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Over the next decade, the primary challenge in human genetics will be to understand the biological mechanisms
by which genetic variants influence phenotypes, including disease risk. Although the scale of this challenge is
daunting, better methods for functional variant interpretation will have transformative consequences for
disease diagnosis, risk prediction, and the development of new therapies. An array of new methods for
characterizing variant impact at scale, using patient tissue samples as well as in vitro models, are already being
applied to dissect variant mechanisms across a range of human cell types and environments. These approaches
are also increasingly being deployed in clinical settings. We discuss the rationale, approaches, applications,

and future outlook for characterizing the molecular and cellular effects of genetic variants.

ince the completion and publication of
the human genome approximately two
decades ago (1), the primary bottleneck
in human genetics has shifted from the
discovery of genetic variation to the large-
scale characterization of the associations be-
tween genetic variation and phenotype, and
more recently to the characterization of the
causal mechanisms by which genetic variation
influences human biology. Of the more than
200,000 genetic variants confidently linked
with human complex traits through genome-
wide association studies (GWAS), the majority
remain mechanistically uncharacterized (2).
Furthermore, because the majority of these var-
iants fall in noncoding regions of the genome,
there is often uncertainty about which gene is
responsible for their biological effects (3). Sim-
ilarly, of the nearly 1 million entries in the ClinVar
database (4) of variants identified in patients with
severe genetic disease, 47% are classified as having
either uncertain or conflicting annotations,
indicating a lack of clarity about variants’ im-
pact on molecular function and disease (5).
Resolving this pervasive uncertainty will re-
quire more accurate and scalable methods to
unravel the molecular processes by which ge-
netic variation influences phenotype. Such ap-
proaches will increase the accuracy of genetic
diagnosis and prediction, especially for rare or
unique disease-causing variants, by enhancing
the direct inference of variants likely to disrupt
the normal function of critical genes. These ap-
proaches will also accelerate therapeutic develop-
ment, not only by highlighting the gene products
directly involved in the causation of disease but
also by revealing the direction of effect, the rele-
vant cell types, and the overall biological path-
ways by which a gene influences disease risk.
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The genetic architecture of human disease

Over the past decade, it has become clear that
the genetic architecture of human traits—the
characteristics of the variants that causally in-
fluence those diseases—is highly variable. This
architecture is the consequence of the interplay
between the demographic and selective forces
from our species’ evolutionary history (6) and
the differing distribution of the locations of var-
iants within our genome. The action of natural
selection means, in general, that variants with
large effects on biological function and disease
risk will tend to be removed from the popula-
tion; any such variants will thus tend to be very
rare, and if a variant is common, it is thus ex-
tremely unlikely to have large effects on disease
(7). The structure of the genome means that var-
iants with the largest effect will tend to be found
in or very close to protein-coding regions, as
changes in protein sequence and structure can
affect a protein’s normal function across all or
most cell types where that gene is expressed.
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In contrast, variants falling outside protein-
coding regions (noncoding variants) are much
more likely to be biologically neutral, and those
that do affect biology likely do so through more
subtle and potentially cell type-specific changes
in gene regulation (8).

The interplay between evolutionary and
biological forces explains the architecture of
human traits that has emerged from large-
scale genomic analysis. Causal variants across
a wide range of disease fall along a spec-
trum of variant frequency and effect size (9)
(Fig. 1A). One end of the spectrum represents
very rare variants with large effects on human
biology, virtually all of which are protein-
coding or near-coding, including the majority
of variants identified as causal for rare, severe
genetic diseases. On the other end of the spec-
trum are variants that have small individual
effects on disease risk, but which [because
they experienced weaker selection (70)] have
been able to reach higher frequencies in the
population and generally have an impact on
regulatory elements in noncoding sequences
(I1). Because of their higher frequency, these
common noncoding variants contribute to a
large fraction of the total explained heritability
(genetic contribution to risk) of common dis-
eases such as type 2 diabetes (12). These trends
are not absolute, however: Rare variation, es-
pecially in protein-coding regions, nonetheless
contributes disproportionately to the genetic
architecture of common complex traits (12, 13),
and common variants can also contribute to
the risk and severity of rare diseases (14, 15).

This genetic architecture has consequences
for the optimal approaches for discovering
causal variants (Fig. 1A). Rare coding variants
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Fig. 1. Genetic variant effects on disease and gene function. (A) Functional genetic architecture of human
disease ranging from a spectrum of monogenic diseases driven by rare predominantly coding variants with a
strong effect on disease to common diseases and traits whose heritability is dominated by noncoding common
variants with small effect sizes. However, these classifications are not exclusive: Noncoding causal variants in
Mendelian disease exist, as do rare variants affecting common traits and diseases. (B) Quality of variant effect
predictions by functional annotation class. The color of the bars indicates whether the variant classes tend

to affect protein structure or dosage or whether a given class of variants can affect both—for example, via
nonsense-mediated decay and splicing. The color of the labels indicates coding and noncoding annotation.
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of large effect are currently efficiently identi-
fied with exome sequencing studies (an ap-
proach that cost-effectively sequences the
protein-coding segments of the genome), either
in families (for variants with extremely large
effect sizes, such as those underlying most
“monogenic” disorders) or in large case/control
studies (16, 17). In contrast, common variants
with smaller effect sizes are cost-effectively
discovered with large-scale case/control stud-
ies with genotyping arrays or low-coverage
whole-genome sequencing. Note that although
the differential architecture of common and
rare disorders is clear, its degree may have
been exaggerated by the different methods
predominantly used in each field that have
hindered the discovery of noncoding variants in
rare disease and rare variants in complex disease
(12). Over the next decade, deep whole-genome
sequencing will be applied to much larger cohorts
of patients and population samples, providing
an unbiased view of genetic architecture and
improving the discovery of its shared features
across different types of diseases (13, 18).
Genetic architecture also alters the optimal
approaches for using functional data to under-
stand variants’ effects on phenotype. In com-
mon disease, associated GWAS loci typically
contain a large number of variants in linkage
disequilibrium—meaning that they are close
enough to each other that they are typically in-
herited together—of which only a small propor-
tion are causal and affect the regulatory function
of the genome (79). For such cases, a functional
dissection typically requires assaying noncoding
regulatory elements, often in a highly cell type-
specific or environment-specific fashion. For rare
disease variants, and for the small proportion
of common disease variants found in coding
regions, assays for functional impact generally
focus on changes in the structure or dosage of
mRNA transcripts and their encoded proteins.
Below, we discuss high-throughput approaches
spanning the complete range of potential biolog-
ical impacts that will be needed for a compre-
hensive understanding of human variation.

Observational approaches for characterizing
functional variation

The foundation of genome-wide variant inter-
pretation is the functional annotation of the
genome, which has been established by proj-
ects including ENCODE (20) Gencode (21),
and Roadmap Epigenomics (22), which have
measured the biochemical activity of the ge-
nome in multiple cell types. The resulting an-
notation of genes, transcripts, and regulatory
elements has enabled high-quality predictions
of the most severe classes of likely gene-
disrupting variants (Fig. 1B), which are partic-
ularly important for rare disease interpretation
and therapeutic target discovery (23).
However, for most variant classes, accurate
predictions of variant effects cannot be de-
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Fig. 2. Functional characterization approaches relying on analysis of genetic variation in human
populations versus experimental perturbations of the genome or its function.

rived solely from genome annotations. Even
missense variants, where the amino acid
changes are easy to identify and annotate,
typically lack high-quality predictions of their
effects on protein structure and function (24).
For noncoding variants dominating complex
disease heritability, predictions of regulatory
effects currently have limited practical appli-
cability and performance. This limitation is
due to our generally poor knowledge of the
complex regulatory code of the genome and
the fact that such analyses are dependent on
the specific cellular context. Variants affecting
transcript splicing—an important class of post-
transcriptional effects in both rare and common
disease (25, 26)—fall between these extremes
of prediction performance. Specifically, var-
iants in canonical splice sites are easy to an-
notate, and predictive models have reasonable
performance (27). However, changes in splicing
(e.g., due to synonymous variants or variants
deep in introns) remain difficult to predict (27).

Common genetic effects on gene regulation
can be inferred by mapping quantitative trait
loci (QTLs) for proximal molecular features.
The most common type of molecular QTLs
are cis-eQTLs (cis-associated QTLs associated
to gene expression levels), but QTLs can also
be mapped for splicing, chromatin accessibil-
ity, and protein levels, for example (28). Human
eQTL studies have been pursued for more than
10 years, including by consortia such as GTEx
(25) and eQTLGen (29), and have generated
comprehensive catalogs of cis-eQTLs and splic-
ing QTLs (sQTLs) (30) in diverse human tis-
sues. Together with chromatin accessibility
QTL (caQTL) and protein QTL (pQTL) maps,
these data have been valuable in pinpointing
potential causal genes and molecular mech-
anisms in individual loci.

However, the QTL approach has limitations.
It can only capture the effects of existing
common variation where linkage disequilib-
rium obscures the identity of the actual causal
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variants (31), and this makes it suboptimal for
scanning the functional effects of individual
nucleotides. Furthermore, when the same var-
iant or haplotype affects the expression of multi-
ple genes or molecular traits, it is difficult to
assess which one(s) have downstream effects
that causally contribute to the disease associa-
tion. The success of large studies in identifying
eQTLs or sQTLs for nearly all human genes has
made this problem of low specificity painfully
clear (32). It is further exacerbated by the poor
representation of non-European ancestries in
QTL datasets (30), which also limits the utility
of current QTL catalogs in the interpretation
of GWAS data from diverse ancestries. In cases
of rare variant analysis, the association-based
QTL approach is not applicable, but analogous
characterization of rare variants with likely mo-
lecular effects can identify situations where a
rare variant coincides with an individual’s sta-
tus as a population outlier for gene expression,
splicing, or allelic expression (33).

Currently, QTL datasets are limited by their
derivation primarily from a limited number of
easily accessible tissues (such as blood) or post
mortem tissue samples (30). These biospecimens
are a mixture of multiple, often unknown,
steady-state cell types. This can lead to poor
resolution and detection power for genetic
regulatory effects that are active in specific
cell types or dynamic cell states that may be
particularly important in disease risk (34). Thus,
expanding QTL studies to computationally re-
solved cell types (35) and single-cell datasets
from tissue samples is a major ongoing focus
of the field (36), especially because many cell
types are not represented by available cell lines.
A complementary approach to analyzing devel-
opmental lineages and environmental responses
is to extract primary cells or cell lines from
donors, induce pluripotency, and grow or dif-
ferentiate the cells in vitro to study molecular
phenotypes by bulk or single-cell sequencing.
This has allowed access to key cell types that
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are next to impossible to sample at scale, and
also provides a renewable and scalable source
for molecular assays (28, 37-39). However, not
all primary cell types can be easily extracted or
differentiated, and thus the map of regulatory
associations of standing human variation across
all cell types is still very incomplete.

Genome perturbation approaches

In addition to analysis of naturally existing
genetic variation in human populations, we
now can perform scalable experimental intro-
duction of genetic variants in a cellular model
system, followed by molecular phenotyping of
their effects, often at a single-cell level (40).
The assays that pair potential regulatory se-
quences with sequencing barcodes in artifi-
cial DNA sequences, so that the ability of the
different alleles to drive gene expression can
be compared (41, 42), are the best suited to test
thousands of variants. However, this approach
only detects the cis-regulatory potential of short
sequences. Pooled CRISPR-based perturbation
of the genome or its regulatory activity, fol-
lowed by single-cell RNA sequencing and cel-
lular phenotyping (43-46), has enabled the
characterization of target genes in cis and
downstream cellular effects of regulatory or
coding variants.

These approaches are rapidly expanding in
scale and scope, including deeper phenotyp-
ing of diverse cellular functions by high-
throughput imaging, multi-omics, as well
as application not only to cell lines but also to
organoid and animal models. However, there
are substantial limitations to the scale and
cost of precision genome perturbation, cellular
phenotyping, and the availability of good bio-
logical model systems. The latter represents a
major challenge: Easy-to-use cancer cell lines
represent a limited range of human cell types
and differ from primary cells in many ways.
The extent to which different model systems
can recapitulate variant effects is largely
unknown, poorly defined, and likely to vary
not only between the cells used but also be-
tween different types of variants (25). For ex-
ample, a variant introducing a premature stop
in a constitutively expressed exon of a ubiqui-
tously expressed gene is likely to have much
lower context specificity than a variant in a
cell state-specific enhancer. Thus, integration
of experimental approaches with human gene-
tic studies remains valuable as a way to lever-
age the benefits of both approaches (Fig. 2).

The clinical impact of variant-to-function
approaches

The molecular diagnosis of patients affected by
severe genetic diseases has accelerated rapidly
over the past decade as a result of the increased
availability of exome and genome sequencing,
improved methods for variant interpretation,
and global data sharing. Current standards for
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clinical variant annotation (47) require the inte-
gration of multiple classes of evidence to assess
the probability that a variant is pathogenic
(disease-causing). These fall broadly into three
categories: (i) evidence that the variant is rare
in the general population, (ii) evidence that the
variant has previously been seen in other pa-
tients with similar clinical appearance, and (iii)
evidence (either direct or indirect) that the var-
iant has a functional impact on a gene previ-
ously implicated in the same class of disorders.
Assessment of the first two categories has been
empowered by the availability of large databases
of population variation (48) and of variants pre-
viously seen and interpreted in disease patients
(4, 49). However, assessing the probability that
a variant is biologically damaging is much more
challenging and less standardized.

Because most variants found in patients have
not yet been subjected to well-calibrated func-
tional assays, most clinical interpretation re-
lies on indirect measures of functional impact,
such as evolutionary conservation (47). His-
torically, when functional information was
incorporated, it was generated with custom
assays for specific variants, often were only
weakly quantitative, and lacking information
regarding the probability of obtaining the same
result from randomly selected variants in the
same gene (50). However, large-scale genomic
approaches to inferring variant function are
now feasible, and are beginning to be applied
in clinical settings.

Such approaches fall into two broad classes.
First, there are direct assays run on patient
tissue samples or cell lines, which provide a
direct functional readout of variants discovered
in that patient. The most widely used func-
tional genomic assay for the diagnosis of rare
genetic diseases is bulk transcriptome sequenc-
ing. This approach can be used to assess the
impact of variants on gene expression and
transcript splicing; its use improves diagnosis
rates over those derived from DNA sequencing
alone, although these improvements vary by
disease and tissue type [>30% when applied
to muscle biopsies from severe muscle disease
patients (51); 16% in a study of fibroblast sam-
ples from patients with mitochondrial disease
(52)]. Proteomic analysis has also proven valua-
ble both for the assessment of individual can-
didate genes (53) and in combination with
transcriptomics for diagnosis (54). Other genome-
scale technologies including metabolomics and
epigenomics have also been deployed to im-
prove the identification of causal genes (55).

These approaches are powerful, but access
to disease-relevant tissues and cell types in a
clinical setting remains challenging; post mor-
tem tissue collection is of limited use, and dif-
ferentiation of induced pluripotent stem cells
from patient tissue comes with a considerable
cost. Other hurdles to widespread clinical ad-
option include the heterogeneity of clinical sam-
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ples, the lack of standardization of assays and
analysis pipelines, and the need for experienced
data interpretation.

A second broad category of approaches con-
sists of in vitro assays in which an artificially
created model of the variant is tested for func-
tional impact in a well-established cell line, as
outlined above. These approaches can be ra-
pidly scaled into multiplexed assays of variant
effect (MAVESs), allowing for the rapid testing
of candidate variants, and potentially of all
possible genetic variants for a given gene (40).
Such assays have already proved effective in
inferring the pathogenicity of variants for a
subset of well-established disease genes, in
some cases eclipsing standard approaches to
variant interpretation (56). For MAVEs to ac-
curately infer pathogenicity, the precise func-
tional assay used must be both highly scalable
and tightly correlated with the disease-relevant
function(s) of the target gene and the mecha-
nisms of action of pathogenic variants, and
thus will be extremely challenging or impos-
sible for a subset of disease-causing varia-
tion. Although MAVE data do not yet exist
for the vast majority of clinically relevant
genes, current approaches include assays
exquisitely customized to individual genes, as
well as generalizable assays of protein stability
(40, 57). Efforts are now under way to system-
atically develop well-calibrated assays for clini-
cally relevant genes, and to harmonize and
release the resulting data (58).

The future of variant function

The human population, through explosive
growth, has performed a comprehensive satu-
ration mutagenesis experiment on itself. It is
now the case that any single base substitution
that is compatible with life is expected to be
present somewhere among the nearly 8 billion
living humans (59). Humanity has thus, in ef-
fect, done many of the natural experiments
required to understand our own genotype-
phenotype map; this leaves geneticists to
catalog the outcomes of those experiments,
and to leverage both observational and exper-
imental approaches to understand the mech-
anisms by which variants alter biology. Over
the next decade, unless hampered by major
obstacles to data sharing, increasingly massive
cohorts of disease patients and deeply pheno-
typed population samples should produce the
requisite catalog, and sophisticated and scal-
able tools will be applied to characterize the
underlying functional mechanisms in both
research and clinical settings (Table 1). These
approaches should generate large, standardized
datasets that can be combined with machine
learning tools to provide predictions of variant
effects on biology and disease.

We believe that the consequences of this
process will be profound. In the clinical set-
ting, the assessment of the potential effects of
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Table 1. Variant-to-function challenges in common and rare disease, and approaches to address them.

Common disease

Challenge

Linkage disequilibrium
Causal variant

Few observations of any

given variant (N ~ 1)

“Regulatory code” of variant
effects on regulatory

Immediate elements mostly unknown

functional effect Difficulty of predicting effects on

protein 3D structure and function

Difficulty of enhancer target

Causal gene and Prediction

effect direction
Small number of patients with

genetic disruption of a given gene

Small effect sizes of individual loci;

Downstream relevant cell type/state often unknown

cellular effects : .
Few observations of any given

variant (N ~ 1)

a sequence variant on disease risk will become
increasingly quantitative, driven by access to
three critical strands of information: the fre-
quency of that variant across hundreds of mil-
lions of humans; the phenotype observed in
any other human observed to carry it; and the
results of well-calibrated experiments assess-
ing the precise impact of that variant on gene
function. In effect, variant interpreters should
have access to a quantitative functional look-
up table for any possible variant in a wide
variety of clinically relevant genes. This will
empower the diagnosis of genetic disease while
also improving the prediction of risk for clin-
ical phenotypes that have not yet manifested
(e.g., in the assessment of genomes sequenced
before or at birth, or those with environmental
responses).

For complex traits, rapid in silico assess-
ment of likely functional effects should speed
the identification of causal variant(s) respon-
sible for multiple uncharacterized risk loci and
their likely target genes in cis, and will in-
crease the proportion of accurate predictions
of the affected pathways and relevant cell types.
It will also enhance individual risk prediction,
as genome-wide functional annotation can
already improve the accuracy and portability of
polygenic scores for complex disease (60, 61),
and may allow the partitioning of individual
risk into components driven by different phys-
iological mechanisms and potentially amena-
ble to different therapeutic approaches (62).

The functional characterization of human
variants is likely to continue to increasingly
influence the development of new therapeu-
tics or repurposing of already established drugs.

Drug targets with genetic evidence have high-
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Rare disease
Approaches

Fine-mapping, improvements from diverse populations
and functional priors; scalable experimental assays

Gene and variant prioritization with larger datasets
and functional priors; scalable experimental assays

Regulatory region annotations, chromatin/splicing
QTL mapping, scalable experimental assays,
predictive models

Predictive models, scalable experimental assays

eQTL mapping, predictive models, scalable
experimental assays

Data aggregation; better priors for gene and
variant function

Cellular phenotype characterization in (selected)
population samples or model systems

er success rates (63, 64). For a trait-associated
gene affected by multiple functional variants,
robust functional data of their effects can pro-
vide allelic series, allowing for functional do-
sages for each gene to be linked to phenotypic
outcomes (65) and directly support specific
therapeutic hypotheses. The convergence of
genome-wide disease signals into genetically
implicated pathways (66) should provide tar-
gets beyond individual GWAS genes. Charac-
terization of the cell types where genetic risk
effects manifest—which are often different
from the organs affected by the disease—is
also important for being able to target causal
pathways rather than treating consequences.
Understanding the molecular mechanisms
underlying pathology will also pinpoint path-
ways that mediate the contribution of envi-
ronmental and developmental risk factors to
disease, and thus advance the integration of
genetic and nongenetic factors in predicting
and treating disease.

Finally, a shift from pure genetic approaches
toward high-throughput functional data as
evidence for variant interpretation will also
contribute to greater equity in the utility of
genomic medicine across communities. Allele
frequencies and linkage disequilibrium pat-
terns reflect population history and are thus
highly population-specific; hence, they can con-
tribute to biases due to the current under-
representation of non-European samples (67).
In contrast, although individual variants affec-
ting disease risk often vary by ancestry, their
molecular and cellular mechanisms are more
likely to be shared among all humans. This
hypothesis should be systematically addressed
by performing functional experiments in mod-
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el systems that represent different ancestries,
sexes, ages, and environmental exposures.

Despite these potentialities, the challenges
ahead for high-throughput biologists are daunt-
ing. Although human genetic datasets are in-
creasingly rich, the power to assess trait
associations for all genetic variants—let alone
their combinations—has its limits. The com-
plexity of highly correlated and easily con-
founded human phenotype measurements
greatly complicates this task. The paths by
which genetic variants lead to phenotypic out-
comes are complex and dynamic: They take
place across multiple cell types, in response to
many environmental conditions and develop-
mental cues. They act through a wide range of
molecular and cellular processes, and poten-
tially interact with other genetic variants pres-
ent in the same individual, including somatic
variants that have arisen during cell division
over that person’s lifetime. As such, developing
an understanding of the physiological mecha-
nisms of disease will require deep molecular
characterization across interacting cell types
and dynamic cell states, as well as access to
informative biospecimens and/or biological
model systems. Across these, we must harness
the power of a diverse and complementary
toolkit, ranging from interrogation of natural
genetic variation to genome perturbations, fol-
lowed by multimodal cellular assays. Although
we are optimists about the transformative power
of these approaches, it is always important to
be humble in the face of biology’s complexity,
and we acknowledge that interactions and
higher-order effects can complicate conclusions
drawn from simple experimental models.

Different approaches, such as those out-
lined above, have unique advantages and lim-
itations. Embracing a diversity of scalable
approaches, including highly generalizable
assays (of gene expression, protein structure,
and protein stability), well-calibrated assays
of gene-specific functions (such as enzyme ac-
tivity), and analytical methods for integrating
complex information across molecular classes
and cell types, will be necessary to deeply char-
acterize the mechanisms by which genome
sequence shapes human biology.
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