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chapter 1

Abstract

Gastro-esophageal reflux disease (GERD) is the most common digestive disease in the 

Western world. The pathophysiology of GERD is multifactorial and genetic factors are likely 

to play a role in its etiology. Until now no genes have been confirmed to be associated 

with isolated GERD. In this study, we aimed to identify chromosomal regions associated 

with the GERD-phenotype in a large multigenerational Dutch family with multiple 

affected members by linkage analysis followed by whole exome sequencing. Twenty-eight 

members of the family were included in this study. Clinical information was obtained by 

the Reflux Disease Questionnaire (RDQ), a dedicated general questionnaire, and through 

24 hour pH/impedance testing and upper endoscopies. Genome-wide linkage analysis 

according to an affected-only strategy yielded several suggestive loci at chromosomes 4, 

12 and 14. However, subsequent exome sequencing of the linked regions did not allow 

the identification of variants in candidate genes likely to be associated with GERD in this 

family. 
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Introduction

Gastro-esophageal reflux disease (GERD) is a condition in which the reflux of gastric 

contents into the esophagus causes troublesome symptoms and/or complications.

(Vakil et al., 2006)  GERD is the most common digestive disease in the Western world, 

with an estimated prevalence of 10-20%.(Dent et al., 2005) Typical symptoms of 

GERD are heartburn and regurgitation, and complications of GERD include erosive 

esophagitis, Barrett’s esophagus and eventually esophageal adenocarcinoma.(Vakil 

et al., 2006) However, the majority of patients have non-erosive reflux disease and 

experience typical GERD symptoms without visible esophageal injury.(Fass, 2007)  

The age of onset of GERD is variable. Many individuals develop the disease during 

childhood. Indeed, GERD is the most common esophageal disorder in children. 

On the basis of a large claim database that uses International Classification 

of Diseases, Ninth Revision (ICD-9), GERD was diagnosed in 12.3% of North 

American infants and in 1% of other pediatric age groups.(Nelson et al., 2009) 

The pathophysiology of GERD is multifactorial and includes dysfunction of the gastro-

esophageal junction (GEJ), disturbed gastric and esophageal motility, abnormal composition 

of the refluxate and visceral hypersensitivity.(Rohof et al., 2009) Familial clustering and 

the high prevalence of GERD in twins indicate that genetic factors are likely to play a 

role as well in the complex pathophysiology of GERD.(Cameron et al., 2002;Lembo et al., 

2007;Mohammed et al., 2003;Trudgill et al., 1999) Twin studies using large twin registry 

databases have reported an additive effect of genetic factors in GERD ranging from 13 

to 43%.(Cameron et al., 2002;Lembo et al., 2007;Mohammed et al., 2003) Furthermore, 

there are multiple clinical syndromes of which causative mutations are known that are 

going along with GERD, also suggesting a genetic basis for GERD.(Post et al., 2005)  

The identification of associated genes is important as it could increase insight in the complex 

pathophysiology of GERD and may thereby even serve as a basis for the development of 

new treatment strategies for this common disease. In individuals with Barrett’s esophagus, 

frequently related to chronic GERD, two associated variants on chromosomes 6 and 16 

were recently discovered by a genome wide association study.(Su et al., 2012) In families 

with isolated (non-syndromic) forms of GERD, few linkage studies have been performed 

aiming to identify genes associated with a GERD phenotype.(Asling et al., 2009;Hu et al., 

2000b;Jirholt et al., 2011) However, up till now, replication studies have generally failed in 

confirming genes to be associated with GERD.(Hu et al., 2004;Jirholt et al., 2011;Orenstein 

et al., 2002)  An explanation for the lack of robust results in earlier GERD studies might 

be clinical and genetic heterogeneity of GERD in the studied populations. Studying 

homogeneous populations, by means of performing whole exome sequencing in extreme 

phenotypes or performing linkage analysis followed by whole exome sequencing in large 

well-defined multigenerational affected families is likely to increase the chances to find 

associated genes.(Hennekam and Biesecker, 2012) Therefore, in this study, we perform 
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genome-wide linkage analysis in a single well-defined multigenerational family with 

multiple members affected by GERD in order to identify genetic loci associated with GERD.

Methods

Family Ascertainment and Clinical Evaluation

All members of a four-generational Dutch Caucasian family known with GERD and 

without known consanguinity were asked to participate in this study. Informed consent 

was obliged for participation and was also obtained from the parents in children. This 

study was approved by the Medical Ethical Committee of the Academic Medical Center 

of Amsterdam. GERD was considered as a dichotomous trait in this study. Participants 

were considered to be affected with GERD if bothersome typical GERD symptoms (i.e. 

substernal burning and regurgitation) were present. Individuals with an evident history of 

GERD symptoms or status after anti-reflux surgery were considered to be affected, also if 

currently symptoms were absent. 

Participating family members filled out the Reflux Disease Questionnaire (RDQ) validated to 

determine the presence of GERD.(Shaw et al., 2001)  The RDQ consists of three subscales; 

heartburn, regurgitation and dyspepsia. Subscales consist of several items on which 

response options are scaled as 6-point Likert-scores ranging from 0 to 5 for frequency (not 

present to daily present) and severity (not present to severely present). Subject’s scores can 

be calculated as a mean of item response with higher scores indicating a higher frequency 

or severity of symptoms. A specific GERD score can be calculated (the GERD dimension) by 

combining the heartburn and regurgitation subscales in to a median score. The RDQ has 

been shown to be a valid and reliable questionnaire with excellent construct validity for 

GERD. (Dent et al., 2010;Kulig et al., 2003;Nocon et al., 2005;Shaw, 2004) (Aanen et al., 

2006) The RDQ-score has been used by multiple large clinical trials in GERD as inclusion 

criterion to define GERD.(Dent et al., 2008;Kahrilas et al., 2007)

In addition, all participants filled out a questionnaire with specific questions about 

general health, timing of onset of symptoms, earlier diagnostic procedures such as 24 

hour pH/impedance testing and upper endoscopy, and treatment (i.e. drugs; surgical). 

For participating children parents were asked to assist. Medical information concerning 

GERD was also retrieved from medical records and local physicians with written approval 

of participants. All affected adult members of the family were requested to donate 10cc of 

peripheral blood for DNA extraction. From affected children, buccal swabs were collected 

or blood drawing was combined with a scheduled venous puncture for regular patient 

care reasons. DNA was extracted from samples according to standard procedures.
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SNP genotyping and linkage analysis

As it could not be excluded that family members who were ‘unaffected’ at the time 

of study would develop GERD later on in life, we applied an ‘affected-only’ strategy. 

Genotyping was performed in certainly affected family members throughout all four 

generations using the Affymetrix GeneChip Human Mapping 250K Nsp Array. Relationship 

errors were evaluated with the help of the program Graphical Relationship Representation.

(Abecasis et al., 2001) The program PedCheck was applied to detect Mendelian errors and 

data for SNPs with such errors were removed from the dataset.(O’Connell and Weeks, 

1998) Non-Mendelian errors were identified with the program MERLIN and unlikely 

genotypes for related samples were deleted.(Abecasis et al., 2002) Parametric linkage 

analysis was performed with ALLEGRO, which was also used for haplotype reconstruction.

(Gudbjartsson et al., 2000) Multipoint LOD scores were calculated. All data handling was 

performed with the graphical user interface ALOHOMORA.(Ruschendorf and Nurnberg, 

2005)Gene Mapping Center, Max Delbruck Center (MDC Regions exhibiting LOD-scores of 

1.5 or greater were further fine-mapped by usage of additional markers.

Whole exome sequencing 

For whole exome sequencing, 1ug of DNA was fragmented with sonifaction technology 

(Covaris, Woburn, MA, USA). The fragments were end-repaired and adaptor ligated, 

including incorporation of sample index barcodes. After size selection, the samples were 

subjected to an enrichment process with the SeqCap EZ Human Exome Library version 2.0 

kit (Roche NimbleGen, Madison, WI, USA). The enriched pools were then sequenced on 

one lane of an Illumina HiSeq 2000 sequencing instrument (Illumina, San Diego, CA, USA) 

with a paired-end 2x100 bp protocol. We filtered primary data according to signal purity 

with the Illumina Realtime Analysis software version 1.8. Subsequently, we mapped the 

reads to the human genome reference build hg19 with the ELANDv2 alignment algorithm 

on a multimode compute cluster. By use of CASAVA version 1.8 (Illumina processing 

software, Illumina), PCR duplicates were filtered out and the output was converted into 

BAM format. Scripts developed in-house at the Cologne Center for Genomics (University 

of Cologne, Cologne, Germany) were applied to detect protein changes, splice sites, and 

overlaps with known variants. In particular, we filtered for high-quality rare (minor allele 

frequency <0.01) variants (dbSNP build 134, the 1000 Genomes database build 20110521, 

and the public Exome Variant Server, US National Heart, Lung, and Blood Institute Exome 

Sequencing Project, Seattle, WA, USA, build ESP5400). The resulting list of genes was 

then prioritised by taking into account scores obtained with Polyphen2 and Sorting 

Intolerant From Tolerant (SIFT) algorithms and genes with conspicuously high mutation 

rates. Furthermore, allele frequencies suiting a dominant inheritance model were filtered 

out. We analysed acceptor and donor splice-site mutations with a maximum entropy 

model and filtered for effect changes. 
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Power calculation

An estimate of the probability of detecting linkage applying an affected-only strategy in 

this 4-generation family was performed using the computer program SIMLINK. Overall, 

the dominant model of inheritance had more power than the recessive model in the 

power estimation within this pedigree. When theta (recombination fraction between the 

disease causing gene and the typed marker) was considered zero under a dominant model 

of inheritance, the mean maximal LOD score was estimated to be 1.93 (SE 0.06) with a 

maximum of 6.47. Chances to find a suggestive LOD score (≥2.0) or possibly suggestive 

LOD-score (≥1.5) in this pedigree were estimated to be 46% and 56% respectively under 

dominant inheritance.  

Results

In total, twenty-eight members of the family participated in the study. The clinical 

characteristics of the participating family members are summarized in Table 1.  Seventeen 

family members from four generations were affected with GERD as shown in the pedigree 

(Fig. I). The age of onset of symptoms showed a large variation ranging from infancy till 

35 years. The disease status of I-2 remained uncertain. This family member had died at the 

? = unknown disease status; grey coloured = possibly affected; black coloured = affected; * = included in 
linkage analyses; † = included in exome sequencing

Figure I Pedigree of the family

age of 70 from esophageal cancer. It could not be determined with certainty whether this 

was related to GERD or not.

Linkage analysis was performed using samples of seven family members from four 

generations (I-1; II-8; II-13; III-2; III-10; III-16; IV-1). In all the diagnosis was beyond doubt. 

As the status of I-2 remains uncertain, linkage analysis was also performed excluding all 

regions inherited from I-1.
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When including I-1 in the analyses, the parametric linkage curve showed four peaks of 

which 3 were located in chromosome 4 and one in chromosome 14. After fine mapping, 

one of the peaks on chromosome 4 showed three separate linkage regions. Limiting SNPs 

of the linked regions can be found in Table 2. Subsequently conducted linkage analysis 

excluding all regions inherited from I-1 yielded only one region on chromosome 12 (Table 

3). For each of the linked regions, the LOD-score was 1.8. The total numbers of genes in 

the regions were 163 and 18, respectively. After analyzing the variants found by exome 

sequencing in all the linked regions, there were no suggestive candidate genes left in 

the regions. Only one variant was considered as a candidate based on technical results, 

but this gene was excluded as a likely candidate based on gene function and was not 

confirmed by Sanger sequencing. 

Discussion

Although genetic factors are very likely to play a major role in the pathophysiology of 

GERD, up till now no causative genes have been reported. In this study, we described 

the clinical characteristics and results of linkage analysis and whole exome sequencing in 

a single multigenerational Dutch family with multiple members affected by GERD. GERD 

was seemingly transmitted as an autosomal dominant trait within the family (Fig. 1). We 

reasoned that it may be assumed that in such a family one or more genes are segregating 

and such segregating traits should become clear in linkage analysis. Clinical characteristics 

such as age of onset of symptoms and severity of symptoms varied to some extent between 

the family members but did not indicate heterogeneity. Linkage to regions on chromosomes 

4, 12 and 14 was demonstrated. These linkage regions do not overlap with regions found 

in previous linkage studies in GERD patients (Table 4). In 2000, a linkage study in a single 

family with pediatric GERD showed linkage to #13q14.(Hu et al., 2000b) Subsequent 

studies did not succeed in identifying a GERD susceptibility gene in this region.(Hu et 

al., 2000a;Orenstein et al., 2002) In 2009, genome wide linkage analysis in 36 families 

(n=504 of which 237 were affected)) followed by an association study and protein analysis 

identified COL3A1 at #2q31, responsible for the synthesis of the protein collagen type 3, 

as a susceptibility locus for GERD and hiatal hernia.(Asling et al., 2009) Replication of this 

study by others has not been published. Recently, 4-aminobutyrate aminotransferase (ABAT, 

at #16p13.3), known to be involved in transient lower esophageal sphincter relaxations and 

reflux events in dogs, has been associated with GERD by linkage analysis in 36 families 

followed by an association study in trios.(Jirholt et al., 2011) The association could not be 

replicated by the same authors in an independent case-control cohort. 

We conducted whole exome sequencing of the linked regions in one of the affected family 

members used for linkage analysis. This yielded only one possibly associated variant which 

was excluded based on gene function and subsequent negative Sanger sequencing. 
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There are several possible explanations for the inability to identify an associated variant in 

the linked regions in the present family. First, the coverage of the presently sets of probes 

could have been insufficient which allowed escape of exon(s) with a causative variant 

associated with GERD. Second, causative variants may have been missed due to insufficient 

capture of exonic regions which has led to scoring these variants as unreliable. We have 

tried to overcome this by also taking into account variants in the linked regions with very 

low capture, but no additional candidate variants were detected this way. Third, the 

variant associated with GERD in this family may not be located in an exon but in an intron 

and affects the normal reading process of an exon this way. One may try to surmount this 

by performing whole genome studies of the areas with linkage. Alternatively, one may 

hypothesize that GERD is not mainly caused by a variant in a single gene but is polygenic in 

this family, so variants in different genes are associated with GERD in the various members 

of this pedigree. As GERD is common we cannot exclude that one or more of the family 

members used for the linkage analysis have a variant in a different gene as cause for the 

GERD compared to the others, which distorts the results of the linkage analysis. One may 

try to overcome this by using more affected family members in the linkage analysis and 

allowing various linkage studies, each time excluding parts of the pedigree. Lastly, the 

phenotyping within the family may contain one or more mistakes. The diagnosis of GERD 

can be based on additional studies such as upper endoscopy and 24-hour pH-impedance 

testing, but the sensitivity of such diagnostic tools is limited.(Dent et al., 2010)  Furthermore, 

such invasive studies are not standard care for GERD patients, and results are usually not 

available in most patients. In the present family, GERD was confirmed by one of such tests 

or by anti-reflux surgery in 30% of individuals. In line with several large clinical trials we 

used RDQ scores to confirm the clinical suspicion for GERD. In the present family, affected 

individuals had significantly higher RDQ-scores compared to non-affected individuals 

(mean score 1.8±1.1 vs. 0±0, p<0.001). By using an affected-only strategy we avoided the 

problem of an apparently unaffected family member becoming affected at an older age. 

There was uncertainty of the status of the first generation whether I-2 might have been 

affected as well. We adapted the protocol for this by performing linkage in two ways, one 

with this person as affected and one as him being unaffected. 

In the future, it may be helpful to perform exome sequencing in more family members 

instead of only one individual. In this way, the chances to overlook important variants in 

exons due to capture problems might be further diminished. Secondly, the inclusion of 

more affected family members in separate linkage analyses throughout this family might 

allow for a polygenic background of GERD to come to light. Next to this, performing 

whole genome sequencing instead of whole exome sequencing might be feasible in order 

to be able to take intronic variants into account as well. Detailed phenotyping will remain 

a hallmark for success. 
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We conclude that the present study has led to the identification of new susceptibility 

regions for GERD. No definitive variant was found to be linked to GERD. Additional 

molecular studies are planned.
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Table 1 | Clinical characteristics of the participating family members

ID sex age age onset 
symptoms 

(yrs)

regurgitation substernal 
burning

RDQ GERD 
dimension 

score

additional 
investigations

anti-reflux 
surgery

anti-reflux 
medication

affected additional information

I-1 F 90 15 + + 2.3 - + (age 52 yrs) + +

II-1 F 69 30 + + 0* hiatal hernia - + +

II-3 M 67 - - - 0 - - - -

II-5 M 65 18 + + 1.8 hiatal hernia - + +

II-8 M 63 35 - since anti-reflux 
operation

- since anti-reflux 
operation

0 Upper endoscopy: 
esophagitis
24 hour pH-testing 
abnormal

+ (age 48 yrs) - + II- 8 and II-9 dizygote twins

II-9 M 63 30 + + 2.4 - - + + II-8 and II-9 dizygote twins

II-10 M 62 - - - 0 - - - -

II-11 M 59 15 + + 4 - - + +

II-13 F 54 20 + + 3.1 Upper endoscopy: Grade 
B esophagitis, hiatal 
hernia
24 hour pH/ impedance 
testing abnormal

- + +

III-2 F 47 18 + + 1.6 - - + +

III-4 F 24 19 + + 2.6 - - - +

III-5 F 21 - - - 0 - - - -

III-7 F 37 27 + + 1.7 - - - +

III-9 M 29 28 + + 1.8 - - - +

III-10 F 31 14 + + 3.4 - - + +

III-13 M 36 4 + + 2.0 - - + +

III-14 F 33 18 + + 0* - - - +

III-16 F 27 0 + + 1.7 24 hour pH/ impedance 
testing not conclusive

- + +

III-17 M 25 0 + + 1.7 Upper endoscopy: 
esophagitis
24 hour pH-testing 
abnormal

- + +

IV-1 F 10 2 + + 1.0 - - - +

IV-4 F 1 0 ? ? n/a - - - possibly acid smell, bed in Anti-Trendelenburg 
position, adapted feeding

* No GERD-symptoms in the week prior to RDQ assessment, however chronic symptoms of heartburn and regurgitation 
during 39 (II-1) and 15 (III-14) years respectively.
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Table 1 | Clinical characteristics of the participating family members

ID sex age age onset 
symptoms 

(yrs)

regurgitation substernal 
burning

RDQ GERD 
dimension 

score

additional 
investigations

anti-reflux 
surgery

anti-reflux 
medication

affected additional information

I-1 F 90 15 + + 2.3 - + (age 52 yrs) + +

II-1 F 69 30 + + 0* hiatal hernia - + +

II-3 M 67 - - - 0 - - - -

II-5 M 65 18 + + 1.8 hiatal hernia - + +

II-8 M 63 35 - since anti-reflux 
operation

- since anti-reflux 
operation

0 Upper endoscopy: 
esophagitis
24 hour pH-testing 
abnormal

+ (age 48 yrs) - + II- 8 and II-9 dizygote twins

II-9 M 63 30 + + 2.4 - - + + II-8 and II-9 dizygote twins

II-10 M 62 - - - 0 - - - -

II-11 M 59 15 + + 4 - - + +

II-13 F 54 20 + + 3.1 Upper endoscopy: Grade 
B esophagitis, hiatal 
hernia
24 hour pH/ impedance 
testing abnormal

- + +

III-2 F 47 18 + + 1.6 - - + +

III-4 F 24 19 + + 2.6 - - - +

III-5 F 21 - - - 0 - - - -

III-7 F 37 27 + + 1.7 - - - +

III-9 M 29 28 + + 1.8 - - - +

III-10 F 31 14 + + 3.4 - - + +

III-13 M 36 4 + + 2.0 - - + +

III-14 F 33 18 + + 0* - - - +

III-16 F 27 0 + + 1.7 24 hour pH/ impedance 
testing not conclusive

- + +

III-17 M 25 0 + + 1.7 Upper endoscopy: 
esophagitis
24 hour pH-testing 
abnormal

- + +

IV-1 F 10 2 + + 1.0 - - - +

IV-4 F 1 0 ? ? n/a - - - possibly acid smell, bed in Anti-Trendelenburg 
position, adapted feeding

* No GERD-symptoms in the week prior to RDQ assessment, however chronic symptoms of heartburn and regurgitation 
during 39 (II-1) and 15 (III-14) years respectively.
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Table 2 | Summary of the linked regions in the linkage analysis including I-1

Chromosome 4 4 4 4 4 14

SNP start rs13119207 rs10517069 rs17781708 rs919047 rs1699387 rs10141075

SNP end rs1450911 rs6554291 rs6849346 rs6532120 rs17050678 rs1882698

Region in cM 6.6 6.23 3.11 2.11 8.07 9.26

Cytogenetic location #4p13-p14 #4p13-q12 #4q12-q13 #4q13.3 #4q28.2-q31.1 #14q11.2

Genes in region TBC1D1
PTTG2
KLF3
TLR10
TLR1
TLR6
FAM114A1
TMEM156
KLHL5
WDR19
RFC1
KLB
RPL9
LIAS
UGDH
C4orf34
HIP2
ZBTB12B
PDS5A
N4BP2
LOC344967
ARHH
CHRNA9
RBM47
NSUN7
APBB2
NRCLP2
UCHL1
LIMCH1
PMX2B
TMEM33
DCAF4L1
C4orf1
BEND4
SHISA3
ATP8A1

GRXCR1
KCTD8
YIPF7
GUF1
GNPDA2
GABRG1
GABRA2
COX7B2
RAC1P2
GABRA4
GABRB1
COMMD8
ATP10D
CORIN
NFXL1
NIPAL1
CNGA1
TXK
TEC
SLAIN2
SLC10A4
ZAR1
FRYL
OCIAD1
OCIAD2
CWH43
DCUN1D4
LRRC66
SGCB
SPATA18
USP46
DANCR
ERVMER34-1
RASL11B
SCFD2
FIP1L1
LNX1
CHIC2
GSX2
PDGFRA
KIT
KDR

SRD5A3
TMEM165
CLOCK
PDCL2
NMU
EXOC1
CEP135
KIAA1211
AASDH
PPAT
PAICS
SRP72
HOPX
SPINK2
REST
NOA1
POLR2B
IGFBP7

ANKRD17
ALB
AFP
AFM
RASSF6
IL8
CXCL6
PF4V1
CXCL1
PF4
PPBP
CXCL5
CXCL3
PPBPP2
CXCL2
MTHFD2L
EPGN
EREG
AREG
AREGB
BTC
PARM1

PCDH10
PABPC4L
TERF1P3
PCDH18
SLC7A11
CCRN4L
ELF2

POTEG
POTEM
OR4N2
OR4Q3
OR4H12P
OR4M1
OR4K3
OR4K2
OR4K5
OR4K1
OR4K15
OR4K14
OR4K13
OR4L1
OR4K17
OR4N5
OR11G2
OR11H6
OR11H4
TTC5
CCNB1IP1
PARP2
TEP1
KLHL33
OSGEP
APEX1
TMEM55B
PNP
RNASE10
RNASE9
RNASE11
OR6S1
EDDM3A
EDDM3B
RNASE6
RNASE1
RNASE3
RNASE2
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Table 3 | Results from linkage analysis excluding family member I-1

Chromosome 12

SNP start rs11175799

SNP end rs1629507

Region in cM 5.3

Cytogenetic location #12q14.3-q15

Genes in region HMGA2
LLPH
TMBIM4
IRAK3
RBMS1P1
HELB
GRIP1
CAND1
DYRK2
IFN6
IL26
IL22
MDM1
RAP1B
NUP107
SLC35E3
MDM2
CPM

Table 4 | Results of previous linkage studies in patients with GERD

Study Population Targeted on 
candidate region

Significantly 
linked region 
(+ candidate gene)

Replication results

(Hu et al., 2000b) 1 family - #13q14 (HTR2A
(Hu et al., 2000a))* 

Not replicated in 5  families 
(Orenstein et al., 2002) 

(Asling et al., 2009) 36 families - #2q31 (COL3A1) Replicated in the same study, other 
replication studies not performed

(Jirholt et al., 2011) 36 families + #16p13.3 (ABAT) Not replicated in case-control 
cohort in the same study 

* HTR2A subsequently excluded by further fine mapping analysis (Hu et al., 2000a)
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