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Abstract:	  This opinion paper highlights strategies for a better understanding of non-Mendelian genetic 
risk that was revealed by genome-wide association studies (GWAS) of complex diseases. The genetic 
risk resides predominantly in non-coding regulatory DNA, such as in enhancers. The identification of 
mechanisms, the causal variants (mainly SNPs), and their target genes are, however, not always appar-
ent but are likely involved in a network of risk determinants; the identification presents a bottle-neck in 
the full understanding of the genetics of complex phenotypes. Here, we propose strategies to identify 
functional SNPs and link risk enhancers with their target genes. The strategies are 1) identifying fine-
mapped SNPs that break/form response elements within chromatin bio-features in relevant cell types 2) 
considering the nearest gene on linear DNA, 3) analyzing eQTLs, 4) mapping differential DNA methy-
lation regions and relating them to gene expression, 5) employing genomic editing with CRISPR/cas9 
and 6) identifying topological associated chromatin domains using chromatin conformation capture. 
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1. INTRODUCTION 

 Non-Mendelian genomic risk is a relatively new field in 
understanding genetic diseases, such as cancer. Non-
Mendelian genomic risk contrasts with Mendelian-inherited 
mutations; the latter can be followed in families via linkage 
analyses and have been known and studied for some time [1]. 
The contrast was revealed by genome-wide association stud-
ies (GWAS) of many complex traits, which identified non-
Mendelian risk loci containing polymorphic variants mostly 
occurring in non-coding DNA; functional analyses of such 
risk have largely lagged the original GWAS signal identifica-
tion. Until 2016, out of 3,836 successful GWAS studies, only 
84 revealed some (but not complete) mechanistic understand-
ing [2]. In most studies, risk SNPs have only been associated 
with disease (and not causing it). The reasons are that a 
GWAS signal at a particular locus has several surrogates in 
linkage disequilibrium and these, in turn, are linked to the 
functions of closely mapped (nearest) genes of interest [2]. 
Therefore, two main questions remain: Which SNP or SNPs 
are functional/causal and which genes functionally translate 
the risk signal. 

2. FUNCTIONAL/CAUSAL RISK SNPs	  
 SNP alleles are of various degrees in linkage disequilib-
rium (LD) in different racial-ethnic groups and at different 
loci [3]. Fine mapping can be achieved by direct genotyping 
and/or imputation of 1000 genomes [4]; SNPs with the low-
est pvalues and greatest effect sizes are the most likely causal 
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ones. The functionality of SNPs in cell types can be gleaned 
from nucleosome positioning (DNase1-hypersensitivity and 
ATAC-seq) and surrounding histone modifications (h3K27ac 
and H3K1me) [5], SNPs at these sites are likely to be func-
tionally involved, especially if they break/form transcription 
factor motifs [6]. 

3. IDENTIFICATION OF GENES THAT FUNCTION-
ALLY TRANSLATE THE RISK SIGNAL	  
 Genes near GWAS risk signals may not necessarily im-
pose risk. This is because many/most GWAS risk signals 
reside in regulatory DNA, such as enhancers. Matching en-
hancers with genes has revealed wide-spread intergenic and 
intragenic (intronic) interactions, which in turn may control 
gene expression at some genomic distance [7]. There are 
several examples of risk enhancers controlling genes at a 
distance, but a striking one is an obesity- and type 2 diabetes-
associated non-coding sequence within the intron of gene 
FTO, which was shown to be functionally connected with 
gene IRX3, a megabase distant [8]. Even at very short map 
distances, more than 40% of enhancers skip over the nearest 
gene and interact with distant ones [9]. Furthermore, some 
enhancers regulate multiple genes and several enhancers in-
teract with a given gene [10, 11]. Enhancers, containing risk 
SNPs (risk enhancers), may influence phenotypes (both nor-
mal and pathological) via complex mechanisms [12]. The 
problem of understanding non-Mendelian genetic risk can be 
formulated, in the first instance, as which are the causal 
SNPs and how best to match risk enhancers with promoters 
of the genes they regulate, thus revealing risk mechanisms. 
 Five enhancer/promoter matching strategies can be con-
sidered to shed light on the above conundrum. 
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4. STRATEGIES TO MATCH ENHANCERS WITH 
GENE PROMOTER	  
4.1. Nearest Gene 

 This strategy is used most often in gene identification of 
GWAS loci. In some cases, (but not in all), this makes per-
fect sense, especially if the nearest gene also happens to carry 
Mendelian-inherited mutations. Germline mutations and 
SNPs at genes such as TERT, p53, and BRCA1/2 indicate that 
these genes are involved in cancer etiology [13]. However, as 
stated above, in most cases, the nearest genes are not in-
volved in complex disease risk. 

4.2. eQTL Analyses 

 Expression-quantitative-trait-loci (eQTL) analyses are 
based on the correlation between variant genotypes (homo-
zygous, heterozygous, homozygous alternate allele) and gene 
expression among a large number of samples [14]. In this 
approach, a priori candidates must be identified to see which 
genes in Cis are the most likely ones since genome-wide 
analyses suffer from multiple- hypotheses restrictions of sig-
nificance. eQTL analyses suffer from lack of power (thus 
resulting in false negatives), cell type heterogeneity and false 
positives due to stochastic variation and abundant association 
[15]. 

4.3. Epigenetic Traits 

 By comparing DNA methylation with gene expression 
levels, one can correlate increased DNA methylation at en-
hancers with gene expression inhibition in multiple samples. 
The method is based on the negative correlation between 
CpG methylation at enhancers and their gene regulatory ac-
tivities. This method was recently employed by comparing 
tumor with normal tissues [9, 16]. The advent of genome-
wide bisulfate sequencing (to detect all methylated DNA 
sites), will in the future, reveal active and inactive enhancers 
in many cell types. A more recent software update tool has 
been published, called ELMER2 [17]. It is important to note 
that this type of analysis is only correlative and thus cannot 
be used to understand precise mechanisms of direct interac-
tions. 

4.4. Genomic Editing 

 Genome editing using CRISPR/cas9 technology has 
gained prominence due to the amazing precision by which 
this can be done and the potential benefits that can be 
achieved both in vitro (experimental systems) and in vivo 
(correcting genetic defects) [18]. This powerful technology 
may be employed to understand the enhancer/target gene 
pairs. Enhancers containing risk variants can be edited using 
CRISPR/cas9 by direct deletion or allelic replacement [19]. 
Both manipulation types can be followed by RNA-seq to 
determine changes in gene expression because of the ma-
nipulation. Risk enhancers and insolated sites (CTCF bind-
ing) containing risk SNPs can be manipulated by bringing 
different enhancer/promoter matches into play [20]. A major 
concern is a possibility that the guide-RNAs used to target 
the locus in question, may also bind to irrelevant sites and 
create off-target artifacts; this can be addressed by using dif-
ferent non-overlapping guide-RNAs on the same locus but 

this is expensive and labor-intensive. It is important to note 
that this approach does not distinguish between direct and 
indirect effects as mediated by intermediate genes. 

4.5. Chromatin Conformation Capture 

 Several versions of this approach have been developed. 
At the basis of these approaches is the crosslinking of intact 
chromatin, followed by restriction enzyme digestion and 
subsequent ligation. This covalently links DNA fragments, 
which in linear DNA are at a distance, revealing looping and 
what has been described at topological-associated domains 
(TADs). Gene-enhancer pairs most likely function within 
such TADs. Several versions of this strategy exist. Confor-
mation chromatin capture (3C) between one to one interac-
tions, chromatin conformation capture conformation using 
circular DNA (4C) between a locus (aka viewpoint) and ge-
nome-wide targets, chromatin conformation capture using 
carbon-copy techniques (5C) between many interactions at a 
locus and finally chromatin conformation capture genome-
wide (Hi-C) between many viewpoints and targets. Many 
reviews have been written on this topic; here are two reviews 
[21, 22]. These powerful methods directly assess enhan-
cer/promoter interactions and are not dependent on gene in-
termediates. False-positive interactions may result from for-
tuitous non-relevant interactions. 

CONCLUSION 

 The strategies outlined above are complementary and 
should be used in combination to ensure viable mechanistic 
insight into non-Mendelian genetic risk. Such understanding 
will yield novel insight (and likely therapeutic targets) in the 
genetic etiology of complex diseases. 
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