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ABSTRACT

Leigh syndrome is a mitochondrial disease caused by pathogenic variants in over 85
genes. Whole exome sequencing of a patient with Leigh-like syndrome identified
homozygous protein-truncating variants in two genes associated with Leigh
syndrome; a reported pathogenic variant in PDHX (NP_003468.2:p.(Arg446*)), and
an uncharacterized variant in complex | (Cl) assembly factor TIMMDCL1
(NP_057673.2:p.(Arg225*)). The TIMMDC1 variant was predicted to truncate 61
amino acids at the C-terminus and functional studies demonstrated a hypomorphic
impact of the variant on Cl assembly. However, the mutant protein could still rescue
Cl assembly in TIMMDC1 knockout cells and the patient’s clinical phenotype was not
clearly distinct from that of other patients with the same PDHX defect. Our data
suggest that the hypomorphic effect of the TIMMDCL protein-truncating variant does
not constitute a dual diagnosis in this individual. We recommend cautious assessment
of variants in the C-terminus of TIMMDC1 and emphasize the need to consider the
caveats detailed within the American College of Medical Genetics and Genomics

(ACMG) criteria when assessing variants.
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MAIN TEXT

The American College of Medical Genetics and Genomics (ACMG) guidelines are a
widely recognized framework for variant interpretation (Richards et al., 2015). A
predicted null variant can be classified as pathogenic or likely pathogenic by the

ACMG criteria in the absence of functional data if it is (a) in a gene where loss-of-
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function (LoF) is an established mechanism of disease (PVS1), (b) present at
extremely low frequency in controls (PM2), and (c) predicted to be pathogenic by
multiple in silico analyses (PP3). However, caution is advised for the application of
criterion PVS1 to nonsense variants predicted to escape nonsense-mediated decay
(NMD) according to the “50-bp rule’ (Nagy & Maquat, 1998). This caveat is not listed
in the table detailing the criteria, or within the ClinGen Pathogenicity Calculator used
to apply the ACMG guidelines (Patel et al., 2017), but rather relies on the assessor

being familiar with the caveats for each criterion.

Leigh syndrome (MIM# 256000) is the most common pediatric presentation of
mitochondrial disease (Lake, Compton, Rahman, & Thorburn, 2016). It can be caused
by mutations in over 85 genes encoding proteins required for the activity of either
oxidative phosphorylation (OXPHOS) or pyruvate dehydrogenase (PDH) complexes
(Lake et al., 2016; J. Rahman, Noronha, Thiele, & Rahman, 2017). Here we report a
patient diagnosed with Leigh-like syndrome, characterized by persistent lactic
acidosis, seizures, spastic quadriplegia, and neuroradiological abnormalities (Supp.
Table S1). Whole exome sequencing identified homozygous nonsense variants in two
genes, PDHX and TIMMDC1, where recessive LoF mutations are a known cause of
Leigh syndrome (Ivanov et al., 2014; Kremer et al., 2017). These were a reported
pathogenic variant in PDH subunit PDHX (GRCh37 chr11:35016549C>T;
NM_003477.2:¢.1336C>T; NP_003468.2: p.(Arg446*)) (Ivanov et al., 2014) and an
uncharacterized variant in OXPHOS complex I (Cl) assembly factor TIMMDC1
(GRCh37 chr3:119236128C>T; NM_016589.3:¢.673C>T;
NP_057673.2:p.(Arg225%)). The TIMMDCL p.(Arg225*) mutation was a strong
candidate disease-causing variant that could potentially be classified as pathogenic or

likely pathogenic by the ACMG guidelines (PVS1, PM2 and PP3). Whole exome
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sequencing of cohorts has shown that up to 7% of patients may have dual or blended
phenotypes caused by mutations in two or more genes (Balci et al., 2017). Cognizant
therefore of the possibility of our patient having two monogenic disorders, we
performed functional studies to determine if the TIMMDCL p.(Arg225*) variant had a

damaging effect on protein function.

The p.(Arg446*) variant in PDHX is a founder mutation reported to cause PDH
deficiency and Leigh syndrome in the European Roma population (lvanov et al.,
2014). The variant was confirmed in the patient by Sanger sequencing (Supp. Figure
Sla). Parental samples were unavailable. A dipstick enzyme assay revealed that PDH
activity in patient fibroblasts was reduced by 95% relative to the mean control
measurement (Figure 1a), confirming PDH deficiency. Screening of the TIMMDC1
€.673C>T variant in 16 reported individuals homozygous for the PDHX p.(Arg446*)
variant and of Roma ancestry (Ivanov et al., 2014) revealed none had the TIMMDC1

variant.

The TIMMDCL ¢.673C>T, p.(Arg225*) nonsense variant causes C-terminal
truncation of 61 amino acids. The variant was confirmed in the patient by Sanger
sequencing (Supp. Figure S1b) and is reported in the Genome Aggregation Database
(gnomAD) (2 of 246,016 alleles examined, no homozygotes) and dbSNP
(rs149481081). The variant has been submitted to ClinVar
(http://www.ncbi.nlm.nih.gov/clinvar/) under accession number SCV000778864.
Although the truncated protein encoded by the TIMMDCL1 p.(Arg225%*) variant would
retain its conserved transmembrane domains, most of the C-terminal mitochondrial
matrix domain is lost, including many conserved residues (Figure 1b and Supp. Figure

S2). The TIMMDC1 p.(Arg225%*) variant was predicted as ‘Disease Causing’ by
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MutationTaster (probability value 0.999) (Schwarz, Cooper, Schuelke, & Seelow,
2014), in the top 0.1% most deleterious substitutions by the Combined Annotation
Dependent Depletion (CADD) tool (PHRED score 35) (Kircher et al., 2014), and as a
recessive disease-causing variant by the Annotation of Loss-of-Function Transcripts
(ALOFT) method (Recessive score 0.72) (Balasubramanian et al., 2017). Since the
TIMMDC1 ¢.673C>T variant lies in the penultimate exon and <50 bps from the last
exon junction, the mutant transcript is predicted to escape NMD (Nagy & Maquat,
1998). Analysis of PCR products synthesized from control and patient fibroblast
cDNA confirmed the stability of the TIMMDC1 ¢.673C>T transcript (Supp. Figure
S3). Immunoblotting of fibroblast lysates using an antibody recognizing a C-terminal
region of TIMMDC1 showed no detectable protein, while an antibody recognizing an
N-terminal region of TIMMDCL revealed that the truncated p.(Arg225%*) protein is

stable (Figure 1c).

Since TIMMDCL is a Cl assembly factor (Sanchez-Caballero, Guerrero-Castillo, &
Nijtmans, 2016), we sought to determine whether the C-terminal truncation caused
defective CI assembly. The steady-state level of assembled ClI in fibroblasts from the
patient was mildly reduced relative to control, as demonstrated by BN-PAGE (Figure
2a). A dipstick enzyme assay revealed partial (35%) reduction of CI activity (relative
to complex 1V activity) in patient fibroblasts, relative to the average of three controls
(Figure 1a). Spectrophotometric analysis of OXPHOS enzymes in a pathology-
certified diagnostic laboratory found that Cl activity in patient fibroblasts was 33%
lower than the control mean relative to citrate synthase (31% lower than control mean
relative to complex 1V), however this value was within the control reference range
determined from thirty-five controls (Supp. Table S2). Immunoblotting of several CI

subunits and assembly factors demonstrated that most were present in the patient
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fibroblasts at levels comparable to control, although subunits NDUFS5 and MT-ND1
were present at approximately half the level of control (Figure 2b and Supp. Figure
S4). Finally, complementation studies were performed using TIMMDC1 knockout
HEK293T cells to determine if the truncated TIMMDCL1 protein could facilitate CI
assembly. Remarkably, overexpression of the TIMMDCL1 p.(Arg225*) mutant or
wild-type protein in TIMMDC1 knockout cells showed comparable restoration of Cl

assembly (Figure 2c).

To determine if the clinical presentation of our patient was consistent with that
observed for the homozygous PDHX p.(Arg446*) mutation, we compared the clinical
features against the 23 published cases (Supp. Table S1). This revealed that the
patient’s age of onset, survival and clinical features were consistent with the reported
patients, and thus not suggestive of a blended phenotype resulting from an additive
effect of two monogenic disorders. The consistency of clinical features, in
combination with our functional data, mean that we found no reason to conclude that
the TIMMDC1 p.(Arg225%*) variant is contributing significantly to the patient’s
phenotype. Closer examination of TIMMDC1 variants reported in gnomAD revealed
that 50% of all nonsense and frameshift variants lay downstream of the p.(Arg225%*)
variant in the last 20% of the coding region (Supp. Table S3 and Figure 1b), implying

that the C-terminus is more tolerant of these variant types at a population level.

Pathogenic variants in TIMMDC1 have only recently been reported, where a
homozygous intronic splicing variant resulting in LoF (c.596+2146A>G;
p.(Gly199 Thr200ins5*)) was identified in three unrelated individuals with ClI
deficiency and early-onset encephalopathy, including one patient diagnosed with

Leigh syndrome (Kremer et al., 2017). Here we report the characterization of a
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nonsense variant in TIMMDCL1 (c.673C>T; p.(Arg225%*)). In the absence of functional
data, there were multiple lines of evidence supporting the prediction of pathogenicity
of the TIMMDCL1 p.(Arg225*) variant, which could have enabled a classification of
pathogenic or likely pathogenic by the ACMG criteria (PVS1, PM2 and PP3) if
supported by functional studies. Our functional analyses of the TIMMDC1 variant
demonstrate the need for caution in selecting appropriate functional tests for
validation of protein truncating variants. For example, immunoblotting with two
different antibodies gave markedly different results; if it had not been recognised that
one was raised to a C-terminal epitope, the results in Figure 1C could have been
interpreted as providing support for loss of function, substantiating application of the

PVS1 criterion.

Overall, our functional studies suggest the TIMMDCL1 p.(Arg255%*) variant is a
hypomorphic allele. Immunoblotting data showed that C-terminal truncation of
TIMMDCL1 may slow the incorporation of subunits NDUFS5 and MT-ND1 into Cl,
consistent with the proposed role of TIMMDCL1 in CI assembly (Guarani et al., 2014;
Sanchez-Caballero et al., 2016); however, this appeared to have little overall impact
on CI assembly. Levels of assembled CI were only mildly reduced in patient
fibroblasts relative to control, in contrast to the near complete loss of assembled Cl
seen in fibroblasts from the reported patients with pathogenic TIMMDCL variants
(Kremer et al., 2017). Furthermore, ClI activity in patient fibroblasts measured by

diagnostic spectrophotometric enzyme assays was within the control reference range.

Since only fibroblasts were available from the patient, we cannot exclude the
possibility that the TIMMDC1 mutation has a tissue-specific impact on CI. However,

the identification of the homozygous PDHX p.(Arg446*) variant and PDH deficiency
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in the patient appears to adequately explain all aspects of the clinical presentation,
given that the age of onset, disease course and neuroradiological abnormalities are
consistent with those observed in reported patients. The truncated TIMMDCL1 protein
retains all four conserved transmembrane domains, which could explain the
hypomorphic nature of the p.(Arg225%*) variant. The relative dispensability of
TIMMDCL’s C-terminus may be further supported by the observation that the C-
terminus of TIMMDC1 is enriched with protein-truncating variants at a population
level. Although nonsense mutations are often referred to as LoF or null variants, this
study supports the term “protein-truncating’ variant being a more accurate description

(Rivas et al., 2015).

In finalizing our classification of the TIMMDCL p.(Arg225*) variant, we noted that
the homozygous PDHX mutation provides an alternate molecular basis for disease
given the clinical phenotype was indistinguishable from other patients with the
homozygous PDHX p.(Arg446*) variant, satisfying BP5 criterion. Patient fibroblasts
showed relatively minor impact on Cl enzyme activity and Cl assembly compared to
findings in fibroblasts from patients with pathogenic TIMMDCL variants. Together
with the rescue results of Cl assembly in TIMMDC1 knockout cells by overexpression
of the mutant p.(Arg225*) protein, it could be argued that these data warrant a strong
benign support (BS3) criterion for functional studies in the ACMG guidelines. This
would result in an overall classification of likely benign. However, on balance we
took the more conservative view that the functional data provide only moderate rather
than strong support for benign impact, in acknowledgement that there is evidence of a
hypomorphic impact, that an overexpression system may not wholly reflect
endogenous expression, and that a tissue-specific effect cannot be excluded. The

presence of both benign and pathogenic evidence (BS3 downgraded to moderate
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weight, BP5, PM2, and PP3) support a classification of the TIMMDCL p.(Arg225*)

variant as being of uncertain significance.

Discussion between molecular diagnostic laboratories on the ACMG criteria led to
several suggestions for modification, including that criteria PVS1 should not be
applied to variants that are predicted to escape NMD (Amendola et al., 2016). Our
study emphasizes that cautious assessment of nonsense variants predicted to escape
NMD is warranted, and highlights the importance of functionally characterizing a
novel variant prior to concluding pathogenicity. It also demonstrates that different
functional studies can provide different levels of evidence for and against
pathogenicity. It has been suggested that most rare missense variants are deleterious
in humans (Kryukov, Pennacchio, & Sunyaev, 2007), however, most do not appear to
be causing severe, penetrant monogenic disease. Hence it is not surprising that for
hypomorphic variants, whether missense, protein-truncating or affecting splicing, in
vitro functional data will not necessarily provide clear distinction between a
pathogenic or benign clinical impact. We therefore recommend caution when
assessing putative pathogenic variants in the C-terminus of TIMMDCL. Given that up
to 7% of patients undergoing exome sequencing are thought to have two monogenic
disorders (Balci et al., 2017), careful assessment of variant pathogenicity where
multiple putative genetic diagnoses are identified is warranted, as misclassification
can impact patient management, genetic counseling, prenatal diagnosis, and the

diagnosis of subsequent unrelated patients.

Finally, it is well known that mitochondrial disorders often show variability in age of
onset, survival and the range of symptoms. This occurs even in affected siblings and

patients with homozygous founder mutations, as seen in patients with homozygous
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mutations in PDHX, PET100, POLG and SURF1 (lvanov et al., 2014; Lim et al.,
2014; Neeve et al., 2012; Wedatilake et al., 2013). Some of this variability can be
attributed to environmental factors such as intercurrent infections or exposure to drugs
such as valproate or aminoglycosides (Parikh et al., 2017; Wedatilake et al., 2013).
Genetic and epigenetic modifiers will also contribute to clinical variability of
mitochondrial disorders but it is difficult to identify modifier genes in rare diseases
(Neeve et al., 2012). It is possible that the presence of hypomorphic variants such as
the TIMMDC1 p.(Arg225%*) variant could have a negative or positive modifier effect
that contributes to clinical variability in patients with mitochondrial disease. However,
the absence of the TIMMDC1 p.(Arg225%*) variant in 16 of 16 other reported PDHX
patients and the comparable clinical features in our patient compared to them suggest
that this variant is unlikely to contribute substantially to clinical variability of PDHX

disease.
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FIGURES

Figure 1. Identification of pyruvate dehydrogenase deficiency and truncated
TIMMDCL protein in patient fibroblasts. a. yruvate dehydrogenase (PDH), complex |
(CI) and complex 1V (CIV) activities were measured in fibroblasts from controls, the
patient and a previously reported patient with PDH deficiency (patient 26 in the
reference) (S. Rahman et al., 1996) who is also homozygous PDHX p.(Arg446*).
PDH activity was normalized to citrate synthase (CS), and CI activity was normalized
to CIV activity. Results are presented as percent of mean control activity. The control
data represent the mean of three control cell lines (each measured in triplicate) +
SEM, while the patient data are represented as the mean of triplicate measurements. b.
Schematic diagram depicting the TIMMDCL1 protein. The black regions represent the
four transmembrane domains, and the grey dashes represent the exon junctions. The
corresponding amino acid number of each exon junction is described. The
p.(Arg225*) variant identified in the patient is denoted. Other exonic nonsense or
frameshift variants leading to premature protein truncation of TIMMDCL reported in
the Genome Aggregation Database are shown (circle symbols); these variants are
provided in Supp. Table S3. The protein sequence alignment of human TIMMDCL1
with its homologs in 8 other vertebrate species illustrates the conservation of the C-
terminus missing from the p.(Arg225*) truncated protein in the patient. Asterisk (*),
colon (:), and period (.) indicate amino acids that are identical, strongly similar, and
weakly similar, respectively. c. SDS-PAGE western blot of TIMMDCL in fibroblasts
using an antibody targeting the N-terminus (amino acids 1-100) identified the
truncated p.(Arg225*) protein in the patient, while no signal was detected in the
patient when an antibody targeting the C-terminus of TIMMDC1 (amino acids 212-
284) was used. Complex Il subunit SDHA represents the loading control. The first
lane represents the protein ladder. Expected size of wild-type and TIMMDC1
p.(Arg225*) protein is 32 kDa and 25 kDa, respectively.
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Figure 2. Characterizing the effect of the TIMMDCL1 p.(Arg225%*) variant on complex
I assembly. a. BN-PAGE western blot of fibroblast protein showed a mild reduction
of complex | (detected using antibody against NDUFAD9) in the patient (P) relative to
control (C). Levels of complex 111 (UQCRC1) and complex IV (COXIV) in the
patient were comparable to control. Complex Il (SDHA) is indicative of loading. b.
SDS-PAGE western blot of protein from fibroblasts showing protein levels of
complex I subunits (MT-ND1, NDUFS2, NDUFS3, NDUFS5, NDUFA9 and
NDUFB6) and complex | assembly factors (ACAD9, ECSIT, NDUFAF1 and
NDUFAF4) in the patient and a control; subunits NDUFS5 and MT-ND21 were most
reduced in the patient relative to control. An antibody targeting the C-terminus of
TIMMDCL1 (amino acids 212-284) was used. Complex Il subunit SDHA was used as
a loading control. c. BN-PAGE western blot of control and TIMMDCL1 knockout
HEK293T cells expressing wild-type or TIMMDCL p.(Arg225*) protein with C-
terminal FLAG-tag. Overexpression of the wild-type and TIMMDCL1 p.(Arg225%*)
mutant protein restored complex | assembly equally in TIMMDC1 knockout cells. An
antibody against NDUFA9 was used to detect complex I. SDS-PAGE western blot
using an anti-FLAG antibody was used to confirm expression of the FLAG-tagged
TIMMDCL1 proteins. Expected size of the FLAG-tagged wild-type and TIMMDCL1
p.(Arg225*) protein is 33.2 kDa and 26.1 kDa, respectively. Complex Il subunit
SDHA is indicative of loading.
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