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Sequencing technology enables the complete characterization of human genetic variation. Statistical genet-
ics studies identify numerous loci linked to or associated with phenotypes of direct medical interest. The
major remaining challenge is to characterize functionally significant alleles that are causally implicated in
the genetic basis of human traits. Here, | review three sources of evidence for the functional significance
of human DNA variants in protein-coding genes. These include (i) statistical genetics considerations such
as co-segregation with the phenotype, allele frequency in unaffected controls and recurrence; (ii) in vitro
functional assays and model organism experiments; and (iii) computational methods for predicting the func-
tional effect of amino acid substitutions. In spite of many successes of recent studies, functional character-
ization of human allelic variants remains problematic.

INTRODUCTION

Large-scale sequencing projects have revealed the landscape
of human genetic variation (1,2). Linkage and association
studies identified a large number of loci involved in various
human phenotypes. In spite of this spectacular progress, char-
acterization of functionally significant human alleles causally
involved in phenotypes (i.e. directly contributing to the
biology of phenotypes) remains challenging.

The problem of establishing a causal relationship between a
phenotype and a specific sequence variant arises at multiple
levels (Table 1). It spans both Mendelian and complex trait
genetics, even though many aspects of the problem and
approaches to address them are different.

In the simplest case of a Mendelian monogenic trait un-
equivocally linked to a particular gene, the problem is in dis-
tinguishing between benign and pathogenic alleles in this
gene. This creates a major bottleneck in clinical genetic diag-
nostics (3). Many allelic variants observed in genes of diag-
nostic importance remain classified as variants of unknown
significance (VUSs).

For Mendelian phenotypes with unknown genetic back-
ground, sequencing studies now provide a powerful way to
identify causal genes. Briefly, the strategy involves finding a
gene where all or most patients carry functional variants that
are not observed in multiple unaffected controls (4). Usually,

all coding non-synonymous variants and variants disrupting
canonic splice sites are considered functional and other
variants are ignored. Although this strategy generated many
successes, it lacks power if sample sizes are small (only two
or three patients available) or in case of oligogenic pheno-
types. Knowledge of functional significance of allelic variants
would greatly empower sequencing studies aiming at mapping
genes underlying Mendelian disorders.

Remarkable progress in sequencing technology now
allows detecting de novo mutations using parent—child trio
sequencing (5). This approach has been successfully
applied to a number of Mendelian traits and to complex psy-
chiatric phenotypes such as autism and schizophrenia (5-9).
Relatively small number of de novo mutations facilitates the
analysis. On average, humans carry of the order of 100 de
novo mutations (10—13). However, these mutations are typ-
ically unique to individual patients. Therefore, it is impos-
sible to use statistical approaches to infer their
involvement in phenotypes in case of whole-exome or
whole-genome sequencing experiments.

Naturally, the magnitude of the problem is amplified when
considering variants involved in complex traits. Genome-wide
association studies (GWAS) identified a multitude of common
SNPs associated with human complex traits. However, most of
these SNPs are not causal and simply tag causal alleles due to
linkage disequilibrium (LD). LD greatly facilitates mapping
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Table 1. Importance of the functional analysis in various types of human genetics studies

Analysis of Mendelian traits

Analysis of rare variants in complex traits

Interpretation of variants in previously

Mapping genes by whole-genome/exome

Analysis of rare variants in Mapping genes by whole-genome/

mapped genes sequencing candidate genes exome sequencing
Uncharacterized De novo Segregating De novo mutations  Rare variants De novo mutations Rare variants De novo mutations
variants not mutations variants
known to be de
novo
Analysis of the Usually Functional Functional analysis ~ Functional Likely a sufficient Functional Functional analysis
functional effect regarded as analysis is not is essential for analysis evidence of analysis was is essential for
and causality is sufficient essential to isolated was shown functionality hypothesized isolated
essential evidence of map genes but mutations. to increase to increase mutations.
functionality can potentially Recurrence may power power Recurrence may
increase power provide a provide a

statistical

argument in favor

of functionality

statistical
argument in favor
of functionality

but equally complicates pinpointing causal variants by statis-
tical means because association signals of many variants are
confounded. In many cases, even the identity of a causal
gene, rather than a specific allele, is not known. The
problem is exacerbated because most of GWAS peaks are in
non-coding regions. Moreover, it is possible that multiple
causal variants give rise to a single GWAS peak. A number
of sequencing projects aiming at finding causal variants under-
lying GWAS peaks are ongoing. The dominant hypothesis is
that the variants responsible for the observed associations
are common. Scenarios where associations of common SNPs
are caused by low-frequency variants or even by multiple
rare variants have also been proposed (14), although subse-
quent work suggested that such scenarios do not explain
many GWAS peaks (15).

Examples of the functional characterization of variants
underlying GWAS signals are still rare. One early example
includes demonstration that a common variant creating a tran-
scription factor-binding site for the CCAAT/enhancer-binding
protein alters the hepatic expression of the SORT! gene. This
variant explains the corresponding GWAS signal for associ-
ation with LDL-cholesterol (16). Fine-mapping studies have
been reported recently for strong association signals within
the human leukocyte antigen region (17,18). For common non-
coding variants, analysis of intermediate molecular pheno-
types related to transcriptional regulation such as mRNA ex-
pression (19) and chromatin accessibility (20—22) offers a
potential way forward. These early studies on functional
effects of common non-coding variants are outside the scope
of this review.

A number of successful candidate gene sequencing studies
discovered associations of multiple rare coding variants with
complex phenotypes (23—32). Ongoing whole-exome sequen-
cing studies attempt an unbiased search for genes harboring
multiple rare variants collectively associated with complex
traits (33). In the simplest form, this analysis detects an
excess of rare coding variants in cases versus controls. The as-
sociation signal is provided by functional variants, whereas
neutral alleles are a source of noise masking the association

signal. Again, functional significance of individual rare var-
iants cannot be inferred by statistical means. In contrast to
common variants, LD does not confound the signal.
However, the association test for individual rare variants
lacks statistical power given that they are observed a
handful of times (or even once) in the sample. The ability to
discriminate between functional and neutral alleles would dra-
matically increase the potential of sequencing studies focusing
on rare variants in complex traits. Several published studies
demonstrated that highlighting functional variants using ex-
perimental (24,30) or computational approaches (25,27,34)
increases the power of these studies.

Understanding the functional significance of human alleles
is also of great importance for evolutionary and population
genetics. Accurate inference of functional consequences of
human DNA variants would help characterize the role of
natural selection in shaping population genetic variation (2).

Overall, medical genetics is interested in finding ‘pathogenic’
mutations that causally influence traits of medical interest.
Population genetics focuses on ‘deleterious’ alleles that
evolve under purifying selection. In contrast, functional ana-
lysis is focused on the ‘damaging’ effect on molecular func-
tion. The rationale for this approach is that the effects on
phenotypes and fitness must be mediated by the effects on mo-
lecular function, even though the converse is not necessarily
true. Existence of many common loss-of-function variants in
humans (34) and events of adaptive pseudogenization (35)
clearly show that damaging alleles may be neutral or benefi-
cial rather than deleterious. It is also feasible that most of
human alleles that are subject to purifying selection have no
detectable effects on medically relevant phenotypes in
current environment. However, most studies implicitly
assume the strong relationship between the effects on molecu-
lar function, fitness and phenotypes. For example, many com-
putational methods for predicting the functional effects of
human alleles are based on the inference of purifying selection
from comparative genomics data.

Here, I review current strategies to infer causality and func-
tional significance of human protein-coding DNA variants,



RI12

including variants involved in Mendelian human traits and rare
coding variants involved in complex phenotypes.

INFERRING THE FUNCTIONAL SIGNIFICANCE OF
MISSENSE MUTATIONS INVOLVED IN
MENDELIAN PHENOTYPES

As noted earlier, the problem of assigning functional signifi-
cance to variants involved in Mendelian phenotypes arises
both in the context of gene discovery and in the context of
interpreting VUSs in known genes. Overwhelming majority
of sequence variants causing Mendelian traits are coding.
Among coding variants, ‘missense’ changes are the most dif-
ficult to interpret (most of synonymous changes are benign and
most of nonsense or splice-site changes are damaging). Three
potential strategies to infer causality and functional signifi-
cance could be employed: (i) the strategy based on statistical
genetics, (i) in vitro or in vivo experimental analysis, and
(iii) computational predictions based on evolutionary and
structural considerations.

Statistical arguments

In some cases, purely statistical arguments can be employed in
favor of the causal relationship between DNA variants and
Mendelian traits. Importantly, the arguments discussed in
what follows are specific to Mendelian genetics and, in most
part, cannot be applied to variants underlying complex pheno-
types.

Analysis of co-segregation of the DNA variant with the
phenotype is probably the most accurate method to establish
causality by statistical means. However, at least five inform-
ative meioses are needed to support causality (36), and suffi-
ciently large pedigrees are usually unavailable. In addition,
segregation analysis may be misleading if more than one
rare variant is present in the locus and co-segregates with
the phenotype.

Another important consideration is the analysis of allele fre-
quency in unaffected controls. This analysis has been dramat-
ically facilitated by large-scale sequencing efforts such as
1000 Genomes Project (1) and Exome Sequencing Project
(ESP) (2). Presence in healthy controls at appreciable fre-
quency may reveal whether the allelic variant is a benign poly-
morphism segregating in the population, which will exclude
the possibility that this variant is involved in the disease
phenotype with high penetrance (this approach is obviously
non-informative for variance of incompletely penetrance
unless larger case—control study is pursued). Although it is
easy to infer that the variant is benign (or, at least, not of
high penetrance) if it is seen in a number of unaffected indivi-
duals, it is much less clear if its absence in multiple controls
may serve as a strong support for the pathogenicity. Most im-
portantly, for some genes such as BRCAI and BRCA2, the
number of sequenced cases vastly exceeds the number of
sequenced controls, making the analysis of allele frequency
in unaffected controls non-informative. Next, differences in
global and even local ancestry may complicate conclusions
because many rare variants are specific to individual human
populations. Also, ESP contains data on individuals with
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various diseases, so not all sequenced individuals should be
automatically assumed to be unaffected.

Even in the simplest possible case of a variant observed in a
single patient with a dominant phenotype absent in a panel of
ideally ancestry matched control subjects, the number of
control subjects should be very large.

At the first glance, population genetics supports the use of
moderate numbers of controls. Under the standard model of
a constant size population with no natural selection, the
chance that a variant observed in a patient will not be seen
in n normal controls is 1/(n 4+ 1) (37). This suggests that if
the variant is not found in a 100 controls, then the chance
for the mutation to have no phenotypic effect is <1%. There-
fore, absence in a moderate number of controls would support
pathogenicity. The following factors suggest that this is a stark
under-estimate for human populations: (i) human population
growth which has resulted in an excess of rare alleles, (ii) se-
lection against moderately deleterious alleles, and (iii) human
migrations which have resulted in rare alleles not seen in mul-
tiple controls (38—44). As seen from Figure 1, a more complex
population genetics model incorporating population growth
and natural selection (40) but not migration predicts that
there is >1% chance that a benign variant observed in a
single patient would not be detected in as many as 10 000 con-
trols. Taking into account the effects of migration would likely
make this number even higher. Therefore, the sole observation
of the absence in multiple unaffected controls is insufficient to
convincingly imply functional significance of a sequence
variant.

In some cases, the evidence for pathogenicity of specific
mutations can be provided by the observation of recurrence.
For example, independent occurrence of two exactly same
mutations has been observed in the Baraitser—Winter syn-
drome (45). Three different mutations in the same codon
have been reported in the analysis of the Myhre syndrome
(46), strongly suggesting the functional importance of this par-
ticular amino acid position.

A growing number of publications (examples include refer-
ences 45,47—49) report de novo mutations as evident from
parent—child trio sequencing. The observation of de novo mu-
tation in a gene known to be involved in the phenotype (i.e. a
gene under an independently reported linkage peak or a gene
with multiple de novo mutations in other families) is highly in-
formative about the functional significance of the mutation.
Indeed, the rate of point mutations in humans is of the order
of 10~® per nucleotide per generation and about 10~ > per a
protein-coding gene per generation (5,10—13). Therefore, it
is unlikely that a de novo mutation unrelated to the phenotype
is observed in a known gene. The situation is different,
however, in the analysis of whole-exome or whole-genome se-
quencing without the knowledge of causal genes. Although de
novo mutations can be considered excellent candidates, espe-
cially for dominantly inherited traits, independent functional
validation is usually required.

Experimental evidence

Direct experimental functional analysis is a highly laborious
but a highly convincing method to study the effect of human
allelic variants. Experimental approaches include the analysis
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Figure 1. The Probability that a non-pathogenic variant observed in a single
patient would not be observed in multiple controls. Log—log scale plot is
shown for theoretical model assuming constant population and no natural se-
lection (27) (green line); population genetic model assuming recent population
growth and no natural selection (40) (blue line); population genetic model that
incorporates both population growth and natural selection (40) (red line).
Results of theoretical models are shown together with estimates based on
real data obtained by re-sampling from three available systematic
re-sequencing data sets [Environmental Genome Project data set (78),
Seattle SNP data set (78) and Obesity Sequencing Study data set (27)].

of protein expression and localization, in vitro functional
assays and genetic manipulation on model organisms. The
enthusiasm for direct experimental methods should be accom-
panied by a cautionary note that specific aspects of molecular
function analyzed using in vitro assays in some cases may be
unrelated to the phenotype and effects of mutations on model
organisms may be sometimes uninformative about the human
condition.

In many cases, missense mutations result in changes of
protein expression and localization. Some recent studies
relied on immunostaining to assess effects of individual
human alleles (50,51). Testing other aspects of protein func-
tion requires development of specific functional assays. Phos-
phorylation assays can be applied for proteins involved in
signaling. A recent study of implicated mutations in tyrosine
kinase domain of the colony-stimulating factor 1 receptor
(CSFIR) in hereditary diffuse leukoencephalopathy serves as
an example (52). Autophosphorylation of CSFIR after stimu-
lation with the colony-stimulating factor 1 (CSF1) was used to
assay the function of human mutations. Phosphorylation of
downstream targets was also examined in the study that iden-
tified mutations in AK73, PIK3R2 and PIK3CA causing a
spectrum of related megalencephaly syndromes (49).

Changes in protein—protein interactions can be used to
detect the effect of mutations on proteins involved in com-
plexes. In vitro protein aggregation assay was used to test
for the function of the co-chaperone DNAJB6 that was
shown to cause limb-girdle muscular dystrophy (53).

Functional assay to test lipid metabolism in incubated ker-
anocytes was used in a recent study that linked PNPLAI to
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congenital ichthyosis (54). The same study used differentiation
assay.

In some cases, mapping mutations on protein 3D structure
may provide a key insight into the functional mechanisms.
For example, structural localization of KLHL3 mutations
causing familial hyperkalemic hypertension shows spatial
clustering that helped generating a biological hypothesis (55).

Model organisms amenable to genetic manipulation provide
a possibility to test the phenotypic rather than molecular con-
sequences of human allelic variants. The mammalian mouse
model has been a model of choice for years to test the pheno-
typic effect of human genes. However, testing allelic series in
the mouse is highly laborious. Zebrafish is being increasingly
used to test the effect of human mutations because this verte-
brate species is a powerful genetic model and a convenient
system to screen for phenotypes. The approach involves
knocking down the fish ortholog of the human gene and assay-
ing the phenotypic effect. Next, if injecting human wild-type
mRNA results in a phenotypic rescue, individual alleles can
be tested for the potential to rescue the phenotype. Last,
co-injection of wild type and mutant mRNAs provides a test
for dominant negative effects. Recent examples of the success-
ful application of this approach include the analysis of muta-
tions in co-chaperone DNAJB6 (53) and mutations in the
RNA exosome component causing pontocerebellar hypoplasia
and spinal motor neuron degeneration (56). Zebrafish model
was employed with great success in characterizing multiple
variants in several genes involved in ciliopathies (57).

In some cases, much more distant model organisms appear
helpful in interpreting human mutations. For example, a yeast
system was successfully used to functionally characterize 84
human variants observed in patients with cystathionine-
B-synthase deficiency (58).

Interestingly, dog is another species that helps establish the
relationship between human mutations and phenotypes (54).

Computational predictions

Additional supporting evidence for the functional significance
of missense mutations can be provided by computational pre-
diction algorithms. At this time, the accuracy of computational
predictions is ~75-80% (59), with the accuracy estimates de-
pendent on data sets or databases that are used to define patho-
genic and benign variants. Thus, the computational analysis is
less informative than direct experimental evidence. However,
given that the computational methods do not involve any add-
itional labor and cost and can be applied to any gene, many
studies rely, at least in part, on the application of computation-
al methods. The accuracy of the methods can be higher for
highly confident predictions (60). If accompanied with
rigorous accuracy estimation on a disease-specific data set,
bioinformatically derived prediction information may assist
clinical decision-making. Current ACMG and IARC
recommendations endorse the application of computational
methods in genetic diagnostics but only in combination with
other criteria (3,61). As more protein sequences and structures
accompanied by training data (known disease-causing muta-
tions and neutral polymorphisms) are available, the classifica-
tion accuracy will improve. At the same time, principle
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Table 2. A selection of online tools for predicting the functional effect of protein-coding variants

AlignGVGD Conservation of physico-chemical properties

Condel Prediction method based on combining other methods

MAPP Conservation of physico-chemical properties

MutationTaster Bayes classifier over multiple sequence features and conservation

PMut Evolutionary and structural features combined using a machine learning method
PolyPhen-2 Evolutionary and structural features combined using naive Bayes classifier

SIFT Evolutionary method based on position-specific scoring matrix

SNAP Several evolutionary and structural features combined using a neural network
SNPs3D Combination of a phylogenetic and a structural method. Uses support vector machine

agvgd.iarc.fr

bg.upf.edu/condel
mendel.stanford.edu/sidowlab/downloads/MAPP
mutationtaster.org

mmb2.pcb.ub.es:8080/PMut
genetics.bwh.harvard.edu/pph2

sift-dna.org

www.rostlab.org/services/snap

www.snps3d.org

difficulties in improving the accuracy of prediction methods
remain and are discussed at the end of this section.

Despite the variety of approaches that exist (Table 2), these
methods all rely heavily on the two fundamental observations.
First, the regions of proteins which are critical to function
evolve under long-term negative selection; thus when the se-
quence of a human protein is aligned for comparison with
its homologs from other species, these sites will display only
specific patterns of amino acid residue variation or complete
conservation. The analysis of phylogenetic information in
the form of multiple sequence alignment is a powerful
source of information about the spectrum of residues
allowed at a particular position of the protein of interest
(62—64). Second, most pathogenic mutations affect protein
stability (65,66). In general, the prediction techniques based
on protein spatial structure can be applied only if the structure
has been resolved for the query protein or its close homolog,
which is only true for a minor fraction of human proteins.
However, even for the proteins with known spatial structure,
structure-based methods work best only in addition to
phylogeny-based approach and provide only a slight increase
in the accuracy of the methods (67,68).

Although existing methods all rely on evolutionary pattern
and, sometimes, protein structure, they differ in algorithmic
details. For example, SIFT (62) and PolyPhen-2 (67) estimate
the probability that the mutant amino acid would fit the amino
acid position given the observed substitution pattern. MAPP
(69) analyzes the conservation of physico-chemical properties
of amino acids, LRT (70) and GERP (71) estimate selective
constraint. The methods based on multiple features also
differ in machine learning algorithms they employ. For
example, MutationTaster (72) and PolyPhen-2 (67) rely on
the naive Bayes classifier, and SNAP (73) utilizes a neural
network. Although different methods use essentially the
same information, the methods are surprisingly commonly dis-
cordant. This can be only in part explained by different thresh-
old settings. This observation motivated the development of
‘umbrella’ methods that combine predictions made by differ-
ent algorithms such as Condel (74).

The accuracy of the methods can be potentially improved if
the scope of the methods would be narrower, so they would be
specifically focused on a single phenotype and a group of
genes involved in this phenotype. Such methods employ gene-
specific training data sets, gene phylogeny, protein features
and classification rules optimized for a particular set of
genes involved in a specific disease. Recently developed
methods include a method focused on the BRCAI gene
involved in risk of breast and ovarian cancer (75) and a

method focused on genes encoding proteins of the heart sarco-
mere involved in hypertrophic cardiomyopathy (36).

Two important basic effects hamper further development of
new prediction methods of higher accuracy. First, the existing
approaches may have intrinsic difficulties differentiating
between mutations of large effect, important for genetic diag-
nostics, and slightly deleterious sequence variants in phylo-
genetically conserved positions, whose existence in genomes
of apparently healthy humans is confirmed by numerous rese-
quencing studies. Second, it was shown that human disease
mutations are occasionally observed as wild-type alleles in
vertebrate orthologs (76). Most likely, this is due to epistatic
interactions. Compensatory sequence changes enable amino
acid changes corresponding to disease mutations in humans
to be benign in a different genetic background. Current predic-
tion methods analyze substitution patterns at individual posi-
tions and do not account for epistatic interactions.
Compensatory changes should be taken into account to sub-
stantially increase the accuracy of computational approaches.

FUNCTIONAL ANALYSIS OF RARE
NON-SYNONYMOUS VARIANTS INVOLVED IN
COMPLEX PHENOTYPES

The analysis of complex traits presents a different set of
issues. In this review, I limit the discussion to rare non-
synonymous variants in complex traits and leave out the dis-
cussion of functional effects of common variants identified
by GWAS.

There is a growing interest in the role of rare variants in
human complex traits. This interest combined with the avail-
ability of next-generation sequencing technology that propels
ongoing whole-exome sequencing studies [also discussed in
the same journal issue (77)]. For individual very rare variants,
the phenotypic effect cannot be identified by the association
test. Co-segregation is non-informative about variants
involved in complex traits. The existing statistical approaches
analyze rare variants collectively, grouping them by gene or
pathway (32). In this approach, the statistical signal provided
by functionally significant variants is frequently masked by
noise due to benign alleles included in the same statistical
test. Candidate gene-based studies showed that focusing on
functionally significant alleles can increase statistical signal
and, hence, the power to detect association between presence
of rare variants and complex traits. The signal of association of
rare variants in melatonin receptor 1B (MTNRIB) with type 2
diabetes increases if only variants that affect melatonin
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binding are considered (30). In vitro experiments also helped
to increase statistical signal of association in ANGPL genes
with triglycerides (24).

Statistical power of exome sequencing studies is expected to
be relatively low (40), so the knowledge of functional variants
would potentially help identifying genes harboring rare var-
iants associated with complex traits. Using experimental
approaches at the whole-exome scale is not feasible. Some
studies argued that computational methods for predicting the
functional effect of human non-synonymous alleles might be
used to increase the power of sequencing studies (27,33).
Some statistical methods allow weighting alleles based on po-
tential functional effects. Likely, most sequencing studies
would employ both tests weighted with predicted functional
significance and tests grouping all non-synonymous variants
disregarding predicted effect on function.

CONCLUSION

Assigning functional significance to human alleles and infer-
ring the causal relationship between DNA variants and pheno-
types remains the central issue in human genetics. The most
efficient way forward would combine statistical genetics con-
siderations, in vivo and in vitro experimental studies and
computational approaches. Low throughput of current experi-
mental methods and insufficient accuracy of computational
predictions should be addressed to confidently annotate
massive data on human genetic variation from the functional
perspective.

An additional issue raising the problem to even a greater
level of complexity is that, in many cases, the same functional
variant can have different phenotypic consequences varying in
both expressivity and penetrance depending on other genetic
and environmental factors.
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