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Kaiser Permanente Northern California Members
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http://www.netstate.com/states/geography/mapcom/ca_mapscom.htm
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RPGEH Survey Respondents, Biospecimens, and GERA

430,000 Survey Respondents

190,000 Biospecimens

110,266 GERA Cohort
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GERA Cohort Characteristics

Number of Subjects %
Age at Specimen Donation

18-39 7,025 6.3
40-59 33,344 30.2
60-79 57,856 52.4
80+ 12,041 10.9

Sex
Women 63,883 57.9
Men 46,383 42.1

Race/Ethnicity
African American 3,765 3.4
Asian 8,512 7.7
Hispanic 7,917 7.2
Non-Hispanic White 89,259 81.0

Total 110,266 100.0
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Hernia: A Common Condition
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Hernia Repair Surgery



Hernias Are Classified by Anatomical Site 
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Hernia Repair Surgery



Inguinal Hernias Are Common in GERA

10 February 25, 2019

GERA Cohort Inguinal Hernia Cases Controls

Non-Hispanic whites All 
(n=5,295)

Direct 
(n=2,335)

Indirect 
(n=2,647) (n=67,510)

Men 4,746 89.6% 2,193 93.9% 2,408 91.0% 25,011 37.1%

Women 549 10.4% 142 6.1% 239 9.0% 42,499 63.0%

Jorgenson et al. Nature Communications 2015

Hernia Repair Surgery



The Human Genome Is 3.2 Billion Basepairs Long
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Single Nucleotide Polymorphism (SNP)
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Genotyping Arrays Measure Millions of SNPs in Parallel
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Sample QC Workflow
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Kvale et al. Genetics 2015



Genotyping Performance Was Tracked in Real Time
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Kvale et al. Genetics 2015



SNP Quality Control
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Kvale et al. Genetics 2015



Genetic Analysis of Hernia 
Risk

Hernia Genetic Risk Loci

Hernia Phenotype 
Development

GWAS Can Identify Loci, Not Genes

Hernia Risk Alleles
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Genetic Data 
Development



Manhattan Plot of Inguinal Hernia GWAS Results
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EFEMP1

ADAMTS6

EBF2

WT1

Jorgenson et al. Nature Communications 2015



Hernia Repair Replication Sample: 23&Me Subjects
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“Have you ever had any of the following gastrointestinal surgeries (Hernia repair)?”

23&Me Subjects Hernia Repair Cases (n=9,701) Controls (n=82,743)

Men 6,812 70.2% 41,611 50.2%
<30 246 3.6% 5,147 12.4%

31-45 1,087 16.0% 14,109 33.9%
46-60 1,605 23.6% 10,259 24.7%

>60 3,874 56.9% 12.096 29.1%
Women 1,889 29.8% 41,132 49.8%

<30 63 3.3% 4,252 10.3%
31-45 317 16.8% 11,099 27.0%
46-60 603 31.9% 11,431 27.8%

>60 906 48.0% 14,350 34.9%

Jorgenson et al. Nature Communications 2015



Replication of Inguinal Hernia Significant Associations

20 February 25, 2019

Jorgenson et al. Nature Communications 2015



Each Inguinal Hernia Risk Locus Includes Many SNPs
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Jorgenson et al. Nature Communications 2015



Genetic Analysis of Hernia 
Risk

Hernia Genetic Risk Loci

Hernia Phenotype 
Development

qRT-PCR and RNA-seq of 
Genes in Hernia Risk Loci

Tissue Specific Expression 
of Putative Risk Genes

Can We Link Hernia Risk Loci to Specific Genes?

Hernia Risk Alleles
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Genetic Data 
Development



Genes at Inguinal Hernia Risk Loci are Expressed 
in Mouse Connective Tissue
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Jorgenson et al. Nature Communications 2015



What Have We Learned about Inguinal Hernia Genetics?
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 4 Inguinal Hernia Risk Loci
– Confirmed through replication in an independent cohort
– Genes in the loci are expressed in equivalent mouse tissue

 Hernia Loci Show Evidence of Pleiotropy
– EFEMP1: Height, Forced Vital Capacity, Multiple Cancers
– WT1: Wilms’ Tumor, Tuberculosis
– EBF2: Prostate Cancer (different area in the gene)
– ADAMTS6: Central Corneal Thickness, Osteosarcoma

 Moving Toward Mechanism
– Collagen homeostasis
– Matrix metalloproteinases and their inhibitors (WT1 and ADAMTS6)
– Elastin and chronic obstructive pulmonary disease (EFEMP1)
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What Do We Still Need to Learn about Hernia Genetics?
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What Do We Still Need to Learn about Hernia Genetics?
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 Where are the Regulatory Elements in Hernia Risk Loci?



Genomic Context of Hernia SNPs in the EFEMP1 Region
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Genomic Context of Hernia SNPs in the EFEMP1 Region
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Genomic Context of Hernia SNPs in the EFEMP1 Region

31 February 25, 2019

rs2009262



Genes Are Like Lightbulbs
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Genes



Genes Are Like Lightbulbs
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Promoters

Genes



Genes Are Like Lightbulbs
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Enhancer
Promoters

Genes



Proteins Bind Regulatory Elements
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Enhancer Promoter Gene



Proteins Bind Regulatory Elements
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Enhancer Promoter Gene

Activator



Proteins Bind Regulatory Elements
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Enhancer Promoter Gene

Activator



Outline

 A GWAS Example: Inguinal Hernia

 Epigenetics: DNA Methylation and Histone Modification

 Epistasis: Cutaneous Squamous Cell Carcinoma
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The Two Main Components of the Epigenetic Code

Histone modification

DNA methylation
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Chromatin: Histones Provide Structure to DNA

Chromatin
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Acetylation Reduces Histone Binding to DNA

Closed Open

Transcription ON

AC Transcription factor
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ChIP-seq Can Identify Regulatory Elements
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Cross-link DNA and Proteins

Shear DNA

Immunoprecipitate

Reverse Cross-link

Sequence and Map Reads

Determine Location

Isolate Tissue



ENCODE has Cataloged Different Types of Marks
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https://www.encodeproject.org/data/annotations



EFEMP1: rs2009262 is not in a Regulatory Element Mark

44 February 25, 2019

rs2009262



rs2009262
rs4146922
rs4146921

rs7563032

l
l
l

l

EFEMP1

l ll l l56,100 kb56,060 kb56,040 kb56,020 kbl l l l l lchr2 56,080 kb

3 SNPs in Connective Tissue Enhancer Marks
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H3K27ac



Genetic Analysis of Hernia 
Risk

Hernia Genetic Risk Loci

Hernia Phenotype 
Development

qRT-PCR and RNA-seq of 
Genes in Hernia Risk Loci

ChIP-seq and Differential 
Enhancer Assays

CRISPR/Cas9 of 
Associated Alleles

Tissue Specific Expression 
of Putative Risk Genes

Identifying Causal Variants

Hernia Risk Alleles

Regulatory Elements in 
Hernia Risk Loci

Alterations in Regulatory 
Elements Influence Risk
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Genetic Data 
Development



Can We Link Risk SNPs to Specific Genes?
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Chromosomes are Organized into
Topologically Associating Domains (TADs)

Matharu and Ahituv 
PLoS Genetics 2015

February 25, 201948



Fixation Digestion 
Adaptor
ligation

Proximity 
ligation

NGS 
Library

Chromatin conformation capture (Hi-C)

Hi-C contact map
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Ramani et al. Nature Protocols 2016



Chromosome Conformation Capture Example

Modified from Lazar et al. Genome Research 2018
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12q3

Chromosome Conformation Capture Example

Modified from Lazar et al. Genome Research 2018
February 25, 201951



TADs around the EFEMP1 Locus
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http://promoter.bx.psu.edu/hi-c/



TADs around the EFEMP1 Locus
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http://promoter.bx.psu.edu/hi-c/



Virtual 4C Shows Interactions with rs2009262
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http://promoter.bx.psu.edu/hi-c/



Does rs2009262 Affect EFEMP1 Gene Expression?
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https://www.gtexportal.org/home

https://www.gtexportal.org/home
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 A GWAS Example: Inguinal Hernia

 Epigenetics: DNA Methylation and Histone Modification

 Epistasis: Cutaneous Squamous Cell Carcinoma
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 rs492602 (FUT2) and rs2519093 (ABO) are hits in overall GWAS
 Interaction PLDL= 8.1x10-10

 FUT2 secretor status and greater ABO expression lower LDL

Epistasis: LDL and a FUT2 x ABO Interaction

https://gtexportal.org/home/snp/rs2519093Hoffmann et al. Nature Genetics 2018
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Cutaneous Squamous Cell Carcinoma (cSCC)

Asgari et al. JID 2016

 
      

 4.3 Million cases per year of non-melanoma skin cancer

 $4.8 Billion public health costs

 4,000 Deaths per year
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GWAS of cSCC in GERA

Asgari et al. JID 2016
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GWAS of cSCC in 23&Me

Chahal et al. Nature Communications 2016
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Epistasis and Eye Color
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https://genetics.thetech.org/how-blue-eyed-parents-can-have-brown-eyed-children



rs12916300 (HERC2)
OR (CI) CC CT TT

rs1
80

04
07

 (O
CA

2 ) CC 1.00 (ref) 1.45 (1.26, 1.66) 1.91 (1.67, 2.18)

CT 1.25 (0.99, 1.57) 2.13 (1.83, 2.48) 1.84 (1.55, 2.19)

TT 2.26 (1.40, 3.65) 1.76 (1.12, 2.76) 1.85 (0.83, 4.11)

cSCC Risk by HERC2 and OCA2 Genotypes
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Subjects with Blue Eyes have Similar cSCC Risk
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OR (CI) CC CT TT

CC 0 0 0

CT 0 1 2

TT 0 2 4

Interaction Coding Does Not Reflect Blue Eye Phenotype

Interaction p > 0.05

0 1 2

0

1

2

Allele Coding
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Paper Discussion
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