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Abstract

Study question—The primary objective was to assess whether germline selection events play a
role during the inheritance of pathogenic mitochondrial DNA (mtDNA) variants and to provide
possible underlying mechanisms for this selection.

Summary answer—We conclude that inheritance of mtDNA is mutation-specific and governed
by a combination of random genetic drift and negative and/or positive selection.

What is known already—mtDNA inherits maternally through a genetic bottleneck, but the
underlying mechanisms are largely unknown. Although random genetic drift is recognized as an
important mechanism, selection mechanisms are thought to play a role as well.
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Study design, size, duration—We determined the mtDNA mutation loads in 160 available
oocytes, zygotes, and blastomeres of five carriers of the m.3243A>G mutation, one carrier of the
m.8993T>G mutation, and one carrier of the m.14487T>C mutation.

Participants/materials, setting, methods—Mutation loads were determined in
preimplantation genetic diagnosis (PGD) samples using PCR assays and analysed mathematically
to test for random sampling effects. In addition, a meta-analysis has been performed on mutation
load transmission data in the literature to confirm the results of the PGD samples.

Main results and the role of chance—By applying the Kimura distribution, which assumes
random mechanisms, we found that mtDNA segregations patterns could be explained by variable
bottleneck sizes among all our carriers (moment estimates ranging from 10 to 145). Marked
differences in the bottleneck size would determine the probability that a carrier produces offspring
with mutations markedly different than her own. We investigated whether bottleneck sizes might
also be influenced by non-random mechanisms. We noted a consistent absence of high mutation
loads in all our m.3243A>G carriers, indicating non-random events. To test this, we fitted a
standard and a truncated Kimura distribution to the m.3243A>G segregation data. A Kimura
distribution truncated at 76.5% heteroplasmy has a significant better fit (P-value = 0.005) than the
standard Kimura distribution. For the m.8993T>G mutation, we suspect a skewed mutation load
distribution in the offspring. To test this hypothesis, we performed a meta-analysis on published
blood mutation levels of offspring-mother (O-M) transmission for the m.3243A>G and m.
8993T>G mutations. This analysis revealed indeed some evidence that the O-M ratios for the m.
8993T>G mutation are different from zero (P-value < 0.001), while for the m.3243A>G mutation
there was little evidence that the O-M ratios are non-zero. Lastly, for the m.14487T>G mutation,
where the whole range of mutation loads was represented, we found no indications for selective
events during its transmission.

Large scale data—All data is included in the results section of this manuscript.

Limitations, reason for caution—The availability of human material for the mutations is
scarce, requiring additional samples to confirm our findings.

Wider implications of the findings—Our data show that non-random mechanisms are
involved during mtDNA segregation. We aimed to provide the mechanisms underlying these
selection events. One explanation for selection against high m.3243A>G mutation loads could be
as previously reported a pronounced OXPHOS deficiency at high mutation loads, which prohibits
oogenesis (e.g. progression through meiosis). No maximum mutation loads of the m.8993T>G
mutation seem to exist, as the OXPHQOS deficiency is less severe, even at levels close to 100%. In
contrast, high mutation loads seem to be favoured, probably because they lead to an increased
mitochondrial membrane potential (MMP), a hallmark on which healthy mitochondria are being
selected. This hypothesis could provide a possible explanation for the skewed segregation pattern
observed. Our findings are corroborated by the segregation pattern of the m.14487T>C mutation,
which does not affect OXPHOS and MMP significantly, and its transmission is therefore
predominantly determined by random genetic drift. Our conclusion is that mutation-specific
selection mechanisms occur during mtDNA inheritance, which has implications for
preimplantation genetic diagnosis and mitochondrial replacement therapy.
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Introduction

Mutations in the mitochondrial DNA (mtDNA) are an important source of maternally
inherited multi-systemic mitochondrial disease and over 250 pathogenic mtDNA mutations
have been reported (Hellebrekers, et al., 2012). These pathogenic mtDNA mutations are
often heteroplasmic, which is a co-existence of wild-type and mutated mtDNA genomes.
The mtDNA mutation load (or heteroplasmy level) correlates with the severity of the disease
(Wilson, et al., 2016). During its maternal transmission, the mtDNA passes through a
bottleneck (Otten, et al., 2015), which is a restriction in the number of mtDNA molecules
inherited (Cree, et al., 2008, Hauswirth, et al., 1982), followed by a strong amplification of
these founder molecules. The mtDNA bottleneck is thought to be responsible for the large
shifts in heteroplasmy levels observed between mother and child (Hauswirth, et al., 1982),
leading to highly variable mutations loads in oocytes from mtDNA mutation carriers with an
unpredictable recurrence risk. The mechanisms underlying this process are largely unknown.
A central process determining the distribution of mtDNA heteroplasmy is thought to be
random genetic drift (Brown, et al., 2001, Jenuth, et al., 1996). However, some reports
describe differences in segregation patterns between mtDNA mutations (Howell, et al.,
1992), which, apart from genetic drift, could also be explained by selection events
(Meiklejohn, et al., 2007, Stewart, et al., 2008) during mtDNA transmission. Although
recently statistical evidence has been provided for the existence of purifying selection for
mtDNA mutations in human oocytes (De Fanti, et al., 2017), additional evidence is desirable
to further resolve the contribution of genetic drift and selection to mtDNA inheritance, as
well as to identify the nature of the selection events.

Our main objective was to explain the differences in inheritance pattern of mtDNA
mutations. Therefore, we determined the mutation load of three mtDNA mutations (m.
3243A>G, m.8993T>G and m.14487T>C) in available oocytes, zygotes and embryos from
multiple preimplantation genetic diagnosis (PGD) cycles. In the case of genetic drift, the
inheritance can be modelled mathematically using the Kimura distribution (Wonnapinij, et
al., 2008), which describes the probability distribution of heteroplasmy values in the
offspring as a function of the amount of mutation carried over by the mother, and the
bottleneck size. We applied the Kimura distribution to estimate individual effective
bottleneck sizes for every female carrier of mtDNA mutations and found that individual
bottleneck sizes greatly varied among different mutations. However, our observations were
unlikely to be explained completely by genetic drift only and our data support the existence
of mutation-specific selection factors during oogenesis. Based on both our observations and
literature data, we propose two selective mechanisms, occurring during oogenesis, which in
combination with genetic drift provide a plausible explanation of mutation-specific
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bottleneck sizes, as we report here and as has been documented before (Li, et al., 20186,
Wilson, et al., 2016). Our results are important for understanding mtDNA inheritance and
predicting the recurrence risk for carriers of mtDNA mutations. Mutation-specific selection
mechanisms have also implications for PGD and mitochondrial replacement therapy (MRT),
as for some mutations even a small amount of mutated mtDNA (Mitalipov, et al., 2014)
might reach significant levels due to selection.

Materials and methods

The study was performed with informed consent of the participants on rest material of
routine clinical procedures, approved by the local ethical committee.

Patients and PGD procedure

Five female carriers (Table 1) of the m.3243A>G mutation, one carrier of the m.8993T>G
mutation and one carrier of the m.14487T>C mutation were counselled for PGD. Verbal and
written information on IVF and intracytoplasmic sperm injection (ICSI), single cell
procedures, success rates of the procedures, risk of misdiagnosis, and the limited experience
on the worldwide application of PGD for mitochondrial disorders was supplied to all carriers
and their partners. Before the treatment, informed consent was given by both partners for
both the procedure as well as for re-analysis of non-transferred and non-frozen oocytes and
embryos. The IVF-ICSI-PGD and cryopreservation procedures have been performed as
described before (Sallevelt, et al., 2013).

Mutation load analysis

Primers used for PCR amplification conditions and digestion controls for the m.3243A>G
and m.8993T>G mutations were as reported before (Monnot, et al., 2011, Sallevelt, et al.,
2013), while for the m.14487T>C mutation, these were: ND6_199F & ND6_199F (6-FAM)
(ATACTCTTTCACCCACAGCAC), ND6_340R (ATAGTTTTTTTAATTTATTTAGGGCA),
SpikeTspRI-F (vic, AGCTGGTAAAAAGAGGCCTAAC) and SpikeTspRI-R
(GCGCCGAATAATAGGTATAGTG) and digestion with TspRI. Samples were analysed by
capillary electrophoresis on an ABI Prism 3730 Genetic Analyser followed by GeneScan
analysis. To calculate the mutation load, the area of the mutation peak was divided by the
sum of the peak area of the wild-type and mutation peak. Validation experiment of our
mutation load calculations using a Shewart chart has been performed as described before
(Sallevelt, et al., 2013).

For cleavage stage embryos from which multiple blastomeres were available, the average
was calculated and reported as the mutation load for this embryo in order to exclude that a
single embryo is repeatedly reported. In all cases, the mutation loads in individual
blastomeres from a single embryo were not substantially different, consistent with previous
findings (Sallevelt, et al., 2013). Furthermore, mutation loads in blood, hair, urine and/or
muscle was established, using the same procedures (Table 1).
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Moment estimation of the effective bottleneck size

We estimated the effective bottleneck size (N,z) for a carrier, assuming genetic drift, by
using the equation Ng= -t/ In (b), where tis the number of mtDNA generations, which has
generally been interpreted as 15 cell divisions during embryogenesis. As the average
heteroplasmy level in the dataset (o) is taken as a moment estimator of the amount of
mutation carried over from the mother, this is used to determine the bottleneck parameter (5)
using equation 6 in reference (Wonnapinij, et al., 2008).

Maximum likelihood estimation for the standard and the truncated Kimura distribution

All presented models were performed using the freely available program R (lhaka, 1996)
and the publicly available library ‘hypergeo’. The standard Kimura distribution (as presented
in equations 2-4 of (Wonnapinij, et al., 2008)) was implemented in R. The truncated
distribution was obtained by computing the standard distribution and normalized by the
cumulative distribution function up to the threshold. The maximum likelihood estimates
were then obtained by optimizing the model so that the Kimura curves fit best through the
data. To this end, we fitted equation 5 from reference (Wonnapinij, et al., 2008) to the data
and obtained maximum likelihood estimated for the Kimura distribution. The inference
criterion used for comparing the models was their ability to predict the observed data, i.e.
models were compared directly through their minimized minus log-likelihood. When the
numbers of parameters in models differed, they were penalized by adding the number of
estimated parameters, a form of the Akaike information criterion (AIC) (Akaike, 1998). For
both models, the bottleneck 95% confidence intervals were obtained by computing
likelihood profiles.

Meta-analysis of published heteroplasmy data (m.3243A>G & m.8993T>G)

Results

Blood heteroplasmy data was collected from literature for the m.3243A>G (n=111) and the
m.8993T>G (n=118) mutation (Table S1). The blood heteroplasmy levels for the m.
3243A>G mutation were age-corrected to account for the exponential loss of mutated
mtDNA in blood leukocytes by using an equation: H(corn) =H(H €%, where H(corr) s the
corrected heteroplasmy value, H(?)is the heteroplasmy measured in blood at age Zin years
and Sis 0.020 + 0.003 per year, a parameter previously defined (Rajasimha, et al., 2008).
Patients with mutation load(s) <15% were excluded, as this improved the correlation
between blood and muscle heteroplasmy (data not shown). For both mutations, the offspring
heteroplasmy value was divided by the maternal heteroplasmy level (O-M ratio). The data
was transformed to a logarithmic scale and a Gaussian curve was fitted to the frequency
histograms. To test whether the data departed from a Gaussian distribution with a mean
equal to 0 (no selection bias), we used a two-tailed #test. Results were considered significant
if the ~-value was <0.05.

We studied the inheritance of three mtDNA mutations in five carriers of the m.3243A>G
mutations, one carrier of the m.8993T>G mutation and one carrier of the 14487T>G
mutation for whom PGD was performed in our clinic. We measured the mtDNA mutation
loads of female carriers in various tissues of the carrier (Table 1) and in available oocytes,
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zygotes and blastomeres. We constructed mutation load distributions for each individual
carrier (Figure 1). Based on the mutation load distribution and assuming random genetic
drift, we computed the moment estimates of the Kimura probability distribution to obtain the
effective (or mathematical) bottleneck size (Vg (Table 2), as previously described
(Wonnapinij, et al., 2008). The obtained N sVvalues are highly variable, being highest for the
m.3243A>G carrier with the lowest heteroplasmy level (carrier #5: ~145), whereas the Nz
for the m.8993T>G and the m.14487T>C carriers are consistently smaller, ~10 and ~22
respectively. Thus, a clear difference exists between these two carriers and the m.3243A>G
carriers. For the m.3243A>G mutation, the reported values are close to the estimated
effective bottleneck size of 108 in a female carrier of the mutation of which 82 single
primary oocytes have been analysed (Wonnapinij, et al., 2008), as well as the estimated
bottleneck size of 72, calculated for a carrier of which 35 preimplantation embryos have
been analysed (Monnot, et al., 2011). Together, these results suggest that the observed
mtDNA segregation patterns could be explained by a Kimura distribution, under the
assumption that bottlenecks are variable and potentially mutation-specific, the latter arguing
against random mechanism only.

The m.8993T>G mutation carrier has the lowest estimated bottleneck size, while some of
her offspring have mutation loads markedly different from the carrier (Figure 1 and Tables 1
and 2). This is much less the case for the m.3243A>G carrier, especially for carrier #5,
where the offspring has mutation loads highly comparable to the carrier. We further
investigated what apart from different bottleneck sizes could explain the different mutation
distribution patterns. Strikingly, we noted an absence of high m.3243A>G mutation loads
(>80%) in the offspring carriers (Figure 1). Especially for carrier #1 and #3, which has the
highest average mutation loads (>30%, Tables 1 and 2), absence of high mutation loads is
unexpected, as we did observe eight samples with mutation loads <20%, suggesting an
asymmetric distribution. Absence of high mutation loads during inheritance of the m.
3243A>G mutation supports previous observations (Brown, et al., 2001, Monnot, et al.,
2011, Treff, et al., 2012).

Potential mutation-specific bottleneck sizes and absence of high m.3243A>G, suggest non-
random events are active during the inheritance. To test our hypothesis that high
heteroplasmy levels are indeed consistently lacking during the inheritance of the m.
3243A>G mutation, we tested an alternative model to explain its segregation. To this end,
we computed the maximum likelihood ratios under HO, a fitted normal Kimura distribution,
and H1, a fitted Kimura distribution that is truncated at the highest observed m.3243A>G
mutation load observed (Table 3). The moment estimates provided in Table 2 are fair, as they
are close to the actual Kimura maximum likelihood estimates presented in Table 3. Based on
the AIC, the truncated model fits the data better than the standard Kimura model for the m.
3243A>G carriers #1-3 and #5, as well as when all data for the five m.3243A>G carriers are
combined (Table 3 and Figure 2). This implies that the truncated Kimura distribution is a
better model for the inheritance data than the fitted normal Kimura distribution. This is a
strong argument that there is indeed a (non-random) threshold effect for the m.3243A>G
mutation around 80% heteroplasmy level during its inheritance.

Hum Reprod. Author manuscript; available in PMC 2019 June 05.
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For the m.8993T>G carrier, the distribution in mutation loads in oocytes, zygotes and
cleavage-stage embryos were fundamentally different from the m.3243A>G mutation and
clearly non-Gaussian, showing a skewed segregation (Figure 1), which is in line to previous
observations for this mutation (Blok, et al., 1997, Dahl, et al., 2000, Steffann, et al., 2006,
Thorburn, et al., 2009, White, et al., 1999). To further study whether the inheritance of m.
8993T>G is indeed skewed, we performed a meta-analysis on blood heteroplasmy levels of
mother-child transmissions from published studies (Figure 3) and compared this with the m.
3243A>G mutation. We generated O-M ratios by dividing the offspring heteroplasmy values
(O) by those from the mother (M) and plotted a histogram of the log-values of these ratios
for both mutations. For the m.3243A>G mutation, the average O-M ratio is centred close to
zero (Figure 3A). The P-value (0.258) suggests that there is little evidence that the O-M
ratios are non-zero. In contrast, for the m.8993T>G mutation (Figure 3B), the evidence that
the O-M ratios are different from zero was statistically significant (P-value < 0.001).

Lastly, the mutation distribution of the m.14487T>C mutation represents virtually all
possible mutation loads (Figure 1) and we found no evident clues that mechanisms other
than genetic drift are active during its inheritance.

Discussion

We analysed the mtDNA mutation load distribution in oocytes, zygotes and/or embryos of
five carriers of three different mtDNA mutations. By assuming random mechanisms (genetic
drift), the mtDNA segregations patterns could be explained by variable bottleneck sizes
(Table 2). However, this may not equal the actual mtDNA copy number in the primordial
germ cells (PGCs), when mechanisms other than genetic drift occur. Based on the previously
reported equation (Wonnapinij, et al., 2008), there exists a (exponential/logarithmic) relation
among the effective bottleneck size, the average mutation load, and the variance of mutation
loads in the offspring. The formula implies that the maximum bottleneck size is achieved
when there are as many wild type as mutated copies. More importantly, the formula also
implies that the bottleneck sizes are inversely proportional to the variance. Thus, mutations
with a smaller bottleneck size are more likely to produce offspring with a range of different
mutation loads, even some very different from the mother. On the other hand, mutations with
larger estimated bottleneck size are more likely to produce offspring with comparable
mutation loads. These implications agree with our calculations. The m.8993T>G mutation
carrier has the lowest calculated bottleneck size, and some of the offspring have more
extreme mutation loads, which is much less the case for the m.3243A>G mutation.

Selective mechanisms during m.3243A>G transmission

The dependence on the mutation (Steffann, et al., 2015) implies that mechanisms other than
genetic drift should be considered as well, in line with a recently reported purifying or
filtering mechanism for pathogenic mtDNA variants, which occurred during the expulsion of
the first and second polar body (De Fanti, et al., 2017). Our data support this. For the m.
3243A>G mutation, estimated bottleneck sizes differed markedly from the other two
mutations. Furthermore, high m.3243A>G mutation loads (>80%) were consistently lacking
in all oocytes/zygotes/blastomeres (this paper, Brown, et al., 2001, Monnot, et al., 2011,
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Treff, et al., 2012). In case of genetic drift, one would expect a symmetrical mutation
distribution. This would thus include mutations loads below 20% and above 80%, but the
latter is not the case, not even for carriers with relatively high mutation loads. We fitted our
data to either a standard Kimura distribution (HO) or a Kimura distribution that is truncated
at the highest observed mutation load (H1, Table 3) and the truncated Kimura distribution
was a better fit in four out of five carriers (Table 3). Strikingly, the truncated distribution was
the best fit for carriers #1 and #3, which have the highest carrier loads, where one would
have expected from a random distribution also higher mutation loads in their oocytes. A
larger bottleneck size explains mutation loads closer to those of the carrier (Wonnapinij, et
al., 2008), but cannot explain the absence of why only higher mutation loads. For all carriers
together, a truncated distribution was also a better fit. This fits with reports that carriers of
the >50% m.3243A>G mutation in blood tended to have offspring with same or lower
heteroplasmy, which was less pronounced for mothers <50% (Uusimaa, et al., 2007). Taken
together, these data support a negative selection above an m.3243A>G mutation load of
~80%, influencing the inheritance of the m.3243A>G mutation which is more marginal at
lower levels. This was not observed for the other two mutations studied, implying a
mutation-specific mechanism.

Preimplantation embryo survival is best served by a low level of metabolism, known as the
“quiet embryo” hypothesis (Leese, 2002), with controversy on how “quiet” an optimal
metabolism is (Conaghan, et al., 1993, Gardner, et al., 2013), as specific cellular metabolic
processes appear to be important. For instance, PGCs depend on glycolysis (Ramalho-
Santos, et al., 2009), whereas developing oocytes rely on OXPHOS for ATP production
(Dumollard, et al., 2007, Van Blerkom, et al., 1995) to establish a minimal cytoplasmic
steady-state ATP level in mature oocytes (Van Blerkom, et al., 1995, Zeng, et al., 2009) and
early embryonic development (Dumollard, et al., 2004). A disturbed OXPHOS leads to a
drop in ATP levels that interferes with oocyte maturation and preimplantation
embryogenesis (Van Blerkom, 2011). The ATP demand can only be satisfied by a highly
active mitochondrial OXPHOS (Dumollard, et al., 2004), as the glycolysis pathway is not
active anymore (Shyh-Chang, et al., 2013). The m.3243A>G mutation affects the
mitochondrial tRNA-LeuYYR (Goto, et al., 1990), resulting in defective assembly of
complexes I, IV and V (Sasarman, et al., 2008) and, subsequently, a decrease in the ATP
generating capacity. Our data suggest that >80% m.342A>G, the large ATP requirements
during oogenesis cannot be met anymore, as the number of healthy energy-producing
mitochondria/mtDNA becomes too low, resulting in failed oogenesis. This could already
occur at an early stage, as high m.3243A>G mutation loads were absent in human primary
(immature) oocytes (Brown, et al., 2001) of a single female carrier, although very high
mutation loads in her offspring may also be unlikely due to the low mutation load in muscle
(18%) and blood (7%). These observations are corroborated by an age-related decline of the
m.3243A>G mutation load in blood over time, due to a loss of blood stem cells with high
mutation levels (Rajasimha, et al., 2008). The figure of ~80% mutation load is in line with
cybrids harbouring the m.3243A>G mutation (Desquiret-Dumas, et al., 2012, Picard, et al.,
2014), where oxidative capacity started to decline at 60%, rapidly declined above 80% and
was completely lost at 90% due to an almost complete lack of complex I, and severely
reduced abundance of complex I1l and 1V with a subsequent upregulation of the glycolysis
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pathway (Picard, et al., 2014). This has also been observed in muscle biopsies with high m.
3243A>G mutation loads (Janssen, et al., 2008). Activating mtDNA replication has been
suggested as an adaptive mechanism (Monnot, et al., 2013, Steffann, et al., 2015), leading to
a larger number of mutant and wild-type mtDNA molecules, the latter rescuing the energy
deficiency. This would also explain that the threshold can vary between 80% and 90%, most
likely depending on the mtDNA copy number (Treff, et al., 2012), while 100% mutation
loads were never observed.

The m.8993T>G mutation affects the A7Pase6 subunit (Holt, et al., 1990), the terminal
OXPHOS complex (complex V) (Nijtmans, et al., 2001), which generates ATP out of a
proton gradient. As we observed very high (>95%) mutation loads in oocytes, zygotes and
cleavage embryos of carriers, we concluded that no negative selection occured during
oogenesis. Indeed, a study in lymphocytes showed that, despite high m.8993T>G mutation
loads (80-95%), still 25-35% ATP synthesis capacity remained (Baracca, et al., 2007,
Sgarbi, et al., 2006). Likewise, cybrids homoplasmic for the m.8993T>G mutation still
displayed >25% residual ATP synthesis (Manfredi, et al., 1999). This implies that, even
when homoplasmic for the m.8993T>G mutation, oxidative respiration is preserved to a
moderate degree, which, in combination with a high mtDNA copy number in the oocyte
(between 50,000 and 550,000 (Fragouli, et al., 2015, May-Panloup, et al., 2005)), produces
sufficient ATP for normal oogenesis.

The m.14487T>C mutation affects the /D6 subunit of complex | (Tarnopolsky, et al., 2013,
Ugalde, et al., 2003). Its random distribution argues against negative selection and, indeed,
biochemical investigations showed that, in skeletal muscle, complex | activity was only
modestly decreased (Dermaut, et al., 2010, Gonzalo, et al., 2005). Selection on ATP
production capacity has also been observed in the germline of an mtDNA mouse model
(Fan, et al., 2008). A severe ND6 mutation, causing a premature termination of the protein
and a subsequent inactivation of OXPHOS, was selectively eliminated during oogenesis
within four generations, while a milder mutation in COZ, causing only 50% decrease in
OXPHQOS, was retained throughout multiple generations (Fan, et al., 2008).

In summary, our data indicate that cellular germline selection against mtDNA mutations
depends on the degree that mutations affect the cellular OXPHOS-capacity of generating
ATP in combination with the mtDNA copy number, but additional studies are required to
provide further evidence. A study, in which the biochemical effects of several mtDNA
mutations, including the m.3243A>G and m.8993T>G mutation, were studied in the same
cybrid system (Pallotti, et al., 2004), revealed little difference between the two mutations,
when homoplasmic, in terms of ATP production. However, low glucose concentrations were
used, and only the oligomycin-sensitive ATP synthase activity was assessed in two extreme
(WT and mutated homoplasmy) situations. Nevertheless, such observations indicate the
limitations of using different cybrid models and that lack of uniform methods for assessing
energy metabolism. Also, OXPHQOS capacity may not be the only negative selection
mechanism occurring. If mtDNA turnover is faster in oocytes that have high mutation loads
(such as for the m.3243A>G mutation), the variance would increase (Johnston, et al., 2015).
Furthermore, processes related to quality control and mitophagy may be involved as well
(Tsukamoto, et al., 2008, Twig, et al., 2008), potentially causing the degradation of maternal
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(mutated) mtDNA or mitochondria during preimplantation. Whatever mechanism, selection
against detrimental mtDNA mutations has been convincingly demonstrated in human (Li, et
al., 2016), mouse (Stewart, et al., 2008) and drosophila (Hill, et al., 2014, Ma, et al., 2014).

Is there positive selection on the m.8993T>G mutation?

Genetic drift or selection on ATP production capacity are unlikely to explain the skewed
pattern observed for the m.8993T>G mutation. Our data for this mutation is limited to a
single carrier, but are confirmed by other studies showing that mutation loads for the m.
8993T>G mutation are frequently skewed in oocytes/fembryos:

- Six out of seven oocytes from a m.8993T>G carrier had a mutant load of >95%,
while the seventh was mutation-free (Blok, et al., 1997).

- PGD for an asymptomatic carrier resulted in one embryo homoplasmic for the
m.8993T>G mutation and two mutation-free embryos (Steffann, et al., 2006).

- PGD in another m.8993T>G carrier showed skewing in 7 out of 10 embryos
with a mutation load of 2.5% in one and >95% in six embryos (Thorburn, et al.,
2009).

Prenatal diagnosis of the m.8993T>G mutation showed a skewed segregation in four cases
with mutation loads >95% and in two cases no mutation (Bartley, et al., 1996, Ferlin, et al.,
1997, Harding, et al., 1992, Steffann, et al., 2007, White, et al., 1999), whereas some
intermediate (10-90%) mutation loads were reported as well (Steffann, et al., 2007). A large
collection of pedigrees with a mutation at nucleotide 8993 (which can be either T>G or
T>C) also showed that the mutation load distribution was predominantly skewed to the
extremes (White, et al., 1999). The proportion of children with a high mutation load is
increased, when the mutant load in the mother is high as well, particularly for the m.
8993T>G mutation (Dahl, et al., 2000).

Finally, our meta-analysis of m.8993T>G mutation pedigrees showed an O-M ratio
distribution different from zero (Figure 3), indicating that the offspring had a higher
mutation load than their mother. In all studies, an ascertainment bias could have occurred,
because the families were identified through an affected child with a very high mutation
load. This bias was reduced by collecting our data through the mother, without the proband,
similarly to the offspring analysis of the families of the meta-analysis, the PGD data
(Steffann, et al., 2006, Thorburn, et al., 2009), and prenatal analysis (White, et al., 1999), but
may not fully exclude the bias and impression of selection (Wilson, et al., 2016). In a
previous study, preferential selection for both the m.3243A>G and the m.8993T>G mutation
was suggested (Chinnery, et al., 2000), but the differences observed were likely due to a
sampling effect. As we studied larger number of transmissions for both mutations,
differences between the two mutations became more apparent. Moreover, in a comparable
study, the m.3243A>G mutation is transmitted from mother to child in similar proportions,
indicating a different transmission method than for m.8993T>G and mutation-specific
mechanisms (ref).

The skewed segregation pattern for the m.8993T>G mutation indicated fixation at high
mutation loads. In case of genetic drift, this could be explained by a very small number of

Hum Reprod. Author manuscript; available in PMC 2019 June 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Otten et al.

Page 11

mtDNA units being transmitted, estimated to be around 15. This would imply that the
mtDNA sequence modulates the size of the genetic bottleneck (Wilson, et al., 2016).
Alternatively, the consistent skewing could indicate positive selection for the m.8993T>G
mutation, which, in turn, affects the number of segregating units being estimated. This might
be explained by the effect the mutation has on the mitochondrial membrane potential
(MMP). In metabolically active mitochondria, complex V is the major regulator of the
MMP, which must be maintained to support ATP synthesis (Dumollard, et al., 2004). As a
result, an increased MMP is necessary for oocyte maturation and for the competence of an
embryo to develop (Ge, et al., 2012, Van Blerkom, 2011). Consequently, MMP as a sensor
for normal healthy OXPHQOS activity has become an important selection criterion during
oogenesis, occurring at the level of the Balbiani bodies, which contain aggregates of highly
active mitochondria with a high MMP (Fosslien, 2001, Zhang, et al., 2008, Zhou, et al.,
2010) and which are preferentially transmitted to PGCs (Milani, 2015). In lymphocytes with
>75% m.8993T>G mutation load or with a blocked complex V, the MMP was significantly
increased compared to wild-type mitochondria (Baracca, et al., 2007), because the proton
gradient could not be consumed by complex V. If comparable in oocytes, mitochondria with
high m.8993T>G mutation loads are more likely to be recruited in Balbiani bodies and
subsequently transmitted to the offspring, eventually leading to (almost) homoplasmy. This
positive selection “competes” with genetic drift, resulting in the so far unexplained skewed
segregation pattern, observed in oogenesis and early embryogenesis.

Selective advantage of the m.8993T>G mutation was also observed in somatic cell lines
(\Vergani, et al., 1999). Important to note is that the initial m.8993T>G heteroplasmy levels
in this study were high (85 - 95%). This may corroborate another study, showing an increase
of 0.75% per year in blood of an individual with high (79%) m.8993T>G mutation load
whereas in an individual with low (7%) mutation load this percentage remained stable over
23 years (White, et al., 1999). This is the mean and this may vary at the single cell level. In
contrast, for the m.8993T>C mutation, a random segregation pattern has been described,
which can be explained by the fact that ATP production is relatively preserved and MMP is
not significantly affected by the T>C substitution, as lymphocytes carrying >90% m.
8993T>C mutation load have a MMP comparable to that in control lymphocytes (Baracca, et
al., 2007). This is also the case for the m.3243A>G and m.14487T>C mutation, where no
increasing effect on the MMP is expected.

In some cases, intermediate m.8993T>G mutation loads occur in PGD embryos (30-40% in
three embryos (Thorburn, et al., 2009), 88% and 30% in two embryos (Sallevelt, et al.,
2013)). Fixation might not have occurred, due to the potentially opposing mechanisms of
genetic drift and positive selection, likely depending on the initial mutation load and
possibly leading to cells without the mutation and with nearly 100% mutation after birth.
Interestingly, three cases with somewhat larger differences between prenatal diagnostic
(PND) samples and foetal tissues are in the higher mutant load range (Harding, et al., 1992,
Steffann, et al., 2007). Although we think that positive selection on the MMP is a good
explanation for the consistent skewing of the m.8993T>G mutation, additional (mechanistic)
studies are needed to prove whether positive selection based on the MMP or a very small
number of segregating units under random genetic drift is the most likely explanation.
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Conclusion

Our data demonstrate that, during the bottleneck, genetic drift occurs together with
mutation-specific negative and positive selection mechanisms, at the level of OXPHOS
capacity (cellular) and MMP (organellar; Table 4). We expect that the selection processes are
not per se a static event at one point in germline cell development, but may occur at different
moments and may also affect adult stem cells (Rajasimha, et al., 2008). In any case, these
mutation-specific events should be evaluated for each mtDNA mutation as the potential of
preferential segregation of mutated mtDNA can have consequences for the threshold of
transfer in PGD and the risk that mtDNA carry-over during mitochondrial replacement
therapy (Hyslop, et al., 2016) can have clinical consequences.
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Figure 1.
Distribution of the percentages of m.3243A>G, m.8993T>G and m.14487T>C mutation in

surplus oocytes, blastomeres and zygotes from seven different carriers. When multiple
blastomeres of a single cleavage stage embryo were analysed, the mutation load plotted for
this embryo was the average of these blastomeres. Every dot thus represents the (average)
mutation load of a single oocyte, embryo or zygote. Horizontal lines indicate average
mutation loads with SEM.
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Figure 2.
Fit of the m.3243A>G transmission data. Shown are the actual data and the data fitted using

the Kimura distribution and the Kimura distribution truncated at 76.5%. Chi-squared
distribution with 1 degree of freedom indicated that the truncated Kimura model is a better
fit (P-value 0.0089).
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Figure 3.

Frequency histograms of O-M values for m.3243A>G and m.8993T>G transmissions.
Heteroplasmy data from blood for mother to child transmissions were compiled from
published studies of the m.3243A>G (n=111) and the m.8993T>G mutation (n=118). The
blood heteroplasmy for the m.3243A>G mutation was corrected for age to avoid potential
bias. O-M values represent the ratio in heteroplasmy between generations (O=offspring,
M=mother) of A) m.3243A>G and B) m.8993T>G Frequency. Histograms were plotted for
both mutations, and a Gaussian curve fitted to each plot.
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Age and mutations loads in different tissues of carriers for different mtDNA mutations.

Carrier Age, first cycle (yrs) | Blood mut-% | Hair mut-% | Urine mut-% | Muscle Mut-% | Avrg mut-%
m.3243A>G #1 36 13 26 55 ND 31
m.3243A>G #2 30 25 10 ND 28 21
m.3243A>G #3 28 27 29 59 ND 37
m.3243A>G #4 32 19 26 38 ND 28
m.3243A>G #5 31 16 29 28 ND 24
m.8993T>G 30 4 3 5 ND 4
m.14487T>C 40 34 ND 65 55 51
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Average heteroplasmy levels and moment estimated bottleneck sizes for carriers with the

m.3243A>G, m.8993T>G and m.14487T>C mutation using the Kimura distribution.

MOMENT ESTIMATED KIMURA DISTRIBUTION

carrier n | po, heteroplasmy in samples b Effective bottleneck size (Neff)
(average + SEM) (value [95% CI])
m.3243A>G #1 26 0.42 +0.04 0.83 83.1 [36-116]
m.3243A>G #2 16 0.34£0.05 0.84 86.5 [45-134]
m.3243A>G #3 | 13 0.41+0.07 0.73 48.7 [23-93]
m.3243A>G #4 | 26 0.33+£0.04 0.85 924 [55-127]
m.3243A>G #5 10 0.16 +0.04 0.90 145.4 [67-349]
All m.3243A>G | 91 0.35+0.02 082 736  [53-93]
m.8993T>G 46 0.05+0.03 0.21 9.6 [7-27]
m.14487T>C 23 0.66 +0.07 0.50 21.7 [19-76]

n, number of unique offspring (oocytes, embryos or zygotes) for every carrier
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criterion (AIC).

Table 3
Maximum likelihood estimates (MLE) for the standard (HO) and truncated (H1) Kimura

models. Bold indicated the hypothesis that is most likely based on the Akaike information

carrier Fit Po b Truncation (%) Net AIC
[95% CI]

m.3243A>G #1 HO | 0.41 | 0.80 66.5 [50-86] 2.0
H1l | 041 | 0.87 67.4 110.8 [90-151] | -11.4

m.3243A>G #2 HO | 0.34 | 0.85 94.4  [45-133] -6.1
H1 | 0.34 | 0.88 65.1 1133 [71-172] -7.0

m.3243A>G #3 HO | 0.39 | 0.73 47.8 [23-68] 8.7
H1 | 0.40 | 0.85 715 90.4  [67-127] 3.3

m.3243A>G #4 HO | 0.33 | 0.86 97.0 [54-127] | -135
H1 | 0.33 | 0.86 76.5 102.3  [64-149] | -12.2

m.3243A>G #5 HO | 0.16 | 0.91 162.3 [64-352] | -13.2
H1 | 0.16 | 0.95 324 265.9 [180-447] | -14.5

Allm.3243A>G | HO | 0.35 | 081 71.2  [63-93] | -20.7
H1 ] 035 | 0.84 76.5 833 [74-96] -26.6

m.8993T>G HO | 0.05 | 0.36 14.5 [7-27] 37.1
m.14487T>C HO | 0.64 | 0.68 39.0 [25-48] 8.9
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Relative contribution of genetic drift and selection contribute to the segregation of three

mtDNA mutations.

Table 4

- Membrane potential (‘selection sensor’) affected

Segregational mechanism m.3243A>G m.8993T>G m.14487T>C
Genetic drift? + + +
Selection on OXPHOS function? NEGATIVE POSITIVE NEUTRAL
At 90-100% OXPHOS Only CV affected Stability and assembly
- OXPHOS assembly affected? assembly lost (CI) 100%: residual activity Cl affected
) . . >80% respiratory 20-30% OXPHOS capacity
ATP generating capacity affected? defect ATP drops Higher due to preserved
Severely reduced inefficient coupling No effect

ClI, complex I. CV, complex V.
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