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KEY MESSAGE We report a live birth after oocyte spindle transfer to prevent 

transmission of the mitochondrial disease, Leigh  syndrome.

A B S T R A C T

Mutations in mitochondrial DNA (mtDNA) are maternally inherited and can cause fatal or debilitating mitochondrial disorders. The

severity of clinical symptoms is often associated with the level of mtDNA mutation load or degree of heteroplasmy. Current clinical

options to prevent transmission of mtDNA mutations to offspring are limited. Experimental spindle transfer in metaphase II oocytes,

also called mitochondrial replacement therapy, isa novel technology for preventing mtDNA transmission from oocytes to pre-

implantation embryos. Here, we report a female carrier of Leigh syndrome (mtDNA mutation 8993T > G), with a long history of

multiple undiagnosed pregnancy losses and deaths of offspring as a result of this disease, who underwent IVF after reconstitution of

her oocytes by spindle transfer into the cytoplasm of enucleated donor oocytes. A male euploid blastocyst was
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Cortical tethering of mitochondria by the anchor  
protein Mcp5 enables uniparental inheritance

Leeba Ann Chacko , Kritika Mehta , and Vaishnavi Ananthanarayanan

During sexual reproduction in eukaryotes, processes such as active degradation and dilution of paternal mitochondria ensure  

maternal mitochondrial inheritance. In the isogamous organism fission yeast, we employed high-resolution fluorescence  

microscopy to visualize mitochondrial inheritance during meiosis by differentially labeling mitochondria of the two parental  

cells. Remarkably, mitochondria, and thereby mitochondrial DNA from the parental cells, did not mix upon zygote formation  

but remained segregated at the poles by attaching to clusters of the anchor protein Mcp5 via its coiled-coil domain. We  

observed that this tethering of parental mitochondria to the poles results in uniparental inheritance of mitochondria,  

wherein two of the four spores formed subsequently contained mitochondria from one parent and the other spores contained  

mitochondria from the other parent. Further, the presence of dynein on an Mcp5 cluster precluded the attachment of  

mitochondria to the same cluster. Taken together, we reveal a distinct mechanism that achieves uniparental inheritance by  

segregation of parental mitochondria.

Introduction
Mitochondria are cellular organelles responsible for the gener-

ation of energy-rich adenosine triphosphate molecules in eu-

karyotic cells. In addition to this and other important functions,

mitochondria carry their own genetic material in the form of

mitochondrial DNA (mtDNA) nucleoids. During meiosis, in

contrast to the nuclear genome, mitochondrial genes follow a

non-Mendelian pattern of segregation through tightly

controlled mechanisms that typically favor uniparental

inheritance, or the passing down of mitochondria

predominantly from a single parent to the progeny. In several

eukaryotes, maternal inheri- tance is the preferred mode of

uniparental inheritance. Maternal inheritance is brought

about by one of many ways, including subjecting paternal

mitochondria to (1) sequestration and ex- clusion (Yu and

Russell, 1992), (2) selective lysosomal degrada- tion via

ubiquitination (Sutovsky et al., 1999, 2000), or (3) simple

dilution due to the large size of the female gamete in

comparison to the male gamete (Birky, 1995; Wilson and Xu,

2012). Uniparental mitochondrial inheritance has been sug-

gested to be important for preventing the propagation of selfish

cytoplasmic transposable elements that could affect the nuclear

genome (Cosmides and Tooby, 1981; Hoekstra, 2000).

In the unicellular eukaryote budding yeast Saccharomyces

cerevisiae, mitochondria are biparentally inherited by the mei-

otic progeny due to mixing of mitochondria from both pa-

rental cells upon zygote formation (Thomas and Wilkie,

1968; Strausberg and Perlman, 1978; Zinn et al., 1987).

However,

mtDNA that occur in the form of nucleoids seemingly remain

anchored to their original locations in the zygote, thereby

giving rise to homoplasmic cells within a few rounds of

vegetative division following sporulation (Nunnari et al., 1997).

During mitosis in S. cerevisiae, mitochondria in the mother cell

are tethered to the cell membrane via the mitochondria–ER

cortex anchor (MECA) structure containing the protein

Num1 (Heil- Chapdelaine et al., 2000; Klecker et al., 2013;

Lackner et al., 2013; Ping et al., 2016). Tethering of

mitochondria by Num1 aids in the retention of a

mitochondrial population within the mother cell (Lackner et

al., 2013), while another population is transported on actin

cables to the bud by the activity of the myosin V, Myo2

(Altmann et al., 2008; Fo¨rtsch et al., 2011). The Num1

homologue in fission yeast (Schizosaccharomyces pombe),

Mcp5, is expressed specifically during prophase I of meiosis

(Saito et al., 2006; Yamashita and Yamamoto, 2006) and is

required for the anchoring and thereby activation of the

motor protein cytoplasmic dynein that powers the oscillatory

movement of the zygotic horsetail-shaped nucleus (Yamamoto

et al., 1999; Tolic et al., 2009; Ananthanarayanan et al., 2013).

Interphase mitochondria in fission yeast remain associated

with microtubules, and their fission dynamics are dictated by

the dynamics of the underlying microtubules (Yaffe et al., 1996;

Chiron et al., 2008; Fu et al., 2011; Mehta et al., 2019). This

relationship between microtubules and mitochondria is also

essential for independent segregation of mitochondria during
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Strangers in strange lands: mitochondrial proteins found at extra-mitochondrial locations.

Scanlon DP1, Salter MW2,3.

The mitochondrial proteome is estimated to contain ∼1100 proteins, the vast majority of which are nuclear-

encoded, with only 13 proteins encoded by the mitochondrial genome.

Surprisingly, three of the exported proteins discovered thus far are mitochondrially encoded and have significantly 

different extra-mitochondrial roles than those performed within the mitochondrion. In this review, we will detail the 

wide variety of proteins once thought to only reside within mitochondria, but now known to 'emigrate' 

from mitochondria in order to attain 'dual citizenship', present both within mitochondria and elsewhere.

https://www.ncbi.nlm.nih.gov/pubmed/30617163
https://www.ncbi.nlm.nih.gov/pubmed/?term=Scanlon%20DP%5bAuthor%5d&cauthor=true&cauthor_uid=30617163
https://www.ncbi.nlm.nih.gov/pubmed/?term=Salter%20MW%5bAuthor%5d&cauthor=true&cauthor_uid=30617163
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he DNAof eukaryotic organisms (such

as animals, plants and fungi) is storedTin two cellular compartments: in the

nucleusand in organelles called mitochondria,

which transform nutrients into energy to allow

the cell to function. The nucleus harbours most

of our genes, tightly packaged into 46 chromo

somes, of which half are inherited from our

mother’s egg and half from our father’s sperm.

By contrast, mitochondrial DNA (mtDNA)

was thought to derive exclusively from mater

nal egg cells, with no paternal contribution1.
Writing in Proceedings of the National Academy
of Sciences, Luo et al.2 challenge the dogma of

strict maternal mtDNA inheritance in humans,

and provide compelling evidence that, in rare

cases, the father might pass on his mtDNA to

the offspring, after all.

H u m a n eggs c o n ta in mo re t h a n

100,000 copies of mtDNA, whereas sperm con

tain approximately 100 copies3. Early hypoth

eses suggested that paternal mtDNA molecules

became diluted in number relative to maternal

mtDNA ones in the fertilized egg, but these

ideas were replaced when evidence from vari

ous organisms, such as the unicellular alga
Chlamydomonas reinhardtii4 and medaka fish5,

showed that paternal mtDNA is rapidly elimi

nated after fertilization. For decades, research

ers have speculated on why healthy organisms

obtain their cellular powerhouses from just

one parent and on the possible evolutionary

advantages conferred by mitochondrial genes

inherited in this fashion.

A healthy individual’s mtDNA molecules

are mostly identical. But in people with dis

eases caused by mtDNA mutations, normal

and mutant mtDNA molecules typically

coexist in a single cell — a situation termed

heteroplasmy6. Disease severity is often asso

ciated with the amount of mutant mtDNA in

cells, which is in turn determined by events

that occurred when the person’s mother was

still an embryo7. The developing eggs in the

female embryo go through an ‘mtDNA bottle

neck’, in which the number of mtDNA copies

is first reduced and then amplified to more

than 100,000 copies8,9. Accordingly, variable

amounts of mutant and normal mtDNA are

present in the mature eggs of an individual

woman, and, therefore, in the cells of her

offspring. This phenomenon influences the

severity of diseases caused by mtDNA

mutations, and can lead to very different

manifestations between individuals from the

same family7.

Luo and colleagues identified three families  

with mtDNA heteroplasmy that could not be 

explained by maternal inheritance. The story 

started with a young boy suspected of having a 

mitochondrial disease. The authors performed 

highresolution mtDNAsequencing, but did 

not identify any diseasecausing mtDNA 

mutations. However, their analysis uncov

ered unusually high levels of mtDNA hetero

plasmy. Intriguingly, the same unusualpattern 

of mtDNA variation was found in the boy’s 

mother and in his two healthy sisters (Fig. 1).  

To trace the origin of this mysterious 
mtDNA pattern, Luo et al. extended their 

investigation to the previous generation.  

Sequencing of the mtDNA of the boy’s mater

nal grandparents revealed an unexpected 

contribution: his unusual mtDNA pattern 

seemedto be the productofmtDNAfrom both  

grandparents. The authors went on to identify

two additional and unrelated families that

had biparental mitochondrial transmission.

A similar scenario was previously observed

in an individual with mitochondrial disease

who had a paternally inherited mtDNA vari

ant10. Together, these reports provide evidence

for biparental mitochondrial inheritance

in humans.

Human diseasecausingmtDNA mutations 

were originally reported in 1988 (refs 6, 11),  

and more than 200 such mutations (see 

go.nature.com/2fucdqt ) have been discovered 

since then, most of them occurring in a hetero

plasmic context7. Moreover, the estimated fre

quency ofmutations ofmatrilineal mtDNAhas 

made it a useful and oftenused tool in studies 

of ancestry and evolution, as wellas in forensic  

identification12.Human mtDNA has also been 

a valuable tool in archaeology, because its small 

size(16,569base pairs) and circular form make 

it more resistant to degradation than is nuclear 

DNA(which has around 3 billion base pairs)13. 

Given this long and multifaceted research 

history, why would paternal mtDNA have 
remained undetected? Luo et al.suggest that 

mtDNA heteroplasmy is often overlooked in

GENETICS

Fate ofa father’s mitochondria
A tenet of elementary biology is that mitochondria — the cell’s powerhouses—and their DNA are inherited exclusively  
from mothers. Aprovocative study suggests that fathers also occasionally contribute.

Couple with different  

types of mtDNA

mtDNA not  

sequenced

3 children

High mtDNA  

heteroplasmy

mtDNA inherited  

from both parents

Figure 1 | Family tree revealing paternal inheritance of mitochondrial DNA (mtDNA). Luo et al.2  

sequenced the mtDNA of several members of a family in which many individuals had a high level of  

mtDNA heteroplasmy (the presence of distinct genetic variants in the same cell). This mtDNA variability  

is denoted by two colours in the same silhouette of an individual. The analysis showed that some of the  

individuals with heteroplasmy had inherited mtDNA from both of their parents, breaking the usual  

pattern of exclusive maternal inheritance of mtDNA. Luo et al. suggest that the ability to inherit paternal  

mtDNA is a genetic trait.
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ARTICLE

A novel atypical sperm centriole is functional  during human fertilization

Emily Fishman Kyoung Jo1,  Quynh P.H.  Nguyen2, Dong Kong, Rachel Royfman1, Anthony R. Cekic1,  Sushil  Khanal1,  Ann

L. Miller, Calvin Simerly5, Gerald Schatten5, Jadranka Loncarek2,Vito Mennella3 & Tomer Avidor-Reiss1

The inheritance of the centrosome during human fertilization remains mysterious. Here we show that the sperm

centrosome contains, in addition to the known typical barrel-shaped centriole (the proximal centriole,

PC), a surrounding matrix (pericentriolar material, PCM), and an atypical centriole (distal

centriole, DC) composed of splayed microtubules surrounding previously

undescribed rods of centriole luminal proteins. The sperm centrosome is remodeled by

both reduction and enrichment of specific proteins and the formation of these rods during spermatogenesis. In

vivo and in vitro investigations show that the flagellum- attached, atypical DC is capable of recruiting PCM,

forming a daughter centriole, and localizing to the spindle pole during mitosis. Altogether, we show that the DC is

compositionally and structurally remodeled into an atypical centriole, which functions as the zygote’s second

centriole. These findings now provide novel avenues for diagnostics and therapeutic strategies for male infertility,

and insights into early embryo developmental defects.

1

Nat Commun. 2018 Jun 7;9(1):2210. doi: 
10.1038/s41467-018-04678-8.

http://www.nature.com/naturecommunications
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Figure 4 Human sperm proteins with potential extra-testicular origin. 
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Sex differences in health and aging: a dialog  
between the brain and gonad?

Steven N. Austad

Received: 17 May 2019 / Accepted: 19 June 2019 /Published online: 26 June 2019
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Abstract Women live longer than men in virtually all

circumstances. However, a more common pattern

among animals is that one sex lives longer under some

conditions, the other lives longer under other conditions.

In laboratory mice, interventions that extend longevity

are surprisingly often sex-specific in their effects. Un-

derstanding these conditional sex differences could pro-

vide mechanistic insight into how longevity could be

modulated in humans. One way that longevity can be

consistently enhanced is by inhibiting reproduction or

eliminating the capacity to reproduce. Thus, there ap-

pears to be a mechanistic link between gonadal activity

and longevity. There also appears to be a mechanistic

link between some types of neuroendocrine signaling

and longevity. Combining these two observations sug-

gest that communication between the brain and gonad is

a ripe avenue for further exploring longevity-assurance

mechanisms. Also, because the timing and activity of

specific brain–gonad endocrine differs between the

sexes, neuroendocrine linkages between the brain and

gonad, particularly among the less obvious hormones

such as activin and inhibin, could provide additional

insight into mechanisms of sex differences in aging.

Keywords Sex differences . Tradeoffs . Hypothalamic–

pituitary–gonadalaxis . Reproduction . Aging

Sex differences in aging

One of the most robust features of human biology is

women’s superiority in survival and longevity (Austad

2011). Women have higher survival rates than men from

birth throughout life. In fact, this female survival advan-

tage begins prenatally, as female babies are better survi-

vors than male babies when born prematurely (Draper

et al. 2009; Zeitlin et al. 2008). Women survive better

than men in good times and bad (Austad and Fischer

2016). For instance, in Iceland, life expectancy since

1840 has dipped as low as 19 years in times of epidemic

disease outbreaks and recently has been as high as 82

years, but in every one of those years, female life

expectancy was greater than male life expectancy. In

modern, technologically developed countries, women

die at lower age-adjusted rates of almost all leading

causes of death. Women also survive better during ex-

treme events such as severe famine or epidemic disease

outbreaks (Zarulli et al. 2018).

Females outlive males in many, but not all, species—

not even all mammals. For instance, males are clearly

the longer-lived sex in guinea pigs, golden hamsters,

and at least some bat species as well as several South

American monkeys (Austad 2006). Among intact dogs,

males are also slightly longer-lived than females

(Hoffman et al. 2018). In other species, there may be

no consistent longevity difference between the sexes,

although there often are in individual studies. For in-

stance, an analysis of 118 laboratory mouse longevity

studies that used both sexes found that males lived

nearly 50% longer than females in the most extreme

GeroScience (2019) 41:267–273  

https://doi.org/10.1007/s11357-019-00081-3
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The lifespan of  Korean eunuchs

Kyung-Jin Min1,*, Cheol-Koo Lee2,*,  and Han-Nam Park3

Although many studies have shown  that there are trade-offs between  longevity and reproduction, whether  such trade-offs exist in humans has  

been a matter of debate [1,2]. In many  species, including humans, males live  shorter than females, which could be

due to the action of male sex hormones.  Castration, which removes the source  of male sex hormones, prolongs male  lifespan in many animals, 

but this issue  has been debated in humans [3]. To  examine the effects of castration on  longevity, we analyzed the lifespan

of historical Korean eunuchs. Korean  eunuchs preserved their lineage by  adopting castrated boys. We studied  the genealogy records of Korean  

eunuchs and determined the lifespan  of 81 eunuchs. 

The average lifespan  of eunuchs was 70.0 ± 1.76 years,  which was 14.4–19.1 years longer than  the lifespan of non-castrated men of  

similar socio-economic status. Our  study supports the idea that male sex hormones decrease the lifespan of men.  In many mammalian

species, including humans, the lifespan of  males is shorter than that of females.  One explanation for this is that male  sex hormones reduce 

the lifespan of  men because of their antagonistic  role in immune function [4]. Male sex hormones also predispose men  to adverse 

cardiovascular events  [5]. Therefore, male sex hormones could be responsible for the reduced  lifespan of men. The effects of male  sex 

hormones on lifespan have been  examined by observing the effects of  castration, which typically prolongs  lifespan in animals [6], but studies

on  its influence in humans have yielded  limited and debatable findings.

Castration prolonged the lifespan  of mentally ill, institutionalized men  [7], whereas the lifespan of castrato  singers was not markedly different

from that of non-castrated singers [8]. A eunuch is a castrated human  male, and historically, eunuchs  have been employed as guards  and 

servants in harems across the  Middle East and Asia. The Imperial court of the Korean Chosun Dynasty  (1392–1910) also had eunuchs.





INTRODUCTION

The relationship between longevity and fertility has
been extensively investigated, both in human and in

lower life forms, but has produced conflicting results.

While most human studies have suggested a trade off

between longevity and fertility [1-4], others have
reported a positive correlation [5-7] or no consistent

association [8-11]. These conflicting results could be

partly attributed to unsuitable control groups, such as
comparing individuals from different birth cohorts or to

differences in socioeconomic status of study

populations, incomplete data collection in historic  
cohorts and other methodological issues [12].

We sought to address this question in a case-control  
study of a unique community-based cohort of

Ashkenazi Jewish individuals with exceptional

longevity. Today, Ashkenazi Jews comprise about 80
percent of the Jews in the United States and are an

attractive target for genetic studies of aging and

mechanisms of disease due to their relative genetic

homogeneity and sizable numbers.

RESULTS

Participants

The study population consisted of People with
Exceptional Longevity defined as those who have

reached a minimum age of 95 (PEL; n=525; 75%

females). PEL were born around the turn of the century

and reached reproductive age in the 1920’s. We
generated a control group, non-PEL, by collecting life

data from an unrelated group of elderly Ashkenazi

Jewish individuals (spouses or friends of PEL
offspring), determining their parents’ reproduction

history. Non-PEL were therefore contemporaneous with

PEL, but died before age 95 (non-PEL; n=193; mean

age at death for women 74.9 (SD 14.5); mean age at
death for men 72.4 (SD 13.4); range 26-94 years).

PEL have fewer children than non-PEL

In our cohort, PEL had significantly fewer children than
non-PEL (2.01 vs 2.53; p<0.0001) (Figure 1). This
lower parity among PEL was not related to gender,
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Exceptional longevity is associated with decreasedreproduction
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Abstract: A number of leading theories of aging, namely The Antagonistic Pleiotropy Theory (Williams, 1957), The
Disposable Soma Theory (Kirkwood, 1977) and most recently The Reproductive‐Cell Cycle Theory (Bowen and Atwood, 2004,
2010) suggest a tradeoff between longevity and reproduction. While there has been an abundance of data linking longevity
with reduced fertility in lower life forms, human data have been conflicting. We assessed this tradeoff in a cohort of
genetically and socially homogenous Ashkenazi Jewish centenarians (average age ~100 years). As compared with an
Ashkenazi cohort without exceptional longevity, our centenarians had fewer children (2.01 vs 2.53, p<0.0001), were older at
first childbirth (28.0 vs 25.6, p<0.0001), and at last childbirth (32.4 vs 30.3, p<0.0001). The smaller number of children was
observed for male and female centenarians alike. The lower number of children in both genders together with the pattern of
delayed reproductive maturity is suggestive of constitutional factors that might enhance human life span at the expense of
reduced reproductive ability.
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