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Abstract
Thought to be directly and uniquely dependent from genotypes, the ontogeny of individual phenotypes is much more com-
plicated. Individual genetics, environmental exposures, and their interaction are the three main determinants of individual’s 
phenotype. This picture has been further complicated a decade ago when the Lamarckian theory of acquired inheritance 
has been rekindled with the discovery of epigenetic inheritance, according to which acquired phenotypes can be transmitted 
through fertilization and affect phenotypes across generations. The results of Genome-Wide Association Studies have also 
highlighted a big degree of missing heritability in genetics and have provided hints that not only acquired phenotypes, but 
also individual’s genotypes affect phenotypes intergenerationally through indirect genetic effects. Here, we review available 
examples of indirect genetic effects in mammals, what is known of the underlying molecular mechanisms and their potential 
impact for our understanding of missing heritability, phenotypic variation. and individual disease risk.

Classical and extended heredity

Years of genetics have attributed uniquely to genes (and gen-
otypes) the ability to generate and transfer phenotypes across 
generations (Gayon 2016). In 1893, August Weismann in 
his thesis introduced the theory of heredity where he pro-
posed that in multicellular organisms heritable information 
is transmitted from germ-plasm (germ cells) to the soma, 
and this movement is a one way road (Weismann 1893). This 
theoretical impenetrable barrier is referred to as the Weis-
mann barrier and has blocked till a decade ago any possibil-
ity of acquired inheritance since no acquired information can 
be stored and transferred from the soma to the germline to 
be inherited (Sabour and Scholer 2012).

Studies from the last decades have broken this dogma and 
shown that continuous phenotypic traits (such as body mass 
index—BMI, glucose tolerance, and blood pressure among 
others) are plastic, respond to environmental challenges dur-
ing the lifetime and these responses can be inherited across 

two or more generations, through epigenetic mechanisms 
(Sabour and Scholer 2012; Skvortsova et al. 2018). This 
phenomenon, known as epigenetic inheritance, has consti-
tuted one of the biggest paradigm shifts in science of the 
recent years, and extends the classical concept of genetic 
inheritance to the non-genetic inheritance of acquired char-
acteristics. Phenotypes are thus determined by both genetic 
and acquired (epigenetic) elements.

Genome‑Wide Association Studies 
and the Missing Heritability

Genome-Wide Association Studies (GWAS) aimed to iden-
tify the genetic basis of human diseases and have provided a 
genetic framework for our understanding of disease biology, 
heritability and individual’s susceptibility. While GWAS 
have identified more than 100,000 strong trait-variant asso-
ciations (Buniello et al. 2019), many of these variants can 
only explain a small percent of the observed disease herit-
ability (Manolio et al. 2009). Many indeed failed to predict 
disease onset in carrier individuals, and could not explain 
heritability due to phenotypic manifestations in non-carrier 
offspring of carrier individuals. Known as the “Missing Her-
itability” problem, this phenomenon highlights a gap in our 
knowledge of the fundamental mechanisms of phenotypic 
variation, ontogeny, and inheritance.
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The missing heritability is contributed by both genetic 
and non-genetic phenomena (Bonduriansky and Day 2018; 
Panzeri and Pospisilik 2018). As a matter of fact, the major-
ity of complex traits are polygenic. Therefore, complex 
genetic interactions between genes and gene variants asso-
ciated with the same trait contribute to the phenotype and 
might explain specific “missing heritability”. To account for 
this, scientists have proposed a risk scoring system known as 
polygenic risk score (PRS), which is calculated by weighted 
sum of risk alleles in an individual and the corresponding 
effect sizes obtained from GWAS statistics summary, which 
allows more accurate assessment for individual’s disease risk 
(Lewis and Vassos 2020). PRS is widely used in neurode-
generative and psychiatric disorders, such as schizophrenia, 
bipolar disorder and Alzheimer, and can be applied in clini-
cal care to identify individuals at risk and prescribe preven-
tive measures. But studies have identified pitfalls in the PRS 
construction, which can hinder its practical prediction effi-
ciency, such as lack of diversity in the population included 
in the studies. Linkage disequilibrium-based pruning for 
construction of PRS may further lead to bias due to limited 
reference haplotype panels for various populations. There 
have been recommendations for reducing the PRS bias in 
relation to their implementation to populations with vary-
ing or admixed ancestries. It is indeed important for GWAS 
to include diverse populations in order to reduce biases and 
address health discrepancy (Duncan et al. 2019; Martin et al. 
2019; Tam et al. 2019).

The PRS should also consider complex genetic interac-
tions, which affect individual’s phenotypes and might deter-
mine the genetic bases of variation in quantitative traits and 
individual’s risk to complex diseases (Fang et al. 2019; 
Hill et al. 2008; Sackton and Hartl 2016; Zuk et al. 2012). 
Epistasis is one example, according to which gene–gene 
interactions result in masked or altered genotype–pheno-
type relationships. Undetected epistasis contributes to the 
missing heritability by overestimating the total heritabil-
ity of a specific trait and therefore reducing the heritabil-
ity inferred by GWAS for the same trait—a phenomenon 
known as “phantom heritability” (Zuk et al. 2012). Genome-
Wide Association Interaction Studies (GWAIS) are indeed 
working towards a systematic identification of statistically 
significant genetic interactions in GWAS. The major chal-
lenges are the complexity of the problem and the associ-
ated statistical power which is inversely correlated to the 
number of identified genetic interactions and hinders discov-
ery (Mackay 2014; Van Steen and Moore 2019). There are 
multiple epistasis detection tools like BOOST (Wang et al. 
2010), EPIBLASTER (Kam-Thong et al. 2011), FRGEpista-
sis (Franberg et al. 2015; Zhang et al. 2014) which are based 
on regression-based prediction methods and succeeded in 
identifying biologically relevant epistasis as shown by stud-
ies in model organisms (Costanzo et al. 2016; Mackay 2014, 

2015; Zuk et al. 2012). Taking advantage of computational 
approaches, it is feasible to reveal strong evidence for bio-
logically relevant genetic interactions in various disease 
contexts (Cordell 2009; Martin et al. 2002). Some studies 
in model organisms have indeed biologically validated some 
epistatic signals detected via statistical and computational 
approaches (Costanzo et al. 2016; Mackay 2014, 2015; Zuk 
et al. 2012) and in humans, two recent studies have com-
bined statistical and functional approaches to identify func-
tional epistatic interactions in the pathogenesis and risk to 
coronary artery disease (CAD) (Li et al. 2020) and Sclero-
derma (Tyler et al. 2020).

Other than polygenic contributions to complex traits 
and complex genetic interactions (such as epistasis), sev-
eral additional phenomena have been proposed as poten-
tial underlying causes of the missing heritability includ-
ing intrinsic GWAS experimental limitations, heritability 
overestimations, variants with small effect-size, epigenetic 
mechanisms, gene/environment interaction and acquired 
inheritance, and many others (Lopez-Cortegano and Cabal-
lero 2019; Trerotola et al. 2015; Young 2019).

Family studies have also highlighted phenotypic manifes-
tations in wild-type offspring of carrier individuals, thus fur-
ther contributing to the hindering of the variant-associated 
heritability score (Bonduriansky and Day 2018). Together 
with contributing to the missing heritability, this phenom-
enon highlights the complex, yet critical parental contribu-
tion to the offspring phenotypes and disease risk.

Environmental sensing, phenotypic 
adaptation, and epigenetic inheritance

Parents can affect offspring phenotypes in different ways. 
Studies on epigenetic inheritance have shown that parental 
environmental exposures, either pre-conceptional or dur-
ing gestation, influence offspring phenotypes across one 
or several generations (Fig. 1). By definition, if parental 
effects are only detectable in one non-exposed filial gen-
eration (F0 → F1), they are defined as intergenerational. 
Conversely, should these effects be detectable across mul-
tiple non-exposed generations (F0 → F1 → F2 → …), they 
underlie transgenerational inheritance.

Experimentally, epigenetic inheritance has been described 
in several model organisms from plants to mammals (David 
et al. 2019; Hauser et al. 2011; Heard and Martienssen 2014; 
Holeski et al. 2012; Legoff et al. 2019; Liberman et al. 2019; 
Lim and Brunet 2013; Opachaloemphan et al. 2018; Perez 
and Lehner 2019) and it has been mechanistically linked to 
the acquisition by the developing offspring of environmen-
tally induced epimutations—defined as heritable modifica-
tions to the epigenome (e.g., differential DNA methylation, 
altered chromatin structure, small non-coding RNAs) which 
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induce heritable changes in gene activity without any altera-
tion in the DNA sequence (Oey and Whitelaw 2014)—from 
the parental germline. Epigenetic inheritance therefore 
entails two independent phenomena: environmental sensing 
in the parents, and phenotypic response or adaptation in the 
offspring. Examples of environmental sensing in the parents 
followed by inter/transgenerational inheritance have been 
published in mammals and lower organisms. They under-
lie the capacity of somatic tissues (including epididymal 
epithelial cells and neurons) to sense the environment and 
respond to it and involve inter-tissue and soma-to-germline 
transfer of small regulatory RNAs (Chen et al. 2016; Conine 
et al. 2018; Darr et al. 2020; Lev et al. 2019; O’Brien et al. 
2020; Posner et al. 2019; Sharma et al. 2016, 2018). Paren-
tal driven offspring phenotypic adaptation to environmental 
stimuli has also been shown as a consequence of epigenetic 
inheritance. For example, parental exposure to a high-fat diet 
(HFD) modifies offspring response to the HFD and increase 
their risk of developing diet-induced obesity and metabolic 
syndrome (Huypens et al. 2016); paternal exposure to the 
endocrine disruptor vinclozolin affects offspring fertility 
and their risk of urological diseases (Anway et al. 2005; 
Nilsson et al. 2018); and parental brain conditioning by ace-
tophenone exposure coupled to a hot plate stimulus leads to 

altered brain architecture and response to acetophenone in 
the offspring (Dias and Ressler 2014). How much of these 
phenomena can contribute to unravel part of the missing her-
itability in GWAS remains an open question, but preliminary 
findings are undoubtedly promising.

The molecular underpinnings of epigenetic inheritance 
are constantly being unraveled, and current state-of-the-
art has been recently and extensively reviewed elsewhere 
(Skvortsova et al. 2018). For this reason, this review will not 
focus on epigenetic inheritance of environmentally acquired 
phenotypes, but introduce the reader to the genetic control 
of non-genetic inheritance, or the so-called indirect genetic 
effects in mammals.

Indirect genetic effects

Cases where parental genotypes influence the phenotype of 
non-carrier offspring independently from environmentally 
acquired phenotypes have been reported (Wolf et al. 1998). 
Known as Indirect genetic effects (IGEs), these phenomena 
suggest that specific genetic alterations can reshape off-
spring phenotypes independently of the inherited genotypes 
(Fig. 2).

Fig. 1   Acquired epigenetic inheritance. This figure represents a 
scheme of the cascade of events characterizing acquired epigenetic 
inheritance. Phenotypes, acquired by the parental generation via 
exposure to several environmental challenges, are sensed by the soma 

and cause epimutations in the germ cells, which, transmitted to the 
offspring through fertilization, determine their developmental and 
phenotypic trajectories
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A handful of IGE examples have been reported during the 
last decades in lower organisms and mammals. In mouse, 
heterozygous mutations in the Kit-Kit ligand (KitL) system 
for example lead to a characteristic tail-painting phenotype, 
which is maintained in wild-type offspring and persists 
across multiple generations (Rassoulzadegan et al. 2006). 
Other seminal studies used chromosome substitution strains 
(CSSs) of mice and showed that the nature of Y-chromosome 
affects daughters’ phenotypes, with frequency and strength 
similar to those for conventional inheritance of substituted 
autosomes (Nelson et al. 2010); or that paternal genotype 
can control complex phenotypes, such as body weight and 
food intake, development and heart physiology for multiple 
generations (Grandjean et al. 2009; Wagner et al. 2008; Yaz-
bek et al. 2010). Yazbek et al., in particular, used the obesity-
resistant C57BL6/J congenic strain 6C2d and showed that 
the paternal or grand-paternal presence of the obesity resist-
ance QTL (Quantitative Trait Locus) Obrq2aA/J is sufficient 
to provide resistance to diet-induced obesity and inhibits 
food intake in the C57BL6/J progeny. Indirect genetic effects 
have also been implicated in the parental control of offspring 
risk to develop cancer. In particular, parental mutations in 

genes involved in the RNA editing pathway, such as the cyti-
dine deaminase Apobec1 (ApoB editing complex 1) (Nelson 
et al. 2012) and the RNA-binding proteins Dnd1 (Deadend1) 
(Lam et al. 2007; Nelson et al. 2012), A1cf (APOBEC1 
complementation factor) and Ago2 (Argonaute2) (Carouge 
et al. 2016) modify offspring’ risk of testicular diseases, 
including atrophy, cryptorchidism, and testicular germ cells 
tumor in a genotype and parent-of-origin specific manner.

Canonical epigenetic modifiers, such as DNA methyl 
transferases (Chong et al. 2007), histone methyl trans-
ferases (Prokopuk et al. 2018; Stringer et al. 2018) and 
demethylases (Lesch et al. 2019; Siklenka et al. 2015) 
and chromatin remodelers (Chong et al. 2007) have also 
been shown to induce IGEs in mice. In particular, the 
group of Emma Whitelaw developed a reporter system 
featuring variegating expression of a Green Fluorescent 
Protein (GFP) under the control of an erythroid specific 
promoter (thus detectable at single cell resolution and in 
live animals) and coupled it to a ENU (N-ethyl-N-nitros-
ourea) mutagenesis dominant screen to identify epigenetic 
suppressors or enhancers of variegation (Blewitt et al. 
2005). Interestingly, from the screen they also isolated 

Fig. 2   Indirect genetic effects (IGEs). This figure represents a scheme 
of what we mean by indirect genetic effects. Heterozygous mutations 
in the parental generation cause—through several and yet undisclosed 
routes—germline epimutations, which, transmitted to the offspring 

through fertilization, determine their developmental and phenotypic 
trajectories independently from the inherited genotype. One interest-
ing feature of IGEs is the increased variability and partial penetrance 
in offspring phenotypes
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the chromatin remodeler Smarca5 and the DNA methyl 
transferase Dnmt1, whose paternal mutations modify the 
expression of a maternally inherited metastable Agouti-
Avy epiallele in wild-type offspring, strongly indicating 
that the untransmitted parental genotype (in this specific 
case paternal) can influence the phenotype of wild-type 
offspring (Chong et al. 2007). Following this study, the 
group of Sarah Kimmins reported that testis-specific 
overexpression of the histone demethylase LSD1 (lysine 
specific demethylase 1) severely impairs development and 
survivability of wild-type offspring across several genera-
tions. Mechanistically, LSD1 overexpression is associated 
with changes in RNA profiles in the parental germline and 
offspring tissues and is independent from changes in DNA 
methylation at CpG sites (Siklenka et al. 2015). Along the 
same line, the group of David Page showed that perturb-
ing H3K27 methylation in the male germline, by knock-
ing out the H3K27-specific demethylase KDM6a (Utx), 
increases cancer incidence in wild-type offspring (Lesch 
et al. 2019). This phenotype becomes stronger following 
two passages across a mutant germline, but is lost follow-
ing a single passage through a wild-type germline, inter-
estingly suggesting that epimutations induced by Utx dele-
tion are transmitted to the wild-type progeny and erased 
during spermatogenesis. Mechanistically, perturbation of 
H3K27 methylation seems to affect locus-specific DNA 
methylation, which, partially maintained in the wild-type 
offspring, leads to phenotype-associated transcriptional 
differences in target tissues (Lesch et al. 2019). Nota-
bly, perturbation of either H3K4 (Siklenka et al. 2015) 
or H3K27 (Lesch et al. 2019) methylation in the paternal 
germline leads to phenotypic alterations with increased 
variation in the wild-type offspring, such as an array of 
developmental phenotypes or incidence of several tumor 
types, respectively. These findings thus add further evi-
dence to the notion that complex phenotypes are continu-
ous and “metastable” and that epigenetic mechanisms are 
critical buffering systems whose alterations can increase 
variability and phenotype triggering within and across 
generations (Dalgaard et al. 2016; Panzeri and Pospisilik 
2018). More findings support the involvement of parental 
H3K27 methylation in IGEs and its importance for off-
spring health. In particular, the group of Patrick Western 
reported that an ENU-induced Eed (critical structural com-
ponent of the Polycomb Repressive Complex 2, responsi-
ble for H3K27 methylation) hypomorphic mutation in the 
paternal germline leads to altered developmental timing 
in wild-type offspring, which is associated with transcrip-
tional deregulation of transposable elements (in particular 
LINE elements) and retrotransposed pseudogenes in fetal 
male germ cells and early embryo, respectively (Stringer 

et al. 2018). The same group has also shown that specific 
knockout of EZH2 in the maternal germline leads to inter-
generational overgrowth (Prokopuk et al. 2018) evident in 
heterozygous offspring of homozygous mothers compared 
to heterozygous offspring of heterozygous mothers.

All together, these findings provide evidence that:

1.	 indirect genetic effects exist in mammals;
2.	 they can be induced by parental perturbation of both 

canonical epigenetic modifiers (Smarca5, Dnmt1, Lsd1, 
Utx, Eed, Ezh2) and genes with previously unknown 
epigenetic function (Kit, Y-chromosome associated 
genes, Obrq2a, Apobec1, Dnd1, A1cf, Ago2), and

3.	 they generally persist across several generations.

Interestingly enough, indirect genetic effects have 
been also identified in two large humans studies. Kong 
et al. involved more than 20,000 probands and their geno-
typed parents to look at the effect of transmitted and non-
transmitted parental genetic information on offspring 
educational attainment (Kong et al. 2018). The findings 
indicate that non-transmitted parental alleles have an esti-
mated effect on the offspring educational attainment that 
is 30% of that of transmitted parental alleles. Interestingly, 
the authors obtained similar results by looking at other 
complex phenotypes, such as body mass index (BMI), 
fasting glucose levels and high-density lipoprotein cho-
lesterol (HDL) among others, for which maternal effects 
are significantly stronger than paternal, despite both being 
significantly associated with offspring phenotypes (Kong 
et al. 2018). Along the same line, Bennett et al. enrolled 
1316 families with members affected by type 1 diabetes 
to study the effect of the INS VNTR alleles on disease 
incidence. What they interestingly found is that the patho-
genicity of the risk class I allele was prevented when the 
same allele was inherited from fathers heterozygotes for 
the class I risk allele and the class III protective allele, 
strongly suggesting that the untransmitted class III allele 
was determining offspring phenotypes despite the presence 
and inheritance of the class I allele (Bennett et al. 1997).

These studies show that individual’s phenotypes—while 
mostly contributed by direct inheritance of genetic ele-
ments from the parents—are also substantially influenced 
by non-genetic mechanisms, such as gene/environment 
interaction, epigenetic inheritance and indirect genetic 
effects. Therefore, while treated for long by empirical sci-
entists as an annoyance to be statistically controlled, these 
phenomena can directly influence evolution as well as her-
itability and its calculation and therefore can complicate 
predictions of individual’s disease risk (Bijma 2014).
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Paramutations

Despite a growing body of evidence in support of indirect 
genetic effects, the findings remain mostly descriptive and 
the underlying molecular mechanisms are far from being 
completely understood. Kong et al. renamed the indirect 
genetic effect identified in their human study as “genetic 
nurture” to indicate that parental genotypes (and geno-
types of people sharing the same environment) influence 
the living environment and thereby shape the phenotype of 
non-carrier individuals (offspring or siblings) sharing the 
same environment. This is a likely explanation for human 
studies, where—for the majority of them—it is impossible 
to avoid parent/offspring environmental sharing, and very 
hard to dissect molecular mechanisms. Conversely, similar 
studies in experimental models offer the opportunity to 
control for developmental and post-natal environment and 
dissect (or try to) the underlying molecular mechanisms.

In principle, and similar to acquired epigenetic inherit-
ance, parental genetic alterations could induce germline 
epimutations that segregate independently from the 
mutated allele and lead to phenotypic manifestations in 
wild-type offspring (Fig. 2). One interesting mechanis-
tic hypothesis involves paramutations-like phenomena. 
A paramutation is one example of genetically controlled 
heritable epigenetic variation which defies Mendel’s 
first law of inheritance, according to which alleles are 
transmitted unchanged. The first example of paramuta-
tion was reported independently by the studies of Brink 
(Brink 1956) and Coe (Coe 1959) on the r1 and b1 loci 
in maize, whose results—at odds with Mendelian rules—
were first dismissed as a curiosity with limited signifi-
cance, before laying the foundations for any future study 
on paramutation.

The basic tenet of paramutation is trans-homologous 
interactions between alleles namely paramutagenic and 
paramutant. The paramutagenic allele in heterozygotes 
transmits the phenotype to the wild-type allele (“para-
mutant”) in a manner which is maintained through multi-
ple generations. A universal hallmark of paramutation is 
that paramutant alleles become paramutagenic following 
exposure to another paramutagenic allele in trans (Brink 
et al. 1960; Brown and Brink 1960; Coe 1959; Goettel 
and Messing 2013; Hollick et al. 1995; Sidorenko and 
Peterson 2001). In other words, these alleles are meta-
stable. Thus, paramutation can be identified as heritable 
epigenetic programming of one allele by the other in the 
same locus. As a result of allelic interaction, the paramu-
tant allele may present with different DNA methylation 
and/or histone modification patterns, which effect gene 
expression. Although not yet completely characterized, 
this crosstalk between the two alleles is mostly mediated 

by short RNAs which act in trans and establish a tran-
scriptionally silent chromatin state which is meiotically 
heritable through several generations. Epigenetic states 
assigned by paramutagenic alleles are occasionally per-
manent (Coe 1966) and found in all future generations, 
and some are reversed after few generations (Belele et al. 
2013; Brink 1956; Goettel and Messing 2013; Gross and 
Hollick 2007; Hollick and Chandler 1998; Hollick et al. 
1995; Styles and Brink 1969), as they show less then 100% 
heritability (Hollick 2017).

While not demonstrated, the study on the INS VNTR 
alleles likely represent the first paramutation-like example 
in humans, where the protective class III allele modifies in 
trans the class I risk allele on the same locus and determines 
offspring phenotypes (Bennett et al. 1997). Similarly, the 
first paramutation-like example in mice was reported by the 
group of Paul Soloway at Cornell University (US) (Her-
man et al. 2003), which, by using the Rasgrf1 and the Igf2r 
alleles, respectively, maternally and paternally imprinted, 
and replacing the Rasgrf1 imprinting control region with the 
one on the Igf2r allele, showed that the Rasgrf1 maintained 
its paternal expression, and transmission of the mutated 
paternal allele to the offspring was also able to methylate 
and activate the normally silent (imprinted) maternal allele, 
which remained stable through generations and indepen-
dently from the presence of the mutated allele. While involv-
ing complex genetic manipulations (such as the transfer of 
oppositely imprinted sequences between loci) to initiate 
the trans-allelic interactions, the effects of such interaction 
continue in the wild-type progeny thus suggesting that they 
constitute normally occurring genomic events. Also, these 
findings recapitulate two tenets of paramutation: trans-allele 
interaction; and stability through meiosis (Herman et al. 
2003). These studies are purely descriptive and fail in iden-
tifying the molecular determinants of trans-allele interaction.

An attempt in this direction is instead provided by the study 
from Rassoulzadegan et al., which showed that Kit mutation 
perturbs the Kit/KitL signaling pathway and induces deregula-
tion of several regulatory RNAs (mostly miRNAs), which—by 
targeting the wild-type Kit mRNA—are sufficient to recapitu-
late the offspring phenotype when microinjected into wild-
type fertilized oocytes (Rassoulzadegan et al. 2006). Interest-
ingly, not only sperm miRNAs, but also brain miRNAs and 
random RNA sequences resembling the wild-type Kit mRNA 
are sufficient to reproduce the phenotype. Although the origin 
of the regulatory RNAs is unknown and genetic effects are 
not completely ruled out, the reported findings are intrigu-
ing as they constitute the first example of RNA-based epi-
genetic inheritance in mice—now considered the most likely 
mechanism of epigenetic inheritance—and, while not fully 
understood, suggest a mechanism which recalls paramutation 
in maize (Soloway 2006). The same group has further shown 
that zygotic microinjection of specific miRNAs targeting genes 
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involved in key developmental processes leads to offspring 
growth disturbances (miR124 → Sox9) (Grandjean et al. 2009) 
and cardiac hypertrophy (miR1 → Cdk9) (Wagner et al. 2008).

As just mentioned, small non-coding RNAs have emerged 
as the best candidates to explain heritable epigenetic regu-
lation of gene expression and currently represent the most 
likely molecular underpinning of acquired epigenetic inher-
itance as well (Chen et al. 2016; de Castro Barbosa et al. 
2016; Grandjean et al. 2015; Sharma et al. 2016; Yuan et al. 
2016) (Zhang et al. 2018). Small RNAs, including miR-
NAs, piwi RNAs, tRNA-derived small RNAs (tsRNAs) and 
repeat-associated small RNAs, do indeed trigger heritable 
gene silencing (Alcazar et al. 2008; Grishok et al. 2000; 
Heard and Martienssen 2014) and have the potential to 
influence developmental and adult phenotypic trajectories 
(Conine et al. 2018; Yuan et al. 2016). Sperm loaded RNAs 
acquired during the epididymal transit are—for example—
essential for proper embryonic development, and by target-
ing a sensitive gene family in pre-implantation embryos 
(Conine et al. 2018), affect adult phenotypic trajectories.

Altogether, these findings are in line with many features 
of paramutations and show that (1) Regulatory sequences 
can function ectopically (the wild-type Rasgrf1 allele con-
trols the expression of the mutated one); (2) Paramutation-
like phenotypes are heritable and stable through genera-
tions independently from the presence of the paramutagenic 
allele; and (3) Paramutation-like phenomena can be artifi-
cially induced supporting its sequence-driven nature.

Although paramutations—defined as RNA-based trans-
homologous epigenetic modulation of gene expression—are 
unlikely to globally explain indirect genetic effects in mam-
mals, the concept of trans-acting mechanisms which, trig-
gered by mutated alleles, can induce trans-acting stable and 
heritable epigenetic reprogramming at other alleles of the 
same or—most likely—different loci and multigenerational 
phenotype transfer, is indeed interesting and worth deeper 
investigation.

The examples of indirect genetic effects presented in 
this review already constitute a compelling catalog, as they 
encompass various complex phenotypes and diverse genetic 
triggers. The next and critical questions to address will be 
how common these indirect genetic effects are in mammals, 
which complex phenotypes they can trigger/stabilize and—
most importantly—whether they can reveal at least part of 
the missing heritability highlighted by genome-wide asso-
ciation studies.

Conclusions and future perspectives

The main goal of this review was to convey the message 
that indirect genetic effects—broadly defined as geneti-
cally determined (as they are determined by the parental 

genotype), genotype-independent (as their manifestation is 
independent from the carried genotype) control of pheno-
typic variation across generations—may be more common 
and relevant than actually thought for the pathophysiology 
and the heritability of complex traits in mammals. Further 
and deeper study of indirect genetic effects might therefore 
constitute a strategy to identify at least part of the missing 
heritability associated with GWAS signals and might help 
shedding light on complex disease biology and individual 
disease susceptibility in humans.

A first and necessary step towards unraveling the real 
potential of indirect genetic effects for human health is to 
understand how common they really are in mammals, and to 
identify associated genes and/or gene families and functions. 
This need calls for the importance for the scientific com-
munity to have access to unbiased, comprehensive, systemic 
and highly controlled datasets. One example of those data-
sets is the one provided by the efforts of the International 
Mouse Phenotyping Consortium (IMPC). The IMPC is an 
international establishment, which aims to generate and sys-
temically phenotype—with tests encompassing a wide range 
of system areas, including neurological, behavioral, metabo-
lism, cardiovascular, pulmonary, reproductive, sensory and 
musculoskeletal functions—mouse mutants for every gene 
in the mouse genome. A combined effort of more than 20 
institutions worldwide provides access for the scientific 
community to comprehensive and standardized mouse phe-
notypic data for the purpose of identifying human-relevant 
disease causing genes (Brown and Moore 2012). To date, 
the IMPC has generated 6255 mutant lines and 5861 of them 
have been phenotyped. Critically, already 360 IMPC lines 
(40%) have phenotypic similarity with 889 human disease 
genes, and the majority (78%) of these lines are the first 
reported mouse models for the associated human diseases 
(Meehan et al. 2017). Beyond this, the IMPC resource has 
been used in more than 2000 published studies so far, and 
has led to the identification of essential genes for mouse via-
bility (Cacheiro et al. 2020), as well as candidate genes for 
metabolic homeostasis (Rozman et al. 2018), eye develop-
ment (Moore et al. 2018), auditory dysfunction (Bowl et al. 
2017) and sexual dimorphism (Karp et al. 2017).

These results reinforce the concept that phenotypic data 
from mouse models hold potential critical relevance to direct 
clinical studies in humans. Such large-scale and multidi-
mensional gene-phenotype datasets are of help to shed new 
light on our understanding of mammalian gene function and 
disease association. Implementing strategies to include sys-
tematic analysis of indirect genetic effects into large-scale 
mouse phenotyping efforts (such as the one exemplified by 
the IMPC) will add a new dimension to gene function (gene-
dependent/genotype-independent), shed light on parental 
contribution to offspring phenotypic trajectories and hope-
fully boost discoveries on human genetics and the relevance 
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of human genetic variation for individual susceptibility to 
complex diseases, such as diabetes, obesity and cancer.
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