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From Peas to Disease:
Modifier Genes, Network Resilience,
and the Genetics of Health

Jesse D. Riordan!* and Joseph H. Nadeau!.*

Phenotypes are rarely consistent across genetic backgrounds and environments, but instead vary in many ways depending on allelic
variants, unlinked genes, epigenetic factors, and environmental exposures. In the extreme, individuals carrying the same causal DNA
sequence variant but on different backgrounds can be classified as having distinct conditions. Similarly, some individuals that carry dis-
ease alleles are nevertheless healthy despite affected family members in the same environment. These genetic background effects often
result from the action of so-called “modifier genes” that modulate the phenotypic manifestation of target genes in an epistatic manner.
While complicating the prospects for gene discovery and the feasibility of mechanistic studies, such effects are opportunities to gain a
deeper understanding of gene interaction networks that provide organismal form and function as well as resilience to perturbation. Here,
we review the principles of modifier genetics and assess progress in studies of modifier genes and their targets in both simple and com-
plex traits. We propose that modifier effects emerge from gene interaction networks whose structure and function vary with genetic
background and argue that these effects can be exploited as safe and effective ways to prevent, stabilize, and reverse disease and dysfunc-

tion.

Introduction

Functional annotation of the genome has progressed at a
remarkable pace since the Human Genome Project was
completed in 2003, aided tremendously by continual ad-
vancements in high-throughput DNA-sequencing technol-
ogies and the computational capacity to analyze genome-
scale datasets. With these resources, many contributing
genes have been identified for specific diseases and pheno-
types. To date, causative genes have been identified for
more than 3,300 of the ~4,900 Mendelian disorders re-
ported in humans."* In parallel, systematic efforts to assign
molecular function and phenotypic outcome to every gene
in the genome via targeted genetic engineering and high-
throughput phenotyping infrastructures have been under-
taken in a variety of model organisms,” and similar
strategies to characterize the impact of naturally occurring
loss-of-function mutations in humans are being pursued.'°
But, as has been realized for a century, genes do not act in
isolation.''™'* The ultimate phenotypic manifestation of
most genetic variants depends on interactions with several
additional genetic elements, usually in the context of
functional networks.'>'7 Effects of these modifier genes
can result from direct interaction with the target gene prod-
uct, mechanistic contribution to the same biological
process, and functional compensation through alternative
pathways.

Evidence for modifier genes is extensive, both in hu-
mans and model organisms (Table 1).'*?° A comprehen-
sive review found only one allele at one gene that failed
to show genetic background effects.”’ In this exceptional
case—albinism—failure to produce melanin due to com-
plete tyrosinase deficiency leaves no opportunities to
modulate protein activity, whereas pigmentation in hypo-
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morphic mutants is readily modified. Modifier effects can
be subtle (e.g., slightly decreased latency for onset of dis-
ease) or profound (e.g., complete suppression of disease
in genetically predisposed individuals). The clearest exam-
ples involve phenotypic variation among individuals
harboring an allelic variant or mutation known to produce
a specific Mendelian (i.e., single-gene) trait. In humans,
congenital abnormalities can differ among family mem-
bers who inherit the same disease-causing mutation. In
laboratory mice, identical mutations often produce
distinct phenotypes across different inbred strain back-
grounds. These types of observations demonstrate the
importance of modifier genes in determining phenotypic
outcomes. They also highlight conceptual and experi-
mental challenges; disease alleles are harder to identify
when their effects depend on modifier genes and genetic
background. Such heterogeneity reduces statistical power
and creates ambiguity in defining relevant phenotypes.
Despite these challenges, modifier effects provide opportu-
nities to more deeply understand functional gene interac-
tion networks and the processes they regulate. Modifier
genes also represent promising targets for intervening in
disease initiation and progression.

As our ability to assign function to specific genes and
alleles expands, so too does our understanding that the
phenotypes they produce depend on other genes. The
challenge is to define the genetic basis of modifier effects,
their mechanisms of action, and the gene interaction net-
works in which they exert their influence. Detecting mod-
ifier effects is primarily a matter of surveying phenotypes
within a genetically diverse cohort that shares a functional
genetic variant and similar environment. Subsequent iden-
tification and investigation of underlying modifier genes
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Table 1. Examples of Modifier Genes and Their Functional Effects
TARGET MODIFIER
Nature of
Gene(s) Nature of Allele(s) Condition Gene(s) Allele(s) Effect Type Modifier Effect Refs
Examples in Humans
PRPF31 LOF mutation retinitis pigmentosa ~ CNOT3 polymorphism penetrance  reduced incidence 27,28
KCNQ1 dominant-negative  long QT syndrome NOSIAP polymorphism expressivity increased QT interval, 32
mutation risk of cardiac arrest,
and sudden death
HFE LOF mutation hereditary HAMP LOF mutation dominance heterozygote 3
hemochromatosis susceptibility
BBS1/9/10  LOF mutation Bardet-Biedl syndrome MKS1 LOF mutation pleiotropy  novel seizure phenotype **
SMAD6 LOF mutation non-syndromic BMP2 polymorphism penetrance increased incidence o3
craniosynostosis
SMN1 LOF mutation spinal muscular PLS3 polymorphism penetrance  prevention of disease o
atrophy
CFTR LOF mutation cystic fibrosis MUC4/20, SLC9A3,  polymorphism expressivity altered severity of lung
HLA-DRA, EHF/APIP, disease
AGTR2/SLC6A14
CFTR LOF mutation cystic fibrosis DCTN4 polymorphism expressivity altered time to initial 66
lung infection
MYH7 LOF mutation hypertrophic MYBPH polymorphism expressivity altered severity of cardiac ©’
cardiomyopathy hypertrophy
HBB LOF mutation sickle cell disease BCL11A, HBSIL-MYB polymorphism expressivity increased levels of fetal ¢
hemoglobin, decreased
rate of pain crisis
Examples in Mice
Grhl3 spontaneous LOF spina bifida Lmnb1 polymorphism penetrance reduced incidence 30
mutation (curly tail)
Pkd1 engineered LOF polycystic kidney Nedd9 engineered LOF expressivity increased kidney size 33
mutation disease mutation and cyst number
Atp2b2 spontaneous LOF deafness Cdh23 polymorphism dominance heterozygote 36
mutation (deaf susceptibility
waddler)
Bcl2 engineered LOF overactive apoptosis  Bid engineered LOF  pleiotropy  improved lymphocyte 0
mutation mutation count and survival with
no effect on
hypopigmentation
or kidney disease
129/Sv inbred strain genetic testicular germ cell Kitl, Dndl, Stra8, engineered LOF  penetrance altered incidence 4549
background background tumors Eif2s2, Apobedl, mutation
Alcf, Ago2, Trp53
Apoe engineered LOF atherosclerosis Raetle polymorphism expressivity decreased aortic root 0971
mutation lesion area
Mpl engineered LOF thrombocytopenia Myb ENU-induced expressivity increased platelet count ~ 7?
mutation hypomorphic
mutation
Mecp2 engineered LOF Rett syndrome Sqle ENU-induced LOF pleiotropy  increased motor function ’*
mutation mutation and lifespan with no
effect on malocclusion or
inflammation
Nr2e3 spontaneous LOF  enhanced S cone Nrld1 polymorphism  penetrance reduced incidence 9293
mutation syndrome
Gars ENU-induced novel Charcot-Marie Tooth ~ Nrpl engineered LOF expressivity increased loss of motor ~ 7°

function mutation

disease type 2D

mutation

function

Abbreviations are as follows: LOF, loss-of-function; ENU, ethylnitrosourea.
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Figure 1.

Targets and Modifiers in a Hypothetical 10-Gene Genome

Blue and red boxes highlight allelic variants that have potential modifier or target effects, respectively, on a phenotype of interest.

(A) No modifier or target alleles affecting the baseline phenotype.

(B) A gene 7 variant changes the basic phenotype but the genetic background does not also carry a variant with modifier activity.
(C) The potential of a gene 3 variant to modify the phenotype cannot be realized because the genome does not carry an appropriate gene

7 allele.

(D) Only where both modifier and target alleles occur together is the hypothetical phenotype altered. The arrow shows the functional

relation between the modifier (gene 3) and its target (gene 7).

provide opportunities for increased functional under-
standing of individual genes, the networks in which they
act, the phenotypes they affect, and the systems properties
that buffer organisms from environmental exposures and
genetic dysfunctions. Here, we review the principles of
modifier genetics, strategies to identify modifier genes,
and progress characterizing their influence and mecha-
nisms. We discuss modifier effects in the context of gene
interaction networks and provide examples of how these
effects may be exploited therapeutically to improve hu-
man health. We emphasize modifier genes in mice and hu-
mans but recognize that great progress is being made with
gene interaction networks in yeast,”' plants,”* worms,**
flies,** and other species.?® Together, these studies charac-
terize the genetic and phenotypic architecture of simple
and complex traits, and they suggest ways that modifiers
might be used to prevent, stabilize, and reverse disease
and dysfunction.

Modifier Effects and Functional Significance

Principles of Modifier Genetics

“Modifier gene” describes a locus at which DNA sequence
variation alters phenotypes normally associated with in-
dependent “target genes.” Interactions between specific
alleles of modifier and target genes is the defining feature
of modifier genetics. Unlike conventional genetic vari-
ants (QTLs) that because of analytical limitations are
surveyed for additive effects, modifiers act non-additively
with target genes and often do not affect phenotypes
in an obvious way in their absence (Figure 1). Both
target alleles and their modifiers can be spontaneous,
induced, or engineered mutations, or they can be natu-
rally occurring allelic variants. In some cases, modifier
variants cause loss of gene function, highlighting the
sensitivity of biological systems to modifier dosage. In
general, the pervasive nature of modifier effects across
all types of biological traits means that phenotypes are
rarely an intrinsic property of target alleles, but instead

result from integration of their activities with environ-
mental context and genetic background.'*'*

Types of Target Genes

We focus on two types of target genes: classic single-gene tar-
gets and those embedded in multigenic traits. In the latter
case, the number of targets is ambiguous. All that is certain
is that the modifier gene alters the phenotypic effects of at
least one and perhaps several genes underlying the multi-
genic trait. Unfortunately, we currently lack sufficient under-
standing of either network biology or genetic architectures
to resolve this question, despite the obvious implications
for controlling outcomes for common conditions.

Types of Modifier Effects

In general, modifier effects can be classified into four major
categories based on the phenotypic aspect they influence:
penetrance, expressivity, dominance, and pleiotropy
(Figure 2). In the following section, we describe these clas-
ses of modifier effects and provide examples of mouse and
human studies that have identified specific modifier genes
for each. With this background, we then discuss strategies
to discover modifiers experimentally.

Penetrance. Penetrance refers to the proportion of indi-
viduals carrying the causative target allele that are pheno-
typically affected. It is measured as a population character-
istic across individuals that share the same target allele but
are categorized as phenotypically affected or not. In mouse
studies, penetrance modification is evident when the fre-
quency of individuals affected by a mutant allele varies
across distinct strain backgrounds or among segregating
crosses. Similarly, individuals who are unaffected despite
carrying a disease-causing allele are evidence of penetrance
modification in humans.

Mutation of PRPF31 (pre-mRNA processing factor 31
[MIM: 606419]) can cause autosomal-dominant retinitis
pigmentosa (adRP [MIM: 600138]) in humans, but not all
individuals with mutations develop disease. Within
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Figure 2. Classes of Modifier Effects

(A) In this hypothetical example, the mutant allele m acts in a recessive manner to cause obesity and impaired glucose tolerance with
complete penetrance in homozygotes.

(B) A dominance modifier allele causes heterozygous m/+ mice to develop obesity and glucose tolerance phenotypes indistinguishable
from homozygotes.

(C) A genetic modifier of penetrance decreases the frequency of obesity and impaired glucose tolerance in m/m individuals. Some are
unaffected, while others display phenotypes as extreme as the original m/m population. The resultant increased inter-individual vari-
ability within the population shifts the m/m glucose tolerance test (GTT) plot toward the basal phenotype but with an increase in stan-
dard deviation.

(D) An expressivity modifier allele decreases trait severity in all m/m individuals, producing a phenotype intermediate between the orig-
inal +/+ and m/m populations. The m/m GTT plot shift has the same magnitude as with the penetrance modifier (C), but without the
associated increase in standard deviation due to relative phenotypic homogeneity within the population.

(E) A genetic modifier of pleiotropy eliminates the impaired glucose tolerance phenotype without affecting obesity in m/m individuals.

affected families, some individuals develop complete
blindness while others are unaffected despite inheriting
identical PRPF31 mutant alleles.”® Genetic linkage analysis
identified a region associated with variable protection that
promotes higher expression from the wild-type PRPF31
allele in asymptomatic carriers.”” Through profiling of
candidate genes in the region, it was discovered that
CNOT3 (CCR4-NOT transcription factor subunit 3 [MIM:
604910]), which represses PRPF31 transcription, acts as a

penetrance modifier whose expression level and sequence
polymorphism affect clinical manifestation of adRP result-
ing from PRPF31 mutations.”®

The curly tail (ct) mutation is a hypomorphic allele of the
Grhl3 (grainyhead-like 3) gene that arose spontaneously on
the GFF inbred mouse strain background.”’ Homozygous
mutants develop neural tube defects (NTDs), but variability
in the proportion of affected individuals across strain back-
grounds suggests that genetic variants modify penetrance.
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De Castro and colleagues used proteomic analysis to iden-
tify a variant of Lmnb1 (lamin B1) that reduces occurrence
of spina bifida in this model.”’ Penetrance decreased
~3-fold, from 16% to 6%, in Grhl3“““* mice with an
Lmnb1 allele encoding a more stable protein. Subsequent
work identified destabilizing LMNB1 (MIM: 150340) vari-
ants in humans with NTDs,*! demonstrating the utility of
mouse models for discovering modifier genes with transla-
tional relevance.

Expressivity. Expressivity describes the magnitude of
a phenotype. The term applies to traits that vary quantita-
tively and is relevant only for individuals in which a trait is
penetrant (i.e., affected individuals). Expressivity modifier
genes may enhance or reduce target gene effects, and their
influence can be detected as variation in phenotypic
severity across genetic backgrounds. For example, a partic-
ular mutation may induce life-threatening conditions in
some human populations or mouse strain backgrounds
while producing only modest symptoms in others.

The clinical severity of congenital long-QT syndrome
(MIM: 192500) resulting from a missense mutation in
the KCNQ1 (potassium voltage-gated channel, subfamily
Q, member 1 [MIM: 607542]) gene is modified by sequence
variation at the NOSIAP (nitric acid synthase 1 adaptor
protein [MIM: 605551]) gene.*” Family-based association
analyses identified correlations between common allelic
variants of NOSIAP and a longer QT interval in a popula-
tion of South Africans harboring identical KCNQI muta-
tions. These NOSIAP modifier alleles also increased risk
of cardiac arrest and sudden death.

Nedd9 (neural precursor cell expressed, developmentally
downregulated 9) was identified as a modifier of expressiv-
ity in a mouse model of polycystic kidney disease (PKD
[MIM: 173900]) using a candidate approach.®* Pkd1 (poly-
cystic kidney disease 1 homolog)-null mice develop PKD
with 100% penetrance, and severity is increased with
simultaneous deletion of Nedd9. While loss of Nedd9 func-
tion in itself produces no obvious kidney phenotype, co-
deletion with Pkdl promotes increased kidney size and
cyst number in double-knockout Nedd9~~Pkd1~~ mice
compared to single-knockout Pkd1~/~ mice.

Dominance. Dominance is a measure of the target gene
dosage required for phenotypic manifestation of a trait
and is assessed in heterozygous individuals. With complete
dominance, phenotypes are indistinguishable between
heterozygotes and homozygotes that carry two copies of
the causal target allele. Intermediate or distinct pheno-
types in heterozygotes indicate partial dominance, while
absence of a heterozygous phenotype indicates recessive
inheritance. If a single copy of a target allele is sufficient
to induce a phenotype on certain genetic backgrounds
but two copies are required on others, dominance modi-
fiers are likely to be involved.

Missense mutations in HFE (hemochromatosis [MIM:
613609]) are the most common cause of hereditary hemo-
chromatosis (MIM: 235200) in humans. Individuals ho-

mozygous for the HFE“?*?" allele often develop severe

iron overload, while heterozygotes are generally asymp-
tomatic. Targeted sequencing analysis revealed, however,
that when inherited together with a heterozygous loss-of-
function mutation in HAMP (hepcidin antimicrobial pep-
tide [MIM: 606464]), a single mutant HFE allele is sufficient
to induce clinical iron overload.**

A spontaneous mutation in Atp2b2 (ATPase, Ca®" trans-
porting, plasma membrane 2), the deaf waddler (dfw) allele
causes profound deafness in the homozygous state in
several inbred mouse strains.”> In the heterozygous state,
the mutation causes progressive hearing loss on some
strain backgrounds but has no effect on others, indicating
the presence of a dominance modifier gene. Noben-Trauth
and colleagues used linkage analysis to map these modifier
effects to a SNP within Cdh23 (cadherin 23), finding that
hearing loss arises in Atp2b2+/%™"-?/ heterozygotes only
when a variant Cdh237°34 allele is present in the homozy-
gous state.’® This work led to the discovery of a similar
functional interaction between CDH23 (MIM: 605516)
and ATP2B2 (MIM: 108733) in human hearing loss.*’

Pleiotropy. The combination of target gene-induced phe-
notypes that affected individuals display is referred to as
pleiotropy, and it includes novel phenotypes induced
only in the presence of modifier genes. The action of plei-
otropy-modifier genes causes individuals that share the
same target allele to show a range of phenotypes.

Bardet-Biedl syndrome (BBS [MIM: 209900, 600151,
605231, 615981-615996, 617406, 617119]) and Meckel-
Gruber syndrome (MKS [MIM: 249000, 267010, 603194,
607361, 611561, 611134, 612284, 613885, 614175,
614209, 615397, 616258]) are human genetic disorders
caused by dysfunctional cilia that can result from muta-
tions in several genes. Due to the widespread importance
of ciliary function, these syndromes are associated with a
variety of clinical phenotypes, including obesity, vision
loss, polydactyly, infertility, and renal failure. Using fam-
ily-based association analysis, Leitch and colleagues
found that mutation of MKSI (Meckel syndrome type 1
[MIM: 609883]) was associated with seizures in BBS-
affected subjects resulting from mutations in BBSI
(MIM: 209901), BBS9 (MIM: 607968), or BBS10 (MIM:
610148).°% As they are not typically associated with either
BBS or MKS, the development of seizures in individuals
harboring both MKSI and BBS mutations represents a
novel phenotype.

Deletion of the anti-apoptotic gene Bcl2 (B cell lym-
phoma/leukemia 2) in mice systemically activates cell
death, resulting in several phenotypes that include hypo-
pigmentation, lymphocytopenia, polycystic kidney dis-
ease, reduced body weight, and shortened lifespan.* Dele-
tion of the pro-apoptotic gene Bid (BH3 interacting domain
death agonist), while having no detectable effects on its
own, improves lymphocytopenia and survival in Bcl2 ™/~
mice but does not mitigate low body weight, hypopigmen-
tation, or kidney disease.*’ This selective correction of some
phenotypes but not others suggests tissue-specific effects
and identifies Bid as a pleiotropy modifier.
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Figure 3.
(A) Classic one modifier (blue), one target (red) case.

Continuous Genetic Complexity of Modifiers and Targets in a Hypothetical 10-Gene Genome

(B) Three distinct genomes showing different modifiers (genes 1, 3, and 4) that modulate the phenotype associated with a gene 7 allele.

(C) A modifier (gene 3) acting on three targets (genes 7, 8, and 10).

(D) Example of complex epistasis with multiple genes (genes 1, 3, 4, 7, 8, and 10) that interact in various ways (some directional, others
bidirectional). Red-blue checked boxes indicate genes that can act as both modifier and target.

Modifiers of Complex Traits

Most of the modifier genes discussed here, and indeed
a majority of those described in the literature, influence
simple traits where the phenotype of interest results pri-
marily from a single genetic variant with large effects. In
the strictest sense, all traits are complex. The impact of ge-
netic variation is probabilistic rather than deterministic,
and identical phenotypic manifestation within a popula-
tion harboring a particular causal variant is exceedingly
rare, if it occurs at all. Even for phenotypes with complete
penetrance, characteristics such as severity or latency differ
among affected individuals. By the most stringent defini-
tion, the existence of modifier effects (genetic or other-
wise) precludes a “simple” Mendelian trait.

Most phenotypes, however, result from the complex
actions of multiple genes and environmental factors.'” Pre-
sumably, modifier genes also affect these traits. But
whether evidence of their action can be detected and
whether they can be individually identified is less clear.
Distinguishing conventional genetic variants such as
QTLs from modifier genes is challenging in humans given
the genetic and environmental variation among individ-
uals, families, and populations.*' By contrast, the defined
genetic backgrounds and controlled husbandry conditions
available in model organisms such as laboratory mice
simplify such studies. Usually modifiers are identified by
studying multigenic background effects among a popula-

tion of individuals that share a single target allele. For com-
plex traits, this perspective is reversed and single genetic
variants are tested for their capacity to modulate multi-
genic phenotypes (Figure 3). The examples presented
below demonstrate how single variants, acting as modi-
fiers, can have unusually large phenotypic effects on genet-
ically complex models of human disease.

The 129/Sv mouse strain develops spontaneous testic-
ular germ cell tumors (TGCTs) at a rate of ~7%.** Genetic
susceptibility in this strain is complex and involves multi-
ple genes with low penetrance, as evidenced by the exceed-
ingly low rate of tumorigenesis (one of ~11,000 male
offspring) in hybrids derived by intercrossing 129 mice
with resistant strains, suggesting that many genes control
susceptibility.** Evidence from human studies similarly
supports a multigenic basis for inherited TGCT risk.**
Several single-gene mutations modify TGCT penetrance
when introgressed onto the 129/Sv genetic background.
Kitl, Dnd1, Stra8, Eif2s2, Apobecl, Alcf, Ago2, Trp53, and
other mutations each influence the frequency of affected
males by a factor of +2-3 when present in the heterozy-
gous state.*>*° In cases where homozygotes for these mod-
ifiers can be tested (i.e., where they do not result in embry-
onic lethality), exceptionally strong effects often emerge.
For example, the Dnd1™ mutant allele increases TGCT
penetrance from the baseline rate of ~7% in wild-type
129/Sv males to 17% in Dnd1™”* heterozygotes and 94%
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in Dnd1™™ homozygotes.””** On other strain back-
grounds, however, Dnd1"" homozygotes do not develop
TGCTs,*” demonstrating that the mutant allele modifies
the likelihood of tumor development only in genetically
predisposed individuals and is not simply a general driver
of tumorigenesis. Thus, these single gene mutations act
in a dose-dependent manner to modify the penetrance of
a highly complex multigenic trait.

The emergence of disease phenotypes often depends on
both genetic predisposition and an environmental trigger.
An example is the development of diet-induced metabolic
syndrome (MetS) in laboratory mice. C57BL/6] but not A/]
mice develop obesity, insulin resistance, hepatic steatosis,
and liver cancer when fed a diet high in saturated
fat.°”°! Genome surveys using a panel of chromosome
substitution strains (CSSs) in which each C57BL/6]J chro-
mosome has been individually replaced with the corre-
sponding A/] chromosome>? showed that sequence vari-
ants on many chromosomes control susceptibility, with
the effects of each acting in a highly non-additive
manner.””>* For the majority of traits, the cumulative
phenotypic effect (sum of the signed deviation from
C57BL/6]) across all strains in the CSS panel was found
to greatly exceed 100%, with an average cumulative effect
of ~800% across 90 blood, bone, and metabolic traits.>*
Similar results for 54 traits in a panel of rat CSSs argue
that pervasive and strong non-additive effects may be a
general genetic phenomenon.’® Strong non-additivity
clearly demonstrates a complex relationship between
sequence variants contributing to diet-induced MetS sus-
ceptibility in these model systems.

A striking example of this complexity involves an
obesity resistance QTL (Obrq2) that was mapped with a
panel of congenic strains harboring different segments of
A/J-derived chromosome 6 on a C57BL/6] genetic back-
ground. The A/] allele of Obrq2 significantly decreases
weight gain induced with a high-fat diet, but the magni-
tude of this effect depends on the genetic source (A/] or
C57BL/6]) of multiple additional QTLs on the same chro-
mosome.’* > In some cases, nearly complete protection
from diet-induced obesity is found. Protection is lost, how-
ever, with various small changes in the strain origin of
closely flanking chromosome segments. With the A/J-
derived Obrq2 QTL, protection is provided despite at least
13 other obesity-promoting QTLs on the same chromo-
some and on at least 14 other chromosomes, and despite
long-term exposure to high-risk (high-fat) diet.”>*> In
this model, naturally occurring protective A/J-derived
alleles act in protective but context-dependent ways to
modify the penetrance, expressivity, and pleiotropy of
diet-induced MetS phenotypes on the genetically predis-
posed CS57BL/6] background. Thus in this and other
cases,”® QTLs act as genetic modifiers, with highly non-ad-
ditive effects and strong dependence on genetic back-
ground. Context dependence probably explains the
contrast in the prevalence of evidence for modifier effects
in genetically heterogeneous populations such as the Resil-

ience Project®’ (see below) versus studies of human fam-
ilies and inbred strains of mice.*"

From Modified Phenotypes to Modifier Genes

Strategies to Identify Genetic Modifiers in Humans

Several approaches can be used to study modifier genes
directly in human populations, including comparative
expression profiling, genome-wide association studies
(GWASs), and family-based association analyses. To maxi-
mize the potential therapeutic benefit of any findings,
studies are often designed to search for shared variants
(candidate modifier genes) in individuals that are pro-
tected from a particular disease phenotype despite carrying
a causal target allele. Two strategies are used to pursue such
protective modifiers: (1) comprehensive sequence profiling
of a population or family carrying the disease allele to iden-
tify variants that associate with phenotypic severity and
(2) targeted sequencing of genes known to harbor dis-
ease-associated mutations in a healthy population to iden-
tify individuals who are phenotypically unaffected despite
harboring causal alleles. Once these individuals are identi-
fied, mechanisms of resistance can be studied to identify
candidate therapeutic targets for susceptible individuals.

The targeted sequencing strategy is exemplified by the
Resilience Project, an effort to identify unaffected carriers
of mutations known to cause highly penetrant and severe
childhood diseases. Screening for 874 distinct Mendelian
disease-causing mutations across 589,306 genomes, Chen
and colleagues identified 13 asymptomatic adults carrying
disease alleles.”” The low frequency of resilient individuals
detected in this study results partly from the strict experi-
mental parameters used. Mutations were selected for the
screen based on their extreme rarity in the general popula-
tion, induction of severe childhood conditions unlikely
to be misdiagnosed, and prior clinical annotation of com-
plete disease penetrance. Similar approaches using less
stringent criteria are expected to identify a higher preva-
lence of candidate resilient individuals, albeit with associ-
ated increases in complexity. Nevertheless, this work
provides proof-of-principle that individuals resistant to
highly penetrant genetic diseases can be identified, paving
the way for mechanistic studies to discover modifier genes
that may be therapeutically manipulated to benefit suscep-
tible individuals.

Studies of healthy elderly individuals illustrate the
search for modifier alleles with whole-genome sequencing.
Their long healthy life raises questions about whether
some individuals are free of inherited disease-causing
alleles because they won “Mendel’s lottery,” or whether
they inherited both the usual variety of genetic variants
that cause disease and dysfunction as well as appropriate
modifier genes. Whole-genome sequences show that
many healthy elderly individuals, including centenarians,
carry deleterious genetic variants.’®*? In fact, their muta-
tional load is comparable to individuals who succumb
to disease earlier in life.”"°' To paraphrase Jim Crow,%”
“Given our mutational load, why aren’t we dead many
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times over?”’—perhaps modifier genes are the answer.
Interestingly, these surveys failed to find protective genetic
variants that were shared across the well elderly. Although
tests for general effects are reasonable, it seems more likely
that modifiers act primarily in the context of specific target
genes.'® We anticipate that larger, focused surveys of
healthy elderly individuals that share specific disease al-
leles will reveal modifier effects resulting from inheritance
of specific combinations of modifier and target alleles.

Another example of modifier identification through
sequencing involves penetrance of nonsyndromic cranio-
synostosis (MIM: 617439), a condition in which the cra-
nial sutures fuse prematurely. Exome sequencing identified
recurrent loss-of-function SMAD6 (SMAD family member
6 [MIM: 602931]) mutations in patients, but sequencing
of additional family members revealed a penetrance of
only 24%.°* Strikingly, penetrance increased to 100% for
individuals inheriting a common (42% allele frequency)
SNP near the BMP2 (bone morphogenetic protein 2
[MIM: 112261]) locus along with a SMAD6 mutation. As
expected given its high frequency in the general popula-
tion, carriage of the BMP2-associated SNP alone was not
associated with disease in any individuals from the study,
demonstrating the context specificity of its influence on
craniosynostosis development.

Identification of genetic modifiers through comparative
expression profiling relies on large-scale transcriptomic,
proteomic, and other -omic analyses of individuals that
are differentially affected by a causal target allele. In the
simplest case, populations carrying the causal allele can
be separated into two groups—affected and unaffected in-
dividuals. The presence of distinct expression levels, pro-
tein or transcript isoforms, or other differences between
groups may indicate functional modifiers. In more com-
plex cases, the modified trait can be analyzed as a quanti-
tative variable among individuals sharing the target allele.

PLS3 (plastin 3 [MIM: 300131]) was identified as a
modifier gene for congenital spinal muscular atrophy
(MIM: 253400) using transcriptome-wide differential
gene expression profiling.°* Significantly higher PLS3
expression was detected in unaffected individuals as
compared to affected family members sharing the same
predisposing SMNI1 (survival motor neuron 1 [MIM:
600354]) mutations. Functional studies in genetically
modified mice and zebrafish validated the neuro-protec-
tive role of human PLS3 overexpression in the context
of Smn1 loss of function.®*

GWAS is a commonly used approach to identify
sequence variants with significantly different prevalence
among groups of individuals displaying distinct pheno-
types. Normally, sequences are obtained for a representa-
tive set of marker loci distributed throughout the genome
and imputation is used to predict genotypes at non-pro-
filed sites based on assumed association within haplo-
types. Increasingly, however, whole-exome and whole-
genome sequencing approaches are being used for
GWASs, yielding higher precision analyses. For modifier

gene detection, a GWAS is typically performed on a large
population of individuals sharing a causal target allele
but with distinct phenotypic manifestations, testing for
additional sequence variants that associate with particular
phenotypes and their severities in the context of specific
target alleles.

GWAS has been used effectively to identify modifier
genes in patients with cystic fibrosis (CF [MIM: 219700]).
An analysis of 6,365 patients with CFTR (cystic fibrosis
transmembrane conductance regulator [MIM: 602421])
mutations identified five loci at which sequence variation
was associated with severity of lung disease.®® Each associ-
ated region contained genes with biological relevance to
lung function, increasing confidence that the identified
loci are mechanistically involved in the manifestation of
lung phenotypes induced by CFTR mutation. Another
search for modifiers of lung infection in CF patients
used an “extreme phenotype” study design to increase
efficiency of modifier gene identification.’® Exome
sequencing was performed on individuals with CFTR mu-
tations specifically selected from the top and bottom of
the distribution for age at onset of infection. From a
set of just 91 affected subjects, missense mutations in
DCTN4 (dynactin 4 [MIM: 614758]) were linked to early
infection. A validation set of 696 affected subjects provided
further support for a modifier effect of DCTN4 on suscepti-
bility to airway infection conferred by CFTR mutation.

Family-based association studies utilize linkage analysis
in consanguineous families for which individuals with
the same inherited causal genetic variant display distinct
phenotypes. As compared to wider population studies,
this approach simplifies the search for modifier genes in
three ways. Both the background genetic heterogeneity
and the number of modifier genes are limited, which de-
creases the number of variable sequences within the study
group and thereby increases the signal to noise ratio for de-
tecting variants that actively modify the phenotype. Addi-
tionally, because the causal allele is usually identical across
the study group, variability in the primary effects of the
sequence variant on target gene function is reduced.

Mouton and colleagues studied modifiers of phenotypic
severity in 27 South African families with inherited hyper-
trophic cardiomyopathy (MIM: 115195, 192600).°” Each
patient carried one of three distinct causal mutant alleles
in either MYH7 (myosin heavy chain 7 [MIM: 160760])
or TNNT2 (troponin T2, cardiac [MIM: 191045]). Sequence
variation within MYBPH (myosin binding protein H [MIM:
160795]) was found to associate with severity of cardiac
hypertrophy only in patients with a specific MYH7 muta-
tion. No association was found for patients with a different
causal mutation in MYH7 or TNNTZ2, suggesting that
MYBPH modifies the phenotypic impact of MYH7 muta-
tion in a specific manner.

Strategies to Identify Genetic Modifiers in Mice
With respect to the importance of genetic modifiers in hu-
man health, mouse models provide a powerful, controlled
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system in which to study modifier effects. They do not
directly substitute for human studies, but instead provide
complementary information that can be used to guide study
design and interpretation of results. The defined nature of
inbred laboratory mouse strains makes them an excellent
resource for dissecting the genetic basis of modifier effects.
By minimizing the complications of a heterogeneous ge-
netic background, inbred strains facilitate experimental
reproducibility, making it easier to detect modifier effects
and attribute them to specific loci, and increasingly to indi-
vidual allelic variants. Common strategies used to identify
and map modifier genes in mice include linkage crosses,
specialized inbred resources, and mutagenesis screens.

Linkage crosses are performed by breeding one phenotyp-
ically affected strain carrying a known causal target allele
to another inbred strain, which could carry the same
target allele depending on study design. The resulting F1
hybrids are either intercrossed with each other or back-
crossed to one of the parental strains. Offspring that inherit
the causal variant are then phenotyped and genotyped.
Those that exhibit a distinct phenotype relative to the
affected inbred parental strain may harbor modifiers. By
analyzing sufficient mice, depending in part on the number
and effect of segregating modifier genes, candidate genomic
intervals predicted to contain modifier genes can be defined
based on shared inheritance patterns among individuals ex-
hibiting a particular modified phenotype. Further studies
are generally required to identify and validate specific
candidate genes within these intervals.

Specialized inbred resources such as congenic strains,
in which the causal target allele or candidate modifier locus
has been transferred to an alternative strain background,®®
can be readily generated to identify genetic modifier effects
and map the responsible loci. Genetic transfer can be
achieved through selective breeding to isolate the variant
on a distinct strain background or by direct genetic engi-
neering of embryonic stem cells or oocytes and subsequent
generation of founder mice.®® This approach is often used
to follow up linkage cross studies in order to more precisely
map candidate modifier gene-containing intervals and vali-
date functional effects of specific allelic variants.

An example of modifier gene mapping with linkage
crosses and specialized strains is provided by a series of
studies designed to identify genetic modifiers of athero-
sclerosis. Genetic deficiency for Apoe (apolipoprotein E)
promotes severe atherosclerosis on the C57BL/6 inbred
background but produces a milder phenotype on the
FVB/N strain background, indicating the presence of ex-
pressivity modifiers.” To map genomic loci containing
candidate modifiers, Dansky and colleagues bred suscepti-
ble C57BL/6] Apoe™~ mice to resistant FVB/NCr Apoe ™~
mice, intercrossed resultant F1 offspring, and performed
linkage analysis based on phenotypes and genotypes in F2
offspring.”” This screen identified several loci whose inher-
itance patterns associated with atherosclerosis susceptibil-
ity, including a highly significant region on chromosome
10 (chr10) for aortic lesion area. Subsequent generation of

congenic Apoe”~ strains harboring FVB/NCr-derived re-

gions of chr10 on an otherwise C57BL/6] background nar-
rowed the modifier-containing interval to a 1 Mb region
with five genes. Validation experiments implicated a SNP
within the Raetle (retinoic acid early transcript 1E) pro-
moter that influences its expression.”! Through initial char-
acterization of phenotypic differences in congenic C57BL/6
and FVB/N Apoe™~ strains, linkage analysis of a cross be-
tween these strains, generation of FVB/N-Chr10 congenic
strains, and functional validation experiments, these
studies successfully identified Raetle as a modifier for
atherosclerosis severity resulting from ApoE deficiency.

Mutagenesis screening is another strategy used to iden-
tify modifier genes in mice. Random induction of chemi-
cally or transposon-induced mutations throughout the
genome in an existing mouse model with a clearly defined
phenotype permits identification of genes that alter the
phenotype when disrupted. This approach is typically
used to identify phenotype-suppressing mutations that
eliminate a particular target allele-induced trait.

The first modifier gene mutagenesis screen in mice was
conducted to identify suppressors of platelet deficiency.””
Germline mutagenesis with N-ethyl-N-nitrosurea (ENU)
was applied to the Mpl~~ (myeloproliferative leukemia
virus oncogene) mouse model, which lacks a receptor
required for normal platelet formation. Screening >1,500
mutant offspring identified two individuals with heritable
suppression of the mutant Mpl phenotype, both of which
had mutations that produced hypomorphic alleles of
Mpyb (myeloblastosis oncogene). Validation experiments
confirmed that partial loss of Myb function decreases the
severity of Mpl~/~-induced platelet deficiency. A similar
ENU-based mutagenesis screen identified modifier genes
in the Mecp2~/~ (methyl CpG binding protein 2) mouse
model of Rett syndrome (MIM: 312750).”% As in humans,
Mecp2 mutations cause a range of neurological defects in
mice.”* The screen identified five independent loci at
which mutation ameliorated distinct combinations of dis-
ease traits, implicating them as pleiotropy modifiers. One
of the mitigating mutations introduced a premature stop
codon in Sqle (squalene epoxidase), which encodes a key
cholesterol biosynthesis enzyme. The authors showed
that treatment of Mecp2~/~ mice with cholesterol-lowering
statin drugs significantly improved motor function and
lifespan,”” suggesting that this widely used class of drugs
may benefit individuals with Rett syndrome. A recently
completed phase 2 clinical trial (NCT02563860) is evalu-
ating this hypothesis, with results forthcoming (see Clin-
ical Trials in Web Resources).

Features of Modifier Genes

Nature of Sequence Variation

The nature of modifier alleles could be instructive about
the sensitivity of gene interactions and networks to partic-
ular kinds of DNA sequence variants. While a thorough
review is premature because insufficient numbers of mo-
lecular variants have been identified and functionally
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characterized, current evidence suggests considerable het-
erogeneity in the types of sequence variation that produce
modifier effects. The studies discussed in this review pro-
vide examples of modifier variants that cause partial or
complete loss of gene function (e.g., missense muta-
tion*#°° or gene deletion®**’), enhanced function (e.g.,
increased protein stability®”), and gain of alternative func-
tion (e.g., novel protein-protein interaction’”). They also
demonstrate that modifier variants often occur within pro-
tein-coding exons, but may alternatively affect regulatory
regions such as UTRs or promoters.”’ There does not
appear to be a general mechanism by which modifier
alleles are generated. Rather, any sequence variation
affecting a gene’s function in a way that impacts its inter-
action with other genes and networks may manifest as
a modifier allele, depending on co-inheritance with an
appropriate target allele and environmental context. As
we discuss next, the diverse nature of modifier alleles is
consistent with their specific and context-dependent
functionality.

Nature of Modifier Functions

An important consideration is whether modifier genes
tend to involve general regulatory processes such as
SUMOylation, phosphorylation, ubiquitination, and RNA
processing or whether they tend to act primarily on activ-
ities related to particular target genes. The functions of
modifier genes that have been characterized suggest spe-
cific rather than general actions affecting a diversity of bio-
logical processes. For example, modifier alleles discussed in
this review modulate metabolic pathway activity, intracel-
lular transport processes, organelle stability, cell-cell inter-
actions, and transcriptional activity. In most cases, these
effects appear to be limited to functions of the target
gene(s) responsible for the primary phenotype. Such func-
tional specificity enhances the attractiveness of modifier
genes as therapeutic targets, as it decreases the likelihood
of undesired side effects.

Mutational Buffering

An established but more general mechanism for suppress-
ing the adverse phenotypic effects of deleterious muta-
tions involves chaperones (e.g., heat-shock proteins)
that facilitate proper protein folding, particularly in the
context of environmental or genetic stress.”® Under
certain stress conditions, suppression of altered protein
folding is relaxed presumably to release cryptic variation
and increase the capacity to respond to ongoing chal-
lenges.”””’® While we know of no examples where map-
ping studies have implicated chaperones as modifier genes
(i.e., where genetic background effects on phenotypes are
attributable to genetic variation within chaperone genes),
it is clear they are capable of modifying the impact of ge-
netic variation. The term “global modifier” has been pro-
posed to describe genes that regulate the functional mani-
festation of genetic variation at several loci via general
mechanisms, including chaperones, chromatin modifiers,

and transcriptional regulators.”’ Perhaps chaperones and
other global modifiers provide a system to respond to
generalized stress whereas modifier genes target specific
molecular dysfunctions.

Modifiers as Mediators of Network Resilience

To understand modifier effects in a general way, we must
consider how they might have evolved. Genetic modifiers
might simply be an important consequence of inheriting
combinations of gene variants that happen to compensate
or exacerbate the phenotypic effect associated with
target alleles. Alternatively, they may represent interaction
networks that evolved to coordinate gene action during
development and throughout adulthood. Coordination
could involve direct molecular interactions or molecularly
independent but functionally related pathways.®>®! In
some cases, modifier effects might result from ongoing ac-
tivity that is functionally relevant for specific target alleles
that are embedded in genetically defined networks. In
other cases, developmental and physiological conditions
in carriers of particular target alleles might induce activity
of genes that provide modifier functions. In both sce-
narios, the phenotypic outcome is similar despite differ-
ences in the underlying network activity. Effective coordi-
nation would vary depending on genetic background and
environmental exposures, suggesting that the structure
and function of interaction networks is a dynamic rather
than a fixed feature of organismal biology. According to
this hypothesis, modifier genes are tipping points in these
networks where phenotypes can be switched from one
outcome to another depending on the structural and func-
tional dynamics of gene interactions. It is difficult to ima-
gine development and maintenance of organismal form
and function without such networks. Their pervasive na-
ture across phenotypes supports the concept that genetic
modifiers are a common emergent property of gene inter-
action networks.

The mutation burden inherent in complex organisms
may be an additional selective advantage for genetic mod-
ifiers. Each individual harbors both inherited genetic vari-
ants as well as new, often deleterious mutations that arise
at every generation.®” Steady state is determined by the
rate (per generation) at which new mutations arise and
their rate of loss, which through drift and selection can
take several generations.®” Based on large-scale genome-
sequencing studies, steady state for the typical human
genome has been estimated to be in the hundreds,
including several variants with known disease associa-
tions.®*® Comparable numbers are found in mice and
other model organisms.®*®*® How then are we able to
survive as individuals and as a species given the cumulative
burden of these deleterious genetic variants; why aren’t we
“dead” many times over?°” Perhaps some genes are latent
(cryptic) modifiers that reveal their potentiality depending
on genetic background and environmental context.””’®
These naturally occurring genetic variants that show mod-
ifier activity under appropriate circumstances could buffer
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individuals from persistent mutation burden. We currently
know too little about the impact of genetic variation on
network biology to predict which genes have the potential
to be modifiers or the conditions under which their activ-
ity would be induced.®*"®’

Whether genetic variants act as targets or their modifiers
or as conventional QTLs with largely independent effects
depends on the nature of the allelic variant, genetic back-
ground, and environmental context. Although compre-
hensive catalogs of genetic variation have been assembled,
we generally lack similar catalogs of constant and variable
network features across genetic backgrounds and environ-
mental exposures.

Therapeutic Potential

Concept

Targeted manipulation of modifier gene activity and related
interaction networks represents a new paradigm for pre-
venting, reversing, or lessening disease phenotypes in
genetically predisposed individuals.*”°" This approach is
complementary to the traditional strategy of identifying
and targeting primary causal disease alleles and has great
potential to improve treatment efficacy and safety. Protec-
tive modifier genes are discovered based on their ability
to provide resistance to the adverse consequences of disease
alleles, clearly demonstrating that manipulation of their ac-
tivity can be effective. Lack of any apparent adverse pheno-
type in resistant individuals carrying a protective allele
highlights the potential safety of this approach, although
this aspect requires more thorough investigation. Each class
of modifier effect can be highly relevant to disease genetics:
reducing penetrance or dominance decreases incidence,
weakening expressivity decreases severity, and restricting
pleiotropy limits comorbidities. A deeper understanding
of genetic modifier effects, along with the ability to manip-
ulate their actions in specific circumstances, could provide
access to safe and effective strategies to maintain health
and to stabilize or reverse disease. Targeting modifiers could
be especially beneficial in cases where the causal gene
variant is unknown, complex, or not directly actionable.
Several of the modifier effects discussed so far have the
potential to inform clinical diagnostic or therapeutic strate-
gies, such as the possibility of treating Rett syndrome-
affected subjects with statins (see Clinical Trials in Web
Resources).”* Below, we provide additional examples where
clear opportunities for translational applications emerge
from the characterization of modifier effects.

Examples

Mutations in NRZE3 (nuclear receptor subfamily 2,
group E, member 3 [MIM: 604485]) cause enhanced S
cone syndrome (ESCS [MIM: 268100]) in humans, which
is characterized by retinal degeneration and a variety of
vision problems. A similar phenotype is observed in
mice lacking Nr2e3 expression,”! although disease pene-
trance is highly dependent on strain background. All
mice exhibit retinal degeneration upon loss of Nr2e3 on

a C57BL/6] strain background, but intercrossing with
AKR/J, CAST/EiJ, or NOD.NON-H2nb1 strains was found
to completely suppress disease in 28%-49% of homozy-
gous mutants,”” indicating the presence of penetrance
modifier genes. Fine-mapping of a candidate protective lo-
cus led to the identification of Nrldl (nuclear receptor
subfamily 1, group D, member 1) as a modifier gene whose
increased expression compensates for loss of Nr2e3 to
eliminate the disease phenotype.”’® Nr1dI encodes the nu-
clear hormone receptor Rev-erba, a target for which mul-
tiple synthetic agonists have been developed. Delivery of
exogenous Nrldl by in vivo retinal electroporation
rescued the phenotype of C57BL/6] Nr2e3 mutants,””
demonstrating the efficacy of increased Rev-erba function
and suggesting that such a strategy may benefit ESCS-
affected individuals.

Charcot-Marie Tooth disease type 2D (CMT2D [MIM:
601472]) is a neurodegenerative disease caused by muta-
tions in GARS (glycyl-tRNA synthetase [MIM: 600287]).
Disease-associated mutations in humans and mouse
models of CMT2D cause conformational changes in the
GARS protein that confer the novel ability to bind NRP1
(neuropilin 1 receptor [MIM: 602069])"° and interfere
competitively with VEGF (vascular endothelial growth fac-
tor) binding to NRP1, which is required for accurate motor
neuron axon guidance. Genetic manipulation of Nrpl or
Vegf function in CMT2D mice was found to alter pheno-
typic severity,”® identifying them as modifier genes in
the model and potential therapeutic targets for CMT2D-
affected subjects. Notably, multiple modulators of VEGF
activity are already used clinically to treat various other
conditions.

Sickle cell disease (SCD [MIM: 603903]) results from
mutations in HBB (hemoglobin subunit beta [MIM:
141900]) that produce an abnormal version of hemoglo-
bin, causing deformation and destruction of red blood
cells, obstruction of vessels, and deficient oxygen trans-
port throughout the body. Because of its high affinity for
oxygen, hydroxyurea-induced fetal hemoglobin (HbF)
expression is used to treat adults with SCD,”* and interin-
dividual variation of innate HbF expression is associated
with clinical severity.”> Association studies in humans
have identified sequence variants linked to HbF expres-
sion that may act as genetic modifiers of disease
severity.”’® Targeting genes that repress HbF expression in
adults, and thereby modify disease phenotypes, has
recently been proposed as a novel therapeutic approach
for SCD-affected individuals.””

Modifying the Future

The strong, pervasive nature of modifier effects sug-
gests new strategies to manage disease and maintain
health.'*>?" Historically, logistical, analytical, and statisti-
cal issues have led to limited empirical evidence for inter-
acting genes."> However, new concepts, study designs,
and genetic resources enable powerful global studies.
In yeast, large-scale studies have begun to define gene
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interaction networks.”®°? In mice and humans, a combi-
nation of empirical evidence and literature review has
begun to define the circuitry of networks associated with
disease.'"”'”! In many species, modifier genes are readily
identified for both simple and complex traits. With these
emerging resources and technologies, specifying network
components, their dependencies, and targets for interven-
tions is increasingly feasible, especially for specific condi-
tions and diseases. These networks coordinate biological
activities throughout life and buffer form and function
from genetic and environmental disruptions.®>®! Buff-
ering is essential because we are each born with inherited
and new mutations that have deleterious effects. Perhaps
generally good health despite our mutational burden
shows that we are each good evidence for protective mod-
ifiers. By focusing on modifier genes and network solutions
that nature has devised for deleterious genes and environ-
mental exposures, perhaps we can develop safe and effica-
cious ways to stabilize, reverse, or prevent disease and
dysfunction.

Web Resources

ClinicalTrials.gov, https://clinicaltrials.gov/ct2/show/NCT02563860
OMIM, http://www.omim.org/
The Resilience Project, http://resilienceproject.com
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