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A hypomorphic variant in the translocase of the
outer mitochondrial membrane complex subunit
TOMM7 causes short stature and developmental delay
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Summary
Mitochondrial diseases are a heterogeneous group of genetic disorders caused by pathogenic variants in genes encoding gene products that

regulatemitochondrial function. These genes are located either in themitochondrial or in the nuclear genome. The TOMM7 gene encodes

a regulatory subunit of the translocase of outer mitochondrial membrane (TOM) complex that plays an essential role in translocation of

nuclear-encoded mitochondrial proteins into mitochondria. We report an individual with a homozygous variant in TOMM7 (c.73T>C,

p.Trp25Arg) that presented with a syndromic short stature, skeletal abnormalities, muscle hypotonia, microvesicular liver steatosis, and

developmental delay. Analysis of mouse models strongly suggested that the identified variant is hypomorphic because mice homozygous

for this variant showed a milder phenotype than those with homozygous Tomm7 deletion. These Tomm7mutant mice show pathological

changes consistent with mitochondrial dysfunction, including growth defects, severe lipoatrophy, and lipid accumulation in the liver.

These mice die prematurely following a rapidly progressive weight loss during the last week of their lives. Tomm7 deficiency causes a

unique alteration in mitochondrial function; despite the bioenergetic deficiency, mutant cells show increased oxygen consumption

with normal responses to electron transport chain (ETC) inhibitors, suggesting that Tomm7 deficiency leads to an uncoupling between

oxidation and ATP synthesis without impairing the function of the tricarboxylic cycle metabolism or ETC. This study presents evidence

that a hypomorphic variant in one of the genes encoding a subunit of the TOM complex causes mitochondrial disease.
Mitochondria are double-membrane-bound organelles

that are essential for diverse cellular processes, including

energy production through the process called oxidative

phosphorylation (OXPHOS) and supplying a variety of

bioactive metabolites.1 Dysfunctions of mitochondria are

associated with various human conditions such as meta-

bolic,2 neurogenerative,3 kidney,4 cardiovascular,5 and

neuromuscular diseases.6 Mitochondrial diseases can be

caused by pathogenic variants in genes located in themito-

chondrial genome DNA (mtDNA) or in the nuclear

genome that encode mitochondrial proteins.7,8

The mitochondrion contains about 1,500 proteins in

humans. Since mtDNA encodes only 13 mitochondrial

proteins that are subunits of the respiratory chain com-

plexes, the majority of mitochondrial proteins are encoded

in the nuclear DNA.9 These proteins are synthesized in the

cytoplasm and imported into mitochondria. These nuclear

DNA-encoded mitochondrial proteins localized inside of

the mitochondria need to be transported through the

outer mitochondrial membrane (OMM) into the inter-

membrane space (IMS). This process is mediated by the
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translocase of the outer membrane (TOM) complex.10

Adequate control of both quantity and quality of mito-

chondrial proteins via their synthesis, degradation, and

transportation is essential for healthy cellular function,

and aberration inmitochondrial proteostasis leads tomito-

chondrial dysfunction and diseases.11

The TOM complex consists of multiple subunits

including the core proteins TOMM40, which forms a barrel

structure through which mitochondrial proteins translo-

cate from cytosolic space into IMS, and TOMM20 and

TOMM22, which provide a binding interface for mito-

chondrial proteins by associating with their N-terminal

cleavable extension, called a ‘‘pre-sequence,’’ that is pre-

sent in a majority of nuclear-encoded mitochondrial pro-

teins.12 Three evolutionarily conserved regulatory sub-

units, TOMM5, -6, and -7, are directly associated with

TOMM40.13,14 These regulatory subunits have been sug-

gested to modulate the assembly and stability of the

TOM complex and thereby control its function.15–17 In

addition to the role of TOM complex assembly, TOMM7

has been implicated in regulation of mitophagy through
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Figure 1. A novel syndromic skeletal dysplasia associated with a TOMM7 variant
(A) Skeletal survey of the affected individual at the age of 1 year and 8 months. Note thin ribs, mild platyspondyly with ovoid vertebral
bodies, gracile long tubular bones with relatively large epiphyses in upper and lower extremities, coxa valga, slender metacarpals and
proximal phalanges, short middle phalanges with metaphyseal flaring of the proximal ends, and craniofacial disproportion (small facial
bones).
(B) Frontal view of the spine and retroperitoneal fat tissues during autopsy. Flat and oval-shaped vertebral bodies (white arrows) and rela-
tively prominent brown adipose tissues (yellow arrows) are shown.
(C) Hematoxylin and eosin-stained liver tissue. Yellow arrows indicate translucent intracellular vesicles in hepatocytes suggesting lipid
accumulation. Scale bar, 20 mm.
(D) Hematoxylin and eosin-stained retroperitoneal fat tissue. The size of white adipocytes (left half of the image) is relatively small
(15–45 mm in diameter) and is similar to that of brown adipocytes (right half of the image). Scale bar, 50 mm.
(E) The pedigree of the affected individual and Sanger sequencing data for the variant. The parents are heterozygous and the proband is
homozygous for TOMM7 c.73T>C variant.
(F) Three-dimensional (3D) structure of the TOM complex dimer. TOMM7 is indicated in green color, TOMM40 barrels are in light gray.
Other subunits, TOMM5, TOMM6, and TOM22 are in dark gray. The variant residue (indicated by the arrow) is located next to the argi-
nine residue at the position 24, which is predicted to be important for interaction with TOMM40.20 The image is modified from the data
(ID: 195358) of the Molecular Modeling Database.21,22
stabilization of PINK1, a crucial regulator of parkin

(PARK2) that initiates mitochondrial protein degradation

upon mitochondrial damage.18,19 Thus far, no human dis-

eases have been reported to be associated with variants in

genes encoding TOM complex subunits. Here, we present

a boy with a short stature and growth failure associated

with a homozygous missense variant in TOMM7 (MIM:

607980) and experimental evidence for its pathogenic role.

The affected individual and his healthy parents were

enrolled in the study of rare congenital skeletal disorders

after being diagnosed to have an unknown condition

with skeletal abnormalities. The patient, a male infant,

born to non-consanguineous Japanese parents, came to

medical attention due to progressive growth failure. He

was born via Cesarian section due to his mother’s hyper-

tension at the gestational age of 38 weeks and 5 days. His

birth weight (3,240 g) and length (50 cm) were normal

(Z score þ0.3 and þ0.06, respectively), and the routine
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neonatal screening tests for congenital metabolic diseases

were negative. He showed progressive postnatal growth

retardation. At 1 year and 3months of age, his body weight

and height were 6,905 g (Z score �3.6) and 65.5 cm

(Z score �5.4), respectively, and his arm span (61 cm)

was shorter than his height (65.2 cm). Other clinical fea-

tures include narrow thorax, broad hands, small nails,

nystagmus, muscular hypotonia with frog-leg posture

and poor head control (head raising at 6 months), tachyp-

nea (respiratory rate 32/min), and retractive breathing. The

results of his laboratory tests at 12 and 20 months showed

increased serum lactate dehydrogenase (LDH) levels and

moderately increased white blood cell counts (Table S1).

Endocrinological test results showed normal values of thy-

roid hormone, thyroid-stimulating hormone, and growth

hormone (Table S2). Radiology examination revealed rela-

tively large neurocranium, underdeveloped facial bones,

open anterior fontanel, mildly flat and rounded outline
023



Figure 2. Generation and gross phenotype of Tomm7 mutant mice
(A) Edited alleles of the mouse Tomm7 gene inmice. Using CRISPR-mediated genome editing inmouse zygotes, a knockin (R) allele with
the Trp25Arg (W25R) substitution and a deletion (D) allele missing a 184 bp sequence including the first exon-intron boundary were
created. The locations of primers for qRT-PCR in (B) are indicated by arrows.
(B) qRT-PCR analysis of Tomm7 expression inmutantmice. RNAwas isolated from Tomm7(D/D) bonemarrow stromal cells and from the
liver of Tomm7(R/R) along with their wild-type littermate controls. 5 SEM, n ¼ 4, * *p < 0.0001, t test.
(C) Growth (body weight) of mice with indicated genotypes and genders. Both wild type and heterozygotes are used as control. Missing
values in mutant mouse groups are due to either spontaneous death or euthanasia per IACUC protocol criteria. Left: for (D/D) mice and
their control cohorts, both genders are included. n ¼ 4–6 for (D/D), n ¼ 8–12 for control (Ctrl), *p ¼ 0.0041, **p < 0.0001. Mann-Whit-
ney U test. Middle: growth of male (R/R) and compound mutant (R/D) mice. n ¼ 4 for (R/R), n ¼ 4 for (R/D), and n ¼ 5 for Ctrl. *p ¼
0.0286 (R/R) versus (R/D), **p¼ 0.0286 Ctrl versus (R/R). Mann-Whitney U test. Right: growth of female (R/R)mice. n¼ 4 for (R/R), n¼ 6
for Ctrl. *p ¼ 0.0159, **p ¼ 0.0038. Mann-Whitney U test.
(D) Representative images of lipoatrophy in (R/R), (R/D), and (D/D) mice at indicated ages. The dorsal white adipose tissue covering the
interscapular brown adipose tissue ofmale (D/D)mice and the epididymal adipose tissue of (R/D) and (R/R)mice are indicated by arrows.
(E) Quantification of the fat tissue mass of the epididymal (R/R and R/D) and dorsal (D/D) white adipose tissues. n¼ 5 for (D/D), (R/R), and
their littermate control groups. Each group contains both males and females. The gender ratio between control and experimental groups is
matched. n ¼ 4 for (R/D) and their littermate control mice. 5 SEM, *p ¼ 0.0159, **p ¼ 0.0579, ***p ¼ 0.0079. Mann-Whitney U test.
(F) Frontal views of the lumbar spine of micro-computed tomography X-ray analysis of mice with indicated genotypes and ages. Mild
reduction in the height of vertebrae is observed in (R/D) and (D/D) mice. Scale bar, 1 mm.
of the vertebral bodies, and slender diaphyses and rela-

tively wide metaphyses of tubular bones (Figure 1A).

The patient died at the age of 2 years and 7 months

after developing pneumonia and respiratory failure. Au-

topsy revealed mild deformity of vertebral bodies and

relatively prominent retroperitoneal brown adipose tissues

(Figure 1B). Histological analysis showed microvesicular

steatosis in the liver (Figure 1C) and relatively small white

adipocytes in the retroperitoneal fat tissue (Figure 1D). In

addition to diffuse bilateral pneumonia, there were also

submucosal fibrosis of the intestine, smoothmuscle degen-

eration of the rectum, and thickening of the tunica intima

and edema and proteoglycan deposition in the tunica me-

dia of the aorta and coronary arteries, but the clinical sig-

nificance of these findings was unclear (Figure S1).

The initial analysis of whole genome sequencing (WGS)

of this affected individual and his parents did not reveal
Human
any candidate variants in all known skeletal dysplasia

genes (https://panelapp.genomicsengland.co.uk/panels/

309/). Extended analysis revealed several possible candi-

date variants (Table S3) including a single-nucleotide

substitution in the TOMM7 gene (chr7:g.22862326T>C

(hg19), NM_019059.5 (TOMM7):c.73T>C, p.(Trp25Arg)).

This variant was found in the homozygous state in the

affected individual and in the heterozygous state in his

parents (Figure 1E). The tryptophan at the position 25 of

TOMM7, located at a kinked region, is highly conserved

across many species (Figure 1F). This variant is expected

to replace the tryptophan residue with a positively charged

arginine located next to another arginine at the position

24. It is reported that the position 24 arginine is important

for the interaction between TOMM7 and -40 barrel.20

Thus, we hypothesized that the Trp25Arg (W25R) variant

interfered with the normal interaction between TOMM7
Genetics and Genomics Advances 4, 100148, January 12, 2023 3
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Figure 3. Hypocellularity and reduced proliferation in the mutant growth plates
(A) Tibial growth plates of P15 Tomm7(D/D) mice and control littermates. Hematoxylin and eosin (H&E)-stained sections (top). The in-
sets are magnified views of the proliferating zone (indicated by yellow bar) of the growth plate (green bar). Quantification of the cellular
density and EdU index of the proliferating zone are shown (middle and bottom). 5 SEM, n ¼ 3, t test.
(B) Tibial growth plates of P40 Tomm7(R/D) mice and control littermates. H&E-stained sections (top). The insets are magnified views of
the proliferating zone (yellow bar) of the growth plate (green bar). Quantification of the cellular density and Ki67 index of the prolifer-
ating zone are shown (middle and bottom). 5 SEM, n ¼ 4–5, t test.
(C) Tibial growth plates of P61 Tomm7(R/R) mice and control littermates. H&E-stained sections (top). The insets are magnified views of
the proliferating zone (yellow bar) of the growth plate (green bar). Quantification of the cellular density and Ki67 index of the prolifer-
ating zone are shown (middle and bottom). 5 SEM, n ¼ 4, t test. Scale bar, 100 mm.
and -40, leading to pathogenic consequences. To test this

hypothesis, we generated a knockin mouse model where

the identical amino acid variant (W25R) was introduced

to the mouse Tomm7 gene. We also generated a mouse

line missing a 184 bp genomic region spanning the first

exon-intron boundary of the Tomm7 gene (deletion [D])

(Figure 2A). The D allele is expected to be functionally

null because the deletion leads to a disruption of normal

splicing resulting in premature termination. This deletion

also caused a substantial reduction of Tomm7 transcripts,

likely due to a nonsense-mediated decay-like mecha-

nism,23 whereas Tomm7(R/R) cells expressed a comparable

amount of Tomm7 RNA as wild-type cells (Figure 2B).

Mice heterozygous for the D or R allele are grossly

normal and indistinguishable from wild-type littermates.

Homozygous Tomm7(R/R) mice showed relatively normal

growth up to 7–8 weeks, but then they developed rapidly

progressing emaciation leading to sudden death at around

9 to 10 weeks of age (Figure 2C). On the other hand,

Tomm7(D/D) mice showed a significant growth failure in

early postnatal stages, followed by death at 3 to 4 weeks

of age after rapid weight loss near the end of their lives

(Figure 2C). This phenotype is similar to that of previously

reported Tomm7 knockout mice.24 Compound heterozy-

gotes, Tomm7(R/D) mice showed relatively normal growth

but again developed rapid weight loss around 5–6 weeks

and died by 6–7 weeks (Figure 2C). These observations sup-

port the notion that themissense variant causes partial loss
4 Human Genetics and Genomics Advances 4, 100148, January 12, 2
of Tomm7 function. The most prominent gross phenotype

in these mouse models is lipoatrophy (Figures 2D and 2E).

Since OXPHOS defects cause tissue-autonomous lipoatro-

phy,25,26 these findings suggest that Tomm7 deficiency

impairs mitochondrial bioenergetics.

Growth failure and mild spondyloepimetaphyseal

dysplasia features have been previously described in mito-

chondrial diseases.27–33 Variants in several genes encoding

proteins regulating mitochondrial protein homeostasis,

including TOMM70,34 have been reported to associate

with skeletal abnormalities. To characterize the skeletal

phenotype of these mouse models, we performed micro-

computed tomography (mCT) and histological analyses.

The mCT images of the spine revealed a modest shortening

of vertebral bodies in Tomm7(R/D) and Tomm7(D/D) mice,

reminiscent of the platyspondyly detected in the patient

(Figures 2F and S2). The longitudinal growth of vertebral

bodies and appendicular bones is driven by the growth

plate. To investigate the abnormalities in growth plate

cartilage, we analyzed the tibial growth plates that are

much larger than those of vertebral bodies. Histological

analysis of tibial growth plates of mutant mice showed a

shortening of the growth plate with reduced cellular den-

sities and cellular proliferation, assessed by EdU labeling

in young mice and with Ki-67 staining in older mice

(Figures 3A–3C), suggesting that the reduced chondrocyte

proliferation contributes to the skeletal phenotype. Similar

changes were also found in Tomm7(R/R) mice that showed
023



Figure 4. Lipid accumulation in the liver
and peripheral fat loss in mutant mice
(A) The liver tissues from mice with indi-
cated genotypes and ages. H&E staining of
paraffin-processed sections (top) and oil
red O staining of frozen sections (bottom).
Arrows indicate cytoplasmic vacuoles in he-
patocytes, suggesting lipid accumulation.
Scale bar, 100 mm.
(B) H&E sections of epididymal (R/R and
R/D) and dorsal (D/D) white adipose tissues
(top) and quantification of adipocyte diam-
eter. The maximal length of the longitudi-
nal axis of cross sections of adipocytes was
counted in 10 randomly selected cells per
group. Scale bar, 100 mm. 5 SEM, n ¼ 10,
* p < 0.0001, t-test
only a modest growth defect. Additionally, these results

suggest that the normal mitochondrial function plays an

important regulatory role in growth plate chondrocytes,

which predominantly rely on glycolysis, rather than mito-

chondrial metabolism, for ATP synthesis.35 Additional his-

tological assessment of Tomm7 mutant tissues showed

lipid accumulation in the liver (Figure 4A) and reductions

in size of adipocytes (Figure 4B), findings observed

also in the patient and consistent with mitochondrial

dysfunction.13,15,20

These data provide evidence that the TOMM7 W25R

variant found in the affected individual is pathogenic

and causes mitochondrial dysfunction at the organismal

and tissue levels. This notion is also supported by

the fact that this patient presents findings frequently

observed in mitochondrial diseases, including hypotonia,

nystagmus, elevated LDH levels, and fat accumulation in

the liver. At subcellular and molecular levels, Tomm7 defi-

ciency does not appear to significantly affect mitochon-

drial morphology except that mutant mitochondria in

muscle appear generally small in size and that mild struc-

tural changes may develop in older mice (Figures 5A and

S3–S5), whereas tissue expression of Gdf15 and Fgf21,

markers for mitochondrial dysfunction36 were signifi-

cantly upregulated in both Tomm7(D/D) and Tomm7(R/R)

tissues (Figure 5B).

As expected from the mouse phenotype, phosphoryla-

tion of AMP-dependent protein kinase (AMPK), a pivotal

energy sensor in the cell,37 was upregulated in multiple tis-

sues ofTomm7mutants, indicating inefficient ATP synthesis

in mutant cells (Figure 5C). Interestingly, multiple types of
Human Genetics and Genom
Tomm7-deficient cells showed increases

not only in extracellular acidification

rate (ECAR) but also in oxygen con-

sumption rate (OCR) and showed

normal responses to inhibitors of the

electron transport chain (ETC) and

ATP synthase (complex V) (Figures 5D

and S6). These results suggest that the

function of ETC and the proton trans-
portation of ATP synthase are maintained intact in

Tomm7-deficient cells (Figure 5D). Similar to Tomm7(D/D)

cells, the upregulation in both OCR and ECAR was also

observed in Tomm7(R/R) cells (Figure S7). Flow cytometric

analysis showed a slight increase in membrane potential,

as assessed by TMRE staining in Tomm7(D/D) chondrocyte

samples, whereas the mitochondrial mass, assessed by

MitoTracker staining, wasmodestly reduced (Figure 5E). Un-

like in a previous zebrafish study,24 we did not find signifi-

cant changes in reactive oxygen species (ROS), as assessed

by MitoSox staining. These findings may reflect the hyper-

active state of the ETC. These changes were generally found

also in other cell types of Tomm7(D/D) cells (Figure S8) and

were partially found in Tomm7(R/R) cells (Figure S9).

The upregulation both in OCR and in ECAR despite

the increase in p-AMPK suggests that there is a dissocia-

tion between oxidation and ATP synthesis in Tomm7

mutant mitochondria. Such uncoupling is physiologically

observed in brown adipose tissues where uncoupling pro-

tein 1 (Ucp1)38 mediates the effect. We analyzed the

expression of Ucp1 and its paralogs, Ucp2 and Ucp3,39 in

primary bone marrow stromal cells (BMSCs) and in the

brain of Tomm7(D/D) mice. We found that these genes

were generally downregulated rather than upregulated

except for a modest upregulation of Ucp3 in the brain, sug-

gesting that aberrant uncoupling protein expression is

an unlikely mechanism for the impaired ATP synthesis

in Tomm7 mutant cells (Figure S10). ATP deficiency can

be caused by defects in transport of ATP generated in

the mitochondrial matrix into the cytoplasm, which

is mediated by adenine nucleotide translocase (ANT)
ics Advances 4, 100148, January 12, 2023 5



Figure 5. Altered mitochondrial function in mutant mice
(A) Representative transmission electron microscope images of liver mitochondria in hepatocytes of P15 Tomm7(D/D)mice and control
littermates (30,0003). Scale bar, 600 nm.
(B) mRNA expression of markers for mitochondrial dysfunction, Gdf15 and Fgf21, in indicated tissues. Significant upregulation of these
markers was observed in both in Tomm7(D/D) and Tomm7(R/R) tissues. n ¼ 4 - 6, 5 SEM, * p ¼ 0.0022, ** p ¼ 0.0043, # p ¼ 0.0286, ##
p¼0.0571 vs Ctrl, Mann-Whitney U test.
(C) Upregulation of phospho-AMPK expression in indicated tissues.
(D) Seahorse analysis using primary rib chondrocytes of Tomm7(D/D) and littermate control mice. Oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) weremeasured at the basal level and upon treatment with the ATP synthase inhibitor, oligomycin,
the uncoupler, FCCP, and the ETC inhibitor, rotenone, and antimycin A (Rotenone). Both OCR and ECAR are significantly upregulated.
Mean 5 SEM. n ¼ 8, p < 0.001 at all data points. t test.
(E) Flowcytometric analysis of primary rib chondrocytes.Cells were pre-incubatedwith the indicatedfluorescent dyes and subjected toflow
cytometric analysis. The signal intensity of 500 randomly selected cells per groupwas evaluated. Dotted lines indicatemedian values.Mito-
chondrial membrane potential (TMRE) is slightly upregulated in Tomm7(D/D) despite the decreased mitochondrial mass (MitoTracker).
family proteins and voltage-dependent anion channels

(VDACs).40,41 We examined the expression of Slc25a2, a

major ANT, and Vdac1, a major VDAC, in mitochondria-

enriched protein fractions of Tomm7(D/D) mice; however,

we did not find significant changes in their abundance

(Figure S11). The bioenergetic dysfunction and the

increased oxygen consumption with normal response to

oligomycin, a proton transport inhibitor of complex V,

suggest that there is a dissociation between proton trans-

port and catalytic activity of complex V. Complex V con-

sists of two rotary motors, the membrane-bound F0 that

mediates proton transport and F1 that is responsible for

ATP synthesis. We assessed the expression of several com-

plex V subunits along with ETC subunits, but we did not

find overt changes in the abundance of these proteins, sug-

gesting that Tomm7 deficiency may have relatively limited

impact on mitochondrial proteostasis (Figure S11). Inde-

pendently of the mitochondrial bioenergetic dysfunction,

it could be possible that Tomm7 deficiency contributes to
6 Human Genetics and Genomics Advances 4, 100148, January 12, 2
the phenotype via suppressing PINK1/parkin-mediated

mitophagy. We have tested whether Tomm7 deficiency al-

ters PINK1 expression using primary mouse BMSCs. Upon

mitochondrial stress, PINK1 expression was induced both

in control and in Tomm7-deficient cells to similar extents.

This finding suggests that Tomm7’s regulatory role in

PINK1 expression in mouse skeletal progenitors is limited

(Figure S12).

In summary, this study identifies TOMM7 as a new hu-

man disease gene and provides genetic evidence that this

variant is pathogenic and creates a hypomorphic allele.

This study presents evidence that aberration of mitochon-

drial protein homeostasis leads to mitochondrial disease

with skeletal involvement, as previously suggested by

several reports.42 Tomm7 deficiency in mice results in a

phenotype consistent with mitochondrial bioenergetic

deficiency, yet Tomm7-deficient cells show increased oxy-

gen consumption with normal responses to ETC and ATP

synthase inhibitors, suggesting that Tomm7 deficiency
023



does not impair the function of the tricarboxylic cycle,

ETC, or proton transport by the complex V. These data sug-

gest a discordance between proton transport (F0) and

catalytic function of ATP synthase (F1). However, we did

not find overt changes in the stoichiometry of some of

complex V subunits; the precise mechanism by which

Tomm7 deficiency causes dysfunction in ATP synthesis is

currently unclear.
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