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. Abstract

Check for Diploid organisms contain a maternal and a paternal genome complement that is thought to
updates provide robustness and allow developmental progression despite genetic perturbations that
occur in heterozygosity. However, changes affecting gene dosage from the chromosome
down to the individual gene level possess a significant pathological potential and can lead to
developmental disorders (DDs). This indicates that expression from a balanced gene com-
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Fig 1. Overview of chromosome-wide to gene-by-gene dosage alterations. Artistic representation of the beneficial and the disadvantageous aspects of gene dosage
alterations. Examples of naturally occurring and disease-causing phenomena are shown in the illustration. Such gene dosage alterations can occur from any level, from the
chromosome-wide, i.e., mega-base scale, down to the individual gene level, i.e., a single-nucleotide change. Dosage can be modulated by genetic and epigenetic
mechanisms.

https://doi.org/10.1371/journal.pgen.1009906.9001

expression of sex-linked genes is reequilibrated by a mechanism termed “dosage compensa-
tion” (DC) [3].

Albeit these chromosome-wide examples are probably the most well-known ones, gene dos-
age alterations can occur at any level, from the mega-base scale down to the individual gene.
Whole chromosomes can be gained or lost, parts of chromosomes containing one or many
genes can be amplified or deleted, and, furthermore, one of the 2 gene copies can be inacti-
vated by heterozygous mutations. Recent advances in diagnostics by next generation sequenc-
ing (NGS) brought forward a growing number of rare developmental disorders (DDs) caused
by de novo variants in single genes [4]. Large-scale sequencing efforts of the healthy popula-
tion, in turn, revealed that at least 20% of the human coding genome is highly intolerant to het-
erozygous mutation [5,6]. This emphasizes that gene dosage imbalance has a much bigger
impact for human health than anticipated.

Here, we provide an overview of the evolutionary and pathological aspects of gene dosage
alterations and their impact on the outcome of development (Fig 1). Building on the knowl-
edge about sex chromosome regulation, we discuss other forms of expression imbalances, the
associated perturbations of molecular and cellular networks as well as response mechanisms.
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For an in-depth discussion of the diverse facets of gene dosage related to cancer, we refer to
recent reviews [7,8].

Chromosome-wide dosage alterations: Aneuploidies and sex chromosomes

The importance of maintaining appropriate gene dosage balance was noted by Blakeslee and
colleagues in their experiments performed in the 1920s with the plant Datura stramonium. He
found that in a balanced genome, addition of a single chromosome leads to detrimental effects.
Whole genome duplication by hybridization instead did not cause phenotypic changes [9].
Similar findings were later obtained in, e.g., other plants, fruit flies, yeast [10-12], and humans.
A systematic analysis of segmental aneuploidies in fruit flies revealed that viability and fertility
are compromised when the heterozygous deletion spans approximately 1% of the genome.
Heterozygosity from 3% up to entire chromosomes results in embryonic lethality [11,13]. Tis-
sue-specific aneuploidies promote a variety of phenotypes in the fruit fly, including a decreased
life span, defects of the nervous system, or perturbed stem cell proliferation [14-16]. In mice,
highly aneuploid embryonic stem cells fail to contribute to all tissues of the adult chimera
including the germline [17]. Aneuploidy in plants can lead to leaf knotting, aberrant branch-
ing, growth defects, and general developmental delay [18,19]. Aneuploid budding yeast exhib-
its proliferative defects, alterations in cell division and cell cycle kinetics, plasma membrane
stress, defects in responding to environmental perturbations [20,21], and are accompanied by
the induction of a general stress response, proteotoxicity, and genome instability [8] (Box 1).
Thus, aneuploidies and the associated imbalances can negatively affect cellular and organismal
fitness and are often not tolerated during development.

However, there are interesting physiological exceptions: Aneuploidy appears to be part of a
developmental program of the mammalian liver and brain [2,22]. Another naturally tolerated
aneuploidy are the heteromorphic sex chromosomes (XX/XY and ZZ/ZW), which are present
in many sexually reproducing organisms and evolve from regular autosomes [23] (Fig 2, top
left). According to Ohno, correction of the expression imbalances due to X chromosome
monosomy versus autosomes requires an up-regulation by 2-fold. He also postulated that in

Box 1. Cellular and molecular responses upon aneuploidy

The gene expression changes after chromosomes become aneuploid can trigger alter-
ations in cellular function. Traditionally, it was assumed that such responses are gene
specific, and, hence, the cellular consequences upon aneuploidy differ depending on
which genomic region exhibits a copy number change. However, it is important to note
that aneuploidy also triggers global physiological and molecular effects, regardless of
which specific chromosome and encoded genes are involved [10,11,21]. It has been sug-
gested that by affecting many genes simultaneously, aneuploidy is an extra burden for
cellular machineries such as the proteostasis network, which is responsible for maintain-
ing the proper balance of protein synthesis, folding, transport, and degradation [57].
Aneuploidy can disrupt cellular metabolism due to a higher metabolic demand linked to
increased nucleotide, protein, and lipid synthesis. Besides this “extra work” aspect, over-
dosage of balanced protein complexes [114] but also unpaired multisubunit complexes
can cause aggregation of proteins, which provides an alternative route to protein degra-
dation to respond to gene dosage imbalance [115] (also see Fig 3).

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009906 December 9, 2021 3/20


https://doi.org/10.1371/journal.pgen.1009906

PLOS GENETICS

Autosomes A

Sex-locus

Loss of
recombination

Inversions

Protein truncating
mutations

Sex chromosomes Dosage Compensation

W chromosome-wide
[ incomplete / none

@ XX/XY

® Drosophila melanogaster
® Themira minor

® Teleopsis dalmanni

® Glossina morsitans

® Lucilia cuprina

® Anopheles gambiae

® Tribolium castaneum

® Xenos vesparum

® Halyomorpha halys

® Oncopeltus fasciatus
® Homalodisca vitripennis
® Acyrthosiphon pisum

— Pristionchus pacificus

® Caenorhabditis elegans

Haploidization of
regulatory regions

® Anolis carolinensis
® Basiliscus vittatus

® Homo sapiens

® Mus musculus

® Bos taurus .

® \onodelphis domestica

® Ornithorhynchus anatinus
® Gasterosteus aculeatus

4‘—EO Poecilia parae

® Oncorhynchus mykiss.

|_| !O Silene latifolia

® Rumex rothschildianus
® Cannabis sativa
® Coccinia grandis

T LI PN R

Transposable
elements
Chromosome

Gegensistion Hefarochmnyafis 0 500 1000 1500 Million Years ago
Nematode Fruit fly Mouse
== e e
P — VR
= _;f‘ *:f’\ ,_
Chromosome AA X0 AA AA Y AA XX AA XY AA X
. . 50% 2-fold " S
Compensation mechanism dampening upregulation inactivation
X to Autosome
ratio (RNA) 25 0.5 1 1 0.5 0.5
Identifier (DNA/RNA) reX DNA roX RNA Xist RNA
Forn A 7 Condensin-DCC MSL complex PRC complex
e~ E |
gy Friocneticreguiator SET1/4 MOF Dnmt3a/b
Qg% Chromatin modification H4K20me1 H4K16ac H%If\lzggeeS

Fig 2. Sex chromosomes and DC. (Top left) Sex chromosomes are highly dynamic and show recurrent turnovers illustrated by gray arrows. They typically evolve from a
pair of regular autosomes after acquisition of a sex-determining locus. Recombination starts to be repressed and the future Y (in the case of a male heterogametic species)
or W (in the case of a female heterogametic species) acquire more and more protein truncating mutations. This process results in gradual functional heterozygosity of the
X or Z chromosome (pink). In some organisms, the sex chromosomes then become fully degenerated and are sometimes even entirely lost, but there are also many species,
where sex chromosomes do not decay [37]. Despite degeneration, some genes can be retained [41] or even become expanded on the degenerating Y/W [108]. (Top right)
Evolutionary tree showing multiple species across the animal and plant kingdom, where DC has been studied. XY and ZW sex chromosome systems are colored in blue
and orange, respectively, and the presence of chromosome-wide versus gene by gene/absence of DC are illustrated with black and gray boxes. Pictograms (images:
phylopic.org) are only shown for illustrative purposes and do not depict the actual species in the tree; also see references and comments in S1 File. (Bottom) Comparison
of the 3 known molecular mechanisms achieving DC by up-regulation of the X in males (Drosophila), inactivation of the X in females (mammals) or dampening of the 2 X
by half in hermaphrodites (nematodes) are compared in the table. In Drosophila, both X-to-autosome as well as male-to-female DC is reached. Mammalian females
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undergo X chromosome inactivation, where besides selection to correct for dosage imbalance, sexual antagonism has been proposed as an alternative mechanism shaping
X inactivation during evolution [109]. Whether the remaining, active X and the single male X are globally up-regulated by 2-fold remains ambiguous to date. While
transcriptional mechanisms have been broadly investigated [110-112], a recent study comparing different vertebrates suggests that this second level of compensation
according to Ohno’s hypothesis is achieved via translational regulation [113]. DC, dosage compensation.

https://doi.org/10.1371/journal.pgen.1009906.9002

order to balance differences between sexes and to achieve complete DC, females would require
X chromosome inactivation [24]. With regard to the current usage of the DC term, it is helpful
to consider these 2 sides of the coin of Ohno’s hypothesis: X-to-autosome balance versus X-to-
X balance between the sexes (Fig 2, bottom; also see [25]).

Only 3 molecular pathways to achieve DC have been characterized in detail: the ones oper-
ating in mammals, fruit flies, and nematodes (for reviews, see [3,26,27]). Of note, the macro-
molecular complexes and associated transcription level changes in these species are entirely
distinct (Fig 2, bottom). Phenotypically, the genetic loss of the factors promoting DC result in
sex-specific lethality at larval stages in Caenorhabditis elegans and Drosophila melanogaster
[28,29]. In mice, depending on the genetic allele investigated, lethality manifests either during
embryonic stages or at weaning [30,31]. Whether these phenotypes are a consequence of
imbalance of selected dosage-sensitive genes or reflect a particular sensitivity of these species
to an aneuploid chromosome remains only poorly characterized to date, especially with regard
to the temporal and tissue-specific requirements of DC.

Besides these model organisms, the presence or absence of DC has been documented in
many other species encompassing not only the animal, but also the plant kingdom (Fig 2, top
right; S1 File) [32]. Across taxa, there can be a remarkable complexity and diversity of the asso-
ciated mechanisms. For example, the two dipterans Anopheles and Drosophila achieve X chro-
mosome up-regulation in males by entirely different mechanisms, although the same ancestral
autosome evolved to a sex chromosome [33], and the same ancestral segment turning into a
sex chromosome is compensated in XY anolis lizards but not the ZW softshell turtle [34]. DC
can be regulated depending on developmental stage, tissue, and age: In the parasite Schistoma
mansoni, the Z chromosome is fully compensated in only the free, cercaria stage, but not in its
parasitic, intravertebrate stage [35] (also see an interesting example of tissue-specific DC in
turtles [36]). Many organisms do not display chromosome-wide expression equalization of sex
chromosomes [37]. In chicken, which possesses a ZZ/ZW sex determination system, only few
dosage-sensitive genes are subjected to DC [38,39], and the snake Z chromosome lacks chro-
mosome-wide DC, too [40]. DC may not be necessary, if dosage balance is maintained by
keeping 2 functional copies in both sexes, for example, via the “survival” of especially dosage-
sensitive genes on the degenerating W or Y [41,42]. An emerging picture is that chromosome-
wide DC occurs much more frequently in XY systems, while it is comparably rare in ZW spe-
cies [25,43]. This discrepancy is unrelated to the evolutionary age of the sex chromosome sys-
tem [44], and models indicate that it could rather be a consequence of stronger sexual
selection in males, which is the heterogametic sex in XY systems [45].

An expression disequilibrium of X/Z-linked genes cannot only occur in the cases where
chromosome-wide DC is absent. Some mammalian genes referred to as escapees, for example,
the Histone demethylase gene Kdm6a, may get expressed from the inactivated female X. Pre-
dominantly, such escape is not constitutive, but depends on developmental stage, tissue type,
or genetic background of the individual [46] and appears to be much more prevalent in
humans compared to, e.g., mice [47]. Since the second, inactive X is only present in females,
one could regard it as an additional “reservoir” providing a potential advantage with regard to
allelic diversity and gene dosage [48]. Understanding phenotypic consequences of mutations
in genes that can escape X chromosome inactivation is therefore an important field of research
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[49] highlighting the significance of sex chromosome dosage balancing in physiology and
disease.

Gene expression changes upon autosomal aneuploidy

Is there a DC mechanism akin to the X chromosome when autosomes become aneuploid [50]?
In human fibroblasts obtained from individuals with trisomy of chromosome 21, 13, and 18,
mRNA and protein levels are typically increased to the expected value of 1.5-fold [51]. Similar
effects are observed in fibroblasts obtained from mice with Robertsonian translocations, where
gene expression increases proportional to gene copy number [52]. By contrast, segmental
aneuploidies in Drosophila were reported to experience DC [53,54]. Nonetheless, compensa-
tion does not always appear to be complete, as a 2-fold change in DNA typically results in
about a 1.5-fold increase in gene expression [55,56]. Saccharomyces cerevisiae, in turn, seems
again similar to mammals, where gene expression differences correspondingly scale with the
affected chromosome and are not compensated [10,57]. This is also reflected at the proteome
level [58], where, however, some protein level buffering counteracting the gene dosage alter-
ation can be detected [21]. Autosomal aneuploidies can also impact the expression of other
genes in trans, for example, if the region originally affected by a copy number change harbors
a transcription factor or a microRNA gene [59]. A study in maize found that cis-specific up-
regulation caused by a segmental trisomy occurs in a tissue invariant fashion, while trans-
effects appeared rather tissue specific [18]. One aspect to consider for these seemingly distinct
outcomes concerning aneuploidy-induced DC might be that such a mechanism needs time to
be established on affected chromosomes after the alteration has occurred. The expression data
for segmental aneuploidies have been generated from adult flies [53,54], and, hence, its estab-
lishment along embryogenesis and the larval stages remains unclear. Furthermore, different
yeast cells display a great degree of nongenetic phenotypic variability in cellular responses
right after the induction of the very same chromosomal alteration, which is also an intriguing
phenotypic manifestation of mice with Robertsonian translocations [21,58]. Variability might
be an instant response, which then might get canalized into a more stable form of autosomal
DC. If a “noncanonical” form of DC indeed exists for autosomes, it will be interesting to
unravel similarities and differences to the features acting on the X-chromosome: How are the
affected chromosomes and genes recognized and distinguished from the euploid population?
Are DC mechanisms acting on genes individually, or does a universal regulation occur at a
chromosome-wide scale, irrespective of the nature or function of the single gene? In the
absence of a universal “autosome-DC” pathway, feedback mechanisms could provide a means
for how subtle expression perturbations could be propagated into regulatory networks [60,61].
Another interesting aspect of autosomal DC is how precision for an approximately 2-fold
effect could be achieved. Addressing such questions could be key to understanding the diverse
facets of aneuploidy during development and disease.

Dosage alterations at the individual gene level

Dosage alterations do not only occur chromosome wide but also at the other end of the spec-
trum: the individual gene level (Fig 1). Recent efforts by human exome and genome sequenc-
ing consortia probably provide the most compelling view on this aspect in a natural
population. The Exome Aggregation Consortium (ExAC) and Genome Aggregation Database
(gnomAD) studies found that the human genome displays a high degree of selection against
nearly all classes of structural variants affecting single genes, with the interesting exception of
copy gains [62]. The latter finding is in agreement with gene duplication events being a key
process in evolution (Box 2) [63,64], although they can be sometimes associated with negative
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Box 2. Gene-by-gene dosage alterations and evolution

Gene duplications are crucial to the evolution of novel genes and regulatory elements,
because they create redundancy, which liberates DNA sequences from previous selective
constraints. Duplicated copies, whereupon they are referred to as gene paralogues, can
arise by (1) tandem and segmental duplication upon DNA rearrangements; (2) retro-
transposition; and (3) whole genome duplication [116]. Whole genome duplications are
observed several times throughout eukaryotic evolution and provide a balanced increase
in ploidy. They are typically unstable and followed by widespread gene loss, for example,
by obtaining damaging mutations referred to as pseudogenization [117]. Paralogues that
are maintained from whole genome duplication receive a special name, so-called Ohno-
logues [64]. Examples of paralogue functions can be found in almost any species and vir-
tually all aspects of biology. Human-specific gene duplication events coincide with and
were proposed to be causally involved in the beginning of the neocortex expansion
[118]. Compared to animals, plants have comparably higher duplication rates. Poly-
ploidy as well as the retention of stress response genes may facilitate their rapid adapta-
tion to changing environments [119-121].

From a dosage point of view, the counterpart of beneficial gene duplications are natural
examples of monoallelism, which induce functional hemizygosity at the gene-by-gene
level. There are 2 major categories of monoallelism: (1) genetic, where changes to the
primary DNA sequence result in only a single allele being able to make a functional pro-
tein; and (2) epigenetic, where both parental alleles are present and per se functional, but
only one is transcribed, whereas the other one is silenced. Allelic exclusion belongs to
the first category and allows only a single type of antigen receptor genes to be expressed
in B cells and T cells. Nonfunctional Ig and TCR alleles are created by incomplete or
nonproductive V(D)J recombination (Fig 1). The phenomenon of genomic imprinting
belongs to the second category of “epigenetic monoallelism.” For imprinted genes, the
allele choice is nonrandom and occurs in a parent of origin-specific manner [122]. A
well-studied example is the IGF2 gene, which is exclusively expressed from the paternal
genome and is important for fetal growth and development of various tissues such as the
placenta or the brain [123]. Monoallelic expression is also found in olfactory sensory
neurons, where only a single, but in this case randomly chosen, olfactory receptor (OR)
gene is expressed. The monogenic and monoallelic expression enables defined olfactory
perception of odors in the olfactory epithelium [124]. Cells in the immune and nervous
system appear to employ monoallelism to ensure a high degree of cellular diversity and
individuality. Although random monoallelic expression was described to occur on other
autosomal genes, the functional relevance of this phenomenon could not be unambigu-
ously resolved to date [125-129].

phenotypic consequences. A single Drosophila locus (Tpl) causes lethality when present in
either 3 copies or a single copy [11,65]. In humans, duplications and heterozygous deletions of
the cohesin loading factor NIPBL lead to intellectual disability, developmental delay, craniofa-
cial defects, and limb malformations [66,67]. By integrating information on copy numbers in
753,994 human individuals, a recent study produced a more comprehensive dataset including
a statistical model to predict dosage sensitivity, which defined 3,006 haploinsufficient and 295
triplosensitive genes [68]. Thus, single copy gains are not always strongly deleterious, and its
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effects appear generally less pronounced and subtle compared to the corresponding gene
losses. This is in agreement with the stoichiometric perturbations upon gene duplication (3:2
copies) being less pronounced than upon deletion (1:2 copies).

Heterozygous mutations can sometimes produce detrimental gain-of-function alleles, but
when they reduce gene function and cause an associated decrease in organismal fitness, this is
referred to as haploinsufficiency. One of the first systematic characterizations of haploinsuffi-
ciency was conducted in Drosophila, which revealed a few dozen Minute loci. In heterozygos-
ity, they display aberrant bristles, compromised viability and fertility as well as altered
developmental timing [69]. Such developmental phenotypes caused by heterozygous variants
are also prevalent in humans, where they frequently lead to rare disorders [4]. Based on the
probability of genetic variation obtained in EXAC and gnomAD, the fraction of human hap-
loinsufficient genes is estimated to reach approximately 20% [5]. Using the yeast knockout col-
lection, it was found that heterozygous deletion of about 3% of the budding yeast genes
respond with defects in cell proliferation in optimal growth conditions [70], but this fraction
increases to 20% in different growth conditions [71]. Interestingly, when morphological fea-
tures are analyzed, 75% of essential genes in yeast showed a phenotype in heterozygosity [72].
Thus, haploinsufficiency is apparently context dependent and (not only in yeast) influenced by
environmental conditions or nutrient supply. This is further complicated by the fact that most
haploinsufficiency phenotypes are associated with variable expressivity (i.e., the phenotypes
differ among affected individuals) and show reduced penetrance (i.e., some individuals show
phenotypes, while others are seemingly unaffected) and, hence, can be difficult to detect and
study.

What are the common attributes of such genes where dosage appears to be so critical? One
immediate effect of hemizygosity is that (in absence of a buffering mechanism, see below)
lower amounts are being produced, which may be important where the gene product is rate
limiting (Fig 3). Accordingly, some yeast haploinsufficiency genes were found to function in
metabolic processes, and these effects can be alleviated by slowing the growth rate in minimal
media [70]. Expression from a single allele, instead of two, was also proposed to increase tran-
scription noise and cause stochastic delays and interruptions of gene expression [73,74].
Another explanation is not the reduced expression per se but alterations in stoichiometry
[75,76]. Dosage-sensitive genes are generally more likely to be found in multisubunit protein
complexes [77], and, indeed, many of the Minute phenotypes were found to be caused by loss-
of-function alleles for ribosomal proteins [78]. Under this dosage balance hypothesis, both
reduction as well as overexpression of a given gene are expected to lead to fitness defects, and
rebalancing the expression of the interaction partners should alleviate such effects. For exam-
ple, lethality by expressing an extra copy of beta tubulin can be rescued by providing an extra
copy of alpha tubulin [79]. A recent study has analyzed the contribution of these mechanisms
more systematically and investigated the effects of single-copy losses and gains of each yeast
gene. This brought forward that there is no single, universal explanation for haploinsuftfi-
ciency, and all of the aforementioned possibilities contribute to the organismal fitness defects
[80]. In the light of the striking prevalence of haploinsufficiency in humans [5,6], studying
gene dosage in the context of cellular morphology [72] and from a multicellular point of view
is a pressing issue in order to understand its relevance for genome evolution and disease
manifestation.

Robustness and buffering between alleles and paralogues

For human genetic disorders, understanding the cross talk between alleles and paralogous
genes (Box 2) is of particular interest, because unlocking their potential could provide a
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Fig 3. Molecular consequences upon gene dosage alterations. If gene dosage alterations reduce gene quantity, insufficient amounts of a protein (blue chain) can be
produced (top). If the affected protein is rate limiting, for example, an enzyme, this can lead to fitness defects. Increases and reductions in gene quantity can also result in
disrupted stoichiometry (bottom), if the affected protein (blue chain) interacts with other cellular macromolecules (illustrated as a complex consisting of a dimeric subunit
A (purple), a dimeric subunit C (yellow) and the affected protein functioning as a bridge subunit B (blue)). This can lead to (a) change in the amount of functional
complexes; (b) aggregation of uncomplexed subunits; and (c) overload of the chaperones and proteostasis network. Copy number increases can also lead to the aggregation
of the protein products simply by reaching a critical, abnormally high concentration, promoting pathological transitions due to the protein’s physical properties.
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compensatory mechanism for genetic or environmental perturbations. For example, CRISPR-
mediated activation of the remaining functional copy can rescue obesity caused by Sim1 hap-
loinsufficiency in mice [81]. Compensatory up-regulation can also be intrinsic and a conse-
quence of genetic robustness, i.e., the capacity of an organism to withstand harmful mutations
[82]. The Resilience Project, for example, uncovered several human individuals with mutations
in Mendelian disease genes, which surprisingly did not show any of the severe clinical symp-
toms commonly associated with that particular mutation [83]. In the case of a heterozygous
mutation, an obvious mechanism is the up-regulation of the unaffected allele. In Nipbl+/-
mutant mice, Nipbl transcript levels are only reduced by 25% to 30% instead of 50%, indicative
of a compensatory up-regulation from the wild-type allele. This compensation is thought to
contribute to the degree and severity of phenotype manifestation [84].

How can such regulatory loops work at the molecular level? Complex autoregulatory and
cross-regulatory loops occur, for example, in the genes encoding proteins functioning in RNA
splicing such as the SR genes. Those undergo alternative splicing, where productive splicing
results in a full-length SR protein to be produced, while inclusion of an early in-frame stop
codon-containing “poison exon” triggers RNA decay [85]. Thereby, protein level alterations of
spliceosomal components and regulatory proteins affect the production of alternative splice
variants from their own corresponding genes, and this ensures maintaining their appropriate
levels. Another form of responsiveness and cross talk that can occur upon gene mutation is the
acquisition of secondary mutations. In a yeast study, the independent knockout of the same
gene was shown to frequently evolve mutations in the very same secondary gene [86].

More recently, the exciting finding was made that mutant mRNA degradation can trigger a
more general cellular response upon genetic perturbations [87,88]. This mechanism is referred
to as genetic compensation and provides a form of robustness, which differs from the
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aforementioned examples. It is a general mechanism that occurs upstream of the protein prod-
uct, i.e., is independent of the protein sequence or function the affected gene encodes. With
these features, it is conceptually similar to the X chromosome DC mechanism discussed above
(Fig 4).

Genetic compensation occurs for transcripts harboring a premature termination codon.
This can trigger the up-regulation of the remaining allele and paralogous genes that can func-
tionally substitute for the defective copy. Up-regulation is dependent on the nonsense-
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Fig 4. Comparison of genetic compensation and X chromosome DC. The illustration shows the genetic compensation mechanism, where
a premature termination codon in the DNA, produces an RNA, which is exported to the cytoplasm. Upon translation, the premature
termination codon-containing transcript is recognized as “faulty” by the NMD pathway and degraded. It is assumed that the degradation
products (small RNAs?) can signal back to the corresponding locus in the nucleus, which promotes an increase of Histone H3 Lysine 4
trimethylation (H3K4me3) at the promoter of the (a) unaffected allele; and (b) of gene paralogues that have sequence similarity to the
original locus. This can then enhance transcription, which functionally rescues the effects of the original mutation. In Drosophila DC,
noncoding RNAs are produced in cis from the hemizygous X chromosome in males. This induces the recruitment of the MSL2 protein of
the MSL complex. The MSL complex acetylates Histone H4 Lysine 16 (H4K16ac), which triggers the chromatin decompaction and promotes
transcription of expressed genes on the X. DC, dosage compensation; NMD, nonsense mediated decay.

https://doi.org/10.1371/journal.pgen.1009906.g004
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mediated decay (NMD) pathway and is associated with the enrichment of histone H3 Lysine 4
trimethylation at the promoter regions of the compensatory genes. This pathway exists in at
least mouse [87], zebrafish [89], and C. elegans [90] and may provide an explanation for the
fact that incomplete penetrance of genetic mutations is relatively common [91].

Genetic compensation may be triggered by small RNA degradation products, which could
serve as guide molecules and target chromatin-modifying complexes by complementary base
pairing to nascent transcripts of the affected gene loci [92,93]. Another possibility is that a
response similar to the RNAa mechanism is elicited, where promoter-targeted microRNAs
(miRNAs) activate transcription [94]. Furthermore, pairing of homologous sequences and
chromosomes may be another mechanism through which alleles would be able to “cross talk.”
An inherent feature of the NMD pathway is that it requires translation and depends on the
position of a premature termination codon with regard to the exon junction. Hence, genetic
compensation is unable to be triggered from complete deletions or duplicates created by retro-
transposition, since they are created via a cDNA intermediate where the exon-intron structure
is lost. The prevalence of genetic compensation triggered by premature termination codons
and its importance for the manifestation of DD in humans remain unexplored to date, but it
may be one explanation for the reduced penetrance and variable expressivity of haploinsuffi-
cient genes.

Gene dosage alterations and developmental disorders

The realization that gene dosage alterations can be linked to a human phenotypic abnormality
dates back to 1959, where trisomy of chromosome 21 was found to be the underlying cause of
Down syndrome (DS) [95]. Trisomic mouse models have helped to understand the gene dos-
age aspects of DS and its etiology. Together with molecular analysis of human samples, they
allowed the identification of genes, whose overexpression have been associated with the mental
retardation (DYRK1A), heart defects (COL6A1), leukemia (ETS2), and the premature aging
and neurodegenerative features (SODI and APP) of the disease, respectively. Trisomy of chro-
mosome 18 (Edwards syndrome) and 13 (Patau syndrome) are the only other autosomal aneu-
ploidies compatible with live births, but the median life expectancy is below two weeks, while
survival beyond the first year of life is rare and often attributed to mosaicism [96,97]. Sex chro-
mosomal aneuploidies, also referred to as gonosomal aneuploidies, are compatible with sur-
vival to adulthood. Interestingly, the majority of XXX individuals display hardly any
symptoms. Turner syndrome (X0 females) or Klinefelter syndrome (XXY males) causes steril-
ity, cognitive, and neurobehavioral symptoms. It is thought that the abnormally low or high
expression of X chromosome escapees (see above) contribute to the symptoms associated with
these latter 2 syndromes [98]. It is noteworthy that other aneuploidies lead to embryo death
during development, but are pretty prevalent and not detrimental before implantation
[99,100]. In chimeric mouse embryos, aneuploid cells are progressively eliminated by apopto-
sis and compromised proliferation only after implantation [101]. Interindividual variability is
a confounding factor in the analysis of aneuploid human cells, but a recent study revealed
some general cellular and molecular responses upon Trisomy including nuclear abnormalities
and alterations in lipid levels [51]. How those relate to the postimplantation developmental
failures remains to be elucidated.

The diagnostics of such larger gene dosage alterations have a long history thanks to karyo-
typing or fluorescence in situ hybridization approaches. The technological advances of the last
decade have now enabled NGS to become part of standard medical diagnostics, which led to a
significant increase in the number of single gene mutations associated with DD [4]. The
Online Mendelian Inheritance in Man (OMIM [102]) database contains information on 4,146
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single gene disorders associated with distinct phenotypes, many of which are of pediatric,
developmental onset. The DDD project is an exemplary study providing exomes of 4,293
families with affected individuals, which revealed 94 single disease genes with damaging de
novo mutations. The majority (60%) of heterozygous de novo mutations in DD genes
induce a loss of function in the encoded protein, indicating that haploinsufficiency is a
major mechanism underlying DDs [4]. Conversely, recessive coding variants only account
for a small fraction of DD cases [103]. In light of the highly overlapping symptoms and low
clinical recognizability of some DDs [104], it is possible that gene dosage imbalance caused
by heterozygous mutations, similar to the aneuploidies, induces common cellular perturba-
tions. Patient-derived cells, induced pluripotent stem cells, and organoids are powerful sys-
tems for analyzing the molecular mechanisms underlying such syndromes. A landmark
study in the field generated brain organoids of a patient with microcephaly caused by
mutations in CDK5RAP2. The organoids recapitulated features of the neurodevelopmental
disorder by, for example, displaying aberrant neuroepithelia and signs of premature neural
differentiation [105].

The existence of a gene duplicate can, in turn, be exploited for the treatment of disorders
caused by mutations in single genes. For example, SMN2 is a paralogue of the SMNI gene and
this duplicated copy is only present in humans, but not other primates [106]. SMN1 mutations
cause spinal muscular atrophy, a severe disease associated with a progressive loss of motoneu-
rons. The presence of the SMN2 paralogue was successfully harnessed to treat spinal muscular
atrophy: Because of a noncoding point mutation, the SMN2 mRNA splicing pattern typically
lacks exon 7 and produces a truncated protein. This truncated protein produced from SMN2 is
unable to complement the lack of SMN protein in patients. However, treatment with an anti-
sense oligonucleotide, now approved under the name Nusinersen (Spinraza), can promote
exon 7 inclusion. This leads to the production of full-length SMN protein from SMN2, which
alleviates the spinal muscular atrophy symptoms due to lack of protein produced from SMNI
[107].

Concluding remarks

Gene dosage alterations pose a challenge to organisms: They need to juggle the benefit of
remaining evolvable with the deleterious potential of the associated expression alterations.
Studies of the X chromosome, as well as systems biology approaches in model organisms such
as yeast, have uncovered common principles acting on aneuploid chromosomes. Nonetheless,
chromosome-wide DC is not as universal in nature as previously thought, at least when
assayed at the RNA level. Probing the proteome for DC is conceptually an important problem
that will need to be addressed in future research. If lack of DC is indeed common, it will be
interesting to explore the reasons why certain organisms tolerate aneuploidy, dosage imbal-
ance, and the associated cellular consequences better than others. Some factors that may need
to be considered in that regard are gene content and location of dosage sensitive genes, genetic
networks and buffering, specific form and challenges of organismal development, aneuploidy
sensitivity of different cell types and organs, as well as ecological constraints. Chromatin-cen-
tered characterizations performed in nonmodel organisms may, in turn, be promising to
unravel entirely new gene regulatory modules and other forms of how compensation can be
achieved. Identifying such mechanisms will also help to understand the regulatory mecha-
nisms on haploinsufficiency genes, particularly in multicellular contexts. For this, the advances
in CRISPR screening, high content imaging, and artificial intelligence-aided computation will
be a fruitful way forward, where phenotype discovery could, for example, focus on cellular
shape or communication.
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In light of the compelling data provided by human genome and exome sequencing efforts,
one needs to keep in mind that the human population is not necessarily comparable to studies
performed with inbred model organisms in laboratory conditions. Instead, second site muta-
tions, epistasis, the environment, or microbiome can contribute to the highly variable pheno-
types of heterozygous mutations and associated disorders. Besides the identification of
distinctive phenotypic features, diagnosis by NGS, together with the stratification by patient
networks, has an enormous potential to change the perspectives for individuals affected by
rare genetic diseases and for the design of therapeutic protocols. The identification and the tar-
geting of common molecular and cellular features and their relation to systemic fitness defects
may be a more immediate alternative to overcome the challenges associated with personalized
therapies. Instead of a single-gene centric view, we envision that the future will lie in systems-
based and complex interaction network approaches to understand and ameliorate the life of
patients affected by haploinsufficiency syndromes. The large-scale sequencing efforts of the
healthy population, in turn, can aid in providing insights into potential resilience mechanisms,
for example, the ones operating via the recently described genetic compensation pathway. In
summary, the ever-growing knowledge of the human genome allows an unprecedented possi-
bility to integrate evolutionary concepts into our investigations of human diseases caused by
gene dosage alterations.

Key Learning Points

 Gene dosage alterations are a key requirement for evolution, but can carry a patho-
genic potential.

« Studying regulatory mechanisms on sex chromosomes and the evolutionary diversity
of such pathways may provide insights into diseases caused by dosage changes.

o Humans contain a surprisingly high fraction of genes that are highly intolerant to het-
erozygous mutation.

 Dosage changes do not only induce gene-specific, but also common cellular effects
associated with aggregation, proteotoxicity, and a general stress response.

« Compensatory mechanisms do not only occur on sex chromosomes, but also on auto-
somes—from the individual up to the chromosome-wide level.
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