SUPPLEMENTARY INFORMATION
Novel biallelic COL25A1 variants broaden the clinical spectrum from congenital cranial dysinnervation disorders to fetal lethal phenotypes 
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SUPPLEMENTARY MATERIALS AND METHODS
Genetic analyses
Subjects 1 and 2
After obtaining a signed informed consent and the approval of the Medical Research Ethics Committee of the National Research Centre, Cairo, Egypt (Approval number: 20066), genomic DNA was extracted from peripheral blood samples of subjects 1 and 2 and their parents using Qiagen Blood DNA Kit (Qiagen, Hilden, Germany) and quantified by a Nanodrop 2000 system (Thermo Fisher Scientific, Waltham, MA, USA). Single whole exome sequencing was performed in a research unit for subject 1 using the SureSelect Human All Exome 50 Mb Kit (Agilent, Santa Clara, CA, USA) and the Illumina NovaSeq 6000 sequencer (Illumina, San Diego, CA, USA). The obtained sequences were aligned to UCSC human genome GRCh37/hg19 and variants were verified through the GATK pipeline. Annotation of variants was done using BaseSpace Variant Interpreter Server. Identified variants were checked against public genetic databases like Genome Aggregation Database (gnomAD, https://gnomad.broadinstitute.org/), 1000 Genomes (www.1000genomes.org), and dbSNP (http://www.ncbi.nlm.nih.gov/SNP/). Pathogenicity of detected missense and splice site variants was predicted using various bioinformatics tools as SIFT (https://provean.jcvi.org/protein), PolyPhen-2 (https://genetics.bwh.harvard.edu/pph2/) and MutationTaster (https://www.mutationtaster.org/). Only rare variants (novel or with an allele frequency ≤ 0.001 in gnomAD) related to the patients’ phenotype were selected.
Sanger sequencing was used for confirmation and segregation of the COL25A1 variant c.1730G>A; p.(Gly577Glu) in subject 2 and parents. Exon 33 harboring this variant was amplified by standard PCR. Primer sequences can be found in Supplementary Table S1. PCR products were purified using the Exo-SAP PCR Clean-up kit (Fermentas, Germany), sequenced in both directions using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA), and analyzed on the ABI Prism 3500 Genetic Analyzer (Applied Biosystems) according to manufacturer's instructions. 

Subject 3
Genomic DNA from subject 3 and parents was extracted from peripheral blood samples using standard procedures. Coding DNA fragments were enriched with the SureSelect Human All Exon V6 Kit (Agilent) and captured libraries were then loaded and sequenced on the HiSeq platform (Illumina). Reads were aligned to the human reference genome (UCSC GRCh37/hg19) using the Burrows-Wheeler Aligner (BWA mem, v0.7.17-r1188) [1] and genetic variations were detected using the Genome Analysis Toolkit (GATK, v3.8) [2]. We annotated single nucleotide variants and insertions/deletions using AnnoVar (v2018-04-16) [3]. De novo and biallelic exonic and intronic variants located at exon-intron boundaries ranging from -10 to +10 that were private (absent in the gnomAD database v2.1.1, v3.1.2, and v4.1.0) or rare (with a minor allele frequency [MAF] ≤ 0.1% and no homozygotes in the gnomAD database v2.1.1, v3.1.2, and v4.1.0) were retained. Variants with poor depth of sequencing coverage (total read depth <10) and in low quality regions (checked in IGV) were discarded. Sanger sequencing was used for confirmation of the COL25A1 variants in subject 3 and parents (Supplementary Table S1 and Supplementary Fig. S1A). 

Subject 4
Chromosomal microarray analysis was performed using a sample from subject 4 and ran on Cytoscan HD array (Affymetrix, Santa Clara, CA, USA). Results were analyzed using chromosomal analysis suite (ChAS, Affymetrix). Carrier status was confirmed for the parents using qPCR.

Subject 5
Trio exome sequencing was performed using DNA from subject 5 and parents. The samples were sequenced using the NovaSeq 6000 sequencer (Illumina). Sequences were mapped to and analyzed in comparison with the human genome build Genome Reference (hg19). Upon variant identification, segregation analysis was performed using samples from all available family members using Sanger sequencing.
Subject 6
For subject 6 and parents, genome sequencing was performed following the recommendations of the France Genomic Medicine Plan. Genomic DNA extracted from whole blood was sequenced according to standard procedures for a PCR-free genome on a NovaSeq 6000 sequencer (Illumina). Sequencing data were aligned to the GRCh38p13 full assembly using BWA v0.7. Variants were called by several algorithms including GATK4, Bcftools v1.10, Manta v1.6, CNVnator v0.4, and annotated using the variant effect predictor. Detected variants were prioritized using in-house procedures. Further details are available on request on http://www.auragen.fr.

Subject 7
Exome sequencing was performed using the Twist Exome 2.0 Capture Kit (TWIST Bioscience, South San Francisco, CA, USA). Captured libraries were loaded and sequenced on the NovaSeq 6000 sequencer (Illumina). Analysis was performed using Franklin by Genoox (Palo Alto, CA, USA) against the population databases and in-house data. Sanger sequencing was used for confirmation and segregation of the COL25A1 variant in subject 7 and parents (Supplementary Table S1 and Supplementary Fig. S1B).
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SUPPLEMENTARY FIGURES
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Supplementary Fig. S1. Validation and/or segregation of the COL25A1 variants in subjects 3 and 7 and their parents by Sanger sequencing. (A) Partial sequence electropherograms show the compound heterozygous COL25A1 variants c.367G>C and c.1198G>T in DNA isolated from leukocytes of subject 3. The heterozygous COL25A1 variant c.367G>C was present in leukocyte-derived DNA of the healthy father and the heterozygous variant c.1198G>T in leukocyte-derived DNA of the healthy mother. (B) Partial sequence electropherograms show the homozygous COL25A1 variant c.382C>T in DNA isolated from leukocytes of subject 7. The variant c.382C>T was present in leukocyte-derived DNA of the mother and father in the heterozygous state. Variants are given according to COL25A1 reference sequence NM_198721.4. Arrows point to the position of the variants. 
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Supplementary Fig. S2. Integrative Genomics Viewer (IGV) visualizations of the homozygous 130-kb deletion encompassing the 3’ end of COL25A1 in subject 6. (A) IGV visualization of the 4q25 region showing the homozygous deletion (red bar) in subject 6 (chr4[hg38]:g.108,698,908_108,829,130del) inherited from both heterozygous parents and encompassing ETNPPL, RCC2P8, and part of COL25A1 (exons 33 to 38). (B) IGV visualization of individual sequence reads spanning the deletion breakpoints.  


[image: ]
Figure is continued on the next page.
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Supplementary Fig. S3. Analysis of transcriptome sequencing data from 42 fibroblast-derived cDNA samples identified novel alternatively spliced in-frame exons of COL25A1. (A-H) Sashimi plots show the number of sequence reads (indicated by thickness of lines) supporting detected COL25A1 exon-exon junctions, based on merged data from 42 fibroblast cDNA samples. Only exon-exon junctions supported by at least 5 reads across the datasets are shown. Exons corresponding to COL25A1 transcript variant NM_198721.4 (ENST00000399132.6) are represented by black boxes, while exons that are exclusively present in transcript variant NM_001256074.3 (ENST00000399127.5) are shown in orange. The predominant transcript variant expressed in fibroblasts is NM_001256074.3 (ENST00000399127.5). Introns are represented by horizontal black lines and the 3’ untranslated region by a grey box. Black arrowheads point to known and annotated alternatively spliced exons, and white arrowheads to novel (not yet annotated) alternatively spliced single or multiple exons. Alternative splicing of exon 9 was novel according to the transcript variant NM_198721.4 as identified by the exon 8-exon 10 junction (C). 




SUPPLEMENTARY TABLES
Supplementary Table S1. Sequence of oligonucleotides used in this work. 

	COL25A1 primer sequences for variant validation and segregation analysis

	Template
	Exon
	Direction
	Sequence (5’ → 3’)

	DNA
	3
	forward
	GAC TCC ATC CCT CTA CAG TGC

	
	
	reverse
	TTA AAG CAA GTT GGG TCT GC

	
	4
	forward
	TGA TGG ACC TGA CTG AAA AG  

	
	
	reverse
	ATT AGG AAG AAC AGA TGC CG

	
	23
	forward
	GCT ATT TTG GTG GTG GTT GC

	
	
	reverse
	GGA GGT AGG GGT GTT TCA GG

	
	33
	forward
	AAA GTG TGT GAA TGT AGG TGG G

	
	
	reverse
	GAA GGG TTA ACC GTG TCA GTG

	COL25A1 primer sequences for transcript analysis (RT-PCR)

	Template
	Exon
	Name 
	Direction
	Sequence (5’ → 3’)

	cDNA
	2
	2F
	forward
	CCC CTT CCA TTC ATC TGC T

	
	4
	4R
	reverse
	TTA CCT CGT TTC CCT GGA G

	
	20
	20F
	forward
	CAA GGA GAA CCA GGC TTA CC

	
	24
	24R
	reverse
	TCT CAG TGG CTC CTT GAT CC  


Exon numbering is given according to COL25A1 reference sequence NM_198721.4.

[bookmark: _GoBack]Supplementary Table S2. In silico pathogenicity and splice site predictions, minor allele frequency, and classification according to ACMG criteria of previously published and novel COL25A1 variants.
	Genomic position on chromosome 4 (hg38; NC_000004.12)
	Nucleotide change
(NM_198721.4)
	Exon
	Amino acid alteration
(NP_942014.1)
	gnomAD
(v4.1.0) MAF [%]
	RGC Million Exome 
MAF [%]
	CADD
(>20)
	REVEL
(>0.6)
	Alpha-Missense
(>0.564)
	SpliceAI
(≥0.2)
	ACMG classification
	Reference

	g.109,262,132_
109,332,470del
	─
	1-3
	p.0?
	absent
	n. a.
	n. a.
	n. a.
	n. a.
	n. a.
	likely pathogenic 
(2C)
	this study (subject 4)

	g.109,300,583C>G
	c.367G>C
	3
	r.300_367del;
p.(Ser101Profs*7)
	absent
	absent
	37
	0.868
	0.940
	DL: 0.97
	likely pathogenic
(PVS1 [RNA], PM2)
	this study (subject 3)

	g.108,931,745_
109,055,301del
	─
	4-11
	p.?
	absent
	n. a.
	n. a.
	n. a.
	n. a.
	n. a.
	likely pathogenic 
(2E)
	[4]

	g.109,050,165G>A
	c.382C>T
	4
	p.(Arg128*)
	0.000684
	0.0006691
	39
	n. a.
	n. a.
	no impact
	pathogenic
(PVS1, PM2_sup, PM3)
	this study (subject 7)

	g.108,940,538del
	c.672+1del
	In10
	r.?; p.?
	absent
	absent
	26.1
	n. a.
	n. a.
	DL: 0.99
	likely pathogenic
(PVS1, PM2, PM3_sup)
	[5]

	g.108,940,538C>T
	c.672+1G>A
	In10
	r.?; p.?
	0.0004341
	0.0006692
	32
	n. a.
	n. a.
	DL: 0.99
	likely pathogenic
(PVS1, PM2_sup, PM3_sup)
	[5]

	g.108,863,327C>T
	c.1144G>A
	21
	p.(Gly382Arg)
	0.0003719
	0.0005475
	26.5
	0.997
	0.962
	no impact
	likely pathogenic 
(PM2_sup, PM3, PP3_strong)
	[4]

	g.108,860,971C>T
	c.1198G>A
	23
	p.(Gly400Arg)
	absent
	absent
	31
	0.974
	0.976
	AG: 0.28
	likely pathogenic
(PM2, PM3_sup, PP3_strong)
	[5]

	g.108,860,971C>A
	c.1198G>T
	23
	p.(Gly400Trp)
	absent
	absent
	32
	0.957
	0.964
	no impact
	likely pathogenic
(PM2, PM3, PP3_strong)
	this study (subject 3)

	g.108,846,204T>C
	c.1450A>G
	28
	p.(Lys484Glu)
	absent
	0.0000608
	26
	0.773
	0.218
	no impact
	VUS
(PM2_sup, PM3, PP3_mod)
	[5]

	g.108,846,165C>A
	c.1489G>T
	28
	p.(Gly497*)
	absent
	absent
	42
	n. a.
	n. a.
	no impact
	pathogenic
(PVS1, PM2, PM3)
	[4]

	g.108,844,552del
	c.1598del
	30
	p.(Pro533Hisfs*77)
	absent
	absent
	34
	n. a.
	n. a.
	no impact
	pathogenic
(PVS1, PM2, PM3)
	this study (subject 5)

	g.108,827,169C>T
	c.1730G>A
	33
	p.(Gly577Glu)
	absent
	absent
	32
	0.984
	0.969
	no impact
	likely pathogenic
(PM2, PM3, PP3_strong)
	this study 
(subjects 1 and 2)

	g.108,697,001_
108,827,000del
	─
	33-38
	p.?
	absent
	n. a.
	n. a.
	n. a.
	n. a.
	n. a.
	likely pathogenic 
(2D)
	this study (subject 6)


Worldwide allele frequency of COL25A1 variants in the gnomAD database v4.1.0 [6] and the Regeneron Genetics Center (RGC) Million Exome data [7] is given. The functional impact of biallelic COL25A1 variants was predicted by the Combined Annotation Dependent Depletion (CADD) tool, the Rare Exome Variant Ensemble Learner (REVEL) scoring system, and the deep learning model AlphaMissense. CADD is a framework that integrates multiple annotations in one metric by contrasting variants that survived natural selection with simulated mutations. Reported CADD scores are phred-like rank scores based on the rank of that variant’s score among all possible single nucleotide variants of hg19, with 10 corresponding to the top 10%, 20 at the top 1%, and 30 at the top 0.1%. The larger the score the more likely the variant has deleterious effects; the score range observed here is strongly supportive of pathogenicity, with all observed variants ranking above ~99% of all variants in a typical genome and scoring similarly to variants reported in ClinVar as pathogenic (~85% of which scores >15) [8]. REVEL is an ensemble method predicting the pathogenicity of missense variants with a strength for distinguishing pathogenic from rare neutral variants with a score ranging from 0-1, with a pathogenicity threshold of ≥0.6 [9]. AlphaMissense is a computational tool predicting missense variant pathogenicity by combining AlphaFold-based structural information and evolutionary conservation. The score ranges from 0-1, with a pathogenicity threshold of ≥0.564 [10]. A possible effect of variants on splicing was analyzed using the open-source deep learning splicing prediction algorithm SpliceAI. The score ranges from 0-1, with a cutoff of ≥0.2 [11]. COL25A1 variants were classified according to the standardized guidelines of the American College of Medical Genetics and Genomics (ACMG) [12]. AG, splice site acceptor gain; DL, splice site donor loss; In, intron; MAF, minor allele frequency; mod, moderate; n. a., not applicable; sup, supporting; VUS, variant of unknown significance.


Supplementary Table S3. In silico splice site predictions for the COL25A1 variants c.367G>C and c.1198G>T.
	
	splice donor site in intron 3
	splice acceptor site in intron 22

	
	reference sequence
	sequence with c.367G>C variant
	reference sequence
	sequence with c.1198G>T variant

	SpliceSiteFinder-like (range 0-100)
	82.5
	─
	─
	─

	NNSPLICE (range 0-1)
	0.9
	0.6
	─
	─

	MaxEntScan (range 0-16)
	8.6
	─
	─
	─

	GeneSplicer (range 0-21)
	3.3
	─
	─
	─


Splice donor and acceptor splice site prediction scores were calculated for the COL25A1 reference sequence (NM_198721.4) and the sequence with the c.367G>C or the c.1198G>T variant using Alamut Visual v2.15 (SOPHiA GENETICS, Lausanne, Switzerland) which includes the following splice site prediction algorithms: SpliceSiteFinder [13, 14], NNSPLICE 0.9 version [15], MaxEntScan [16], and GeneSplicer [17]. High and low scores indicate strong and weak splice sites, respectively.  ̶ : splice site not recognized.
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