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Abstract

APOO/MIC26 is a subunit of the MICOS complex required for mitochondrial cris-

tae morphology and function. Here, we report a novel variant of the APOO/

MIC26 gene that causes a severe mitochondrial disease with overall progeria-like

phenotypes in two patients. Both patients developed partial agenesis of the cor-

pus callosum, bilateral congenital cataract, hypothyroidism, and severe immune

deficiencies. The patients died at an early age of 12 or 18 months. Exome

sequencing revealed a mutation (NM_024122.5): c.532G>T (p.E178*) in the

APOO/MIC26 gene that causes a nonsense mutation leading to the loss of 20 C-

terminal amino acids. This mutation resulted in a highly unstable and degradation

prone MIC26 protein, yet the remaining minute amounts of mutant MIC26 cor-

rectly localized to mitochondria and interacted physically with other MICOS sub-

units. MIC26 KO cells expressing MIC26 harboring the respective APOO/MIC26

mutation showed mitochondria with perturbed cristae architecture and fragmen-

ted morphology resembling MIC26 KO cells. We conclude that the novel mutation

found in the APOO/MIC26 gene is a loss-of-function mutation impairing mito-

chondrial morphology and cristae morphogenesis.
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1 | INTRODUCTION

Mitochondria are vital cellular organelles as they perform many

important cellular functions such as energy conversion, calcium

homeostasis, programmed cell death, heme synthesis, cellular signal-

ing, and metabolic processes. Endosymbiotic in origin, mitochondria

contain their own genome (mtDNA) and encode few yet essential

components required for oxidative phosphorylation and ATP produc-

tion. All other mitochondrial proteins are encoded by the nuclear

genome and therefore the functioning of many mitochondrial protein

complexes including respiratory chain complexes (RCCs) rely on an

intricate balance between assembly of the mtDNA-encoded and

nuclear-encoded components. Genetic disorders in either nuclear-

encoded or mtDNA genes can lead to set of diseases

called mitochondrial diseases.1 These are described as multisystemic

diseases as many organs like brain, skeletal muscles, heart, liver, and

kidney could be affected. No cure is available for mitochondrial

diseases, which have a prevalence greater than 1.6 in 5000.2

The ultrastructure of the mitochondria is highly organized and contain

two membranes, outer membrane (OM) and inner membrane (IM).

Although the OM surrounds the mitochondria, the IM is located within

and has many folds called cristae. The cristae membrane is compositionally

distinct from the inner boundary membrane (IBM), a part of IM that runs

parallel to OM.3,4 RCCs are enriched in cristae and therefore cristae are

the main energy producing spatial domains within mitochondria.5 Cristae

are connected to IBM by narrow openings called crista junctions (CJs).6

CJs are highly conserved structures of very small diameter and thus limit

the access of proteins and metabolites from the cristae lumen to the inter-

membrane space (IMS) or vice versa.7 Recent advances in super-resolution

imaging techniques show that cristae are dynamic entities,8–12 that can

constantly undergo cycles of putative fusion and fission.13 The physiologi-

cal benefits of these fast cristae dynamics on mitochondrial functions are

not yet identified. A highly conserved protein complex called “mitochon-

drial contact site and cristae organizing system” (MICOS) is enriched at

the CJs which maintains cristae structure and stabilizes CJs.14–17 Mamma-

lian MICOS complex contains seven bona fide subunits, IMMT/MIC60,

CHCHD3/MIC19, CHCHD6/MIC25, MICOS10/MIC10, MICOS13/

MIC13, APOO/MIC26, and APOOL/MIC27, which are organized into

two smaller subcomplexes, MIC60-subcomplex (MIC60-19-25), and

MIC10-subcomplex (MIC10-MIC13-MIC26-MIC27). MIC13 functions as

a bridge between two subcomplexes18,19 via its conserved GxxxG and

WN motifs.20 MIC60 and MIC10 are considered as the core subunits of

MICOS complex because their deficiencies show severe cristae defects.21

They both possess membrane bending activities.22–24 Structural studies

show that MIC60 forms bow-shaped tetrameric assemblies that are pro-

moted by MIC19. This MIC60-MIC19 complex can transvers CJs and help

in controlling CJ architecture.25 The MIC60-subcomplex mainly interacts

with OM proteins namely SAMM50 and Metaxins to form a larger “mito-

chondrial intermembrane space bridging” (MIB) complex that spans the

IM and OM and helps in formation of contact sites between them.26,27

Apart from their role in cristae organization, MICOS proteins participate in

many other mitochondrial functions, including respiration, protein import,

lipid transport, mtDNA organization, apoptosis, inflammation, and

autophagy.28–32

APOO/MIC26 and APOOL/MIC27 belong to apolipoprotein family

due to the presence of a conserved apolipoprotein domain. MIC26 was

first identified at elevated levels in the cardiac transcriptome of high-fat

diet fed dogs.33 The protein levels of MIC26 were increased in plasma of

patients with acute coronary syndrome.34 MIC26 deficiency in mouse

adipocytes leads to aggravated brown adipose tissue whitening and

diet-induced obesity indicating its role in regulating lipid metabolism.35

Downregulation ofMIC26 shows differential expression of genes involved

in fatty acidmetabolism and inflammatory responses.36 It was believed that

MIC26 gets O-glycosylated and accumulates as a 55 KDa secreted protein.

Later MIC26 was shown to be mitochondrially localized37 and identified as

a subunit of MICOS complex.38 However, it was inconsistent that the

recombinant MIC26 resulted in only 22 KDa band and there were discrep-

ancies about the significance of the 55 KDa secreted form. We recently

showed that MIC26 and MIC27 are exclusively mitochondrial localized as

bona fide subunits of the MICOS complex and that MIC26 does not exist

as a glycosylated form by using a combination of siRNAs and knockout

(KO) of MIC26 and MIC27 in four different human cell lines and four anti-

MIC26 antibodies. The 55 KDa band was present even in the KO of

MIC26 and mass spectrometry of 55 KDa protein did not contain any

MIC26-specific peptides, showing that the 55 KDa band was non-

specific.39

MIC26 and MIC27 show antagonistic regulation at the protein

level where a decrease in the levels of one of them leads to an

increase in protein levels of another and vice versa.38 Although they

are not considered as core components of MICOS complex, the dou-

ble KO of MIC26 and MIC27 shows drastic loss of CJs. MIC26 and

MIC27 cooperate to regulate the stability and integrity of the RCCs

and the F1FO ATP synthase.40 MIC27 binds cardiolipin41 and both

MIC26 and MIC27 cooperatively regulate the levels of cardiolipin in

mitochondria.40 In yeast, Mic26-Mic27 antagonism regulates the

assembly of Mic10.42 A mutation in transmembrane domain of

APOO/MIC26 was associated with mitochondrial myopathy, lactic

acidosis, cognitive impairment, and autistic features.43 Here, we

report a novel variant of MIC26 which was found in siblings from

Lebanon. Unlike the other reported MIC26 variant,43 this variant is

very severe and causes a lethal mitochondrial disease with progeria-

like phenotypes.

2 | MATERIALS AND METHODS

2.1 | Patients recruitment and DNA samples

The recruitment of the family was conducted at the Genoderma-

toses' unit at the Department of Dermatology at the American Uni-

versity of Beirut Medical Center (AUBMC, Beirut, Lebanon). The

clinical phenotypes were provided by the referring physician, and

the project received approval from the Institutional Review Board

at the American University of Beirut Medical Center. Written

informed consent was obtained from the parents. Peripheral blood

samples were collected from the participating individuals and

stored at 4�C. Within 1 h of blood collection, DNA was extracted

from the specimens and stored at 4�C.
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2.2 | Whole exome sequencing

Whole Exome Sequencing (Huffmeier et al) was performed by

Macrogen Laboratory in Seoul, South Korea. The sequencing was carried

out using the Illumina NovaSeq6000 platform, generating 101 base pair

(pair-ended) reads. The library preparation followed the manufacturer's

protocol, involving random fragmentation of the DNA, adapter ligation,

tagmentation, PCR amplification, gel purification, and loading the library

into a flow cell. The fragments were captured on a lawn of surface-bound

oligos for cluster generation, and each fragment was amplified using

bridge amplification into distinctive, clonal clusters.

2.3 | Sequence analysis

The base calling of the captured raw images was performed using

the RTA (Real Time Analysis) software. The BCL (base calls) binary

data was converted into FASTQ (paired-end reads) using the Illu-

mina package bcl2fastq. Quality control checks were conducted,

ensuring a Phred score of approximately 33. The FASTQ files were

then mapped to the Human GRCh37/hg19 reference assembly

using CLC Genomics Workbench (version 20.0.4). Failed and broken

reads were removed, and a minimum coverage of 10 reads and a

minimum variant allele frequency of 35% were applied. The basic

variant parameter ploidy was set at 2, and reference masking posi-

tions with coverage above 100,000 were ignored. CLC Genomics

Workbench generated Binary Alignments Map (BAM) and Variant

Call Format (VCF) files for each sample, including all the variants.

2.4 | Variant calling and annotation

The VCF files were uploaded to Illumina Variant Studio 3.0 for vari-

ant calling and annotation. The annotation was based on dbSNP,

ClinVar, and the 1000 Genomes project. To identify mutations/

variants potentially associated with the diseases, a stringent filter

was applied using CLC Genomics and various in silico prediction

tools. The criteria for filtering included: (1) novel/rare variants with

minor allele frequency (MAF) <5% and read depth >20, conserved

based on Genome Aggregation Database (gnomAD) ExAC, 1000

genomes, more than 300 Lebanese in-house exomes, and Phast-

Cons and PhyloP-conservation scores; (2) functionality, pathoge-

nicity, and protein effect predicted to be deleterious/pathogenic

by PolyPhen/SIFT, American College of Medical Genetics and

Genomics (ACMG) classification, mutation taster, and combined

annotation dependent depletion (CADD) scores; (3) single nucleo-

tide variants (SNVs), insertions, and deletions, including mutation

types like nonsense, missense, frame shift, and splice; (4) genomic

position; and (5) homozygous/heterozygous state determined by

uploading BAM files to the integrative genomics viewer (IGV), a

high-performance visualization tool for genomic annotations and

correct calling.

The details of other materials and methods are included in Data S1.

3 | RESULTS

3.1 | Clinical presentation of patient 1

Patient 1 was first-born boy born in a

non-consanguineous marriage of Lebanese parents (Figure 1A). Both

the parents are healthy with no phenotypes in families on both sides.

There was intrauterine growth retardation during delivery. Soon after

birth, he showed phenotypes of suggestive cutis marmorata telangiec-

tatica from the appearance of blood vessels. He had partial syndactyly

of the 2nd and 3rd toes, wrinkled palm, and sole skin (Figure 1B). He

developed bilateral congenital cataract, hypothyroidism, and partial

agenesis of the corpus callosum. The peripheral blood immune profile

showed a combined B and T cell immunodeficiencies (Table 1). There

were recurrent episodes of bacterial and viral infections. In addition,

he showed overall progeria phenotypes and failed to thrive. Patient 1

died at the age of 12 months because of recurrent infections.

3.2 | Clinical presentation of patient 2

Patient 2 was the second child from the same parents, sister of

patient 1 (Figure 1A). She showed clinical features that were similar to

her brother and included loose saggy skin and seborrheic dermatitis

like features. She also had congenital hypothyroidism, bilateral con-

genital glaucoma and combined B and T cell immunodeficiency. She

had similar overall progeria phenotypes along with recurrent bacterial

and fungal infections which unfortunately led to her death at the age

of 18 months.

3.3 | Identification of nonsense MIC26 variant

We performed whole exome sequencing in both the patients and their

parents. There were no major changes except for a point mutation in

APOO/MIC26 (NM_024122.5):c.532G>T (p.E178*) which was inher-

ited from the X chromosome of the mother who is heterozygous for

the variant. This variant causes a nonsense mutation that replaces a

glutamate with a premature stop codon leading to removal of the last

20 amino acids (Figure 1C). The variant has a minor allele frequency

(null) in all the public available databases. We did not find it in any of

the more than 200 exomes we analyzed so far on Lebanese patients

or healthy individuals. Multiple sequence alignment of MIC26 in vari-

ous species showed that E178 was conserved among numerous spe-

cies, while the last 20 amino acids were not as conserved (Figure 1D).

3.4 | MIC26 variant is highly unstable, yet minute
amounts of the remaining protein can localize to
mitochondria and interact with other MICOS proteins

To determine how MIC26 mutant variant affects the localization and

molecular function of MIC26, we generated a plasmid for expression
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of the human MIC26 mutant variant tagged with GFP, for easy

visualization and detection, using site-directed mutagenesis along

with WT human MIC26 gene. MIC26WT-GFP or MIC26MUT-GFP

were overexpressed in HeLa cells and visualized using fluorescence

confocal microscopy. As expected, MIC26WT-GFP was present in

mitochondria shown by co-localization of GFP signal with mitochondrial

F IGURE 1 A novel missense
mutation in MIC26 causes severe
mitochondrial disease with
progeria-like symptoms.
(A) Pedigree shows that two
patients were born in a non-
consanguineous marriage. (B)
Images of Patient 1 showing
symptoms of suggestive cutis

marmorata telangiectatica from
appearance of blood vessels.
Partial syndactyly of the 2nd and
3rd toes, wrinkled palms are
shown in insets. (C) Exome
sequencing revealed a point
mutation in MIC26 gene which
replaces a glutamate (E) at
position 178 to a stop codon
which causes immature
termination and results in a
truncated protein lacking last
20 amino acids. (D) Multiple
sequence alignment of MIC26
shows that the C-terminal region
is not as conserved, however the
glutamate E178 is conserved
among various species. [Colour
figure can be viewed at
wileyonlinelibrary.com]
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matrix-targeted mCherry (Mito-mCherry). However, the GFP signal

from MIC26MUT-GFP was very low and barely visible (Figure 2A), still

upon enhancing the contrast, MIC26MUT-GFP was also found to be

localized to mitochondria (Figure 2B). These results indicated that

MIC26 variant is somehow unstable, yet small amounts of remaining

MIC26 protein can localize to mitochondria. We further checked the

steady-state expression levels of MIC26MUT-GFP using western blot

analysis and found that the levels of MIC26MUT-GFP were very low

compared to MIC26WT-GFP (Figure 2C) implicating that the trunca-

tion of last 20 amino acids of MIC26 makes it highly unstable and

prone to degradation. As the truncated MIC26 variant could localize

to mitochondria, we asked whether it can still interact with other

MICOS components and/or can incorporate in the MICOS complex.

Co-immunoprecipitation experiments were performed by overexpres-

sing MIC26WT-GFP or MIC26MUT-GFP in HAP1 MIC26 KO cells using

anti-GFP antibody. Large amounts of isolated mitochondria were used

as an input in these experiments to overcome the problem of low

levels of MIC26 mutant variant. Despite very low expression, we

detect that most of the MICOS proteins could be eluted with MIC26

mutant variant indicating the ability of MIC26 variant to interact with

MICOS components (Figure 2D). Overall, we conclude that the MIC26

mutation reported here makes the protein very unstable in such a

way that most of the mutant protein is either degraded or lost, how-

ever the remaining minute amounts of protein are able to localize to

mitochondria and bind to other MICOS components.

3.5 | MIC26 variant shows “loss-of-function”
phenotypes similar to MIC26 knockout

In view of lack of material from the patients, we decided to generate a

cell line that exclusively expresses the MIC26 mutant variant and can

be used to assess the pathogenic effect of MIC26 mutation on the

cells. For this, we stably expressed untagged MIC26WT or MIC26MUT

in the HAP1 MIC26 KO cells, and named them as control-mimic or

patient-mimic cell line respectively for convenience in this manuscript

(Figure 3A). The HAP1 WT and MIC26 KO cells expressing the empty

vector (ev) were also generated for comparison as control cells.

Western blot analysis shows that MIC26 patient-mimic cells lack the

full-length MIC26 protein confirming our previous observation that

the MIC26 mutant variant is unstable and mostly degraded

(Figure 3A). The steady-state levels of other MICOS proteins remain

unaltered except for MIC27 which show higher levels in patient-

mimic cell lines as well as in the MIC26 KO cells (Figure 3A) com-

pared to control cell lines. This can be explained due to the antago-

nistic regulation between MIC26 and MIC27 as described earlier.38,40

As MIC26 is virtually absent in patient-mimic cells, the MIC27 levels

are increased concomitantly implying that the truncated MIC26 is

either not fully functional or not in sufficient amount or both. We

previously showed that MIC26 and MIC27 are dispensable for the

incorporation of other MICOS subunits into the MICOS complex.40

This means that the MICOS subcomplexes can be stabilized despite

the absence or reduction of MIC26 in patient-mimic cells.

Next, we analyzed the effect of MIC26 mutant mitochondrial

ultrastructure and cristae morphology using electron microscopy.

Control-mimic cell expressing a wild type version of the MIC26 con-

tained lamellar shaped cristae (Figure 3B). Patient-mimic cells showed

highly aberrant cristae structures that were reminiscent of MIC26 KO

cells. These cristae were arranged as stacks as many of them lacked

CJs (Figure 3B). Similar cristae structures were seen in MIC26 KO

cells. Usually, mitochondrial fragmentation within a cell is associated

with mitochondrial dysfunction and acts as an indicator of mitochon-

drial stress. We analyzed the mitochondrial morphology in all the cell

lines by overexpressing mitochondrially targeted GFP (Mito-GFP) to

visualize mitochondria. Patient-mimic cells show highly fragmented

mitochondria and the extent of fragmentation was similar to that

found in MIC26 KO cells, indicating that the patient-mimic cells show

loss-of-function phenotypes (Figure 3C,D). The levels and assembly of

RCCs complexes as analyzed by blue native gel electrophoresis were

similar in all the cell lines, indicating no severe defects (Figure S1).

Overall, we found that the phenotypes of patient-mimic cells were

similar to MIC26 KO w.r.t., mitochondrial as well as cristae morphol-

ogy. We conclude that the MIC26 mutation is a loss-of-function

mutation.

4 | DISCUSSION

Here, we report a lethal mitochondrial disease due to a nonsense muta-

tion in APOO/MIC26 which showed an overall progeria-like phenotypes

including suggestive cutis marmorata telangiectatica, wrinkled palms

and sole skin. MIC26 is a nuclear-encoded mitochondrial protein

involved in maintaining mitochondrial membrane architecture. MIC26

with its orthologous partner MIC27 is required for the formation of

CJs, stability of respiratory chain (super) complexes, integrity of F1FO

ATP synthase complexes and cellular respiration.40 Aberrant cristae

and fragmented mitochondria accumulated in patient-mimic cells,

TABLE 1 Peripheral blood immune profile of patient 1 showed
marked decrease in B-lymphocytes and T-lymphocytes.

Parameter Percent Value/absolute count

CD3+ 57.39 1403.83

CD3 + CD8+ 14.08 344.35

CD3 + CD4+ 38.64 945.11

CD3 + CD4 + CD8+ 0.19 4.61

CD16 + CD56+ 20.00 489.16

CD19+ 11.98 293.00

CD45+ 2446.10

CD4/CD8 ratio 2.74

Note: Multiple gates on the peripheral blood using CD45 expression reveal

a moderate decrease in total CD3 positive T-cell levels (moderate

decrease in CD4 positive T-cells and marked decrease in CD8 positive

T-cells with CD4/CD8 ratio of 2.74), associated with a marked decrease in

total CD19 positive B-cells levels and adequate natural killer cells (CD16

+ CD56+) levels.
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providing a strong link between mitochondrial function and progression

of the observed progeria-like lethal mitochondrial disease. Typical

“Progeria” disease known as Hutchinson-Gilford syndrome (HGPA)

occurs due to single gene mutation in nuclear gene Lamin A causing

aberrant nuclear structure and cell division. Moreover, dysfunctional

mitochondria with fragmented morphology, low membrane potential

F IGURE 2 Mutant variant of MIC26 is highly unstable and prone to degradation. (A) The images of HeLa cells overexpressing MIC26WT-GFP
or MIC26MUT-GFP represented in the rainbow LUT color coding where blue represents very low intensity and red represents high intensity
pixels. It shows that the MIC26MUT-GFP has very low expression compared to MIC26WT-GFP. Scale bar 10 μm. (B) HeLa cells overexpressing
MIC26WT-GFP or MIC26MUT-GFP were also transfected with mitochondrial-targeted mcherry (Mito-mCherry). MIC26WT-GFP as well as the
MIC26MUT-GFP were localized to the mitochondria as shown by colocalization of GFP and mCherry signal. Note that MIC26MUT-GFP was
enhanced so that the signal is visible. Scale bar 5 μm. (C) Representative western blots of HeLa cells overexpressing MIC26WT-GFP or
MIC26MUT-GFP show that MIC26MUT-GFP was expressed in minute amounts or perhaps unstable. (D) MIC26WT-GFP or MIC26MUT-GFP was
expressed in MIC26 KO and a coimmunoprecipitation (co-IP) was performed using anti-GFP antibody. Huge amounts of mitochondrial samples
were taken in these experiments to overcome the problem of very low initial amounts of MIC26MUT-GFP. Despite the low amount of expression,
MIC26MUT-GFP could bind to other MICOS components (N = 3). [Colour figure can be viewed at wileyonlinelibrary.com]
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and respiratory capacity, high ROS levels and low PGC1a levels also

accumulated in Progeria.44,45 Recently, null mutations in Metaxin-2

were found in progeroid disorder mandibuloacral dysplasia.46

Metaxin-2 and MIC26 are part of a large protein complex called mito-

chondrial intermembrane space bridge complex (MIB) which help in

shaping the mitochondrial cristae. Fibroblasts derived from patients

harboring Metaxin-2 null-mutations showed altered nuclear morphol-

ogy indicating a relationship between mitochondrial function and

nuclear stability. This relationship is also reinforced in mutator mouse

model which contains mtDNA mutations and shows similar nuclear

genome instability as observed in progeric cells.47

Surprisingly, the female progeny despite the similar genetic back-

ground as her mother manifested a very severe phenotype, while the

mother was only a carrier of the mutation. X-linked diseases manifest

in males, but very rarely in females as they act as carrier of the variant.

This occurs due to a phenomenon of X chromosome dosage compen-

sation, called X inactivation where one of the X-chromosomes is

silenced in a random manner to compensate for the differences in

number of X chromosome in males and females. However, in very rare

cases, a female can manifest a pathogenic variant if their X chromo-

some inactivation pattern is skewed such that the majority of their nor-

mal allele is not expressed. In fact, a study reporting the first MIC26

F IGURE 3 MIC26 mutation
behaves as a loss-of-function
mutation. (A) Representative
western blot for HAP1 WT,
MIC26 KO + ev, MIC26 KO +

MIC26WT (control-mimic), MIC26
KO + MIC26MUT (patient-mimic)
for MICOS proteins. MIC26 is lost
in patient-mimic cell lines

accompanied by increase in
MIC27. This is similar to MIC26
KO. (B) Representative electron
microscopy images of four cell
lines, HAP1 WT, MIC26 KO + ev,
MIC26 KO + MIC26WT (control-
mimic), MIC26 KO + MIC26MUT

(patient-mimic). While HAP1 WT
and control-mimic cells show
normal lamellar cristae structure,
perturbed cristae with
accumulation of cristae stacks in
the mitochondria which lack
crista junctions were present in
MIC26 KO + MIC26MUT (patient-
mimic) as well as MIC26 KO cells.
(C) Representative images of
mitochondrial morphology in the
following cells: HAP1 WT, MIC26
KO + ev, MIC26 KO + MIC26WT

(control-mimic), MIC26 KO +

MIC26MUT (patient-mimic). HAP1
WT and control-mimic cells show
normal tubular distribution, but
both MIC26 KO and patient-
mimic cells display accumulation
of fragmented mitochondria.
(D) Bar graph showing the
quantification of mitochondrial
morphology from three
independent experiment (N = 3)
with each experiment having 40–
75 cells from each cell line.
[Colour figure can be viewed at

wileyonlinelibrary.com]
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patient mutation also showed such skewed pattern of inheritance in

females.43

MIC26 is transmembrane protein that resides in the inner mem-

brane which contains a signal sequence, required for import into the

mitochondria, and a conserved ApoO domain containing a hydropho-

bic domain.38 The MIC26 mutation occurs due to a single nucleotide

mutation that causes the glutamate (E) residue to change to a stop

codon leading to premature termination of translation and generation

of a truncated protein lacking last 20 amino acids. No specific domain

has been assigned to the last 20 amino acids of MIC26 (Figure 1D),

however we show that the MIC26 mutant variant which lacks last

20 amino acids is highly unstable indicating faster degradation com-

pared with the WT counterpart. Degradation could possibly take place

after import into mitochondria or at the RNA level, however, the

mechanism of degradation is not yet investigated. The minute

amounts of the remaining MIC26 protein which escaped degradation

could localize into mitochondria and also form a complex with other

MICOS components. However, it was not sufficient to restore the

MIC26 defects and the mutation behaved as a loss-of-function muta-

tion. The previous described mutation in MIC26 with the variant

c.350T>C was shown to induce a missense mutation I117T in the pre-

dicted transmembrane domain of MIC26.43 The mutation caused

impaired processing of MIC26 during import and therefore reduced

incorporation into the inner membrane. However, overall, the pheno-

types of patients were mild with variable range of clinical presentation

and severity among the patients that carry this mutation.

MIC26 KO cells as well as patient-mimic cells showed no drastic

defect in the levels and assembly of the RCCs. In a previous publication

as well, we showed normal RCCs assembly and respiration in MIC26

KO.40 Only upon deletion of both MIC26 and MIC27, we found drastic

defects in RCCs stability and respiration. Although the scenario could be

different in the patient tissues, the general RCCs assembly patterns in

cell culture conditions might not reflect the pleiotropic nature of mito-

chondrial diseases. Differences have been observed in mitochondrial

function and activity depending on the kind of sample analyzed, for

example, 50% of patients with RCCs defects in muscle biopsies show

normal activities in skin fibroblast cultures.48

Since its discovery, the importance of MICOS components is

growing as more and more pathologies are associated with it. Altered

levels of MICOS proteins are associated with human diseases like

epilepsy, Down's syndrome, Parkinson's disease, diabetes, and cardio-

myopathy.30 Mutations in MICOS13/MIC13 cause severe form of mito-

chondrial encephalopathy with liver dysfunction.49,50 IMMT/MIC60

mutations were found in Parkinson's disease patients51 and mitochon-

drial developmental encephalopathy with bilateral optic neuropathy.52

What is surprising is that different proteins as well as different muta-

tions of various MICOS proteins manifest into vastly different pheno-

types and syndromes. This shows the importance of mitochondrial

membrane structure for proper health and functionality.
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