported the specific primers 1o be used for the iong-range PCR.

Statistical analysis

All statisticat analyses were performed with SPSS Statistics 18. Considering the small size of our sample, we investigated differences in verbal and performance Q
by the preliminany application of 2 non-parametric test (Wilcaxon test). However, as non-parametric statistics are less powerful than their parametric counterparts (and
for us it was very imporani to detect even small effects), we also performed a parametric test (paired t-test). The alpha level was set et .05. We performed a Pearson
corelalion among VIG, PIQ end FSIQ and brain disease with the alpha set at .05. To determine whether performance on the reading, writing and mathematics tests
was comelated with the FS1Q, VIQ and FIQ scales and with the number of IF symptoms reported by the participants and assessed by the quastionnaire, we

performed Pearson corelations by sedting the aipha fevel at .02,

Results

hitp:/fwww plosone org/article/info%3 Adoi %2F10.1371%2Fjournal pone (087771 i
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Resulis of the clinical questionnaire revealed that, in addition to the presence of the typical IP skin defects, all IP patients enrclled in the study had one zdditional
ooular, dental, hair or nail defect: 2 out of 10 had brain malformations; 2 out of 10 suffered from seizures; nane had hemiparesis; and 6 out of 10 showed other
symptoms (see Table 1).

[ i wm ree P
[, rraoh [ e W ey [N

Tabla 1. Clinical manifestations in 10 female patients with IP: Clinical score analysis.
doi: 10,137 1fioumal. pone. 00B7771.1001

“The molec.ilar test for IF not only confirmed the ciinical diagnosis but alse showed that the P focus alteration was homogenecus in 2k patients. Indeed, all
participants carfied the exond-10del (iKBKGde! aliele, see inclusion crilerig) as the cause of IP.

All participants were able to perform both the Verbal and Performance Scale of the WAIS-R. Sever women with IP (70%) had a fuli-scate 1Q above 70 (FSIQ range
92—118} and three wamen with IP (30%) had intelieciual deficiencies (FSIQ range 45-70). The mean scores were 92+25.18 for Full Scale 1Q (FSIQ), 90.6£22.84 for
Verbal 1Q (VIQ), and 93,8.8£25.45 for Perfomance 1Q (F1Q). The PIQ and VIQ were not significantly different in either the non-parametic {z = -1.25, p= 0.21) or
parameiric statistics {, g = —1 .29: p = 0.23), thus confirming the robustness of the present result, See Table 2 for details.

Table 2. IF individuals” WAIS-R 1Qs and raw scores.
doi: 10,1371 journal pone. 008777 1.1002

A Pearson correlation, which was cariec cut for VIQ, PIQ, FSIQ and the number of brain symploms {malformations, seizures and hemiparesis) shown by all patients,
revealed a significant negative correlation (VIQ: r= —0.8; p<.01; PIQ = r= -.72; p<.0%; FSIQ = r= ~.75; p<.05).

Five participants with an (Q above 70 who were submitted to tests evaluating arthmetic skills performed deficiantly (83.33%; 5 out of 8); three participants submitted
to tests evaluating reading skills performed deficiently (42.85%; 3 cut of 7); and three participants had borderline performances (42 86%; 3 out of 7). None of the
seven parlicipants performed deficiently on the tests evaluating writing skills (see Tables 2, 3 for details).

Table 3. Performance scores of seven educated IP participants with |Qs ahove 70 on reading, writing and mathematics tests.
e 10.1371/ioumal. pone. 0087 77 1.1003

Pearson corelations were also calculated to determing whetrer performances on the reading, writing and mathematics tests were corelated with the FSIQ, ViQ and
P10 scales and with the number of IP symptoms self-reported by the participants, as assessed by the questiennaire. The analysis did not show any significant
comelations between the nurrber of [P symptoms and performance on tests assessing learing skills (see Table 4 for details;.

Table 4. Correlation between WAIS-R scales, learmning tests and number of IP symptoms.

http:/www plosone. org/article/info%3Adoi %2F10.1371%2Fjournal pone 008777) 3/6
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The VIQ was significantly correfated with the Mentai Maths Speed Test (r = 0.95, p<0.01} and the Arithmetic Facts Test [r = 0.85, p<0.05). No other significant
sorrefations wers detected between the WAIS-R scales and the Leaming tests.

Discussion

Until ncw, studies on |P have mainly fecused on the clinical symptoms that are always present in the IP phenotype or the netrological manifestations that reguire a
significant medical intervention. In fact, the cognitive phenotype of IP has never been investigated. To our knowledge, this is the first study that has investigated the
neuropsychologica! profile of IP patients oy also assessing lsarning abllities i1 individuals with TP without intellectual diszbilities. 1n contrast to what has been
observed in individuals affested by cotner genetic syndromes {e.g.. Cri-du-Chat Syndrome and Williams Syndrome) {287, [30]. in iP patients we obsered no
discrepancy between verbal (VI Q) and performance (P1Q} 1Q scores, In fact, our participants showed a homogeneous profile. Qur sample was not wide, out it showed
the same distibution percentage of neurological manifestations reported in the literature {11}, [31].

We found 1hal 2 patients out of 10 were affected by menlal delays resulting from neurological signs and 1 patient aut of 10 was affected by mental delay without any
neurological signs. This latter abservation is particularly interesting because it suggested that patients with 1P might be affected by mental delay also when no
neurclogical damage was present and allowed us to separate mental delay from the neuroiogical framework. The remaining patients with 1P mani‘ested ro menial
wetardation, but a detailed cogritive assessment allowed us to detett the presence of leaming disabilities. 11 particular, the earming abilities most affected were
arithmefic reasoning and reading skills. In the psychological literature, a comorbicity between dyslexia and dyscalculia is cften reported; it Is ofter assaciated with
1wo largely independent cognitive deficits, namely, a chonological deficit in the case of dyslexia and a deficit in the number module in the case of dyscalculia [32). In
a review study, Joraan [33) reported that reading difficuities aggravated rather than caused mathematical difficulties because compensatory mechanisms @ssociated
with reading are less available when dysiexia and dyscalcuiia co-occur. Furthermore, in our sample reading and arithmetic difficulties ca-oceurred in 4 pafients out of
& {one patticipant refused to perform the adthmetic tasks). Reading seemed more affecied in terms of accuracy than speed and comprehension, whereas all aspects
of arithmetic were compromised (2lgebra, geometry, problem solving and arithmetic facts).

Our findings show that the IP group's perfarmance was characterized by deficient arithmetic reasoning and reading skills. It is also possible that the heterogeneity of
the cognitive phenotype is duz to the JKBKG/NEMO mutation, which produces different phenotypic cutcomes in mental functioning as well as physical
characlenstics.

SpecHically, our results suggest thal the Jearning abilities most affected are arithmetic reasoning and reading skills, which are reported here for the first time as
specific defisits in IP. Therafore, when IP is diagnosed, natients should always be submitted to a cognitive assessment specifically focused on leaming skills and
should be included in preventve educational programs. The IP syndrome is very probismatic because neither the tvpe of IKBKG/NEMO genstic mutation ner the
NENM O/ Kkgamma protein affected damain is comelated with the severity of the IP phenctype [2]. Although the presence of Jeaming disabifities also in IP patients
without any mental retardation is & significant finding, the pathophysiclogy of this defect must still be addressed. One chalienging appraach would be to perform
functional MR (fMRI) siudies of the brain to identify any impaired cerebral functions urderlying learning deficits in this popntiation.

In conclusion, the present study enrcls learning disability amongst the CNS defects associated to 1P disorder and supports a role of the IKBKG/NEMO gene as a
genetic determinant of such a defect. The heterogeneity in the cognitive phenotype observed in our patient cohort could be a consequence of the IKBKG/NEMO
mutation that might produce different phenatypic outcomes also i mental functiening. Accordingly, we wouid li<e to undedine the importance of early assessment of
learning abilities in individuats with |P who have no mental retardation to prevent the onset of deficils. A very recent study by Ginieri-Coccossis ef al. [34]
investigated the quality of life of children affected by specific jeaming disabilities and found that they had poorer emctional well-being, fower self-esteem and & higher
level of dissatisfaction in their refationships with family and friends than children without these defigits. In line with this result, Michopoulou ef af [35] also cbserved
psychological problems, such as anxiety, depression, anger and disruptive behaviour, in these children. To avold stigmatizing effecis due to angeing difficulty in
schocl performance, it is important to subrmit chikdren wiih IP to precocious, 1argeted treatment. Gompared with mental deiay or other mental disabilities. fearning
disabifities do not seern to cause any majcr psychosccial impairment [36]. Neverhelzss, failure 1o achieve acadsmically can become 2 source of distress or external
pressure For children and parents. If these difficutties are not treated at an early age, they ¢an become jong-standing and affect psychologicel development as well as
the possibility of achieving professional fulfilment. Therelore, we would like to highlight the urgency of making an garly diagnosis of learning disability in gids with IP
by means of a comprehensive and therough neuropsychologicat assessment. performed by a qualified clinician with regular foilow-ups. Finally, we also suggest that
re-sducationah training should te aimed towards developing appropriate skils and coping mechanisms.
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