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SUMMARY

The human brain consumes five orders of magnitude more energy than the sun by
unit of mass and time. This staggering bioenergetic cost serves mostly synaptic
transmission and actin cytoskeleton dynamics. The peak of both brain bioener-
getic demands and the age of onset for neurodevelopmental disorders is approx-
imately 5 years of age. This correlation suggests that defects in the machinery
that provides cellular energy would be causative and/or consequence of neurode-
velopmental disorders. We explore this hypothesis from the perspective of the
machinery required for the synthesis of the electron transport chain, an ATP-pro-
ducing and NADH-consuming enzymatic cascade. The electron transport chain is
constituted by nuclear- and mitochondrial-genome-encoded subunits. These sub-
units are synthesized by the 80S and the 55S ribosomes, which are segregated to
the cytoplasm and the mitochondrial matrix, correspondingly. Mitochondrial pro-
tein synthesis by the 55S ribosome is the rate-limiting step in the synthesis of elec-
tron transport chain components, suggesting that mitochondrial protein synthe-
sis is a bottleneck for tissues with high bionergetic demands. We discuss genetic
defects in the human nuclear and mitochondrial genomes that affect these pro-
tein synthesis machineries and cause a phenotypic spectrum spanning autism
spectrum disorders to neurodegeneration during neurodevelopment. We pro-
pose that dysregulated mitochondrial protein synthesis is a chief, yet under-
studied, causative mechanism of neurodevelopmental and behavioral disorders.

INTRODUCTION

Neurodevelopmental disorders comprise a diverse set of debilitating symptoms, including global develop-
mental delay, autism spectrum disorders, intellectual disability, and communication disorders (Savatt and
Myers, 2021; Zablotsky et al., 2019). According to the Diagnostic and Statistical Manual of Mental Disorders,
these disorders “typically manifest early in development, often before the child enters grade school, and are
characterized by developmental deficits that produce impairments of personal, social, academic, or occupa-
tional functioning”. Developmental deficits range from specific limitations of learning, defects of executive
functions to impairments of social abilities or intelligence (Association, 2013). It is estimated that up to
17% of children and teens aged 3-17 fulfill the criteria for a neurodevelopmental disorder diagnosis (Savatt
and Myers, 2021; Zablotsky et al., 2019). Other childhood disorders such as schizophrenia are also considered
as a disorder of neurodevelopment and affect 1 in 40,000 of children under age 13 (Gochman et al., 2011,
Savatt and Myers, 2021). There are wide psychological, societal, and financial implications of these disorders,
yet the underlying cause of the majority of these conditions remains unknown due to their polygenic nature,
which creates challenges for proper treatment. In fact, people with neurodevelopmental and other child-
hood-onset disorders most often receive symptomatic treatment rather than interventions that address
the underlying condition. A chief concern for the scientific community is therefore to identify the mechanisms
giving rise to neurodevelopmental disorders, such as bioenergetic defects which we discuss here from the
perspective of the mitochondrial protein synthesis machinery. To do so, we focus on neurodevelopmental
disorders caused by monogenic defects or those associated to chromosomal copy number variations. We
argue that the identity of the mutated gene or chromosomal defect offers a way to unravel putative patho-
genesis mechanisms that could be shared with polygenic forms of these disorders (Lee et al., 2020).

The energy demands of the human brain are the highest among vertebrate tissues (Herculano-Houzel,
20711). These energy requirements are frequently summarized by the common assertion that “the adult
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Figure 1. Neurodevelopmental bioenergetic cost in health and disease

(A1) Graphical representation of the bioenergetic cost of an adult brain according to Sokoloff. 20% of oxygen is consumed
by 2% of the body weight representing the adult brain weight (Sokoloff, 1999). Each dot represents 1%.

(A2) represents the equivalence between the amount of energy consumed by the brain and a muscle during a marathon
proposed by Atwell (Attwell and Laughlin, 20071).

(A3) depicts the equivalence between the consumption of the human brain of 2.23E+05 erg s-1 g-1 reported by Chaisson
(Chaisson, 20113, 2011b, 2015) and expressed as the energy consumption of a 100 W incandescent light bulb. A 100 W
light bulb emits 1000 million ergs of energy per second according to Sten Odenwald. The weight of a light bulb is about
34 g, therefore the energy rate density of a 100 W light bulb is 1TE+9 ergs/34g/1s. Thus, we estimate the human brain
consumes the equivalent of 7.5 ms of a 100 W bulb energy emission for every second that the brain consumes energy. It
takes 2.2 min for a brain to consume what a 100 W bulb emits in less than 1 millisecond.

(A4) depicts the comparison of energy density rates in brain and the sun as reported by (Chaisson, 2011a, 2011b, 2015).
Note that the sun generates energy at a rate of 2 erg s-1 g-1 (Chaisson, 2011a, 2011b, 2015). The Chaisson’s calculations
can be independently derived and verified de novo as follow. Sun energy rate density figure can be obtained from the
following astrophysical constants: solar luminosity-energy output = 384.6 septillion watts (3.846E+26 W or 3.846E+33 ergs
per second) and a solar mass of 1.989E+33 g (Groom, 2000). The adult brain energy rate density figure can be calculated
from the following values: Adult brain weight is 1300 g (Dekaban, 1978). An adult human brain consumes 1414 kJ/day =
1.414E+13 ergs/day= 1.6E+8 ergs/s (Durnin, 1981).

(B) Modified graph depicting the calculation of energy density rates across astronomical and biological scales. Data are
expressed in ergs and Joules (blue symbols). Data to calculate energy density rates for 1 and 6 month old brains were
obtained from reported brain energy expenditures (Butte, 2005) and brain weights (Dekaban, 1978).

(C) Relative brain energy consumption normalized to an adult brain (Goyal et al., 2014; Kuzawa et al., 2014; Steiner, 2019
#13; Oyarzébal et al., 2021). Brain weight was obtained from Dekeban et al. (Dekaban, 1978). Insert represents the age of
onset of neurodevelopmental disorders according to recent metanalysis (Solmi et al., 2022). Note the coincident peaks in
energy consumption and the age of onset for neurodevelopmental disorders.

(D) Venn diagram representing the overlap of all Mitochondrial Central Dogma annotated genes according to MitoCarta
3.0 (Rath et al., 2021) that possess annotated entries in the Human Phenotype Ontology category Neurodevelopmental
Abnormality (HP:0012759). This category is defined as “a deviation from normal of the neurological development of a
child, which may include any or all of the aspects of the development of personal, social, gross or fine motor, and cognitive
abilities”. Mitochondrial Central Dogma annotated genes are enriched 2.1 times above what is expected by chance. p
value was calculated with a hypergeometric test.
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Figure 1. Continued

(E) Frequency of annotated phenotypes all Mitochondrial Central Dogma annotated genes according to MitoCarta 3.0
(Rath et al., 2021) that possess annotated entries in the whole Human Phenotype Ontology database. Note that 100% of
the gene defects are autosomal recessive with high prevalence of neurodevelopmental phenotypes such as intellectual
disability and microcephaly.

brain accounts for 2% of body weight, yet it is estimated to be responsible for 20% of oxygen consumption
and 20%-25% of glucose utilization” (Figure 1A) (Sokoloff, 1999). Others have described the consumption
of oxygen and nutrients in stark terms. Such statements include the calculation that a gram of the human
brain consumes as much ATP and oxygen as a gram of muscle during a marathon (Figure 1A2) (Attwell and
Laughlin, 2001). At the cellular level, a staggering ~50% of this ATP requirement is devoted to supporting
synaptic function and actin cytoskeleton dynamics (Attwell and Laughlin, 2001; Bernstein and Bamburg,
2003; Harris et al., 2012; Li and Sheng, 2022). The most illustrative, yet less known description of brain bio-
energetic consumption considers the energy rate density (Figures 1A3, 1A4, and 1B) (Chaisson, 2006). This
parameter relates energy consumption with the mass of the structure consuming energy and time. This
calculation reveals that the human brain consumes 2.23E+05 erg s-1 g-1 (Figure 1B) (Chaisson, 2006,
2011a, 2011b, 2015). This value is 10-fold higher than the energy density rate of the human body and
five-orders of magnitude larger than that of the sun (2.00E+04 erg s-1 g-1 and 2.00E+00 erg s-1 g-1, respec-
tively) (Figure 1B) (Chaisson, 2006). For additional context, the brain energy rate density is equivalent to the
emitted energy of a 100W incandescent light bulb in 7.5 ms (Figure 1A3). To frame these parameters of bio-
energetic consumption in a biological context, these organ or organism energy budgets power the pro-
duction of ATP by the electron transport chain at rate of around 9E+20 molecules per second. This ATP
synthesis amounts to ~65 kg of ATP synthesized per day under resting conditions (Rich, 2003).

These diverse ways to describe brain energy budgets are subject to developmental regulation (Figure 1C).
During fetal neurodevelopment, the brain relies mostly on aerobic glycolysis yet at birth the brain progres-
sively increases consumption of oxygen and glucose reaching a maximum around age 5 (Figure 1C) (Goyal
et al., 2014; Kuzawa et al., 2014; Oyarzébal et al., 2021; Rich, 2003; Steiner, 2019). This peak in oxygen and
glucose consumption is approximately 2-fold higher than the consumption of these substrates by the adult
brain (Figure 1C) (Goyal et al., 2014; Kuzawa et al., 2014; Oyarzébal et al., 2021; Steiner, 2019). If the brain has
such high demands, then it is reasonable to postulate that childhood neurodevelopment should be a period
of heightened susceptibility to defects in the supply of nutrients as well as genetic or environmental pertur-
bations of the electron transport chain, the machinery that produces ATP. This idea of increased susceptibility
is supported by the age of onset for neurodevelopmental disorders which stands at 5.5 years (Figure 1C,
insert) (Solmi et al., 2022). This age of onset is similar for autism spectrum disorder, specific phobias, and sep-
aration anxiety disorder, and it is close to the age onset for attention deficit/hyperactivity disorder (Solmi
et al., 2022). Interestingly, this time frame also matches the brain’s peak glutamatergic synapse density
and gray matter volume, emphasizing the developmental linkage between energy consumption and brain
maturation (Bethlehem et al., 2022; Birnbaum and Weinberger, 2017; Kang et al., 2011). In fact, these early
years, before 10 years of age, are a period of heightened post-natal neurogenesis as determined by the pres-
ence of doublecortin-positive neurons in the human hippocampus (Knoth et al., 2010; Spalding et al., 2013).
Transition from neuroprogenitor cells to mature neurons reprograms metabolism from being preponderantly
glycolytic to one dominated by mitochondrial respiration (Beckervordersandforth, 2017; lwata and Vander-
haeghen, 2021; Zheng et al., 2016). Importantly, this metabolic transition is necessary for neurogenesis (Al-
meida and Vieira, 2017; Beckervordersandforth et al., 2017; lwata and Vanderhaeghen, 2021). These findings
support the idea that defects in this glycolysis to mitochondria transition or mitochondria proper likely
contribute to the pathogenesis of neurodevelopmental disorders (llieva et al., 2022).

Mitochondrial dysfunction has been linked to the origins of neurodevelopmental disorders, such as fragile
X syndrome, Rett syndrome, CDKL5 deficiency syndrome, 22q11.2 deletion syndrome, and Down syn-
drome, in several recent publications (Gokhale et al., 2021; Gu et al., 2013; Licznerski et al., 2020; Shulya-
kova et al., 2017; Valenti et al., 2018). A common observation across these disorders is impaired activity of
the electron transport chain, an enzymatic cascade constituted by 100 subunits assembled into five protein
complexes (Rath et al., 2021). However, there has been little consideration of the two protein synthesis ma-
chineries necessary for the electron transport chain synthesis and assembly in the context of neurodevelop-
mental disorders. Here, we focus on nuclear and mitochondrial protein synthesis, represented by two
distinct machineries that translate 87 nuclear-encoded transcripts and 13 mitochondrially encoded mes-
sages, respectively (Balsa et al., 2012; Rath et al., 2021). One of these synthesis machineries reside in the
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cytoplasm and is dependent on the 80S ribosome, which is in charge of translating nuclear-encoded mito-
chondrial proteins (Saini and Kumar, 2021). The second machinery requires the 55S ribosome residing in
the mitochondrial matrix, which translates 13 polypeptides encoded by the mitochondrial genome (Ferrari
et al., 2021; Kummer and Ban, 2021). Similar to the 80S ribosome, the 55S ribosome consists of two sub-
units, the 28S small subunit and the 39S large subunit (Ferrari et al., 2021; Kummer and Ban, 2021). Of these
two protein synthesis machineries, mitochondrial protein synthesis is the rate-limiting step in the assembly
of respiratory complexes (Bogenhagen and Haley, 2020).

Recent studies have demonstrated the specific role of mitochondrial protein synthesis machinery in synap-
tic plasticity under normal and pathological neurodevelopment (Bilow et al., 2021b; Gokhale et al., 2021;
Kuzniewska et al., 2020; Spillane et al., 2013). For example, abnormal mitochondrial protein synthesis and
bioenergetics were shown to be tied to abnormal plasticity in fragile X syndrome (Bulow et al., 2021b; D'An-
tonietal., 2020; Kuzniewska et al., 2020; Licznerski et al., 2020), a disorder triggered by upregulated protein
synthesis in 80S ribosomes (Richter et al., 2015). These studies further validate the idea that abnormal mito-
chondrial protein synthesis of nuclear-encoded mitochondrial proteins could be causative of synaptic
dysfunction in neurodevelopmental disorders. However, an emerging idea is that the protein synthesis ma-
chinery within the mitochondrion can also contribute to synapse function and thus to neurodevelopmental
disorders (Devaraju et al., 2017; Gokhale et al., 2021). Here, we review and discuss the emerging evidence
supporting a role of these two machineries in neurodevelopmental disorders. We will argue that these two
mitochondrial protein synthesis processes are impaired in animal models of neurodevelopmental disor-
ders causing synaptic dysfunction (Kuzniewska et al., 2020; Lesnik et al., 2015), and that defective protein
synthesis either in the cytoplasm’s 80S ribosome or in the mitochondria by the 55S ribosome is capable of
triggering phenotypes observed in neurodevelopmental disorders.

MITOCHONDRIAL FUNCTIONS AND THE MECHANISMS OF MITOCHONDRIAL PROTEIN
SYNTHESIS

Mitochondria are the central powerhouses of all cells, including neurons. It is estimated that most neuronal
energy demands can be attributed to maintenance of the membrane potential and dynamics of the actin
cytoskeleton; these two energetic burdens determine the preferential energy needs of the synapse (Attwell
and Laughlin, 2007; Bernstein and Bamburg, 2003; Harris et al., 2012). The field has been dominated by
considering mostly ATP-dependent bioenergetic aspects of mitochondria tied to defects in the electron
transport chain. However, defects in the electron transport chain are inextricably linked to changes in
the inner mitochondrial membrane potential, metabolic coupling, and NADH/NAD+ and FADH/FAD +
metabolism (Spinelli and Haigis, 2018). Any one of these factors can influence multiple aspects of either
cellular or mitochondrial metabolism. For example, there are 149 annotated pathways or mechanisms
contributed by the 1136 proteins that make up a mitochondrion (Rath et al., 2021). Many of these pathways
are modulated by mitochondrial membrane potential or the NADH/NAD + ratio and are shared by most
cell types. In fact, an elevated tissue NADH/NAD + ratio or “NADH-reductive stress” has been hypothe-
sized as one of the major contributors to the pathology of disorders caused by genetic defects affecting
the respiratory chain (Jain et al., 2016; Patgiri et al., 2020; Sharma et al., 2021; Titov et al., 2016; Yang
etal., 2020). The neuroscience community has been exploring hypotheses related to defects in the electron
transport chain by focusing on ATP production, Ca** signaling, and reactive oxygen species. But most of
the 149 annotated functions that mitochondria perform have remained largely unexplored in the study of
neurodevelopmental and neurodegenerative diseases (Rath et al., 2021; Spinelli and Haigis, 2018).

Mitochondria are unique as they contain their own genome organized as circular mtDNA encoding 13
unique mitochondrial proteins, 22 tRNAs, and 4 mitochondrially derived peptides that can act as endocrine
factors (Anderson et al., 1987; Kim et al., 2017). The mitochondrion has its own translation machinery, which
is distinct from the cytoplasmic due to the mitochondrion’s bacterial origin. The 13 mitochondrially trans-
lated proteins form crucial subunits of the electron transport chain. The electron transport chain generates
ATP in a process called oxidative phosphorylation by transferring electrons from NADH and FADH2 to ox-
ygen (Spinelli and Haigis, 2018). However, these 13 proteins are not sufficient for proper mitochondrial
functioning, and the mitochondrion therefore relies on ~1123 proteins encoded by the nucleus (Rath
et al., 2021). The synthesis of the mitochondrial DNA-encoded 13 polypeptides is the rate-limiting step
in the assembly of respiratory chain complexes (Bogenhagen and Haley, 2020). This is an important finding
as it emphasizes the idea that mitochondrial protein synthesis is a point of high susceptibility to perturba-
tion. Studies have uncovered two distinct mechanisms through which proteins translated in the cytosol are
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imported into the mitochondria. It was first discovered that mRNAs are translated in the cytoplasm and
subsequently imported into the mitochondria via receptors on the outer mitochondrial membrane named
translocase of outer membrane receptors (Avendafio-Monsalve et al., 2020). This process is aided by
different chaperone proteins both within and outside the mitochondrion (Gautschi et al., 2001). More
recently, it was demonstrated that some cytoplasmic ribosomes tether directly to the mitochondrial outer
membrane, where the proteins are imported into the mitochondrion as they are translated (Gold et al,,
2017; ltoh et al., 2021), an observation that was first made in yeast in the 70s (Kellems et al., 1975). It is still
unclear how nuclear mRNAs are identified to be targeted to the mitochondrion, but we do know that
certain chaperone proteins are necessary in this process (Gautschi et al., 2001; Zabezhinsky et al., 2016).
Further work is needed to elucidate why some newly synthesized proteins are translocated into the mito-
chondrion post-translationally while others are synthesized in 80S ribosomes tethered directly to the mito-
chondrion during translation leading to co-translational import. Remarkable new research shows how nu-
clear-encoded mitochondrial proteins are rapidly translated in response to neuronal activity and other
stimulation paradigms, despite this highly coordinated process of translation and import (Kuzniewska
et al., 2020). Recent studies propose the interesting idea that mitochondria power the protein synthesis
necessary for synaptic plasticity and development (Kuzniewska et al., 2020; Spillane et al., 2013) (see discus-
sion below). As we will discuss later, proper mitochondrial protein synthesis is also necessary for intact
mitochondrial health. In summary, mitochondrial functions in the neuron depend on a delicate balance
of protein synthesis within and outside of the mitochondrion. In this article, we will not cover the details
of mitochondrial protein synthesis in-depth, and we kindly direct readers to recent review articles that
have covered the intricacies of this topic (Ferrari et al., 2021; Kummer and Ban, 2021).

SYNTHESIS OF NUCLEAR-ENCODED MITOCHONDRIAL PROTEINS BY THE 80S
RIBOSOME MODULATES NEURONAL PLASTICITY

There is a direct relationship between mitochondrial protein synthesis and synaptic function. Kuzniewska
et al. reported activity-induced translation of mitochondrial proteins in the synapse during NMDA-receptor
stimulation (Kuzniewska et al., 2020). The proteins were then imported into the mitochondrion and incor-
porated into its electron transport chain. Such upregulation in protein synthesis resulted in increased mito-
chondrial respiration and greater synaptic strength. Importantly, the incorporation of proteins into the
electron transport chain was impeded by the protein synthesis inhibitor puromycin. In further support of
the idea that plasticity of the mitochondrion depends on protein synthesis pathways, the Kaplan laboratory
has presented a long line of elegant evidence for local translation and import of nuclear-encoded mito-
chondrial proteins in the giant squid axon (Gale et al., 2018; Kar et al., 2014). An interesting study observed
that local ablation of mitochondria impeded synaptic strengthening and protein synthesis during a chem-
ical long-term potentiation paradigm (Rangaraju et al., 2019). Whether the protein synthesis involved trans-
lation outside and/or within the mitochondria is unknown, and clearly more research is needed to uncover
how mitochondrial protein synthesis fuel and participates in neuronal plasticity.

MITOCHONDRIAL PROTEIN SYNTHESIS DURING BRAIN DEVELOPMENT - AN
UNADDRESSED TOPIC

Mitochondrial function and shape change significantly during brain development. Upon neuronal differentia-
tion, mitochondria become smaller and rounder, and produce more reactive oxygen species as neurons start
relying on oxidative phosphorylation rather than glycolysis for ATP production (Khacho et al., 2016; Khacho and
Slack, 2018). As the neuron matures, the mitochondria once again elongate, forming interconnected networks
throughout dendrites and cell bodies while in axons mitochondria are smaller in size (Faitg et al., 2021). The
activity of the electron transport chain determines mitochondrial shape (Liesa and Shirihai, 2013; Mishra and
Chan, 2016). However, we know almost nothing about mitochondrial protein synthesis during brain develop-
ment. We argue that critical developmental windows may exist during which mitochondrial protein synthesis
could impact neurodevelopment. For example, there is a transition during brain development during which
the source of ATP changes, with its production occurring primarily through mitochondrial oxidative phosphor-
ylation rather than glycolysis (Dienel, 2019; Goyal et al., 2014; Oyarzébal et al., 2021; Zheng et al., 2016). In fact,
during cell growth, there is a corresponding increase in mitochondrial mass which increases the demand on 80S
and 55S protein synthesis to support mitochondrial function and morphology. This type of energetic demand is
observed during synaptogenesis, synaptic development, and presynaptic plasticity—all key events during
brain development (Oyarzébal et al., 2021)—and thus may account for the increased energy demand during
early years of brain development.
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Figure 2. Expression profile of Mitochondrial Central Dogma Annotated Genes

(A) Euclidean distance hierarchical clustering of the mRNA expression of all Mitochondrial Central Dogma annotated
genes according to MitoCarta 3.0. Expression data span from 4 weeks post-conception to 55 years of age (Rath et al.,
2021). RNAseq data were obtained from EvoDevo human RNAseq datasets (Cardoso-Moreira et al., 2019). High
expression is denoted by yellow color. Note the increased expression of mitochondrial ribosome subunit genes (red
marks) is increased right after birth.

(B) Principal component analysis of the data in A. Spheres represent columns in A with the same color code for age. Each
PCA graph is superimposed with a heatmap of age (same as in A) or a heatmap of the integrate expression of
Mitochondrial Central Dogma subcategories such as mitochondrial ribosome (Mt-Ribosome) as defined by Rath et al.
(Rath et al., 2021). Note that mitochondrial ribosome subunits and components of the mitochondrial DNA replication
machinery have peak expression at the ends of the lifespan analyzed.

Genetic and molecular evidence suggests that the mitochondrial protein synthesis machinery is neurode-
velopmentally regulated and that genetic defects affecting this machinery produce phenotypes commonly
observed in neurodevelopmental disorders (Gokhale et al., 2021) (Figure 2). For this article, we analyzed the
representation of gene defects of all mitochondrial genes annotated to the “Mitochondrial Central
Dogma" found in the Mitocarta 3.0 database (Rath et al., 2021). The Mitochondrial Central Dogma spans
genes required for the replication of the mtDNA to the synthesis of proteins by the mitochondrial ribosome
(Rath etal., 2021). This annotated category contains 230 genes. If we query the Human Phenotype Ontology
database, a resource of disease-phenotype and gene annotations (Kohler et al., 2017), with these 230
genes, we find that 59 genes are associated with the “Neurodevelopmental Delay” and “Neurodevelop-
mental Abnormality” annotated phenotypes (HP:0012758 and HP:0012759, Figure 1D) (Villagomez et al.,
2019) representing an enrichment of these genes of ~2-fold above what is expected by chance
(p < 8.95E-9, and <7.23E-9, respectively, hypergeometric test, Figure 1D). The annotated category “Behav-
ioral Abnormality”, which encompasses autism-spectrum-related behaviors (HP:0000708 and HP:0000729),
is comprised of 23 genes belonging to the Mitochondrial Central Dogma. If we expand this analysis to
consider all Mitocarta 3.0 genes, and not just the Mitochondrial Central Dogma, overlap with either behav-
ioral abnormality or autism-spectrum-related behaviors represents a significant 2-fold enrichment of mito-
chondrial genes associated with these phenotypes. Lastly, if we ask how many of the Mitochondrial Central
Dogma 230 genes have entries in the Human Phenotype Ontology database, we find 73 genes (Figure 1E).
Analysis of all annotated phenotypes linked to gene defects in these 73 Mitochondrial Central Dogma
genes reveals that the most frequent phenotypes are neurodevelopmental phenotypes such as global
developmental delay, intellectual disability, and microcephaly (HP:0001263- 0001249- 0000252, Figure 1E).
Gene expression studies of the developing human brain also shed light on the neurodevelopmental
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regulation of Mitochondrial Central Dogma gene expression. We have previously documented that the
expression of mitochondrial ribosome genes is regulated differentially across brain development, brain re-
gions, and neuronal cell types (Gokhale et al., 2021). We used the EvoDevo human RNAseq datasets that
explore the expression of genes across the human brain lifespan in diverse organs (Cardoso-Moreira et al.,
2019) (Figure 2). We analyzed the expression of the 230 Mitochondrial Central Dogma annotated genes by
reducing the expression of all these genes to their three principal components by principal component
analysis (Figure 2). The expression of these 230 genes shows that there are two clearly distinguishable pat-
terns of Mitochondrial Central Dogma gene expression whose boundary is marked by birth (see Figure 2B
red symbols). Among these genes, all those belonging to subunits of the mitochondrial ribosome and
mitochondrial translation factors expressed at the highest levels after birth. These changes in expression
are unlikely to result just from increases in mitochondria numbers as the expression of genes required
for DNA replication and maintenance, such as TFAM, is at the highest level before birth, in particular under
20 weeks of in utero age (Figure 2B). These findings provide circumstantial evidence in support of mito-
chondrial protein synthesis as a mechanism contributing to the complex pathology in neurodevelopmental
disorders.

CAUSES OF MITOCHONDRIAL PROTEIN SYNTHESIS DYSREGULATION IN
NEURODEVELOPMENTAL DISORDERS

Here, we outline distinct mechanisms that can cause mitochondrial protein synthesis dysregulation. Given
the focus of the current article, we will provide mechanistic examples from human genetic studies where
neurodevelopmental to later-onset phenotypes have been reported associated to a mutation (see for
example (Franco-lborra et al., 2018; Palmer et al., 2021; Pei and Wallace, 2018)). We classify these diseases
as primary or secondary mitochondrial diseases as defined by Niyazov et al. (2016).
Primary mitochondrial diseases. Mitochondrial genetic defects directly affecting the
mitochondrial protein synthesis machinery

Mutations within the mitochondrial DNA often seriously affect an organism'’s function and ability to thrive,
as each of the 13 nucleoid-encoded proteins and 21 tRNAs are necessary for the integrity of the respiratory
chain and mitochondrial respiration (Tuppen et al., 2010; Wallace, 2018). However, the symptomology will
depend on the number of copies of mutated mitochondrial DNA compared to wild-type copies which can
vary across cells and tissues, a phenomenon known as heteroplasmy (Bernardino Gomes et al., 2021). Mito-
chondrial DNA mutations are typically associated with impaired neurodevelopment, or neurodegeneration
after initial normal development (Ryzhkova et al., 2018). These mutations have been mapped to protein-
coding RNAs and tRNAs and produce a range of diseases including MELAS syndrome (Mitochondrial
Myopathy, Encephalopathy, Lactic Acidosis, and Stroke-Like Episodes, OMIM 540000), Leigh syndrome
(OMIM 256000), Leber hereditary optic neuropathy (LHON, OMIM 535000), myoclonic epilepsy with rag-
ged red fibers (MERRF, OMIM 545000), and neuropathy, ataxia, and retinitis pigmentosa syndrome
(NARP OMIM 551500). In general, these subjects experience seizures and sensory loss, such as vision
and hearing impairment. Issues in the peripheral nervous system are also common although these typically
have a later onset (Schubert Baldo and Vilarinho, 2020).

We will expand on one example of such diseases caused by mutations in mitochondrial DNA: Leigh syn-
drome (Schubert Baldo and Vilarinho, 2020). Leigh syndrome is a rare genetic disorder affecting brain
development and function as well as motor development. Leigh syndrome onset depends on the mutation
and degree of heteroplasmy, varying from onset in a few months after birth until adolescence. A frequent
mtDNA mutation causing Leigh syndrome is found in the MT-ATP6 gene (Ng et al., 2019), which encodes a
subunit of the FO sector of Complex V in the respiratory chain. This defect impairs the last step of oxidative
phosphorylation and significantly reduces ATP production. Such a defect in ATP production is particularly
deleterious to cells with high energy demands, such as neurons, which likely accounts for why neurological
defects are some of the first symptoms to be observed in people with Leigh syndrome. Symptoms in Leigh
syndrome worsen as the load of mutated genomes, or heteroplasmy, increases over time.

An emerging principle is that severe diseases are observed in cases where there is a high degree of heter-
oplasmy in which the mutated mitochondrial genome predominates (Wallace, 2018). However, the same
mutation can be associated with different clinical manifestations in a continuum spectrum of disease
severity and symptomology. For example, autism spectrum disorders have been associated with low het-
eroplasmy of a mutation affecting the mitochondrial tRNA for leucine (3243A>G mutation) (Pons et al.,
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2004; Yardeni et al., 2021). There is an association of type Il diabetes and autism with this mutation at het-
eroplasmy levels between 1/5 and 1/3 of the affected genomes (Pons et al., 2004; van den Ouweland et al.,
1992, Yardeni et al., 2021). However, when this mutation is present in more than half of all the mitochondrial
genomes in a cell, this mutation associates with MELAS or childhood lethality (Goto et al., 1990). Impor-
tantly, these differences in the degree of heteroplasmy have been attributed to differential nuclear gene
expression in cells in vitro caused by NADH/NAD + cellular metabolism (Kopinski et al., 2019) and electro-
physiological phenotypes in iPSC-derived neurons (Klein Gunnewiek et al., 2020).

Primary mitochondrial diseases. Nuclear genetic defects directly affecting the mitochondrial
protein synthesis machinery

Mutations in mitochondrial translation factors are causative of severe neurodevelopmental disorders character-
ized by childhood-onset ataxia and fatal encephalopathy (Emperador et al., 2016; Valente et al., 2007). Similarly,
mutations in mitochondrial ribosome proteins comprise a large group of rare neurodevelopmental disorders
referred to as “Combined Phosphorylation Deficiency Disorders”, or (COXPD). COXPDs are characterized by
reduced activity in electron transport chain complexes and reduced mitochondrial protein synthesis (Lake et al.,
2017; Serre et al., 2013; Smits et al., 2011). COXPD subjects vary widely in seriousness and symptom presenta-
tion depending on the mutation, some of which can lead to infant death (Miller et al., 2004; Saada et al., 2007),
while less severe cases experience delayed psychomotor development, seizures, intellectual disability, and
impaired speech and hearing (Gardeitchik et al., 2018; Lake et al., 2017; Serre et al., 2013; Smits et al., 2011).
COXPDs can affect the brain, typically observed as abnormal volume and structure of corpus callosum and
basal ganglia, as well as reduced myelination. Interestingly, some affected subjects display no anatomical
anomalies with brain imaging, despite experiencing significant cognitive symptomology (e.g. intellectual
disability) and major metabolic differences, such as increased lactate and reduced oxidative phosphorylation
(Gardeitchik et al., 2018). Much like the case of mitochondrial genome mutations, the severity of a genetic
defect in mitochondrial ribosome subunits tunes the neurological and neurodevelopmental manifestations.
This is suggested by mouse models where a point mutation in MRPS5 that causes mito-ribosomal mistransla-
tion causes a series of endophenotypes associated with neurodevelopmental disorders such as alterations in
open field and exploratory activity (Akbergenov et al., 2018; Shcherbakov et al., 2021).

The mitochondrial DNA encodes 21 tRNAs that are loaded with their cognate amino acids by a group of
nuclear-encoded aminoacyl-tRNA synthetases (Konovalova and Tyynismaa, 2013; Sissler et al., 2017).
Amino acid-loaded tRNAs are essential for mitochondrial protein synthesis. Mutations in some of these
19 aminoacyl-tRNA synthetases are associated with systemic and neurological phenotypes that include in-
tellectual disability, epilepsy, and psychomotor defects in children and adults (Almalki et al., 2014; Ciara
et al., 2018; Konovalova and Tyynismaa, 2013; Kosaki et al., 2018; Musante et al., 2017; Sissler et al.,
2017; Talim et al., 2013; Vantroys et al., 2017). These mutations are associated with reduced translation
of mitochondrial genes and consequently impaired activity in some or all of the mitochondrial respiratory
complexes (Almalki et al., 2014; Ciara et al., 2018; Kosaki et al., 2018; Musante et al., 2017; Talim et al., 2013;
Vantroys et al., 2017). Multiple brain areas are affected, in particular, the cerebellum and corpus callosum
are affected by these mutations (Steenweg et al., 2012; Yin et al., 2018). For example, pontocerebellar hy-
poplasia is caused by a mutation in the mitochondrial arginyl-tRNA synthease 2 (RARS2) gene and com-
prises a heterogeneous group of disorders characterized by severe developmental delay, small cere-
bellum, and reduced electron transport chain activity (Edvardson et al., 2007; Li et al., 2015; Rankin
et al., 2010). Mutations in another mitochondrial tRNA, CARS2, lead to childhood onset epilepsy and de-
layed psychomotor development, thinning of the corpus callosum and cerebellar atrophy. Like RARS2
mutations, CARS2 mutations also reduce electron transport chain activity in one or more complexes,
and even lead to incomplete assembly of some due to translation defects (Coughlin et al., 2015).
These mutations with severe symptoms are part of a spectrum of clinical manifestations that encompass
cognitive, behavioral, and movement disorders. Gene defects in WARS2 and AARS2 can cause intellectual
disability, psychosis, and early onset movement disorders such as Parkinsonism (Hubers et al., 2020; Skor-
vanek et al., 2022). In fact, defects in AARS2 cause movement disorders in 71% of cases, cognitive impair-
ment in 67%, and behavioral or psychiatric features in close to half of all the cases so far described (Parra
et al., 2021). These pleiotropic behavioral or neurological phenotypes suggest that mitochondrial amino-
acyl-tRNA synthetases regulate subtle aspects of neuronal and synapse biology before neurons undergo
cell death.
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Primary mitochondrial diseases. Nuclear genetic defects indirectly affecting the
mitochondrial protein synthesis machinery

Gene defects in nuclear-encoded mitochondrial proteins could indirectly affect the expression of compo-
nents of the mitochondrial protein synthesis machinery. Gokhale et al. demonstrated that loss of SLC25A1
(Solute Carrier Family 25 Member 1), a nuclear gene specifying a citrate transporter of the inner mitochon-
drial membrane, leads to downregulation of multiple mitochondrial ribosome subunits, ultimately impair-
ing mitochondrial translational machinery and subsequent translation of nucleoid-encoded mRNAs (Go-
khale et al., 2021). This study also shows that SLC25A1 coprecipitates with mitochondrial ribosomes
subunits among these MRPL40 (Gokhale et al., 2021). Impaired expression of mitochondrial ribosome sub-
units and geneticinteractions with SLC25A1 were linked to abnormal synapse development and sleep frag-
mentation in a Drosophila model, two phenotypes that are commonly observed in animal models and hu-
man subjects with neurodevelopmental disorders (Gokhale et al., 2021). Gene defects in MRPL40 can cause
synaptic defects across multiple species in adults and across neurodevelopmental processes (Devaraju
etal., 2017, Gokhale et al., 2021; Li et al., 2019). The interaction between SLC25A1 and MRPL40 is of great
interest as these two genes both reside in the chromosomal segment 22q11.2. Loss of one copy of the
22g11.2 locus causes the 22g11.2 microdeletion syndrome a highly penetrant genetic risk factor for autism
spectrum disorders, schizophrenia, intellectual disability, and attention-deficit hyperactivity disorder
without neurodegeneration or other overt neuroanatomical manifestations (McDonald-McGinn et al.,
2015; Motahari et al., 2019; Zinkstok et al., 2019). The data presented by Gokhale tested the role of
SLC25A1 in controlling mitochondrial protein synthesis in null cells leaving untested whether a combined
hemideficiency of SLC25A1 and MRPL40 is capable of impairing mitochondrial protein synthesis. If protein
synthesis of mitochondrial proteins is indeed compromised in 22q11.2 microdeletion brains, where these
two genes are deleted in single copy, it will support the concept that synapse biology is uniquely sensitive
to defects in mitochondrial proteins synthesis and the electron transport chain.

Secondary mitochondrial diseases. Abnormal cytoplasmic protein synthesis and/or
trafficking machinery affecting translation/import of nuclear-encoded mitochondrial
proteins

Several neurodevelopmental disorders are characterized by altered cytoplasmic protein synthesis and traf-
ficking. One of the most well studied is fragile X syndrome (FXS), a neurodevelopmental disorder typically
characterized by abnormal protein synthesis, particularly during neuronal plasticity paradigms. FXS is
caused by loss of the fragile X mental retardation protein (FMRP) which generically functions to inhibit
translation, although it has also been shown that FMRP can activate translation and assist in organelle traf-
ficking in dendrites and axons (Antar et al., 2006; Richter et al., 2015). One recent study identified that loss of
FMRP during a plasticity paradigm triggered abnormalities in the mitochondrial proteome (Bilow et al.,
2021b), which was associated with impaired mitochondrial and neuronal plasticity (Bilow et al., 2019,
2021a). Thus, FMRP, a protein responsible for ensuring protein homeostasis, impacts not just the cytoplasm
but also the nuclear-encoded mitochondrial proteome. This may explain why certain drugs, such as met-
formin, known to upregulate mitochondrial pools benefit animal models of FXS (Gantois et al., 2017). In
yeast, cytosolic and mitochondrial protein synthesis is coordinated (Bykov et al., 2020; Couvillion et al.,
2016; Kummer and Ban, 2021). Thus, FMRP mutations offer a unique model to study how a gain of function
of cytoplasmic proteins synthesis of mitochondria-targeted proteins could alter mitochondrial protein syn-
thesis and the assembly of respiratory chain complexes.

Charcot-Marie-Tooth (CMT) 2b syndrome is a rare autosomal disorder described by motor and sensory
neuropathy with initial symptoms arising around age 5-15. CMT is caused by mutations in the Rab7
gene, which normally is involved in the late endocytic pathway. A recent study uncovered that late endo-
somes serve as platforms for local protein synthesis of nuclear-coded, mitochondria-targeted proteins.
Loss of Rab7 compromised the highly coordinated translation between late endosomes and mitochondria
ultimately impairing mitochondrial shape and dynamics (Cioni et al., 2019). It is likely but currently unknown
that the mitochondrial proteome is altered in CMT and other Rab7-associated disorders. Thus, mutations
thatimpair local sites of translation of nuclear-encoded mitochondrial proteins have direct effects on mito-
chondrial function and health, with implications for neurodevelopment.

Summary

We have discussed several scenarios where genetic mutations of genes required for mitochondrial protein syn-
thesis directly and severely impact the electron transport chain leading to neurological and sometimes fatal
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childhood onset diseases. However, mutations on genes required for mitochondrial protein synthesis exist on a
spectrum where less severe defects produce behavioral and neurodevelopmental disorders. This is in line with
the idea of mitochondrial threshold effects, a concept coined to address phenotypic variability in mitochondrial
diseases (Rossignol et al., 2003). Among the less severe disease are mutations that change the protein synthesis
machinery by the 80S and the 55S ribosomes, as observed in neurodevelopmental and mostly behavioral dis-
orders caused by mutations in either mitochondrial aminoacyl-tRNA synthetases, fragile X syndrome, and
22g11.2 microdeletion syndrome. In the case of genetic defects producing behavioral phenotypes in the
absence of neuropathology, the defect in the electron transport chain may not be easily detectable under
“resting” or “baseline” conditions due to compensatory mechanisms or intraneuronal compartment differ-
ences. For example, defects of the electron transport chain could be compensated for through enhanced
glycolysis-mediated ATP production or mitochondrial biogenesis (Li et al, 2021). The contribution of oxidative
phosphorylation and glycolysis may vary depending on the subcellular compartment (cell body, dendrite, or
synapse), synapse type (excitatory or inhibitory), synapse functional status, and the developmental stage
that a particular synapse is undergoing (Lucas et al., 2018; Lujan et al., 2016, 2021; Sobieski et al., 2017; Wynne
etal., 2021). Identification of such compensatory mechanisms that maintain metabolic homeostasis may aid in
the detection of underlying mitochondrial defects. In fact, two of the four studies that have identified cyto-
plasmic changes to mitochondrial protein synthesis as a potential mechanism for neurodevelopmental disor-
ders, did so during a plasticity paradigm (Bulow et al., 20213, 2021b; Kuzniewska et al., 2020). Neurons are able
to compensate for altered electron transport chain function (Li et al., 2020). Therefore, it is important to
consider how each of the mechanisms affecting mitochondrial protein synthesis described above could be
compensated before the emergence of phenotypic continuums ranging from behavioral defects to severe

iScience

neurodegeneration.
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