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Abstract

Schimke Immunoosseous Dysplasia (SIOD) is a rare, autosomal recessive disorder of childhood 

characterized by spondyloepiphyseal dysplasia, focal segmental glomerulosclerosis and renal 

failure, T-cell immunodeficiency, and cancer in certain instances. Approximately half of patients 

with SIOD are reported to have biallelic mutations in SMARCAL1 (SWI/SNF-related matrix-

associated actin-dependent regulator of chromatin, subfamily a-like 1), which encodes a DNA 

translocase that localizes to sites of DNA replication and repairs damaged replication forks. We 

present a novel mutation (NM_014140.3:c.2070+2insT) that results in defective SMARCAL1 

mRNA splicing in a child with SIOD. This mutation, within the donor site of intron 12 results in 

the skipping of exon 12, which encodes part of a critical hinge region connecting the two lobes of 

the ATPase domain. This mutation was not identified as deleterious by diagnostic SMARCAL1 

sequencing, but discovered through next generation sequencing, confirmed by Sanger sequencing, 

and found to result in absent SMARCAL1 expression in patient-derived lymphoblasts. The splicing 

defect caused by this mutation supports the concept of exon definition. Furthermore, it illustrates 

the need to broaden the search for SMARCAL1 defects in patients with SIOD lacking coding 

sequence mutations.
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Introduction

Schimke Immunoosseous Dysplasia (SIOD) is a rare, autosomal recessive disorder of 

childhood characterized by spondyloepiphyseal dysplasia, focal segmental 

glomerulosclerosis and renal failure, T-cell immunodeficiency, and cancer in certain 

instances [Boerkoel et al., 2002; Carroll et al., 2013; Ehrich et al., 1990; Hunter et al., 2010; 

Spranger et al., 1991]. Approximately half of patients with SIOD are reported to have 

biallelic mutations in SMARCAL1 (SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin, subfamily a-like 1), which encodes the DNA translocase 

SMARCAL1 [Boerkoel et al., 2002; Clewing et al., 2007].

This protein localizes to stalled replication forks [Bansbach et al., 2009; Ciccia et al., 2009; 

Yuan et al., 2009; Yusufzai et al., 2009] where it catalyzes remodeling of damaged forks in 

a reaction regulated by the single-strand DNA binding protein Replication protein A (RPA) 

[Betous et al., 2013; Betous et al., 2012]. This remodeling is required to repair damaged 

forks and SIOD-associated SMARCAL1 mutations inactivate this function. Thus, 

SMARCAL1 is a genome maintenance protein and SIOD is a genome maintenance disorder 

[Bansbach et al., 2009; Bansbach et al., 2010].

A diversity of SMARCAL1 variants have been linked to SIOD [Clewing et al., 2007]. 

Published exon variants span the entirety of the gene while splice site variants involve the 

donor splice site consensus sequences of introns 4, 5, and 6. Accurate splicing requires a 

combination of canonical donor and acceptor splice site consensus sequences, branch points, 

and enhancers and silencers of splicing both within and outside of exons [De Conti et al., 

2012]. Here we describe the clinical and molecular characterization of a patient with SIOD 

and an unusual SMARCAL1 splice-site mutation.

Materials and Methods

Transformation of patient B lymphocytes‬‬

Lymphocyte isolation and immortalization using Epstein Barr virus was completed by the 

University of North Carolina Lineberger Cancer Center Tissue Culture Facility.

Isolation of patient DNA and next generation sequencing

Genomic DNA (gDNA) was extracted using standard proteinase K digestion and phenol 

extraction. The gDNA was isolated from both untransformed and EBV-transformed patient 

cells. The untransformed gDNA was submitted for next generation sequencing, while 

transformed cells were used for all other experiments. The patient sample was analyzed with 

informed consent on an IRB-approved protocol.

Paired-end (100 bp) sequencing of short-term cultured patient peripheral blood lymphocyte 

gDNA was performed on an Illumina HiSeq2000. A total of 509 million pair-end 100 base 

pair long reads were sequenced, and 97% of all reads were properly mapped. Thorough 

quality control was conducted based on multi-stage strategies using QC3 [Guo et al., 2014]. 

Alignment against the human hg19 reference genome was conducted using the Burrows-

Wheeler Alignment tool (BWA) [Li and Durbin 2009]. Local realignment, recalibration and 
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SNP/Indel analyses were carried out using Genome Analysis Tool Kit (GATK) [DePristo et 

al., 2011].

Immunoblotting and splicing analyses

Patient lymphoblasts and control normal lymphoblastoid cells (GM00130C, Coriell 

Institute) were lysed in 0.5% NP40 buffer containing 150mM NaCl, 1mM EDTA, 1mM 

DTT and protease inhibitors. Expression of SMARCAL1 was checked in both cell types by 

separating lysate on an 8% polyacrylamide gel and blotting with antibodies raised to the C-

terminus and N-terminus of SMARCAL1 [Bansbach et al., 2009].

The RNA was isolated from normal lymphoblasts and patient-derived B lymphoblasts using 

the Qiagen RNeasy kit.

Results

Patient Characteristics‬‬‬‬‬‬‬‬‬‬‬‬

The patient was a Caucasian female of English, German, and French ancestry who came to 

our attention at 6 years of age due to persistent proteinuria. She was noted at the time to be 

short of stature (height < 3rd percentile). Her medical history was significant for 

disseminated Herpes Zoster. A renal biopsy revealed focal segmental glomerulosclerosis, 

skeletal survey showed spondyloepiphyseal dysplasia, and an immunologic work-up 

revealed significantly diminished CD4 and CD8 T cells. A clinical diagnosis of SIOD was 

made. A detailed family history revealed no additional cases of short stature or renal disease. 

Parents were reportedly nonconsanguineous and the patient had one full sibling who was 

healthy and normal in stature, and two maternal half-siblings who were healthy and normal 

in stature.

Identifying nucleotide variants in SMARCAL1 in patient-derived genomic DNA‬‬‬‬‬‬‬‬‬‬‬

Diagnostic sequencing of SMARCAL1 exons and exon/intron boundaries in the patient failed 

to reveal a deleterious mutation. Mutations in SMARCAL1 are not apparent in approximately 

half of patients with SIOD tested by this method. Thus, we hypothesized that this patient's 

disease was due to another gene mutation, an unidentified mutation in a SMARCAL1 

regulatory sequence, or possibly epigenetic silencing of SMARCAL1 expression. Genomic 

DNA from the patient-derived lymphocytes (prior to immortalization) was isolated and 

submitted for next generation sequencing. The gene is located on chromosome 2q35 

spanning positions 217277473 to 217347774 of the hg19 reference genome, giving it a 

length of 70,302 nucleotides. It is comprised of 18 exons with exon 1 and exon 2 being 

untranslated (Figure 1). While no exonic variants were found in SMARCAL1, a number of 

intronic variants were identified, including a variant within the donor splice site consensus 

sequence of intron 12 (i12), resulting in a thymine insertion between positions 217315788 

and 217315789 of the hg19 reference genome (NM_014140.3:c.2070+2insT or 

AC098820.3:g.115688insT). This mutation changes the exon 12/intron 12 boundary from 

ACT/GTG to ACT/GTTG. This was the only splice site variant identified in the entire gene, 

but one of 15 variants identified in intron 12 (Figure 1).
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SMARCAL1 is not expressed in patient-derived lymphoblasts

Since the minimal CT/GT exon/intron sequence is retained, it was not immediately clear 

whether the sequence variant would affect SMARCAL1 expression. Therefore, we looked for 

SMARCAL1 protein in immunoblots of whole cell lysates from control lymphoblasts and 

patient lymphoblasts using custom antibodies raised to the N-terminus and C-terminus of the 

protein (Figure 2). Full-length SMARCAL1 was not visible in whole cell lysate from 

patient-derived B lymphoblasts using either antibody (Figure 2). A faint, unique band that 

migrates just below 80 kDa in the patient-derived lysate was visible in immunoblots with the 

N-terminal antibody (Figure 2). However, this band was not observed with the C-terminal 

antibody. ‬‬‬‬‬‬‬‬‬‬‬‬

Identifying a SMARCAL1 splicing defect by RT-PCR from patient-derived cDNA‬‬‬‬‬‬‬‬‬‬‬

Based on the sequence alteration and the lack of SMARCAL1 expression, we tested if the 

donor site variant alters splicing of the mRNA transcript using RT-PCR. Primer pairs 

spanning the exon 11/intron 11 and exon 12/intron 12 transitions (i and ii in Figure 3A) did 

not produce RT-PCR products from either control or patient mRNA as would be expected 

(data not shown). The primer pair spanning the exon 12/exon 13 junction (iv in Figure 3A) 

yielded the expected product from control RNA (lane 1 in Figure 3B) but very little product 

from patient-derived RNA (lane 2 in Figure 3B).

The primer pair spanning the whole of exon 12 (v in Figure 3A) yielded different sized 

products from control and patient-derived RNA (lanes 3 and 4 in Figure 3B). The PCR 

product in lane 3, derived from control RNA, migrates at around 400 bp, which is the 

expected size if exon 12 is incorporated appropriately into mRNA. However, the product in 

lane 4, derived from patient RNA, migrates at just under 200 bp suggesting aberrant 

splicing. Again, we observed a difference in band intensity between control and patient 

conditions. Primers for GAPDH were included in this experiment as positive controls and 

yielded appropriately sized and abundant RT-PCR fragments in both conditions (lanes 5 and 

6 in Figure 3B). Reactions with the reverse transcription step omitted were included as 

negative controls (lanes 7-10 in Figure 3B).

Confirming a SMARCAL1 splicing defect by Sanger sequencing

Sanger sequencing of the control PCR product in lane 3 of Figure 3B revealed the expected 

joining of exon 11 and exon 12 (Figure 4A). Sequencing of the patient-derived PCR product 

in lane 4 of Figure 3B confirmed an aberrant joining of exon 11 and exon 13 with no shift in 

the overall reading frame (Figure 4B).

Discussion

We present a child with SIOD in whom we identified a splice site variant affecting the donor 

splice site consensus sequence within intron 12 of SMARCAL1. This variant consists of a 

thymine insertion, which does not affect the -3, -2, or -1 positions of the intra-exonic donor 

consensus sequence, and does not change the canonical dinucleotide at the start of intron 12, 

but shifts the remainder of the consensus sequence in the 3′ direction by one position. That 

this insertion does not alter the canonical nucleotides at +1 and +2 may explain why the 
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variant was not reported by diagnostic sequencing. Positions +3 to +6 of the donor 

consensus sequence can vary from intron to intron. The shifting of these nucleotides may not 

always result in a defect, especially when guanine and thymine are retained at +1 and +2 

respectively.

Each position of the donor splice site consensus sequence is potentially important for proper 

exon definition and splicing. While variants at the +1, +2, and +5 positions are most 

commonly linked to human disease, variants at any position can be deleterious [Buratti et 

al., 2007]. We hypothesize that the shift in the donor splice site consensus sequence brought 

about by this mutation explains the patient's apparent lack of SMARCAL1 expression and 

clinical phenotype. However, our sequencing revealed additional variants within intron 12. 

We cannot exclude the possibility that one or more contribute to altered splicing in this case.

The sequencing data did not indicate any evidence for copy number variations within the 

SMARCAL1 gene region, suggesting the mutation is homozygous. However, we cannot 

exclude other possibilities in the absence of additional family data.

The variant in the patient is the only one described to affect splicing of an exon that encodes 

for part of the critical SNF2 motor domain of SMARCAL1. Deletion of exon 12 results in 

loss of amino acids 618-690, which comprises the hinge domain between the two lobes of 

the ATPase domain. Skipping exon 12 does not alter the reading frame, so no premature 

stop codon is created. Exactly why the faulty protein is not expressed in the present patient 

is unclear, but it may be unstable due to improper protein folding.

Our findings illustrate the phenomenon of exon definition, which in its original conception 

argued that exons are recognized and defined as units during early assembly by binding of 

factors to the 3′ end of the intron, followed by a search for the downstream 5′ splice site 

[Robberson et al., 1990]. In the present patient, an insertion affecting the donor splice site 

consensus sequence traversing the exon 12/intron 12 transition affects exon 12 definition. 

The exons prior and subsequent to exon 12 are unaffected.

It is widely cited in the SIOD literature that nearly half of patients with SIOD have no 

detectable SMARCAL1 mutation [Clewing et al., 2007]. However, this conclusion is based 

on limited sequencing of the coding sequence and intron/exon boundaries. As our analysis 

shows, not all relevant SMARCAL1 mutations are identified (or characterized as deleterious) 

by the current sequencing methodology. We propose that when encountering a patient with a 

clear SIOD phenotype and no SMARCAL1 mutation identified by conventional sequencing 

of exons and exon/intron boundaries, the most logical way to proceed is to first identify 

whether the patient expresses SMARCAL1 in peripheral white blood cells. With the current 

availability of antibodies to multiple SMARCAL1 domains, this step is feasible, quick, and 

relatively inexpensive. In the absence of protein expression, further sequencing of gDNA or 

RNA would be warranted.
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Figure 1. 
Multiple nucleotide variants were identified in intron 12 of SMARCAL1 by next generation 

sequencing. One of these was a splice variant (NM_014140.3:c.2070+2insT). While the 

functional consequences of the variants are of uncertain significance, none of the nucleotide 

changes create obvious cryptic splice sites.
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Figure 2. 
Patient-derived lymphoblasts do not express SMARCAL1. Lysates of normal and patient-

derived lymphoblasts were separated by SDS-PAGE and immunoblotted with antibodies 

raised to the N-terminus or C-terminus of SMARCAL1.
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Figure 3. 
Patient cells expressed an aberrant SMARCAL1 mRNA. (A) The primers for RT-PCR were 

designed to span the indicated exon-intron and exon-exon junctions. (B) The RNA was 

isolated from control and patient-derived lymphoblasts. The RT-PCR products were 

generated using primer pairs iv (lanes 1,2) and v (lanes 3,4). The RT-PCR reactions for 

GAPDH were included as positive controls (lanes 5,6). Reactions omitting the reverse-

transcriptase step were included as negative controls (lanes 7-10).
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Figure 4. 
Sequencing of amplified cDNA from patient-lymphoblasts confirmed a SMARCAL1 splicing 

defect. (A and B) The PCR products from control (lane 3, Figure 3B) and patient (lane 4, 

Figure 3B) RT-PCR reactions were sequenced. (A) The control yielded the expected cDNA 

sequence containing exons 11, 12 and 13. (B) The patient cDNA sequence lacked exon 12 

and showed aberrant joining of exons 11 and 13. The variant splice site in the patient sample 

is indicated (*).
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