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Abstract
Mitochondria are dynamic organelles that divide and fuse by remodeling an outer and inner membrane in response to
developmental, physiological and stress stimuli. These events are coordinated by conserved dynamin-related GTPases.
The dynamics of mitochondrial morphology require coordination withmitochondrial DNA (mtDNA) to ensure faithful genome
transmission, however, this process remains poorly understood. Mitochondrial division is linked to the segregation of mtDNA
but how it affects cases of mtDNA heteroplasmy, where two or more mtDNAvariants/mutations co-exist in a cell, is unknown.
Segregation of heteroplasmic human pathogenic mtDNA mutations is a critical factor in the onset and severity of human
mitochondrial diseases. Here, we investigated the coupling of mitochondrial morphology to the transmission and segregation
of mtDNA in mammals by taking advantage of two genetically modified mouse models: one with a dominant-negative
mutation in the dynamin-related protein 1 (Drp1 or Dnm1l) that impairs mitochondrial fission and the other, heteroplasmic
mice segregating two neutral mtDNA haplotypes (BALB and NZB). We show a tissue-specific response to mtDNA segregation
from a defect in mitochondrial fission. Only mtDNA segregation in the hematopoietic compartment is modulated from
impaired Dnm1l function. In contrast, no effect was observed in other tissues arising from the three germ layers during
development and in mtDNA transmission through the female germline. Our data suggest a robust organization of a
heteroplasmic mtDNA segregating unit across mammalian cell types that can overcome impaired mitochondrial division
to ensure faithful transmission of the mitochondrial genome.

Introduction
Mammalianmitochondrial DNA (mtDNA) is transmitted through
the female germline undergoing both purifying selection and a
genetic bottleneck leading to the rapid segregation ofmtDNAvar-
iants ormutations between generations (1–6). The exact timing of
the genetic bottleneck is still debated (7) and proposed to occur
either embryonically during expansion of the primordial germ
cells or in post-natal folliculogenesis (4,5). Nonetheless, there is
consensus that a small number of segregating units account

for the rapid segregation of mtDNA variants from mother to
offspring.

The mitochondrial genome is compacted by Tfam into a dis-
creet structure called a nucleoid that is on average 70 nm in
diameter in mammals, can contain one or more genomes, and
also cluster heterogeneously within a mitochondrial network
(8–10). Although other proteins are found within nucleoids
(11,12) the predominant factor and structural organizer is Tfam
(8). How nucleoids are organized as a segregating unit remains
poorly understood, but is critical to the genetics of mtDNA.
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Inmammals no activemechanism has been described to date
ensuring equal distribution of mtDNA molecules to daughter
cells at cytokinesis (13), but the regulation of mitochondrial
morphology is critical formaintenance of themitochondrial gen-
ome. Disruptions to the mitochondrial fusion, but not fission,
machinery are associated with mtDNA depletion and integrity
(14,15). Moreover, mitochondrial nucleoids are found at the tips
of recently divided mitochondria, a feature conserved from
yeast to mammals (16–18).

Mitochondrial membrane dynamics are coordinated by dyna-
min-related GTPases that induce curvature in the mitochondrial
outer and inner membrane for fusion or fission of the organelle
(15). Dnm1l (Drp1) is the master regulator of mitochondrial fis-
sion. The protein is recruited as a dimer from the cytosol to the
surface of the outer membrane assembling by self-oligomeriza-
tion as a constricting ring around the organellewith GTPhydroly-
sis providing the power stroke to induce membrane deformation
and fission (19–21). Defects in Dnm1l function, by genetic silen-
cing or dominant-negative mutations, impair fission leading to
hyperfusion of the mitochondrial network. However, the com-
plete loss of Dnm1l function leads to collapse of the mitochon-
drial network around the nucleus (22,23), and embryonic
lethality (24,25). Also, conditional deletion ofDnm1l in the female
germline impairs oocyte maturation and thereby compromises
fertility (26). So far, only mutations in the middle domain of
Dnm1l, important for multimer assembly, are compatible with
mammalian development but these mutations are still patho-
genic post-natally in a tissue-specific manner (27,28). Thus,
the penetrance of Dnm1l inhibition on mitochondrial fission
determines the severity to cellular fitness and embryonic
development.

During preimplantation embryogenesis there is strict regula-
tion onmtDNA copynumberandmitochondrial gene expression,
and dynamic remodeling of mitochondrial morphology. Replica-
tion of the∼200 000 copies ofmtDNA in themouse embryo (4,5) is
repressed following fertilization of the mature oocyte and the
initiation of blastomere cleavage. Only following successful
implantation of the blastocyst to the uterine wall reactivates
mtDNA replication (29). A minimum mtDNA copy number of
∼40 000 inmouse oocytes is required for successful implantation
(30). Nonetheless,mitochondrial gene expression is active during
the preimplantation embryogenesis period with transcription
and ribosome biogenesis occurring (31) in tandemwith dramatic
changes to mitochondrial morphology and ultrastructure. All of
the mitochondrial dynamin-related GTPases that coordinate fis-
sion and fusion are expressed during embryogenesis (32) and,
yet, in mature human and mouse oocytes mitochondria are
spherical, separate organelles with few cristae, whereas by the
blastocyst stage the organelle obtains a more elongated morph-
ology with a developed cristae ultrastructure (33,34).

Reduction of Dnm1l abundance in an aneuploid cancer cell
line heteroplasmic for the A3243G mitochondrial mutation in
the tRNALeu(UUR) led to an accumulation of themutation in clones
(35). However, the segregation ofmtDNAvariants and pathogenic
mutations in cultured cells is highly variable and fails to replicate
the patterns seen in vivo in human and mouse tissues (36). This
demonstrates the importance of studying the complexity of
mtDNA genetics and, in particular, the segregation of heteroplas-
mic variants in animal models.

To circumvent these difficulties we used two different mouse
models to investigate the coupling of mitochondrial morphology
to the transmission and segregation of mtDNA. The Python
mousemodel is heterozygous for a C452Fmutation in themiddle
domain of Dnm1l (Dnm1lPy) that impairs multimer assembly and

therefore mitochondrial fission generating a hyperfused mito-
chondrial network (Fig. 1) (28). This Dnm1lmutation can be stably
transmitted through both the male and female germline with
normal Mendelian ratios, but is embryonic lethal when homozy-
gous (28). Python mice only develop a dilated cardiomyopathy
that leads to congestive heart failure in older animals even
though the C452F mutation is present in all Dnm1l isoforms
and expressed in all tissues (28). The other mouse model we
use is heteroplasmic for two non-pathogenic mtDNA haplotypes
called BALB and NZB (3), which do not appear to encode differ-
ences that affect the mitochondrial respiratory chain function
(37,38) or mtDNA replication (37). The transmission of these var-
iants through the female germline is by randomgenetic drift (3), a
pattern also seen in the transmission of some pathogenic point
mutations in both humans and mice (39–40). These heteroplas-
mic mice display a post-natal tissue-specific selection for
mtDNA haplotypes only in the liver, kidney and hematopoietic
tissues, processes regulated by different mechanisms and
genes (37,41–45). In all other tissues the segregation of these
mtDNA haplotypes is random (41).

Here, we show a tissue-specific modulation in mtDNA segre-
gation from impaired mitochondrial fission. Only in the hemato-
poietic compartment did dysfunctional Dnm1 l affect mtDNA
segregation. In contrast, there was no effect on mtDNA segrega-
tion in all other tissues examined. Moreover, there was no effect
on the random genetic drift of mtDNA heteroplasmy in the off-
spring. This points to a robust organization of the mtDNA segre-
gating unit across tissues and throughout development, but
apparently different in leukocytes.

Results
No effect of impaired mitochondrial division on mtDNA
transmission through the germline

We established continuous breeding of heteroplasmic Python
(Dnm1l+/Py) andwild-type females from 7weeks of age generating
up to 3 litters to avoid any complications from the onset of heart
failure in Pythons. No difference was observed in the timing be-
tween litters and weaning, or in the expected Mendelian ratios
of these alleles (Supplementary Material, Table S1). The number
of pups from the first and subsequent litters ofDnm1l+/Pymothers
was no different thanwild-type, but a few females did have small
litters consisting of only two pups (Fig. 2A).

To test whether the C452F mutation in Dnm1l affected the
transmission ofmtDNA heteroplasmywe compared the percent-
age of NZB mtDNA in the offspring to the level in the mother
using a modified Kimura distribution, as it best represents
mtDNAheteroplasmywith randomgenetic drift and no selection
(46). In some cases, we pooled the offspring data from mothers
with a similar heteroplasmy level to increase the statistical
power of our analysis (7). We were unable to reject the null hy-
pothesis as defined by a Kimura distribution, thus demonstrating
a neutral germline transmission in both Dnm1l+/+ and Dnm1l+/Py

mothers (Fig. 2, Table 1). Our data suggest that a defect in mito-
chondrial fission with the C452F Dnm1l mutation has no effect
on the segregating unit of mtDNA during transmission through
the genetic bottleneck of the female germline.

The effect of impaired mitochondrial division
on mtDNA segregation across tissues

Next, we assessed in 90-day-old mice the mtDNA heteroplasmy
level across tissues arising from the three germ layers: brain
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and skin (ectoderm); heart and skeletal muscle (mesoderm) and
small intestine (endoderm). In these tissues, the percentage of
NZB mtDNA is indistinguishable from each other at birth and
with age (41,42); thus, these tissues do not display selection for
either haplotype and are considered neutral with respect to
mtDNA segregation. This concordance in mtDNA heteroplasmy
levels across tissues is also seen for pathogenic mtDNA point
mutations (40).

To test whether a defect in mitochondrial fission affects the
segregation of mtDNA in these tissues we performed pairwise
non-linear regression analysis of the mtDNA heteroplasmy
level (Fig. 3). We used the mtDNA heteroplasmy level in the
brain as a reference for each tissue comparison and constrained
the line fit to go through the origin because it best models the
situation biologically when animals are homoplasmic. Thus, de-
viations from a slope of 1 would indicate a difference in mtDNA
segregation between tissues, where >1 indicates a preference for

theNZB haplotype and <1 for the BALBmtDNAhaplotype. Across
these four tissues, the slope was close to 1 between tissues from
wild-type and Dnm1l+/Py littermates. This is in contrast to the
liver and spleen where there is skewed segregation of mtDNA
haplotypes (Figs 4A and 5A).

mtDNA segregation in the liver

Previous work in these heteroplasmic mice has demonstrated
that there is age-dependent selection for mtDNA haplotypes in
the liver and spleen, which is regulated by different mechanisms
and nuclear-encoded genes (37,41–44). In the liver there is selec-
tion of the NZB genome (37,41). The regression analysis for the
NZB mtDNA level in the liver in a pairwise comparison with the
brain demonstrates a positive slope deviating from 1 as expected
forwild-type but also forDnm1l+/Py littermates (Fig. 4A). To assess
the mtDNA selection in the liver we calculated the relative

Figure 1. Impaired mitochondrial division with the C452F (Py) Dnm1l mutation. Representative maximal projection confocal images of antibody staining against the

mitochondrial protein Sdha in MEFs isolated from (A) Dnm1l+/+ and (B) Dnm1l+/Py mice. (C) The K38E Dnm1l cDNA was transfected into Dnm1l+/+ MEFs as a positive

control, as it is a well-known dominant-negative mutant, that disrupts mitochondrial fission and generates a hyperfused network. Two representative images are

shown for each genotype. (D) Quantification of mitochondrial morphology in Dnm1l+/+ and Dnm1l+/Py MEFs from three independent biological replicates (n = 100 cells

for each replicate). Mitochondria were classified as fragmented (F), tubular (T) or hyperfused (H). The scale bar is 20 μm.
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fitness for theNZBmtDNAhaplotype as a function of age (37).We
found no difference between wild-type and Python mice (Fig. 4B)
suggesting that defects in mitochondrial fission do not modulate
the mechanism of selection for the NZB haplotype in this tissue.

Defects in mitochondrial fission alter mtDNA
segregation in the spleen

In the hematopoietic compartment of these heteroplasmic mice,
there is selection against the NZB haplotype so that the BALB
haplotype accumulates. The mechanism is active in all hemato-
poietic tissues, all leukocyte populations independent of lineage
and independent of adaptive immune surveillance within the

mice (43). ThismtDNAselection is bestmodeled as an exponential
decay (43). So far, thismodel applies to leukocytes from bothmice
and humans (modeled with A3243G tRNALeu mutation) with the
only difference the rate, which is ∼70 times faster in mice than
humans (43,47). As expected the pairwise comparison of the het-
eroplasmy level in the spleen against the brain shows a significant
deviation in the slope <1 (Fig. 5A).

To test if therewas a difference in the splenicmtDNA selection
we calculated the proportion of the NZB mtDNA remaining in the
tissue (43). Here, we found that disruptions to mitochondrial
morphology in the spleen modulated mtDNA segregation. The
proportion of NZBmtDNA in the spleen ofDnm1l+/Pymicewas sig-
nificantly less (P = 0.0028) compared to wild-type littermates

Figure 2. Random drift in the transmission of mtDNA through the female germline with the C452F (Py) Dnm1l mutation. (A) The number of progeny per litter generated

from females with the indicated genotypes engaged in continuous breeding. (B) mtDNA heteroplasmy distribution in offspring from mothers with the indicated

genotypes. (C) Representative data plots of the observed offspring distributions of the NZB mtDNA haplotype proportion compared with the expected neutral model

[Kimura distribution (solid black line)]. No significance difference was detected in the offspring distributions.

Table 1. Tests of neutral transmission of the NZB mtDNA haplotype

Genotype p var N P-value Females used

Dnm1l+/+ 0.16 0.00338 34 0.910 1069 WT
0.35 0.00889 100 0.012 1105 WT, 1106 WT, 1113 WT

Dnm1l+/Py 0.21 0.01273 28 0.178 1111 HZ
0.31 0.01382 54 0.124 1101 HZ, 1104 HZ, 1112 HZ
0.44 0.01514 46 0.052 1102 HZ, 1103 HZ, 1115 HZ

Femaleswere grouped by their relative proportion of the NZB haplotype (p), and the variance in offspring NZB haplotype proportions (var) and the number of offspring (N)

were calculated from the relative NZB levels from the offspring. Transmission was tested versus the neutral Kimura distribution for the transmission of mtDNAvariants.

The P-value for each test is reported, but to determine significance Sidak’s adjustment was used to correct for multiple testing (α = 0.0073).
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(Fig. 5B). Thus, a disruption to mitochondrial fission appears to
enhance the selection against the NZB haplotype.

Next, we tested whether the difference inmtDNA selection in
the spleenwas due to alterations inmtDNA copy number.We de-
termined mtDNA copy number relative to a single-copy nuclear
gene β-2-microglobulin by quantitative polymerase chain reac-
tion (qPCR), and found no difference between the spleens of
Dnm1l+/+ and Dnm1l+/Py mice (Fig. 5C). Moreover, there was no
concordance between mtDNA copy number and the proportion
of NZB mtDNA in the spleen (Fig. 5C). These data indicate that
the modulation of mtDNA segregation in the mouse spleen is
not dependent upon alterations to mtDNA copy number.

There are no previous reports investigating the hematopoietic
compartment in the Pythonmice, sowewanted to rule outwhether
apotentialdevelopmentdefect in this tissueaccounted for theeffect
on mtDNA heteroplasmy levels. Blood was taken by cardiac punc-
ture from Dnm1l+/Py and wild-type littermates before the onset of
congestive heart failure in the Pythonmice.We foundno significant
differences in the cellularity of the blood or other hematological
parameters that would be suggestive of a developmental defect or
abnormality in the Python mice (Supplementary Material, Fig. S1).

Discussion
In this study, we show a tissue-specific response to mtDNA seg-
regation from a defect inmitochondrial fission. OnlymtDNA seg-
regation in the hematopoietic compartment is modulated by
impaired Dnm1l function. In contrast, no effect was observed in

other tissues or in transmission of the mitochondrial genome
through the female germline.

The dynamics of mitochondrial membrane morphology play
a key role in the inheritance and segregation of themitochondrial
genome (15). Fusion of the outer and innermembrane appears to
be integral for maintainingmtDNA abundance and integrity (14).
Deletion of bothmitofusin 1 andmitofusin 2, the non-redundant
dynamin-related GTPases that coordinate mitochondrial outer
membrane fusion in mammals, in mouse skeletal muscle leads
to mtDNA depletion and the accumulation of point mutations
and deletions (14). In contrast, a disruption to mitochondrial
division in theDnm1l+/Pymice does not appear to adversely affect
mtDNA copy number (28). Work from another group using a neo-
natal heart and skeletal muscle-specific Dnm1 l knockout found
no difference in the cardiac mtDNA copy number at birth, but
did find a post-natal defect in the coordination of mtDNA replica-
tion with heart growth, although these mice die by post-natal
day 11 (22).

Amodel linkingmitochondrial division withmtDNA segrega-
tion is beginning to emerge mainly from research in the budding
yeast Saccharomyces cerevisiae with many features conserved in
mammals (15). The first step in division is wrapping of the endo-
plasmic reticulum (ER) aroundmitochondria (48) marking the re-
cruitment spot for Dnm1l dimers onto receptors resident on the
mitochondrial surface. Oligomerization and activation of Dnm1l
leads to constriction and ultimately fission of themembrane into
two daughter mitochondria. ER wrapping of mitochondria is in-
dependent of Dnm1l and one of its receptors Mff (48). In yeast,

Figure 3. mtDNA segregation in the heart, skeletal muscle, skin and small

intestine with the C452F (Py) Dnm1l mutation. Non-linear regression analysis of

mtDNA levels in the indicated tissues compared with the brain in mice with the

indicated Dnm1l genotypes. A line plot for a slope of 1.0 is indicated. Sample sizes

and slopes in Dnm1l+/+: heart (n = 18, 0.95); skeletal muscle (n = 18, 0.97); skin

(n = 11, 0.97) and small intestine (n = 16, 1.07). Sample sizes and slopes in

Dnm1l+/Py: heart (n = 15, 0.95); skeletal muscle (n = 14, 1.00); skin (n = 14, 1.04) and

small intestine (n = 15, 1.05).

Figure 4.mtDNA segregation in the liver with the C452F (Py) Dnm1 l mutation. (A)
Non-linear regression analysis of mtDNA levels in the liver compared with the

brain in mice with the indicated Dnm1l genotypes. A line plot for a slope of 1.0

is indicated. Sample sizes and slopes in Dnm1l+/+: liver (n = 16, 1.29). Sample

sizes and slopes in Dnm1l+/Py: liver (n = 16, 1.30). (B) Relative fitness for the NZB

mtDNA haplotype in the liver as a function of age. The mean is indicated with

the solid line. No significant difference between Dnm1 l genotypes.
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a molecular complex called ERMES (ER-mitochondrial encounter
structure) is required to tether this inter-organellar contact (49)
and also tightly associates with mtDNA nucleoids (18). Impaired
assembly of the ERMES complex disrupts the nucleoid structure
and causes mtDNA depletion (15). It is thought that this ER-
associated mitochondrial division ensures equal segregation of
mtDNA nucleoids to the tips of daughter mitochondria. In mam-
mals the ERMES complex is not conserved but nucleoids are still
found at the tips of dividing mitochondria (16,17), indicating the
possibility of an analogous tethering structure in mammals.

The organization of the mitochondrial nucleoids as a segre-
gating unit remains poorly understood. Advances in super reso-
lution light microscopy have provided greater insight into the
nucleoidmtDNA copy number and distributionwithin the organ-
elle (9,10). How heteroplasmy is organized within an organelle at
a cytological level of resolution is an important question that has
not been addressed experimentally due to technical limitations
in imaging two mtDNA haplotypes, let alone pathogenic single
pointmutations. Currentmethodologies provide only a static pic-
ture of nucleoid organizationwithin the organelle and cannot ad-
dress what constitutes a segregating unit, which is especially
relevant for understanding in greater detail the genetics of
mtDNA heteroplasmy and therefore most human pathogenic
mtDNAmutations. Thus, the segregating unit could be anucleoid
composed of a single genome, multiples or clusters of nucleoids
within close physical proximity. Future work is required to
provide insight into these questions.

Our genetic approach in mice suggests a robust organization
of a heteroplasmic segregating unit across mammalian cell
types that appear to overcome impaired mitochondrial division
to ensure faithful transmission of the mitochondrial genome.
In the absence of selection, the segregation ofmitochondrial gen-
omes is best modeled as a random walk (50). Two factors are im-
portant for this process: mtDNA copy number and turnover. The
best example of copy number is the genetic bottleneck in the fe-
male germline that leads to the rapid segregation of mtDNA var-
iants. Our data demonstrate that impaired division has no effect
on the segregation of mtDNA haplotypes through the female
germline in mice. To establish a newborn mouse requires a min-
imum of 24 cell divisions (51), changes to cell size, mtDNA copy
number and differentiation, and yet tissues derived from all
three germ layers have indistinguishable mtDNA heteroplasmy
levels when mitochondrial division is defective.

Based on our results only mtDNA segregation in the hemato-
poietic compartment appears to be modulated by a defect in
mitochondrial division. Previously we identified two paralogues,
Gimap3 and Gimap5, of the vertebrate conserved Gimap (GTPase
immunity associated protein) gene cluster on mouse chromo-
some 6 as modifiers of mtDNA selection in the hematopoietic
compartment (44,45). Gimaps are GTPases structurally related
to septins and dynamins and proposed to form scaffolds
(52,53). A tail anchor sequence in Gimap3 localizes the protein
to the ER (45), whereas Gimap5 is lysosomal (54). Quantitative
differences in the abundance of Gimap3 and Gimap5 modify
the selection of mtDNA in leukocytes (45).

It is worth noting that the effect of Gimaps on mtDNA segre-
gation were also independent of mtDNA copy number (44). To-
gether, these findings suggest that in leukocytes mitochondrial
morphology and interactions with other organelles appear to
be important factors to segregation of themitochondrial genome.

In conclusion, our study demonstrates genetically a robust or-
ganization of a heteroplasmic mtDNA segregating unit that
appears to overcome defects in mitochondrial division. Future
work is required to generate greater resolution at the cytological
level for the organization of heteroplasmic nucleoids and what
defines the segregating unit physically across cell types
differing in mtDNA copy number and membrane morphology.

Materials and Methods
Mouse experiments and ethical statement

All mouse experiments were approved by the National Animal
Experiment Board of Finland and maintained in a barrier facility

Figure 5. The C452F (Py) Dnm1l mutation modulates mtDNA segregation in the

spleen. (A) Non-linear regression analysis of mtDNA levels in the spleen

compared with the brain in mice with the indicated Dnm1l genotypes. A line

plot for a slope of 1.0 is indicated. Sample sizes and slopes in Dnm1l+/+: spleen

(n = 16, 0.73). Sample sizes and slopes in Dnm1l+/Py spleen (n = 15, 0.63). (B) The
proportion of NZB mtDNA in the spleen relative to a neutral tissue (skeletal

muscle) in mice with the indicated genotypes, n = 16 in each group. Difference

between Dnm1l+/+ and Dnm1l+/Py mice was significantly different (P = 0.0028,

two-tailed t-test). The solid black line indicates the mean. (C) mtDNA copy

number relative to the proportion of NZB mtDNA in the spleen of mice with the

indicated genotypes.
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at the Laboratory Animal Centre of the University of Helsinki. On
the nuclear background of Mus musculus domesticus strains there
are no differences on the segregation of the BALB and NZB
mtDNAhaplotypes across tissues (42,43) or in the germline trans-
mission (3). The mouse crosses were as follows: female hetero-
plasmic mice (BALB/c background) were outcrossed to males
Dnm1l+/Py (C57BL/6 background); F1 females Dnm1l+/Py (C57BL/6
X BALB/c) were backcrossed to BALB/c males and the N2 progeny
analyzed for mtDNA transmission through the female germline
and for assessing mtDNA segregation post-natally in tissues.
Mice were housed in random groups and sampled for tissue col-
lection in random order at 90 ± 2 days of age.

mtDNA analysis

Total DNA was extracted with phenol-chloroform and mtDNA
heteroplasmy level determined as described previously (37).
mtDNA copy number was determined by qPCR, where the rela-
tive level of mtDNA to nuclear DNA was determined using iQ
SYBR Green (Bio-Rad) on a Bio-Rad CFX96 C1000 Touch Thermal
Cycler with primers formtDNA and the single-copy nuclear gene
β-2 microglobulin (44). All samples were run in triplicate.

Cell culture

Mouse embryonic fibroblasts (MEFs) were isolated from Dnm1l+/+

and Dnm1l+/Py embryos and cultured in Dulbecco’s modified Ea-
gle’s medium (Lonza) with high glucose supplemented with
10% fetal bovine serum, 1× glutamax and 50 mg/ml uridine.
The K38E Dnm1l cDNA (kind gift of Heidi McBride) was transient-
ly transfected with JetPrime (Polypus Transfection).

Microscopy

MEFs were grown on coverslips and washed several times in
phosphate buffered saline (PBS), fixed in 4% paraformaldehyde
for 15 min, washed in PBS, then treated with 100% methanol for
5 min and washed again in PBS. Cells were blocked in 5% bovine
serum albumin /PBST (PBS + 0.1% Tween 20) then incubated with
mouse anti-Sdha (C2061 MitoSciences/Abcam) 1:250 for 1 h at
room temperature. Cells were washed several times in PBST be-
fore incubation with anti-mouse Alexa 594 1:1000 (Life Technolo-
gies) for 1 h. Before mounting cells were washed several times in
PBST. Cells were mounted with DABCO/MOWIOL on glass slides
for confocal imaging with a Leica TCS CARS SP8 motorized DMI
6000 inverted microscope at room temperature using a 63× HC
PL APO CS2 (1.2 NA) water objective with DPSS (561 nm) laser.
Images were acquired with a Hybrid GaAsP detector with the
Leica LAS AF software and then exported into Image J using the
Fiji plug-in to apply brightness and contrast adjustments.

Statistical analysis

Animals with an initial heteroplasmy of 20–80% NZB mtDNA
from the ear punch were included in the analysis assessing
mtDNA segregation in tissues. Non-linear regression analysis
was performedwith GraphPad Prism 6.0. Datawas tested for nor-
mality (D’agostino & Pearson and Shapiro-Wilk tests) before pro-
ceeding with parametric statistical analysis (two-tailed t-test).
The relative fitness for the NZB mtDNA haplotype in the liver
was calculated as described in Ref. (37). In the spleen there is se-
lection against the NZB mtDNA haplotype so the proportion of
NZB mtDNA remaining in the tissue is calculated (43).

The relative proportion of NZB mitochondria in mother-off-
spring sets was compared with the neutral hypothesis estimated

by the Kimura distribution. We used the Kimura003.c software
(46). The mother’s relative proportion NZB (p), the number of off-
spring (N) and the variance in the relative levels of the offspring
(var) were hand edited for each data set as directed in the accom-
panying readme file. In the analysis offspring were grouped at 1%
intervals for their relative levels of the NZB haplotype. Due to the
limited number of offspring per female, in some cases we
grouped females of similar relative levels for analysis to increase
the statistical power of our analysis. In the combined data sets,
the weighted mean of the females’ proportion of NZB as the p
variable. The P-values were obtained P-values determined from
Monte-Carlo simulations (46). Graphs were generated in Graph-
pad Prism 6.0 from the output data.

Blood analysis

Total blood samples were collected by cardiac puncture to ethy-
lenediaminetetraacetic acid coated tubes immediately after
euthanasia. Samples were analyzed the same day at the Univer-
sity of Helsinki Small Animal Hospital with an Advia 2120i
analyzer.

Supplementary Material
Supplementary Material is available at HMG online.
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