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EMETHODS  
 

Proband and Family Recruitment 

The probands and families in this study were identified and recruited in an institutional 

review board (IRB) approved study at Case Western Reserve University and University 

Hospitals of Cleveland Medical Center as previously described
1
. Participating individuals 

gave written, informed consent. Family members who had no prior 

esophagogastroduodenoscopy (EGD) were offered screening
1
. The phenotype definitions 

were as follows -- Long segment Barrett’s esophagus (BE) = intestinal metaplasia on 

biopsy plus > 3 cm segment on EGD; short segment BE = intestinal metaplasia on biopsy 

plus >1, < 3 cm segment, esophageal adenocarcinoma (EAC) was defined as 

adenocarcinoma on biopsy report involving tubular esophagus. Blood lymphocytes were 

collected,  immortalized, and banked at the Rutgers University DNA Repository 

(RUCDR) as a source of germ-line DNA from all family members who had screening 

endoscopy. Formalin fixed paraffin embedded specimens from deceased family members 

with EAC were obtained with consent when available. 

 

Tissue Samples  

Normal esophagus squamous, BE, and EAC tissue samples for real-time PCR analysis of 

VSIG10L expression were obtained from participating institutions in the Barrett’s 

Esophagus Translational Research Network (BETRNet). All biopsy samples were 

collected under an Institutional Review Board for Human Subject Investigation approved 

protocol.  Tissue was collected and banked at -80°C from patients with BE undergoing 

routine surveillance and patients with newly diagnosed EAC undergoing endoscopic 
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procedures.  Endoscopic biopsies were immediately snap frozen at bedside to preserve 

RNA.  Biopsies from patients with non-dysplastic stable BE (NDSBE) or high grade 

dysplasia (HGD) were obtained preferentially from areas likely to have intestinal 

metaplasia or high grade dysplasia, respectively, using high definition white light and 

narrow band imaging guidance
2–4

. For this study, a total of 103 normal esophagus 

squamous, 68 NDSBE, 21 HGD, and 46 EAC (N=238 for entire cohort) were obtained 

for RNA extraction and subsequent real-time analysis.   

 

Whole-exome capture and deep sequencing  

Target capture, library preparation, and deep sequencing were performed by the 

Oklahoma Medical Research Foundation Next Generation DNA Sequencing Core 

Facility (Oklahoma City, OK), as previously described
5
. Target sequence enrichments 

were performed using the Illumina TruSeq Exome Enrichment Kit as per the 

manufacturer's protocols (Illumina Inc). Briefly, sample DNAs were quantified using a 

picogreen fluorometric assay and 3 µg of genomic DNA were randomly sheared to an 

average size of 300 bp using a Covaris S2 sonicator (Covaris Inc). Sonicated DNA was 

then end-repaired, A-tailed, and ligated with indexed paired-end Illumina adapters. 

Target capture was performed on DNA pooled from six indexed samples, following 

which the captured library was PCR amplified for 10 cycles to enrich for target genomic 

regions. The captured libraries were precisely quantified using a qPCR-based Kapa 

Biosystems Library Quantification Kit (Kapa Biosystems) on a Roche Lightcycler 480 

(Roche Applied Science). Deep sequencing of the capture enriched pools was performed 
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on an Illumina HiSeq 2000 instrument with 100 bp, paired-end reads to an average read-

depth of 70× per sample. 

Read mapping, variant detection, and annotation  

Burrows-Wheeler Aligner (BWA)
6
 or Short Oligonucletide Analysis Package (SOAP)

7
 

algorithms were used to align individual 100-bp reads from the raw FASTQ files to the 

human reference genome (build hg19). Following the conversion of aligned reads in to 

binary Sequence Alignment/Map (BAM) format, coverage metrics of target bases were 

calculated using the Picard algorithm (http://samtools.sourceforge.net). On average, 

Picard metrics showed >80% of the target bases covered at 20× read-depth for the 

samples, with approximately 6% of target bases showing no coverage. Next, sequence 

variations (both single nucleotide and insertion/deletion) in the germline of respective 

samples were detected using two variant calling algorithms including, Genome Analysis 

Toolkit (GATK)
8
, and mPILEUP

9
. Genomic variants were mapped to the human 

transcriptome reference database (RefSeq, build hg19) using a variant annotation tool 

developed in house (SLATE) that identifies variants mapping to gene coding regions and 

splice-sites, including their corresponding positions and codon changes within respective 

transcripts. 

Filtering of variants and identification of VSIG10L as a candidate FBE  

susceptibility gene  

Given a dominant inheritance pattern for the disease in this family, we identified all 

variants including, non-synonymous single-nucleotide variants (SNV), insertion/deletion 

variants (indel), and splice-site variants in gene coding regions that were co-segregating 

in the four FBE31 affected individuals (III-4, III-8, IV-1, and IV-17). Next, we 



 

© 2016 American Medical Association. All rights reserved. 

eliminated variants with a minor allele frequency (MAF) ≥6% based on the public 1000 

genomes database
10

, the NHLBI GO Exome Sequencing Project (ESP) (URL: 

http://evs.gs.washington.edu/EVS/) database, and an in-house platform-matched whole-

exome sequencing database derived from 106 random non-Barrett’s germline samples. 

The use of platform-matched in-house database additionally aided in eliminating 

recurrent artifacts or false positive calls seen in the FBE31 exome dataset. This resulted 

in a total of 4 protein-altering variants (3 missense and 1 frameshift deletion) co-

segregating in the four FBE31 affected individuals.  Finally, aligned reads mapping to 

each of the 4 variant genomic loci were manually reviewed using the Integrative 

Genomics Viewer
11

 to confirm their true variant statuses.  Of the 4 co-segregating 

variants identified, 3 variants mapped to genes DCHS2, LRRC43, and BCLAF1, 

respectively, with each variant being detected in 2%-5% of control population, based on 

the public and in-house germline whole-exome databases mentioned above.  The 

remaining missense variant, mapping to the gene VSIG10L (c.1891A>A/G, p. 631S>S/G), 

was a totally private variant not seen in any of the public or in-house germline whole-

exome databases. The impact on biological function of the 631S>G missense variant was 

predicted to be possibly deleterious by the protein variant analysis tools PROVEAN
12

, 

mutationassessor
13

, and PolyPhen-2
14

. Furthermore, a homolog in this gene family, 

VSIG1, has been shown to play an important role in the proper differentiation of gastric 

epithelium in mice
15

. Accordingly, VSIG10L was nominated as a candidate FBE 

susceptibility gene.   

Sanger sequencing of the VSIG10L variant in FBE31 family members and GERD  

controls 
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Amplification of the variant encompassing region in VSIG10L from patient germ-line 

DNA was performed using the FastStart Taq DNA polymerase kit (Roche) and the 

following primers: Forward 5’-GACGTGGACTTCAGGGTTTT-3’ and Reverse 5’-

ACTGGAGGCCTCTGGTTGT-3’. For amplification from FFPE the following primer 

set was used: Forward 5’-AGGCCTCTGGTTGTCCCCCA-3’ and Reverse 5’-

TCCCAGGTCCCAATCCAGGCTG-3’. The 5’ end of the forward and reverse primers 

included the forward M13 primer sequence 5’-GTAAAACGACGGCCAGT-3’ and 

reverse M13 primer sequence 5’-CAGGAAACAGCTATGAC-3’, respectively. All PCR 

reactions used 20ngs of template DNA. Cycling conditions included an initial denaturing 

step at 95°C for 5 min followed by 36 cycles 95°C for 30 s, 60°C for 30 s, 72°C for 45 s 

and a final elongation step of 72°C for 7 min.  

Segregation Analysis LOD Calculation  

From the LODLINK program in S.A.G.E. (version 6.3), a P-value was obtained using all 

the available data for the whole family Four phenotype categories were defined: males 

age > 40, males age ≤ 40, females age > 40 and females age ≤ 40.    Assuming a 

dominant one-locus two-allele model with susceptibility allele (A) frequency .01 , non-

susceptibility allele (B) frequency 0.99, the penetrances for males > 40 were set to Pr(BE 

or EAC | AA) = Pr(BE or EAC | AB) = 1 and  Pr(BE or EAC |BB) =.01. The 

corresponding two penetrances for persons ≤ 40 were reduced by a factor of 10, and those 

for females were set to one third those for males. The VSIG SNP was assumed to be in 

Hardy Weinberg equilibrium and have minor allele frequency 10^-6 (with the same result 
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for any smaller value). The LOD score maximized at zero recombination fraction with P 

= .07. 

Quantitative real-time PCR  

Esophageal biopsy samples were processed for RNA extraction using the mirVana™ 

RNA kit according to manufacturer’s protocol (Life Technologies). cDNA conversion 

was carried out using the Superscript III reverse transcriptase with 1µg total input RNA 

in a 40µl reaction. Real-time PCR measurement of VSIG10L was performed using the 

human VSIG10L TaqMan Probe/Primer kit Hs01039199_g1 from Life Technologies. 

Beta-2 microglobulin (B2M) TaqMan Probe/Primer kit (4333766) from Life 

Technologies was used as the endogenous control. A 20-µl-reaction mix containing a 

1:40 dilution of primer/probe and 2.5ng of cDNA in 1x IQ Supermix from Bio-Rad was 

detected in an Icycler optical module (Bio-Rad).  Thermal cycling for both assays was 

initiated at 95°C for 10 min, followed by 50 cycles of 95°C for 15 sec and 60°C for 1 min. 

All samples were assayed in triplicate for both primer/probe sets. The relative expression 

of VSIG10L transcript in each sample was determined by subtraction of B2M 

endogenous control Ct average from VSIG10L Ct average (∆Ct).  VSIG10L expression 

in each sample was then expressed as fold-change relative to the average VSIG10L ∆Ct 

value across the entire sample cohort (N=238). Differences in expression of VSIG10L in 

BE-associated lesions compared to normal squamous were assessed using the unpaired 

student T-test.  

 

Generation of wild-type and mutant VSIG10L expression vectors  
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Cloning of the VSIG10L transcript was carried out using pooled RNA isolated from 

normal squamous esophagus biopsies as template. Conversion to cDNA was performed 

using 2µg of RNA as input and Superscript III reverse transcriptase (Life Technologies).  

PCR amplification of the VSIG10L transcript was performed using Platinum® Pfx DNA 

polymerase (Life Technologies) with forward primer 5'-

CACCATGGACAACCCACAGGCTCT-3' and reverse primer 5'-

CACCTGTGTGGCTGCGCGAAC-3'. PCR products were TA cloned into the Gateway® 

entry vector pCR®8/GW/TOPO®TA (Life Technologies). Following entry vector 

cloning, site directed mutagenesis was performed using QuikChange Lightning kit 

(Agilent) to introduce the germline FBE (CCDS 1891A>G; AA 631S>G) and the somatic 

(CCDS 2305G>A; AA 769G>S) variants. Primer sequences for site directed were as 

follows: FBE sense: 5'-CGCCTGCGGCTCGGTCAAGATGGGC-3'; FBE antisense: 5'-

GCCCATCTTGACCGAGCCGCAGGCG-3'; Somatic sense: 5'-

GTCTACCGGGCCAGCCCCACGTTGA-3'; Somatic antisense: 5'-

TCAACGTGGGGCTGGCCCGGTAGAC-3'. Wild type and mutant constructs were then 

subcloned into the Gateway® pLenti6.2/V5-DEST™ vector (Life Technologies) 

according to the manufacturer’s protocol.  

Cell Culture and Infection 

Primary human esophageal keratinocytes, designated as EPC2, were established as 

described previously
16

. Cells were maintained at 37°C and 5% CO2 using keratinocyte-

SFM medium (KSFM; Life Technologies) supplemented with 40 µg/mL bovine pituitary 

extract (Life Technologies), 1.0 ng/mL EGF (Life Technologies), 100 U/mL penicillin, 

and 100 µg/mL streptomycin (Life Technologies). Infection of EPC2 cells with 
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pLenti6.2-VSIG10l, pLenti6.2-VSIG10L-S631G, and pLenti-6.2-VSIG10L-G769S was 

performed as previously described
17

. Cells were passaged 48 hours after infection and 

selected with Blasticidin for seven days.  

 

Organotypic Culture  

Organotypic culture was performed as previously described
18

. Briefly, a 

collagen/Matrigel matrix, containing 76.7% bovine tendon acid-extracted collagen 

(Organogenesis), Matrigel Matrix (BD Bioscience), 1× minimal essential medium with 

Earle's salts (BioWhittaker), 1.68 mM L-glutamine (Cellgro), 10% fetal bovine serum 

(Hyclone), 0.15% sodium bicarbonate (BioWhittaker) was mixed with 7.5×10
4
 human 

fetal esophageal fibroblasts. Following 7 days, 5×10
5
 human esophageal keratinocytes 

were seeded on top of the matrices. Cultures were fed with Epidermalization I medium 

for 2 days, which is a 3:1 mixture DMEM (JRH Biosciences)/Ham's F-12 (Life 

Technologies) supplemented with 4 mM L-glutamine, 0.5 µg/mL hydrocortisone, 0.1 

mM O-phosphorylethanolamine, 20 pM triiodothyronine, 0.18 mM adenine, 1.88 mM 

CaCl2, 4 pM progesterone (Sigma); 10 µg/mL insulin, 10 µg/mL transferrin, 5 mM 

ethanolamine, 10 ng/mL selenium (ITES) (BioWhittaker), and 0.1% chelated newborn 

calf serum (Hyclone). For the next 2 days, cultures were fed with Epidermalization II 

medium, which is identical to Epidermalization I medium except that it contains 0.1% 

unchelated newborn calf serum. Then, cultures were raised to an air–liquid interface and 

cultured for 4 days in Epidermalization III medium, which contains the same growth 

supplements as Epidermalization I and II except that no progesterone is added and 2% 
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newborn calf serum is used. Cultures were then harvested by fixing in neutral buffered 

formalin and later were paraffin-embedded. 

Electron Microscopy Studies  

Tissues were prepared for electron microscopy using a protocol described previously
19,20

. 

Tissues were fixed with triple aldehyde-DMSO fixative for 2h at RT.  The specimens 

were thoroughly
 
rinsed in 0.1 M phosphate buffer, pH7.4, then postfixed for 2 h in an 

unbuffered
 
1:1 mixture of 2% osmium tetroxide and 3% potassium ferricyanide. After 

rinsing with distilled water, the specimens were
 
soaked overnight in an acidified solution 

of 0.25% uranyl acetate. After another rinse in distilled water, they were dehydrated
 
in 

ascending concentrations of ethanol, passed through propylene
 
oxide, and embedded in 

Poly/Bed resin mixture.  Thin sections were sequentially stained with acidified uranyl 

acetate followed by a modification of Sato’s triple lead stain and examined in a FEI 

Tecnai Spirit (T12) with a Gatan US4000 4kx4k CCD. 

Immunohistochemistry  

Paraffin sections were dewaxed with xylene and rehydrated in graded ethanols. Antigen 

retrieval was performed by incubation in Antigen Unmasking Solution (Vector 

Laboratories) for 20 minutes at 98°C. Endogenous peroxidase activity was quenched 

using Peroxidazed and slides blocked in Background Sniper (BioCare Medical). Slides 

were incubated with anti-V5 primary antibody at 1:1500 dilution (Abcam, ab27671) for 1 

hour at room temperature and detected with MACH 4 Universal HRP-Polymer (BioCare 

Medical). Signal was developed with the Betazoid DAB Chromogen kit (BioCare 

Medical).  
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RNA In-situ Hybridization  

In-situ hybridization of VSIG10L transcript was carried out using a custom designed 

probe and the ViewRNA ISH assay kit from Affymetrix according to the manufacturer’s 

protocol outlined as follows.  Slides were deparaffinized in xylene and 100% ethanol then 

allowed to air dry.  A hydrophobic barrier was drawn around the tissues to retain reagents 

and prevent leaking.  Slides were then put in a steamer in buffer solution and allowed to 

incubate for 10 min. at 95 C.  Sections were treated with 1:100 protease for 15 min. at 40 

C  and sections were put in 10% neutral buffered formalin for 5 min.  Probes were 

hybridized using 1:50 VSIG10L and control set probes and incubated for 3 hours at 40 C 

then treated with 1:100 PreAmp 1 solution and incubated 25 min. at 40 C.  Signal 

amplification was carried out by treating sections with 1:100 Amp solution and incubated 

for 15 min. at 40 C.  then with 1:1000 label probe-AP and another incubation for 15 min. 

at 40 C.  Sections were treated with AP enhancer solutions and incubated for 5 min. at 

RT and developed with Fast Red Substrate for 30 min. at 40 C.  Lastly, sections were 

counterstained with hematoxylin, coverslipped, and viewed under a brightfield 

microscope.  

Immunofluorescence  

Paraffin sections were dewaxed and rehydrated as above. Antigen unmasking was 

performed by incubation at 95°C in 0.01 M sodium citrate buffer (pH 6.0). Sections were 

blocked with Dako serum free protein block (Dako, cat #X0909) for 10 min at room 
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temperature. Slides were incubated with anti-V5-Cy3 antibody (Sigma, cat #V4014) 

diluted to a final concentration of 2 µg/ml in Dako serum free protein block for 1 hr at 

room temperature. Slides were then mounted with Prolong Gold Antifade with DAPI 

(Life Technologies, cat# P36935) and imaged with a Nikon e800 fluorescent microscope 

equipped with a Q imaging aqua camera.  

 

VSIG10L Protein Domain Prediction and Alignment 

The human VSIG10L protein sequence was obtained from the UniProt protein database 

(http://www.uniprot.org/)
21

.  Of the two listed isoforms, we opted for the longest isoform 

(UniProt ID Q86VR7-2, isoform 2), which differs from isoform 1 by the presence of 15 

additional amino acids at the C-terminal end. Importantly, the C-terminal end of isoform 

2 is conserved among mammalian species and was the only isoform detected in cloning 

experiments. A multiple sequence alignment of human VSIG10L protein with 11 

mammalian and 5 non-mammalian orthologs was obtained using ClustalW
22

 (Figure 1B). 

Conserved domains of human VSIG10L were predicted by InterPro
23

. Orthologous 

protein sequences of VSIG10L were obtained from the National Center for 

Biotechnology database (http://www.ncbi.nlm.nih.gov/) and their accession numbers are 

as follows: Gorilla gorilla, XP_004061329.1; Macaca mulatta, XP_001114712.1; Mus 

musculus, NP_001277245.1; Rattus norvegicus, XP_218633.4; Canis familiaris, 

XP_005616300.1, Pan troglodytes, XP_009434420.1; Pteropus vampyrus, 

XP_011382886.1; Felis catus, XP_003997612.1; Camelus dromedarius, 

XP_010985179.1; Papio anubis, XP_003916046.2;  Fukomys damarensis, 
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XP_010613981.1;  Cynoglossus semilaevis,  XP_008321218.1; Chrysemys picta bellii, 

XP_005293984.2; Notothenia coriiceps, XP_010791065.1; Anolis carolinensis, 

XP_008115530.1;  Danio rerio, XP_009290965.1 
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eFigure 1. Schematic of whole-exome sequencing and variant filtering work flow. 

The diagram shows the sequence of steps for identification and elimination of germ-line 

variants discovered by whole exome sequencing in the four individuals (III-1, III-8, IV-1, 

and IV-17). Ultimately 4 protein altering variants were found to be co-segregating in all 

four individuals sequenced, of which only the c.1891A>A/G (S631G) missense variant in 

VSIG10L was completely private and not seen in any of the whole-exome databases and 

in-house controls referenced (see Supplementary Methods ).  
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eFigure 2. Representative chromatograms of Sanger sequences. 
 

 

 

Wild-type VSIG10L in an unaffected individual (Top), and the c.1891A>A/G (S631G) 

germline VSIG10L variant in an affected member from FBE family 31 (Bottom). Arrows 

point to the c.1891A nucleotide of interest.  
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eFigure 3. RNA in-situ hybridization of VSIG10L transcript in normal esophageal 

mucosa 

 

 

.  

(A)  VSIG10L RNA ISH exhibits most pronounced staining in the suprabasilar layer. (D) 

60x magnification of ISH showing both cytoplasmic and nuclear (arrows) staining.  
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eFigure 4. Photomicrograph of control, non-transfected keratinocytes in 

organotypic cell culture model. 

The epithelia exhibits typical morphology of the OTC model with a multi-layered 

stratified squamous epithelium indicating appropriate maturation.  
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eFigure 5. Photomicrographs of organotypic cell culture model expressing 

VSIG10L G769S somatic variant.  

 

 

The H&E stain shows disrupted epithelial maturation. Immunohistochemistry against the 

V5 epitope confirms expression.  
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eTable. Clinical characteristics of members from FBE family 31 tested for VSIG10L 

S631G germ-line variant.   

 

Individual Gender 

Age at 

Diagnosis 

Affectation 

 Status 

BE 

 Length 

VSIG10L  

Status 

III-2 Male 50 EAC - S631G 

III-4* Male 65 BE C6M6 S631G 

III-8* Female 75 BE C5M5 S631G 

IV-1* Male 40 BE C9M9 S631G 

IV-6 Male 39 EAC - S631G 

IV-8 Male 56 Erosive Esophagitis - S631G 

IV-12 Male 52 BE C3M4 S631G 

IV-13 Female 44 Unaffected - S631G 

IV-14 Female 40 Unaffected - S631G 

IV-15 Male 42 SSBE C1M2 S631G 

IV-17* Male 40 BE C4M4 S631G 

III-6 Male 50 BE C6M6 WT 

III-13 Female 79 Unaffected - WT 

IV-2 Male 51 Unaffected - WT 

IV-3 Male 41 SSBE C1M2 WT 

IV-7 Female 47 Unaffected - WT 

V-1 Male 22 Unaffected - WT 

V-4 Female 29 Unaffected - WT 

V-6 Female 22 Unaffected - WT 

 
Abbreviations: BE, Barrett’s esophagus; EAC, esophageal adenocarcinoma; SSBE, short 

segment Barrett’s esophagus; WT, wild type; C#M# denote circumferential and maximal 

extent of Barrett’s lesion measured in centimeters, respective ely. * indicates individuals 

selected for exome sequencing.  
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