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Deliverable description and summary
Technical report on new disease entities that were identified using multi-omic data analysis performed
on 100 samples. We successfully identified and validated several novel pathomechanisms. This
deliverable was submitted timely and on schedule.

Background
Workpackage 7 aims at the identification of pathogenic variants in patients with suspected
mitochondrial disorder by integrated analysis of exome, transcriptome, genome and metabolome
datasets using existing and newly developed statistical methods, such as those developed in WP 3.

Research progress
During the second reporting period, we leveraged on the benchmarking database created in the first
reporting period and used it together with available knowledge about mitochondrial disorders and
functions to prioritize potential disease causing genetic variants in the three novel disease genes
FARSB, C1QBP and PPCS and in the known mitochondrial disease gene, GFM2. Functional validation
using patient cells and a mouse model has proven the pathogenic character of the variants identified
in FARSB, C1QBP and PPCS and expanding the clinical phenotypes associated with GFM2 variants (Xu
et al., 2018, Feichtinger et al., 2017, Iuso et al., 2018, Glasgow et al., 2017). C1QBP deficiency
represents a novel mitochondrial disease pathomechanism due to impaired quality control of
mitochondrial proteins (Feichtinger et al., AJHG 2017). FARSB represents a known cytosolic tRNA
synthetase and deficiency secondarily affects mitochondrial bioenergetics in mutation carriers (Xu et
al., AJHG 2018). PPCS is an important enzyme for the synthesis of Coenzyme A. The identification of
the mutations in this gene led to specific treatment for affected individuals still alive aiming at
supplementation of the essential Coenzyme. Early results indicate improved heart function but larger
studies are necessary to evaluate treatment strategies (Iuso et al., AJHG 2018).
Our second focus was, in the further development and testing of new tools for the integrative analysis
of genomic, transcript and metabolic information. Therefore, we selected 200 fibroblast cell lines
without diagnosis after exome or genome sequencing, measured mitochondrial bioenergetic activity
and performed RNA sequencing. The application of the newly developed open-source software
OUTRIDER (see WP 3, Kremer et al., 2017 and Brechtmann et al. 2018) for the combined analysis of
genomic and expression data allowed us to further improve the diagnostic rate. The analysis of the
first batch of 100 samples is described in the paper Genetic diagnosis of Mendelian disorders via RNA
sequencing (Kremer et al., 2017). Following this approach, we continued to validate candidates and
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increased the diagnostic rate to 15% within the first batch and close to 10% in the second batch of 100
cases using an improved pipeline including OUTRIDER. The approach of multi-omics in diagnostics is
well recognized, was presented on several conferences (ASHG2017, ESHG2018, SSIEM2018) and in two
recent reviews from the group (Stenton and Prokisch 2018, Kremer et al., 2018).
In order to prioritize candidate genes, we were interested in genes, whose expression is correlating
with the bioenergetic capacity in fibroblast cell lines. To this end, we developed a statistical method
to provide accurate estimates of mitochondrial respiration activities in WP3 (Yépez et al., 2018). In
addition to known factors involved in bioenergetics, we also identified orphan genes with unknown
function correlating with maximal respiration. Currently, we are analyzing these genes for rare genetic
variants.
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Copyright: © 2018 Yépez et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.
Funding: This study was supported by the German
Bundesministerium für Bildung und Forschung
(BMBF) through the German Network for
mitochondrial disorders (mitoNET, 01GM1113C to
HP), the E-Rare project GENOMIT (01GM1207 to
HP), the Juniorverbund in der Systemmedizin
‘mitOmics’ (FKZ 01ZX1405A JG, LW and VAY), the
DZHK (German Centre for Cardiovascular

The accurate quantification of cellular and mitochondrial bioenergetic activity is of great
interest in medicine and biology. Mitochondrial stress tests performed with Seahorse Bioscience XF Analyzers allow the estimation of different bioenergetic measures by monitoring
the oxygen consumption rates (OCR) of living cells in multi-well plates. However, studies of
the statistical best practices for determining aggregated OCR measurements and comparisons have been lacking. Therefore, to understand how OCR behaves across different biological samples, wells, and plates, we performed mitochondrial stress tests in 126 96-well
plates involving 203 fibroblast cell lines. We show that the noise of OCR is multiplicative,
that outlier data points can concern individual measurements or all measurements of a well,
and that the inter-plate variation is greater than the intra-plate variation. Based on these
insights, we developed a novel statistical method, OCR-Stats, that: i) robustly estimates
OCR levels modeling multiplicative noise and automatically identifying outlier data points
and outlier wells; and ii) performs statistical testing between samples, taking into account
the different magnitudes of the between- and within-plate variations. This led to a significant
reduction of the coefficient of variation across plates of basal respiration by 45% and of maximal respiration by 29%. Moreover, using positive and negative controls, we show that our
statistical test outperforms the existing methods, which suffer from an excess of either false
positives (within-plate methods), or false negatives (between-plate methods). Altogether,
this study provides statistical good practices to support experimentalists in designing, analyzing, testing, and reporting the results of mitochondrial stress tests using this high throughput platform.
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Introduction
Mitochondria are double-membrane-enclosed, ubiquitous, maternally inherited organelles
present in most eukaryotic cells [1]. They are known as the powerhouse of the cell [2,3] due to
their pivotal function in the cellular energy supply where adenosine triphosphate (ATP) is generated by the mitochondrial respiratory chain in a process referred to as oxidative phosphorylation. Furthermore, mitochondria are involved in regulating reactive oxygen species [4],
apoptosis [2], amino acid synthesis [5,6], cell proliferation [6], cell signaling [7], and in the regulation of innate and adaptive immunity [8]. A decline in mitochondrial function, reflected by
a diminished electron transport chain activity, is related to many human diseases ranging
from rare genetic disorders [9] to common ones such as cancer [7,10], diabetes [11], neurodegeneration [12], and aging [3]. One of the most informative tests of mitochondrial function is
the quantification of cellular respiration, since it directly reflects electron transport chain
impairment [9] and depends on many sequential reactions from glycolysis to oxidative phosphorylation [13]. One of the last steps of cellular respiration is the oxidation of cytochrome c
in complex IV, which reduces oxygen to form water. Therefore, the estimations of oxygen consumption rates (OCR) expressed in pmol/min enable drawing conclusions about the ability to
synthesize ATP and about mitochondrial function, even more than the measurements of intermediates (such as ATP or nicotinamide adenine dinucleotide NADH) and potentials [14,15].
OCR was classically measured using a Clark-type electrode, which is time-consuming, limited to whole cells in suspension and high yield, and does not allow the automated injection of
compounds [15]. In addition, experimentation with isolated mitochondria is ineffective
because the cellular regulation of mitochondrial function is removed during isolation [16]. In
the last few years, a new technology that calculates O2 concentrations from fluorescence [17]
in a microplate assay format has been developed by the company Seahorse Bioscience (now
part of Agilent Technologies) [18]. It allows simultaneous real-time measurements of both
OCR and extracellular acidification rate (ECAR) in multiple cell lines and conditions, reducing
the amount of required sample material and increasing the throughput [18,19].
Typically, OCR and ECAR are measured using the Seahorse XF Analyzer in 96-well (or
24-well) plates at multiple time steps under three consecutive treatments (Fig 1), in a procedure known as a mitochondrial stress test [20]. Under basal conditions, complexes I–IV
exploit energy derived from electron transport to pump protons across the inner mitochondrial membrane. The proton gradient generated in this manner is subsequently harnessed by
complex V to generate ATP. The blockage of the proton translocation through complex V by
injecting oligomycin represses ATP production and prevents the electron transport throughout complexes I–IV due to the unexploited gradient, thus, generating ATP-ase independent
OCR only (Fig 1A and 1B). The administration of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), an ionophor, subsequently dissipates the gradient uncoupling electron
transport from complex V activity and increasing oxygen consumption to a maximum level
(Fig 1A and 1B). Finally, mitochondrial respiration is completely halted using rotenone, a
complex I inhibitor. There is still some remaining oxygen consumption that is independent
from electron transport chain activity (Fig 1A and 1B). This approach is label-free and nondestructive, so the cells can be retained and used for further assays [21].
OCR differences in the natural scale between the various stages of this procedure lead to the
estimation of six different bioenergetic measures: basal respiration, proton leak, non-mitochondrial respiration, ATP-linked respiration, spare respiratory capacity, and maximal respiration [15,19] (Table 1). An increase in proton leak and a decrease in basal or maximal
respiration are indicators of mitochondrial dysfunction [15]. In addition, ATP-linked respiration, basal respiration, and spare capacity change in response to ATP demand, which is not
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Fig 1. Principle of the mitochondrial stress test assay. (A) Cartoon illustration of OCR levels (y-axis) versus time (x-axis). Injection of the three compounds
oligomycin, FCCP, and rotenone delimits four time intervals within each of which OCR is roughly constant. (B) Targets of each compound in the electron transport
chain. (C) Typical layout of a mitochondrial stress test 96-well plate.
https://doi.org/10.1371/journal.pone.0199938.g001

necessarily mitochondrion-related as it may be the consequence of the dysregulation of any
cellular process altering general cellular energy demand. Then, these bioenergetic measures
are typically used to test two samples or conditions against each other.
The existing literature describing the Seahorse technology addresses experimental aspects
regarding sample preparation [22,23], the number of cells to seed [23,24], and compound concentration in different organisms [13,22,25]. However, studies regarding statistical best practices for determining OCR levels and testing them against others are lacking. The sole
definition of bioenergetic measures varies between authors, as well as the number of time
points in each interval (usually three time points, but in some cases one [26], two [27], or four
or more [11]), and whether differences [6,13,28], ratios [12,29], or both [24,25] should be
Table 1. OCR ratios, abbreviations, definitions, metrics, and analogous definitions.
OCR ratios

Abbr.

Definition

ETC-dependent OCR
proportion

E/Iproportion

Proportion of OCR in the ETC with respect to the initial
OCR

Metrics
OCR1 OCR4
OCR1

¼1

expðyEi

yI Þ Basal respiration: OCR1–
OCR4

ATPase-dependent OCR
proportion

A/Iproportion

Proportion of OCR driven from ATPase proton pumping
with respect to the initial OCR

OCR1 OCR2
OCR1

¼1

expðyAi

yI Þ ATP-linked respiration:
OCR1–OCR2

ETC-dependent proportion of
ATPase-independent OCR

E/Aiproportion

Proportion of OCR in the ETC, but not driven from
ATPase proton pumping, with respect to all non ATPase
driven OCR

OCR2 OCR4
OCR2

¼1

expðyEi

yAi Þ Proton leak: OCR2–OCR4

Maximal over initial OCR fold
change

M/I-fold
change

Ratio between maximal OCR and initial OCR

OCR3
OCR1

¼ expðyM

yI Þ

Spare respiratory
capacity: OCR3–OCR1

Maximal over ETCindependent OCR fold change

M/Ei-fold
change

Ratio between maximal OCR and non-ETC driven OCR

OCR3
OCR4

¼ expðyM

yEi Þ

Maximal respiration:
OCR3–OCR4

Not defined as a ratio

NA

NA

NA

Analogous in literature

Non-mitochondrial
respiration: OCR4

Proposed definitions for cellular bioenergetics based on ratios, their abbreviations, equations to compute them and analogous measures used in the literature. OCRi and
θi correspond to the expected OCR value on time interval i in the natural and logarithmic scale, respectively (Fig 1A).
https://doi.org/10.1371/journal.pone.0199938.t001
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computed. Consequently, the comparison of results across studies is difficult. Moreover, often,
statistical power analyses for experimental design are not provided. The differences in OCR
between biological samples (e.g. patient vs. control, or gene knockout vs. WT) can be as low as
12%–30% [30–32]. Therefore, to design experiments with appropriate power to significantly
detect such differences, it is important to know the source and amplitude of the variation
within each sample, and to reduce it as much as possible.
We performed and analyzed a large dataset of 126 experiments in 96-well plate format
involving 203 different fibroblast cell lines, out of which 26 were seeded in more than one plate
(S1 Table). The large number of between-plate and within-plate replicates allowed us to statistically characterize the nature and magnitude of systematic and random variations in these
data. We developed a statistical procedure called OCR-Stats, to extract robust and accurate
oxygen consumption rates for each well, which translates into robust summarized values of the
multiple replicates within and between plates. The OCR-Stats algorithm includes automatic
outlier identification and controls for well and plate-interval effects, which led to a significant
increase in accuracy over state-of-the-art methods.
Systematic and random variations were found to be multiplicative. This motivated us to
establish bioenergetic measures based on differences in the logarithmic scale that translate into
ratios and proportions in the natural scale: ETC-dependent OC proportion, ATPase-dependent OC proportion, ETC-dependent proportion of ATPase-independent OC, and maximal
over initial OC fold change (Table 1).
Using an automatic outlier detection approach, we provide estimators for each instance
and show empirically that they are normally distributed. This permitted the use of linear
regression models for assessing the statistical significance of bioenergetic measure comparisons between two biological samples. Using positive and negative controls from individuals
known to have mitochondrial respiratory defects, we show that OCR-Stats outperforms the
currently used statistical tests, which suffer from an excess of either false positives (withinplate methods) or false negatives (between-plate methods).
Furthermore, our study provides experimental design guidance by i) showing that
between-plate variation largely dominates within-plate variation, implying that it is important
to seed the same cell lines in multiple plates, and ii) providing estimates of variances within
and between plates for each bioenergetic measure allowing for statistical power computations.
A free and pose source implementation of OCR-Stats in the statistical language R is provided
at github.com/gagneurlab/OCR-Stats.

Results
Experimental design and raw data
We measured the OCR, the ECAR, and the cell number of 203 dermal fibroblast cultures
derived from patients suspected to suffer from rare mitochondrial diseases and control cells
from healthy donors (normal human dermal fibroblasts: NHDF, Materials and methods, S1
Table). These were assayed in 126 plates, all using the same protocol (Materials and methods).
Twenty-six cell lines were grown independently and were measured in multiple plates. We will
refer to these growth replicates as different biological samples. The NHDF cell line was seeded
in all the plates for the assessment of potential systematic plate effects. The corners of each
plate were left as blank, that is, filled with media but not with cells, to control for changes in
temperature [22]. One common layout of a plate is depicted in Fig 1C, showing how each biological sample is present in many well replicates. We seeded between 3 and 7 biological samples per plate (median = 4). This variation reflects typical set-ups of experiments in a lab
performed over multiple years. Then, we used the standard mitochondrial stress test assay [20]
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leading to four time intervals, with three time points each, denoted by Int1 (before adding any
treatment), Int2 (after oligomycin), Int3 (after FCCP), and Int4 (after rotenone) (Fig 1A). In
addition, we flagged wells that did not react as expected to the treatments and discarded them
from the statistical analysis (Materials and methods).

Variations between replicates within plates
Fig 2A shows representative replicate time series, with data from 12 wells for one biological
sample in a single plate depicting commonly observed variations.
First, outlier data points occurred frequently. We distinguished two different types of outliers: entire series for a well (e.g., well G5 in Fig 2A) and individual data points (e.g., well B6 at
time point 6 in Fig 2A). In the latter case, eliminating the entire series for well B6 would be too
restrictive and would result in the loss of valuable data from the other 11 valid time points.
Therefore, methods for detecting outliers taking these two possibilities into consideration
must be devised.
Second, we noticed a proportional dependence of OCR value and standard deviation
between replicates (Fig 2B), suggesting that the error is multiplicative. Unequal variance, or

Fig 2. OCR behavior over time. (A) Typical time series replicates inside a plate. Behavior of OCR expressed in pmol/min (y-axis) of Fibro_VY_017 over time (x-axis).
Colors indicate the row and shape the column of 12-well replicates. Variation increases for larger OCR values, OCR has a systematic well effect, and there are two types
of outliers: well-level and single-point. (B) Scatterplot of standard deviation (y-axis) vs. mean (x-axis) of all three time replicates of each interval, well, and plate of OCR
of NHDF only shows a positive correlation (n = 409). (C) The same as (B) but for the logarithm of OCR, where the correlation disappears.
https://doi.org/10.1371/journal.pone.0199938.g002
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heteroscedasticity, can strongly affect the validity of statistical tests and the robustness of estimations. Therefore, we propose modeling OCR on a logarithmic scale, where the dependence
between the variance and the mean disappears (Fig 2B and 2C). The activities of respiratory
chain enzymes such as NADH-ubiquinone reductase also obey log-normal distributions [33].
Third, we observed systematic effects in OCR between wells (e.g., OCR values of well C6
are among the highest, while OCR values of well B5 are among the lowest at all the time points;
Fig 2A). Variations in cell number, initial conditions, treatment concentrations, or fluorophore sleeve calibration can lead to systematic differences between wells, which we refer to
as well effects. To investigate whether well effects could be corrected using cell number to a
large extent as in [26], we counted the number of cells after the experiments using Cyquant
(Materials and methods). As expected, the median OCR for each interval grows linearly with
cell number measured at the end of the experiment (Spearman’s rho between 0.32 and 0.47,
P < 2.2×10−16, S1A Fig). However, the relationship is not perfect, reflecting important additional sources of variations and also possible noise in measuring the cell number. Strikingly,
dividing OCR by cell count led to a higher coefficient of variation (standard deviation divided
by the mean) between the replicate wells than without that correction (S1B Fig). This analysis
showed that normalization by the division of raw cell counts is insufficient and motivated us
to derive another method to capture well effects. Finally, we found that sex does not significantly associate with OCR levels (S2 Fig), in agreement with [34].

A statistical model for OCR within plates
Building on these insights, we introduced a statistical model for OCR within plates. For a
given plate, we modeled the logarithm of OCR yw,t of well w at time point t = 1,. . .,12 as a sum
of time interval effects, well effects, and noise, that is:
yw;t ¼ ybiosampleðwÞ;intervðtÞ þ bw þ εw;t ;

ð1Þ

where θbiosample(w),interv(t) is the time interval effect of the biological sample in well w for interval interv(t) = 1,. . .,4 of time point t (Fig 1A), βw is the relative effect of well w compared to the
reference well, and εw,t is the error.
We now present the OCR-Stats algorithm. For a given plate:
1. Fit the log linear model from Eq (1) using the least squares method, which consists of minimizing ∑w∑t(yw,t − θbiosample(w),interv(t) – βw)2, thus, obtaining the estimates ^y
biosampleðwÞ;intervðtÞ

^ .
(which correspond to: θI, θAi, θM, θEi; Fig 1A) and b
w
2. For each well w and time point t in interval i, compute the log OCR well deviations:
P ^
1
^y
b , which is used to identify both the well and the sind ¼y
w;t

w;t

biosampleðwÞ;intervðtÞ

n

w

w

gle point outliers (Materials and methods, S3 Fig).
3. Identify and remove well level outliers (Materials and methods). Fit again, iteratively, until
no more are found (S3A and S3B Fig).
4. Identify and remove single point outliers (Materials and methods). Fit again, iteratively,
until no more are found (S3C and S3D Fig).
5. Compute the ratio-based metrics (Table 1), or scale back to natural scale in order to compute the bioenergetic measures [e.g.: Basal respiration ¼ expð^y Þ expð^y Þ].
1

4

Note that the well effect is modeled independently for each plate, that is, it corresponds to
the effect of a well of a given plate and not to the effect of a well position shared across plates.
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We investigated whether there were positional effects and found that OCR measurements are
lower in the edges by a median of up to 13.1% (S4A and S4B Fig). However, these positional
effects were consistent across intervals (S4A and S4B Fig). Consequently, these positional
effects are to a large extent canceled (S4C and S4D Fig) when using the metrics that we suggest
(Table 1) because they involve differences of log OCRs. One exception was row A, where
median differences of up to 2.2% were observed for the ETC-dependent OCR proportion and
for the maximal over initial OCR fold change (S4C and S4D Fig). Practitioners could avoid all
four edges and not only the four corners as typically done. However, these systematic deviations are small compared to the amplitude of biological effects typically investigated (not less
than 12%–30% [30–32]). Altogether, this approach led to coefficients of variation between
wells of the same plate of 11%, 14%, 13%, and 17% for intervals 1, 2, 3 and 4 respectively
(Materials and methods).

Variations between plates
After analyzing the OCR variation among the wells inside plates, we aimed to study the variation across multiple plates. Using data from the controls NHDF, we found that the variability
between plates in all the intervals is much larger than that between wells (S2 Table and S5 Fig).
Variations between plates can arise, for example, due to differences in temperature, seeding
time, growth time, growth medium, or sensor cartridge [13]. Moreover, treatment efficiencies
can also vary between plates, but independently from each other. For example, the concentration of rotenone may differ in one plate. That would affect the OCR measurements of all the
wells in that plate, but only in time interval 4.
Next, we investigated whether our assumption of systematic plate-interval effects held. We
indeed observed a similar increase in OCR in interval 1 on both biological samples on plate
#20140430 with respect to plate #20140428 (Fig 3A). To test whether this tendency held across
the repeated biological samples, we compared all the replicate pairings with their respective
NHDF controls and found a positive correlation in all the time intervals (Fig 3B), suggesting a
plate-interval effect. These observations show the importance of basing conclusions from
observations across multiple plates and for seeding a control cell line on every plate.

Statistical testing for the comparison of biological samples across plates
We then set up to devise a model to statistically assess difference in OCR ratios between two
biological samples across multiple plates. Since there is a remaining systematic effect across
intervals at the plate level (Fig 3C) and because of the plate-interval effects, we recommend
using ratios of OCR levels (i.e. differences in the logarithmic scale) (Table 2).
Subsequently, for any given OCR ratio (e.g., M/Ei-fold change, Tables 1 and 2), we test the
differences of the OCR log-ratios ΔΔθ of a biological sample b versus a control c using the following linear model:
DDyb;p ¼ mb þ b;p ;

ð2Þ

where ΔΔθb,p is one OCR log-ratio difference of interest (Table 2) inside a plate p. We fit this
model over our complete dataset using linear regression, thus obtaining one value m
^b per OCR
ratio and biological sample b. Then, we tested these against the null hypothesis μb = 0 to compute p-values and confidence intervals (Materials and methods). Fitting the linear model of
Equation (Eq 2) over the complete dataset gives a robust estimate of the standard deviation of
the error term. Applying this approach, we found no evidence against the normality and
homoscedasticity assumption of OCR-Stats as the quantile-quantile plots of the residuals
aligned well along the diagonal (Fig 4A and S6 Fig).
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Fig 3. Plate-interval effect. (A) Log of OCR in interval 3 (y-axis) for the cell lines #65126 and NHDF (x-axis), which were seeded in two different plates (color-coded).
The similar increase in OCR from plate #20140128 to #20140430 in both biological samples suggests that there is a systematic plate-interval effect. (B) Scatterplots of
the differences of the logarithm of OCR levels Δθ of all possible 2 by 2 combinations of repeated biological samples across experiments (y-axis) against their respective
controls (NHDF) (x-axis) showing that there is a positive correlation (I1: ρ = 0.64, P < 2.3×10−8, I2: ρ = 0.65, P < 1.2×10−8, I3: ρ = 0.52, P < 1.2×10−5, I4: ρ = 0.64,
P < 1.4×10−8), confirming a systematic plate-interval effect (n = 63). (C) Scatterplot of the difference of log OCR levels Δθ of all the biological samples vs. their
respective control (both axes) of every interval with respect to another. All the differences Δθ correlate with each other even after removing the plate-interval effect (by
subtracting control values).
https://doi.org/10.1371/journal.pone.0199938.g003

Benchmark
We applied OCR-Stats statistical testing, Extreme Differences plus Wilcoxon test within each
plate (within-plate ED), and Extreme Differences plus Wilcoxon test across plates (acrossplate ED) to obtain the M/Ei-fold change and maximal respiration (MR) of all of the 26 cell
lines that were seeded in more than one plate (Materials and methods). For every approach,
we computed p-values for significant fold changes against the controls. Six of these cell lines
are derived from patients with rare variants in genes associated with an established cellular
respiratory defect, allowing the assessment of the sensitivity (or statistical power) of each
approach (S3 Table, [35–39]). Additionally, two cell lines (#73901 and #91410) repeatedly
showed no significant respiratory defects in earlier studies and served as negative controls
[40,41].
Table 2. OCR ratio-based differences for statistical testing.
OCR ratios
E/I-proportion

Tested differences ΔΔθ
(θI,b – θEi,b) – (θI,c – θEi,c)

A/I-proportion

(θI,b – θAi,b) – (θI,c – θAi,c)

E/Ai-proportion

(θAi,b – θEi,b) – (θAi,c – θEi,c)

M/I-fold change

(θM,b – θI,b) – (θM,c – θI,c)

M/Ei-fold change

(θM,b – θEi,b) – (θM,c – θEi,c)

For each OCR ratio from Table 1, we present the differences ΔΔθ to be used when testing a biological sample b
against a control c on each plate.
https://doi.org/10.1371/journal.pone.0199938.t002
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Fig 4. Statistical testing of M/Ei-fold change patient vs. control on multiple plates. (A) Ratio of M/Ei-fold change (y-axis) of all the cell lines repeated across plates
(x-axis) and their respective controls, sorted by the p-value obtained using the OCR-Stats method. Left of the red dashed line are cell lines with significantly lower M/
Ei-fold change using OCR-Stats. Dots in orange represent biological samples with significantly lower or higher M/Ei-fold change using the ED method. Highlighted
positive (+) and negative (–) controls. (B) Similar to (A), but depicting the p-value in logarithmic scale (y-axis) using OCR-Stats. Red dashed line at P = 0.05. Dots in
red represent cell lines with significantly lower M/Ei-fold change using the OCR-Stats method. (C) Quantile-quantile theoretical (x-axis) vs. observed (y-axis) plot of
the residuals b,p of the linear model (2) applied to M/Ei-fold change. Points are lying on the diagonal as expected from normally distributed residuals.
https://doi.org/10.1371/journal.pone.0199938.g004

The within-plate ED method reported significantly higher or lower MR for 56 out of 69
(81.2%) biological samples with respect to the control (Fig 4B and S3 Table). Moreover, the
within-plate ED method reported one or more significant differences for all the 26 cell lines,
and one or more non-significant differences for 11 cell lines (Fig 4B). For two cell lines, the
within-plate ED method returned significant differences with opposite signs (cell lines #78661,
#83109, Fig 4B). These ambiguous results show the importance of testing using multiple plates
and suggest the need for a more robust approach than the within-plate ED. One approach to
evaluate samples measured in multiple plates is to perform a Wilcoxon test on the ED values
averaged per plate (across-plate ED, Materials and methods). However, this requires at least
five plate replicates in order to obtain significant results. Here, one cell line only, #78661, was
found to have significantly impaired OCR in this way. For these data, OCR-Stats was much
more conservative than within-plate ED and found only 7 out of 26 (26.9%) cell lines to have
aggregated significantly lower M/Ei-fold change than the control, including all six positive
control cell lines (Fig 4B and 4C, and S3 Table). Moreover, OCR-Stats did not report significant M/Ei-fold changes for the two negative controls.
Furthermore, we computed the coefficient of variation (standard deviation divided by
mean) of the six bioenergetic measures in the natural scale (Table 1) of all the repeated biological samples across plates for the following methods: i) the default Extreme Differences (ED)
method (Materials and methods) provided by the vendor, ii) the log linear (LL) corresponding
to steps 1 and 2 of the OCR-Stats algorithm, iii) complete OCR-Stats (LL + outlier removal),
and iv) OCR-Stats after correcting for plate effect (OCR-PE) using Eq (4) (Materials and
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Fig 5. Benchmark using coefficient of variation. Coefficient of variation (CV = standard deviation/mean, y-axis) of
replicates across experiments (n = 26) using different methods (x-axis) to estimate the six bioenergetic measures. In all,
except for Spare Capacity, OCR-Stats with plate-interval effect showed significantly lower variation with respect to the
Extreme Differences method. P-values obtained from one-sided paired Wilcoxon test.
https://doi.org/10.1371/journal.pone.0199938.g005

methods). Each step contributed to a decrease in the coefficient of variation, obtaining a final
significant reductions of 45% and 29% in basal and maximal respiration, respectively, from
plate-corrected OCR-Stats (OCR-PE) with respect to ED (P < 0.012, one-sided Wilcoxon test)
(Fig 5). Taken together, these results show that OCR-Stats successfully identifies and decreases
the variation within and between plates, providing more stable testing results, which translates
into fewer false positives.

Power analysis
Finally, we investigated the statistical power of OCR-Stats in this dataset. Specifically, we are
interested in determining the minimum relative differences our method is able to significantly
detect, and the minimal number of well replicates needed. We subsetted the number of wells
of the repeated biological samples to 4, 6, 8, 10, 12, 14, and 16 wells on each plate, and used the
OCR-Stats algorithm (including outlier removal) and statistical testing to obtain the residuals
b,p and their standard deviation (Fig 6). Assuming three plates per comparison and 16 wells
per plate, these standard deviations allow detecting relative differences of 10% to 15% depending on the considered log OCR ratios differences for significance level of 5% (Fig 6, right yaxis, Materials and methods). Relative differences of 10% to 15% are in line with reported
detected variations in the literature which we found to be as low as 12%-30% [30–32]. This
analysis also suggests to seed at least 12 wells per biological sample per plate, since we observed
increased standard deviations of the residuals for numbers of wells smaller than 12. Note that
this power calculation is based on measurements performed in our laboratory only. Other laboratories might have larger or smaller measurement variations. Nonetheless, our procedure
could be used as a guideline for power calculation.

Discussion and conclusion
Mitochondrial studies using extracellular fluxes, specifically the XF Analyzer from Seahorse,
are gaining popularity and are finding their way into diagnostics; therefore, it is of paramount
importance to have an appropriate statistical method to estimate the OCR levels from the raw
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Fig 6. Power analysis. Standard deviation of the residuals from the model in Eq (2) (left y-axis) against number of
wells per biological sample and per plate (x-axis) for each OCR log-ratio difference (Table 1). The right y-axis
corresponds to the minimal detectable relative differences using three plates at 5% significance level (Materials and
methods). For every number of wells, the 10 data points correspond to each of the 10 random samplings without
replacement of the wells per biological sample and per plate.
https://doi.org/10.1371/journal.pone.0199938.g006

data. Here, we have developed such a model, the OCR-Stats algorithm, which includes
approaches to control for well and plate-interval effects, and automatic outlier identification.
We found that dividing cellular OCR by cell number involved the introduction of more
noise than was seen for uncorrected data. Here, we always seeded the same number of cells.
Hence, the variations across wells that we observed in the cell number at the end of the experiments are largely overestimated by noise in the measurements. In other experimental settings
in which different numbers of cells are seeded, we suggest the inclusion of an offset term to the
model in Eq (1) equal to the logarithm of the seeded cell number to control for this variation
by design. In addition, the Seahorse XF Analyzer can be used on isolated mitochondria and on
isolated enzymes, where a normalization approach is to divide OCR by mitochondrial proteins
or enzyme concentration [42]. However, as described here for cellular assays, robust normalization procedures require careful analysis.
We demonstrated that OCR comparisons should be performed using ratios rather than
using differences, and that the cell lines must be seeded on the same plate, as this eliminates
sources of variation like cell number, and well positional and plate-interval effects. We introduced a linear model, the OCR-Stats statistical testing, and showed that the results agree with
previous results of patients diagnosed with mitochondrial disorders. We showed that the variation in differences of OCR log-ratios ΔΔθb,p for the same biological sample across plates is
large, and that, consequently, samples should be seeded in multiple plates. Note that a contaminated sample can increase the variability, affecting the significance of all the other samples.
Therefore, it is important to detect such samples and to exclude them from further analysis. By
doing power analysis, we showed that our method is able to detect relative differences of 10% 15%, and that the minimum number of well replicates per biological sample in a 96-well plate
should be 12.
We encourage users to consider all five metrics (Table 1). Severely affected cell lines with
strongly reduced E/I-proportion might not necessarily show a clear effect on M/Ei-fold
change. For example, cell line #73387 was found to have a lower, but not significantly
(P < 0.10), M/Ei-fold change (the most common metric used throughout the literature, Fig 4C
and S3 Table), but when analyzing its E/I proportion, we found that it was significantly lower
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than the control (P < 1.2×10−7). This result is consistent with its genetic diagnosis, a homozygous loss of function variant in the PET100 gene, which is involved in biogenesis of mitochondrial complex IV (S1 Table, [43]).
In principle, OCR-Stats should be able to estimate ECAR levels. To guarantee that the
method is indeed applicable, similar analyses as performed here should be done beforehand.
Preliminary investigations suggest that the nature of noise (outliers, multiplicative) is similar
to that for OCR.

Materials and methods
Biological material
All the biological samples were derived from primary fibroblast cell lines of humans suffering
from rare mitochondrial diseases, established in the framework of the German and European
networks for mitochondrial disorders mitoNet and GENOMIT. All the individuals or their
guardians provided written informed consent for their cell lines to be used for evaluation and
testing, in agreement with the Declaration of Helsinki and approved by the ethical committees
of the centers participating in this study. All the assays were performed in accordance with the
local approval of the ethical committee of the Technical University of Munich. The controls
are primary patient fibroblast cell lines, normal human dermal fibroblasts (NHDF) from neonatal tissue, commercially available from Lonza, Basel, Switzerland.

Measure of extracellular fluxes using Seahorse XF96
We seeded 20,000 fibroblast cells in each well of a XF 96-well cell culture microplate in 80 ml
of culture medium, and incubated them overnight at 37˚C in 5% CO2. The four corners were
left only with medium for background correction. The culture medium was replaced with 180
ml of bicarbonate-free DMEM and cells were incubated at 37˚C for 30 min before measurement. Oxygen consumption rates (OCR) were measured using an XF96 Extracellular Flux
Analyzer [20]. OCR was determined at four levels: with no additions, and after adding oligomycin (1 μM), carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, 0.4 μM), and
rotenone (2 μM) (additives purchased from Sigma at highest available quality). After each
assay, manual inspection was performed on all wells using a conventional light microscope.
The wells for which the median OCR level did not follow the expected order, namely, median
[OCR(Int3)] > median[OCR(Int1)] > median[OCR(Int2)] > median[OCR(Int4)] (Fig 1A),
were discarded (977 wells, 10.47%). It is important to note that other cell lines, or cell lines
under certain conditions, may not react as expected to the standard treatments; therefore, they
should not be discarded. In addition, we excluded contaminated wells and wells in which the
cells got detached (461 wells, 4.94%) from the analysis. All the raw OCR data are available in
S4 Table.

Cell number quantification
The cell number was quantified using the CyQuant Cell Proliferation Kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. In brief, the cells were
washed with 200 μL PBS per well and frozen in the microplate at -80˚C to ensure subsequent
cell lysis. The cells were thawed and resuspended vigorously in 200 μL of 1x cell-lysis buffer
supplemented with 1x CyQUANT GR dye per well. The resuspended cells were incubated in
the dark for 5 min at RT, whereupon fluorescence was measured (excitation: 480 nm, emission: 520 nm).
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Extreme differences (default) method to compute bioenergetic measures
On every plate independently, for each well, in interval 1 take the OCR corresponding to the
last measurement, in intervals 2 and 4 take the minimum, and in interval 3 the maximum
OCR value [19]. Then, use the corresponding differences to estimate the bioenergetic measures. Report the results per patient as the mean across wells plus standard deviation or standard error, separately for each plate.

Outlier removal
For each sample s and well w, compute the mean across time points of its squared deviations:
2
sw ≔meant ðdw;t
Þ, thus, obtaining a vector s. Identify as outliers the wells whose sw > median(s)
+ 5 mad(s), where mad, median absolute deviation, is a robust estimation of the standard deviation (S3A Fig). We found that deviations by 5 mad from the median were sufficiently selective
^
in practice. Compute the vector of estimates θusing
the remaining wells and iterate this procedure until no more wells are identified as outliers. It required eight iterations until convergence and around 16.5% of all the wells were found to be outliers (S3B Fig).
Single point outliers are identified in a similar way. After discarding the wells that were
2
found to be outliers in the previous step, categorize as outliers single data points whose dw;t
>
2
2
mediant ðdw;t Þ þ 7 madt ðdw;t Þ (S3C Fig). Iterate until no more outliers are found. It required 19
iterations until convergence and approximately 6.1% of single points were found to be outliers
(S3D Fig).

Coefficient of variation between wells of the same plate
Using only the controls NHDF, we computed the standard deviation σp,i of the logarithm
of OCR across all the wells for each plate p and interval i. Then, we computed the median
across plates, thus, obtaining one value s
 i per interval (
s 1 ¼ 0:10; s
 2 ¼ 0:13; s
3 ¼
0:12; s
 4 ¼ 0:16). Coefficients of variation in the natural scale were approximated by taking
the exponential of these standard deviations.

OCR-Stats statistical testing
We fitted Eq (2) using linear regression as implemented in the base R function lm(). P-values
for each ratio against the null hypothesis μb = 0 are obtained with the default test (Student’s ttest) returned by the summary function on the lm fit object.

Power calculation of multi-plate experiments
Minimal detectable effects for OCR-ratio based metrics (Table 2) at 95% confidence level were
estimated using the following equation:


sdðb;p Þ
exp 1:96 pffiffiffi
1;
ð3Þ
n
where b,p are the residuals from Eq 3 and 1.96 corresponds to the approximate value of the
97.5 percentile of the standard normal distribution. We obtain the metrics on Table 2 by setting n = 3.
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Plate-interval effect benchmark
For benchmarking, we correct for the plate-interval effect using only the data from the controls
NHDF c of each plate using the following model:
ycontrol;t;p ¼ ycontrol;intervðtÞ þ bintervðtÞ;p þ εt;p :

ð4Þ

^ as offsets in Eq (1). We
We solved it using the least squares method and used the effects b
i;p
^
recomputed y values accordingly and scaled back to the natural scale to calculate the bioeb;i

nergetic measures and the coefficient of variation of all repeated the biological samples, except
the control (Fig 5).

Multi-plate averaging method
In the case of inter-plate comparisons, the multi-plate averaging method takes the mean and
standard error of the bioenergetic measures obtained using the Extreme Differences (ED)
method of all the repeated biological samples across plates [44].

Supporting information
S1 Table. Sample metadata. Each row corresponds to a different fibroblast cell line (Fibroblast id) from a patient with a mitochondrial disorder. In cases in which the causal pathogenic
gene was found and validated, it appears in the Gene column with its respective OMIM number. N indicates the number of experiments of each sample.
(TXT)
S2 Table. Coefficient of variation within and between plates. Coefficient of variation computed as mean/standard deviation of OCR within and between plates using the controls
NHDF only, in each time interval.
(TXT)
S3 Table. M/Ei-fold change and maximal respiration (MR) differences of samples repeated
across experiments with respective p-values. Each row corresponds to a different biological
sample (cell_culture), with the difference in M/Ei-fold change and MR with respect to the control NHDF, in single and multiple plates. P-values computed using OCR-Stats and ED method
within and between plates.
(TXT)
S4 Table. OCR raw data from all experiments. OCR and cell number raw data for each of the
126 plates and 203 samples across all the 12 time points and 4 treatments.
(TXT)
S1 Fig. Normalizing by cell number does not reduce variation. (A) OCR per well median (yaxis) vs. cell number (in thousands, x-axis) of the controls NHDF in all experiments (n = 2,192
for each panel) showing that there is a positive correlation in all the time intervals (I1: ρ = 0.47,
I2: ρ = 0.45, I3: ρ = 0.40, I4: ρ = 0.33; P < 2.2×10−16 for all the intervals). (B) Coefficient of variation (y-axis) of well replicates within plates for raw OCR and OCR normalized dividing by cell
count (x-axis), split for each time interval. Each point represents a different sample. In all the
four intervals, not only did normalization not reduce the coefficient of variation, but it actually
increased it. P-values obtained from two-tailed Wilcoxon tests.
(PNG)
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S2 Fig. OCR does not depend on sex. OCR levels θ (y-axis) split by sex (x-axis). We see no significant difference in any time interval (n = 45 male, 30 female).
(PNG)
S3 Fig. Outlier detection. (A) Number of wells (y-axis) identified as outliers on each iteration
(x-axis). Around 16.5% of all valid wells detected as outliers. (B) Mean (per well) squared
errors distribution for cell line Fibro_VY_014. Wells beyond the red line (median + 5×mad)
are recognized as well-level outliers. (C) Number of single-point outliers (y-axis) identified on
each iteration (x-axis). Around 6.1% of remaining data (after removing well outliers) detected
as single point outliers. (D) Squared error distribution for cell line Fibro_VY_076. Points
beyond the red dashed line (median + 7×mad) are recognized as single-point outliers.
(PNG)
S4 Fig. Investigation of location effect. (A) Deviations of the log OCR measurements with
respect to the interval effect (y ^y, y-axis) behavior across rows (x-axis). In general, a tendency
for higher OCR is observed on the center of the plate across all time intervals. (B) The same as
(A) but for columns (x-axis). Lower values observed in the edges. (C, D) Well-level OCR ratio
subtracted interval level OCR ratio (Table 1) across rows (x-axis, C) and columns (x-axis, D).
All the location effects get canceled, except for row A where it remains relatively low.
(PNG)
S5 Fig. Variation between plates is larger than variation within plates. Boxplot showing
OCR in time interval 3 (x-axis) of NHDF seeded in 10 randomly selected plates (y-axis) reflecting that the variation between is larger than the variation within plates. Red line: mean of OCR
across all plates. This trend was observed across all the plates and for all the intervals (S2
Table).
(PNG)
S6 Fig. Residuals from the linear regression are consistent with a normal distribution.
Quantile-quantile theoretical (x-axis) vs. observed (y-axis) plots of the residuals b,p of the linear model from Eq (2). Points lie on the diagonal as expected from normally distributed residuals.
(PNG)
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Ribeiro SM, Giménez-cassina A, Danial NN. Measurement of Mitochondrial Oxygen Consumption
Rates in Mouse Primary Neurons and Astrocytes. Methods Mol Biol. 2015; 1241: 59–69. https://doi.org/
10.1007/978-1-4939-1875-1_6 PMID: 25308488

PLOS ONE | https://doi.org/10.1371/journal.pone.0199938 July 11, 2018

16 / 18

Estimation and statistical testing of respiration activities

19.

Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M. Analysis and interpretation of microplate-based oxygen consumption and pH data. Methods in Enzymology. 2014. https://doi.org/10.1016/
B978-0-12-801415-8.00016–3

20.

Agilent Technologies. Mito Stress Test Kit, User Guide. 2017; Available: https://www.agilent.com/cs/
library/usermanuals/public/XF_Cell_Mito_Stress_Test_Kit_User_Guide.pdf

21.

Ferrick DA, Neilson A, Beeson C. Advances in measuring cellular bioenergetics using extracellular flux.
Drug Discov Today. 2008; 13. https://doi.org/10.1016/j.drudis.2007.12.008 PMID: 18342804

22.

Dranka BP, Benavides GA, Diers AR, Giordano S, Blake R, Reily C, et al. Assessing bioenergetic function in response to oxidative stress by metabolic profiling. Free Radic Biol Med. 2011; 51: 1621–1635.
https://doi.org/10.1016/j.freeradbiomed.2011.08.005 PMID: 21872656

23.

Zhang J, Nuebel E, Wisidagama DRR, Setoguchi K, Hong JS. Measuring energy metabolism in cultured
cells, including human pluripotent stem cells and differentiated cells. Nat Protoc. 2012;7. https://doi.org/
10.1038/nprot.2012.048.Measuring

24.

Zhou W, Choi M, Margineantu D, Margaretha L, Hesson J, Cavanaugh C, et al. HIF1α induced switch
from bivalent to exclusively glycolytic metabolism during ESC-to-EpiSC/hESC transition. EMBO J.
Nature Publishing Group; 2012; 31: 2103–2116. https://doi.org/10.1038/emboj.2012.71 PMID:
22446391

25.

Shah-Simpson S, Pereira CFA, Dumoulin PC, Caradonna KL, Burleigh BA. Bioenergetic profiling of Trypanosoma cruzi life stages using Seahorse extracellular flux technology. Mol Biochem Parasitol. Elsevier B.V.; 2016; 208: 91–95. https://doi.org/10.1016/j.molbiopara.2016.07.001 PMID: 27392747

26.

Dranka BP, Hill BG, Darley-Usmar VM. Mitochondrial reserve capacity in endothelial cells: The impact
of nitric oxide and reactive oxygen species. Free Radic Biol Med. Elsevier Inc.; 2010; 48: 905–914.
https://doi.org/10.1016/j.freeradbiomed.2010.01.015 PMID: 20093177

27.

Chacko BK, Kramer P a, Ravi S, Benavides G a, Mitchell T, Dranka BP, et al. The Bioenergetic Health
Index: a new concept in mitochondrial translational research. Clin Sci. 2014; 127: 367–373. https://doi.
org/10.1042/CS20140101 PMID: 24895057

28.

Invernizzi F, D’Amato I, Jensen PB, Ravaglia S, Zeviani M, Tiranti V. Microscale oxygraphy reveals
OXPHOS impairment in MRC mutant cells. Mitochondrion. Elsevier B.V. and Mitochondria Research
Society. All rights reserved; 2012; 12: 328–335. https://doi.org/10.1016/j.mito.2012.01.001 PMID:
22310368

29.

Zhang J, Khvorostov I, Hong JS, Oktay Y, Vergnes L, Nuebel E, et al. UCP2 regulates energy metabolism and differentiation potential of human pluripotent stem cells. EMBO J. Nature Publishing Group;
2011; 30: 4860–4873. https://doi.org/10.1038/emboj.2011.401 PMID: 22085932

30.

Stroud DA, Surgenor EE, Formosa LE, Reljic B, Frazier AE, Dibley MG, et al. Accessory subunits are
integral for assembly and function of human mitochondrial complex I. Nature. Nature Publishing Group;
2016; 538: 1–17. https://doi.org/10.1038/nature19754 PMID: 27626371

31.

Mitsopoulos P, Chang Y-H, Wai T, König T, Dunn SD, Langer T, et al. Stomatin-like protein 2 is required
for in vivo mitochondrial respiratory chain supercomplex formation and optimal cell function. Mol Cell
Biol. 2015; 35: 1838–47. https://doi.org/10.1128/MCB.00047-15 PMID: 25776552

32.

Almontashiri NAM, Chen HH, Mailloux RJ, Tatsuta T, Teng ACT, Mahmoud AB, et al. SPG7 Variant
Escapes Phosphorylation-Regulated Processing by AFG3L2, Elevates Mitochondrial ROS, and Is
Associated with Multiple Clinical Phenotypes. Cell Rep. 2014; 7: 834–847. https://doi.org/10.1016/j.
celrep.2014.03.051 PMID: 24767997

33.

Hautakangas MR, Hinttala R, Rantala H, Nieminen P, Uusimaa J, Hassinen IE. Evaluating clinical mitochondrial respiratory chain enzymes from biopsy specimens presenting skewed probability distribution
of activity data. Mitochondrion. Elsevier B.V. and Mitochondria Research Society; 2016; 29: 53–58.
https://doi.org/10.1016/j.mito.2016.05.004 PMID: 27223842

34.

Kramer PA, Chacko BK, George DJ, Zhi D, Wei C-C, Dell’Italia LJ, et al. Decreased Bioenergetic Health
Index in monocytes isolated from the pericardial fluid and blood of post-operative cardiac surgery
patients. Biosci Rep. 2015; 35: e00237–e00237. https://doi.org/10.1042/BSR20150161 PMID:
26181371

35.

Hildick-Smith GJ, Cooney JD, Garone C, Kremer LS, Haack TB, Thon JN, et al. Macrocytic anemia and
mitochondriopathy resulting from a defect in sideroflexin 4. Am J Hum Genet. The American Society of
Human Genetics; 2013; 93: 906–914. https://doi.org/10.1016/j.ajhg.2013.09.011 PMID: 24119684

36.

Pronicka E, Piekutowska-Abramczuk D, Ciara E, Trubicka J, Rokicki D, Karkucińska-Więckowska A,
et al. New perspective in diagnostics of mitochondrial disorders: two years’ experience with wholeexome sequencing at a national paediatric centre. J Transl Med. BioMed Central; 2016; 14: 174. https://
doi.org/10.1186/s12967-016-0930-9 PMID: 27290639

PLOS ONE | https://doi.org/10.1371/journal.pone.0199938 July 11, 2018

17 / 18

Estimation and statistical testing of respiration activities

37.

Haack TB, Rolinski B, Haberberger B, Zimmermann F, Schum J, Strecker V, et al. Homozygous missense mutation in BOLA3 causes multiple mitochondrial dysfunctions syndrome in two siblings. J Inherit
Metab Dis. 2013; 36: 55–62. https://doi.org/10.1007/s10545-012-9489-7 PMID: 22562699

38.

Kremer LS, Bader DM, Mertes C, Kopajtich R, Pichler G, Iuso A, et al. Genetic diagnosis of Mendelian
disorders via RNA sequencing. Nat Commun. 2017; 8: 15824. https://doi.org/10.1038/ncomms15824
PMID: 28604674

39.

Van Haute L, Dietmann S, Kremer L, Hussain S, Pearce SF, Powell CA, et al. Deficient methylation and
formylation of mt-tRNAMet wobble cytosine in a patient carrying mutations in NSUN3. Nat Commun.
Nature Publishing Group; 2016; 7: 12039. https://doi.org/10.1038/ncomms12039 PMID: 27356879

40.

Powell CA, Kopajtich R, D’Souza AR, Rorbach J, Kremer LS, Husain RA, et al. TRMT5 Mutations
Cause a Defect in Post-transcriptional Modification of Mitochondrial tRNA Associated with Multiple
Respiratory-Chain Deficiencies. Am J Hum Genet. 2015; 97: 319–328. https://doi.org/10.1016/j.ajhg.
2015.06.011 PMID: 26189817

41.
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Bi-allelic Mutations in Phe-tRNA Synthetase
Associated with a Multi-system Pulmonary
Disease Support Non-translational Function
Zhiwen Xu,1,2,3,27 Wing-Sze Lo,1,2,27 David B. Beck,4,5,27 Luise A. Schuch,6,27 Monika Oláhová,7
Robert Kopajtich,8,9 Yeeting E. Chong,3 Charlotte L. Alston,7 Elias Seidl,6 Liting Zhai,1
Ching-Fun Lau,1,2 Donna Timchak,10,11 Charles A. LeDuc,10 Alain C. Borczuk,12 Andrew F. Teich,13,14
Jane Juusola,15 Christina Sofeso,16 Christoph Müller,17 Germaine Pierre,18 Tom Hilliard,18
Peter D. Turnpenny,19 Matias Wagner,8,9,20 Matthias Kappler,6 Frank Brasch,21 John Paul Bouffard,22
Leslie A. Nangle,3 Xiang-Lei Yang,1,23,24 Mingjie Zhang,1,25 Robert W. Taylor,7 Holger Prokisch,8,9
Matthias Griese,6,28 Wendy K. Chung,4,10,28,* and Paul Schimmel1,23,26,28,*
The tRNA synthetases catalyze the first step of protein synthesis and have increasingly been studied for their nuclear and extra-cellular
ex-translational activities. Human genetic conditions such as Charcot-Marie-Tooth have been attributed to dominant gain-of-function
mutations in some tRNA synthetases. Unlike dominantly inherited gain-of-function mutations, recessive loss-of-function mutations can
potentially elucidate ex-translational activities. We present here five individuals from four families with a multi-system disease associated with bi-allelic mutations in FARSB that encodes the beta chain of the alpha2beta2 phenylalanine-tRNA synthetase (FARS). Collectively, the mutant alleles encompass a 50 -splice junction non-coding variant (SJV) and six missense variants, one of which is shared by
unrelated individuals. The clinical condition is characterized by interstitial lung disease, cerebral aneurysms and brain calcifications, and
cirrhosis. For the SJV, we confirmed exon skipping leading to a frameshift associated with noncatalytic activity. While the bi-allelic combination of the SJV with a p.Arg305Gln missense mutation in two individuals led to severe disease, cells from neither the asymptomatic
heterozygous carriers nor the compound heterozygous affected individual had any defect in protein synthesis. These results support a
disease mechanism independent of tRNA synthetase activities in protein translation and suggest that this FARS activity is essential for
normal function in multiple organs.

Introduction
The universal aminoacyl tRNA synthetase (aaRS) family
of enzymes is necessary for protein synthesis and is
increasingly implicated in key signaling pathways outside
of protein synthesis. In that connection, they have been
associated with previously unrecognized human diseases
and functions.1–5 aaRSs have nuclear and extra-cellular
activities that in some cases integrate translation with
cell signaling pathways as well as functions independent

of protein translation. The evolution of these novel
functions correlates with the addition of novel domains,
such as nuclear localization signals or receptor-binding
motifs, which are not essential for aminoacylation.6–13
Further highlighting the polybiology of human aaRSs
is the large number (about 250) of splice variants, the
majority of which ablate or disrupt the catalytic domain
necessary for protein translation and yet retain novel
elements that likely are not directly involved in protein
synthesis.14
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Mutations in cytoplasmic and mitochondrial aaRSs
in humans are associated with neuropathies, leukoencephalopathies, myopathies, hepatopathies, and lung
disorders.15–18 Dominant missense mutations in aaRSs
associated with Charcot-Marie-Tooth disease (CMTD)
are the most common, and in some cases have been studied in mechanistic detail.19 More than a dozen different
CMTD mutations have been described in glycyl-tRNA
synthetase (GARS).20 For some mutations, an extracellular form of mutant GARS binds neuropilin-1 to block
binding of vascular endothelial growth factor A to its receptor and interferes with a critical neuronal signaling
pathway.21,22 While these dominant gain-of-function
mutations are informative, recessive aminoacylationdisruptive mutations in aaRSs might be most useful for
elucidating a novel function of aaRSs beyond protein
translation.
The phenotypes associated with recessive mutations
emerge because cytoplasmic and mitochondrial genes for
aaRSs are single copy and, with rare exception, there are
distinct genes for the cytoplasmic and mitochondrial
forms. Bi-allelic mutations in genes for lysyl, glycyl, methionyl-, isoleucyl-, glutamyl-, and arginyl-tRNA synthetases have been reported.23–30 Phenotypes associated
with these mutations are variable and whether they arise
from defects in protein synthesis has either not been
explored or is controversial. However, mice haploinsufficient for GARS have a 50% decrease in enzymatic activity
in vitro and in tissues, but nonetheless have a normal
phenotype and lifespan.31 Thus, if protein synthesis is
not dramatically affected, humans with one loss-of-function allele or retaining some residual activity might be
viable.
Here, we report five individuals from four independent
families with bi-allelic mutations in the gene for the beta
chain of FARS (MIM: 609690) associated with a complex,
unique phenotype associated with cholesterol pneumonitis, cerebral aneurysms and calcifications, and liver
cirrhosis. The associated phenotype can be lethal and is
more severe than that observed with most other recessive
aaRS diseases reported to date. In our study, we investigated one family in detail and demonstrate no impact of
these mutations on protein synthesis in cells. These data
are thus consistent with the bi-allelic mutations causing
a change in one or more FARSB functions outside of protein synthesis. These functions appear to be essential for
multiple organ function.

Material and Methods
Informed consent was obtained from all participants included in
the study. The Institutional Review Board of Columbia University,
the National Research Ethics Service Committee North East – Newcastle & North Tyneside 1, and the Ethics Committee of the University of Munich, Germany32 approved this study. All of the
procedures followed were in accordance with the ethical standards
of each institution.

DNA Extraction and Exome Sequencing
Genomic DNA was extracted from whole blood from proband 1,
his parents, and autopsy materials from his deceased sister.
Given the unique constellation of signs and symptoms and the
familial nature, exome sequencing of both parents, both affected
siblings, and a third unaffected older female sibling was performed as previously described.33 Exome sequencing was performed on exon targets captured using the Agilent SureSelect
Human All Exon V4 (50 Mb) kit. After automated filtering of variants with a minor allele frequency (MAF) of >10%, manual curation was performed to filter less common variants with MAF of
1%–10% and variants in genes inherited from unaffected parents, evaluating predicted effects of rare variants and known
function of the genes and associated human conditions, and
examining overlapping phenotypes of individuals with de novo
variants in the same gene as previously described.33 In addition
to allele frequency, pathogenicity prediction algorithms, such
as PolyPhen2,34 SIFT,35 CADD,36 REVEL,37 and MetaSVM,38
were used for prioritizing variants.
Genomic DNA from participants 3, 4, and 5 and their parents
was isolated from whole blood using the chemagic DNA Blood
Kit special (PerkinElmer) or the QIAmp DNA Mini Kit (QIAGEN),
according to the manufacturer’s protocol. Exome sequencing
was performed as previously described.39 Exonic regions were enriched using the SureSelect Human All Exon kit (50Mb_v5) from
Agilent followed by sequencing as 100 bp paired-end runs on an
Illumina HiSeq2500. Exome sequencing for participants 3 and 4
and their parents was performed by Personalis (Personalis). Reads
were aligned to the human reference genome (UCSC Genome
Browser build hg19) using Burrows-Wheeler Aligner (v.0.7.5a).
Identification of single-nucleotide variants and small insertions
and deletions (indels) was performed with SAMtools (v.0.1.19).
For analysis of rare bi-allelic variants, only variants with a minor
allele frequency (MAF) of less than 1% in our internal database
of 14,000 exomes were considered.

Tissue Immunohistochemistry, Cell Preparation, and
Culture
Tissue preparation, immunostaining, and semiquantitative evaluation were done as described.40 Lymphoblastoid cell lines were
maintained after EBV immortalization. Fibroblasts were cultured
from a 3 mm punch skin biopsy. In addition to these cells, we
also purchased a control immortalized PBMC (ATCC #CRL5959)
of a normal individual (a 58-year-old male, European descent)
and two control primary fibroblasts (Coriell #GM07753 and
#GM07492) of apparently healthy individuals (both are 17-yearold males, European descent, named CTL-17Ma and -17Mb, respectively). All the immortalized PBMCs were maintained in Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with 15%
fetal bovine serum (FBS) and 4 mM L-Glutamine (Thermo Scientific). For prevention against bacteria, fungi, and mycoplasma, the
media also contained Penn Strep (Thermo Scientific), Normocin
(Invivogen), Nystatin suspension, and Amphotericin B solution
(Sigma Aldrich) according to manufacturers’ instructions. The primary fibroblasts were maintained in Dulbecco’s Modified Eagle’s
medium (DMEM) containing high glucose and GlutaMAX
(Thermo Scientific) and supplemented with 15% FBS and 1%
Penn Strep. Cells were incubated at 37 C in a humidified CO2 incubator. The immortalized PBMCs of less than 30 passages and primary fibroblasts of less than 20 passages were employed in the
experiments.
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Modeling of the Human FARS-tRNAphe Complex
Structure
The structure of the Thermus thermophilus tRNAPhe molecule (PDB:
2IY5) was docked into the crystal structure of human FARS (PDB:
3L4G) using the PathDock server41 and manually adjusted as previously described.42 All the structural figures were prepared with
Pymol.

RNA Isolation and Quantitative Real-Time PCR
Cultured cells were washed with 13 PBS twice before RNA extraction. Total RNA was extracted using RNAeasy Mini kit (Life
Technologies) with on-column TURBO DNase digestion (Life
Technologies). Isolated total RNA was quantified by NanoDrop
1000 spectrometer. For gene expression assessment by quantitative real-time PCR, messenger RNA was captured by oligo(dT)18
primer and reverse-transcribed into cDNA using SuperScript III
Reverse-Transcriptase (Life Technologies). To minimize variation,
2 mg of total RNA was input in each reverse transcription reaction.
The cDNA then was purified using DNA purification kit (Omega)
and eluted in 400 mL of sterile water. The quantitative real-time
PCR was performed as described previously.14 The expression of
target genes was normalized to that of the housekeeping genes
RPL9 and RPL11 in each sample.

Western Blotting and Relative Band Intensity Analysis
Frozen aliquots of cells were lysed by the radioimmunoprecipitation assay (RIPA) buffer (Bio-Rad) added with complete
protease inhibitors (Roche) at 4 C for 15 min. The crude lysates
were further sonicated and followed with centrifugation at
12,000 3 g for 15 min at 4 C. The supernatant containing total
cell extracts was quantified for protein concentration by the
Pierce BCA Protein Assay (Thermo Scientific). The western blot
was performed using primary antibodies (a-FARSb: Abnova
#H00010056-M01; a-FARSa: Abcam #54653) and the HRPconjugated secondary antibody. Protein bands were visualized
by chemiluminescence on the ChemiDoc Imaging System
(Bio-Rad). The relative band intensity was quantified by the
Image Lab software (Bio-Rad) according to manufacturer’s
instructions.

cocktail (Perkin Elmer) and counting by a MicroBeta scintillation
counter (Perkin Elmer).

Puromycin Incorporation Assay
Puromycin is a structural analog of tyrosyl-tRNA and can incorporate into nascent polypeptide chains during protein translation. Its incorporation in cultured cells followed with detection
using anti-puromycin antibodies has been developed as a
well-validated method to reflect the rate of global protein synthesis.43,44 The cells were seeded 1 day before treatment and
incubated overnight. The seeding density was 6K cells/96-well
for immortalized PBMCs and 30K cells per 24-well for primary fibroblasts. The next day, after media refresh, cells were pulsed
with or without puromycin for 10 min. For cycloheximide
(CHX) inhibition of protein synthesis, cells were pre-treated
with 400 mg/mL CHX (Sigma) for 30 min. Media were
refreshed after the puromycin 5 CHX treatment and cells
were incubated in clean media for 1 hr in the CO2 incubator.
Then, cells were washed and detached with Accutase cell
detachment solution (Thermo Scientific) and transferred to the
96-well V-bottom plate for staining. The immortalized
PBMCs from 4 3 96-wells were combined and fibroblasts
from 1 3 24-wells were directly transferred to 1 staining well.
After PBS wash and spin down at 300 3 g for 5 min, cells
were first stained with 100 mL live/dead Zombie NIR (Biolegend)
at 1:1,000 dilution for 15 min at room temperature. After
PBS wash, the cells were resuspended in 60 mL Cytofix/
Cytoperm solution (BD Biosciences) and incubated on ice for
20 min. Cells were washed twice with Perm/Wash buffer (BD
Biosciences) and incubated with a-puromycin (DHSB #PMY2A4) for 45 min on ice in the dark. After washing, cells were
incubated with a-mouse IgG NL493 (R&D Systems) for 45 min,
and finally resuspended in FACS buffer (13 PBS supplemented
with 2% FBS) and kept at 4 C until flow cytometry analysis by
the FACSARIA III system (BD Biosciences). The median fluorescence intensity (MFI) for each puromycin dose minus that of
the blank (puromycin ¼ 0) was employed for curve fitting by
Prism (Graphpad) using the log(agonist) versus response  variable slope nonlinear regression to calculate EC50 of the puromycin incorporation.

Aminoacylation Assay
Whole-cell extracts of immortalized PBMCs were prepared by lysis
with M-PER Mammalian Protein Extraction Reagent (Thermo
Scientific) in the presence of Halt Protease Inhibitor (Thermo
Scientific). Crude lysates were centrifuged at 14,000 3 g for
10 min at 4 C. The supernatant containing total cell extracts
was transferred to clean eppendorf tubes. Protein concentrations
were measured using the Quick Start Bradford Protein Assay (BioRad). An equal amount of protein (7.5 mg per reaction) from each
sample was added to reaction mix containing 12.5 mg/mL yeast
tRNA (Sigma-Aldrich), 300 mM L-Phe or L-Gly, 1.6 mM [3H]-Phe
(American Radiolabeled Chemicals) or 6 mM [3H]-Gly (Perkin
Elmer), 4 mM ATP, 10 mM MgCl2, 2 mM DTT, 20 mM KCl, and
50 mM HEPES (pH 7.5). The reaction was stopped by addition
of quench solution consisting of 0.5 mg/mL DNA, 100 mM
EDTA, and 300 mM NaOAc (pH 3.0). [3H]-Phe- or [3H]-Gly-labeled
tRNA was precipitated by addition of 20% TCA and captured using Multiscreen HTS filter plates (EMD Millipore). Filters were
washed with a 5% TCA, 100 mM Phe solution and captured
tRNA was solubilized with 0.1 M NaOH. Amount of [3H] was
quantified by addition of Optiphase Supermix scintillation

Cell Proliferation Assay
Cell growth was determined using CellTiter-Glo Luminescent
Cell Viability Assay reagent (Promega) following manufacturer’s
instructions. Fibroblast cells were plated on 96-well plates at
1,000 cells per well and cultured in complete medium. Proliferation was measured every 24 hr for 120 hr and therefore at six
time points in total. Cells were lysed using freshly prepared
assay reagent and incubated for 10 min at each end point.
Cell lysates were then transferred to white flat-bottom plate
for luminescence measurement on a FLOUstar Optima plate
reader (BMG labtech). Cell growth was calculated relative to
time 0 for each cell.

Statistical Analysis
Results of at least three biological replicates were represented as
mean 5 standard error of the mean (SEM). The significance of
difference between two groups was analyzed by Student’s t test,
and among multiple groups was analyzed by the one-way analysis
of variance (ANOVA) followed with Newman-Keuls’ multiple
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Table 1.

Clinical Features of the Five Participants

Participant Family Gender Status

Minor Allele
FARSB Genotype Frequency
(NM_005687.4) (gnomAD)

CADD
Score36

Lung Histopathology

Brain MRI Findings

1

1

M

18 yo

c.848þ1G>A
(p.Arg305Gln)

.001%, .0008% 28.9, 35

pulmonary blebs, severe
emphysematous changes,
fibrosis, and cholesterol
accumulation

symmetric calcifications
of the subcortical white
matter in the cerebellum
and cerebrum

2

1

F

deceased
(10 yo)

c.848þ1G>A
(p.Arg305Gln)

.001%, .0008% 28.9, 35

bilateral pulmonary
fibrosis with severe
chronic interstitial
pneumonitis and
cholesterol crystals

diffuse calcifications
and encephalomalacia

3

2

M

deceased
(8 yo)

p.Arg401Gln,
p.Thr461Pro

not present,
not present

34, 31

interstitial lung disease
with fibrosis, alveolar
and interstitial accumulation
of cholesterol granulomas,
cysts, pulmonary alveolar
proteinosis

leukoencephalopathy
with symmetric
calcifications in basal
ganglia and cerebellum,
hydrocephalus e vacuo

4

3

F

10 yo

p.Phe252Ser,
p.Arg401Gln

not present,
not present

29.9, 34

interstitial lung disease with
cholesterol pneumonitis,
non-specific interstitial
pneumonitis, desquamative
interstitial lung disease,
bronchial wall thickening,
cysts, formation of giant cells
phagocytosing hemosiderin,
cholesterol crystals

not assessed

5

4

F

deceased
p.Cys76Arg,
(8 yo 8 m) p.Lys262Glu

not present,
not present

27.2, 27.1 severe interstitial pneumonitis, no significant abnormality
lymphocyte and plasma cell
at 4 months
infiltrate, cholesterol clefts,
multinucleate giant cells,
fibrosis and cysts

comparison tests. The p values of less than 0.05 were regarded as statistically different.

Results
Clinical Characteristics of Participants
The clinical features of the five individuals are summarized
in Table 1. We evaluated a family with two similarly
affected children with recurrent pneumothoraces, interstitial lung disease, hypertension, intracranial aneurysms and
calcifications, and cirrhosis of unclear etiology. Participant
1 (P1, Figures 1A–1D) is the second child born to unaffected, non-consanguineous parents (father of Irish/
English descent and mother of Filipino descent). The
pregnancy was uncomplicated, and birth parameters
were within normal limits. He had a history of congenital
hypothyroidism. The proband presented at 6 months of
age with failure to thrive requiring gastrostomy tube
placement. Further neurologic workup revealed diffuse hypotonia and decreased muscle mass, with a muscle biopsy

showing hypereosinophilia of myocytes with diminished
type 1 muscle fibers and normal mitochondrial oxidative
phosphorylation. He subsequently had delayed motor
milestones, first walking at age 3, without any evidence
of intellectual disability. He had a spontaneous pneumothorax at the age of 13 and imaging and histological
evaluation of the lungs demonstrated pulmonary blebs, severe emphysematous changes, fibrosis, and cholesterol
granuloma consistent with prior injury (Figures 1K–1N).
He had evidence of restrictive lung disease and decreased
lung volumes on pulmonary function testing. He developed hypertension at the age of 14, and angiography
identified stenosis of the distal right renal artery. Pathological examination of the renal artery showed marked disruption of the internal elastic lamina and fibrosis consistent
with fibromuscular dysplasia. Vascular imaging demonstrated extensive intracerebral aneurysms within the
anterior and posterior circulation and fusiform dilatations
of the right carotid artery and basilar artery (Figure 1O).
Brain MRI showed symmetric calcifications of the
subcortical white matter in the cerebellum and cerebrum
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Brain Angiography

Connective
Tissue Findings

Liver

Kidney

Hypertension

extensive intracerebral
aneurysms within the
anterior and posterior
circulation, and fusiform
dilatations of the right
carotid artery and basilar
artery

scoliosis, pectus
cirrhosis
excavatum, poor wound
healing, arachnodactyly,
positive wrist and
thumb signs, joint
hyperextensibility,
low bone mineral
density, and abdominal
hernia

renal artery
stenosis

with renal
artery stenosis

extensive intracranial
aneurysms

scoliosis

cirrhosis

none

not assessed

pectus excavatum, low
bone mineral density,
hyperextensibility of
joints

not assessed,
chronically
elevated
liver enzymes

not assessed

none

not assessed

none

Muscle
Intestinal
Dysmorphic
Hypotonia Malrotation Features
þ

none

micrognathia,
tooth crowding

untreated but
þ
likely responsible
for brain aneurysm
hemorrhage

þ

none

mild
incomplete
tubular
proteinuria

þ

þ

frontal bossing,
deep and
narrow-set eyes

increased
liver size,
elevated
liver enzymes
first 4 y of
life, later
normal

severe
bilateral
vesico-urethral
reflux (grade
3-4), treated
by operation

þ

none

prominent
forehead,
narrow-set
eyes

moderate
steatosis

focal
segmental
glomerulosclerosis

þ

none

prominent
forehead, full
cheeks, small
nose, narrow
deep-set eyes,
myopathic facies,
unusual fat
distribution
over buttocks

(Figure 1O). Notably, all echocardiograms including aortic
dimensions were normal. As an adolescent, he developed
scoliosis and pectus excavatum. He has a history of low
bone mineral density and poor wound healing. Upon
last evaluation at the age of 18 years, he was 170 cm tall
and 51.2 kg (BMI 17.7 kg/m2) with a physical examination
notable for features that overlap with Marfan syndrome
including micrognathia, tooth crowding, arachnodactyly,
positive wrist and thumb signs, joint hyperextensibility,
scoliosis, pectus excavatum, and abdominal hernia (Figures 1B–1D). He has no evidence of cognitive deficits and
attends college.
The proband’s younger sister (P2, Figures 1A and 1E) had
similar clinical features including difficulty gaining
weight, hypotonia, early gross motor delays, marfanoid
body habitus, scoliosis, recurrent pneumothoraces,
cirrhosis, intracranial aneurysms, stroke, hypertension,
and seizures. She died at 10 years of age due to an intracranial hemorrhage caused by a ruptured aneurysm. Her autopsy showed bilateral pulmonary fibrosis with severe
chronic interstitial pneumonitis and cholesterol crystals.

pulmonary
hypertension

She had hepatomegaly with early cirrhosis, malrotation
of the intestines, and skeletal muscle myofiber enlargement and hypereosinophilia. Within the heart there were
scattered hypereosinophilic myocytes. Her brain was
microcephalic with diffuse calcification in the cerebellum
and cerebrum, encephalomalacia, and multiple saccular
aneurysms (Figures 1F–1J).
Participant 3 (P3, Figures 1A and 1P–1R) was the second
child born to unaffected, non-consanguineous parents of
European descent. The pregnancy, birth, and neonatal
period were uncomplicated. At the age of 3 months, he
had recurrent vomiting, was noted to be hypotonic, and
was incidentally found to have intestinal malrotation. A
brain MRI at 1 year of age showed demyelination of the nucleus lentiformis and corona radiata. Muscle biopsy
demonstrated structurally normal but hypotrophic skeletal
muscle with increased fat accumulation and biochemical
analysis was suspicious of a partially impaired cytochrome-c-oxidase (complex IV) activity. The individual
had low bone mineral density, mild tubular proteinuria,
frontal bossing, and deep-set eyes and had psychomotor
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Figure 1. Segregation of FARSB Mutations in the Family and Clinical Findings in the Subjects
(A) Pedigree with FARSB genotypes listed below each family member.
(B–D) Images of proband P1 highlighting pectus excavatum, poor wound healing, and arachnodactyly.
(E) Image of proband P2.
(F–J) Clinical findings in the proband P2. Low (F)- and high (G)-power views of the cortex. Low (H)- and high (I)-power views of the cerebellum. Mineral deposits, consistent with calcifications (G–I). Hemosiderin-laden macrophages in cortex (J), consistent with prior bleeding.
(K–O) Clinical findings in the proband P1. Histopathology of lung revealing emphysema, sub-pleural fibrosis, and cholesterol
granuloma.
(K) Lung tissue shows diffuse alveolar simplification with dilated alveolar spaces.
(L) Emphysema is present with alveolar duct dilatation and mild interstitial thickening around dilated airspaces.
(M) Areas of severe bullous emphysema with characteristic floating ‘‘broken’’ septa are observed.
(N) Patches of macrophage accumulation and cholesterol clefts are observed, indicative of prior tissue injury. These areas also had dystrophic calcification (not shown).
(O) Brain imaging showing multiple large aneurysms and cerebral calcifications. (Top left) Magnetic resonance angiogram of the brain
without contrast showing the anterior circulation with approximately 3 mm right internal carotid artery cavernous aneurysm and a large
fusiform dilatation of the left carotid terminus extending into the left anterior carotid artery and left middle carotid artery. (Top right)
Similar aneurysms present in posterior circulation including a large, irregular fusiform aneurysm involving the basilar tip, right superior
cerebral artery, and right posterior cerebral artery, and to lesser extent left posterior cerebral artery. (Bottom left) MRI brain without
contrast, susceptibility weighted imaging signal with low signal throughout the bilateral subcortical white matter within the cerebellar
and cerebral hemispheres. These findings again likely represent calcifications. (Bottom right) T1 shortening embolism within the bilateral deep gray nuclei likely representing calcifications, less likely hemorrhage.
(P–R) Images of proband P3 were taken at age 0.5 (P), 5 (Q), and 6 (R) years. Note frontal bossing, deep and narrow-set eyes (P, Q), and
pads on dorsal proximal phalanges (R).
(S–U) Clinical findings in P3. Chest imaging showed interstitial lung disease with diffuse ground glass attenuation and subpleural and
paraseptal cystic lesions (S). Lung histology with intraalveolar and interstitial cholesterol granuloma with giant cells and cholesterol
crystals, round cell infiltrate, foamy macrophages, cuboid metaplasia of alveolar type II cells, subpleural emphysematous spaces,
increased intraalveolar accumulation of surfactant (T, HE-stain), also demonstrated by strong staining with antibodies against SP-A
(U), summarized as focal cholesterol pneumonitis and pulmonary alveolar proteinosis.
(V–Z) Images of proband P4 were taken at age 4 months (V), age 16 months (W), and age 10 years (Z). Note prominent forehead and
narrow-set eyes (V, W). Initial CT with bilateral interstitial consolidations and ground-glass opacity in the upper lobes, more on the
left than right, and bilateral pleural effusion. A year later, previously affected areas are cystic, as well as subpleural cystic lesions, interlobular septal thickening, and ground-glass attenuation (X, Y).
(AA and AB) Images of proband 5 were taken at 4 years old and demonstrate prominent forehead, full cheeks, deep-set eyes, myopathic
facies (AA), and unusual fat distribution (AB).
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delay and speech delay before entering school (Figures 1P–
1R). An MRI at the age of 6 years showed dilation of the
lateral ventricles and leukoencephalopathy with symmetric
calcifications in the basal ganglia and cerebellum. He was
later hospitalized with clubbing, pectus excavatum, inspiratory wheezing, tachydyspnea, and retractions. Chest imaging demonstrated bilateral diffuse ground glass, increased
reticular interstitial markings, and cysts (Figure 1S). Histologic evaluation of the lungs demonstrated alveolar and
interstitial accumulation of huge cholesterol granulomas
with foreign-body giant cells, consistent with cholesterol
pneumonia in combination with extensive areas of pulmonary alveolar proteinosis (Figure 1T), as demonstrated by
alveolar filling with surfactant protein (SP) A-positive material (Figure 1U). Additional staining demonstrated the
presence of SP-B, pro-SP-B, but not pro-SP-C and SP-D,
and alveolar macrophages and T lymphocytes (Figures
S1A–S1C). Due to respiratory failure, he received a lung
transplant at the age of 8. The explanted lungs were grossly
yellow and stiff, confirming severe cholesterol pneumonitis
and fibrosis. The post transplantation course was complicated with chronic effusion and infections, and he died
10 months later due to transplant rejection.
Participant 4 (P4, Figures 1A, 1V, 1W, and 1Z) is the
second child of four children born to healthy, non-consanguineous parents of European ancestry. Distinct facial features included a prominent forehead and narrow-set eyes
(Figures 1V and 1W). At the age of 3 months, she presented
with failure to thrive and vomiting and was found to be
hypotonic. At 5 months of age, diffuse lung infiltrates
were noted, developing to bronchial wall thickening and
lung fibrosis on chest CT (Figures 1X and 1Y). Pads on dorsal phalanges and digital clubbing were observed. Histopathology revealed a combination of non-specific interstitial
pneumonitis and desquamative interstitial pneumonitis
with intra-alveolar cholesterol granuloma. The latter were
surrounded by alveolar macrophages and T lymphocytes
(Figures S1D–S1F). At age 10 years she has normal psychomotor development.
Participant 5 (P5, Figures 1A, 1AA, and 1AB) was the first
child born to non-consanguineous parents. Their second
child died from the consequences of extreme prematurity
after delivery at 24 weeks gestation. Both parents had
healthy children from prior partners. Participant 5 was a
vaginal breech delivery at term with normal growth parameters but gained weight poorly with significant gastresophageal reflux. At 3 months of age, she was evaluated for
marked hypotonia, and nerve conduction studies and a
brain MRI showed no significant abnormality. She demonstrated gross motor delays, sitting at 10 months. At 2 years
of age she was microcephalic with occipital frontal circumference below first percentile. She had distinctive facial features including deep-set eyes, a small nose, and full cheeks.
A muscle biopsy was performed and showed normal histology with respiratory chain biochemistry consistent with a
complex 1 deficiency, with normal results for complexes
II–IV. She had continued difficulty gaining weight due to

chronic vomiting and diarrhea, which were improved
with pancreatic supplements. She was also found to have
low serum albumin, hypertriglyceridemia, and proteinuria,
leading to a renal biopsy showing features of focal
segmental glomerulosclerosis. At age 2, she was also noted
to have mild hepatosplenomegaly, with later liver biopsy
showing chronic inflammation and macrovesicular steatosis. She gradually developed tachypnea and oxygen dependency by 3 years old. Pulmonary imaging and biopsy
showed features of interstitial pneumonitis, which were
believed to be secondary to aspiration, leading to fundoplication surgery. These measures improved feeding management and she was relatively stable at age 4, demonstrating
normal speech and language and cognitive development.
By age 6 her pulmonary status declined, and she was oxygen
dependent 24 hr per day. Lung biopsy at age 8 revealed
distortion of alveolar architecture, foreign body-associated
giant cell reaction, numerous cholesterol clefts, and chronic
inflammatory cell infiltrates. By 8 she required mechanical
ventilation. She developed pulmonary hypertension and
died suddenly at home of a cardiac arrest at 8 years.
No mutations in known disease genes explaining the
phenotype were identified in any of the five affected participants. Exome sequencing in all five affected participants
identified bi-allelic rare, predicted pathogenic variants in
FARSB (GenBank: NM_005687.4) that were all confirmed
by Sanger sequencing (Figure 1A). All missense variants
occurred at highly conserved residues and were predicted
to be pathogenic by multiple prediction algorithms, and
CADD scores are shown in Table 1. All variants were either
absent or present with a minor allele frequency of less than
1 in 1,000 in gnomAD. Participants 1 and 2 had paternally
inherited canonical splice site variant, c.848þ1G>A, and
a maternally inherited missense variant c.914G>A
(p.Arg305Gln), present at a highly conserved residue
(Figure 1A). Participant 3 had a paternally inherited
c.1202G>A (p.Arg401Gln) and a maternally inherited
c.1381A>C (p.Thr461Pro) variant identified; participant
4 had a maternally inherited c.1202G>A (p.Arg401Gln)
variant shared with P3 and a paternally inherited
c.755T>C (p.Phe252Ser) identified; and participant 5 had
c.784A>G (p.Lys262Glu) and c.226T>C (p.Cys76Arg) variants (Figure 1A).
In summary, all five individuals presented with common
features of hypotonia and interstitial lung disease with
cholesterol pneumonitis, all with bi-allelic variants in
FARSB. Additional variable features were multisystemic
and included the vasculature (extensive cerebral aneurysms, hypertension), brain (cerebral calcifications), liver
(cirrhosis and transaminitis), intestines (malrotation), kidneys (proteinuria), connective tissue (scoliosis and pectus
excavatum), and distinctive facial features.
Prediction of Structural Impact of FARSB Missense
Mutations
The six disease-associated missense mutations of FARSB
are highly conserved and located in various domains
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Figure 2. The Missense Mutations Are
Located in Various Domains of FARSb
(A) The schematic of FARSb protein and
location of the missense mutations in
various domains.
(B) Location of the mutational sites on the
structural model of the human FARStRNAPhe complex. The protein and tRNA
backbones are shown in cartoon representation. Two FARS a chains are colored in
dark and light blue, two b-chains in dark
and light magenta, and tRNAPhe in orange.
The amino acids at the mutational sites are
shown in sticks and colored in red. Based
on the model, residues Lys262 and
Arg305 are closer to tRNAPhe (<10 Å), while
the other four residues (Cys76, Phe252,
Arg401, and Thr461) have a longer distance (>15 Å) from tRNAPhe. None of these
residues are directly involved in the interaction with tRNA.

including B1, B3_4, B5, and B-core (Figures 2A). The B3_4
domain is the editing domain of FARS. The B5 domain in
the bacteria FARS was suggested to bind DNA.45,46 The
B-core domain dimerizes with the FARS a chain aminoacylation domain. The eukaryotic B1 domain is shorter than
the bacterial counterpart, and its function is unclear.
None of the mutated residues are known to be directly
involved in aminoacylation, editing, or tRNA binding. To
predict the impact of these mutations on FARS structure
and function, we docked tRNAPhe into the crystal structure
of human FARS as described previously.42 We found that,
in the FARS-tRNAPhe model (Figure 2B), Lys262 has a
distance of 6.5 Å to the 30 end CCA tail of tRNA. In addition to the change of the residue charge from positive to
negative, the p.Lys262Glu mutation is predicted to abolish
the hydrogen bonding with Gln267 in the alpha chain
(Figure 3C). This may lead to a change of local structure
and affect loading of the amino acid to the tRNA CCAend. The other residues have a longer distance from
tRNAPhe (8 Å for Arg305 and >15 Å for Cys76, Phe252,
Arg401, and Thr461). In terms of the structural impact of
the mutations, Thr461 is located in an alpha-helix, and
its substitution by the helix breaker proline is expected
to disrupt the helical structure, which possibly affects the
overall protein structure (Figure 3F). The p.Cys76Arg
mutation is predicted to create a new hydrogen bond
with Met273 in the adjacent alpha-helix (Figure 3A).
The residue charge changes from neutral to positive, and
the extended side chain of arginine may introduce
structural hindrance to affect the local structure.

p.Arg305Gln and p.Arg401Gln are
predicted to abolish some hydrogen
bonding with spatially adjacent residues, and the change from positive
to neutral charge may also eliminate
electrostatic interactions (Figures 3D
and 3E). These may affect the stability
of local structures, but the mutational impact on the global
structure and translational function of FARS is uncertain.
Phe252 is located in the same b strand encompassing
Glu254 and Thr256, the proposed key editing site on
human FARS.42 p.Phe252Ser is predicted not to affect
hydrogen bonding with adjacent residues, but this mutation removes the phenyl ring and changes the residue
from hydrophobic to hydrophilic (Figure 3B). Whether
this change affects the local structure and editing activity
of FARS remains to be elucidated.
The FARSB c.848þ1G>A Mutation Alters Splicing and
Acts as a Null Allele
The c.848þ1G>A substitution of P1 and P2 alters a canonical splice site47 and is predicted to result in skipping of
exon 9 and then to cause a frameshift (Figure 4A). We performed PCR on cDNA prepared from mRNA extracted from
whole blood and used primers flanking exons 7 and 10 to
analyze transcripts that should include exon 9. As expected, the FARSB transcript with deletion of exon 9,
FARSB-DE9, was detected in the proband who carries the
c.848þ1G>A mutation (Figure 4B). In contrast, the mother
who does not carry this splice mutation expressed only the
full-length transcript. Disruption of canonical splicing of
intron 9 reduced the amount of full-length transcript in
the proband compared to the mother. Next, using quantitative real-time PCR, we quantified the expression of FARSB
in primary fibroblasts from the proband, both parents, and
three normal control subjects (Table S1). Consistent with
the above PCR results, FARSB-DE9 expression was detected
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Figure 3. Predicted Impact of Missense Mutations on FARS Structure
Pairwise comparisons between the wild-type and
mutant residues for changes in local contacts
with other amino acids. The highlighted residues
are shown in sticks and labeled. The hydrogen
bonds are presented as yellow dash lines.
(A) Cys76 forms hydrogen-bonding with adjacent residues Gly79 and Leu80. The p.Cys76Arg
mutation appears not to affect these hydrogen
bonds but creates a new hydrogen bond with
Met273 in the adjacent a-helix.
(B) Phe252 forms hydrogen bonds with
His162, which appear to be unaffected by the
p.Phe252Ser mutation.
(C) Lys262 is 6.5 Å from the tRNA CCA-end. It
forms hydrogen bonds with adjacent residues
Asp259, Ile265, and Val266 located in the
same b-chain and Gln267 in the a chain. The
p.Lys262Glu mutation is predicted to abolish
the hydrogen bonding with a-Gln267.
(D) Arg305 forms hydrogen bonds with residues
Ile351 and Ile358 in the b-chain and Gln308 in
the a-chain. The p.Arg305Gln mutation is predicted to disrupt the hydrogen bonding with
b-Ile358 and a-Gln308. Arg305 has a distance of
8 Å to the tRNAPhe and no direct contact.
(E) Arg401 may form hydrogen bonds with
Glu397, Glu398, Met404, Ala405, and Glu411
in the b-chain and Ser232 in the a-chain. The
p.Arg401Gln mutation is predicted to disrupt
the hydrogen bonding with a-Ser232.
(F) Thr461 is located in an a-helical structure and
forms hydrogen bonds with Gly457, Leu458,
Ala464, and Asn465. p.Thr461Pro disrupts the
hydrogen bonding with Gly457 and Leu458,
and proline is known to be a helix-breaker, thus
the p.Thr461Pro mutation is expected to disrupt
the helical structure.

only in the proband and the father who both carry the
c.848þ1G>A mutation, and not in the mother or in the
three control subjects (Figure 4C). Relative to the mother

and controls, there was a reduction of
more than 50% of the full-length FARSB
transcript for the proband and father (to
27.5% and 35.2% of control, respectively).
Exon 9 is located in the middle of the
FARSB transcript and encodes the end of
the B3-4 domain and partial linker to the
B5 domain (Figure S2A). Failure to include
exon 9 with 62 nucleotides changes the
reading frame and is predicted to introduce
a premature termination codon in exon 10
(after joining of exons 8 and 10) and is
predicted to activate nonsense-mediated
mRNA decay.48 Indeed, western blots using
an N-terminal FARSb antibody targeting the
region of amino acids 161–248 showed no
protein product of the DE9 variant in the
primary fibroblasts or immortalized peripheral blood mononuclear cells (PBMCs)
(Figure S2B and Table S1). These results are
consistent with the expected consequences of the canonical splice c.848þ1G>A substitution in FARSB and suggest
that this allele acts as a loss of function.
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Figure 4. The c848þ1G>A Intronic
Mutation Resulted in Aberrant Splicing
of FARSB
(A) The mutation of the universal splice
site motif is expected to affect the splicing
of nearby exons in the FARSB gene, such as
skipping of the adjacent exon 9.
(B) A splice variant that deleted exon 9 of
the FARSB_FL transcript, designated as
FARSB-DE9, was detected in the proband
but not in the mother.
(C) Quantitative real-time PCR analysis of
mRNA expressions of FARSB_E9-11 (using
primers targeting exons 9 and 11 of FARSB,
thus primarily detecting the full-length
transcript), and FARSB-DE9 (using primers
specifically amplifying the DE9 variant) in
primary fibroblasts. Gene expression of
FARSB_E9-11 and -DE9 in the fibroblasts
of the proband, both parents, and three
control subjects were calculated based on
Ct values normalized to house-keeping
genes RPL9 and RPS11. The fold changes
were thus calculated by relative to the
FARSB_E9-11 level of CTL-17M. Data were
presented as mean 5 SEM. The DE9 RNA
was detected only in the proband and
father cells but not in the mother and control subjects (U.D. denotes no detectable
amplification within 45 qPCR cycles).

We found no differences in transcript levels of FARSA in
fibroblasts among the six cell lines (affected individual,
parents, or three normal control subjects) (Figure 5A).
Comparing Transcript and Protein Levels of FARS a- and
b-Subunits
To further characterize the impact of the recessive mutations, we compared transcripts and protein levels of FARSB
in fibroblasts from the proband, parents, and three agematched unrelated control subjects (Figure 5). FARS a-subunit (FARSa) and cytoplasmic glycyl-tRNA synthetase
(GARS) were evaluated in parallel and, in all six cases,
expression of GARS transcripts and protein were identical.
Similar expression of a-subunit transcripts was observed
for all six subjects, but the amount of a-subunit protein
was substantially reduced for the proband and father.
Because the proband and father clearly had decreased
amounts of b-chain protein (FARSb), the results suggest
that the b-chain was needed to stabilize the a-chain.
Similar results were observed in immortalized PBMCs
(Figure S2C). The compound heterozygous mutations
were associated with 80% reduction of protein levels of
both the FARSb and FARSa.
Protein Synthesis Is Not Impaired in Proband Cells
For aminoacylation analysis, we used whole-cell extracts
from immortalized PBMCs normalized for total protein
content. We measured charging of Phe to yeast tRNA for
one normal control subject, the father, mother, and

proband. Aminoacylation rates of the father and mother
were 67%–75% of the control subject, while the proband
was 37% of the control subject (Figure S3A). This apparent
reduction in aminoacylation rates was correlated with and
accounted for by a reduction of FARS protein levels in the
proband, father, and mother relative to the control (19%,
36%, and 55% of the control, respectively; Figure S2C).
Both the GARS (an internal control) protein levels and
rates of GARS aminoacylation for all four samples were
similar (Figure S3B). Thus, the p.Arg305Gln mutation has
little effect on charging activity in immortalized PBMCs
and, based on other work,19,49 suggests that decreased
levels of FARS activity in the proband are unlikely to affect
protein synthesis. To further evaluate this observation, we
used a puromycin incorporation assay to investigate protein synthesis. We found that the affected individual’s
PBMCs had similar rates of protein synthesis as those
from a control subject and father (Figures S3C–S3E).
We measured rates of protein synthesis in primary
fibroblasts from the proband, parents, and three
normal subjects, using the puromycin incorporation assay
(Figure 6A). A dot plot of the results from 3–4 independent
replicates of each of the 6 independently sourced fibroblasts showed no significant difference in rates of protein
synthesis (p > 0.15; Figure 6B). Thus, with these primary
cells we also did not observe a significant loss of the capacity for protein synthesis.
To confirm that protein synthesis was sufficient to
support cell growth, primary fibroblast cell proliferation
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Figure 5. Compound Heterozygous
FARSB Mutations Reduced FARS Protein
Level in Proband Fibroblasts
(A) Gene expression of FARSA, FARSB, and
GARS in primary fibroblasts from proband,
parents, and control subjects by qPCR
analysis relative to house-keeping genes
RPL9 and RPS11 (n ¼ 3).
(B) Representative western blot results (bottom panel) and calculated relative protein
levels (upper panel, n ¼ 4) of FARSa, FARSb,
and GARS in primary fibroblasts. RPL11
was employed as the loading control.
Data were presented as mean 5 SEM.
Significant difference compared to the
respective age- and sex-matched control
is indicated by asterisks and labeled
directly above the sample bars, and that
between any two cells of the proband family is indicated by asterisks above the lines
(*p < 0.05, **p < 0.01, and ***p < 0.001
by one-way ANOVA followed with Newman-Keuls’ multiple comparisons).

rates were measured. Interestingly, primary cell proliferation was significantly more rapid in the proband compared
to three control subjects (p < 0.001) (Figure 6C). These data
further support the conclusion that any reduced level of
FARS is not affecting the capacity for protein synthesis in
the affected individual.

Discussion
We describe a novel genetic disorder with an unusual
multi-organ phenotype of interstitial lung disease with
cholesterol pneumonitis, intracranial aneurysms, cerebral
calcifications, hypotonia, and liver cirrhosis caused by biallelic mutations in FARSB. Other less consistent features
include renal disease, intestinal malrotation, and dysmorphic facial features. The most consistent and life-limiting
feature so far has been pulmonary disease although participants were not systematically investigated for all the
features observed across all individuals, and were evaluated
at different ages. The associated mutations include a
c.848þ1G>A splice mutation that leads to exon skipping
and a frameshift in the transcript, and decreased transcript
and protein levels of FARSB, which collectively suggest that
this is a loss-of-function allele. Both FARSb and FARSa protein levels were diminished, demonstrating the deleterious
effects of these mutations on FARSb protein levels and, as a
consequence, the destabilization of FARSa. The missense
p.Arg305Gln allele is associated with slightly reduced
aminoacylation rates that correlated with the reduced
amount of FARS protein. Yet, the proband had normal rates

of protein synthesis and increased
cellular proliferation in the investigated cells. We also identified three
additional, unrelated individuals
with overlapping phenotypes, each
with compound heterozygous missense mutations in
FARSB. The lack of any phenotype in carrier parents and
carrier siblings suggest that only the individuals with the
compound heterozygous mutations have fallen below a
critical threshold for a secondary function of FARSB
beyond that of protein translation. Recently, another
family with an affected child with bi-allelic, FARSB variants
(p.Thr256Met and p.His496Lysfs*14) that includes one
predicted loss-of-function allele and a missense variant
with very similar clinical features was identified,50 supporting our conclusions.
In previous efforts to investigate the impact of aaRS
genetic mutations on the canonical enzymatic function,
the in vitro aminoacylation assays were commonly
employed to study enzyme kinetics.16 Some studies
also measured the amount of charged tRNA in participants’ cells or analyzed the mutated genes in yeast
complementation assays.23–25,30,51 However, it is unclear
how well the changes observed in these assays correlate
with a significant compromise of cellular translation.
The puromycin incorporation assay used here is an
effective way to evaluate overall protein synthesis in
cultured cells, to test whether a mutation affects
the cellular translational machinery and, if not, to point
to a disease mechanism due to an orthogonal, noncanonical function of aaRS. Consistently, we demonstrated that the proband’s cells harboring the bi-allelic
FARSB mutations showed no decline of overall protein
synthesis.
There are a total of 37 human aaRSs (17 cytoplasmic,
17 mitochondrial, and 3 bifunctional), each of which is
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Figure 6. Protein Synthesis Was Not Impaired in the Proband Fibroblasts
(A) The global protein synthesis was evaluated by puromycin
incorporation in cultured fibroblasts of the proband, family, and
control subjects. Shown are mean 5 SEM of normalized median
fluorescence intensity (MFI) from 3–4 separate experiments (left
panel). The dose-response curves were fitted by log(agonist) versus
normalized response  variable slope nonlinear regression (Prism).
(B) Dot-plot of the calculated EC50 of puromycin incorporation
(each independent test shown as a dot). No statistical significance was found among the groups based on the one-way
ANOVA (p > 0.15).
(C) Cell proliferation of cultured fibroblasts of the proband, both
parents, and four control subjects. Data were presented as
mean 5 SEM. Time courses revealed faster proliferation in the proband fibroblast than others (***p < 0.001).

specific for a single amino acid.16 These enzymes are highly
conserved and ubiquitously expressed across all tissues.
The aaRSs also have roles outside of protein synthesis,
some of which are independent of this catalytic activity
and include nuclear regulation of transcription, extracellular receptor mediated signaling, and mTOR regulation.14
Most aaRSs that have been implicated in human diseases
are associated with primary manifestations in the central
and peripheral nervous system. To date, 31 of the 37 aaRSs
have been linked to monogenic diseases.16 Given the
essential and non-redundant functions of these enzymes,
recessively inherited aaRS disorders are generally caused

by compound heterozygous hypomorphic alleles rather
than by homozygous null alleles.16
Although the novel disease caused by FARSB mutations
described here shares some similarities with other known
aaRS disorders, it is unique in other ways. None of the
known aaRS diseases have extensive vascular and multiorgan manifestations, involving the lungs, brain, liver,
kidney, intestine, and vasculature. However, other diseases caused by mutations encoding both non-polar
and hydrophobic amino acid aaRSs share some clinical
aspects with our FARSB individuals. For instance, recessive mutations in MARS (encoding methionyl-tRNA
synthetase) (MIM: 615486) are associated with hypotonia, endocrine dysfunction, liver disease characterized
by lobular disarray, canalicular cholestasis, steatosis,
and iron deposition.25 Of interest, individuals with
MARS mutations share with all five participants described
here an extremely rare interstitial lung disease defined
by cholesterol pneumonitis.32,52 Autosomal-recessive
IARS (encoding isoleucyl-tRNA synthetase) (MIM:
617093) deficiency is associated with liver disease, hypotonia, and intellectual disability.23,24 In contrast to our
findings with deficiency of cytoplasmic FARSB, compound heterozygous mutations in nuclear-encoded
FARS2 (the mitochondrial phenylalanyl-tRNA synthetase) lead to combined oxidative phosphorylation deficiency associated with global developmental delay, refractory seizures, and lactic acidosis.53 Interestingly, in
three individuals (P1, P3, and P5) a mitochondrial disease was suspected clinically. In P5, complex I activity
was decreased, an observation similar to individuals
with mutations in IARS.23 FARS, MARS, and IARS are
part of a multi-synthetase complex (MSC), which is organized by nine cytoplasmic aaRSs and three aaRS-interacting multifunctional proteins AIMP1, AIMP2, and
AIMP3.2,3,54 Some aspects of the clinical phenotype
may be related to such non-canonical functions or to
involvement in the MSC.
Thus, despite the essential role of aaRSs in protein
translation in all cells, recessive mutations in aaRSs lead
to tissue-specific disease phenotypes that are likely due
to the specificity of the additional role of these transcripts
in other tissue-specific cellular functions beyond protein
translation. Our results define a new genetic syndrome
characterized by diffuse parenchymal (interstitial) lung
disease, hypertension, intracranial aneurysms, cerebral
calcifications, and liver cirrhosis due to compound heterozygous mutations in FARSB. These findings expand
our knowledge of the diverse roles of aaRSs in human
disease and further support the importance of the now
well-established expanded functions of the higher
eukaryote tRNA synthetases, some of which (e.g., DNA
binding45,46) may have their roots in bacterial ancestors.
Further functional assays of these FARSB variants in
modeling systems are in progress and will cast light on
the disease mechanism and the expanded functions of
FARS.
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Mitochondrial diseases present a diagnostic challenge due to their clinical and genetic heterogeneity. Achieving comprehensive molecular diagnosis via a conventional
candidate-gene approach is likely, therefore, to be labour- and cost-intensive given the expanding number of mitochondrial disease genes. The advent of whole exome sequencing
(WES) and whole genome sequencing (WGS) hold the potential of higher diagnostic yields
due to the universality and unbiased nature of the methods. However, these approaches are
subject to the escalating challenge of variant interpretation. Thus, integration of functional
‘multi-omics’ data, such as transcriptomics, is emerging as a powerful complementary tool
in the diagnosis of mitochondrial disease patients for whom extensive prior analysis of DNA
sequencing has failed to return a genetic diagnosis.
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The molecular diagnosis of mitochondrial disease is subject to the complication of bi-genomic control of
the energy-generating oxidative phosphorylation system (OXPHOS), as pathogenic variants can be identified in both the mtDNA and nuclear DNA (nDNA) [1]. In classical mitochondrial disease, the primary
biochemical defect is located in the OXPHOS enzymes. Over 100 proteins are directly implicated in the
biosynthesis and structural composition of the OXPHOS and its comprising complexes, 13 of which are
encoded by the mtDNA with the remainder encoded by the nDNA. Additionally, mitochondrial function
is subject to genes involved in regulating the expression of mtDNA, and those involved in mtDNA replication [2-4]. In total, ∼1500 genes are thought to be involved in healthy mitochondrial function [5] and to
date, disease-causing variants have been identified in 309 genes implicated in mitochondrial metabolism
(Figure 1) with presumably more pathogenic variants awaiting identification [6]. These disease-causing
variants can have maternal, autosomal recessive, autosomal dominant, or X-linked inheritance patterns
[7].
Defining the genetic aetiology of mitochondrial disease allows identification of ∼10% of mitochondrial
diseases amenable to specific treatment strategies [8]. It is also crucial in enabling accurate genetic counselling, prenatal diagnosis and personalized disease surveillance for genotype-specific complications [9].
In addition to aid the understanding of the complex molecular basis of mitochondrial disease, mirrored
by the expanding phenotypic spectrum.
Though conventional candidate gene sequencing may be the approach of choice in clearly defined phenotypes [10], the heterogeneity typical of mitochondrial disease supports the use of an unbiased approach
early in the diagnostic pipeline [6] (Figure 2). Whole exome sequencing (WES) and whole genome sequencing (WGS) have evolved rapidly with the advent of high-throughput next-generation sequencing
(NGS). As a consequence, the primary challenge has now shifted from the capacity to discover variants
to the ability to interpret function and clinical impact [11,12] for which comprehensive American College of Medical Genetics and Genomics (ACMG) guidance has been developed [13]. A further promising
approach to increase diagnostic yield is to integrate functional ‘multi-omics’ data [14] such as transcriptomics into the analysis pipeline. Thus facilitating detection of variants which have evaded detection or
prioritization in WES and WGS approaches [15,16].
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Figure 1. Mitochondria displaying the involved structures and known disease genes (n=309) in different parts of mitochon-

drial energy metabolism
A, coenzyme A; B, biotin; Cu, copper; F, riboflavin/FMN/FAD; Fe, iron; H, haeme; IS, iron–sulphur clusters; L, lipoic acid; M, S-adenosyl-methionine; N, NAD(P)H; Q, coenzyme Q10; T, thiamine pyrophosphate (figure modified from Wortmann et al. (2017) Neuropediatrics , with permission) [6].

Candidate gene sequencing
Candidate gene sequencing has conventionally played an important role. In the ‘biopsy first’ diagnostic approach,
clinical evaluation of the patient combined with the analysis of the respiratory chain complexes in muscle determined
the subsequent Sanger sequencing of single candidate gene(s) [6]. It can therefore be utilized in confirmation of
known variants and in identification of novel variants in known or putative disease genes, however, by definition
cannot discover new disease-causing genes.

2
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Figure 2. Approach to establish the underlying genetic diagnosis in patient for whom mitochondrial disease is clinically suspected.

Abbreviation: VUS, variant of unknown significance.

In this manner, large-scale mutation screening, exemplified by the high-resolution melting curve (HRMC) analysis
and Sanger sequencing of 75 genes in a cohort of 152 patients with complex I deficiency, has been shown to achieve a
relatively low rate of molecular genetic definition, 18% (28 of 152) of patients in the described study [17]. The reason
for the low diagnostic yield in these approaches is three-fold. Firstly, gene-specific phenotypes, whereby a single gene
is associated with a recognizable clinical presentation, are uncommon in mitochondrial disease making the selection
of candidate genes challenging [17]. This is exemplified by mutations in MT-TL1 which can cause, e.g. chronic progressive external opthalmoplegia (CPEO), mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episode
(MELAS) syndrome and maternally inherited diabetes and deafness (MIDD), three strikingly different phenotypes
[18]. Consequently, a strategy that sequentially sequences single genes is often laborious, expensive, time-consuming,
and inefficient. Secondly, interpretation or artefacts of prior biochemical tests, necessitating invasive biopsy of affected tissue, can misdirect a candidate gene approach [19]. And thirdly, many patients are likely to carry mutations
in genes so far not associated with mitochondriopathy. Therefore, the implementation of more exhaustive unbiased
genome-wide strategies is necessary for complete molecular dissection [17].
Nevertheless, in the case of a recognizable phenotype and thus strong suspicion for a mutation in a single or limited
number of genes, Sanger sequencing of these candidate genes, due to higher availability and increased speed may be
preferred over genome-wide strategies. Exemplified in Leber’s hereditary optic neuropathy (LHON) where over 95%
of primary cases result from one of three mtDNA point mutations (m.11778G, m.14484T, m.3460G) [20], in MELAS
syndrome where ∼80% of all cases harbour a mutation in MT-TL1 [21] and in Senger’s syndrome, usually associated
with AGK mutation [22].

NGS
Technological advances have dramatically reduced the costs of NGS [23]. And, by adopting and leveraging NGS,
clinical laboratories are performing an ever-expanding catalogue of genetic testing [13]. NGS for suspected mitochondriopathy can be divided into two fundamentally different approaches: targeted NGS gene panels, including
sequencing of the ‘MitoExome’ and WES. At present, nine studies in the literature evaluate the diagnostic utility of
c 2018 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Table 1 Diagnostic yield of molecular genetic diagnostic studies for suspected mitochondriopathy
Molecular
genetic
approach

Diagnostic
yield

Patient cohort

Number
of cases

Paediatric mitochondriopathy patients with complex I deﬁciency (Haack et al. (2012)) [17]

152

HRMC analysis (75
genes)

28 (18.4%)

Paediatric and adult patients with suspected mitochondrial disease based on clinical
and/or biochemical ﬁndings (DaRe et al. (2013)) [29]

148

NGS panel (447
genes)

13 (8.8%)

Paediatric and adult patients diagnosed with mitochondrial disease by integration of
clinical, biochemical and morphological investigations (Ghezzi and Zeviani (2016)) [24]

125

NGS panel (132
genes)

19 (15.2%)

Infantile mitochondrial disease patients with biochemical evidence of mitochondrial
oxidative phosphorylation disease (Calvo et al. (2012)) [25]

42

MitoExome

23 (54.8%)

Paediatric and adult patients with suspected mitochondrial disorder based on clinical,
biochemical, and/or molecular ﬁndings (Lieber et al. (2013)) [26]

102

MitoExome

22 (21.6%)

Paediatric and adult patients with biochemical evidence of multiple respiratory chain
complex defects (Taylor et al. (2014)) [19]

53

WES

28 (52.8%)

Paediatric mitochondrial respiratory chain disorder patients (Ohtake et al. (2014)) [27]

104

WES

45 (43.3%)

Paediatric patients with clinical suspicion of a mitochondrial disorder (Wortmann et al.
(2015)) [30]

109

WES

42 (38.5%)

Childhood-onset mitochondrial respiratory chain complex deﬁciency patients (Kohda et al. 142
(2016)) [28]

WES

49 (34.5%)

Suspected mitochondrial disease patients from a paediatric reference centre (Pronicka et
al. (2016)) [31]

113

WES

67 (59.3%)

Total

1090

336 (30.8%)

NGS in mitochondrial disease, with patient cohorts selected based upon a particular biochemical signature of disease
[19,24-28] or a diagnostic centre [29-31]. The diagnostic yields of these studies can be seen in Table 1 in addition to
the previously discussed HRMC mutational screen analysis [17]. Of these publications, five utilize WES [19,27-29,31].

NGS gene panels and MitoExome sequencing
The diagnostic success of gene panels is subject to the selection of candidate genes and pleiotropy, creating difficultly
in design [32]. In one study of 148 patients with suspected mitochondrial disease, a targeted panel of 447 genes, encoding mitochondrial respiratory chain complexes, inducing secondary mitochondrial dysfunction or known to underlie
disease mimicking mitochondrial disease, achieved identification of causative mutations in 13 patients (8.8%) [30].
In a second study of 125 patients, a targeted mitochondrial panel of 132 genes, associated with mitochondrial disease
or known to be candidate genes in the same molecular pathways, achieved identification of causative mutations in 19
patients (15.2%) [24].
Sequencing the ‘MitoExome’ [25] is a more ambitious approach and involves exon capture and sequencing of the entire mitochondrial genome and all nuclear genes encoding mitochondrial proteins, based on the MitoCarta inventory
[5,33]. Therefore capturing most genes implicated in mitochondrial biology. Fifteen genes in Figure 1 (BTD, HLCS,
HTT, MSTO1, RRM2B, SACS, SAMHD1, SLC19A3, SLC22A5, STAT2, TAZ, TPK1, TRMT5, TYMP, UQCC3)
are currently not captured in the ‘MitoExome’, emphasizing the limited shelf-life of gene panel approaches, even in
such comprehensive approaches.
As with other approaches, diagnostic yield is subject to the stringency of the selection of the patient cohort. For
example, an infantile biochemically proven mitochondrial disease cohort in contrast with a cohort of patients with
late-onset and uncertain clinical diagnoses, whom have been shown to receive a molecular genetic diagnosis in 55
and 22% of cases respectively [25,26].
This result demonstrates that gene panel sequencing is a more effective alternative to the sequential testing of
mtDNA and individual nDNA genes. However, alike to conventional approaches, in unsolved cases it is likely that
the true causal variants reside in non-targeted genes or in non-targeted regions, such as the non-coding regulatory
regions. If the pathogenic variant is missed, it is subsequently possible that a variant of uncertain significance (VUS)
is incorrectly prioritized. Additionally, on a frequent basis, suspected mitochondriopathy patients are indeed not
mitochondrial by genetic definition and would therefore inevitably evade detection by these panels [34].
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WES
WES has had a revolutionary impact on the molecular genetic diagnosis of mitochondrial disorders and Mendelian
disorders as a whole. WES covers 2%, the exonic regions, of the genome [35] in which ∼85% of known monogenic
disease-causing mutations [36] are located. Up to 97% of bases can be covered reliably at least 20 times, a high level of
coverage for which studies have shown good concordance between WES and conventional Sanger sequencing [37].
The advent of WES has accelerated the capacity to identify variants explaining Mendelian disease in both known and
novel disease genes, with a current success rate for detecting causal variants in 25–50% of cases [38-40].
WES reveals an estimated 30000 individual variants per patient with ∼400–500 protein-modifying rare variants
[41,42], ∼100 genuine loss-of-function variants [43] and ∼60 novel protein-altering variants, currently not described
in any variant database [44]. Procedures are therefore necessitated for variant prioritization. In suspected mitochondrial disease, the variant filtering pipeline comprises exclusion of variants with minor allele frequency (MAF) >0.01
and filtering for homozygous and compound heterozygous variants (assuming an autosomal recessive mode of inheritance) with prioritization of variants known to be associated with the respiratory chain defect observed in the patient,
according to the Human Gene Mutation Database (HGMD) [45], and for genes with predicted mitochondrial localization according to the MitoP2 or MitoCarta database [5,17,33,46]. Familial ‘trio’ sequencing facilitates phasing of
haplotypes, the detection of de novo [47] and autosomal dominant variants, as well as aiding in variant prioritization
by reducing the number of candidates by ten-fold when compared with sequencing the proband alone [48]. By querying exome-wide, the WES approach also enables the identification of non-mitochondrial genes presenting clinically
as mitochondriopathy [34].
The first application of exome sequencing in the setting of mitochondrial disease demonstrated how pathogenic
mutations can be identified in a single patient [49]. Disease-causing variants in ACAD9, a member of the mitochondrial acyl-CoA dehydrogenase protein family, were identified in a compound heterozygous state in a patient with
severe isolated respiratory chain complex I deficiency. The putative variants were confirmed by Sanger sequencing
and segregation and validated by functional complementation in the affected patient fibroblast cell line.
This proof-of-principal study demonstrated the efficacy of WES, in combination with a functional cell assay to
discover the molecular basis of complex I deficiency and offered a methodological paradigm to be exploited in the
definition of the gene repertoire involved in mitochondrial disease as a whole.
In subsequent years, larger scale studies have described the success of WES in suspected and biochemically confirmed mitochondrial disease cohorts [19,27,28,30,31], with a diagnostic yield ranging from 35 to 59% [28,31], significantly higher than the 11% diagnostic rate achieved by conventional targeted Sanger sequencing [10]. The diagnostic
yield is likely to be influenced by the stringency of selection of the patient cohort. For example, the study reporting the
lowest yield of 39% [30] included patients with low to high clinical suspicion of mitochondrial disease according to
the Nijmegen mitochondrial disease scoring system (Supplementary material (appendix)) [30,50], representative of
the heterogeneous group of suspected mitochondrial patients investigated in diagnostic laboratories in daily practice.
The success of these studies has resulted in the accredited use of WES as a routine diagnostic tool [30] and has propelled WES into the first tier of clinical diagnostics. However, the diagnostic yield of WES is far from complete, with
41–65% [28,31] of patients not receiving a genetic diagnosis and for which there are a number of key explanations.
Firstly, disease-causing variants may be detected by WES but elude prioritization or remain as VUS. And secondly,
by definition WES can capture only the coding regions of the genome indicating that the disease-causing variants in
unsolved cases may be located in non-coding regions to which WES is blind [30]. With new mitochondrial disease
genes continually being discovered, mitochondriopathy patients are frequently diagnosed in the research setting, as
clinical diagnostic pipelines are limited to known disease genes.

WGS
WGS has the potential to reveal all genetic variants encompassing both the coding and non-coding regions of the
genome. The number of variants is consequently large, with a typical genome differing from the reference human
genome at 4.1–5.0 million sites [51]. WGS is therefore anticipated to increase diagnostic yield in mitochondrial disease due to identification of variants in the non-coding regions and large structural variants, including breakpoints.
However, the vast number of variants, in combination with incomplete annotation, means variant prioritization remains a challenge [52,53].

Variant prioritization
Sequencing technology has evolved rapidly and by virtue of the increased complexity of data, the shift in molecular diagnostic tools has been accompanied by new challenges in sequence interpretation. Multiple studies have
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raised concern with available variant annotation. A study of 460 literature-cited disease mutations found ∼27% of
variants currently listed as ‘pathogenic’ in mutation databases to be common polymorphisms, sequencing errors or
show no substantial evidence of pathogenicity [54]. Furthermore, when analysing the genomes of 179 participants
for disease-causing variants in the 1000 Genome Project, researchers discovered that any given individual who carried ∼40–85 homozygous missense variants was predicted to be ‘highly pathogenic’ however, these individuals were
healthy, thus suggesting variants of low penetrance or potentially incorrect annotation [55].
The ACMG workgroup formed with the goal of developing guidelines for interpretation of variants to aid in overcoming this challenge [13]. Pathogenicity should be determined by the entire body of evidence in aggregate in conjunction with uniform nomenclature informed by a standardized framework to ensure unambiguous designation of
pathogenicity and to enable effective sharing and downstream use of genomic information. The objective framework
for classifying these variants into a five-tier system (‘pathogenic’, ‘likely pathogenic’, ‘uncertain significance’, ‘likely
benign’ and ‘benign’), comprises population data, computational data, functional data (such as enzymatic assays and
functional complementation in the muscle biopsy and fibroblast cell lines respectively) and segregation data.

Overcoming the bottleneck of variant interpretation
Repositories of patient data and data sharing
In the setting of rare disease, such as mitochondrial disease, power is in numbers and large datasets of mineable information are necessitated to be able to definitively label a variant as ‘pathogenic’ [14]. Examples of such databases
are the Exome Aggregation Consortium (http://exac.broadinstitute.org) (ExAC) database, comprising the sequence
data of 60000 individuals and the Genome Aggregation Database (gnomAD) comprising 123136 exomes and 15496
genomes from unrelated individuals [56]. The databases include healthy populations to allow identification of variants that may be rare however not pathogenic and ethnically diverse as rare variants are strongly geographically and
ethnically constrained [57].
The entry of variants with corresponding phenotypic annotation from clinical diagnostic exome analysis into public
archives, exemplified by ClinVar, to facilitate assertation of relationships between human variation and observed
health status and interpretation of clinical relevance of variants, is of utmost importance [58]. The mitochondrial
research community has recognized this need and has developed resources to address this objective (MSeqDR) [59].
Furthermore, establishment of mitochondrial networks, such as GENOMIT, a collaboration of international partners
(http://genomit.eu) and the Mitochondrial Medicine Society (http://www.mitosoc.org), further enables data sharing
and allows expertise to be shared synergistically.

Integration of functional ‘-omics’ data
Quantificative ‘-omics’ analyses, such as proteomics, metabolomics and transcriptomics are predicted to play an increasing role in variant prioritization [14]. Interrogation of proteomic data has proved a powerful approach to elucidate the pathogenicity of novel variants due to detection of reduced or diminished protein level [15] and in detection
of specific proteomic signatures [60] in mitochondrial disease. Metabolomics however, is limited by the small number
of established gene–metabolite associations. Here we focus on RNA sequencing (transcriptomics), recently validated
as a tool for the discovery of novel pathogenic variants in Mendelian disease.

RNA sequencing
RNA-seq gives direct insight into the transcripts of a tissue for a specific snapshot in time [61]. In contrast with DNA,
the actively transcribed RNA is highly dynamic, serving as a transient intermediary molecule between DNA and
protein translation and revealing the link between the cellular phenotype and the underpinning genetics [62]. It has
the capability to detect and quantify known pre-defined RNA species, in addition to rare and novel RNA transcript
variants and isoforms [63]. Thus providing a direct insight into the transcriptional perturbations caused by putative
VUS eluding detection or prioritization in WES and WGS (frequently synonymous or non-coding variants).
Three strategies for the systematic prioritization of candidate disease-causing variants have been described [15].
Firstly, genes with expression outside the physiological range can be identified as expression outliers (statistically
significant deviations from population distribution) termed as aberrant expression. The cause of such aberrant expression includes rare variants in promoter and enhancer regions [64], and within both coding and intronic regions
[15], in addition to post-transcriptional mechanisms. Secondly, RNA-seq can reveal mono-allelic expression (MAE),
whereby one allele is silenced. Assuming an autosomal recessive mode of inheritance, MAE of heterozygous rare variants fits the recessive mode of inheritance assumption and allows their re-prioritization [15]. And thirdly, splicing
of a gene can be affected by variants in positions susceptible to affect splicing. These variants result in an array of
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aberrant splicing events (exon creation, skipping, extension and truncation to intronic inclusion) and are the most
frequent aberrations detected in RNA-seq [15,16].
In parallel, two systematic studies assessed the diagnostic power of RNA-seq in cases for which WES did not yield a
genetic diagnosis [15,16]. In a cohort of unsolved mitochondriopathy patients, RNA-seq of patient-derived fibroblasts
established a diagnosis in 10% (5 of 48) of patients in addition to identification of candidate genes for the remainder
[15]. In a similar-sized cohort of unsolved primary muscle disorder patients, RNA-seq of patient-derived muscle
achieved a diagnostic yield of 35% (17 of 50) [16]. The analysis of disease-specific tissue(s) is a significant obstacle
in RNA-seq due to the need for biopsy of tissues frequently unobtainable in a pre-mortem setting, such as the high
energy demanding tissues affected in mitochondrial disease. While the study of primary muscle disorders focused
on 190 neuromuscular disease associated candidate genes in the affected tissue only, the mitochondriopathy study
demonstrated that RNA-seq can be performed genome-wide for all expressed genes in a given unaffected tissue. In
fact, 2574 of the 3768 disease genes (68%) listed in OMIM were detected in fibroblast cell lines [65], and despite the
presumably negligible physiological consequence of the variants on this cell type, they proved a valuable resource in
this analysis. Evidence that tissue-specificity does not preclude RNA sequencing of unaffected tissues.
In the case of fibroblasts, a median of one aberrantly expressed gene, six mono-allelically expressed rare variants
and five aberrant splicing events were detected. Identifying a practicable number of strong candidates, similar to the
number of bi-allelic variants detected via WES, for subsequent manual curation to interpret pathogenicity, manual
inspection and functional validation. TIMMDC1, a complex I assembly factor, was one such gene in which a deep
intronic variant, activating a cryptic exon and introducing a premature stop codon, resulted in aberrant expression
secondary to non-sense mediated decay [15] Given these results, RNA-seq is emerging as an invaluable complementary tool to genome-based molecular diagnostics.

Concluding remarks
Molecular diagnostic approach in mitochondrial disease is rapidly evolving. Utilizing an unbiased analysis early in the
diagnostic approach is desired and can frequently bypass the need for intensive, protracted and repeated investigative
work-up. The most important challenge when utilizing high-yield NGS approaches moving forward, is variant prioritization and the reliable annotation of variants to distinguish true pathogenicity from the plethora of benign variants
present between individuals. The emergence of standardized guidance for variant interpretation and integration of
clinical, functional and ‘multi-omics’ data, hold the key for interpretation of these variants and in accelerating the
diagnosis of mitochondrial diseases.

Summary
•

Mitochondrial diseases are a diagnostic challenge due to clinical and genetic heterogeneity even
in the face of revolutionary advancements in molecular diagnostic technology.

•

Disease-causing variants have been identified in over 300 genes (mtDNA and nDNA) and the number continues to grow.

•

Molecular genetic diagnosis is paramount for identification of mitochondrial diseases amenable
to treatment, disease surveillance, genetic counselling and prenatal diagnosis.

•

Candidate gene approaches remain valuable for clearly defined gene-specific phenotypes but can
otherwise be laborious, expensive and time-consuming.

•

Genome-wide approaches (WES and WGS) have increased diagnostic yield due to their unbiased
nature and can reveal ‘non-mitochondrial’ disease genes and non-coding variants.

•

Increase in the complexity of sequencing data has escalated the challenge of variant interpretation.

•

Integration of clinical, functional and ‘multi-omics’ data are powerful complementary tools to overcome the bottleneck of variant interpretation.
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•

Repositories of patient data and data sharing increase
genotype–phenotype correlation in mitochondrial disease.

potential

to

understand
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ARTICLE
Mutations in PPCS, Encoding
Phosphopantothenoylcysteine Synthetase, Cause
Autosomal-Recessive Dilated Cardiomyopathy
Arcangela Iuso,1,2,3,24 Marit Wiersma,4,24 Hans-Joachim Schüller,5,24 Ben Pode-Shakked,6,7,8,24
Dina Marek-Yagel,6,8,24 Mathias Grigat,5 Thomas Schwarzmayr,1,2 Riccardo Berutti,2 Bader Alhaddad,1
Bart Kanon,9 Nicola A. Grzeschik,9 Jürgen G. Okun,10 Zeev Perles,11 Yishay Salem,8,12 Ortal Barel,8,13
Amir Vardi,8,14 Marina Rubinshtein,18 Tal Tirosh,8,12 Gal Dubnov-Raz,8,15 Ana C. Messias,16,17
Caterina Terrile,1,2 Iris Barshack,8,19 Alex Volkov,8,19 Camilla Avivi,8,19 Eran Eyal,13 Elisa Mastantuono,1,2
Muhamad Kumbar,20 Shachar Abudi,6,8 Matthias Braunisch,1,21 Tim M. Strom,1,2 Thomas Meitinger,1,2,3
Georg F. Hoffmann,10 Holger Prokisch,1,2,25 Tobias B. Haack,1,2,22 Bianca J.J.M. Brundel,4
Dorothea Haas,10,25,* Ody C.M. Sibon,9,25 and Yair Anikster6,8,23,25,*
Coenzyme A (CoA) is an essential metabolic cofactor used by around 4% of cellular enzymes. Its role is to carry and transfer acetyl and
acyl groups to other molecules. Cells can synthesize CoA de novo from vitamin B5 (pantothenate) through five consecutive enzymatic
steps. Phosphopantothenoylcysteine synthetase (PPCS) catalyzes the second step of the pathway during which phosphopantothenate
reacts with ATP and cysteine to form phosphopantothenoylcysteine. Inborn errors of CoA biosynthesis have been implicated in neurodegeneration with brain iron accumulation (NBIA), a group of rare neurological disorders characterized by accumulation of iron in the
basal ganglia and progressive neurodegeneration. Exome sequencing in five individuals from two unrelated families presenting with
dilated cardiomyopathy revealed biallelic mutations in PPCS, linking CoA synthesis with a cardiac phenotype. Studies in yeast and fruit
flies confirmed the pathogenicity of identified mutations. Biochemical analysis revealed a decrease in CoA levels in fibroblasts of all
affected individuals. CoA biosynthesis can occur with pantethine as a source independent from PPCS, suggesting pantethine as targeted
treatment for the affected individuals still alive.

Introduction
The pathway of CoA de novo biosynthesis from vitamin B5
is conserved in eukaryotes and prokaryotes and consists of
five consecutive enzymatic steps. Dysfunction of two of
the involved enzymes, PANK2 (MIM: 606157) and COASY
(MIM: 609855), has been identified as a cause of autosomal-recessive neurodegeneration with brain iron accumulation (NBIA). Mutations in PANK2, encoding pantothenate kinase 2 necessary for the first enzymatic step of
CoA biosynthesis, represent a major cause of NBIA and
are detected in about half of case subjects with the eye-

of-the-tiger sign, a pathognomonic finding on brain
MRI.1 Mutations in COASY, encoding bifunctional CoA
synthase, catalyzing the last two steps, have so far been
identified in only five subjects with basal ganglia lesions.2–5 To our knowledge, mutations in PPCS (MIM:
609853), encoding phosphopantothenoylcysteine synthetase, have so far not been associated with human diseases.
PPCS catalyzes the second enzymatic step during which
phosphopantothenate reacts with ATP (or CTP) and with
cysteine to form phosphopantothenoylcysteine (Figure 1).
The yeast ortholog YIL083C/CAB2 (yPPCS) is an essential
gene, with haploid CAB2 mutants being non-viable even
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Figure 1. Universal Pathway for the Biosynthesis of Coenzyme A
and Associated Diseases
In green are indicated genes encoding either cytosolic or mitochondrial isoforms. The mitochondrial isoforms are associated
with neurodegeneration with brain iron accumulation (#234200,
#615643). In gray are labeled genes predicted to have mostly a
cytosolic localization (Reactome: PPCS). The asterisk (*) indicates
that the association with a disease was not reported elsewhere.

after medium supplementation with fatty acids.6 In
Drosophila melanogaster, CG5629 (dPPCS) is required for tissue morphogenesis during oogenesis.7 Null mutants for
dPPCS are lethal at the first instar larvae, while hypomorphic alleles exhibit locomotor defects, altered lipid homeostasis, and reduced lifespan.8 In human there are two
consistently annotated isoforms of PPCS (Figure 2A): a canonical isoform (GenBank: NM_024664.3) encoding a protein of 311 amino acids and a shorter isoform (GenBank:
NM_001077447.2) encoding a protein of 138 amino acids.
The two isoforms share the C-terminal region. According
to public databases, both isoforms are ubiquitously expressed (The Human Protein Atlas: PPCS), although with
tissue-specific differences (GTEx Portal: PPCS). Here we
report on the identification of biallelic mutations in PPCS
in five individuals from two unrelated families presenting
with severe dilated cardiomyopathy (Figure 2B). Clinical
findings are summarized in Table 1.

Subjects and Methods
Informed written consent to participate in the study was obtained
from all individuals or their parents in the case of minors. The
study was approved by the ethics committee of the Technische
Universität München (Munich, Germany) and the Institutional
Review Board of the Sheba Medical Center (Tel Aviv, Israel).

Subjects
In family A, individual II.2, born to healthy non-consanguineous
parents of German descent, presented in the first few hours after
birth with an acute life-threatening event followed by a tonic

seizure. She showed minor dysmorphic features including cutis
laxa, abnormally placed thumbs, abnormal dermatoglyphics, hypoplastic toe nails, and additional findings. She experienced a
complicated course of illness requiring several hospitalizations.
An extensive evaluation revealed severe dilated cardiomyopathy,
pulmonary arterial hypertension, suspected pituitary dysfunction,
and muscular hypotonia. Unfortunately, she succumbed to multiorgan failure at 3 months of age.
Family B is a multiplex consanguineous family of Arab-Muslim
descent. The parents are reportedly healthy and are first-degree
cousins. Four out of eight siblings exhibited dilated cardiomyopathy of varying severity, without apparent extracardiac manifestations. Among the four affected siblings, two (individuals IV.1
and IV.4) showed a milder form of dilated cardiomyopathy
(Figure 3), enabling a degree of regular daily activities. The other
two siblings (individuals IV.5 and IV.8) showed a severe form of
dilated cardiomyopathy, fatal in early childhood (3 years of age).
The four unaffected siblings are asymptomatic and healthy. The
echocardiograms of the unaffected siblings and their parents
were normal. Detailed clinical case reports are available in the Supplemental Note. Demographic, clinical, and molecular findings
are summarized in Table 1.

Whole-Exome Sequencing and Sanger Sequencing
We performed exome sequencing at two centers (family A in Munich, family B in Tel Aviv). In affected individuals of families A
and B, coding regions were enriched with a SureSelect Human
All Exon V5 Kit (Agilent) and sequenced as 100-bp paired-end
runs on an Illumina HiSeq 2500. Reads were aligned to the human
reference genome (UCSC Genome Browser, build hg19) with
the Burrows-Wheeler Aligner (v.0.7.5a). Single-nucleotide variants
and small insertions and deletions (indels) were detected by
SAMtools (v.0.1.19). Sanger sequencing was used to confirm the
identified mutations and test the carrier status of unaffected family members using the following primer pairs: F, 50 -TGGACAACTT
CAGCAGCG-30 ; R, 50 -ACAGATGCAAATAGTCCGCC-30 and F,
50 -CCCTTACCTCCTGCTTACCC-30 ; R, 50 -ACAGATGCAGAAAGG
CCATC-30 for family A, and F, 50 -TTCCATGAGATTGACCTG
GTA-30 ; R, 50 -CAAATGCCAAACCATATTTGC-30 for family B.

Bioinformatic Analysis
Structural files of the human PPCS9 (PDB: 1P9O) and of the orthologous E. coli gene10 (PDB: 1U7W) were downloaded from the
protein data bank (PDB).11 Sequence alignment to detect the
evolutionary relation between the enzymes was done using psiblast.12 Structural alignment between proteins was done using
triangular match.13 Initial analysis of the variant location was
done using G23D.14 Structural images were created using UCSF
Chimera.15 Calculation of solvent-accessible area of residues at
the variant positions was done using Getarea.16 A variety of programs for assessment of function and stability changes following
the mutations were applied and are listed in Table S1 including
the URL and reference. Conservation analysis and mapping of
conservation scores on the structure were done using Consurf.17
Prediction of binding site based on structural data was done using
the Coach algorithm18 in the I-Tasser website.19

RNA Extraction, RT-PCR, Cloning, and Mutagenesis of
PPCS
Total RNA was isolated from fibroblasts of healthy donors (80%
confluence) with the AllPrep RNA Kit (QIAGEN). RNA quantity
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Figure 2. Structure of PPCS and Pedigrees of Investigated Families
(A) Structure of PPCS with known conserved protein domain in the gene product and localization and conservation of amino acid residues affected by mutations identified in the two families. Intronic regions are not drawn to scale. Coloring in the sequence alignment
represents the identity of amino acid residues.
(B) Pedigrees of two families with mutations in PPCS. Mutation status of affected (closed symbols) and healthy (open symbols) family
members. n.d., not determined.

was measured with the Nanodrop instrument (Nanodrop Technologies). For the RT-PCR, 1 mg of RNA was reverse transcribed with
M-MLV reverse transcriptase (Promega, GmbH) and oligo dT.
PPCS (GenBank: NM_024664.3) coding region was amplified
with Thermo-Start Taq DNA Polymerase (ABgene) and primers F,
50 -CACGATGGCGGAAATGGATCCGGT-30 and R, 50 -TCAGTTTC
TGTCACCTATAAAAGCTGTG-30 . Wild-type PPCS retaining the
endogenous terminal stop-codon was cloned in the vector
pLenti6.3/V5-TOPO (Invitrogen).
The PPCS variants were obtained by site-directed mutagenesis of
the cloned PPCS ORF using the kit QuikChange II Site-Directed
Mutagenesis (Stratagene) and the primer pairs: F, 50 -TTA
CCTGGCTGCGCCTGTGTCAGATTTCTATG-30 ; R, 50 -CATAGAAA
TCTGACACAGGCGCAGCCAGGTAA-30 to introduce the change
538G>C; F, 50 -TGTCCGCTCTGCGGCTTTCGGGCTTGC-30 ; R,
50 -GCAAGCCCGAAAGCCGCAGAGCGGACA-30 for the change
c.320_334del; and F, 50 -TTTCCTTTAAGTTGGTGACTGACCC
CGCCATT-30 ; R, 50 -AATGGCGGGGTCAGTCACCAACTTAAAG
GAAA-30 for the change 698A>T. The following plasmids were
hence generated: PPCS_wild-type _pLenti6.3, PPCS _c.320_334del
pLenti6.3, PPCS _c.538G>C pLenti6.3, and PPCS _c.698A>T
pLenti6.3.

Complementation of PPCS-Deficient Fibroblast Cell Line
The fibroblast cell line derived from individual II.2 of family A was
complemented with the wild-type copy of PPCS cloned in the
pLenti6.3/V5-TOPO (Invitrogen) as described in Kremer and
Prokisch.20

Yeast Strain and Plasmids
Construction of Yeast Expression Plasmids
PPCS_ wild-type pLenti6.3, PPCS_c.320_334del pLenti6.3, PPCS_
c.538G>C pLenti6.3, and PPCS _c.698A>T pLenti6.3 were used
as templates to amplify cDNAs of the human PPCS (hPPCS) variants. The amplification was performed with a proofreadingcompetent Phusion DNA polymerase (ThermoFisher) using
primers PPCS-XbaIStart (50 -GATCTCTAGAAAAATGGCGGAAATG
GATCCGGT-30 ) and PPCS-SalIStop (50 -GATCGTCGACTCAGTTT
CTGTCACCTATAAAAG-30 ). PCR fragments were cleaved with
XbaI and SalI and cloned into the single-copy expression yeast
plasmid p415-MET25.21 p415-MET25 contains LEU2 as a selection
marker and MET25 as promoter to activate heterologous genes.
MET25 is a promoter of intermediary strength typical for most
yeast genes with a metabolic function while extreme overexpression of heterologous genes is prevented.
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Table 1.

Demographic, Clinical, and Molecular Findings in Individuals with Mutations in PPCS

Individual

FB:IV.1

FB:IV.4

FB:IV.6

FB:IV.8

FA:II.2

Gender

M

M

F

M

F

Ethnic background

Arab-Muslim

Arab-Muslim

Arab-Muslim

Arab-Muslim

Central Europe

Consanguinity

yes

yes

yes

yes

no

Dysmorphic features

no

no

no

no

yes

Age at presentation

2 years

4 months

23 months

3 years

2 weeks

Cardiac
manifestations

dilated
cardiomyopathy

dilated
cardiomyopathy

severe dilated
cardiomyopathy

severe dilated
cardiomyopathy

severe dilated
cardiomyopathy

Muscular hypotonia

no

no

N/D

N/D

severe

Extracardiac
manifestations

none

none

none

none

yes

Serum lactate

normal

normal

elevated

elevated

elevated

Status

alive

alive

death at 23 months
from DCM

death at 3 years
from DCM

death at 3 months
from DCM and
multi organ failure

Brain MRI

normal

N/D

N/D

N/D

normal

Mutation in PPCS

c.[698A>T]; [698A>T]

c.[698A>T]; [698A>T]

c.[698A>T]; [698A>T]

c.[698A>T]; [698A>T]

c.[538G>C]; [320_334del]

N/D, no data available

We thus obtained plasmids pMET-PPCS-WT (hPPCS, wild-type),
pMET-PPCS-320_334del (hPPCS deletion allele 320_334), pMETPPCS-538G>C (hPPCS 538G>C missense variant), and pMETPPCS-698A>T (hPPCS 698A>T missense variant).
Plasmid Shuffling
Single-copy plasmid pGE11 containing yPPCS together
with URA3 as a selection marker was transformed into
S. cerevisiae wild-type strain JS91.15-23 (ura3 leu2 trp1 his3
CAB2). Subsequently, the chromosomal yPPCS gene was
deleted by using the gene disruption cassette from plasmid
pJO9 (cab2D::HIS3). After selecting for His-prototrophic transformants, strain MGY9 was obtained which is viable due
to the plasmid copy of yPPCS compensating for the loss of chromosomal yPPCS. The authenticity of the desired genomic alteration was verified by PCR, using gene-specific primers (not
shown).
S. cerevisiae strain MGY9 was hence transformed with
plasmids pMET-PPCS-WT, pMET-PPCS-320_334del, pMET-PPCS538G>C, and pMET-PPCS-698A>T, together with the empty
vector p415-MET25 (negative control) and pGE12 (authentic
CAB2 as a positive control). Dilutions of Leu-prototrophic
transformants were subsequently spotted on a medium containing 5-Fluoroorotic acid (5-FOA), which allows counter-selection of plasmids containing URA3 as a genetic marker. Thus,
plasmid pGE11 (URA3 CAB2) is lost and growth is possible
only when LEU2-containing plasmids compensate for the loss
of pGE11.
Saccharomyces cerevisiae strain was MGY9 (a ura3 leu2 trp1 his3
cab2D::HIS3 [ARS CEN URA3 CAB2]).
Plasmids were pJO9 (cab2D::HIS3 deletion cassette), pGE11 (ARS
CEN URA3 CAB2), pGE12 (ARS CEN LEU2 CAB2), p415-MET25
(ARS CEN LEU2 MET25Prom.), pMET-PPCS-WT (ARS CEN LEU2
MET25Prom.-hPPCS), pMET-PPCS-320_334del (ARS CEN LEU2
MET25Prom.-hPPCS-320_334del), pMET-PPCS-538G_C (ARS CEN
LEU2 MET25Prom.-hPPCS 538G>C), and pMET-PPCS 698A_T (ARS
CEN LEU2 MET25Prom.-hPPCS 698A>T).

Western Blotting
Analysis of PPCS protein level was performed on whole cellular
lysate under denaturing conditions and proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; Lonza, PAGEr EX Gels). The analysis of PPCS
dimer formation was performed on whole cellular lysate
under non-reducing non-denaturing conditions and separated
by blue native polyacrylamide gel electrophoresis (BN-PAGE;
ThermoFisher, NativePAGE Novex Bis-Tris Gel System). Denaturing and native gels were blotted onto PVDF membrane (GEHealthcare) for subsequent incubation with primary antibodies
and probing with appropriate secondary antibodies. Chemiluminescence was documented on a Fusion FX7 system (Peqlab). The
following antibodies were used for western blotting: rabbit antiPPCS (ab140626, 1:2,000) purchased from Abcam, mouse antiTubulin (T5168, 1:15,000) purchased from Sigma-Aldrich, and
mouse anti-ATP5A (ab14748, 1:1,000). HRP-conjugated secondary
antibodies for western blot were obtained from Jackson Immunoresearch Laboratories (USA) (1:15,000).

Measurement of Cellular CoA
Total cellular CoA was measured using a fluorimetric-based kit (Abcam, ab138889) according to manufacturer instructions. Briefly,
1 3 106 cells of fibroblasts, growing in exponential phase under
standard medium (Dulbecco’s Modified Eagle Medium High
Glucose, 10% fetal bovine serum, 4 mM glutamine, 1% penicillin/streptomycin) were collected and the pellet was resuspended
in 500 mL of lysis buffer (Abcam, ab179835). After 15 min incubation at room temperature, cell debris was spun down by centrifugation at 1,500 rpm for 5 min. For each measurement, 50 mL of
clear supernatant was used. A CoA standard curve was generated
by plotting relative fluorescence values (RFU) and serial dilution
of CoA standard. CoA levels in test samples were calculated by using the calibration curve. Results are mean 5 SD of n ¼ 16 values.
p values were calculated with an independent sample t test. All
p values were two-sided with a significance level of 0.05.
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Figure 3. Cardiac Magnetic Resonance
Imaging (cMRI) Findings in Individuals
with
PPCS-Related Dilated
Cardiomyopathy
(A) Four-chamber view of individual IV.1
(FB:IV.1 in the figure) at the age of 21 years
in diastole (Ai) and systole (Aii). Note
the decreased change in ventricular volume between phases. RA, right atrium;
LA, left atrium; RV, right ventricle; LV, left
ventricle.
(B) Short axis oblique of individual IV.4 (at
the age of 10 years) in diastole (Bi) and
systole (Bii), consistent with a low cardiac
output.
(C) Volume rendering of gadoliniumenhanced angiography of the chest and
head blood vessels in individual IV.4
(posterior view), demonstrating normal
vasculature.

extensively described in Bosveld et al.8 All
flies were maintained at 25 C on standard
medium. Heterozygous and homozygous
pre-pupae were selected on the basis of
GFP fluorescence (homozygous pre-pupae
are GFP-negative). High-speed movies of
spontaneous heart wall contractions in
whole pre-pupae were recorded for 3 3
10 s at a rate of 100 frames per second by using a BlueFOX3 digital camera on a Leica
DM IL LED microscope with a 103 lens.
Heart rate was manually analyzed with
ImageJ. Kymographs were constructed using ImageJ and used to measure heart wall
shortening, systolic, and diastolic length.
Arrhythmia index was obtained from a
2 min/100 frames per second high-speed
movie with a 203 lens of spontaneous
heart wall contractions in whole pre-pupae
and analyzed by via software as described
before.22

Drosophila Viability and Pantethine
Treatment

Serum Pantothenic Acid, PPCS, and CoA Measurements
Serum samples were obtained from individuals IV.1 and IV.4, family B, as well as from healthy control subjects. Pantothenic acid
levels were measured at Mayo Medical Laboratories (Mayo Clinic).
ELISA commercial kits (MBS283149, MYBioSource) were used for
measurement of PPCS levels, and Coenzyme A detection kit
(ab102504, Abcam) for measurement of CoA levels in serum.

Drosophila Stocks and Cardiac Physiological
Measurements
In all experiments, we used dPPCS mutant flies carrying a P element
insertion in the 50 UTR of the gene, resulting in a lower expression
of dPPCS protein. This mutant, indicated as dPPCS1/TM3-GFP, was

Heterozygous males and females dPPCS1/
TM3-GFP were transferred into vials and
were allowed to produce embryos on control food, food containing 12 mM vitamin B5, and food containing 8 mM pantethine, as previously described in Kiefer et al.23
After 5 days, adult flies were removed and after 12 days, the
amount of homozygous and heterozygous pupae was determined.

Targeted Treatment with Pantethine in Affected
Individuals
After obtaining informed consent of the affected individuals or
their parents, as well as institutional review board approval as
compassionate treatment, the only two living affected individuals
(IV.1 and IV.4, family B) commenced oral pantethine (Now Foods)
supplementation at an initial dose of 6–8 mg/kg/day (once daily),
which was subsequently gradually increased to 20–24 mg/kg/day.

1022 The American Journal of Human Genetics 102, 1018–1030, June 7, 2018

Results
Molecular Diagnosis by Next Generation Sequencing
In family A, a search for homozygous or potentially compound heterozygous non-synonymous rare variants with
a minor allele frequency (MAF) <0.1% prioritized in the
Munich in-house database, containing 11,525 control
exomes, rare variants in two genes, PPCS and C4orf21.
Neither of these genes have so far been associated with human disease. Due to the function of the encoded protein
and in silico prediction, we considered PPCS (GenBank:
NM_024664.3) as the top candidate gene. In family B, a
search for recessive inheritance resulted in 26 genes
harboring rare (MAF < 0.01%) non-synonymous variants,
for which the proband was homozygous and the mother
heterozygous (Table S2). Further analysis excluded 21 variants (benign, reported in unaffected individuals, genes
unrelated to the phenotype), resulting in 5 candidate
genes. As 3 of these variants were located within introns,
the remaining 2 (in PPCS and PPID) were further evaluated
for segregation in the family. Finally, PPCS, which was not
previously associated with a human phenotype, however,
is known for its role in the CoA biosynthesis pathway,
remained as the most promising candidate for further
analysis.
Exome sequencing in individual II.2 of family A led to
the identification of the heterozygous changes c.320_
334del (p.Pro107_Ala111del) and c.538G>C (p.Ala180Pro)
in PPCS (Figure 2B). Carrier testing confirmed that the
variant c.320_334del was located on the paternal allele
and the variant c.538G>C on the maternal allele.
In family B, WES identified the homozygous c.698A>T
mutation (p.Glu233Val) in exon 3 of the PPCS gene of individual IV.8 (Figure 2B). Segregation analysis in all available family members confirmed full segregation, with all
four affected siblings found to harbor the c.178A>T mutation in homozygous form, both parents and two of the
four unaffected siblings (subjects IV.3 and IV.7) found to
be heterozygous for the mutation, and the remaining
two unaffected siblings (subjects IV.2 and IV.6) found to
be wild-type.
None of the PPCS missense variants (c.698A>T,
c.538G>C) are listed in the gnomAD (Genome Aggregation Database) browser (12/2017). The in-frame deletion
c.320_334del is listed 103 only in a heterozygous state in
271,726 alleles of the genomAD browser. No additional
rare biallelic PPCS variants were observed in the Munich
in-house database containing exome dataset from more
than 11,000 individuals with unrelated phenotypes.

Bioinformatic Analysis of the Variants Found in PPCS
The two SNV mutations p.Glu233Val and p.Ala180Pro (canonical isoform) are categorized as highly deleterious by
almost all prediction tools (Table S1), including PolyPhen,
Sift, LRT, MutationTaster, MutationAssessor, and Provean.
These tools base their predictions on different consider-

ations but heavily rely on evolutionary conservation.
Indeed, the mutated amino acids and their vicinity are
conserved throughout evolution (Figure 2A). Mapping
the conservation scores to the protein structure using Consurf also reveals conserved structural cluster in the general
region of the mutations (Figure S1A). These mutations are
not likely to change drastically the protein stability as they
are partially exposed to the surface and not integral part of
the protein.
The two positions share several topological and structural commonalities. Residues Glu233 and Ala180 of
PPCS have their side chain partially exposed to the surface (33% and 20% relative accessibility, respectively).
Both are located within the core Coa-B like domain.
The two positions are also spatially close and separated
by only about 10 Å as indicated by the structure of the
human protein, which was resolved to 2.3 Å resolution
(PDB: 1P9O). Unfortunately, PDB file 1P9O does not
contain ligands or cofactors, complicating the analysis
of possible involvement of Ala180 and Glu233 in molecular binding. We thus attempted to examine additional
related structures which include cofactors. A sensitive
psi-blast sequence search identified the phosphopantothenoylcysteine synthetase protein from E. coli, as a
remote homolog of PPCS (20% identity). This protein
has been crystalized (PDB: 1U7W) with a CTP nucleotide
cofactor.10 Structural alignment of PDB: 1P9O and 1U7W
revealed a highly similar fold (Figure S1C) with the best
alignment encompasses 159 residues with RMSD of
0.85 Å (p value for structure similarity < E15). Glu233
was found to be located in close vicinity to the phosphate
recognition region of the nucleotide binding site. This
residue is conserved in the bacterial protein (residue
Phe330 therein) in spite of low overall sequence similarity between the proteins. Phe330 creates contact with the
CTP phosphate group in the bacterial protein. It is not
entirely clear how the negatively charged residue creates
favorable contacts with the negative phosphate. One option is that the recognition is mediated by a divalent
cation. Indeed, the binding of the phosphate in the other
side of the binding cleft is mediated by a positive calcium
ion (Figure S1D) which is coordinated to a negatively
charged aspartate (Asp276). It can well be that Phe330
also coordinates a mediator ion that was not resolved
by the X-ray crystallography. The other option is that
an electrostatic repulsive force helps to orientate the
nucleotide in the binding site.
Ala180 is also located in the nucleotide binding cleft, but
in a closer vicinity to the sugar moiety. The equivalent residue in the bacterial protein is Ala276, suggesting the need
for a small residue at this spot. The side chain in both the
bacterial and human proteins point to the opposite side of
the nucleotide.
Although the nucleotide involved in the human protein
reaction is ATP and not CTP, nevertheless the phosphate
and sugar binding mode are likely to be conserved as these
parts are identical.
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SCD-Ura-Leu,
2d

SCD-Leu+Ura
+FOA, 2d

SCD-Leu+Ura
+FOA, 4d

yPPCS (CAB2)
Empty vector
hPPCS (WT)
hPPCS
(c.320_334 del)
hPPCS
(c.538G>C)
hPPCS
(c.698A>T)

Figure 4. Functional Complementation of a Yeast cab2 Deletion
Mutation by Human PPCS Gene Variants
Strain MGY9, used as a recipient for transformation, contains a
chromosomal cab2 null mutation which was complemented by
the single-copy URA3 CAB2 plasmid pGE11. Single-copy LEU2
plasmids used for complementation studies contain yeast CAB2
(positive control) and human PPCS alleles (wild-type and variants
c.320_334del, c.538G>C, c.698A>T). Transformants containing
two autonomously replicating plasmids are shown (left, SCDUra-Leu. incubation for 2 days). To counter-select URA3 plasmid
pGE11, transformants were transferred to a medium supplemented with 5-FOA and incubated for 2 or 4 days (middle, right).

In conclusion, there is a consensus agreement regarding
the deleterious effect of both p.Glu233Val and p.Ala180Pro
on the protein function, which reflects the high evolutionary conservation of both sites. The changes are likely
to affect the binding to the ATP co-factor of PPCS.
The mutation c.320_334del affects a region which is not
conserved in evolution (Figure 2A). However, prediction
programs such as MutationTaster predict the change
to be deleterious since the missing amino acids may be
relevant to keep the conformation of the protein
(Figure S1F). The human PPCS forms a dimer that is biologically relevant for function.9,10 The dimer has two dimerization regions including a non-conserved sequence between helices a4 and a5 (residues 107–111). In the
crystal structure of human PPCS (PDB: 1P9O),9 these residues are intertwined in the other monomer, although for
part of them there is no electron density for residues
107–111 (marked in red in Figure S1G [zoom]).
Deletion of residues 107–111 could result in a destabilization of this dimerization region. In particular, it is
possible that the deletion leads to a shortening of the
strand b5 as seen in Figures S1F and S1G of the SWISSMODEL model of the deletion mutant.24–27 Additionally,
the deletion could lead to rearrangement of helices a4
and a5 and dynamics of the protein and eventually to
change the substrate binding region.
Validation of Pathogenicity of Mutations in Yeast
yPPCS is a gene essential for yeast viability.6 In order to
evaluate the functional relevance of identified PPCS vari-

ants, we performed a functional complementation of the
yPPCS null background with the human wild-type PPCS
and its mutant variants using the method of plasmid shuffling.28 The genuine yPPCS gene was used as positive control, while an empty vector was used as negative control.
As expected, transformants containing pGE12 (LEU2
CAB2) are able to grow while empty vector transformants
fail to grow (Figure 4, lines 1 and 2, respectively). Importantly, expression of the cDNA of wild-type hPPCS in yeast
restores growth even in the absence of yPPCS, although
slightly less efficient than authentic yPPCS (line 3). In
contrast, transformants with deletion or missense variants
of hPPCS were unable to grow on 5-FOA-containing medium after 2 days of cultivation (lines 4–6). However, after
4 days, mutant variants hPPCS 320_334del (line 4) and
hPPCS 698A>T (line 6) could support a minimal growth
while variant hPPCS 538G>C (line 5) turned out to be
completely non-functional even when the time of cultivation was extended.
Stability of PPCS Protein in Cells
In order to gain insight on the effects of identified mutations on PPCS stability, we performed an immunoblotting
analysis on fibroblasts extracts from the four affected individuals, three unrelated control subjects, and one affected
individual’s cell transduced with the wild-type PPCS cDNA
(Figures 5A and S3). Under denaturing conditions, the
monoclonal PPCS antibody, directed against the C-terminal region present in both PPCS isoforms, detected both
in control and affected individuals a main band of
34 kDa, corresponding to the canonical isoform. In subject
II.2, family A (FA:II.2 in Figures 5A and S3), there is a second band corresponding to the deletion-carrying allele,
in addition to the 34 kDa band, corresponding to the
missense-carrying allele. The normalization of the signal
of PPCS to the loading control a-tubulin revealed a marked
reduction in PPCS levels in all affected individuals, with
the strongest reduction observed in individual II.2 (Figures
5B and S3). The expression of the wild-type PPCS in the
fibroblasts of individual II.2 (FA:II.2-T-PPCS in Figure 5A)
normalized the PPCS protein levels (Figure 5B).
As the c.320_314del allele carried by individual II.2, family A was predicted to be associated with a dimerization
defect, we performed an immunoblotting analysis under
native conditions on fibroblasts extracted from this subject
to verify whether at least the missense allele could form a
dimer (Figure 5C). The PPCS antibody detected one band
of about 70 kDa in the cell extract from a healthy control
(C1 in Figure 5C), corresponding to the expected size of a
PPCS dimer (about 68 kDa). No signal was instead present
in the cell extract of the affected individual (Figure 5C).
This pointed out that either the proteins encoded by the
deletion and missense alleles are extremely unstable and
do not form a dimer, or if a dimer is made by the missense
carrying protein, that the level is so low that the antibody
cannot detect it. We looked also for the monomeric PPCS
in control and individual II.2, but in none of them was
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A

C

B

the monomeric PPCS detected, indicating that in physiological conditions PPCS exists mainly as a dimer.
Intracellular CoA Levels in the Presence of PPCS
Mutations
To gain further insight into the impact of PPCS variants on
the steady-state level of CoA, we measured total cellular
CoA levels in fibroblasts from all four PPCS-deficient
individuals and compared this to the levels of CoA in
fibroblasts from a commercially available control subject
(NDHFneo, C1) and two healthy control subjects (C2
and C3) (Figure 6). The investigation revealed a significant
reduction of CoA in all four affected individuals, which
was rescued by reintroducing the wild-type copy of the
gene (Figure 6).
Metabolic Investigation in Blood and Serum of PPCSDeficient Individuals
Acylcarnitine profiles in dried blood spots of the probands
revealed normal levels of free carnitine (C0) but relatively
low concentrations of long chain acylcarnitines C16 and
C18, leading to an elevated ratio C0/(C16þC18) and
reduced ratio (C16þC18:1)/C0 (Table 2).
Pantothenic acid (vitamin B5) in the serum of available
affected individuals (IV.1 and IV.4, family B) was within
normal limits for both affected siblings (74.95 mg/L and
73.84 mg/L, respectively; normal range for >10 years 37–
147 mg/L).
Unfortunately, the levels of PPCS and CoA were consistently undetectable in both the affected and control
samples.
Functional Metabolic Tests during Fasting
Following the identification of pathogenic variants in PPCS,
known to be involved in the CoA synthesis pathway, we
sought to evaluate the respiratory quotient (RQ) and basal
metabolic rate (BMR) for the two live affected siblings (subjects IV.1 and IV.4, family B). This investigation (performed

Figure 5. Western Blot Analysis of PPCS
Protein in PPCS Mutant Fibroblasts
(A) Western blot analysis of fibroblasts
from the four affected individuals (FA:II.2,
FB:IV.8, FB:IV.4, FB:IV.1), one healthy control subject (C1), and individual II.2, family
A complemented by lentiviral transduction
with wild-type PPCS. 7.5 and 15 mg proteins were loaded. Tubulin was used as a
loading control.
(B) Densitometric analysis of this western
blot. Error bars indicate the standard error
of the mean.
(C) Blue native gel electrophoresis of total
cellular extract from individual II.2, family
A, and control C1 solubilized by 1% laurylmaltoside. ATP5a, sub-unit of the respiratory chain complex V, was used as a loading
control

during fasting, at 21 years of age for individual IV.1 and at
9.5 years of age for individual IV.4) showed the RQ to
be 0.773 and 0.796, respectively, both consistent with
normal fat oxidation. BMR was found to be elevated
for both siblings, 2,771 kcal/day for individual IV.1 and
2,091 kcal/day for individual IV.4, consistent with 142%
and 160% of expected for their body weight and composition, respectively. This elevation was to be expected and
indeed was attributable to their current state of heart failure.
Homozygous dPPCS1 Flies Show Altered Physiological
Cardiac Parameters
To examine the effect of the dPPCS1 mutation on cardiac
function, we determined heart rate, arrhythmia index,
heart wall shortening, and systolic and diastolic length in
heterozygous and homozygous dPPCS1 Drosophila melanogaster. In comparison with heterozygous dPPCS1 flies,
homozygous dPPCS1 flies showed a significant increase in
heart rate, heart wall shortening, and arrhythmia index
and a decrease in systolic length (Figure 7). These findings
indicate that homozygous variants in dPPCS are associated
with cardiac dysfunction in Drosophila.
Pantethine Supplementation in Drosophila with dPPCS
Deficiency Improves Viability
Based on Mendelian inheritance, the genotype of the F1
embryonal progeny of crossing dPPCS1/TM3-GFP adults is
the following: 50% will be dPPCS1/TM3-GFP, 25% will be
dPPCS1/dPPCS1, and 25% will be TM3-GFP/TM3-GFP. The
genotype TM3-GFP/TM3-GFP (homozygous for the balancer chromosome) induces a fully penetrant early developmental lethality and this genotype is not present in the
F1 adult progeny, which therefore based on Mendelian inheritance consists of 66.6% dPPCS1/TM3-GFP and 33.3%
dPPCS1/dPPCS1 flies only. dPPCS1/dPPCS1 homozygous
adults are viable.7,8 The exact percentages of the two viable
genotypes of the F1 are not only determined by Mendelian
inheritance but also can be influenced by the impact of the
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Figure 6. Total Cellular CoA in Fibroblasts
Fibroblasts growing in exponential phase
under standard medium were collected, homogenized, and evaluated for CoA content.
Relative fluorescence values (RFU) of serial
dilution of CoA standard were measured
to generate a calibration curve. CoA levels
in fibroblasts were calculated by making
use of the calibration curve. Fibroblasts
from three unrelated controls (C1, C2,
C3 in the figure) and from an affected
individual transduced with wild-type
PPCS (FA:II.2-T-PPCS) are labeled in blue;
affected individuals (FA:II.2, FB:IV.1,
FB:IV.4, FB:IV.8) are labeled in red. Results
are mean 5 SD of n ¼ 16 values. p values
were calculated with an independent sample t test. All p values were two-sided with
a significance level of 0.05.
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Discussion

PPCS1 allele on viability. In the case a homozygous mutation in dPPCS negatively influencing viability, less than
33.3% of the F1 progeny will consist of dPPCS1/dPPCS1
homozygous mutant flies. In our crosses, the percentage
of homozygous dPPCS1 pupae ranged from 9% to 22%, suggesting a reduced viability in homozygous mutants. Pantethine can serve as a source for CoA de novo biosynthesis,
and since pantothenate kinase is the first enzyme of the
canonical CoA biosynthesis pathway, it can phosphorylate
pantethine to form 4-phosphopantetheine.29,30 This route
therefore does not require PPCS. Addition of pantethine to
the fly food indeed rescued the percentage of homozygous
survivors to levels that can be expected based on Mendelian
inheritance. Vitamin B5 was used as a control. Experiments
were repeated twice. In both experiments, a rescue of 10%
was observed (Figure S2).
Effects of Pantethine Supplementation in Individuals
with PPCS Deficiency
The two living affected individuals (IV.1 and IV.4, family B)
commenced oral pantethine supplementation, initially
at a dose of 6–8 mg/kg/day (once daily), which was subsequently gradually increased over a period of 2 months,
reaching 20–24 mg/kg/day. At 2-month intervals, serial
clinical evaluations, including pediatric cardiology visits
and echocardiograms and serum acylcarnitine profiles using dried blood spots were obtained (Table 2). Compared
to their baseline evaluations, both clinical and echocardiographic evaluations had shown individual IV.1 to experience a mild improvement in exertional dyspnea and an
increase of ejection fraction (EF, using the Simpson
mode) from 36% (at baseline) to 48% (at a recent visit);
subject IV.4 remained stable, with symptoms of heart
failure upon exertion and an EF of 45%.

Here, we report on five individuals
from unrelated families in whom biallelic mutations in PPCS lead to a cardiac phenotype. Variants identified in PPCS-deficient individuals are extremely
rare. In our in-house database containing >10,000 WES
datasets, we could not identify additional individuals carrying other rare biallelic PPCS variants. Moreover, in the
gnomAD browser, neither of the two missense variants
are present either as homozygous or heterozygous variants.
The in-frame deletion is instead present only as a heterozygous variant with a MAF of 0.0001.
In addition to frequency considerations, identified variants are also predicted to be deleterious according to structural assumptions. In fact, mutations change either amino
acids involved in the binding of ATP to PPCS or amino
acids relevant in humans for the dimerization of PPCS.
In order to verify the pathogenicity of identified variants, we utilized a yeast null mutant for yPPCS. It is known
that ablation of yPPCS is lethal, so we investigated whether
transforming the yPPCS-null mutant with the wild-type
PPCS or variant-carrying PPCS constructs could rescue the
lethal phenotype. For validation experiments, we considered the long canonical isoform GenBank: NM_024664.3
as the isoform associated with the pathology since the mutation p.Pro107_Ala111del carried by subject II.2 of family
A affects only this isoform.
While expression of the wild-type PPCS complemented
the lethal phenotype in the yPPCS deletion strain, a clear
growth defect was observed for all strains transformed
with the identified human variants, thus confirming their
deleterious nature. c.538G>C in particular was completely
inactive, indicating that this variant impairs PPCS function more dramatically than the other variants.
It is likely that the decreased enzymatic activity of PPCS
is due to decreased protein stability, as indicated by the
strong reduction of PPCS signal in all PPCS-deficient
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Table 2.

Acylcarnitine Profiles in Individuals with Mutations in PPCS before and during Panthetine Supplementation

Individual

Controls

FA:II.2

FB:IV.1

FB:IV.4

FB:III.3

c.[698A>T];[698A>T]

c.[698A>T];[ ¼ ]

Genotype

c.[538G>C];[320_334del] c.[698A>T];[698A>T]

Pantethine
supplementation

no

no

600 mg/d 1800 1800 no
mg/d mg/d

300 mg/d 900 mg/d 900 mg/d no

30

42

45

44.5

38.5

46

39

44

42

22.5

C0

6–65

C16

0.79–5.72 0.67

1.21

1.85

1.17

1.56

1.33

0.95

1.1

1.12

0.95

C18

0.38–1.78 0.33

0.71

0.68

0.43

0.59

0.6

0.46

0.46

0.56

0.47

C18:2

0–0.49

0.11

0.46

0.65

0.63

0.56

0.54

0.49

0.39

0.47

0.43

C0/(C16þC18)

2.30–18

30

21.88 17.79

27.81 17.91 23.83 27.66

28.21

25.00
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individuals in the western blotting experiment or by the
inability to assemble into a functional PPCS dimer. Of
note, the monoclonal PPCS antibody detected only one
band of 34 kDa under denaturing conditions, despite the
antibody’s epitope residing within the C terminus region,
common to the two PPCS isoforms. The presence of a single band corresponding to the canonical isoform suggests
that this is likely the only splice variant translated into a
protein.
In contrast to the neurodegenerative NBIA-related phenotypes associated with defects in PANK2 and COASY,
PPCS-deficient individuals present with a clear dilated cardiomyopathy with a variable degree of severity and no
neurodegeneration. Only in one individual (II.2, family
A) were extra-cardiac features present in addition to severe
dilated cardiomyopathy. Presumably, the presence of a
completely inactive PPCS allele determines a more severe
phenotype in this individual, as expected from the lack
of rescue in yeast. Nonetheless, no neurodegeneration
was present.
In fruit flies, impairment of dPPCS is associated with
neurological impairment. In view of the fact that PPCSdeficient individuals have dilated cardiomyopathy, we
reinvestigated dPPCS mutants with a focus on cardiac function. With deeper inspection, dPPCS mutants presented
with reduced viability, and moreover showed increased
heart rate, increased arrhythmia index, reduced systolic
function, and increased heart wall shortening, all manifestations indicative of dilate cardiomyopathy in fruit flies.31
We therefore conclude that the cardiac phenotype of
dPPCS flies recapitulates the pathophysiological alteration
seen in PPCS-affected individuals, suggesting that alteration in PPCS can cause dilated cardiomyopathy.
In zebrafish, for instance, the downregulation of pank2
leads to perturbation in the vasculature development,
reduced heart beat, and slower blood flux in addition to
neurodegenerative signs,32 while the downregulation of
coasy leads to edema at a cardiac level,33 suggesting already
a link between CoA biosynthesis and cardiac function.
With this knowledge in mind, it would be interesting
to also investigate whether fruit flies with dPANK and

0.07

0.07

0.07

dCOASY impairment have a subtle cardiac dysfunction,
accompanying the most obvious neurodegeneration.
PPCS is the second enzyme of the CoA de novo biosynthesis pathway. Mutations in enzymes taking part in the
route are expected to result in reduced CoA biosynthesis.
Indeed, in PPCS-deficient individuals, the level of free
CoA is significantly lower than in healthy control subjects.
By reintroducing the wild-type copy of the PPCS in fibroblasts of an affected individual, the level of CoA is restored
to normal values.
In contrast to PPCS-affected individuals, subjects with
PKAN (pantothenate kinase-associated neurodegeneration) and COPAN (COASY protein-associated neurodegeneration) do not have detectable decrease of CoA levels in
fibroblasts, despite the fact that most of the mutations in
PANK2 and COASY impair the enzymatic activity of the
recombinant enzymes, respectively.2,34
Explanations of why mutations in PPCS do lead to
decreased CoA levels in fibroblasts and mutations in
PANK2 and COASY do not show a decrease in CoA levels
and how this is possibly linked to a cardiac disease versus
a neurodegenerative disease are currently not present. In
order to understand these differences, CoA should be
measured in relevant tissue of all conditions, meaning in
the globus pallidus of PKAN and COPAN models and in
cardiac tissue of PPCS-deficient models. Analysis of the
abundancy of PANK2, PPCS, and COASY in relevant tissue,
the identification of exact intracellular localizations of
these three de novo CoA biosynthesis enzymes in diseaseaffected tissues, elucidation of possible redundancies in
their roles in CoA synthesis, and identification of potential
moonlighting functions are required to obtain answers to
these intriguing questions.
Reduced cytosolic CoA concentration in PPCS-affected
individuals may lead to a reduced synthesis of activated
long-chain fatty acids in PPCS-affected individuals.
Therefore, there is only limited substrate for carnitine
palmitoyltransferase I (CPT1), resulting in reduced longchain acylcarnitine concentrations, similar to individuals
with carnitine palmitoyltransferase I (CPT1) deficiency.
Indeed, this pattern is present in all individuals with
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Figure 7. Physiological Cardiac Parameters Are Changed in Homozygous dPPCS1 Drosophila melanogaster
Parameters: (A) heart rate in beats per minute, (B) arrhythmia index, (C) systolic and (D) diastolic length in seconds, (E) heart wall shortening, and (F) representative kymographs (10 s). **p % 0.01 and ***p % 0.001. N ¼ 50 for heterozygous and N ¼ 36 for homozygous for
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PPCS deficiency, but not in the asymptomatic carrier
(III.3), and has also been reported in two subjects with
COPAN.5
Since CoA has a pivotal role in heart metabolism, not
only as a source of energy but also as a modulator of fatty
acid and glucose oxidation,35 it is expected that alteration
in CoA metabolism impair cardiac function.
We cannot exclude that cardiomyopathy in PPCS-deficient individuals is also due to the generation of toxic metabolites. For instance, L-cysteine normally funneled in the
synthesis of phosphopantothenoylcysteine could accumulate and eventually exceed the cytotoxicity threshold
leading to detrimental effects in tissues, especially in the
heart.36 Consistent with this hypothesis, dPPCS mutants
have been reported to be hypersensitive to cysteine.8
However, considering the ubiquitous presence of the
enzymatic PPCS activity, it remains unexplained why the

brain and in general the other organs are not affected in
PPCS-deficient individuals.
Aside from this open question which future studies will
address, the identification of PPCS variant as the causative
mutation in families A and B suggested a therapeutic trial
of oral pantethine supplementation as targeted treatment
aimed to bypass the deficient enzyme in the CoA synthesis pathway.37 We treated dPPCS mutants with pantethine, and the compound successfully rescued the
viability in homozygous mutants. These results are also
consistent with studies performed in PPCS mutants in
bacteria.30 Following the promising results from the
Drosophila model, empirical targeted treatment with pantethine was introduced for the two living affected siblings
of family B. Our results thus far had not shown significant
clinical improvement. This can be explained by the late
introduction of the treatment in their clinical course, after
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cardiac damage had already occurred. Future studies,
following early detection and initiation of treatment in
additional affected families, may shed light on whether
this therapeutic intervention can indeed bring more substantial clinical benefit, as demonstrated in the Drosophila
model.
In summary, although the precise mechanism by which
decreased CoA leads to cardiac rather than neurological
problems remains to be fully elucidated, we demonstrate
that pathogenic changes in PPCS lead to decreased CoA
concentrations and cause cardiomyopathy with variable
progression.
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Abstract
Exome wide sequencing techniques have revolutionized molecular diagnostics in patients with suspected inborn errors of
metabolism or neuromuscular disorders. However, the diagnostic yield of 25–60% still leaves a large fraction of individuals
without a diagnosis. This indicates a causative role for non-exonic regulatory variants not covered by whole exome sequencing.
Here we review how systematic RNA-sequencing analysis (RNA-seq, Btranscriptomics^) lead to a molecular diagnosis in 10–
35% of patients in whom whole exome sequencing failed to do so. Importantly, RNA-sequencing based discoveries cannot only
guide molecular diagnosis but might also unravel therapeutic intervention points such as antisense oligonucleotide treatment for
splicing defects as recently reported for spinal muscular atrophy.

Introduction
The ascension of next generation sequencing (NGS) techniques has revolutionized molecular diagnostics. Especially
whole exome sequencing (WES) has subsequently become
the first tier approach for clinical diagnostics of Mendelian
disorders, e.g., mitochondrial disorders or other inborn errors
of metabolism (IEM) (Wortmann et al 2017).
Despite its tremendous impact, the diagnostic yield of WES
analysis is far from complete. For mitochondrial disorders, a
diagnosis is achieved in about 50% of the cases (Taylor et al
2014; Wortmann et al 2015; Pronicka et al 2016), whereas in
other disease groups even more patients remain genetically
undiagnosed (O’Donnell-Luria and Miller 2016).
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To understand this unsatisfactory outcome, one first
needs to recapitulate that disorders not following a
Mendelian (autosomal dominant/recessive, X-linked dominant/recessive) or mitochondrial inheritance, like imprinting disorders, polygenetics, or repeat expansions, cannot
easily be detected using WES (Fig. 1). Furthermore it is
important to realize that WES is the exclusive sequencing
of the protein coding (exonic) regions of the genome
compromising only about 2% of the 3*109 human genomic nucleotides (Bamshad et al 2011; Rabbani et al 2014;
Petersen et al 2017). As 85% of the annotated Mendelian
disease-causing variants reside in the exonic regions, this
restricted analysis, however, allows cost-effective sequencing in large scale (van Dijk et al 2014; Petersen
et al 2017). Vice versa, it implies that a significant proportion of pathogenic variants residing outside the exonic
regions are invisible to WES. The difficult analysis and
interpretation of these non-coding variants has likely resulted in an underestimation of their contribution to
disease.
Due to decreasing sequencing costs it will soon be
feasible to perform whole genome sequencing (WGS) instead of WES, allowing almost complete coverage of the
genome. While WGS enables the detection of most variants, whether coding or non-coding, equally tremendous
advances in characterizing these non-coding variants have
not yet been met (Soemedi et al 2017). An average WES
analysis yields between 20,000–23,000 variants per individual (Bamshad et al 2011; Wieland 2015). To identify
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Fig. 1 Multiomics discoveries. Genetic information, stored in the form of
the biopolymer DNA, is exploited to produce messenger and operative
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Methods for the investigations of these species are depicted in boxes
and the numbers provided in diamonds represent typical results (for

whole exome sequencing = WES and whole genome sequencing =
WGS performed on blood or fibroblasts, RNA-seq and proteomics
performed on fibroblasts, and metabolomics performed on plasma). The
lower panel shows representative observations for the respective method
Figure adapted from (Kremer, unpublished doctoral thesis, Technische
Universität München))

the pathogenic variant(s) among them, comprehensive filtering and prediction of variant effects are necessary. For
IEM, mostly autosomal recessively inherited, filtering for
allele frequency of less than 1% and for genes harboring
bi-allelic variants is frequently employed, narrowing
down the list to rare potentially deleterious bi-allelic variants in about 5–25 genes. Further prioritization of these
variants relies on functional evidence, e.g., that they lie in
previously disease-associated genes or in genes encoding
proteins known to be important for a given pathway, organelle, or phenotype (Haack et al 2010). Frequently, the
functional implication of a variant cannot be predicted
with sufficient reliability referred to as variant of unknown significance (VUS). WGS, in turn, reveals about
3 to 5 million variants per individual rendering prioritization even more challenging. Considering pathogenic noncoding variants likely distorting gene expression, we here
give an overview of how genome-wide detection of expression perturbation by RNA-sequencing (RNA-seq)
analysis adds crucial functional evidence to the genetic
information obtained by WES and WGS and enables an
increase in the diagnostic yield for IEM.

Specifications and implications of RNA-seq
The discovery of reverse transcriptases in 1970 and their potential to generate cDNA from RNA in 1971 enabled the adaptation of existing methods for DNA analysis to concordantly investigate RNA species (Baltimore 1970; Temin and
Mizutani 1970; Spiegelman et al 1971). Subsequently, in
1990, the reverse transcriptase polymerase chain reaction
(RT-PCR) was developed to amplify RNA followed by appropriate platforms allowing RNA sequencing (Shaffer et al
1990). As for DNA, such sequencing endeavors were initially
limited to single gene analysis while the development of NGS
in 2005 eventually enabled global transcriptome analysis
(Margulies et al 2005). Nowadays, Illumina provides the most
widely used sequencing platform (Goodwin et al 2016). The
commonly employed Illumina TruSeq RNA Library preparation protocol is optimized for an input of 0.1 to 1 μg of total
high quality RNA (RNA integrity number (RIN) > 8) derived
from various human tissues (TruSeq® RNA Sample
Preparation v2 Guide (Illumina)). However, they also provide
solutions for low quality samples with reduced RNA yield
(10–20 ng RNA from fresh or frozen tissue). The library is
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prepared by first purifying mRNAs by poly(A) selection.
Subsequently, the RNA is fragmented and reverse transcribed
into cDNA. The cDNA molecules are then further processed
by end repair and A-tailing to facilitate adapter ligation and
library enrichment by PCR. Following quality control and
quantification, libraries from different samples can be pooled
in equimolar amounts and finally be subjected to sequencing.
Additional protocols have been established for the investigation of other types of RNA like micro RNA.
The thereby gained unobscured view on the cellular transcriptome provides comprehensive information on mRNA
quality and quantity as well as possible perturbations thereof.
It not only permits the detection of genetic variants at the
mRNA sequence level but allows direct probing of the effect
of genetic variants by assessing, e.g., altered expression levels,
aberrant splicing, or gene fusions (Byron et al 2016).
While the first clinical implications of RNA analysis were
relatively simple and mainly focussed on analysis for the presence of the expression of certain viral genes to detect infections with RNA viruses, the applicability and complexity of
transcriptome analysis steadily increased (Ito et al 1999;
Byron et al 2016).
It is nowadays widely used as a prognostic outcome measure, e.g., by assessing the expression of certain gene sets
aiding treatment decisions for breast cancer or leukemia, and
for monitoring immune responses hinting at possible rejections following organ transplantation (Byron et al 2016). In
particular, within the cancer field, the diagnostic power of
RNA-seq has subsequently become evident where it is readily
used to detect gene fusions. Gene fusions are the result of
chromosomal rearrangements which are frequently encountered in cancer cells (Maher et al 2009; Stephens et al 2009).
While such rearrangements are also detectable by conventional DNA sequencing techniques, not all such translocations
result in the expression of fusion genes and hence may not
have any functional consequences (Levin et al 2009). RNAseq, in turn, allows direct detection of the pathogenic expression of fusion genes and is now routinely used as a diagnostic
tool in cancer research (Mitelman et al 2007; Ozsolak and
Milos 2011).
However, for Mendelian disorders, RNA expression analysis was so far not employed as a diagnostic tool and focused
on single gene or single case investigations. A commonly
encountered expression aberration, though, is aberrant splicing (Tazi et al 2009; Singh and Cooper 2012; Scotti and
Swanson 2015) (Fig. 1). Aberrant splicing can be caused by
splice site mutations, mutations in splicing factor-binding
sites, as well as by intronic variants. Mutations in canonical
splice sites are usually recognized in WES or WGS data.
However, in only a few conditions the predicted effect has
been validated at the RNA level, as there is no biomaterial
available or assay established. For the remainder, pathogenicity is not established and the variant therefore remains a VUS.
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Variants affecting splicing can provoke 1) exon skipping as
reported for various IEM (e.g., for ACADM (Medium Chain
Acyl CoA dehydrogenase deficiency) (Korman et al 2004),
ASS1 (Citrullinemia) (Kimani et al 2015), MPV17 (mitochondrial DNA depletion syndrome) (Navarro-Sastre et al 2008),
and SSADH (Succinic semialdehyde dehydrogenase deficiency) (Chambliss et al 1998); 2) exon skipping and creation of a
novel exon; 3) intron retention as seen in SERAC1 (MEGDEL
syndrome, (Wortmann et al 2012; Morel et al 2006); and 4)
exon truncations of various forms as seen in GLA (Fabry disease) (Chang et al 2017) (Fig. 2).
Another evolving theme regarding transcriptional perturbation in Mendelian disorders is mono-allelic expression (MAE,
Fig. 1) where only one allele is expressed, whereas the other
allele is transcriptionally silenced or post-transcriptionally degraded based on genetic and epigenetic grounds. Epigenetic
mechanisms provoking MAE broadly fall into three categories: random MAE of autosomal genes; random MAE of Xchromosomal genes; and exclusive expression from either the
paternal or maternal allele due to parent-of-origin imprinting
(as reviewed by (Fahrner and Bjornsson 2014)). Genetic perturbations can include mutations affecting splicing or generating premature stop codons and subsequently provoking nonsense mediated mRNA decay (NMD) of the affected allele,
alterations in promoter or regulatory regions, as well as large
deletions. Therefore, MAE detected by RNA sequencing can
provide crucial evidence for the implication of variants either
not detected with WES (e.g., variants in introns or regulatory
regions) or not prioritized after WGS (e.g., VUS).
Heterozygous coding variants compound with these unrecognized variants resulting in allele silencing can then mimic the
effects of homozygous variants at the RNA level. This is especially important when investigating recessive disorders as
the compound heterozygous variants might not have been
prioritized otherwise.

Systematic RNA-seq analysis for Mendelian
disorders
Until recently, it was unclear how many rare and strong RNA
alterations are present in an individual because it was not
systematically investigated. This information is, however, crucial when implementing RNA-seq as a diagnostic tool. To
tackle this question, two recent studies performed large scale
RNA-seq on patient material. Cummings et al performed
RNA-seq on patient derived muscle in a cohort of 50 patients
with rare genetically unsolved muscle disorders (Cummings
et al 2017). They first characterized aberrant splicing in patients previously diagnosed with splice site mutations.
Subsequently this information was used to develop an algorithm that could detect aberrant exon-exon junctions which
were present only in patient material but not in reference
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Fig. 2 Splicing aberrations. Coding and non-coding variants depicted in the upper panel can provoke distinct splicing aberrations shown in the middle
panel. Examples for each instance are listed in the lower panel

muscle RNA-seq data generated in the Genotype-Tissue
Expression (GTEx) Consortium project (Consortium 2015).
The latest GTEx release (dbGaP Accession phs000424.v7.p2)
provides RNA-seq data for 53 tissues from 714 donors and
depicts the most comprehensive reference dataset. Authorized
access to the data is possible upon request. To identify rare (by
Cummings et al referred to as unique) splicing events they
only considered outlier events that were maximal in a given
sample and less than half in the next highest sample. This
analysis revealed unique splicing events in 190 genes per
individual.
A similar rationale was applied by us in a study comprising
105 fibroblast cell lines from suspected mitochondrial disease
patients (Kremer et al 2017). We adapted an algorithm for
splicing quantitative trait loci (QTLs) to a rare disease setting
where we detected novel splice sites by comparing one sample
against all others. We could identify five aberrant splicing
events per sample using a stringent cut-off of a Hochberg
adjusted P-value smaller than 0.05. To additionally determine
genes whose expression was outside their physical range, we
computed expression outliers using a combination of Z-score,
which is simply a measure of fold change considering the
inter-sample variance, and statistical testing. As before, we
adapted the filters for a rare disease setting and determined
rare and strong events with a Hochberg adjusted P-value
smaller than 0.05 and a Z-score larger than 3. This resulted
in the median detection of one expression outlier per sample.
Finally, we also investigated the median MAE genes per

sample. We filtered for heterozygous rare (minor allele frequency (MAF) < 0.001) single nucleotide variants (SNVs)
with an RNA-seq coverage of more than 10 reads and considered the SNVs mono-allelically expressed when more than
80% of the reads harbored that variant and the Hochberg adjusted P-value was smaller than 0.05. This revealed a median
of six MAE events per sample. Altogether, the number of
strong and rare RNA defects per sample is rather small (median = 12) and, therefore, allows manual inspection to clarify a
pathogenic impact of the aberration.
Consequently, in both studies, the pipelines were applied to
patients for whom WES or WGS was not conclusive, with the
aim to investigate the usability of RNA-seq as a diagnostic
tool. Indeed, the authors could identify pathogenic variation
by computing aberrant expression, MAE, and aberrant splicing. Both studies revealed aberrant splicing as the most frequently observed pathogenic aberration. The detected aberrant
splicing events comprised exon skipping, exon truncation,
exon creation, and intron retention and were caused by coding
as well as non-coding variants.
Notably, most of the exonic variants were VUS that previously evaded variant prioritization. RNA-seq analysis provided crucial functional evidence for their pathological relevance.
Even more strikingly, aberrant splicing was also evoked by
putatively synonymous variants. Cummings et al report a synonymous variant in RYR1 causing an exonic splice gain as the
novel splice site is stronger than the canonical splice site. In
POMGNT1 they showed exon skipping as a result of a
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synonymous variant disrupting a splice motif. Importantly,
detection of aberrant splicing did not only provide crucial
information on exonic variants but also enabled the identification of pathogenic non-coding variants. Cummings et al
found a hemizygous intronic variant in DMD resulting in the
creation of a novel exon yielding a premature stop codon in
three patients. In four patients, an intronic variant in COL6A1
exerted the same effect of pseudoexon creation. Interestingly,
they identified this variant in 27 additional patients where it
occurred independently.
Similarly, we detected a homozygous deep intronic variant
in TIMMDC1 in three families also creating a pseudoexon and
resulting in a premature stop codon. TIMMDC1 also appeared
as an expression outlier in investigated samples, most probably due to nonsense mediated RNA decay (NMD) as result of
the premature stop codon.
Taken together, both studies clearly demonstrate the
power of RNA-seq to reliably detect pathogenic RNA
defects that were not obvious solely from genetic information. Cummings et al achieved a diagnostic yield of
35% (by solving 17/50 patients), while our study reached
a diagnostic rate of 10% (5/48 patients were solved)
(Table 1). It is noteworthy that the two studies differ in
their approach due to the characteristic of the investigated
patient cohort and expected genetic defects where both
scenarios are likely encountered in a clinical setting.
Cummings et al performed their study in a phenotypically
stratified patient cohort. Patients with overlapping clinical
signs and symptoms potentially share the same genetic
cause resulting in a common RNA defect among these
patients. For the detection of rare RNA effects, it is therefore extremely important to employ large control datasets,
for example GTEx.
In contrast, we investigated suspected mitochondrial disease patients presenting with diverse clinical phenotypes.
Therefore, since the patients were likely not affected by mutations in the same gene, hence resulting in diverging RNA
defects, the samples served as good controls for each other.
Furthermore, Cummings et al restricted their analysis to
known disease associated-genes and, therefore, employed less
stringent filtering while we screened genome-wide requiring
Table 1

more stringent filtering criteria. In the first case the pipeline is
more sensitive for small changes, which is feasible when focusing on a limited set of genes. The second genome-wide
study is less sensitive and only focuses on strong outliers,
but is able to detect a cryptic exon in a gene that was previously not known to be associated with a mitochondrial disorder (TIMMDC1).
Importantly, our study revealed aberrant splicing in two
patients at a position to which background splicing was evident in controls, consistent with a previous report that cryptic
splice sites are often not entirely repressed but active at low
levels (Kapustin et al 2011). Our systematic analysis confirmed that 70% of the private exons arose from weak splice
sites. These weak splicing events are usually dismissed as
‘noise’ since they are only supported by a few reads in a given
sample. Our analysis showed that they could be detected as
accumulation points across multiple individuals: weakly
spliced cryptic exons are loci more susceptible to turn into
strongly spliced sites than other intronic regions. This observation may help in the future to detect variants causing cryptic
splicing.

Limitations of RNA-seq (Bthe tissue is
the issue^)
As outlined in both studies, tissue specific expression is a
major obstacle in transcriptome analysis. So far, there is no
systematic study whether disease causing variants cluster in
genes which are tissue specifically or ubiquitously expressed.
Cummings et al report a poor expression of genes commonly
affected in muscle disease in blood and fibroblasts. On the
other hand, in fibroblasts, we detected expression of 2574 of
the 3768 disease genes (68%) listed in OMIM. Therefore,
even though the affected tissue is not available, the RNAseq analysis of an unaffected tissue can still provide crucial
evidence for molecular diagnostics. To the contrary,
performing the analysis in unaffected tissue might benefit
the detection of primary perturbations, as regulatory secondary consequences on other genes are restricted (Li et al 2017).

Diagnostic yield of RNA-sequencing

Disorder

Average diagnostic
yield WES/WGS

Diagnostic yield before
RNA-sequencing

Diagnostic yield after
RNA-sequencing

Rare muscular disorders
(Cummings et al 2017)

25–50% (Yang et al 2014;
Ankala et al 2015; Chong
et al 2015; Taylor et al 2015)
39–60% (Taylor et al 2014;
Wortmann et al 2015;
Pronicka et al 2016)

0/50 = 0% (0 solved, 4 VUS,
12 candidate genes, 34 no
candidates after WES/WGS)
0/48 = 0%

17/50 = 35% (17 solved,
2 VUS, 8 candidate
genes, 27 no candidates)

Mitochondrial disorders
(Kremer et al 2017)

VUS variant of unknown significance, WES whole exome sequencing, WGS whole genome sequencing

5/48 = 10%
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Secondary effects that are common in the investigated samples will be removed by appropriate filtering for rare effects.
In contrast, specific secondary effects for a given mutation can
only be distinguished from the primary defect upon careful
dissection of the underlying molecular variation.
Furthermore, detection of splicing aberrations requires sophisticated bioinformatic tools as splicing can be extremely
complex. Alternative splicing is seen for 94% of genes (Ward
and Cooper 2010), while different isoforms might be
expressed in different tissues or even coexist in a given tissue.
The alterations can come in many flavors, where exons can be
shortened, removed, or created and introns can be retained.
Existing prediction tools largely facilitate reduction of the
complexity and limit the number of the detected events.
However, as is true for all prediction tools, these tools are
not perfect and the predicted events need further experimental
validation. Discoveries from RNA-seq analysis are largely
limited to variants causing an RNA defect. Generally, RNAseq does not provide any functional evidence easing the prioritization of missense mutations.

Multiomics
With increasing numbers of quantitative metabolomic studies
and readily available platforms, quantitative metabolomics,
specifically for IEM, will sooner or later complement molecular DNA and RNA analysis in diagnostic settings. The small
number of established gene-metabolite associations limit the
genome-wide endeavors to interrogate metabolomics data to
prioritize pathogenic variants. For established associations integration of metabolomics data has already proven fruitful for
variant prioritization (Abela et al 2016; van Karnebeek et al
2016).

Concluding remarks
Initial studies have shown the successful application of RNAseq analysis to complement inconclusive WES and WGS
studies for mitochondrial disease and neuromuscular disorders
(additional yield of 10–35%). Future endeavors increasing
sample sizes will allow even more sophisticated statistical
analysis and will further enable the detection of moderate
events. To achieve the maximal outcome of such investigations we have to join forces on a global level. Especially in the
field of rare disorders, the benefits of sharing data among
global registries to increase sample size and statistical power
are evident. As for sharing WES and WGS, ethical concerns
need to be addressed and instances for data protection need to
be in place.
Finally, with increasing success of therapeutic modulation
of aberrant splicing, as recently shown for spinal muscular
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atrophy (Finkel et al 2017), and in preclinical studies also
for IEM (Matos et al 2014; Coelho et al 2015; Lee et al
2016; Chang et al 2017), further treatment strategies for disorders discovered by RNA-seq might be developed.
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ARTICLE
Biallelic C1QBP Mutations Cause Severe Neonatal-,
Childhood-, or Later-Onset Cardiomyopathy Associated
with Combined Respiratory-Chain Deficiencies
René G. Feichtinger,1,19 Monika Oláhová,2,19 Yoshihito Kishita,3,4,19 Caterina Garone,5,13,19
Laura S. Kremer,6,7,19 Mikako Yagi,8 Takeshi Uchiumi,8 Alexis A. Jourdain,9,10 Kyle Thompson,2
Aaron R. D’Souza,5 Robert Kopajtich,6 Charlotte L. Alston,2 Johannes Koch,1 Wolfgang Sperl,1
Elisa Mastantuono,6,7 Tim M. Strom,6,7 Saskia B. Wortmann,1,6,7 Thomas Meitinger,6,7,11
Germaine Pierre,12 Patrick F. Chinnery,5 Zofia M. Chrzanowska-Lightowlers,2 Robert N. Lightowlers,2
Salvatore DiMauro,13 Sarah E. Calvo,9,10 Vamsi K. Mootha,9,10 Maurizio Moggio,14 Monica Sciacco,14
Giacomo P. Comi,15 Dario Ronchi,15 Kei Murayama,16 Akira Ohtake,17 Pedro Rebelo-Guiomar,5,18
Masakazu Kohda,3,4 Dongchon Kang,8 Johannes A. Mayr,1,20 Robert W. Taylor,2,20 Yasushi Okazaki,3,4,20
Michal Minczuk,5,20 and Holger Prokisch6,7,20,*
Complement component 1 Q subcomponent-binding protein (C1QBP; also known as p32) is a multi-compartmental protein whose precise function remains unknown. It is an evolutionary conserved multifunctional protein localized primarily in the mitochondrial matrix
and has roles in inflammation and infection processes, mitochondrial ribosome biogenesis, and regulation of apoptosis and nuclear
transcription. It has an N-terminal mitochondrial targeting peptide that is proteolytically processed after import into the mitochondrial
matrix, where it forms a homotrimeric complex organized in a doughnut-shaped structure. Although C1QBP has been reported to exert
pleiotropic effects on many cellular processes, we report here four individuals from unrelated families where biallelic mutations in
C1QBP cause a defect in mitochondrial energy metabolism. Infants presented with cardiomyopathy accompanied by multisystemic
involvement (liver, kidney, and brain), and children and adults presented with myopathy and progressive external ophthalmoplegia.
Multiple mitochondrial respiratory-chain defects, associated with the accumulation of multiple deletions of mitochondrial DNA in
the later-onset myopathic cases, were identified in all affected individuals. Steady-state C1QBP levels were decreased in all individuals’
samples, leading to combined respiratory-chain enzyme deficiency of complexes I, III, and IV. C1qbp/ mouse embryonic fibroblasts
(MEFs) resembled the human disease phenotype by showing multiple defects in oxidative phosphorylation (OXPHOS). Complementation with wild-type, but not mutagenized, C1qbp restored OXPHOS protein levels and mitochondrial enzyme activities in C1qbp/
MEFs. C1QBP deficiency represents an important mitochondrial disorder associated with a clinical spectrum ranging from infantile
lactic acidosis to childhood (cardio)myopathy and late-onset progressive external ophthalmoplegia.

Introduction
Mitochondrial disorders are an extremely heterogeneous
group of inborn errors of metabolism and encompass a
wide range of clinical presentations, such that approximately 300 disease-associated genes have been identified
to date.1,2 Mitochondrial dysfunction mainly affects organs with high energy requirements, such as the brain,
central nervous system, muscle, and heart. The broad clin-

ical and genetic presentation of mitochondrial disorders
makes the molecular diagnosis challenging. Mutations
can directly affect oxidative phosphorylation (OXPHOS)
subunits or indirectly impair OXPHOS activity by
disturbing mitochondrial homeostasis. Next-generation
sequencing techniques (gene panels and exome and
genome sequencing) are proving to be an appropriate
tool for the diagnosis of this broad clinical group. However,
any diagnostic approach continues to rely upon deep
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clinical phenotyping in association with the evaluation of
OXPHOS enzymes in tissues of affected individuals.3–6
Combined defects of complexes I, III, IV, and V are typically due to deficiencies involving the homeostasis of
mitochondrial DNA (mtDNA), including defects in replication, RNA metabolism, and translation.1,7 Moreover,
mtDNA rearrangements can lead to combined OXPHOS
deficiencies; single, large-scale mtDNA deletions, predominantly found in sporadic cases, are associated with Pearson syndrome (MIM: 557000), Kearns-Sayre syndrome
(MIM: 530000), or progressive external ophthalmoplegia
(PEO; OMIM phenotypic series PS157640), as well as lateonset PEO due to Mendelian-driven multiple mtDNA deletions, which have been observed in >20 genetically
distinct disorders8 (also see GeneReviews in Web Resources). In addition, cofactor deficiencies and further
defects of mitochondrial homeostasis—including mitochondrial biogenesis, lipid metabolism, protein import,
fission and fusion, and quality control—can result in a
deficiency of more than one OXPHOS enzyme.2
One protein involved in mitochondrial homeostasis is
complement component 1 Q subcomponent-binding protein (C1QBP; also known as p32). It is an evolutionary
conserved and ubiquitously expressed multifunctional
protein and has been reported to be a predominantly mitochondrial matrix protein involved in inflammation and
infection processes, mitochondrial ribosome biogenesis,
regulation of apoptosis and nuclear transcription, and
pre-mRNA splicing.9–15 By analyzing a C1QBP-knockout
(KO) mouse model, we have previously demonstrated
that a main function of C1QBP is a combined respiratory-chain complex deficiency due to severely impaired
mitochondrial protein synthesis.16 Furthermore, the
Saccharomyces cerevisiae ortholog of human C1QBP,
MAM33 (mitochondrial acidic matrix protein 33), has
been shown to localize to the mitochondrial matrix.17
MAM33-deficient yeast cells show a disturbed maintenance of the mitochondrial genome, impairment of mitochondrial ATP synthesis, and growth deficiency.17,18 The
latter can be restored by the introduction of human
C1QBP cDNA, which demonstrates the evolutionarily
conserved function of C1QBP homologs among eukaryotes.18 In line with the complementation in yeast and findings in mice, human C1QBP-knockdown (KD) cells also
exhibit reduced synthesis of mtDNA-encoded OXPHOS
polypeptides.19
Here, we report four individuals from unrelated families
affected by biallelic mutations in C1QBP (MIM: 601269).
They present with multiple OXPHOS deficiencies and a clinical spectrum ranging from infantile lactic acidosis, childhood- or adulthood-onset (cardio)myopathy, and PEO.

Subjects and Methods
All studies were completed according to local ethical approval
of the institutional review boards of Technische Universität

München, the University of Milan, the National Research Ethics
Service Committee North East – Newcastle & North Tyneside 1,
and Saitama Medical University. In agreement with the Declaration of Helsinki, all individuals or their guardians gave written
informed consent before undergoing evaluation and testing,
which was approved by the ethical committees of the centers
participating in this study, where biological samples were
obtained.

Subjects
Individual 1 (S1; family 1 individual II-2) was a boy who died at
day 18 after experiencing asymmetric ventricular cardiomyopathy, congenital nephrosis, hypothyroidism, and encephalopathy
with multiple hemorrhagic events (Table 1). He was born by spontaneous vaginal delivery to healthy, unrelated British parents after
in vitro fertilization at 34 weeks þ 2 days of gestation. His twin
brother is unaffected. Oligohydramnios was referenced in the
antenatal history, and a swollen face, hands, and feet were noticed
at birth. On the third day, he presented with prolonged cardiorespiratory arrest. He was resuscitated for 2 hr by both mechanical
(chest compression) and pharmacological (adrenaline, sodium bicarbonate, atropine, and calcium chloride) treatments and was intubated and ventilated. After resuscitation, he was admitted to
pediatric intensive care unit with severe metabolic acidosis
(plasma lactate: 21 mmol/L, normal: 0.5–2.5 mmol/L; base excess
[BE]: 18.4 mmol/L, normal: 2 to þ2 mmol/L), initial signs of
kidney failure (anuria; albumin: 15 g/L, normal: 35–40 g/L; urea:
6.1 mmol/L, normal: 0.8–5.5 mmol/L), and a poor general condition (unconscious, not responsive to stimuli, and fixed and dilated
pupils). An increased level of troponin suggested severe myocardial damage secondary to his arrest event, and echocardiography
revealed a dilated and poorly functioning left ventricle. He
required additional cardiovascular and metabolic support and a
blood transfusion. Neurological investigations demonstrated
extensive brain damage: electrical discharges defined as suppression bursts and subclinical seizures were recorded by electroencephalography, and brain MRI showed global cerebral edema
with a loss of differentiation between gray and white matter, a
loss of definition of the basal ganglia on T2-weighted images, multiple areas of hemorrhage in the bilateral subdural region over
both cerebral convexities and in the posterior fossa, and subarachnoid hemorrhage in the Sylvian fissures and lateral ventricles.
Although he presented with signs and symptoms of congenital
nephrosis, his kidney ultrasound showed only general hyperechogenicity. During the clinical course, his neurological conditions
slightly improved: he was able to open his eyes and respond to
stimuli, and he showed some movement of the legs and arms in
the following days. However, lactic acidosis persisted, anuria was
resistant to pharmacological treatment, and he also developed hyperkalemia and hyperphosphatemia after blood transfusion,
which required peritoneal dialysis (day 4). The clinical course
was also complicated by thrombocytopenia on day 6 (which
required platelet transfusion), evidence of disseminated intravascular coagulopathy on day 7 (which was treated with fresh frozen
plasma and cryoprecipitate), and peritonitis on day 9 (which was
treated with antibiotics). The cause of death on day 18 was respiratory insufficiency. Kidney histology on autopsy tissue showed
multifocal and diffuse cortical necrosis, multifocal pyramid necrosis, confluent recent hemorrhages surrounding the pyramids, scattered cortical tubular microcysts, and partially or completely
sclerosed glomeruli. The number of glomeruli was slightly higher
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Table 1.

Genetic and Clinical Findings in Individuals with C1QBP Mutations
Proband
S1

S2

S3

S4

C1QBP variant
(GenBank:
NM_001212.3)

c.[557G>C];[612C>G]

c.[739G>T];[c.824T>C]

c.[823C>T];[823C>T]

c.[562_564delTAT];[562_
564delTAT]

C1QBP variant
(GenBank:
NP_001203.1)

p.[Cys186Ser];[Phe204Leu]

p.[Gly247Trp];[Leu275Pro]

p.[Leu275Phe];[Leu275Phe]

p.[Tyr188del];[Tyr188del]

Origin

European descent

Asian descent

European descent

European descent

Age of onset

4 days

birth

5 years

57 years

Gender

male

female

male

male

Current age or age
of death

18 days (deceased)

4 days (deceased)

22 years (alive)

70 years (deceased)

Antenatal findings

oligohydramnios, oedematus
feet, face and hands

IUGR, oligohydramnios

–

–

Plasma metabolic
test results

lactate: 21 mmol/L (normal:
0.5–2.5)

lactate: 20 mmol/L
(normal: 0.5–2.5)

lactate: 3.2 mmol/L (normal:
0.5–2.5); CPK: 566 U/L
(normal: 38–174); Met:
56.2 mmol/L (normal: 14.4–36);
Tyr: 145 mmol/L (normal:
41.8–108)

normal

Clinical Signs and Symptoms
Heart

cardiorespiratory arrest,
asymmetric left ventricular
cardiomegaly

cardiomegaly

left ventricular hypertrophy

left ventricular hypertrophy

Liver

–

hepatomegaly

increased transaminases

–

CNS

multiple cortical, ventricular,
and subdural hemorrhages
and cerebral edema, burst
suppression-like electrical
discharges, suclinical seizures

–

NA

NA

PNS

NA

NA

sensory peripheral neuropathy

diffuse neurogenic
abnormalities and focal
myogenic in the gluteus
maximus

Kidney

congenital nephrosis

–

–

NA

Muscle

NA

NA

exercise intolerance with fatigue
and vomiting

exercise intolerance, weakness

Eye

NA

NA

astigmatism, amblyopia,
ptosis, PEO

ptosis, progressive external
opthalmoplegia

Other

hypothyroidism, disseminated
intravascular coagulopathy

NA

NA

post-traumatic depression,
diabetes, sensorineural
hearing loss

Abbreviations are as follows: NA, not available; CPK, creatine phosphokinase; Met, methionine; Tyr, tyrosine; IUGR, intrauterine growth restriction; CNS, central
nervous system; and PNS, peripheral nervous system.

than in normal kidney tissue and showed a different degree of mesangial proliferation. There were also some fibrin thrombi in the
glomerular capillaries. Necrosis and multifocal areas of hemorrhage were also present in the lungs, adrenals, spleen, and testes.
Histological examinations of heart autopsy tissue revealed the
presence of a small recent infarct of the anterior papillary muscle
and some hemorrhages and sparse neutrophils around a small
recent fibrous scar of the papillar muscle. The thymus showed
marked atrophy. The cortex, medulla, and crowded Hassal’s corpuscles were not distinguishable. A pronounced lymphocyte
depletion was present.

Individual 2 (S2; family 2 individual II-1) was a girl who died at
4 days of age after suffering from cardiomegaly and lactic acidosis.
She was the first child of healthy, non-consanguineous Japanese
parents. Pregnancy was complicated by intrauterine growth restriction and oligohydramnios. She was born pre-term (33 weeks
of gestation) by emergency cesarean section as a result of fetal
heart-rate failure. In the immediate postnatal period, she developed metabolic acidosis (BE: 25 mmol/L, normal: 2 to
þ2 mmol/L) and an increased level of lactic acid (9.0 mmol/L at
day 0, 19.8 mmol/L at day 1, >20 mmol/L at day 3, and
19.6 mmol/L at day 4; normal: 0.5–2.5 mmol/L). She became
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unconscious and required ventilator support. Cardiomegaly with
no ventricular or septic hypertrophy was diagnosed by heart ultrasound and a thoracic X-ray scan. A general examination revealed
that she also presented with mild hepatomegaly, and histological
examination of a liver biopsy showed marked lipid accumulation.
Additional neurological signs and symptoms were not reported,
and brain ultrasound did not reveal any abnormalities. She died
on the fourth day of life because of cardiorespiratory insufficiency.
Individual 3 (S3; family 3 individual II-2) is a 22-year old man
with myopathy, asymmetric ventricular cardiomyopathy, PEO,
and ptosis. He was born after an uneventful pregnancy to nonconsanguineous Austrian parents. His sister, who is 3 years older,
is healthy. Pregnancy and peri- and postnatal adaptations were unremarkable. Birth weight, length, and head circumference were
within normal limits. His early milestone acquisitions were appropriate for his age. He presented with bilateral hyperopic astigmatism and amblyopia, a first sign of eye muscular weakness, at
5 years of age and exercise intolerance with fatigue, episodes of
vomiting, and elevated levels of creatine phosphokinase (CPK)
1 year later. Left ventricular cardiomyopathy was also diagnosed
at 8 years of age after heart ultrasound screening. The clinical
phenotype and increased level of plasma lactate (3.2 mmol/L,
normal: 0.5–2.2 mmol/L) were suggestive of a mitochondrial disorder. Treatment with L-carnitine, riboflavin, and coenzyme Q
was initiated but showed only initial and partial improvement.
The clinical course appeared slowly progressive with the development of mild ptosis at 14 years of age and PEO at 19 years of age.
Transaminase levels were repeatedly elevated (aspartate transaminase: 73 U/L, normal: 10–50 U/L; alanine transaminase: 61 U/L,
normal: 10–50 U/L), and liver ultrasound showed no structural
changes. At the last evaluation, a nerve conduction study revealed
subclinical signs of sensory peripheral neuropathy, and scotopic
and photopic bilateral electroretinography showed low amplitudes. Assessment of exercise intolerance by bicycle ergometry
confirmed premature fatigue and an increased level of plasma
lactate (basic lactate: 6.1 and 19.1 mmol/L after exercise, normal:
0.5–2.2 mmol/L) and CPK (basic CPK: 386 and 566 U/L after exercise, normal: 38–174 U/L). The cardiac status was stable without
progression. He was investigated for hearing and kidney functionality, which were shown to be normal. Although he has generalized weakness, he is not compromised in his daily functionality.
Individual 4 (S4; family 4 individual II-2) was a 61-year-old man
with late-onset PEO and myopathy. He was born at term as the second of ten brothers and sisters to healthy, non-consanguineous
Italian parents after an uneventful delivery. No family history of
neuromuscular disorders or other disorders, except for the premature postnatal death of one sister, has been reported. Early development and milestone acquisition were referenced as normal. At
the age of 57 years, he was admitted to a psychiatric hospital
because of post-traumatic depression that required intensive pharmacological and psychotherapy intervention. He was also diagnosed with diabetes and started treatment with gliclazide. The
onset of neuromuscular weakness was detected at 59 years of
age, and rapidly progressive exercise intolerance limited his functionality: he was not able to stand for long periods of time or raise
his arms. He was admitted to the hospital at 61 years of age
because of the development of ptosis, severe constipation, and
weight loss (10 kg in 5 months). At the neurological examination,
he presented with important bilateral eyelid ptosis (left > right),
PEO in all directions, mild to moderate proximal weakness, mild
and diffuse hypotrophy, and an unstable gait due to lowerlimb weakness. Electromyography showed diffuse signs of chronic

neurogenic rearrangement and focal myogenic signs in the gluteus
maximus. A metabolic workup including plasma lactate, creatine
kinase, transaminases, and thyroid function was normal. He was
extensively investigated, and additional clinical findings were
identified: left ventricular hypertrophy, left ventricular overload,
and signs of previous myocardial infarction by electrocardiography; bilateral and symmetric sensorineural hypoacusia by audiometry; and multiple gastric erithematous areas by esophagogastroduodenoscopy. Proband S4 and his family refused additional
investigations. He died in his 70s for an unknown reason.

Exome Sequencing
We applied next-generation exome sequencing with wholeexome sequencing (WES) or a mitochondrial exome library
(‘‘MitoExome’’) to the individuals’ DNA extracted from peripheral
blood. Probands S1–S3 were investigated by WES.4,5,20 In brief,
coding regions were enriched with a SureSelect Human All Exon
V5 Kit (Agilent) or TruSeq (Illumina) and then sequenced as
100-bp paired-end runs on an Illumina HiSeq 2000, 2500, or
4000. Reads were aligned to the human reference genome
(UCSC Genome Browser build hg19) with the Burrows-Wheeler
Aligner (v.0.7.5 a).21 Single-nucleotide variants and small insertions and deletions (indels) were detected by SAMtools
(v.0.1.19). Proband S4 was investigated by MitoExome as previously described,22 and only rare recessive variants in highly
conserved amino acid residues were considered pathogenic by
PolyPhen-2 or SIFT (Table S1).
We used Sanger sequencing to confirm the identified mutations
and test the carrier status of unaffected family members.

mDNA Analysis
mtDNA was amplified with two primer pairs, giving a 16,147 bp
(F1) or 15,679 bp (F2) fragment. 5 mL of the amplified mtDNA
was loaded onto a 0.7% agarose gel and separated at 80 V for
1 hr. The marker l/HindIII (the bacteriophage l digested by
HindIII) was used.23 Southern blot was performed as previously
described.24 mtDNA copy number was determined by quantitative
real-time PCR with four different nuclear and two mitochondrial
PCR amplicons.25 The relative amount of mtDNA versus nuclear
DNA was calculated by the 2DDCT method.25

OXPHOS Enzyme Activities
Muscle tissues (20–100 mg) were homogenized in extraction
buffer (20 mM Tris-HCl [pH 7.6], 250 mM sucrose, 40 mM KCl,
and 2 mM EGTA). The post-nuclear supernatant isolated by centrifugation at 600 3 g and containing the mitochondrial fraction was
used for measurement of enzyme activities. OXPHOS enzyme and
citrate synthase (CS) activity was measured spectrophotometrically as previously described.26–29

Western Blot Analysis
Skeletal muscle and fibroblast homogenates were obtained according to previously described methodologies.30 30–40 mg (S1–S3)
and 20 mg (S4) of whole-cell protein extracts were separated by
SDS polyacrylamide (12%) electrophoresis and then wet transferred
to polyvinyl difluoride (PVDF) membranes. For S4, a 4%–12%
gradient gel was used. Immunological detection of proteins was carried out with the following primary antibodies: C1QBP (ab24733,
Abcam), b-actin (A1978, Sigma), a-tubulin (ab7291, Abcam), and
OXPHOS complex-specific antibodies (NDUFS3 [ab14711, Abcam],
NDUFB8 [ab110242, Abcam], NDUFA9 [MS111, Molecular Probes],

528 The American Journal of Human Genetics 101, 525–538, October 5, 2017

SDHA [459200, MitoSciences], SDHB [ab14714, Abcam], UQCRC2
[ab14745, Abcam], COXI [ab14705, Abcam], COXII [ab110258,
Abcam], COXIV [ab14744, Abcam], and ATP5A [ab14748, Abcam]).
Species-appropriate horseradish-peroxidase-conjugated secondary
antibodies (DAKO, P0399, and P0260) were used.

BN-PAGE Analysis
For blue-native polyacrylamide-gel electrophoresis (BN-PAGE),
n-dodecyl b-D-maltoside-solubilized mitochondrial membranes
were prepared from isolated fibroblasts and muscle mitochondria
according to previously described methodologies.30,31 In brief,
100 mg of mitochondrial extracts was loaded onto a 4%–16%
native polyacrylamide BisTris gradient gel (Life Technologies)
and separated electrophoretically. For western blot analysis,
samples separated by BN-PAGE were transferred onto PVDF
membranes and subjected to the following primary antibodies:
NDUFB8 (complex I [CI]), SDHA (complex II [CII]), UQCRC2
(complex III [CIII]), COXI (complex IV [CIV]), and ATP5A (complex V [CV]).

Immunofluorescence Staining
Immunofluorescence was performed according to a modified
version of the previously published protocol.32 Fibroblasts were
grown on coverslips, washed with PBS, and fixed with 4% formaldehyde for 15 min at room temperature. After additional washes
with PBS, coverslips were permeabilized with 1% Triton X-100
for 5 min, washed, and blocked in 5% fetal bovine serum (FBS)
for 1 hr at room temperature. A solution of primary antibodies
(1:500 polyclonal rabbit anti-TOM20, sc-11415, Santa Cruz;
1:250 monoclonal mouse anti-C1QBP, ab24733, Abcam) in 5%
FBS was prepared and used for incubating the coverslips for 1 hr
at room temperature. After PBS washings, coverslips were incubated with secondary antibodies (1:1,000 Alexa-Fluor-488-conjugated goat anti-mouse IgG, A11001, Invitrogen; 1:1,000 AlexaFluor-594-conjugated goat anti-rabbit IgG, A11012, Invitrogen)
in 5% FBS for 1 hr at room temperature while being protected
from light. After the final washes, coverslips were mounted
(ProLong Gold antifade reagent with DAPI, P36941, Invitrogen)
on glass slides. Microscopy was carried out with a Zeiss LSM 880
confocal microscope, and acquired images were processed with
ImageJ.33

High-Resolution Respirometry
Mouse embryonic fibroblasts (MEFs) were seeded at a density of
20,000 cells/well in 80 mL of culture media in an XFe 24-well
cell-culture microplate (Seahorse Bioscience) and incubated overnight at 37 C in 5% CO2. Culture medium was replaced with
180 mL of bicarbonate-free DMEM, and cells were incubated at
37 C for 30 min before measurement. The oxygen-consumption
rate (OCR) was measured with an XFe 24 Extracellular Flux
Analyzer (Seahorse Biosciences) and determined (1) with no
additions (basal respiration), (2) after the addition of 0.5 mM oligomycin (indicating ATP production), (3) after the addition of
1 mM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
(maximal respiration), and (4) after the addition of 1 mM rotenone and antimycin A (non-mitochondrial respiration) (additives were purchased from Sigma at the highest quality). The
difference in OCR after the addition of oligomycin and the
non-mitochondrial respiration specify proton leakage, and
the difference between basal and maximal respiration determines
spare capacity.

Construction and Validation of C1QBP Expression
Vector
The mouse C1QBP variants p.Glu244Trp and p.Leu272Pro (corresponding to the human variants p.Gly247Trp [c.739G>T] and
p.Leu275Pro [c.824T>C], respectively, found in probands S2 and
S3) were generated from pcDNA3-p32-IRES-GFP by PCR-based
site-directed mutagenesis and confirmed by sequencing. To
examine protein expression, we transfected C1qbp-KO MEFs
with the C1qbp expression vector by using the transfection reagent
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions. GFP expression served as an internal control.

mRNA Quantification
Total RNA from wild-type (WT) MEFs and C1qbp-KO MEFs transfected with various C1qbp expression vectors was isolated with
an RNeasy Mini Kit (QIAGEN) according to the manufacturer’s instructions. The concentration and purity of total RNA were
measured on a NanoDrop spectrophotometer (NanoDrop Technologies). Reverse transcription of 1 mg of total RNA was performed
with a PrimeScript RT Reagent Kit (TAKARA). Mouse C1qbp mRNA
and mouse 18S ribosomal RNA (control) were detected by quantitative PCR with SYBR Premix Ex Taq II (TAKARA) and a thermal
cycler (StepOnePlus, Applied Biosystems). Primers were as follows:
50 -CGCGGTTCTATTTTGTTGGT-30 (18S rRNA forward), 50 -AGTCG
GCATCGTTTATGGTC-30 (18S rRNA reverse), 50 -GGCCTTCGTTG
AATTCTTGA-30 (C1qbp mRNA forward), and 50 - GCCTCATCT
TCGTGTCCAAT-30 (C1qbp mRNA reverse). An unpaired Student’s
t test was used to determine statistical differences between two
groups. Values of *p < 0.05, **p < 0.01, and ***p < 0.005 were
considered to be statistically significant.

Results
Exome Sequencing and Variant Prioritization
Clinical research centers from Austria, Germany, Japan, the
UK, and the US independently achieved and subsequently
shared results from WES or MitoExome sequencing analysis on individuals with suspected mitochondrial disease.
WES of probands S1–S3 failed to identify likely or known
disease-associated genetic variants but did reveal rare biallelic variants (minor allele frequency [MAF] < 0.1% in
public and in-house databases) in C1QBP (GenBank:
NM_001212.3). Screening of our in-house database of
more than 10,000 WES datasets of individuals with nonmitochondrial disease revealed no additional individual
with biallelic rare variants in C1QBP. Filtering for genes
coding for mitochondrial proteins in probands S1–S3 revealed that C1QBP was the only gene with biallelic
variants.34 Likewise, MitoExome sequencing prioritized
biallelic variants in C1QBP in proband S4. Altogether, we
identified four individuals harboring recessive variants in
C1QBP (Table 1 and Figure 1A). Although none of the identified variants are predicted to cause a loss of function, all
are predicted to be pathogenic (Figure 1B and Table S1).
Human C1QBP (UniProt: Q07021) forms a homotrimer
arranged into a doughnut-shaped structure with an unusually asymmetric charge distribution on the surface. The
variants p.Cys186Ser, p.Gly247Trp, and p.Leu275Pro are
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Figure 1. C1QBP Variants and Gene and Protein Structure
(A) Pedigrees of the investigated families (S1–S4) affected by recessively inherited C1QBP variants. Affected individuals are indicated by
closed symbols. Both variants in proband S2 have been confirmed to be compound heterozygous by phasing of WES data.
(B) Gene structure with exons and introns shows the localization of the investigated gene variations. Conservation of the affected amino
acid residues is presented in the alignment of homologs across different species. Exons are highlighted in blue. The size of the introns was
reduced 10-fold. MTS is the mitochondrial target sequence. MAM33 (mitochondrial acidic matrix protein 33) is the Saccharomyces
cerevisiae homolog of C1QBP.
(C) Inspection of the protein structure was performed with PyMOL (PDB: 1P32). A monomer is presented on the left, and the trimer is in
the center. The electrostatic field of the trimer is indicated to the right (negative polarity, red; positive polarity, blue). Affected residues are
colored in one of the monomers: Cys186, green; Tyr188, blue; Phe204, red; Gly247, magenta; and Leu275, orange.

all localized in important structural domains of the protein. Specifically, amino acid residue Cys186 is localized
on the b5 strand of the protein, Gly247 is located on
the hydrogen-bonded turn of the protein, and Pro275
is located on the aC helix (Figure 1C). In contrast,
p.Phe204Leu and p.Tyr188del are localized on the coiled-

coil region between the b5 and b6 strands.9 All C1QBP variants have been confirmed by Sanger sequencing. Homozygosity or compound heterozygosity was confirmed by
segregation analysis in families 1 and 3 and by cloning
and sequencing of genomic DNA in proband S2, whereas
no DNA was available from the parents of proband S4 for
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Figure 2. Western Blot Analysis of C1QBP
Cell lysates isolated from (A) the skeletal
muscle of affected probands S1, S3, and
S4 and (B) fibroblasts from probands
S1–S3 and age-matched control individuals
(C1 and C2) were analyzed. Fibroblasts
from proband S4 and skeletal muscle from
proband S2 were not available. b-actin
and a-tubulin were used as loading controls. All experiments were repeated at least
two times, and representative images are
shown. Number of repeats: (A) n ¼ 3 (S1)
and n ¼ 2 (S3 and S4); (B) n ¼ 2 (S1–S3).

B

validation of the deletion’s homozygosity. The C1QBP
variants found in proband S2 have previously been
suggested as likely candidates but have not been validated
so far.4
Mitochondrial Respiratory-Chain Activities
The identification of rare, biallelic C1QBP variants in four
individuals with clinically and biochemically confirmed
mitochondrial disease adds further evidence for their
functional relevance. Typical of mitochondrial disorders,
the C1QBP defect resulted in a spectrum of manifestations
that ranged from infantile lactic acidosis (probands S1 and
S2) to childhood myopathy (proband S3) to late-onset
myopathy with PEO (proband S4). However, in all individuals, cardiac symptoms were present, and respiratorychain activities in muscle or liver homogenates showed
a severe combined deficiency of respiratory-chain activities (complexes I, III, and IV). This was accompanied
by an increased level of mitochondrial mass index
(CS) in the muscle of probands S3 (511 mUnits/mg
protein; normal: 150–325 mUnits/mg protein) and S4
(151 mUnits/mg protein; normal: 137 5 15 mUnits/mg
protein; see Table S2).
Enzymatic activities of liver homogenates from proband
S2 revealed a more general downregulation of the
OXPHOS complexes. In addition to the complex I
(to 5%), III (to 14%), and IV (to 11%) deficiency, a reduction in complex II (to 37%) activity was also found (Table
S2). In addition, decreased COX histochemical activity
was found in proband S1 (affecting up to 75% of all muscle
fibers); occasional COX-deficient fibers were observed in
muscle from probands S3 and S4, notably at levels above
those expected to be detected in age-matched control individuals as a result of somatic mtDNA mutation. Ragged-red
fibers were present in the muscle of probands S1 and S3
(Table S2). Histopathological analysis of the muscle of pro-

band S4 showed moderate variability
in fiber size, a moderate increase in fiber splitting and central nuclei, and a
slight increase in connective tissue.
The identification of four different
alleles in four affected individuals
with a similar clinical and biochemical
phenotype from four families establishes C1QBP variants as confidently implicated in recessively inherited mitochondrial disease.
C1QBP and OXPHOS Protein Levels
Given that previous studies have reported C1QBP as a
mitochondrial-matrix protein, we wanted to validate
the localization of C1QBP in mitochondria. Immunocytochemical staining using C1QBP-specific antibodies
confirmed the mitochondrial localization of the protein
(Figure S1).9,13,17 Given that all identified C1QBP variants
affect only one amino acid, the consequences on protein
stability were unclear. We therefore investigated available
skeletal-muscle biopsy material and primary fibroblast
cultures established from individuals to analyze the
significance of C1QBP variants in disease. Western blot
analysis showed that C1QBP levels were not detectable in
muscle (Figure 2A) and considerably decreased in fibroblasts (Figure 2B), supporting the notion that corresponding C1QBP variants adversely affect the stability of the
protein.
Consistent with the findings of enzymatic investigations
from muscle, a decrease in complex I and complex IV subunits was present in muscle homogenates derived from
probands S1, S3, and S4 (Figure 3A). In addition, UQCRC2
was decreased in the muscle of probands S3 and S4
(Figure 3A). In contrast, OXPHOS protein levels were
normal or only marginally lowered in fibroblasts from probands S1 and S3, whereas proband S2 showed a marked
loss of complex IV subunits (Figure 3B). Surprisingly, the
steady-state levels of complex III subunits were higher
in the fibroblasts of proband S3 than in control cells
(Figure 3B).
Decreased protein levels of subunits of respiratory-chain
complexes usually reflect assembly defects, but they can
also be suggestive of other mitochondrial disorders,
including mitochondrial translation defects. We therefore
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Figure 3. Steady-State Levels of OXPHOS Complex Subunits
(A) Western blot analysis of OXPHOS subunits in skeletal-muscle lysates from control individuals (C1 and C2) and probands S1,
S3, and S4.
(B) Western blot analysis of OXPHOS subunits in skin fibroblasts from probands S1–S3 and age-matched control individuals (C1–C3).
OXPHOS-subunit-specific antibodies were used against NDUFB8 or NDUFA9 (CI); SDHA or SDHB (CII); UQCRC2 (CIII); COXI, COXII, or
COXIV (CIV); and ATP5A (CV). Cytosolic b-actin and mitochondrial markers porin (VDAC) and SDHA were used as loading controls. All
experiments were repeated at least twice, and representative western blots are shown. Number of repeats: (A) n ¼ 3 (S1) and n ¼ 2 (S3 and
S4); (B) n ¼ 4 (S1) and n ¼ 2 (S2 and S3).

analyzed the steady-state levels of intact respiratory-chain
complexes by BN-PAGE. A decrease in intact steady-state
levels of complexes I, IV, and V was present in the muscle
of probands S1 and S3 (Figure 4A). Only a slight decrease in
complex IV was obvious in proband S1. The level of complex II was normal. In agreement with the decrease in the
steady-state levels of complex I and complex IV subunits in
the fibroblasts of individual S2, decreased levels of assembled complex I and complex IV were found (Figure 4B).
The level of complex III was normal in proband S2
(Figure 4B). No alterations in the steady-state levels of
intact complexes were detectable in fibroblasts from probands S1 and S3 (Figure 4B).

Complementation Studies with Mouse Fibroblasts
We recently showed that a KO of the orthologous C1qbp in
MEFs caused impaired mitochondrial respiration associated with reduced levels of respiratory-chain complexes I,
III, and IV.16 C1qbp/ MEFs recapitulate the human disease phenotype by displaying multiple OXPHOS defects.
We therefore took advantage of the strong phenotype in
the mouse system to investigate the functional properties
of the C1QBP variants identified in probands S2 and S3.
We modeled the variants in the mouse cDNA and expressed them in C1qbp/ MEFs. With mitochondrial complex IV subunits I (COXI) and III (COXIII) as markers, only
re-expression of mouse WT C1qbp rescued the amount of
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Figure 4. BN-PAGE of OXPHOS Complexes
One-dimensional BN-PAGE analysis of
OXPHOS complexes was performed on
mitochondrial lysates isolated from probands’ (A) skeletal muscle (S1 and S3)
and (B) fibroblasts (S1–S3) and agematched control individuals (C1 and C2).
The assembly of OXPHOS complexes was
assessed by western blotting with antibodies against NDUFB8 (CI), SDHA (CII),
UQCRC2 (CIII), COXI (CIV), and ATP5A
(CV). An antibody against complex II subunit SDHA was used as a loading control.
The ATP5A antibody detected two bands:
the fully assembled complex V (F0F1) and
the soluble F1 subunit. The asterisk indicates a longer exposure time for the CV
F1 subunit. All experiments were repeated
at least twice, and representative images
are shown. Number of repeats: (A) n ¼ 4
(S1) and n ¼ 2 (S3); (B) n ¼ 4 (S1) and
n ¼ 2 (S2 and S3).

A

B

state level, OXPHOS protein expression, and enzyme activities.

complex IV protein (Figure 5A, upper panel, lane 3), confirming causality between loss of C1QBP and diminished
levels of OXPHOS subunits. Expression of C1qbp cDNA
coding the p.Gly247Trp variant (p.Gly244Trp in mice) resulted in levels comparable to those of the native form
but only partially rescued COX subunit levels (Figure 5A,
upper panel, lane 4), confirming a functional defect.
Expression of C1qbp cDNA encoding the p.Leu275Pro
variant (p.Leu272Pro in mice) did not result in a detectable
C1QBP and was consequently not able to rescue mitochondrial COXI or COXIII levels (Figure 5A, upper panel,
lane 5). GFP expression under the internal ribosome entry
site and the C1qbp mRNA level were comparable to those
of the WT (Figures 5A and 5B), suggesting that the low
expression of p.Leu272Pro is due to reduced protein
expression or increased protein turnover.
To validate the consequences on respiration, we performed high-resolution respirometry with C1qbp-deficient
MEFs expressing cDNAs encoding the WT, p.Gly244Trp,
p.Leu272Pro, or an empty vector. Reduced basal and
maximal respiration, proton leakage, and ATP production
were found in cells non-transduced or transduced with
the empty vector (Figures 5C and 5D). Consistent with the
results of the western blot analysis, p.Gly244Trp resulted
in a partial recovery, whereas p.Leu272Pro was in a range
similar to that of the empty vector (Figures 5C and 5D).
In summary, complementation with WT, but not
mutant, C1qbp in C1qbp/ MEFs restored C1QBP steady-

mtDNA analysis
Given that proband S3 presented
with PEO, which is often associated
with mtDNA rearrangements, analyses of mtDNA copy number and
multiple mtDNA deletions were performed in all available
muscle and fibroblast cell lines (Table S2). These revealed
that mtDNA copy number was 250% higher in the
muscle of proband S1 and 600% higher in the liver of
proband S2 than in control cells, but there was no evidence of mtDNA rearrangements (Table S2). Although
the level of mtDNA was within the normal range in muscle
samples from probands S3 and S4, long-range PCR and
Southern blotting both revealed evidence of multiple
mtDNA deletions (Figure 6). Concordant with other
investigations of fibroblasts from proband S3, no significant finding (borderline) was obtained in this individual’s
cell line.

Discussion
Here, we report four individuals from unrelated families
where biallelic mutations in C1QBP cause a combined respiratory-chain enzyme deficiency. All variants are rare with
a MAF < 0.00005 in the ExAC Browser, and no other individual in our in-house database of >10,000 WES datasets
carries rare biallelic variants in this gene. The finding of
four individuals with a defect in mitochondrial energy
metabolism (among 2,000 individuals investigated) presents a genome-wide-significant enrichment of biallelic
C1QBP variants (p < 0.001, Fisher’s exact test) in comparison with samples from non-mitochondrial disorders. In
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Figure 5. Complementation Studies Using C1qbp/ Mouse Fibroblasts
(A) Quantification of C1QBP, COXI, and COXIII levels. Top: WT or C1qbp KO MEFs were transfected with the pcDNA3-C1qbp-IRES-GFP
plasmid for 48 hr. Western blotting on total cell extracts was performed with anti-C1QBP, anti-COXI, anti-COXIII, anti-GFP, and antiVDAC antibodies. VDAC was used as the loading control. Bottom: the mean ratios of band densities in transfected MEFs from blots are
shown. Cells transfected with expression constructs for p.Gly244Trp and p.Leu272Pro variants show significantly lower amounts of
mature C1QBP and mitochondrial-DNA-encoded proteins (COXI and COXIII). The results represent the mean 5 SD of three independent experiments. ***p < 0.005 versus WT transfectant.
(B) Relative mRNA expression of C1qbp alleles normalized to mouse 18S rRNA by quantitative real-time PCR. The results represent the
mean 5 SD of three independent experiments.
(C and D) Oxygen consumption rate (OCR) profile (C) and histogram of C1qbp KO cells transfected with WT and mutant C1qbp plasmid
(D). The histogram shows the basal respiration rate (basal), ATP production rate (ATP), and maximal respiration rate (maximal) calculated from OCR profiles. Data show the mean 5 SD of triplicated assays. **p < 0.01 and ***p < 0.005 versus WT transfectant.

addition, all variants are predicted to be deleterious by
several prediction programs.
To validate the impact of the rare C1QBP variants at the
functional level, we took advantage of three established resources: biopsy tissues, primary fibroblast cell lines from
three affected individuals, and C1qbp/ MEFs. Mitochondrial localization of C1QBP was shown by immunohisto-

chemical staining in fibroblasts. Immunodecoration using
C1QBP-specific antibodies in muscle-biopsy material obtained from all individuals failed to detect C1QBP, indicating a loss of function. However, when investigating
the probands’ fibroblasts, we detected low but substantial
amounts of C1QBP in all cell lines, most likely reflecting
different expression and turnover rates between muscle
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A

Figure 6. Long-Range PCR and Southern
Blot of Individuals with Multiple mtDNA
Deletions and Control Individuals
(A) Long-range PCR of S3.
(B) Southern blot of proband S4. mtDNA
was amplified with two primer pairs, giving 16,147 bp (F1) and 15,679 (F2) bp fragments. 5 mL of the amplified mtDNA was
loaded onto a 0.7% agarose gel and separated at 80 V for 1 hr. Abbreviations are
as follows: S3M, muscle of proband S3;
S3F, fibroblasts of proband S3; S4, muscle
of proband S4; M, marker l/HindIII;
C1–C3: control cells.

B

and fibroblasts. These data argue against a loss of function
and for an adverse effect on protein stability of the identified C1QBP variants; this could lead to depletion of C1QBP
in some tissues with higher turnover rates. In any case, the
data provide additional evidence for the functional relevance of the C1QBP variants.
All individuals showed a severe combined deficiency of
respiratory-chain complexes (I, III, and IV) in muscle or
liver homogenates. These findings are in line with observations in yeast and mice models, where the deficiency of
the C1QBP orthologs resulted in impairment of mitochondrial ATP synthesis or a combined deficiency of respiratory-chain complexes, respectively.16–18 For both the
p.Gly247Trp and p.Leu275Pro variants, this deficiency
could be rescued by expression of human WT C1QBP. We
therefore leveraged the respiratory-chain deficiency in
C1qbp/ MEFs and employed it to screen for functional
complementation by the human mutations. We tested
two alleles, and whereas one allele only partially rescued
the phenotype of the fibroblasts, the other did not function at all (Figure 5). With these experiments, we provide
convincing evidence that the identified C1QBP mutations
cause a combined respiratory-chain deficiency. Analogous
to findings in mice, biallelic loss-of-function C1QBP variants might be embryonically lethal in humans.
Mutations in half of the known mitochondriopathyassociated genes result in a combined deficiency of respiratory-chain enzymes.2 Combined defects are typically due
to deficiencies in mtDNA replication, transcription, or
translation. Experiments on KO mouse and KD human
cells argued for a role of C1QBP in mitochondrial protein
synthesis.16,19 Investigations on biopsy tissue from individuals with C1QBP variants confirmed this observation.
We found lower levels of various subunits of the respiratory chain in these samples than in age-matched control
samples (Figures 3 and 4), whereas RNA expression studies
on one cell line did not reveal any alterations in the level of
mitochondrial transcripts (data not shown). As expected
from earlier complementation studies, a role of C1QBP in
protein synthesis seems to be a conserved function of
C1QBP in mitochondria.
Interestingly, the yeast KO cells additionally showed a
disturbed maintenance of the mitochondrial genome, a

feature that has not been observed in higher eukaryotes
so far but is also not very specific in yeast given that it is
frequently found to be a result of impaired OXPHOS in
these cells.18 Multiple mtDNA deletions could also explain
a combined respiratory-chain deficiency with normal complex II activity. However, multiple deletions were only
detectable in the muscle of two probands (S3 and S4),
both of whom had a later onset in either childhood or adulthood. Because we found no evidence of variable mtDNA deletions or mtDNA depletion in the early-onset probands S1
and S2, we can be confident that their respiratory-chain
deficiency was not caused by a disturbed maintenance of
the mitochondrial genome. Nevertheless, in humans there
is no evidence that multiple mtDNA deletions appear as a
result of impaired OXPHOS, indicating an additional function of C1QBP in the maintenance of the human mitochondrial genome. Given that all cells investigated so far
are acute KD or embryonic fibroblasts and, in the case of
S1 and S2, are based on biopsies taken in the first week of
life, the accumulation of detectable mtDNA deletions in
C1QBP deficiency is likely to occur over considerable
time. Wang et al. have reported on an interaction between
C1QBP and RECQ4, a helicase suggested to participate in
mtDNA maintenance.35 They describe a RECQ4 mutant
that failed to interact with C1QBP, which led to increases
in mtDNA copy number and mitochondrial dysfunction.
Such scenarios indicate multiple functions of C1QBP in
mitochondria. Indeed, a number of mitochondrial interaction partners of C1QBP have been identified by proteomic
studies.36 They include a number of genes involved in ironsulfur biogenesis (BOLA3 [MIM: 614299], LYRM1 [MIM:
614709], LYRM2, LYRM4 [MIM: 613311], and LYRM5) or
OXPHOS subunits (ATP5A1 [MIM: 164360], C17ORF89,
COX6B1 [MIM: 124089], NDUFA4 [MIM: 603833],
NDUFAF4 [MIM: 611776], and NDUFS3 [MIM: 603846]),
as well as factors involved in the maintenance of the
mitochondrial morphology (C2ORF47 [MIM: 617267],
CHCHD2 [MIM: 616244], and CHCHD10 [MIM: 615903])
and the mitochondrial genome (TFAM [MIM: 600438]).
The multiple interaction partners of C1QBP point to a
multifunctional chaperone role of the protein.37
C1QBP defects manifested with a spectrum of symptoms
ranging from infantile lactic acidosis (in probands S1 and
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S2) to childhood myopathy, PEO, and later peripheral neuropathy (in proband S3) to adult-onset myopathy with
PEO (in proband S4). All individuals presented with major
cardiac symptoms, which resulted in early death in the
neonatal form and were rather stable in individuals with
later presentation. A very recently established cardiomyocyte-specific deletion of C1qbp resulted in contractile
dysfunction, cardiac dilatation, and cardiac fibrosis and
thereby confirmed an important function of C1QBP in
the heart.38 Decreased COXI and COXIII expression
confirmed the mitochondrial dysfunction that resulted
in cardiomyopathy at the age of 2 months and a median
lifespan of approximately 14 months.38
In addition, the two individuals with a late disease onset
presented with PEO and variable mtDNA deletions. The
clinical manifestation of disorders with deletions in the
mitochondrial genome is heterogeneous but often includes PEO.2 In the group of disorders with multiple
mtDNA deletions, cardiomyopathy is a rare symptom. It
is rarely reported in individuals with variants in POLG
(MIM: 258450)39–41 and TWNK (MIM: 609286)42 and has
been reported in just a single individual with pathogenic
variants in MGME1 (MIM: 615084).43 It is more commonly
associated with autosomal-recessive deficiency of SLC25A4
(cardiomyopathy types of the disease [MIM: 617184 and
615418]), another mtDNA maintenance gene, although
variable mtDNA deletions are usually associated with
dominant pathogenic variants in this gene.
Numerous functions in various cellular organelles have
been reported for C1QBP.16 The clinical manifestation of
our cohort of probands with C1QBP deficiency was mainly
attributed to defects in mitochondrial energy metabolism.
No signs of immunologic dysfunction could be associated
with the complement system.
Given our observations, the main functions of C1QBP
reside within the mitochondrial compartment. However, the exact mechanism leading to a reduction of
OXPHOS enzymes remains unclear, especially in the
neonatal form.
In summary, we present four individuals with C1QBP
mutations characterized by combined respiratory-chain
deficiency and increased lactate. Disease onset was variable, including intrauterine onset, oligohydramnios, and
neonatal cardiomyopathy leading to early death. Later
onset in childhood or adulthood was associated with exercise intolerance, PEO, and multiple mtDNA deletions.
Cardiomyopathy was found in all forms, which is a relatively unusual presentation in individuals with multiple
mtDNA deletions. Peripheral neuropathy seems to be an
issue; however, the central nervous system seems to be
spared.
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Supplemental Data include one figure and two tables and can be
found with this article online at http://dx.doi.org/10.1016/j.
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