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THE HISTORY OF NON-CODING 
DISCOVERIES

The central dogma of molecular biology 
(Figure 1) as proposed by Crick himself [1, 2] 
describes the concept that genetic information 
encoded by deoxyribonucleic acid (DNA) is 
transcribed into ribonucleic acid (RNA) which 
is subsequently translated into proteins. For 
decades this hypothesis has led the majority 
of researchers to focus on the question of how 
genetic alterations affect protein structure and 
function in health and disease.

This hypothesis states that genetic informa-
tion is translated from nucleic acid to protein 
(and not the other way around). The double 
stranded deoxyribonucleic acid (DNA) can be 
copied to the single stranded ribonucleic acid 
(RNA) during transcription and translated to 
the amino-acid sequence of protein (transla-
tion). This means that DNA makes RNA, and 
RNA makes proteins. DNA, RNA and protein 
represent the three major macromolecules es-
sential for all known forms of life.

In 1970 Dr. Susumu Ohno labeled the 
genomic DNA without known function as 

“garbage DNA”. This term was later modified 
into the more euphemistic “junk DNA” [3], 
which was widely used in the scientific com-
munity for almost the next half century to 

describe functionally unimportant genomic 
DNA that is not coding an amino acid se-
quence of proteins (not present in exons of 
protein-coding genes). At the beginning of 
the 21st century, researchers were still dis-
cussing what this “junk DNA” actually does, 
given that it makes up the majority (approx. 
98%) of the human genome (Figure 2), [4]. 

With the discovery of ribosomes in the 
50’s and of messenger RNA (mRNA) in early 
60’s [5], the DNA-RNA transcription and 
protein translation process was finally un-
derstood. But it was only when the first “non- 
protein-coding” (non-coding) RNAs were dis-
covered that the idea emerged that part of the 
‘junk DNA’ might actually code for relevant 
transcripts that are not translated into protein. 
The first non-coding RNA was an alanine trans-
fer RNA (tRNAAla) discovered in yeast in 1965 
[6] for which Holley, Khorana and Nirenberg 
received the Nobel Prize in Physiology 
and Medicine in 1968 [http://www.nobel-
prize.org/nobel_prizes/medicine/laureates/ 
1968/index.html]. After this discovery many 
other non-coding RNAs were discovered, 
such as long non-coding RNAs (the first be-
ing H19 described in mammalian cells [7])

 

Figure 1: The central dogma of molecular biology. 
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Figure 2: The different fractions of the human genome [4].
LINEs (long interspersed nuclear elements) are autonomous transposable elements, mostly truncated non-
functional insertions with an average size of 900 bp; SINEs (short interspersed nuclear elements) mainly 
include the Alu (Arthrobacter luteus) repeats, which are the most abundant repeats in the human genome 
and occur, on average, every 3 kb; LTR (retrovirus like) transposons are long terminal repeats containing 
all essential genes theoretically capable of transposition; DNA transposons are terminal inverted longer 
active repeats; segmental duplications are segments of DNA with “near-identical” sequence and involve 
transfer of up to 200-kb blocks of genomic sequence to one or more locations in the genome; simple 
sequence repeats (microsatellites, short tandem repeats) are tandem repeats of a 2-5bp of DNA.

With the discovery of ribosomes in the 50’s and of messenger RNA (mRNA) in early 

60’s [5], the DNA-RNA transcription and protein translation process was finally understood. 

But it was only when the first “non-protein-coding” (non-coding) RNAs were discovered that 

the idea emerged that part of the ‘junk DNA’ might actually code for relevant transcripts 

that are not translated into protein. The first non-coding RNA was an alanine transfer RNA 

(tRNAAla) discovered in yeast in 1965 [6] for which Holley, Khorana and Nirenberg received 

the Nobel Prize in Physiology and Medicine in 1968 [http://www.nobelprize.org/nobel_prize 

s/medicine/laureates/1968/index.html]. After this discovery many other non-coding RNAs 

were discovered, such as long non-coding RNAs (the first being H19 described in mammalian 

cells [7]) and micro-RNAs (the first being lin-4 in C. elegans [8], second LET-7 [9]). 

 

 
Figure 3: Timeline of the key discoveries in the non-coding world 

 

 

 Multiple other non-coding RNAs (ncRNAs) were discovered subsequently, but the 

extent of the non-coding-DNA-world really became clear in 2007, when the results of the 

Encyclopedia of DNA Elements (ENCODE) pilot project were released [10]. The pilot-studies 

pointed at a yet-undiscovered complexity of gene transcription and regulation. One of the 

Figure 3: Timeline of the key discoveries in the non-coding world
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and micro-RNAs (the first being lin-4 in C. 
elegans [8], second LET-7 [9]).

Multiple other non-coding RNAs (ncRNAs) 
were discovered subsequently, but the extent 
of the non-coding-DNA-world really be-
came clear in 2007, when the results of the 
Encyclopedia of DNA Elements (ENCODE) 
pilot project were released [10]. The pi-
lot-studies pointed at a yet-undiscovered com-
plexity of gene transcription and regulation. 
One of the main aims of the ENCODE project 
was to uncover the role of the remaining un-
described component of the human genome. 
The resulting evidence showed that much of 
the human genome is actually transcribed 
(including many non-coding transcripts), 
and the finding that many of these primary 
transcripts may overlap another coding or 
non-coding transcripts was overwhelming, 
taken together with the unexpected numbers 
of non-coding genes [10], (Figure 4).

CAUSAL GENES

The identification of disease associated genes 
using DNA markers took off in the mid-80’s 
and was very successful in the case of mono-
genic Mendelian disorders in which only one 
gene is responsible for a single phenotype 
(the one gene-one phenotype model). Many 

of these genes were discovered by forward 
genetics approaches, for instance based on 
candidate genes and linkage analysis in fami-
lies. Examples of these genes are CFTR (cystic 
fibrosis transmembrane conductance regu-
lator) for cystic fibrosis [11], HTT (hunting-
tin) for Huntington’s disease [12] and BRCA1 
(breast cancer 1, early onset) for breast and 
ovarian cancer [13]. Despite these milestone 
discoveries, scientists were not as successful 
in applying the same method of linkage anal-
ysis to complex polygenic genetic diseases 
where a large number of genes are involved 
and interact with environmental factors.

In general, there are two basic methods 
to detect disease-associated genes, linkage 
studies and association studies. Linkage 
analysis studies the co-segregation of disease 
genes and polymorphic DNA markers locat-
ed near to each other on the same chromo-
some in multi-generation families that must 
include multiple affected individuals within 
the same family to have the power to detect 
the linkage. This family-based approach in-
cludes families in which the disease pheno-
type segregates in a Mendelian fashion and 
was very successful in case of cystic fibrosis 
[11]. Association studies test the correlation 
between genetic variants (e.g. single nucle-
otide polymorphisms (SNPs)) and disease 

main aims of the ENCODE project was to uncover the role of the remaining undescribed 

component of the human genome. The resulting evidence showed that much of the human 

genome is actually transcribed (including many non-coding transcripts), and the finding that 

many of these primary transcripts may overlap another coding or non-coding transcripts 

was overwhelming, taken together with the unexpected numbers of non-coding genes [10], 

(Figure 4). 

 

  

 

 

Ensembl is a joint project between EMBL-EBI 

(European Molecular Biology Laboratory- the 

European Bioinformatics Institute) and the 

Wellcome Trust Sanger Institute to develop  

a software system which produces and maintains 

automatic annotation on selected eukaryotic 

genomes [http://www.ensembl.org/index.html]. 

GRCh37 (Genome Reference Consortium Human 

genome build 37; [http://www.ncbi.nlm.nih.gov 

/projects/genome/assembly/grc/]) is the standard 

reference assembly sequence used by National 

Center for Biotechnology Information (NCBI) 

adopted May 2010.  

Figure 4: The general statistics of the ENCODE project from September 2010 

[http://www.gencodegenes.org/stats/archive.html] showing how the number of non-coding 

RNA genes (lncRNAs, small ncRNAs, pseudogenes; n=30,650) markedly exceeds the number 

of protein-coding genes (n=20,540). 
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phenotype to identify the candidate gene 
or region associated with particular disease. 
The study design used to test for association 
can be i) case-control in which the frequen-
cy of a genetic variant is compared between  
a population of individuals affected with 
a disease (cases) and unaffected individu-
als (controls) or ii) quantitative-trait locus 
(QTL) analysis in which the contributions 
of associated variants/genes/loci manifest 
an additive effect on the continuous distri-
bution of measurable phenotype (like blood 
pressure, height, or skin color). 

Genome-wide association studies (GWAS) 
are usually performed in the case-control 
design and compare a very large number of 
common genetic variants (usually hundreds 
of thousands) present on a DNA array in large 
populations of cases and controls. The GWAS 
platforms contain common “tagging SNPs” 
(minor allele frequency (MAF)>5%) which 
might be highly correlated with the actual 
SNP causing the specific phenotype (disease 
or quantitative trait). The efficient capturing 
of tagging SNPs is possible because of the 
linkage disequilibrium (LD) among neigh-
boring SNPs when the LD structure across 
chromosomes predicts which variants are in-
herited together (Figure 5). 

GWAS are a very powerful tool but, de-
spite the large number of newly discovered 
associations for different phenotypes, they 
have also shown that common variants alone 
can only explain a limited/small proportion 
of the heritable component (heritability) of 
the risk of a particular disease [14]. GWAS 
of celiac disease is an example of a relatively 
successful hunt in which 40 associated loci 
that may explain 53.7% of the disease herita-
bility have been identified [15]. Not all GWAS 
are this successful. For example, height is a 
quantitative trait for which relatively little of 
the phenotypic variance (around 20%) can be 
explained despite the identification of a large 
number of associated loci (n=423) represent-
ing many variants with a small effect size [16]. 

Finding the full repertoire of the genet-
ic variation contributing to complex traits 
in humans is far more complicated than we 
expected years ago and represents an im-
portant challenge in the majority of complex 
disorders including immune-related diseas-
es (such as celiac disease, type 1 diabetes, 
inflammatory bowel disease, or rheumatoid 
arthritis), different types of cancer, asthma 
or cardiovascular disorders. Increasing the 
power of the study by adding additional sam-
ples also increases the efficiency of identifica-
tion of genetic variants with lower frequency 
and/or with smaller effect. Increased power 
can also be achieved by sampling extreme 
phenotypes on both ends of the phenotype 
distribution (Figure 6-A) for example using 
with a two-stage design in which whole-ge-
nome/exome sequencing is performed on 
small number of individuals in stage 1 then 
followed by sequencing of associated vari-
ants in a large cohort in stage 2 [17–20]. To 
take into account the impact of epistasis,  
a more complicated model should be applied 
instead of using the simple additive model. 

To reduce phenotypic heterogeneity, 
which may dilute the association signals,  
a more detailed clinical examination should 
be used, resulting in better grouping of phe-
notype sub-classification and focusing on 
extreme phenotypes following the “the more 
heritable the disease the more severe the 
phenotype” model (Figure 6-B). More pre-
cise phenotype sub-classification to create 
sub-groups of patients with the same trait 
(disease) who also share specific parame-
ters (like levels of specific markers or age 
of onset) creates intermediate phenotypes 
(endophenotypes). The association studies 
performed within these endophenotypes 
may capture more heritable trait variation 
and lead to an increase in the statistical pow-
er of the study. We are using celiac disease,  
a common multifactorial autoimmune dis-
ease trigged by dietary gluten, as an example 
of how to apply this method (Figure 6-C).
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A)       B) 

  
  

 

C) 

 

Figure 5: A) Recombination is a part of the cell division (meiosis) when long homologous 

segments of chromatids are exchanged without losing or gaining sequence. B) 

Recombination breaks up ancestral segments resulting in new variable chromosomes in the 

descendants. Linkage disequilibrium (LD) between SNPs within the same region can break 

down when a small part of conserved segments (recombination) or even one nucleotide 

(allelic conversion) is replaced. SNPs close together might be separated by these events 

resulting in low or no LD. SNPs which are not separated show high LD (≥0.8) and are 

inherited together. C) Short sequence of four copies of the same part of chromosome 

containing six SNPs (upper part) creating haplotypes with three tagging SNPs (green) from 

which three additional SNPs (red) might be indirectly genotyped using its direct genotype 

information (lower part). 

Figure 5: A) Recombination is a part of the cell division (meiosis) when long homologous segments of 
chromatids are exchanged without losing or gaining sequence. B) Recombination breaks up ancestral 
segments resulting in new variable chromosomes in the descendants. Linkage disequilibrium (LD) 
between SNPs within the same region can break down when a small part of conserved segments 
(recombination) or even one nucleotide (allelic conversion) is replaced. SNPs close together might 
be separated by these events resulting in low or no LD. SNPs which are not separated show high LD 
(≥0.8) and are inherited together. C) Short sequence of four copies of the same part of chromosome 
containing six SNPs (upper part) creating haplotypes with three tagging SNPs (green) from which three 
additional SNPs (red) might be indirectly genotyped using its direct genotype information (lower part).
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A) 

 
 

 

B)      C) 

  
 

Figure 6: Sampling individuals with extreme phenotypes can enrich the presence of causal 

variants. A) The phenotype distribution. To increase the power of the study the extreme 

phenotypes (at both ends of the distribution) should be analyzed. Because the frequencies 

of alleles that contribute to the trait are enriched in one or both phenotype extremes, a 

modest sample size can potentially be used to identify novel candidate genes and/or alleles 

[21]. B) How to define extreme phenotype in case of celiac disease. C) Examples of 

phenotype heterogeneity (enterophenotypes) in celiac disease. 

 

Figure 6: Sampling individuals with extreme phenotypes can enrich the presence of causal variants. 
A) The phenotype distribution. To increase the power of the study the extreme phenotypes (at both 
ends of the distribution) should be analyzed. Because the frequencies of alleles that contribute to the 
trait are enriched in one or both phenotype extremes, a modest sample size can potentially be used 
to identify novel candidate genes and/or alleles [21]. B) How to define extreme phenotype in case of 
celiac disease. C) Examples of phenotype heterogeneity (enterophenotypes) in celiac disease.
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OUTLINE AND SCOPE OF THE 
THESIS

This thesis is the result of work performed 
during the years 2010-2014 and is a reflec-
tion of how the field of complex genetics of 
autoimmune and immune-related diseases 
changed over that time. This thesis has two 
aims: i) to identify novel genetic associations 
for celiac disease after a successful GWAS;  
ii) to find the meaning (understand the 
mechanism of action) for the genetic vari-
ants located outside “protein-coding” re-
gions which were associated in GWAS with 
celiac disease and/or other immune-related 
disease phenotypes.

In Chapter 2 I review the status of celiac 
disease in the ‘post-GWAS era’. I summarize 
the discovery of genome-wide significant as-
sociations of celiac disease loci and propose 
the possible next steps to move from the 
GWAS-associated SNPs to pinpointing the 
causal genes and SNPs.

In Chapter 3 I perform a GWAS in an ex- 
treme intermediate phenotype of celiac phe-
notype known as a refractory celiac disease 
type 2 (RCDII) to increase the power of 
study and to reveal additional underlying 
genetic variants in celiac disease.

In Chapter 4 I selected six SNPs that were 
moderately associated with celiac disease 
in previous GWAS [23]. Even though they 
reached the suggestive level of association, 
these loci had not been followed up previously 
because of the absence of a known immune-re-
lated protein-coding gene within the region. 

 The second part of my thesis focuses on 
non-coding RNAs (ncRNAs) and non-cod-
ing variants. After the discovery that the ma-
jority of disease-associated genetic variants 
identified by GWAS are not affecting pro-
tein-coding sequences (exons), but rather 
may have a regulatory function and control 
transcription or translational activity, it be-
came clear that the non-protein coding part 
of the human genome is involved in complex 

diseases as well. Many celiac disease loci har-
bor different types of non-coding RNAs. 

In Chapter 5 we review the two most rel-
evant classes of non-coding RNAs, microR-
NAs and long non-coding RNAs (lncRNAs), 
and discuss how these regulatory RNAs 
might be affected by disease-associated ge-
netic non-coding variants. 

The GWAS performed in celiac disease 
identified 57 independent signals, 54 of which 
are located in non-coding regions [15, 22, 23]. 
Using in silico analysis we discovered that 
14 of our top associated SNPs from GWAS 
are located inside non-coding RNA genes. 
In Chapter 6 I describe the results of deep 
DNA sequencing of four lncRNA candidates 
in a Dutch cohort containing celiac patients 
and healthy controls. This method allows 
us to zoom in into the region of candidate 
lncRNAs in order to potentially find the new 
genetic variants associated with the celiac 
disease phenotype that were not included on 
the GWAS platform, either by themselves or 
through their tag SNPs.

In Chapter 7 I aim to characterize 
lncRNAs and protein-coding genes located 
in loci associated with nine autoimmune 
and immune-related diseases for which 
Immunochip data was available using tran-
scriptome data of 11 distinct immune cell 
types (granulocytes, monocytes, NK cells, 
B-cells, memory-T cells, naive CD4+ and 
naive CD8+ T-cells, and four CD4+ T-helper 
cell populations). This approach helps us 
to prioritize disease-relevant cell types for 
functional follow-up studies.

In the general discussion (Chapter 8), 
I place the projects from this thesis in the 
broader perspective of genetic studies of 
complex diseases; describe major challenges 
and future perspectives for further research 
in the genetics of complex diseases especially 
of celiac diseases.



20 CHAPTER 1

REFERENCES
1.  Crick FH: Central dogma of molecular biology. Na-

ture 1970, 227:561–563.
2.  Crick FH: On protein synthesis. In Symposia of the 

Society for Experimental Biology. 1958, 12:138.
3.  Ohno S: So much“ junk” DNA in our genome. In 

Brookhaven symposia in biology. 1972, 23:366–370.
4.  Lander ES, Linton LM, Birren B, et al.: Initial sequenc-

ing and analysis of the human genome. Nature 2001, 
409:860–921.

5.  Schweet R, Heintz R: Protein synthesis. Annu Rev Bio-
chem 1966, 35:723–758.

6.  Holley RW, Apgar J, Everett GA, et al.: Structure of  
a Ribonucleic Acid. Science 1965, 147:1462–5.

7.  Brannan CI, Dees EC, Ingram RS, et al.: The product 
of the H19 gene may function as an RNA. Mol Cell 
Biol 1990, 10:28–36.

8.  Lee RC, Feinbaum RL, Ambros V: The C. elegans het-
erochronic gene lin-4 encodes small RNAs with anti-
sense complementarity to lin-14. Cell 1993, 75:843–54.

9.  Reinhart BJ, Slack FJ, Basson M, et al.: The 21-nucle-
otide let-7 RNA regulates developmental timing in 
Caenorhabditis elegans. Nature 2000, 403:901–906.

10.  Birney E, Stamatoyannopoulos JA, Dutta A, et al.: 
Identification and analysis of functional elements 
in 1% of the human genome by the ENCODE pilot 
project. Nature 2007, 447:799–816.

11.  Riordan JR, Rommens JM, Kerem B, et al.: Identifi-
cation of the cystic fibrosis gene: cloning and char-
acterization of complementary DNA. Science 1989, 
245:1066–1073.

12.  MacDonald ME, Ambrose CM, Duyao MP, et al.:  
A novel gene containing a trinucleotide repeat that 
is expanded and unstable on Huntington’s disease 
chromosomes. Cell 1993, 72:971–983.

13.  Miki Y, Swensen J, Shattuck-Eidens D, et al.: A strong 
candidate for the breast and ovarian cancer suscep-
tibility gene BRCA1. Science 1994, 266:66–71.

14.  Manolio TA, Collins FS, Cox NJ, et al.: Finding the 
missing heritability of complex diseases. Nature 
2009, 461:747–753.

15.  Trynka G, Hunt KA, Bockett NA, et al.: Dense geno-
typing identifies and localizes multiple common 
and rare variant association signals in celiac disease. 
Nat Genet 2011, 43:1193–201.

16.  Wood AR, Esko T, Yang J, et al.: Defining the role of 
common variation in the genomic and biological 
architecture of adult human height. Nat Genet 2014, 
46:1173–86.

17.  Li D, Lewinger JP, Gauderman WJ, et al.: Using ex-
treme phenotype sampling to identify the rare 
causal variants of quantitative traits in association 
studies. Genet Epidemiol 2011, 35:790–9.

18.  Lanktree MB, Hegele RA, Schork NJ, et al.: Extremes 
of unexplained variation as a phenotype: an effi-
cient approach for genome-wide association stud-
ies of cardiovascular disease. Circ Cardiovasc Genet 
2010, 3:215–21.

19.  Barnett IJ, Lee S, Lin X: Detecting rare variant effects 
using extreme phenotype sampling in sequencing 
association studies. Genet Epidemiol 2013, 37:142–51.

20.  Kang G: Power and sample size of two-stage ex-
treme phenotype sequencing design for next gener-
ation sequencing studies. BMC Bioinformatics 2013, 
14:A16.

21.  Emond MJ, Louie T, Emerson J, et al. Exome sequenc-
ing of extreme phenotypes identifies DCTN4 as  
a modifier of chronic Pseudomonas aeruginosa in-
fection in cystic fibrosis. Nat Genet 2012, 44:886–9.

22.  Hunt KA, Zhernakova A, Turner G, et al.: Newly identi-
fied genetic risk variants for celiac disease related to 
the immune response. Nat Genet 2008, 40:395–402.

23.  Dubois PC, Trynka G, Franke L, et al.: Multiple com-
mon variants for celiac disease influencing immune 
gene expression. Nat Genet 2010, 42:295–302. 

 








