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NGS and genetic variants

NGS techniques allow us to detect the genetic variants that
characterize each individual

• Targeted sequencing: detect variants in selected regions
• Whole Exome Sequencing
• Sequencing of candidate genes or exons
• The smaller the target the greater the sequencing depth with

the same number of reads
• Whole genome sequencing



Variant detection



VCF format

To save space, the variants are expressed as differences from the
reference sequence



Variant interpretation

Problem: determine which variants are causal of a
phenotype/disease

• Mendelian phenotypes
• rare variants
• high penetrance
• in coding regions

• Complex phenotypes
• common variants
• non-coding regions



Effect on the phenotype

The likelihood that a variant will affect the phenotype depends on
where the variant is located (coding exon, UTR, intron, intergenic)

• Coding variants can be classified based on their effect on the
protein sequence
• synonymous: no change in protein sequence (possible due to

the degenerate nature of the genetic code)
• missense: changes one aminoacid into another

• conservative: new aa is chemically similar to old one
• non-conservative: new aa is chemically different – likely change

in structure
• nonsense: introduces a stop codon

• Non-coding variants are assumed to affect phenotype by
changing gene regulation
• e.g. by creating/destroying a transcription factor binding site
• much more difficult to classify/interpret



Coding variants: the XLMR example

Nature Genetics 2009



Coding variants: the XLMR example

• 208 families with MR and pattern of transmission compatible
with X linkage
• Exome sequencing of ~700 genes in X chromosome
• Most differences in coding sequence between individuals are
recurring and found in dbSNP
• Consider truncating variants only (found in 30 genes)



Segregation
A variant can be causal of the disease only if it segregates - presence
of the variant in all affected members and only in affected members



Non-segregation



Message

• Exome sequencing can help finding causal variants of
Mendelian diseases
• However even truncating variants can be compatible with
normal phenotype
• “loss of function of 1% of the genes in the X chromosome is

compatible with apparently normal existence”
• Another recent study found an average of ~40 homozygous
LOF mutations in normal individuals
• Therefore when sequencing the exome of a proband with a

genetic disease we expect to find many candidate mutations
• Need for variant prioritization



Variant prioritization

Problem:

• Among all the variants found in a proband with a genetic
disease, find the ones most likely to be causative

The following criteria increase the probability that a variant is
causative

• very low frequency in the population
• predicted strong effect on the protein
• gene involved in biological process relevant to the disease
• gene interacts with genes involved in the same/similar diseases



Variant prioritization

From Zolotareva & Kleine, J Integr Bioinform 16:20180069 (2019).



Complex phenotypes

• Complex trait: determined by both genetic and non-genetic
(e.g. environmental, behavioral, . . . ) factors
• Diabetes
• Rheumatoid arthritis
• Crohn disease
• Height
• Blood pressure
• Lymphocyte count

• Genetic determinants are usually
• Many variants of small effect
• Non-coding (hence presumably regulatory)



GWAS

Genome-wide associations studies look for variants with significantly
different frequency in cases and controls



Predicting vs understanding complex traits

• GWAS hits can be used to build polygenic scores predicting
disease risk
• To understand disease (hence possibly find cures) one needs to
understand the mechanism leading from variant to disease
• GWAS hits are mostly non-coding → regulatory effect

• What is the target of a regulatory variant (gene whose
expression is altered by the variant)?

• What is the effect of the variant?
• Regulatory code much less understood than genetic code

• Which one is the causal variant?
• Linkage disequilibrium implies that many neighboring variants

are inherited together, thus showing the same correlation with
the disease although presumably only one or a few are causative



Linkage disequilibrium

Strong coorelation between nearby SNPs indicate that they are
inherited together (no recombination events)



An example: rs17293632

• Associated by GWAS to
many complex traits,
including Crohn’s disease
• Located in an intron of
SMAD3



An example: rs17293632

• Colocalizes with several
transcription factor binding
peaks from ChIP-seq
• In particular, is within the
core binding motif of AP-1



An example: rs17293632

The variant disrupts a
highly conserved AP-1
motif



Interpreting rs17293632

• The variant rs17293632 disrupts a highly conserved (hence,
probably functional) AP-1 binding site
• Thus altering gene expression, presumably of SMAD3
• Thus altering the phenotype, e.g. by conferring susceptibility to

Crohn’s disease



eQTLs

To understand GWAS hits we need a systematic analysis of the
effect of variants on gene expression.

An eQTL (expression quantitative trait locus) is a variant
significantly associated with the expression of a gene
- gene expression considered as a quantitative trait, like height or
lymphocyte count

An eQTL study needs a large cohort (hundreds of individuals) for
which we have

• expression data
• genotyping (i.e. dosage [0,1, or 2] of each genetic variant)

The analysis is performed by linear regression



Regression

• Regression is the main statistical method for the study of the
dependence among two (or more) variables x and y
• Assumes the existence of a regression function f (x) which

represents the true dependence of y on x as

y = f (x) + ε

• In our case:
• x : dosage of a variant (x ∈ {0, 1, 2})
• y : expression of a gene

• The error term ε represents random fluctuations, or the effects
of variables that we do not consider
• e.g. environmetal effects on the expression y of the gene



Linear regression
In linear regression we assume f (x) to be a straight line:

f (x) = β0 + βxx
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In our case this means that we consider the effects of the paternal and maternal
alleles on gene expression as independent and additive.



Error term

If the regression function is linear we expect, considering the error
term ε, the actual measurements to look like this
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Estimating β0 and βx

Given the data:

• dosage xi (i = 1 . . .N) and expression yi (i = 1 . . .N) for a
large number N of individuals

our first goal is to estimate the regression function, i.e. the values of
β0 and βx .

This is done by choosing the values that minimize the mean square
error

MSE =
N∑

i=1
(yi − f (xi))2 =

N∑
i=1

(yi − β0 − βxxi)2



Is this an eQTL?
Regression function:

f (x) = β0 + βxx

The variant is called an eQTL for the gene if βx 6= 0 (if βx = 0
expression does not actually depend on the variant dosage).

• Null hypothesis: βx = 0
• Regression algorithms provide us not only with the value of βx (and β0)

but also with their uncertainties
• These can be used to test the null hypothesis and obtain a P-value
• Small P-values indicate that

• the null hypothesis is probably false
• that is, βx 6= 0
• that is, the variant dosage does indeed affect the expression of

the gene
• that is, the variant is an eQTL of the gene



Example

For our (fake) data
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• the estimated βx is 1.64
• with an uncertainty (standard error) of 0.277
• so that it is very unlikely that the true βx is 0
• indeed the P-value is 2.36 10−6.



The GTEx project

• eQTLs can be tissue-specific
• e.g. by altering the binding site of a brain-specific TF
• GTEx: eQTL analysis in ~50 human tissues

• analyze all variants within 1 Mb of each gene



Back to rs17293632

GTEx confirms that rs17293632 is an eQTL of SMAD3 in two
tissues (but also of other neignboring genes)



Tissue-dependent effects
The effect of the variant on SMAD3 expression depends on the
tissue:



GWAS and eQTLs

• eQTLs are useful in interpreting variants found by GWAS to be
associated to complex traits/diseases
• Enrichment of eQTLs has been found among GWAS hits
• Recently a more global approach to the use of eQTLs has
emerged: intermediate molecular phenotypes
• In particular, transcriptome-wide association studies (TWAS)



Gene expression as an intermediate molecular phenotypes

GWAS:

As most hits are non-coding, we actually believe

Gene expression is an intermediate molecular phenotype



Components of gene expression

• Gene expression is not
determined solely by genetics
(sequence)
• However only the genetic
component of gene
expression (GREx) can
mediate between variants
and disease



Transcriptome-wide association studies

• Use eQTL data from control
individuals (e.g. GTEx) to build a
model predicting expression from
genotype

• Use the models to compute the
GREx of all genes for the GWAS
diseased and control individuals

• Look for genes whose GREx
correlates with the disease

• Genetic variants affect the disease
through the expression of these
genes

• The genes might be therapeutic
targets



Other molecular QTLs



Intermediate molecular phenotypes



TWAS generalizations

Use other molecular phenotypes as intermediate phenotypes. . .

. . . or even macroscopic phenotypes



Summary

Understanding the relationship between variants and
phenotypes/diseases presents different challenges for Mendelian and
complex phenotypes

• Mendelian diseases: find the causal coding variant through
variant prioritization

• Complex diseases: understand the effect of many variants on
gene regulation

In both cases the understanding of the causal relationship can in
principle lead to new therapeutic strategies


