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2015: 3 Parent Babies

May Happen Soon!

T 2016: 3 Parent Babies

H are already here:
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(T EARARE 4 (ctDNA)
LR KEEHAMIDNA)
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Where do Mitochondria come from?

- Originally from small bacteria swallowed by eukaryotic cell.




How do we know they evolved from

bacteria?
PN
-They have there own circular genome, | | \
like bacteria LY s
j

-Double membrane:
Original + Phagosome

-Protein-synthesis machinery,
resembles bacteria

- And more...




How do we know they evolved from
bacteria?

.

Proteobacterial F

ancestor -

(a) Protecbacteria) 00N €X001 and loss c E
endosymbiont " ~300 E

Eukaryotic -

innovations -

. 4

[ — ( ~400 Other i

/ [ bacterial |

Prmitive [ / "\l / proteins §
oukaryote \ / 4 i

% | ! 5

\ - Human nuclear -

‘ ] ' Lost during / \ 400 Proteins Smen i

' \ lution C:// = > € ! F

\ ] A oo ~20,000 proteins |

mtDNA 3

13 proteins F

(b) Prenitve nucleus - L E
i Acqguistion of ~1,100 Proteins g
i DN gones and ; : 8 A -




Mitochondria in the second act

Bacterial cell Y
:Jlnditod\onglrial
4 osymbiont
')% % Mitochondrion
Mito-early : = ‘ '
ey e | S == o w78
Mito-late
Nature. 2016 Mar 3
Archaeal cell i 4
=\ 4 Eukaryotic cell
S -
) -

0
O

Mito-intermediate

%—Endomembrane
= system



http://www.ncbi.nlm.nih.gov/pubmed/?term=Late+acquisition+of+mitochondria+by+a+host+with+chimaeric+prokaryotic+ancestry

b 1A 1) Th e

-They are responsible for making ATP,
the cell energy-coin

-Krebs cycle

b Respiratory chain PMF coupling
coupling AW, = 150-200 mV

-Electron Transport ——

0
1
3
2
Inter- f_, ?
membrane £ =
space EFR Matrix =

Inner membrane




What are Mitochondria?

(4 Mnochoeeian

nlnrmaenihr ane s paos

F
2] Outar
\‘ o .

-Mitochondria are organelles -
living inside the cell

g
* ribosome
m. "~
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-syncytium & nucleoids

-TFAM(mitochondrial transcription factor A)




ZPETRMMS

. EMAREXNHHT-
Drp1/Dnmi1, Fisl1, Fis2, Caf4p, Mdvlp%F

- SMtEtE§HXEY5F:
Fzol/Mfnl, Mfn2, OPA1, Mgm1%;




TSRS
R

Fission

Drp1 translocation
and oligomerization

P

Opa1-mediated
IMM fusion

=X Mitofusin-mediated
. Olle OMM tethering
Drmp1-mediated ‘ and fusfon
organelle
constriction

and separauon Fusion

—Circ Res. 2015 January 2; 116(1)
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Mitochondria

Cardiomyocyte differentiation Blocked differentiation :
— Normal heart if Hypoplastic heart

—Circ Res. 2015 January 2; 116(1)
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£RABE ( Mitochondrial autophagy or mitophagy )

Mitochondrial Quality Control

ERLIRG, SRR T T T

Mistolded proteins Non-imported xidized Mitochondrial network  Damaged mitochondria
proteins proteinsflipids expansion/morphology

w—— P - Wi,
Z. WAR=EFINFE SRR % _ = @@
S—— ) el —a» W Wg

O S &
ove & g s

3 ke

T, WA MERIE | | d

) Mitochondrial Proteasome system Vesicle transportation to Fission/Fusion Mitophagy

proteases lysosome or peroxisome

BEERUBG, B
SRR R A0 AL s i
# Ak EWARS,

NF-kB

amEmGansR®, . 7\ L\

HIFMARARENEE g ' —7/ -
uuiue | I i U——
Autophagy -

(Mitophagy)
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Mitochondrial genome (mtDNA)

BN ENAERE
2 ~ 104~45 I B AN 3%
mMtDNA, mtDNA ¢ F
T 4R S DNARY1 %

-

|dey

|-~ <3
Skeletal muscle Peripheral nerve

1963 Nass mtDNA
(I HNRRER)




ARGHIEREA

F % .
125
v £
165 -::i:‘:-':'-'f'.. el
LUUR ‘{J-‘. Leun
SAGV
m
ND? Human mtDNA &
; Q (] ND4
M A 16569bp
ND2 e [/ NDaL
Y
N i

1981 Anderson
“S 4% 51

® MHE16569bp, EECHIFR A EH:
( heavy chain, H) , E&CHIA
#24% ( light chain, L)

e GiRESH, EARMNARFTZHN

o HEAXAHEF, HIIESE

® RIS H93%, HIBI7TAEE

o ZHiAEAAMRETMIERZ=E
® I3FSMMAILTEEILB XM

ZIREE
® 2/MRNA, R HIR16sF112s
® 22FhtRNA




ZhFEEEENEN. HXMME

1, EHWAX: FEEEH, ALK EDNARSETHK

- Replication starts with the H strand.

0 N 0N

% 4 New H strand New L strand 'Y 'V |
{ % ||
> /oy 3|
§5 — | Light(L) | | — &5 |
4 . strand J o |
s N/ 5 |
p Heavy (H) 1 i
% . strand .i' ‘l,-i I
@ Supercoiled ® New heavy ® Loop © Loop expands; © Replication |
circular strand starts expands new light strand complete; |
mtDNA to form in starts. Replication two circular |
(approximately displacement structure resembles mtDNAs f

100 coils) loop a letter D supercoil

uncoils



ZAFEEEENEN. HXMNME

Transcription:

Both strands are
transcribed.

The D loop contains
one promoter for
each strand, and the
entire strand is
transcribed.

The RNA is then cut
into individual
RNAs for each gene.

Protein-coding
genes are given
poly-A tails, and
rRNA and tRNA

[ i
\Jranscription / - I"‘lytr ’\or' H strand E
L 4 ‘

\\ 'I"hr

1,}- ¢ cytb
Pro 4
ND1 -
< Glu
ND6
e Human mtDNA gz
fMet == (= Gln
ND2 — L strand H strand
Ty ——Leu
\ -Ser
"His
_ Tyr X i L strand 2
 ND4
Oo/ W\
24 W — ND4L
Asp Ui N Arg
\ S ! Gly '\
Lys hadd-
Co i L\)L Bi D3

o\l
ATPase 8 ATPases GO




ZAuFEEEENEN. HXMME

Thumb N-derminal domain

MITOCHONDRIAL BIOLOGY \

Replication-transcription switch in
human mitochondria

Karen Agaronyan, Yaroslay 1. Morosov, Michael Anikin, Dmitry Temiakov*

TEFM—
SR ERERET

e e ol oy
prvner =
RNAT r
> \
-
£/7w
-

- ONA

Renlication Tranerrintion J

Temiakov et al., Science, 2015




ZAREEEERNER. HxNEF

2. AEBNEHEE, BRARNEDERK:

Al HelatiR &R Btk ##{k B60S, H45SMISSEHANTEARM,
R REREEA74S;

B EHE ( 75S ) MEFRNA (rRNA. tRNAFIMRNA ) , T
0 A8 R 4k A 80S,

3. REANBEFSEENBEBTFEER: RAERENE
MIDNAFRUGARBERE, MIELZILLES; t(RNATFRAERE,
R A22/MRNARKIR B X480 BB F




ZUAEREEENES. BRMEF

First letter

Mitochondrial code

U

Phe

Phe
U

Leu

Leu

Leu

Leu
Leu

lle (Met)
lle

(lle) Met
lle

Val
Val
Val
Val

Second letter

C

Ser
Ser
Ser
Ser

Pro
Pro
Pro
Pro

Thr
Thr
Thr
Thr

Ala
Ala
Ala
Ala

A
Tyr
Tyr

Stop
Stop

His
His
Gin
Gin
Asn
Asn
Lys
Lys

Asp
Asp
Glu
Glu

G

Cys
Cys

(Stop) Trp

Trp

Arg
Arg
Arg
Arg

Ser
Ser

(Arg) Ji
(Arg) Stor

Gly
Gly
Gly
Gly

HPOC O2Z20C OFPO0C O>P0OC

J9)8) pAY L

First letter

Universal code

Second letter

U
wuc | Phe
UUA }

UuG

Cuu |
CucC
CUA
CUG |

AUU 1
AUC |lle
AUA |

AUG Met

GUU |
GUC
GUA ‘
GUG

Leu

Leu

Val

Cc

ucu
ucc
UCA
UCG |

CCU
CCC
CCA
CCG |

ACU |
ACC
ACA
ACG |

GCU |
GCC
GCA
GCG |

Ser

Pro

Thr

+ Ala

G

uGu

UGC } Cys
UGA Stop

UGG

CGU
CGC
CGA
CGG

Trp

Arg

AGU |

AGA |
AGG | A9

GGU
GGC
GGA
GGG

™

QDPOC OPOC OPO0C OPF>0C

1913| pAIY L
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MtDNARIE{ER =

1.mtDNABEE B8 1.

ADP ATP
H+* Dihydroorotate Orotate H* H* H* B

A
Succinate Fumarate ’
Fy
A8

A6 fa
Polypeptides Complex | Complex I ComplexIli Complex IV Complex V
mtDNtA-encoded 7 0 1 3 2
subunits
nDNA_-encoded -39 4 10 10 ~14
subunits
Eesemy 11 -2 -9 ~30 -3
proteins

Schon, DiMauro and Hirano 2012 Nat Rev Genet



MtDNARIE (B =

2. MtDNAA B R IBIE.

@ &

mitochondrion:
DNA comes
from mother

0
parents |
offspring cell 5 ‘ i 6 6 6




MtDNARIE (B =

2. MtDNAA B RIBIE.

Reason:

» The sperm carries most of its mitochondria its tail and has only
about 100 mitochondria compared to 100,000 in the oocyte.

»  Although sperm mitochondria penetrate the egg, most are
degraded after a few hours.

» As the cells develop, more and more of the mtdna from males is
diluted out.

» Hence less than one part in 10+ or 0.01% of the mtdna is
patemal




MtDNARIE{ER =

2. MtDNAA B R iE

Mid-piece Head

Mltochondrla Nucleus

Vincent Galy, Science, 2012



Therefore, the mitochondria that we have are
passed down from mother to children

mtDNA
o & @
= I YN T UM I U Ve
father lO | lO | l ﬁ 5 E O mother

. - . 2 e . o |

i g H R

la 3 3 \

! 1' : | |

Grandfather L 1 1O siC 80 Grandmother
= LT
i B
Father ;3 . l Mother

]:1 Other chromosomes l‘-! Os
¢ chrormosome '!l
“]ﬁ O — Mitochondrial DHA 'O Daughter



MtDNAREIEEF S

3.mtDNAR F{E 3 b B ¥ 1%
mtDNAKI2ERR . Z% 5 A BE 03

4l (homoplasmy) Z%# (heteroplasmy)

@ Mutant mitochondrion
@ Normal mitochondrion

O Nucleus




MtDNAREIEEF S

AMIDNAZTERE: mMDNABRTEILEDNAS
10_ —~ald, 4 -




Mitochondrial D-loop (variable region)

ATTCTAATTT AAACTATTCT CTGTTCTTTC ATGGGGAAGC AGATTTGGGT
ACCACCCAAG TATTGACTCA CCCATCAACA ACCGCTATGT ATTTCGTACA
TTACTGCCAG CCACCATGAA TATTGTACGG TACCATAAAT ACTTGACCAC
CTGTAGTACA TAAAAACCCA ATCCACATCA AAACCCCCTC CCCATGCTTA
CAAGCAAGTA CAGCAATCAA CCCTCAACTA TCACACATCA ACTGCAACTC
CAAAGCCACC CCTCACCCAC TAGGATACCA ACAAACCTAC CCACCCTTAA
CAGTACATAG TACATAAAGC CATTTACCGT ACATAGCACA TTACAGTCAA
ATCCCTTCTC GTCCCCATGG ATGACCCCCC TCAGATAGGG GTCCCTTGAC

e .

-

- D-loop has high mutation rate




“"Molecular clock”

\QQ/'O Mutation rate:
1 per 3,000 years
o o ©®

(for mitochondrial

Q variable region )
> o _®

o’ oS




Example

Gene sequence A:
AGACGCCTATATA

Gene sequence B:
AGGCGCCTATATA

Gene sequence C:
AGACGCCTATTTA

! R |



Example

B AGGCGCCTATATA

¢

A AGACGCCTATATA

'

Sequence B is approximately 3,000 years older
then sequence A and 6,000 years older then
sequence C.




We can determine common ancestral mothers
by changes in the sequence of the mitochondrial
genome

African Eve or the Mitochondrial Eve

Many researchers take the mitochondrial evidence as
support for the "single-origin" or Out-of-Africa model




The migration of maternal clans

39,000~ . H.d
51,000
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f 23andMe LIl , ==k

23andMa providos ancetry relatad ganstic reports knd unintorprated rew ganaetic date. We no longar offer our health-related

goenatic mports. I you ara a curram customar ploase go 1o the haalth page for morm informanon. Cloge slart.

Bring your ancestry to life
through your DNA.

Discover your ancestral origins and trace your .-_ & :
lineage with a personalized analysis of your
e —

DNA.
order now

AN ety Lomposiiion « Farnity e Wpo
« DINA mlmtive s « Mmtmmal mnd potermad e

o Neatbe 1Al e s eelage

' 4
' 4

Sequencing analysis

PCR

wn ’ sequencing
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M PCR==HMUS =

Range 1: 1 to 439 Graphics

Score Expect Identities Gaps Strand

756 bits(409) 0.0 430/440(98%) 1/440(0%) Plus/Plus

Query 15971 'T‘TAA"""CACCAI’TA\::ACCCAAA_CIAA ATTCTAATTTAAACTATTCTCTGTTCTTTC 16030
ANERE (AR REN lIIllI!IlIIHII\[IllllllHlll\ 10 NP
ct 1 '”TAA::CC}-."CATI‘AC-"‘ CCCA:J" CTAAGATTCTAATTTAAACTATTCTCTGTTCTTTC “ S

Sbj el

Query 16031 ATGGGGAAGCAGATTTGGGTACCACCCAAGTATTGACTCACCCATCAACAACCGCTATGT 16090
TP EEER e e e e e e e e e bbbt

Sbjct 61 ATGGGCAAGCAGATTTGGGTACCACCCAAGTATTGACIEAGCCATCARCARCCGECTATET 120 ‘ 16223 I

Query 16091 ATTTCGTACATTACTGCCAGCCACCATGAATATTGTACAGTACCATAAATACTTGACCAC 16150
PEEERREErr e e et r eyt vty reeereerinl

Sbjct 121 ATTTCGTACATTACTGCCAGCCACCATGAATATTGTACGGTACCATAAATACTTGACCAC 180 C 16295T

Query 16151 CTGTAGTACATAARARCCCAATCCACATCARARCLCTCCCQCCATGCTTACRAGCRAAGTA 16210
PEEERERErn e et e e 0 bgreerer e rrerntnitd

Sbjct 181 CTGTAGTACATAAAAACCCAATCCACATCAAAACLCCCTCYCCATGCTTACAAGCAAGTA 240

Query 16211 CAGCAATCAACCTTCAACTGT(ACACATCAACTGCAACTCCAAAGCCACCCCTCACCCAC 16270 T16304C ]
PELEREEERR e Cprr et e e el

Sbjct 241 CAGCRATCAACCTTCRACTAT(ACACATCAACTGCAACTCCARAGCCACCCCTCACCCAC 300

Query 16271 TAGGATATCAACAAARCCTACCCACCCITAACAGTACATAGCAJATARAGCCATTTACCGT 16330 C16395 I
PR b eet g spereegr vegpeep e vrreeertreererinl

Sbjct 301 TAGGATACCAACARACCTACCCRCTCITAACAGCACATAGTACQATARAAGCCATTTACCGT 360

Query 16331 ACATAGCACATTACAGTCAAATCCCTTCTCGTCCCCATGGATGACCCCCCTCAGATAGG 16350 L I '16406
PELERRRRR et e b e e bbb v e renenylnl o

Sbjct 361 ACATAGCACATTACAGTCAAATCCCTTCTCGTCCCCATGGATGACCCCCCTCAGATAGGG 420

Query 16351

439 L L L




Comparison between the human nuclear
and mitochondrial genomes

Chromosomes \/s. Mitochondrial
genome

3 billion bp 16,500bp

Inherited from both parents Inherited from the mother

Error —checking mechanisms
High mutation rate (10%)

Mutation rate: 1 in 1,000,000,000




MtDNAZ iIn{a] {5 i 4% 2

From generation to generation:

- , Germ cell population
&. Mitochondrial DNA is

inherited from a single lineage. >
0%

‘,E ‘l\ ‘I\ ‘ﬂ\ Mitochondrial botleneck reakly

\ Ut Y4 by 8 s 4
‘\ . e N
P ®  <60%
' ) .
% \N'1 74
\ < » <5
L "
s \
’ \

Not affected

e N
Woman with 3% ® 60-90%
of mMIONA L o
heteroplasmy * Gray zone
Not affected -

e N

c o o o >0%

| — o ® Affected




~ population (drastic reduction individuals generation

MtDNAZ iIn{a] {5 i 4% 2

avs
y ' . . . |
) < . ]
e - = .‘ . ‘ » y
"o L P
y . . v ..
.. - .\.. ._‘ . ‘. s
- x' s - :
‘Bsa CEINY S -
e -~ " - L
. 2 >
B2 ein.o? N T
. - -
fonfuam. ®
‘Lolcepape I g

Parent Bottleneck Surviving

in population




maternal bottleneck

small number of mother's

mother with mitochondria, selected randomly,  Contribution contribution  possible
mild or no symptoms  goes into each early egg celt from mother from father  outcome
"Bottleneck Effect”
e child with
‘O " 3 g‘":;t . = severe
. o '(' number of ~ Grsngen
“~_¥_-  mitochondria

P increases ™ child with

£Ea= ”
Sl (O 4 =
| L5 . _ disease?

’ofx\No _-." _ child with

no disease?

mother's cells may have cells that will
20% mutant mitochondria become egg cells

sperm cells

mature egg cols {no mitochondria)
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77 51 #0122 9% L

SZUAERHNERENEEERERSE. SLEERSH
ELRI{ADNA 5 / 1 #ZDNA AEEERET, Xh{kANEEIEE
&b, ATP SIS, ARE4HFARMEREEGE, ~ERL
Mi#, ERARETEEN, BSFHARAT, SBERBHALE,

— /A mt DNA §2F#EN, — /KA ERUERED
RMBEHTF—ARARTRNEFTLER mt DNA BTG,
Y RTRA B —FEHEM, HIBREAGERILE,




ShAEFEAZRTRER

R ZREE (point mutation): FEMARERE—MEEEBRAE,
FERBERABRES. A—MaRE, YARBETER
ARMIGERRIL, 300 AT, 60%FMTRNA,

HLk (deletion): mt DNA ik, (FREEH%SE, BRETE
KEBARRYE, ZARETEELEXREHSIEEEEL, BT
H#Z DNA ZELX LML R{ETIEERRE, 200 L Fhikk

B & (duplication): 1§Z&H mt DNA BT+
BMAERA, MNImEEREX,

E 5% (depletion): IgL&R{ERN mt DNA R R EE D




ShAREEARTEEZE

Ik{ES ( Base Excision Repair, BER ) : BER FEEZ&AARESI
SEDNAMIEZ /M EMEERG. A—RIESN, SFEDNAEEL
i. APRYIZERES. DNARASEERDNAERIBE,

EHESE ( Recombination Repair, RR ) : REMRXH SRR R
EHEL AR EPEESSE, EMDNAYFRIMNEAHNEEAZRA
S!—#aEnEERBILPMEREBNIODNAR FRBELIEEN. &
ETA. BE. FEBAMIDONABIIEZIRS THILNMEREMETARE,




P EEIEm

19884, MIDNAMZETSH AL EKF MR EH ZIRE,

1. nature Nature. 1988 Feb 25,331(6158):717-8,

Deletions of muscle mitochondrial DNA in patients with mitochondrial myopathies.

Holt IJ, Harding AE, Morgan-Hughes JA.
Department of Clinical Neurology, Institute of Neurolegy, London, UK.

Science. 1988 Dec 9,242(4884).1427-30.
Mitochondrial DNA mutation associated with Leber's hereditary optic neuropathy.

Wallace DC, Singh G, Lott MT, Hodge J& Schurr TG, Lezza AM, Elsas LJ 2nd, Nikoskelainen EK.
Department of Biochemistry, Emory University School ef Medicine, Atlanta, GA 30322,

Neurology. 1988 Sep;38(9):1335-45.
Deletions of mitochondrial DNA in Kearns-Sayre syndrome.
Zeviani M, Moraes CT, DiMauro 8, Nakase H, Bonilla E, Schon EA Rowland LP.

Department of Neurology, Columbia University, College of Physicians and Surgeons, Mew “ork, NY 10032-3784.

Douglas Wallace
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| Regulatory;mutilions:

somatic, inherited?
DEAF A1555G F T

LHON T14484C

é LDYS G14459A

Encephalomyopathy
mutations: inherited P
/16589

6s Europe J2
m Fnrnrﬁ 11

/E

MELAS A3243G Asia-Am C
' Adaptive
%= Eope J/r mutations:
nnher LS
ADPD T4336C — ‘*/ Europe T H
60 %aﬂ:& FE ﬁ ND4/
Eurasia N,M | HON (34177
lnherlted and somauc w \L
/ ND4D
{ Asia-Am B
PCTE253C — 7, & l A NDS/p ™
PC GE261A COI S mm Vs LHON T10663C
PC C6340T T/ =
PC AB663G D

r K\ \

MERRF A8344G  ATPase8 NARP/Leigh's T8993C/G

The full array of pathogenic mtDNA mutations and polymorphisms
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o JLFEBNIRFTA BE, 2455 RELE SR,

o B—HREIMBEHEEMERRL, #
SR, BEEAL. OB, SREFIAT
AT BE = AR ER R R BR{E, PRI
MIDNARE I RFEEREER
M AL AELRHRE




(—) LeberiZ 5 Z7m

(LHON)

(Leber Hereditary Optic Neuropathy, LHON)

1253 1RHA

LHONZ LI E IR £ = 4= Theodor Leber
(1840~1917) WMHFman, ~N—M
2 a2 RAE BB R AR CERITS
ALef4:1

B ATPase &6 I Complex 1 [C]1RHAs
ECwochrome b [ Complex 4 Bl tRHAs

/X § JUA| N o 7]



e e 3= 2R

1, BEMNHLAERARPOLOELNHI, BERIEHN,
EEELAAREIRTREE. T2 ERN,




e e 3= 2R

2, MIRFEMREREZR, TEAREXIEA, —RABT—F,

3. XmEH4-70%5, ZEFEHH (18-23% ) &fm, imMTHMHEXR
ﬁo %Eﬁiﬂﬂiﬁﬁmm%ﬂiﬁﬁgﬁﬁﬁz_o

4, RRBAFLMEIRE, (DI, BRENNEF, wdkm, DREMEE
HRR. MBSSME. KDEFF




—/MNLHON Y B Bl 2% 32

| T

I @ O L.

3
111....$$&‘D|O‘4)O$£
1 9 10 11 12 13 14
v OO i
1 %2
>

5 6 /’7

LeberiZtz il B mERRBENER. ESHARLI
— T BHEEEBERELSER,

> REERFRBMW?




A TA 4l

EOMRBENAZTAMER ( ND1, ND2, CO1, ATP6, CO3, ND4.
ND5. ND6. CYTB ) #, E/AF18FhiE W RTHIE AIEMSBLHON,

FERTRA:
MTND1+*LHON3460A
MTND4*LHON11778A (50%—70%)
MTND6+*LHON14484C

16569 bp
I° 11778 G—A




ND1,ND4 ND6Z ) EFE =T

1

{EREIRSEComplexIFh RINADH Bl S B8 5 1P K
ﬁ%*iﬁii‘: ETBE



http://php.med.unsw.edu.au/cellbiology/index.php?title=File:Leber_hereditary_optic_neuropathy.jpg
http://php.med.unsw.edu.au/cellbiology/index.php?title=File:Leber_hereditary_optic_neuropathy.jpg

(=)&hixfE Al im: MERRFEZ &1
— JIL B 25 P i o P T AT 41 4 0

( Myoclonus Epilepsy With Ragged Red Fibers, MERRF )

EMERMHHEMRSERES. BN
BRrERPREEESZAS.....

-ARERMN A RENIRIIERS

*What is the weakness like? Well,
strap 160 pounds on your body.
Walk around like that, all day,
every day.




e i 3= 2R

1. BHMA®: ImEEREME, ARENARERZ3EH,

2. BIFRRANREEE: ®uaskap. MRS, AIE AR, REHHE
M EFNEIB A, thalse il EkEmmmZE,

3. HFrkiA: BTG RERH €Y/ eI o] 5 2 52 H Al 2k
ERBENERERE,

4. INHIBERS

HEe—LFELNRVEHE: BREHIFERDRE,. AEMZRE.
B#l, ILBRBEPEF




AL
(MTTK*MERRF8344G)

tRNAWS nt8344 A >G

>
Ow
i - -

v
Y
1

2ROl
> OP0 0>

>—-0HO >

DHU lcop

El ATPase 86 Bl Complex 1 [ 1tRHA=s
N Cvtochrome b [ Complex 4 B tRHAs




K LE

— RAR #1281y sHItRNAT) BESZ 17

SRR i DI N EQ B R B

SEEB ST R S S PSR

SELNIE
CRETUAR, 55 2R ERRAE, DMFEFLHE)

|
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4

CALEF > BiEshXiElF s hEMEGSEE




()& Rk ALm: KSSES A

(Keams Sayre Syndrome, KSS)

i PR 3R :

BEFT 5 3B AR AIL R £
o B 5 3R 3 1
Dl ESFER
UNCER eSS

¥ 2



http://www.ispub.com/ispub/ijn/volume_1_number_2_39/kearns_sayre_syndrome_plus_a_case_report/kss-fig1.jpg
http://www.ispub.com/ispub/ijn/volume_1_number_2_39/kearns_sayre_syndrome_plus_a_case_report/kss-fig1.jpg

<_Deleted region >
N (5.0kb) ~

N -l
\\ 4

o

[ Deleted \
MtDNA

\(11 6 kb)

REI: 8470~ 13447; 8673 ~ 16073
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sREEEM (AD)

sk patdiEiE ( AR) o Parkin . PINK, DJ-1FIUCH-L1ZEFTS5PDAFHX,

Table 1 Genes and loci linked to familial PD

Locus
PARK1

PARK2

PARK3

PARK4®

PARKS
PARK6E

PARK7

PARKS8
PARKS

Chromosomal location

4q21

6g925.2-q27

2pl3

4pl5

4pl4
1p36

1p36

12p11.2-q13.1
1p36

Protein

a-Synuclein?

Parkin

Unknown

Unknown

UCH-LL
PINK1

DJ-1

Unknown
Unknown

Inheritance pattern
AD

AR

AD

AD

AD
AR

AR

AD
AR

Atypical PD features

Early onset
Lower prevalence of tremor

Early or juvenile onset

More frequent dystonia and
levodopa-induced dyskinesias
Slower disease progression
Dementia in some individuals
Rapid progression

Early onset

Rapid progression
Dementia

Autonomic dysfunction
Postural tremor

None
Early onset
Slow progression

Early onset
Psychiatric symptoms
Slow progression

None

Juvenile onset

Spasticity

Supranuclear gaze parzlysis
Dementia

Lewy bodies

Yes

Mostly negative®

Yes

Yes

Unknown

Unknown

Unknown

Nao
Unknown

AD, autosomal dominant; AR, autosomal recessive. *Including mutations and wild-type multiplications. "Lewy bodies reported in one individual with parkin mutations™4, “The
initial PARK4 linkage fo 4p15 could not be confirmed, and the PD phenotype in this family was subsequently linked to 2 PARK1 variant (a-synuclein triplication)?!



Genetic mutations and the pathogenesis of PD
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A "Bermuda Triangle” in PD
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AZmLEl 1

t D N A t t 3 Reglon change position Type of cancer  Amino-ack! change Reference
I I l l I l u a I O n S NO1 GA 3434 Prostere Cvs-tYR Jercnimo et al, (2001)
NDI AG 3505 Peostate, THR-ALA Jeronima et al. (2001); Jones ef &
Pancrestse (2001}
Reghw Vatdrntide chasge Noctewide pasition Dipe of voncer fanine-acbf «lasys References
= = OYTH 7 an deletios 15622 Bladde: Flas of o,
I CYTH GoA 1458 Colon ARG-GLN Polyak er ¢
1 z MUtatlonS ln Comp eX I CYTa T ssn2 Colos PHE-LEU Polysk of af. {1998)
cyrs G 15684 Panorcatc ALAFRO Jotes 21 al. (2001)
2 M t t. . I III (\:‘lh G-A ol (,hum; OLY-Sap Lis e al (2001) y
CYTh Dabetion 14m7-14%0 Jyroad Maximo ot ol (2002)
" utations In com p eX CYTB A-G 15182 Tigyreid Mexino o of (2002)
. . Regom Nuclentide chamge Nucheatide pusiiaon Tipe of coancer Amuni-acid chargr Referencys
3 L) M Utatl O nS I n Co m p I eX IV COxX 1 GA 73 Pascreatic, Pros ALA-THR Jeronimo of ol (2001), Jones o al (2001)
cox1 GA £267 Procreatic, Prosase ALA-THR Jeromtmo of &' (2001); Jones o2 al {2001)
< - coxi GA €s13 Prostase ASP-ASN Jerommo of & (2001)
cox1 GA £24 Cokon GLY Swp Polyak er of. (1954)
4. Mutations in complex V &)
Cox1 GA 54 Prostase GLY-Swp Jerommo ef o
COX 1 G-A 08! Preotase ALA-THR Jeromimo of &, €
cox1 G-A 6150 Prostase VAL -ILE Jerunimo o7 &
cox1 T-C SI4 Proogase MET-THR Jeronimo of &
coxX1 TC it} Prootase MET-THR Jeronimo of &
cox1 G-A 6261 Prostase ALA-THR Jeromimo of &
cox1 G-A &2RS Prastase VALILE
CoX1 c-T a)a) Prostas THR-ILE
CoX1 G-A 48 Provtasx VAL-ILY
COX 1 AL 466 Prosiask ILE-VAL
COX 1 G-T 4 Prostase ALA-SER Jerunimo «f &
COX 1 GA T0&l Prostase VALILE Jerommmo of W
cox1 -C To&) Proviase PHE-LEL
COX 1 Al 1083 Prosase ILE-VAL
Cox |1 AG TS Prosiase ILE-VAL
cox1 AL 7308 Prostase MET-LEU
cox 1 GA Ll Caokomn VAL-MET
coxn T 986 Pancreatc ARG-GLN
coxn Daletion 1-5200 Thyrond
coxn Dedetion T-R195 Tayrond Maximo e ol 2002)
pestha v - ee rao.ia e run Mbitees st AR
Region Nucleotide change Nucleotide position Cancer type Amino acid change Ref number

ATPase6
ATPase6
ATPase6
ATPase6
ATPase6

T-C
T-G
A-G
T-C
A-G

8996
9070
8701
9137
8716

Pancreatic
Pancreatic
Thyroid
Thyroid
Thyroid

MET-THR
SER-ALA
THR-ALA
ILE-THR
LYS-GLU

Jones et al. (2001)
Jones et al. (2001)
Maximo et al. (2002)
Maximo et al. (2002)
Maximo et al. (2002)
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MtDNA copy number alterations

I i mtDNA

Mitochondria

1.D-loop mutations

2.p53 mutations

3. Inefficient PLOG
activities

A 4

1.Cancer cell growth &
apoptosis

2.Drug resistance

3.Hormone regulation

4.Migration & invasion

5.Mitochondria-to-

mtDNA copy number decreases

1.Enhanced oxidative nucleus retrograde
stress signaling

2.0ther unknown
mechanisms

|

Tumor initiation and
progression

mtDNA copy number increases
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MtDNA Microsatellite Instability

[ Microsatelliteloci ]

Perfect GCTAGCCACACACACACACATGCATC
Interrupted GCTAGCCACAGTCACACACATGCATC
Compound GCTAGCCACACAAAAAGTGGGTGGGCATC

{ Mutations due to replication error leading J

to MSI
Original GCTAGCCACACACACACACATGCATC
Insertion GCTAGCCACACACACACACACACATGCATC
Deletion GCTAGCCACACACACACATGCATC

Transition GCTAGCCACACAGTGTCACATGCATC
Transversion  GCTAGCCACACATGTGCACATGCATC

[ Aberrant or truncated protein production ]

Cancer
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Cell Reports

A Mitochondrial Switch Promotes Tumor Metastasis

Paolo E. Porporato,’ Valéry L. Payen,’ Jhudit Pérez-Escuredo,’ Christophe J. De Saadeleer,’ Pierre Danhier,”

Tamara Copetti,’ Suveera Dhup,’ Morgane Tardy,' Thibaut Vazellle,' Caroline Bouzin,' Olivier Feron,' Carine Michiels,”
Bernard Gallez,” and Pierre Sonveaux'*

Tinsttut de Recherche Expérimentuie ¢t Clinigus (IREC), Pole of Pharmacology (FATH), Université catholique de Louven (UCL), Brussets
1200, Beigium

“Louwvain Drug Research Institute (LDRJ). Blomedical Magnetic Resonance Research Group (REMA), Unwversité catholgue de Louvasn (UCL),
Brussels 1200, Bsigrum

WRBC-NARILIS, University of Namur, Namur 5000, Belgium

‘Comespondence: plarme. sonvesa Buciouvan be

hMip/dxdoLong/10.1016) cerep 2014.06. 043

This 8 an open access article under the OC BY-NC-ND license M'ttp //creativecommons arglcemenby-oc-nd/d 0

Cancer cell

~ | Mitochondrial overload Mitochondrial dysfunction
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migration
metastasis




A mitochondrial etiology of
complex disease

A mitochondrial etiology of complex disease

mtDNA variants

Ancient adaptive polymorphisms

Environmental factors Recent deleterious mutations .
Energy sources ¢ nDNA variation

Carbohydrates, Mutations '
fats, amino acids Deleterious mutations,

Energy uses mitochondrial gene polymorphisms

OXPHOS

Growth, dysfunction Epigenomics
maintenance, Lenergy, TROS, ngtone modlflcat.lons,
reproduction AREDOX. A Ca?* signal transduction,

Toxins i ? REDOX controls

mtDNA damage and Neuropsychological

Metabolic somatic mutations Blindness, deafness,

Type |l diabetes, obesity, v AD, PD, depression,
hypertension, CVD Progressive musc!e myglgia,
Stress bioenergetic fatigability
Thermal, trauma decline Cardiomyopathy
> Renal failure
Apoptosis
Inflammation, immunity
MS, tz/gzhlﬁgia)betes Cancer
S : Energy production,
Infection predisposition Aging 9y P
! Pe s ROS, REDOX
Sepsis, AIDS netrance and expressivity,

delayed onset, progression
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The mitochondrial deubiquitinase USP30
opposes parkin-mediated mitophagy

Baris Bingol'*, Joy S. T_ea". Lilian Phu’, Mike Reichelt’, Corey E. Bakalarski®, Qinghua Song, Oded Foreman”,
Donald S. Kirkpatrick® & Morgan Sheng'

Cells maintain heaalthy mitochondria by degrading damaged mitochondria through mitophagy; defective mitophagy
is inked to Parkinson’s disease. Here we report that USP30, a deubiquitimase localized to mitochondria, antagonizes
mitophagy driven by the ubiquitin ligase parkin (also known as PARK2) and protdn kinase PINK1, which are encoded
by two genes assodated with Parkinson's disease. Parkin ubiquitinates and tags damaged mitochondria for clearance.
Overexpression of USP3 0 removes ubiquitin attached by parkinonto damaged mitochondria and blocks park in’sability to
drive mitophagy, whereas reducing USP30 activity enhances mitochondrial degradation in neurons. Global ubiquitination
site profiling identified multiple mitochondrial substrates oppositdy regulated by parkin and USP30. Knockdown of
USP30 rescues the defective mitophagy caused by pathogenic mutations in parkin and impmoves mitochondrial integ-
rity in parkin- or PINK1-defident flies. Knockdown of USP30 in dopaminergic neurons protects flies against paraquat
toxicity in viwo, amdiorating defects indopamine levds, motor function and organismal survival. Thus USP30 inhibition is
potentially benefidal for Parkinson’s disease by promoting mitochondrial clearance and quality control
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Mitochondrial DNA stress primes the antiviral innate

immune response

A. Phillip West', William Khoury -Hanold®, Matthew Staron®, Michal C. Tal*f, Cristiana M. Pineda’, Sabine M. Lang’,
Megan Bestwick't, Brett A. Duguay’, Nuno Raimundo't, Donna A. MacDuff’, Susan M. Kaech®®, James R. Smiley”,

Robert E. Means', Akiko Iwasaki* & Gerald S. Shadel'”

Mitochondrial DNA (mtDNA) is normally present at thousands of
copies per cell and is packaged into several hundred higher-order
structures termed nucleoids’. The abundant mtDNA-binding pro
tein TFAM (transcription factor A, mitochondrial) regulates nudeoid
architecture, abundance and segregation®, Complete mt DNA depletion
profoundly impairs oxidative phosphoryltion, triggering calcium-
dependent stress signalli ng and adaptive matabolic responses’. How
ever, the cellular responses to mtDNA instability, a physiologically
relevant stress observed in many human discases and ageing, remain
poordy defined®. Here weshow that moderate mtDN A stress elicited
by TFAM deficiency engages cytosolic antiviral signalling to enhance
the expression of a subset of interferon-stimulated genes. Mechanis-
tically, we find that aberrant mtDNA packaging promotes escape of
mt DN A into the cvtosol, where it engages the DNA sensor «GAS (also
known as MB21D 1) and promotes STING (also known as TMEMI173)
IRF3-dependent signalling to clevate interferon-stimulated gene
expression, potentiate type | interferon responses and confer broad
viral resistance. Furthermore, we demonstrate that herpesviruses
induce mtDNA stress, which enhances antiviral signalling and type
linterferon responses during infection, Our results further demon
strate that mitochondrnia are central partiapants in innate immunity,
identify mtDNA stress as a cell-intrinsic trigger of antiviral signal-
ling and suggest that cellular monitoring of mtDNA homeostasis
cooperates with canonical virus sensing mechanisms to fully engage
antiviral innate immunity,

in Tfam""~ MEFsvalidated the microarray results (Fig. 1¢, d). Finally,
Tfam' ~ MEFsexpressed three- to fourfold more Ifnb and Ifnad upon
transfection with the IFIH 1 agonist poly(1:C) (Fig le), consistent with
enhanced type | interferon responses
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Regulation of NKT cell-mediated immune
responses to tumours and liver inflammation by
mitochondrial PGAMS5-Drp1 signalling

Young Jun Kang', Bo-Ram Bang', Kyung Ho Han?, Lixin Hong', Eun-Jin Shim', Jianhui Ma',
Richard A. Lerner® & Motoyuki Otsuka®

The reeptor-interacting protein kinase 3 (RIPK3) plays crucial roles in programmed necrosis
and innate inflammatory responses. However, a little is known about the involvement of
RIPK3 in NKT cell-mediated immune responses. Mere, we demonstrate that RIPK3 plays
an essential role in NKT cell function via activation of the mitochondrial phosphatase
phosphoglycerate mutase 5 (PGAMS). RIPK3-mediated activation of PGAMS promotes the
expression of cytokines by facilitating nuclear translocation of NFATand dephosphorylation of
dynamin-related protein 1 (Drp1), a GTPase is essential for mitochondrial homoeostasis.
Rpk3~/~ mice show reduced NKT cell responses to metastatic tumour cells, and both
deletion of RIPK3 and pharmacological inhibition of Dmpl protects mice from NKT
cell-mediated induction of acute liver damage. Collectively, the results identify a crucial role

for RIPK3-PGAMS-Drpl/NFAT signalling in NKT cell activation, and further suggest that
RIPK3-PGAMS signalling may mediate crosstalk between mitochondrial function and immune

signalling
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High-fat diet and FGF21 cooperatively promote aerobic
thermogenesis in mtDNA mutator mice

Christopher E. Wall*®, Jamie Whyte®, Jae M. Suh® Weiwei Fan®, Brett Collins®, Christopher Liddle, Ruth T. Yu®,
Annette R. Atkins®. lane C. Naviaux®. Kefena Li%. Andrew Tavior Briaht?. William A. Alavnick®. Michael Downes®,
Robert K.

Sauie Wike POLG D WC PC WH PH K Diage, a ki, CA
M e N stralix
Mitochondri 'S Cv [ifornia at San Diego
School of My C”I m and "Howard Hughes
Medical Inst|

Cll v o o o o —

Contributed unichiro Sonoda)

Cl e ——

Porinwr s awwmm e - -

EComplexl Complex IV Complex V

o

SN

SN

SN
h O

mt-Alp8 mRNA  mtAtpé mRNA

mi-Co3 mRNA

[N
=




WHY WE

AGE

RESEARCH E

HEARY MITOCHO ND# A

Imbalanced OPAI processing
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heart failure in mice
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Clinical evaluation
* Muscle: CPEQ, myalgia, weakness, fatigue
« CNS: ataxia, deafness, optical atrophy
« Suggestive family history
o Clinical investigation
« Blood: creatinine kinase, lactate, glucose
of * Urine: amino acids, organic acids
« Cerebrospinal fluid: protein, lactate
+ ECG, echocardiogram, chest X-ray
« Eletroencephalography, electromiyography
« Computerized tomography, magnetic resonance
imaging
Specific clinical syndromes? Yes
(MELAS, MERRF, NARP e LHON) ;
Inte
Molecular analysis of
No blood for known
punctual mutations
Muscle biopsy }: ]
Negative result: demands
further investigation
e micrvscopy e S e et
2 2 udy of activities of the * Southern blot: mi
;zfp";‘;’jgg';l'" osie:. genersl musce complexes I to IV In the rearrangements
« Succinate desydrogenase: mitochondrial respiratory chain complex . P((:R‘;RFLP: commeon punctual
accumulation in sarcolemma (red-ragged T:\I?D:;sse Cecing: new mutstions
fibers) qpcang:

« Fibers negative to cytochrome oxidase
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HMEARZBIEIRTT (Germline gene therapy):
Spindle transfer (ST) and Pronuclear transfer (PNT)

(A) Spindle transfer

(8) Pronuclear transfer

TRENOS in Encocrinology & Matatoksm




ARTICLE

doi:10.1038/naturel1647

Towards germline gene therapy of
inherited mitochondrial diseases

Masahito Tachibanal!, Paula Amato?, Michelle Sparman?, Joy Woodward!, Dario Melguizo Sanchis!, Hong Mat,
Nuria Marti Gutierrez', Rebecca Tippner-Hedges', Eunju Kang', Hyo-Sang Lee!, Cathy Ramsey’, Keith Masterson?,
David Battaglia?, David Lee?, Diana Wu?, Jeffrey Jensen'-, Phillip Patton?, Sumita Gokhale®, Richard Stouffer"?

& Shoukhrat Mitalipov*?

Egg donor B
7 egg donors >S'<>
A total of 106
mature Ml|
oocytes used for Egg donor A
ST or served as ‘
controls
] - - — -;7.—:71 7’_ ]
'C§| Pronuclear Blaéiocyst ESC isolation

formation

82



Cryopreservation of oocytes before ST

Vitrified MIl oocytes
Monkey B

Fresh MIl oocytes
Monkey A

f

Fresh Cytoplasts Vit Cytoplasts
Vit Spindle Fresh Spindle -

Crysta

Blastocyst

-

Embryo transfer

ESC isolation

Tachibana et al., Nature, 2013 83



Normal growth and development of monkey
offspring following mtDNA replacement

at Birth 18 month
(cord blood) (Bhood  sKin)

Tachibana et al., Nature 2013 84
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Metabolic rescue in pluripotent cells from
patients with mtDNA disease

HongMa"~, Qifford D, L Folmes”, Jun Wi, Robert Morey”, Sergio Mora-Castilla®, Alejandro Ocampo®, Li Ma®, Joanna Poulton®,
Xinglan Wang”, Riffst Ahmed ™, Eunju Kang', Yeonmi Lee', Tomonari Hayama™, Ying L™, Grystal Van Dyken™?,

Nuria Marti Cutierrez’, Rebecca Tippoer -Hedges™, Amy Kosk -, Nargiz Mitalipov'?, Paula Amate®, Don P. Wolf,

Taoshong Huang', Andre Terzic”, Loutse C. Laurent”, Juan Carlos Izpisus Belmonte® & Shoukhrat Mitalipov'?

Mitochondria have a major role in encrgy production via oxidati v
phosphorylation’, which is dependent on the expresion of critical
genes encoded by mitochondrial (mt)DNA. Mutations in mtDNA
can cause fatal or sever dy dabilitating disorders with limited treat-
ment options’. Clinicd manifestations vary based on mutation
type and hetcroplasmy (that is, the rdative kvds of mutant and
wild-type mtDNA within cach cell)", Here we generated genctic-
ally carvected pluripotent stem el (PSCs) from pationts with
mtDNA discase. Multiple induced pluripatent stem (iPS) cell Enes
were der ived from patients with common hateroplasmic mutations
induding 3243A°-G, causing mitochondrial encephdomyopathy
and stroke-Bhke cpisodes (MELASY, mnd 89937 G and 13513G A,
implcated in Lagh syndrome. Isogenic MELAS and Laigh sm-
drome (PS cell lines were generated containing exclusivdy wild-
type or mutant atDNA through spontancous segregation of
hateroplasmic mtDNA in proliferating fibroblasts. Furthermore,
somatic cell nuclear transfer (SONT) enabled replacement of
mutant mtDNA from homoplasmic 89937 -G fibroblasts 0 gen-
erate corrected Lagh-NT1 PSCs. Although Leigh-NT1 PSCs con-
tined donor cocyte wild-type mtDNA (human haplotype Dda)
that differed from Leigh syndrone patient haplotype (Fla) at a
wtal of 47 nudeotide sites, Leigh-NT1 cells displayed transcrip-
tomic profiles similar to those in embeyo-derived PSCs carrying
wild-type st DNA, indicative of normal nuclear-to-mitochondrial
interactions. Mor cover, genctically rescucd patient PSCs displayed
normsl mwetdbolic function compared to impaired axygen con-
sumption and ATP production cbserved in mutant cdls. We con-
dude that both reprogramming spproache offer complanentary
strategies for derivation of PSCs containing exclusively wild-type
mtDNA, spontancous segregation of heteroplasmic
mtDNA in individea iPS coll lines or mitochondrial replacement
by SCNT in homoplasmic mtDNA based disense.

and by Leigh syndrome patients carrying hatemplasmic or homoplas
mic $993T>G mutations affecting the ATPase 6 gene (MT-ATPS)’,
and heteroplasmic 1351 3G A mutation inthe MT-NDSgene® Apand
of ten iPS cell knes from each mutation type was generated and quant-
Itative mtDNA mutation anadyds was carried out wing amphficstion
refractony mutation sysem-guantitative polymerase chain reaction
(ARMs-gPCR), with 3 detection threshold of 0.5%. In MELAS IPS cell
lines, the mutation was undetectable in five knes and varied from 33%
o 100% in the remaining five lines, compared to 29% heteroplasmy in
parentd fbroblasts (Table | and Extended Data Fig. 12). In iPS cell lines
trom the heteroplasmic $9937 >0 mutation, the mutation was unde-
tectable in one Bne sd ranged from 29% to 7% (n the remaining knes,
compared 1o 52% heteroplasmy in parental fibroblasts (Table | and
Extended Duats Fig. 1b). Mut ation segregation in individual iPS cell lines
trom 13513G2 A fibroblasts dao mnged from 0% to 100%, compared
10 84% heteroplasmy in fibroblasts (Table | and Extended Data Fig 1¢).
Previow gudies suggested that segregation of heteroplasmic mtDNA is
speciic 10 iP5 cells and may occur during or sfter reprogramming™ "'
To explore mechankms, parentd fibeoblasts carrytng 3243A>G and
13513G>A mutations were subdoned and mutation loads in indi-
viduwal dones were snalysed. Among ten randomdy sdected MELAS
samples, five were homoplasmic containing either wild type (A) or
mutant (G) st the 3243 position. The remaining five contained varying
heteroplasmy levels dmilar to IPS cells (Table | and Extended Data
Fig. 1d). Varable heteroplasmy levels were abio observed in 13513G>A
fibroblasts induding homoplasmic mutart and wild-type dones
(Table 1), Thus, segregation of heteroplamic mtDNA mutation
ocaws in dkin fbroblats and may reflect & common phenomenon”,
bogencic MELAS iPS cdl lines currying wild-type or mutant
mtDNA mairtained typical PSC morphology and farmed teratoma
containing cells and tissues foom &l thive genn layers (Extended Data
Fg 22, b). We next carried out whole mtDNA equencing using the
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