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Parlez-vous VUS?

Gregory M. Cooper
HudsonAlpha Institute for Biotechnology, Huntsville, Alabama 35806, USA

Human genome sequencing is routine and will soon be a staple in research and clinical genetics. However, the promise of

sequencing is often just that, with genome data routinely failing to reveal useful insights about disease in general or a per-

son’s health in particular. Nowhere is this chasm between promise and progress more evident than in the designation, “var-

iant of uncertain significance” (VUS). Although it serves an important role, careful consideration of VUS reveals it to be a

nebulous description of genomic information and its relationship to disease, symptomatic of our inability to make even

crude quantitative assertions about the disease risks conferred by many genetic variants. In this perspective, I discuss the

challenge of “variant interpretation” and the value of comparative and functional genomic information inmeeting that chal-

lenge. Although already essential, genomic annotations will become even more important as our analytical focus widens

beyond coding exons. Combined with more genotype and phenotype data, they will help facilitate more quantitative

and insightful assessments of the contributions of genetic variants to disease.

Genomic sequence information can provide general knowledge
about genetic contributions to phenotype (e.g., Ng et al. 2010;
Cirulli et al. 2015) and benefits to the health and welfare of indi-
vidual patients and families (e.g., Worthey et al. 2011; Yang
et al. 2013). However, while productivity gains in genomics in-
creasingly provide the infrastructure and raw materials needed,
major analytical challenges reduce the potential benefits of geno-
mic sequencing. Inmany projects and formany patients, sequenc-
ing fails to yield compelling links between variation and disease. A
poignantmanifestation of these limitations is the now routine dis-
covery of variants that harbor one or more properties of disease-
causal variants, but which lack enough data to support a firm con-
clusion about phenotypic relevance (or lack thereof). Such vari-
ants are trapped in the interpretive void between “benign” (i.e.,
definitively not relevant to disease) and “pathogenic” (i.e., defini-
tively relevant to disease), and termed to be “variants of uncertain
significance” (VUS) (Richards et al. 2015). Defining an appropriate
decision-making and communication framework for such variants
is essential:Medical and personal consequences to specific individ-
uals and improvements to our general understanding of the hu-
man genotype-phenotype map depend on their dissemination.
However, a deeper examination of the purpose and consequence
of VUS as a means to communicate information is warranted:
What, precisely, is meant by this phrase?

The simplest place to start is the nominal meaning of the
words, beginning with “variant.” There is, fortunately and not to
be taken for granted, a consensus on what this term means: a se-
quence difference between any two homologous chromosomes,
denoted via a reference assembly location and the possible se-
quence states, “reference” and “alternate.”While pedantic to spell
out, this terminology and definition are essential. They circum-
vent the semantic disputes arising from ambiguous frequency or
disease effect requirements that plague terms like “polymor-
phism” or “mutation” (Condit et al. 2002). Genome-driven vari-
ant descriptions also bypass the constrictions and complications
imposed by protein-, transcript-, or locus-specific frameworks
(http://www.hgvs.org/mutnomen/). Although there remains a leg-
acy of “pre-genome” variant definition schemes that must occa-

sionally be wrestled with, such basic genetic observations can
now be described in amanner that is universal, scalable, applicable
nearly anywhere within human genomes, and readily linked to
oceans of genomic data.

‘Uncertainty’ and ‘significance’

It is the terminal two-thirds of the phrase wherein trouble mani-
fests, starting with “uncertain.” This term is an ouroboros given
the many plausible meanings of “uncertain” in this context
(Biesecker et al. 2014). Further, use of “uncertain” for some vari-
ants implies that non-VUS variants are classified with “certainty.”
However, virtually nothing in the natural world is certain, with bi-
ological systems being among the least predictable collections of
phenomena. Even robust genetic diagnoses often have uncertain
implications for individual patients given the limited clinical or
prognostic information for many diseases. There are also many
variants with large but incompletely penetrant effects (King et al.
2003; Spurdle et al. 2012), including some variants thought to
be fully penetrant but which are in reality less so, an overestima-
tion bias from phenotype-driven ascertainment of individuals
and families (Antoniou et al. 2003). Such variantswould all be clas-
sified as “likely pathogenic” or “pathogenic” in standard nomen-
clature, and yet arguably have “uncertain” implications for any
given person owing to our ignorance as to the genetic or envi-
ronmental risk factors that modulate their effects. Conversely, to
the extent that a “polygenic dust” (International Schizophrenia
Consortium et al. 2009) model holds true for many common dis-
eases, there exists a plethora of common variants that are bona
fide functionally relevant risk factors for disease (Musunuru et al.
2010) yet would be classified as “benign” or “likely benign” in
standard clinical nomenclature.

I now address “significance,” a term also fraught with
many distinct connotations including not only pathogenicity
or clinical relevance but also deleteriousness, molecular con-
sequence, penetrance, population-level disease risk, and other
properties that could be considered “significant” to researchers,
clinicians, or patients. Further, evenwhen confined to a single, rel-
atively well-defined property, any given level or flavor of signifi-
cance can have distinct implications when viewed by different
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people or in different contexts. Your VUSmay bemy diagnosis, de-
pending on the manner in which we use the information and the
weights that we place on the consequences of false positive and
false negative conclusions. “Significance,” like “actionability”
(Berg et al. 2013) and related properties is, in no small measure,
in the eye of the beholder.

Thus, one can argue that variants across the entire interpre-
tive spectrum can all be comfortably described as of “uncertain sig-
nificance.” However, as any biologist who has casually used
“significant” within earshot of a statistician can attest, this phrase
tends to suggest that a specific quantitative assertion ought to lurk
somewhere in the background. In particular, significance is a mea-
sure of the extent to which random forces are a plausible explana-
tion for the observation at hand—in our case, whether the variant
is unrelated to the phenotype. And herein lies a goal for clinical
and research genomicists: to replace “VUS,” and for that matter
“benign,” “likely benign,” “likely pathogenic,” and “pathogenic”
with quantitative assertions about the relevance of variants to phe-
notypes in any given individual or population. Crucially, as effect
size and the extent of error around estimates of effect size result in
distinct types of predictive uncertainty—many variants that meet
robust definitions of “pathogenic” confer intermediate disease
risks, and VUSs may turn out to be either completely irrelevant
or fully penetrant—plausible distributions of risk estimates are as
important as the point estimates themselves. Thus, VUSs are vari-
ants that confer plausible disease risks with some unknown, al-
though likely multimodal, distribution in [0,1]. Risk-elevating
GWAS alleles, on the other hand, strongly cluster near zero but,
unlike VUSs, comfortably exclude both zero and one.

Toward more general and quantitative variant

classification

Although dissection of the terminology that we use to describe
variant contributions to disease renders some insight into the chal-
lenges we face as genome-equipped geneticists, it also makes clear
that the challenge lay not in terminology per se. Annotating a var-
iant as a “VUS” is arguably no worse than saying it confers disease
risk somewhere between 0 and 1, including both extremes. Both
descriptions are efforts to say something yet respect the principle
that it is better to draw a crude and imprecise, but not incorrect,
conclusion than to be elegantly and precisely wrong. Indeed, it
is hardly novel to suggest that quantitation is a valuable goal in
this context (Plon et al. 2008). Given interpretive and data limita-
tions, perhaps “VUS,” like democracy, is simply the worst choice
except for all the other possible options.

Considering the above, improvements in the future will
depend onbetter quantification at every step of the genotype–phe-
notype evaluation process, along with an overarching model in
which to unify those steps. The most crucial need is more geno-
type/phenotype data, which we are fortunately in a position to ex-
pect. Where an agronomist sees the challenges of feeding billions
of people (McCouch et al. 2013), we see many carriers of every
nonlethal de novo mutation (Kong et al. 2012) and homozygotes
or compound heterozygotes for loss-of-function alleles in thou-
sands of genes (MacArthur et al. 2012). Of course, nontrivial obsta-
cles must be overcome, particularly to craft data sharing and
research protocols that truly engage, inform, protect, and respect
research participants (Greely 2007; Erlich et al. 2014), but the
availability of millions of genomes attached to at least some phe-
notypic information is realistic in the coming years.

Genomic annotations in variant assessment

Although more, better, and broadly available human genetic data
are obviously necessary, genomic annotations are and will in the
future be essential. They are informative at nearly every level of hu-
man genetic inference, allowing for refined estimates of variant-
level prior probabilities to enrich for and prioritize disease-causal
variation; grouping of variants into genetically coherent targets
within which to aggregate mutations (e.g., linking exons together
into transcripts and regulatory elements to their target genes); and
mechanistic understanding of pathophysiology. Put simply, they
tie the room together. In fact, as we inevitably shift our focus
away from exomes to genomes, annotations will be even more es-
sential to filter, prioritize, group, and classify variants to better dis-
criminate signal fromnoise in human genetics. Focusing, then, on
the future of genomic annotations, there are twomain areas of past
success that point to future advancements: conservation-based ap-
proaches that exploit the relationship between disease and natural
selection and functional approaches that exploit the relationship
between disease and molecular function. These two broad and
complementary categories encompass most of the information
content used to evaluate genetic variants.

Information from evolution

To the extent that many diseases are deleterious (i.e., reduce sur-
vival and reproductive success) and result from perturbations of
ancient sequence-driven functions, comparative genomic iden-
tification of sites that have experienced purifying selection is a
conceptually powerful approach to enrich for disease-causal varia-
tion. Such information can be rendered into discrete forms—e.g.,
“conserved” versus “nonconserved”—but also lends itself quite
naturally to quantitative assessments that relate to both the evolu-
tionary age of any given genomic site and the strength of selection
operating on variants that affect it, which in turn correlate with
the probabilities that variants are pathogenic. Evidence now over-
whelmingly points to the value of comparative genomics for both
large-scale studies and individual clinical interpretation. This util-
ity became apparent within protein-altering variantsmore than 10
years ago (Ng and Henikoff 2001; Sunyaev et al. 2001), and infor-
mation from genome-wide comparisons has proven in more re-
cent years to be valuable in both coding and noncoding DNA
(Cooper et al. 2010; Weedon et al. 2014; Amendola et al. 2015).

Excitingly, we are far from realizing the full informational po-
tential of comparative genomics, as current methods and ap-
proaches will scale readily with more genomes and increase in
effectiveness as a result. As divergence rates amongneutrally evolv-
ing positions establish the null expectation in comparative ge-
nomics, this parameter strongly influences the specificity and
sensitivity with which natural selection can be inferred from any
given analysis. Current neutral depths of mammalian genome
alignments provide useful enrichment for sites under selection, es-
pecially among positions that are perfectly or nearly perfectly con-
served across the entire tree (Cooper et al. 2003; Eddy 2005).
However, considerable amounts of imprecision remain, especially
at the per-position level best suited to evaluate SNVs and indels, in
selective inferences; observing three substitutions at a site where
six are expected is consistent with both neutral and selective evo-
lutionary histories, whereas observing 12 where 24 are expected is
much more likely to result from natural selection.

Thus, as comparative genomic depths increase, sites that have
experienced weaker or more recent selection will become more
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visible. This improvement should, in turn, make conservation
scores even more effective at discrimination of disease-causal var-
iants. This obviously applies to those variants that are highly pen-
etrant and deleterious, where current evolutionary depths are
already helpful, but increasingly deeper evolutionary comparisons
should disproportionately increase sensitivity to weaker-effect, yet
nevertheless deleterious, disease-causal variants. A comprehensive
catalog of primate reference genomes is an additional avenue for
better discovery power. Although such alignments will always be
more limited in depth than pan-mammalian comparisons, suffi-
cient genomic diversity of primates exists to provide useful specif-
icity (Boffelli et al. 2003), whereas the greater extent of ancestrally
shared sequence-driven biology should allow for more compre-
hensive detection of phenotypically relevant variants (Cooper
and Brown 2008; Ponting and Hardison 2011).

The specificity and sensitivity of comparative genomics can
therefore be readily improved with more genomes from more
species, and fortunately, hundreds of primates and thousands
of mammals exist that may yet be sequenced (Genome 10K
Community of Scientists 2009). While “more sequencing” is
sometimes a consequence of seeing nails when one possesses a
hammer, this is one area in which needs and resources align well.

Information from molecular function

Functional annotations, while tending to correlate with measures
of conservation (Margulies et al. 2007), are also essential. Beyond
allowing identification of phenotypically relevant elements that
may be missed by conservation-based approaches (Blow et al.
2010), functional annotations are essential to facilitate insights
into molecular mechanisms and to link together elements in
which mutations are more likely to give rise to similar phenotypes
(e.g., exons within a gene). Fortunately, and as for comparative ge-
nomic data sets, functional genomic annotations are likely to be-
come ever more abundant and rich. Gene and transcript catalogs
have steadily improved and expanded over time (Frankish et al.
2015). Additionally, over the past several years, thousands of ge-
nome-widemaps of othermolecular activities have been generated
across many cell types/tissues and individuals, including binding
locations of many transcription factors, chromatin modifications,
and open chromatin (The ENCODE Project Consortium 2012;
Roadmap Epigenomics Consortium et al. 2015); such efforts are
likely to not only continue but accelerate in pace.

In addition to baselinemaps ofmolecular activities in human
cells and tissues, assessingmutational perturbations to these activ-
ities is also valuable and likely to grow in the future. Systematic as-
sessments of mutational effects on transcriptional regulatory
element activities, both in vitro and in vivo, is now straightforward
and scalable given that the natural measures of regulatory func-
tions are sequence-based (e.g., Patwardhan et al. 2009, 2012;
Kwasnieski et al. 2012). Recent efforts in systematic protein muta-
genesis also promise to scale, at least to levels useful for evaluating
manymedically relevant proteins or protein domains (e.g., Fowler
et al. 2010; Starita et al. 2015). The ability to rapidly generate mu-
tations in animalmodels (Jinek et al. 2012) also promises to greatly
accelerate and improve functional assessment of human genetic
variants.

Critically, as important to the basic mapping of biochemical
activities in our genomes is better understanding of the organiza-
tion and logic that relate these elements and their underlying se-
quences to phenotype. Features like transcription-factor binding
consensus motifs hold obvious importance to evaluating func-

tional and disease impacts of variants (Weedon et al. 2014).
However, higher-level information content is also crucial.
Identification of looping or other three-dimensional arrangements
that connect regulatory elements to target genes (Dekker et al.
2013), for example, will be essential for genome-powered gene
“burden” tests in the future. Further, considering human genome
and effective population sizes and concomitant tolerance for mo-
lecular “noise” (Lynch and Conery 2003; Khaitovich et al. 2004;
Cooper and Brown 2008; Graur et al. 2015), most of the informa-
tion in functional genomic data sets is irrelevant to disease. In fact,
most is not detectably relevant even to molecular phenotypes like
gene expression (Reddy et al. 2009). Although the exceptions are
obviously important, common sense and the neutral theory
(Kimura 1983) provide a strong “likely benign”nullmodel applica-
ble to both genetic variation and the molecular functions they
may impact. A major challenge moving forward in this light is to
identify the features and rules that differentiate biochemically ac-
tive but biologically inert elements from those that matter to dis-
ease, with healthy skepticism and rigorous standards being
essential to ensure a robust genetic and genomic knowledge base
(MacArthur et al. 2014).

Looking forward

Of course, the best path forward, both in terms of understanding
molecular functional consequences and developing useful predic-
tive algorithms for identifying variants that matter to phenotype,
will consist of integrative measures and analyses that exploit both
comparative and functional genomic data. Integration of, for ex-
ample, gene structure effects, conservation levels at different phy-
logenetic scales, and regulatory element features is clearly more
useful in variant analysis than such features alone (Kircher et al.
2014), with recent evidence pointing to such approaches being ef-
fective for clinical interpretation (Amendola et al. 2015; van der
Velde et al. 2015). Future explorations of the complementarities
and synergies between various types of annotations will lead to
further improvements in automated computational assessment
of variant effects.

Much as the previous (first) “post-genome” decade has seen
major advances in knowledge about the human genotype–pheno-
type map, it is exciting to imagine the progress one might antici-
pate in the coming decade. Identifying and quantifying the links
that relate evolution and molecular function to disease promises
to greatly improve our understanding of human genetic variation
in the laboratory and the clinic. In contrast to our currentmuddled
descriptions of genetic variation, we will surely soon speak a better
language.
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