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Abstract

Purpose: X-linked inhibitor of apoptosis protein (XIAP) deficiency, also known as the X-
linked lymphoproliferative syndrome of type 2 (XLP-2), is a rare immunodeficiency
characterized by recurrent hemophagocytic lymphohistiocytosis, splenomegaly and
inflammatory bowel disease. Variants in XIAP including missense, non-sense, frameshift and
deletions of coding exons have been reported to cause XIAP deficiency. We studied three young
boys with immunodeficiency displaying XLP-2-like clinical features. No genetic variation in
the coding exons of XIAP was identified by whole exome sequencing (WES), although the
patients exhibited a complete loss of XIAP expression.

Methods: Targeted next-generation sequencing (NGS) of the entire locus of XIAP was
performed on DNA samples from the three patients. Molecular investigations were assessed by
gene reporter expression assays in HEK cells and CRISPR-Cas9 genome editing in primary T
cells.

Results: NGS of XIAP identified three distinct non-coding deletions in the patients that were
predicted to be driven by repetitive DNA sequences. These deletions share a common region
of 839bp that encompassed the first non-coding exon of XIAP and contained regulatory
elements and marks specific of an active promoter. Moreover, we showed that among the
839bp, the exon was transcriptionally active. Finally, deletion of the exon by CRISPR-Cas9 in
primary cells reduced XIAP protein expression.

Conclusions: These results identify a key promoter sequence contained in the first non-coding
exon of XIAP. Importantly, this study highlights that sequencing of the non-coding exons that
are not currently captured by WES should be considered in the genetic diagnosis when no

variation is found in coding exons.
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Introduction

X-linked inhibitor of apoptosis (XIAP) deficiency (OMIM #300635), also known as the
X-linked lymphoproliferative syndrome type 2 (XLP-2), is a recessive inherited primary
immunodeficiency estimated to affect approximately 1-3 males per million, although it may be
underdiagnosed. XIAP deficiency is associated with a high risk to develop inflammatory
symptoms including hemophagocytic lymphohistiocytosis (HLH) often in response to EBV
infection, recurrent splenomegaly, inflammatory bowel disease (IBD) with the features of
Crohn’s disease [1-6]. Notably, heterozygous females can also develop symptoms as severe as
in males due to abnormal X-inactivation [4, 7].

XIAP was originally described as an anti-apoptotic molecule ubiquitously expressed. It
is composed of three Baculovirus inhibitor of apoptosis protein repeat (BIR) domains, a
ubiquitin binding domain (UBA), and a C-terminal RING domain with E3 ubiquitin ligase
activity. XIAP inhibits programmed cell death by binding to and blocking activated forms of
the effector caspases 3, 7 and 9 [8]. In addition to its anti-apoptotic function, XIAP is also
involved in several other pathways, including regulation and activation of innate immunity and
inflammation [9]. In particular, XIAP is required for signaling and activation of the nucleotide
oligomerization domain (NOD) receptors NOD1 and NOD2, which are intracellular sensors of
bacterial products [10, 11]. XIAP-deficient monocytes from patients display an impaired
production of cytokines and chemokines in response to stimulation with NOD?2 ligands, while
XIAP-deficient T cells exhibit increased apoptosis when activated [1, 12, 13].

Mutations in XIAP gene have been reported in more than 100 patients worldwide since
2006 [1]. All the mutations described to date are in the coding exons and non-coding flanking
regions of exons of XIAP. Those include missense mutations and nonsense mutations (n=57),

mutations of canonical splice site (n=7), small insertions (n=10), small deletions (n=25), large
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insertions/duplications (n=3) and deletions (h=15) (Web resources, The human Gene Mutation
Database, HGMD 2020.4) (Figure S1) [5-7, 11, 13-17].

To date, the contribution of disrupted potentially cis-regulatory conserved non-coding
sequences (CNCs) to human genetic diseases is largely underestimated, as no systematic screen
for putative deleterious variations in CNCs has been conducted. Several variants in non-coding
gene promoter and regulatory elements regions have been identified in genetic diseases. The
majority of them mediates their regulatory effects through alteration of transcriptional factors
binding and disturb trans-activation of the target gene promoter [18-21]. Promoter mutations
have also been identified in cancer predisposition genes, like in the alternative promoter of APC
that disrupts the binding of YY1 and reduces APC 1B promoter activity in human gastric cell
lines [22]. In familial melanoma, mutations in the TERT promoter altered the binding to
transcriptional factors leading to increased TERT promoter activity in human melanoma cell
lines [23]. Most recently, whole genome sequencing of a cohort of patients with sporadic
immunodeficiency identified compound heterozygosity of coding variants associated with non-
coding cis-regulatory element (CRE) deletions in LRBA, DOCK8 and ARPC1 genes,
demonstrating that sequence variations within non-coding regions of the genome have effects
on gene expression and can contribute to primary immunodeficiency [20]. Furthermore, recent
studies have provided insights into the biological relevance of the non-protein-coding portions
of the human genome [24]. One of them, the ENCODE pilot study revealed that functional
genomic elements are in much higher numbers than previously anticipated, and that the
majority of elements regulating gene expression are contained in the non-protein coding regions
[25].

In the present study, we report the identification of patients with XIAP deficiency whom

did not carry mutations in coding regions of XIAP, but distant deletions in non-protein coding



108  regions encompassing the non-coding exon 1 of XIAP that defines a key promoter sequence

109  required for XIAP expression.
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Methods

Exome sequencing and analysis. Genomic DNA from whole blood or peripheral blood cells
of patients, their parents, and other family members was isolated according to standard
methods. Exome capture and analysis were performed as previously described [26].

Targeted resequencing by NGS. A custom capture by hybridization approach and method were
used as previously described [27-30]. The biotinylated single strand DNA probes targeting all
the region of interest were designed to cover a 143-kb chromosomal region including the XIAP
gene on chromosome X: 122904611-123047997 genomic position according to the
GRCh37/hg19 assembly of the human reference genome. The capture by hybridization libraries
were sequenced using a paired-end mode 100+100 bases on an Illumina NovaSeq6000, to
produce ~40 millions of clusters per sample. After demultiplexing, sequences were aligned to
the reference human genome hgl19 using the Burrows-Wheeler Aligner [31]. The mean depth
of coverage per sample was ~200X. Downstream processing was carried out with the Genome
Analysis Toolkit (GATK), SAMtools and Picard, following documented best practices
(http://www.broadinstitute.org/gatk/guide/topic?name=best-practices). Variant calls were
made with the GATK Unified Genotyper. The annotation process is based on the latest release
of the Ensembl database. Variants were annotated and analyzed and prioritized using the
Polyweb/PolyDiag software interface designed by the Bioinformatics platform of University
Paris Descartes (Polyweb Imagine, https://www.polyweb.fr). Sequences were aligned with the
hg19 reference human genome with Burrows-Wheeler Aligner, version 0.6.2.13. CNVs were
analyzed using Integrative Genome Viewer (IGV) software

(https://software.broadinstitute.org/software/igv/ or https://igv.org).

Apoptosis assays. 2 .10° T-cell blasts/well were seeded into 96-well plates pre-coated with 0.1,
1 or 10 pg/ml of mAb anti-CD3 OKT3 (eBioscience), or incubated with anti-CD3/CD28-

coated beads (Invitrogen). Apoptotic cells were detected after overnight stimulation by
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propidium iodide staining according to standard protocol [1]. Cells were washed with PBS
twice, and data were acquired using a LSRFortessa (BD Biosciences) and analyzed using
FlowJo X (TreeStar). The percentage of induced apoptosis was calculated according to the
formula: 100 x (% of experimental apoptotic cells - % of spontaneously apoptotic cells / 100 -
% of spontaneously apoptotic cells).

Analysis of protein expression by immunoblotting. Protein extracts from PBMC and T-cell
blasts were obtained and analyzed as previously described [1, 26]. Proteins were separated by
SDS-PAGE and transferred on PVDF membranes (Millipore). Membranes were blocked with
milk for 1 hour before incubation with primary antibodies. The following antibodies were used
for immunoblotting: anti-XIAP (clone hILP, BD Bioscience), anti-KU80 (clone C48E7, Cell
Signaling) and anti-ACTIN (clone 13E5, Sigma-Aldrich). Membranes were then washed and
incubated with anti-mouse or anti-rabbit HRP-conjugated antibodies (Cell Signaling). Pierce
ECL western blotting substrate was used for detection (ThermoFisher). Densitometry analyses
were performed using ImageJ software and normalized to loading western blot KU80 controls.
In Silico analysis. To identify potential regulatory elements within the XIAP deletion region,
we used DNasel sequencing data along with histone modification ChIP-seq data from
ENCODE (Encyclopedia of DNA elements) [32]. Bioinformatics analyses on deleted regions
were performed using publically available datasets from ENCODE, which includes information
such as the location of promoter and enhancer histone marks, open chromatin and bound
proteins.

Luciferase Assay. Primers were designed to amplify a genomic region that encompasses
potential XIAP regulatory regions. A 892bp product (chrX: 122993332-122994223)
corresponding to the commonly deleted region of XIAP sequence containing upstream
sequence, non-coding exonl, and partial intron 1 of the XIAP gene, or a 417bp product (chrX:

122993756-122994173) containing non-coding exonl, and partial intron1, or A 359bp product
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(chrX: 122993421-122993779) containing upstream sequence of the XIAP gene, were
amplified from control genomic DNA, cloned into the promoter-less firefly luciferase reporter
vector pGL3-Basic (Promega). Primers used for cloning incorporated Kpnl and Khol restriction
site to facilitate subcloning are listed in Table S1. All the constructs were verified by Sanger
sequencing (Applied Biosystems). pGL3-Basic plasmids containing the promoter sequences of
XIAP (90ng) were co-transfected with 10 ng of pRL-CMV (CMV-promoter driven Renilla
luciferase reporter, Promega) in HEK293 cells using lipofectamine 2000 (Invitrogen) according
to the manufacturer’s instructions. 24h post-transfection, luciferase activity was measured using
a dual-luciferase reporter assay system according to the manufacturer’s instructions (dual-Glo
Luciferase reporter assay, Promega).

Cas9 RNP-mediated Editing of primary human T cells. T-cell blasts were activated with anti-
CD3/CD28-coated beads (Invitrogen) for 48 hours prior to electroporation with
ribonucleoprotein/RNP complexes using the P3 Primary cell 4D X kit and 4D-Nucleofecter
(Lonza). The Streptococus pyogenes Cas9 protein with 2 nuclear localization signals (NLS)
expressed and purified as described by Menoret et al. [33], was kindly provided by Dr. J.P.
Concordet (Structure and Instability of Genomes laboratory, Muséum National d'Histoire
Naturelle, France). The following XIAP gene-specific SgRNAs, designed using the online tool:

http://crispor.tefor.net [34], were used: sgRNAL: 5’-CUGGGAUAGUUAUCCCCUGU-3’ ;

SgRNA2: 5’-UUCCUCGGACUGCCGACGGC-3’ ; SgRNA3: 5’-
CCAGCCCGGGCUGCGCCACU-3’; sgRNA4: 5’-GCGGUGGGUACAGCUUGUGU-3".
Chemically modified sgRNAs were purchased from Synthego with protospacer adjacent motif

(https://www.synthego.com). To generate Cas9 RNP complexes, Streptococus pyogenes Cas9

protein (90uM) and sgRNAs (180uM) were mixed 1 : 2. For each condition, 4.10° stimulated
T-cell blasts were transfected with the Cas9 RNP mix using program CA-137 on the Amaxa

4D-Nucleofector (Lonza). 300pL pre-warmed complete medium was added to each well, and
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the cells were allowed to recover for 10 min at room temperature. Cells were then plated in 1
mL of medium with 1001U of IL2, and maintained at 1.10° cells / mL for 20 days. The region
on genomic DNA that spans the cutting site of each sgRNA (sgRNA1, sgRNA2, sgRNA3, and
sgRNA4) was amplified by PCR using the following on-target primers: forward: 5’-
CTTTGTTTCCGGTCCATCTGC-3" and reverse: 5’-CGGAAGCTCTTTGGCCCTTA-3;
forward: 5’-AAGAAACACTGGAGCTGGGG-3” and reverse: 5’-
AATCCTGCAGGCCTGAAGTC-3?, respectively (Eurofin). Amplified products were

separated by agarose gel electrophoresis and Sanger sequenced (Applied-Biosystems).
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Results

Identification of three unrelated patients presenting XIAP deficiency-like features

We investigated three male patients with immunodeficiency from three unrelated
families one from Argentina (Patient 1, P1), and two from Japan (Patient 2, P2 and Patient 3,
P3) (Figure 1A). P1 became symptomatic within the first months of life, P2 by the age of 18
months, and P3 by the age of 9 years. All patients presented with recurrent severe HLH
triggered (P1) or not (P2 and P3) by EBV infection; this was the first clinical manifestation in
the three patients (Table 1). In P1 and P2, HLH was associated with persistent splenomegaly
associated with fluctuating thrombocytopenia in P1 and pancytopenia in P2. P1 was treated by
cyclosporine and prednisone. P2 was treated by dexamethasone and was refractory to
intravenous immunoglobulin. P3 developed inflammatory bowel disease (IBD) concomitantly
to HLH and was refractory to treatments with steroid, infliximab and tacrolimus. He underwent
several colectomies between 9 and 18 years old, and finally received allogeneic hematopoietic
stem cell transplantation at 19 years of age and he is well since (Table 1).
Absence of XIAP expression in cells of patients

Because HLH, IBD and splenomegaly are clinical features reported to be associated
with XI1AP deficiency [35], XIAP deficiency was evaluated as a possible cause of the clinical
symptoms in the three patients. XIAP expression was first examined in PBMCs from P1 and
P2 by intracellular staining by flow cytometry suggesting a reduced XIAP expression (Figure
S2A and data not shown). However, we experienced that this method frequently led to false
positive as exemplified by a patient with a deletion in the coding exon 3 of XIAP with apparent
normal XIAP expression by flow cytometry, while there was no XIAP expression by western
blot (Figure S3 and data not shown). Thus, XIAP expression was assessed by western blot in
cell extracts of T lymphocytes from P1, P2 and P3. No detectable expression was observed in

cells of P1, P2 and P3, in contrast to the reliable XIAP expression detected in lysates of control
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T cells from healthy donors (Figure 1B and data not shown for P3). Moreover, analysis of
XIAP transcripts by PCR in cells of patients P1, P2 and P3 failed to amplify XIAP transcripts
in comparison to the control cells in which XIAP transcripts were detected (Figure 1C and
data not shown for P3). Increased activation-induced cell-death of T lymphocytes and
defective NOD2-mediated IL-8 production by myeloid cells, which represent two major
hallmarks of the XIAP deficiency [1, 4], were observed respectively in T cells of patient P1 and
in PBMCs of P2 and P3 (Figure S2B and C). Therefore, these data strongly suggested that the
three patients had a XIAP deficiency explaining their clinical phenotypes.

Identification of large deletions in 5’ non-coding regions of XIAP in three patients

We thus investigated the XIAP gene in the three patients for genetic variations that could
explain their loss of XIAP expression. Surprisingly, whole-exome sequencing (WES)
performed in P1 failed to identify genetic variations in XIAP, although the sequencing coverage
of the six coding exons of XIAP was significant (data not shown). In patients P2 and P3,
targeted Sanger sequencing of the 6 coding exons including non-coding flanking regions (of
50-80bp) was conducted and did not reveal any genetic variations (data not shown). Therefore,
in P1, P2 and P3, the XIAP deficiency was not caused by mutations in 6 coding exons of XIAP,
suggesting another mechanism(s), since all mutations in XIAP reported so far to cause XIAP
deficiency target the 6 coding exons (Figure 1S).

Given that variants within a non-coding or regulatory region are missed by WES or by
targeted sequencing, we next performed high-throughput targeted resequencing with custom
capture oligonucleotides designed to cover a large region of 87386bp encompassing the XIAP
locus (from 9.122960611 to g.123047997) (Figure 2). This region includes 80 kb of sequences
5’ to the start codon and 7 kb of the sequences 3’ to the stop codon. Patients and their parents
(when available) as well as two healthy controls were analyzed. We searched for rare single-

nucleotide variants (SNVs), insertions and deletions (indels). Confirming the first analyses, no
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SNVs or indels in the 6 coding exons were detected in the three patients. However, there was
no sequence reads in regions between the 5’ region and the first intron 1 encompassing the non-
coding exonl in P1, P2 and P3, indicating hemizygous deletions in the 5’ region of XIAP in the
three patients. In P2, one short deletion and one long deletion were detected. The coverage (or
numbers of reads) of this region in the mother of P1 was twice that in the father and in a healthy
male control, suggesting that the hemizygous deletion in P1 was de novo or transmitted through
germline mosaicism. The coverage of the long deletion in the mother of P2 was equivalent to a
healthy male control and reduced about twice compared to a healthy female control and around
50% of reads carried the same deleted region as in P2, suggesting that the hemizygous long
deletion in P2 was inherited from the mother (Figure 2 and Figure S4). Similarly, the short
deletion in P2 was also inherited from the mother, but was found to be homozygous in the
mother as no wild-type reads were detected (Figure S4). In family 3, the mother of P3 was not
analyzed by NGS, but the deleted region was successfully amplified by PCR from DNA of the
mother strongly supporting mother inheritance of the deletion (Figure S4C).

To confirm these findings and precisely map the limits of these deletions, targeted
amplification by PCR and Sanger sequencing of surrounding regions of deletions were
performed. In P1 and P3, amplicons were obtained and sequenced, demonstrating hemizygous
deletions of 21,521bp (chrX: ¢.122979032_123000553del, hereafter denoted as Al) and
2,199bp (chrX: g.122993375 122995574del, hereafter denoted as A3), respectively (Figure
3A and B and Figure S4). PCR products were amplified in mother of P3, but not in mother of
P1 confirming the maternal transmission in P3 and the de novo or maternal transmission
through germline mosaicism in P1 (Figure S4). In P2, we failed to amplify the regions
surrounding the two deletions in P2 possibly due of the GC enrichment. Hence, the limits of
the deletions in P2 were only assessed by analysis of NGS data showing two hemizygous

deletions of 862bp and 17,979bp (chrX: 0.122972822 122973684del and
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0.122976235_122994214del, hereafter denoted A2a and A2b) (Figure S5 and Figure 3A and
3B). Therefore, these data identified deletions in 5° non-coding regions in XIAP in the three
patients that likely account for their XIAP deficiency.
Analysis of repeat elements at the XIAP locus and mechanisms underlying the three
deletions

Double strand breaks (DSBs) when occurring in repeated elements are associated with
genome instability including deletions. DSB repair by homologous recombination or by a non-
homologous end-joining repair mechanism may lead to crossovers between two repeated
seqguences or micro-homologies in sequences resulting in the excision of the intervening region
[36, 37]. Thus, we next investigated whether the breakpoint regions of the three deletions were
located within repeated elements (Figure 3A). First, using RepeatMasker program (see Web
resources), we determined the percentage of repeated elements including Alu elements, Line
elements, DNA transposons and C-rich elements in the XIAP locus. We found that 64.58% of
the XIAP locus consists of repeated elements including 42.97% of Alu elements, 18.17% of
long Interspersed Nuclear (LINEs) elements and 1.9% of simple sequence repeats. Repeated
elements represent 62% of the genome of the X chromosome and among them 10% are Alu
elements (from Bioinfo-fr, Human genome repeated elements, see Web resources). The XIAP
locus can thus be considered to be enriched in repeated elements in particular Alu elements. As
expected these repeated elements are preferentially located in the non-coding regions of the
XIAP locus: the 5” region, 3’ region, and intronic regions (Figure 3A). Alignments of the
breakpoints with UCSC Genome Browser data [38] showed that the four deletions were located
within 4 different repeat elements: AluSx in the 5’ region and AluSx4 in intron1-2 for A1; AluSg2
in the 5’ region and AluSx1 elements in intron 1-2 for A2a ; AluSp in the 5’ region and C-rich
elements in intron 1-2 for A2b; and one MIR in the 5’ region and low complexity repeats

consisting of DNA transposons n(TA) in intron 1-2 for A3 (Figure 3B and Table S2).
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Junctional micro-homologies observed at the breakpoints suggested that deletions were formed
by DSBs repair mechanisms such as replicative based-repair, non-homologous end-
joining/NHEJ and/or alternative end-joining (also termed microhomology mediated end-
joining/MMEJ) mechanisms [36]. Another possible mechanism is the non-allelic homologous
recombination that could occur between repetitive elements of the same family such in A1 and
A2a. Microhomology of 1-4bp rather facilitate NHEJ that may account for A1 and A3, while
microhomology up to 5bp as found in A2a and A2b may favor a MMEJ-dependent mechanism.
The deletion of one nucleotide (C) in A3 at the breakpoints strongly supports a NHEJ or MMEJ-
dependent repair mechanism at work, as both are prone to errors and could lead to base excision.
However, these observations indicated that the three deletions are located in repeated sequences
prone to genomic rearrangements.
The first non-coding exon in XIAP deleted in the three patients hold characteristics of a
promoter sequence

Importantly, intersection of the three deletions revealed a commonly deleted region of
839bp in the three patients (9.122993375 122994214del). This deleted region contains 5> UTR
sequences and the first non-coding exonl of XIAP of 267 pb (chrX: g.122993877 _122994143)
(Figures 2 and 4 and Figure S4). Using ENCODE databases, we analyzed this region to
determine whether it contains regulatory and/or promoter elements (Figure 4A and Figure
S6). The 839bp region was predicted to be enriched in regulatory promoter elements
corresponding to a putative promoter (between chrX: 0.122992320 and 122996142
corresponding the red box in Figure 3A), Figure 4A). Notably, interrogation of chromatin
immunoprecipitation sequencing (ChlP-seq) ENCODE data revealed that this region is
transcriptionally active with multiple binding sites for different transcription factors (Figure
4A and Table S3). Moreover, this region was found within an accessible and active chromatin

region as determined by ENCODE derived DNase I hypersensitive clusters and enrichment for
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promoter histone modifications (H3K4me3) and active histone modifications (H3K27ac).
These observations strongly suggested that this region has a promoter activity and, thus its
deletion accounts for the XIAP deficiency in the patients.

The first non-coding exon in XIAP contains active promoter sequences required for XIAP
expression

To further characterize the role of the non-coding exonl as a promoter sequence, the
839bp region was divided in two, one containing 3’sequences corresponding to exonl and one
corresponding to 5’sequences flanking exonl (Figure 4B). The entire 839bp and the two sub-
regions were cloned in a gene expression reporter vector at the 5° of the ATG of the luciferase
gene. The vectors were transiently transfected in HEK cells and luciferase activity was
measured (Figure 4C). Luciferase activity was significantly detectable in cell-extracts of cells
transfected with the entire 839bp region or the 3’sequences containing exonl, but not in extracts
from cells transfected with the 5’sequences flanking exonl. As a positive control of luciferase
activity, cells were transfected with a vector coding the transcription factor EOMES in
combination with the reporter gene vector, in which the luciferase was under the control of the
proximal IFNG promoter that is known to be activated by EOMES. Therefore, these data
indicate that the 839bp region has a promoter activity that is contained in sequences containing
the non-coding exonl.

To formally demonstrate that the non-coding exonl of XIAP contained a key promoter
sequence required for XIAP expression, we used CRISPR/Cas9 gene editing to obtain primary
T cells from healthy control males in which the non-coding exonl was deleted (Figure 5). We
designed two pairs of single-guide RNAs (SgRNAS), one pair targeting a locus containing the
839bp region commonly deleted in the three patients, sgRNAL and sgRNA2, while the second
targeted a locus restricted to XIAP non-coding exonl. Cleavages by sgRNAL and sgRNA2 or

by sgRNA3 and sgRNA4 theoretically resulted respectively in a 1050bp deletion
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(XIAPA1050bp, containing the 839bp region) and in a 300bp deletion (XIAPA300bp,
containing the exonl) (Figure 5A). XIAP-targeting sgRNA guides complexed with the Cas9
protein were delivered to activated T cell blasts, and cells were further expanded for genetic,
molecular and functional validation of the gene editing. Two regions of 1456bp and 843bp
encompassing the 1050bp and 300bp deletions respectively were amplified from DNA
extracted from cells following expansion at day 5 and day 13 after Cas9-sgRNAs delivery. Only
PCR products from cells that received Cas9 complexed with both sgRNA1 and sgRNA2 or
both sgRNA3 and sgRNA4 showed specific deletions of 1050bp and 300bp respectively
(Figure 5B). However, wild-type sequences were still present indicating that only a fraction of
cells has been targeted. Since we used pairs of sgRNAs to create deletions, we could not
evaluate the % of edited cells using TIDE or ICE tools. However, based on the intensities of
the PCR products in the gel, we estimated that roughly 30-40% of cells carried the 1050bp
deletion and around 50% of cells had the 300pb deletion. In contrast, no specific deletion was
observed with Cas9-RNPs containing single sgRNA, scramble sgRNA or no sgRNA. The
deletions were confirmed by Sanger sequencing of the PCR products (Figure 5C).
Immunoblotting of lysates from cells having received Cas9-RNPs containing both sgRNA1 and
SgRNA2 or both sgRNA3 and sgRNA4 showed a significant reduction of XIAP expression
relative to non-targeting controls (Figure 5D). The expression of XIAP was not completely
abolished likely because only a fraction of cells was targeted as indicated by the PCR analyses
(Figure 5B). Finally, this reduction in XIAP expression was associated with an increase of
activation-induced cell death/apoptosis in T cells stimulated with anti-CD3 antibody (Figure
5E). Taken together, these data demonstrated that the non-coding exonl contains key promoter

sequences required for XIAP protein expression.
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Discussion

The genetic basis of diseases is mainly focused on coding regions. However, more and
more evidence is coming now, that a large proportion of non-coding sequences in the genome
is functional and harbors genetic variants which contribute to disease etiology. In this study, we
reported three XIAP-deficient young male patients from three unrelated kindreds originating
from Japan and Argentina. The three patients studied have XLP-2-like clinical features,
associated with typical manifestation with HLH, IBD and splenomegaly. Surprisingly, no
genetic variation in the coding exons of XIAP was identified by whole exome sequencing
(WES), although the patients exhibited a complete loss of XIAP expression. We reported here
first XIAP-deficiency associated with a large non-coding hemizygous deletions. The deletions
reported here lead to a complete absence of XIAP expression in patient cells. The analysis of
the breakpoints of the three deletions described in the study, showed that the deletions involved
Alu elements, C-rich elements, MIR and low complexity repeats consisting of DNA
transposons n(TA), indicating that the three deletions are located in repeated sequences prone

to genomic rearrangements.

The first non-coding exon of XIAP was commonly removed in these three deletions, we
showed that this region has a promoter activity, and by CRISPR-Cas9 genome editing in
primary T cells we demonstrated that the non-coding exonl contains key promoter sequences
required for XIAP protein expression. Importantly, non-coding exons are not captured by WES
and are often not included in targeted sequencing panels for different genetic diseases including
those for primary immunodeficiencies (PIDs). We further analyzed 463 genes known to cause
PIDs for the presence of non-coding exons. 42% (196 genes) of the genes harbors non-coding
exons, and among them 79% (156 genes) are predicted to contain regulatory promoter elements
based on ENCODE (representing a total of 40609bp) (data not shown). This is thus rather
surprising that non-coding exons are still not well considered in the different genetic diagnostic
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tools. Importantly, our results highlight and provide a clear demonstration that genetic
variations in non-coding exons can lead to genetic disease and should be considered for
sequencing when no genetic variations in coding regions are identified.

Our study also points out that protein expression analysis, that can be viewed as time
consuming, remains one accurate way to achieve an unambiguous diagnosis, when in first

intention genetic analysis fails.
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The online version contains supplemental data that include supplemental material and methods,

6 supplemental figures and 3 tables.
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Table 1. Clinical presentation and data of patients.

Patient 1 Patient 2 Patient 3
Age at initial .
presentation 1m.o. ly.6m.o. 1ly.o0.HLH; 9 y.o. colitis
Current age 9y. S5y. 21y.

Origin

South American (Argentina)

Asian (Japan)

Asian (Japan)

Family history

HLH + + +

Recurrent HLH + + +

Fever + - -
Splenomegaly + (persistent, never resolved) - -

Cytopenia + + -
Thrombocytopenia + + -

EBV + - -

Rotavirus diarrhea and UTI by K.
pneumoniae at 2 m. o. ; CMV reactivation
Other infections during admission for HLHat 2y.0.; 1 - -
episode of pneumonia at 5y. o. (treated
with amoxicilin-clavulanate)
Hypogammaglobunemia - - -
Inflammatory bowel ) ) .
disease/colitis
Methylprednisolone, + anti-thymocyte Methylprednisolone (for
Treatments globulin (for HLH) ; Rituximab (for HLH) ; Dexamethasone HLH), Prednisolone,
maintenance therapy with cyclosporine (for HLH) Infliximab, Tacrolimus,
and SCIG Adalimumab (for colotis)

Allogeneic HSCT + - +

Surgery

Hemicolectomy, Total
colectomy, Illeostomy
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Abreviations : HLH, hemophagocytic lymphohistiocytosis ; ND, no data ; EBV, Epstein-Barr virus ; HSCT,
hematopoietic stem cell transplantation ; SCIG, Subcutaneous immunoglobulin ; UTI, urinary tract infection ; CMV,

cytomegalovirus ; y., year(s) ; m., month(s) ; o., old ; + yes or positive, - no or negative.
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Figure 1. Defective XIAP expression in three patients with clinical-like features of XIAP
deficiency.

(A) Pedigrees of the three unrelated families presenting XLP-2-like features. Black boxes
represent affected individuals. An identification number assigned to each patient is indicated
(P1, P2 and P3).

(B) Expression of XIAP protein by western blot in T-cell blasts and PBMCs from a healthy
control (CTRL) and P1 (left panels); in the K562 cell line and T-cell blasts from a healthy
control (CTRL) and the P2 (right panels). Blots of KU80 and ACTIN as loading controls. (C)
Expression of XIAP transcripts by PCR in T-cell blasts from CTRL, P1 and P2. GAPDH was

measured in the same samples as a loading control for PCR.
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Figure 2. Identification of large deletions encompassing the non-coding first exon of
XIAP in 3 patients with XIAP deficiency-like features.
Sequencing coverage obtained by NGS of the XIAP locus (g.122960611 to 9.123047997) of

the three patients (Patient 1, Patient 2, and Patient 3), both parents of patient 1 (Father P1 and
Mother P1), mother of patient 2 (Mother P2) and two healthy controls (CTRL 1 and CTRL 2).
Vertical pale gray lines highlight the position of the exons. Red shading indicates deletions.
Vertical dashed lines indicate the common deleted region in the 3 patients encompassing the
non-coding exonl. The XIAP locus and the XIAP gene structure is depicted on the top with
coding exons (grey boxes) and the first non-coding exon (blue box) joined by introns (grey

lines). Genomic positions from GRCh37-hg19 human genome assembly.
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Junctional microhomology (12bp)
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Intron@L AGTTCACACCTTCCCACACAAATATATATATCAACATAAGCAAGTATATACCAATGGTATGTACACATTTATGTGCATATATGTATTTATACATATCAG n(TA)
0

Figure 3. Analysis of repeat elements at the XIAP locus and mechanisms underlying the three
deletions.

(A) Different classes of repeating elements in the XIAP locus (g.122968659 to g.123062152) from
ENCODE data bases represented as rectangles/vertical lines, including: short interspersed nuclear
elements (SINE) that include ALUs, long interspersed nuclear elements (LINE), long terminal repeats
(LTR), DNA repeat elements (DNA). Simple repeats include micro-satellites, satellites and RNA
repeats, while low complexity repeats include DNA transposons n(TA). The intensity of the gray
shading in the graphical display inversely reflects the amount of base mismatch, base deletion, and base
insertion associated with a repeated element. The deletions denoted as Al, A2a, A2b and A3 identified
in patient 1, 2 and 3 respectively, are represented by red lines. Genomic positions from GRCh37-hg19
human genome assembly.

(B) Junctional micro-homologies in red at the breakpoints of the deletions. For each deletion, the 5’
sequences (upper sequences in blue) and sequences in the intron (lower sequences in green) where the
deletion occurred are shown with the deleted sequence corresponding to the middle sequence. Flanking
homologous sequences are underlined. The purple A points to the deleted C in the A3 deletion.
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Figure 4. The common deleted region in the three patients is an active promoter sequence.

(A) Analysis of the common deleted region in the three patients containing the first non-coding exon
of XIAP for regulatory elements and chromatin modifications from UCSC genome browser of the
ENCODE project. Histone modifications H3K4Me3, (indicative of promoters), HEK27Ac (indicative
of active enhancers) and H3K4Mel (indicative of regulatory regions) from seven different cell lines are
shown in this track. Each cell line is represented by a particular color. DNA clusters corresponding to
DNasel hypersensitivity (indicative of open chromatin) and binding of transcription factors (TF) from
different ChlP data bases are shown by gray and black boxes/vertical lines that indicates a hypersensitive
region or a peak cluster of transcription factor occupancy. The darkness is proportional to the maximum
signal strength observed in different cell lines tested. GeneHancer Regulatory Elements indicative of
elements with enhancers (in gray) and promoters (in red), and their inferred target genes connected by
curves are indicated at the bottom of the panel. Gray and black boxes correspond to weak and strong
enhancer regions, respectively. The gene structure of XIAP is depicted on the top with genome scale of
the XIAP locus (as shown in Figure 2) from hg19 human genome assembly. The common deleted region
is highlighted by a large pink vertical line.

(B) Schematic representation of the commonly deleted region of 839bp sub-divided in two regions of
417bp (containing the non-coding exonl) and 359bp containing the flanking 5° sequences that were
tested in the pGL3-basic (firefly luciferase) vector.

(C) Relative dual luciferase activity data from HEK293 cells co-transfected with pRL-CMV (green
Renilla luciferase) and pGL3-basic (red firefly luciferase) with a 895bp fragment containing the 839bp
deleted region (pGL3-XIAP_3), the 417bp (pGL3-XIAP_1) or the 358bp pGL3-XIAP_2) sequences as
depicted in (B). Positive control activity corresponds to EOMES-induced activity of the proximal IFNg
promoter. Negative control activity corresponding to the basal activity of the proximal IFNg promoter
(without EOMES) was normalized to 1, and the relative luciferase activity of all the sequences was
expressed with respect to this normalized negative control. Data from three independent experiments.
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Figure 5. Dual-targeting by CRISPR-Cas9 to excise the XIAP non-coding exonl in primary T cells
leads to the decrease of XIAP protein expression. (A) Schematic representation of CRISPR-Cas9-
mediated deletions of 105bp (XIAPA1050bp) and 300bp (XIAPA300bp) encompassing the 839bp region
(shaded in pink) and the non-coding exonl (blue box) respectively. The sequences of sgRNAs (sgRNAL,
SgRNA2, sgRNA3 and sgRNA4) are indicated with the PAMs in blue and cleavage sites highlighted
with red arrow. (B) PCR analysis over the target sites in XIAP at two time points (day 5 and day 13 after
transfection) of genomic DNA of primary T cells transfected with the CAs9 and both sgRNAL and
SgRNA2 (sgRNAL/sgRNA2) (left panels), sgRNA3 and sgRNA4 (sgRNA3/sgRNA4) (right panels) or
each single sgRNA in the presence of a scramble sgRNA (sgRNA scr.) or without sgRNA (no sgRNA).
Wild-type (WT) and XIAPA1050bp amplicons (left panels) for syRNA1/sgRNA2 are expected at
1453bp and 403bp respectively, while the WT amplicon and XIAPA300bp (right panels) for
sgRNA3/sgRNA4 are expected at 843 bp and 543 bp respectively. WT, XIAPA300bp and XIAPA1050bp
are depicted by red arrows on the right. (C) Chromatograms from Sanger sequencing of PCR products
of panel B showing the wild-type, the XIAPA1050bp and the XIAPA4300bp sequences. Breakpoints
shown by red arrows. (D) Western blots (on the left) of lysates from primary T cells of panel B. A lysate
from XIAP-deficient patient (Patient XIAPY") was analyzed as a negative control. Blots of KU8O0 as
loading controls. Graphs (on the right) from densitometry quantifications of XIAP expression
normalized to KU80 western blots. (E) Activation-induced cell death of primary T cells of panel B, in
response to anti-CD3 stimulation with OKT3 at different concentrations or anti-CD3/CD28-coated
beads.
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