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Mitochondrial dynamics in postmitotic cells

regulate neurogenesis

Ryohei Iwata?345, Pierre Casimir>3*®, Pierre Vanderhaeghen
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The conversion of neural stem cells into neurons is associated with the remodeling of organelles,
but whether and how this is causally linked to fate change is poorly understood. We examined

and manipulated mitochondrial dynamics during mouse and human cortical neurogenesis. We reveal
that shortly after cortical stem cells have divided, daughter cells destined to self-renew undergo
mitochondrial fusion, whereas those that retain high levels of mitochondria fission become neurons.
Increased mitochondria fission promotes neuronal fate, whereas induction of mitochondria fusion
after mitosis redirects daughter cells toward self-renewal. This occurs during a restricted time
window that is doubled in human cells, in line with their increased self-renewal capacity. Our

data reveal a postmitotic period of fate plasticity in which mitochondrial dynamics are linked

with cell fate.

ith neurogenesis, neural stem cells

(NSCs) stop self-renewing and differ-

entiate into postmitotic neurons. Mito-

chondrial dynamics, through fusion

and fission, is associated with fate
changes in various types of cells, including
the conversion of NSCs into intermediate neu-
ral progenitors (I-6). We investigated whether
and how mitochondria remodeling is coupled
with neuronal fate commitment.

To examine mitochondrial dynamics during
neurogenesis, we labeled mitochondria in ra-
dial glia cells (RGCs), the NSCs of the mouse
embryonic cortex, through transduction of mito-
GFP (green fluorescent protein fused to mito-
chondrial targeting sequence of COX8A) (7).
Pax6" RGC displayed fused mitochondria, and
T-box brain protein 2 (Tbr2)" intermediate
neural progenitors displayed intermediate
mitochondrial size (fig. S1A), as reported (3).
Surprisingly, early-born BIII-tubulin (BIII-tub)”
neurons’ mitochondria were highly fragmented
(Fig. 1A and fig. S1A), which was confirmed by
means of immunostaining against endogenous
translocase of the outer mitochondrial membrane
20 (TOMM20) (fig. S1C). Mitochondria remained
fragmented for several days before gradually
fusing in more mature neurons (fig. S1B).

On the other hand, mitochondria of RGCs
during mitosis were fragmented (fig. S1D),
which is typical of mitotic cells (8). We hy-
pothesized that mitochondrial dynamics change
in the daughter cells right after mitosis, de-
pending on their prospective fate. We assessed
mitochondrial dynamics of cortical progeni-
tors through neurogenesis, from cell division
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to fate acquisition (Fig. 1B). We expressed in
cortical progenitors the mitochondrial label
mito-mNep2 (mNeptune2 protein fused to
mitochondrial targeting sequence of COX8A),
together with the photactivatable fluorescent
protein mEOS4b (9), which can be photocon-
verted from green to red, fused to histone pro-
tein H2B to target chromatin (H2B-mEOS4b).
This enabled the identification of cells in mito-
tic metaphase/anaphase, based on labeling of
chromatin with fluorescent mEOS proteins.
Such cells were tagged by means of photo-
conversion, enabling the tracking of the
daughter cells and their mitochondria 1 to
24 hours after mitosis. We used expression
of BIII-tub as a neuronal marker and Thr2
for intermediate neural progenitors. Cells
that expressed neither Tbr2 nor BIII-tub cor-
responded mostly (95%) to Sox2" RGC (fig.
S1E). The acquisition and stabilization of the
identity of daughter cells could then be ob-
served over the next 6 to 12 hours (fig. S1F),
with similar timing as that reported in vivo
(10). Mitochondrial dynamics in the first 3 hours
after cell division were characterized either by
increased mitochondrial length or by retaining
shorter fragmented mitochondria (Fig. 1C). Pre-
sumptive RGC displayed long mitochondria,
presumptive neurons retained short mitochon-
dria, and intermediate progenitors displayed
intermediate-sized mitochondria (Fig. 1C).
Could postmitotic alteration of mitochon-
drial dynamics influence neurogenesis? We
tracked postmitotic cells, this time using com-
pounds that promote mitochondria fusion
[M1, (E)-4-chloro-2-(1-(2-(2,4,6-trichlorophenyl)
hydrazono)ethyl)phenol (7)] or inhibit mito-
chondria fission [mitochondrial division inhibitor
(Mdivi-1), 3-(2,4-dichloro-5-methoxyphenyl)-2-
sulfanyl4(3H)-quinazolinone (72)]. Compounds
were added to the photoconverted cells right
after mitosis (Fig. 1D), which resulted in an
increase of mitochondrial size within 3 hours
of postmitotic cell labeling (Fig. 1E). The iden-
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tity of daughter cells was not significantly al-
tered at 3 hours after treatment (Fig. 1F) but
changed by 6 hours after treatment: The pro-
portion of daughter cells that became RGCs
increased, and the proportion that became neu-
rons decreased, whereas the proportion of in-
termediate progenitors remained unchanged
(Fig. 1, G and H). The number of cells was
unchanged in either condition, excluding cell
loss as a cause (fig. S2, A and B). The effect of
M1 treatment on cell fate was maintained at
12 hours, with an increase in non-neurogenic
divisions at the expense of neurogenic divi-
sions (fig. S2, C and D), resulting in an increase
in clonal size at 24 hours (fig. S2, E to G),
indicating that RGCs generated under M1
treatment stably retained their self-renewal
capacity. Morphogenesis of the neurons that
could still be generated under M1 treatment
also appeared to be normal at 24 hours (fig.
S2H). To explore upstream mechanisms, we
examined Drpl that is activated during mito-
sis through CDK1 phosphorylation (13). We
found high levels of pDrpl in mitotic cells,
followed by a dual pattern of phosphorylation,
inversely correlated with mitochondrial size
(fig. S3A). Postmitotic treatment with Rosco-
vitine, an inhibitor of CDK activity, led to in-
creased size of mitochondria, fewer neurons,
and more RGCs, with no detectable cell loss
(fig. S3, B to E).

Thus, in vitro with chemical intervention,
increased fusion or decreased fission of mito-
chondria after mother RGC division biases
fate acquisition of the daughter cells in favor
of stem cell fate at the expense of neuronal
fate. We next examined in vivo mouse cortico-
genesis with genetic manipulation of mitochon-
drial dynamics. We suppressed the expression
of Drpl by means of in utero electroporation
and observed a decrease in the proportion of
generated neurons and an increase in the pro-
portion of intermediate progenitors and RGCs
(Fig. 2, A and B). To test postmitotic manipu-
lation of mitochondrial dynamics in vivo, we
used the FlashTag method that enables in
utero labeling of RGCs during mitosis (10).
Injection of FlashTag, together with M1 to
promote mitochondria fusion, resulted in in-
creased mitochondria size within 4 hours
(Fig. 2C). FlashTag"-labeled cells 12 hours
after M1 or Mdivi-1 treatment revealed an in-
crease in the proportion of Sox2* RGCs and
Tbr2" intermediate progenitors and a decrease
of Neurod2* neurons (Fig. 2D). Thus, mitochon-
drial dynamics after mitosis affect mouse cor-
tical neurogenesis in vivo, like in vitro.

We sought to examine whether the mitochon-
drial oxidation state could mediate these ef-
fects (3, I4) by testing the ionophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP),
which leads to hyperactivation of the electron
transport chain, and thereby increased reac-
tive oxygen species and oxidized nicotinamide
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adenine dinucleotide (NAD*")/reduced NAD*
(NADH) ratio (15). This resulted in increased
neurogenesis within 6 hours after mitosis,
without change in mitochondria size (Fig. 3,
A and B, and fig. S4A). We next tested the
implication of Sirtuin-1 (Sirtl), which is acti-
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Fig. 1. Mitochondrial dynamics
influence fate decision in postmitotic
cortical cells. (A) Representative
images of mitochondrial morphology
(mito-GFP) in Pax6* RGCs in (left)
ventricular zone (VZ) and (middle)
BllI-tub® newborn neuron in cortical
plate (CP) in embryonic day

16.5 (E16.5) mouse cortex, after in
utero retroviral infection at E12.5.
(Right) Quantified mitochondrial
length from two biological replicate
experiments. Each data point repre-
sents an individual cell average
mitochondrial size. ****P < 0.0001;
unpaired Student’s t test. (B) (Left)
Schematic of the labeling strategy by
using photoconverted (PC) histone
H2B-mEos4b. (Right) Representative
images of PC cell labeled with
mito-Nep2. (C) (Left) Representative
images and timeline of PC experi-
ment to determine kinetics of
mitochondrial dynamics after mitosis
in mouse embryonic cortical cells.
(Right) Quantified mitochondrial
length from three biological replicate
experiments. Each data point repre-
sents an individual cell average

N mitochondrial size, together with fate
marker expression. Red, Blll-tub®
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vated by increased NAD"/NADH ratio (16) and
promotes cortical neurogenesis together with
the BCL6 transcriptional repressor (17, 18). We
found that Sirtl inhibition through Ex-527 treat-
ment in postmitotic cells blocked neurogenesis,
also after CCCP treatment (Fig. 3C and fig. S4,
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6h after PC

neuron; green, Tbr2* intermediate
progenitor; gray, double negative
(DN) RGC. (D) Timeline and repre-
sentative images of PC experiment
by using M1 and Mdivi-1. DMSO,
dimethyl sulfoxide. (E and G) Quan-
tified mitochondrial length from
three biological replicate
experiments. (E) Three hours after
label. (G) Six hours after PC. Each
data point represents an individual
cell average mitochondrial size. **P <
0.01, ***P < 0.001, ****P < 0.0001;
Dunnett's multiple comparisons
test. (F and H) Quantification of
each cell fate marker® cells among
PC cells from at least four biological
replicate experiments. Data are
shown as mean + SEM. **P < 0.01,
**¥P < 0.001; Dunn’s multiple
comparisons test.

B to D). Sirtl promotes neurogenesis through
H4K16 histone deacetylation at BCL6 transcrip-
tional targets (17, 19). We therefore examined
H4K16 acetylation levels, which we found to be
increased after Ex-527 treatment and decreased
after CCCP treatment (Fig. 3D). We next

2of 5

0202 ‘€1 1snbny uo /610" Bewadusios aouslds//:dily woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 2. Mitochondrial dynamics in post-mitotic
cells affect cortical neurogenesis in vivo.

(A and B) (Left) In utero electroporation (IUE)
of scramble or Drpl short hairpin RNA (shRNA)
at E13.5, analyzed at E15.5. Histogram shows
the percentage of H2B-GFP* cells in VZ, SVZ, IZ,
and CP. (Right) Quantification of (A) Tbr2* or
Sox2* and (B) NeuroD2" cells among electro-
porated cells from two biological replicate
experiments. Data are shown as mean + SEM.
**P < 0.01, ****P < 0.0001; [(A), top]
Bonferroni's multiple comparisons test, [(A),
bottom] unpaired t test, (B) Mann-Whitney test.
(C) (Top left) Timeline of in utero electroporation
[Turbo red fluorescent protein (tRFP) and
mito-GFP] and FlashTag (FT) labeling. (Right)
Representative images of M1-treated tRFP and
mito-GFP electroporated FT* cell (asterisks).
(Bottom left) Quantification of mitochondrial
length from two biological replicate experiments.
Each data point represents an individual cell
average mitochondrial size. ****P < 0.0001;
Mann-Whitney test. (D) (Left) Schematic and
representative images of in utero M1 treatment
and FT labeling in the mouse embryonic cortex.
(Right) Quantification of Sox2*, Tbr2*, and
NeuroD2* cells among FT* cells from two
biological replicate experiments. Data are shown
as mean + SEM. **P < 0.01, ***P < 0.001, ****P
< 0.0001; Sox2 and Tbr2, Dunn’'s multiple
comparisons test; NeuroD2, Dunn's multiple
comparisons test. (Top) Arrows indicate Sox2",
and arrowheads indicate Tbr2*. (Bottom)
Arrows indicate NeuroD2", and open
arrowheads indicate NeuroD2™.

explored potential links between mitochon-
drial dynamics and Sirtuins. We found that
Sirtuin activation under SRT1720 treatment
could abolish the effects of M1 on neurogen-
esis (fig. S4, E to G) and that H4K16 acetylation
was increased after M1 or Mdivi-1 treatment
(Fig. 3D). These data suggest that mitochon-
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drial influence on neurogenesis may involve,
at least in part, Sirtl.

Human cortical progenitors are character-
ized by intrinsic higher self-renewal potential
that is thought to underlie the evolutionary
increase in human cortical size (20, 21). We
examined mitochondrial dynamics during
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in vitro corticogenesis from human pluripotent
stem cells. As in the mouse, human cortical
RGCs were characterized by large mitochondria,
whereas early-born neurons displayed frag-
mented mitochondria (Fig. 4A). Overexpression
of mitochondrial fission-promoting Drpl or
mitochondrial fission factor (MFF) genes in

3of5

0202 ‘€1 1snbny uo /610" Bewadusios aouslos//:dily woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 3. Mitochondria and Sirtuin
activity influence cortical neuro-
genesis. (A) Timeline, representative
images, and quantified mitochondrial
length after CCCP postmitotic treat-
ment. Each data point represents an
individual cell average mitochondrial
size from three biological replicate
experiments. Mann-Whitney test.
(B) Quantification of each cell fate 1 bum
marker” cells among PC cells <
(6 hours after label) from three DMSO Ex-527 ceop M1 Maivi- FomEr45 Anaysis
biological replicate experiments after 3h after PC o CO"“exz . v

CCCP postmitotic treatment. Data oo ———]

are shown as mean + SEM. ****P < | et

0.0001; Bonferroni's multiple com- z ® Hkk ek k
parisons test. (C) Timeline and - - . - igh . .
quantification of PC cells expressing O T e | 2 | R s

cell fate markers by using Sirtl - Gt

inhibitor Ex-527 from three biological

replicate experiments. Data are

shown as mean + SEM. **P < 0.01,

***p < 0.001; Bonferroni's multiple

comparisons test. (D) (Top right) Timeline and (left) representative images of H4K16ac signal in PC cells. (Bottom right) Quantified H4K16ac signal from two biological
replicate experiments. Each data point represents an individual cell average H4K16ac signal. **P < 0.01, ****P < 0.0001; Dunn’'s multiple comparisons test.

From E14.5 Analysis
Cortex v B

=

a
SN

@D

=}
w

g
[aa]
N
T
(&)
o

o~
=3
[}
=
£
S
€
s
2
=3

N W

N
o

among PC cells (%)
»
o

among PC cells (%)

mito-mNep2

Average mitochondrial
length (um)

x x
v ©
$ :\Q

N
Q

Blll-tub / H4K16ac O

PC H2B-mEos4b

Fk

H4K16ac intensity

=26 =16
DMSO Ex-527 CCCP M1  Mdivi-1

n=: n=28 n=25

Fig. 4. A species-specific A

Progenitor Neuron

postmitotic perlod of fate o An:\ésﬁ DIV36 Human mito-GFP DIV35 Human 10 min 5‘\"’3‘ Eilien T
ct = min
plasticity. (A) (Leftand - =

BlII-TUBULIN
SOX2 / mito-GFP

middle) Timeline and repre-
sentative images of mito-
chondrial morphology in B
SOX2" (RGC) and Blll-tub”
(Newborn neuron) human
embryonic stem cell (ESC)- R
derived cortical cell 3 days £
after mito-GFP retroviral 2
infection. (Right) Quantifica- E
tion of mitochondrial length Analysis

from two biological replicate oV “ m*?h *:h *?h ‘?h M.Z M,a '
experiments. Each data el T T
point represents an individ-

ual cell average mitochon-

from ESC

RV-mito-GFP.
infection
Average mitochondrial
length (um)

Differenriation __

GFP control il

Analysis
36

TBR1/SOX2/ GFP
TBR1+
among GFP+ (%)
AN w s o
-a28884
FP /SOX2 /BlII-TUB

RV-Cre
infection

6d after RV-Cre infection

H2B-mCh

ESCT ©

LV infection - &

Differenriation
f

5 Human F G H |
. . Mouse Mouse Human Human
drial size. ****P < 0.0001; g | . o mgEss e oy -
. 244 Bll-TUB : ov o 2 o ES o Bl OV D % T omomsorun § 6 i
Mann-Whltney test. (B) (Left - [t 0-6h DMSO/ M1 f Blll-tub+ LA ot 2 BII-TUB+
: s . H g 030 M1 £ 4o mrx . £ o
and middle) Timeline and 25 ’—Es-shw H : jit a8
representative images of 2 Eol; 4 ¢ = U A
5 <60 s § =40 2
. 5 2 £ s H ] ]
Drpl- and Mff-overexpressing £ s2olll ., g294 3 ¥ égzz Lt 52
. S8 2 T e B * % £
human cortical cells 81 | EE Sida ;2 E By T H
. g g ;o2 E &P £
(6 days after Cre-expressing < g 0 §olrsmmims £ go
. . . © 0N < 0 & N RN < O W ™ NN
retrovirus infection). Arrow- o%‘\é}«f,@ SN ‘\o‘:ﬁr&:ﬁ*f:},f Qo": .s&‘:a*“:;&‘:,qv"@‘*
heads indicate Neuron & N & N &

(Tbrl™), and arrows indi-

cate Progenitor (Sox2™). (Right) Quantification of TBR1* cells among GFP-labeled cells from three biological replicate experiments. Data are shown as mean + SEM.
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from three biological replicate experiments. Each data point represents an individual cell average mitochondrial size. (F and H) (Top) Timeline of M1 treatment
in (F) mouse and (H) human cortical cells. (Bottom) Quantification of Blli-tub™ cells among PC cells from three biological replicate experiments. Data are
shown as mean + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001; Dunnett's multiple comparisons test. (G and I) Quantification of mitochondrial length

in (G) mouse and (I) human cortical cells from three biological replicate experiments. Each data point represents an individual cell average mitochondrial

size. *P < 0.05, **P < 0.01, ****P < 0.0001; Dunn's multiple comparisons test.
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human RGCs resulted in increased neuro-
genesis (Fig, 4B).

We next performed time-lapse imaging of
human cortical progenitors labeled with mito-
GFP, followed by fate marker determination
(Fig. 4, C and D). This revealed that at mitosis,
the mitochondria were fragmented. After mito-
sis, as for mouse cells, human cells with large
mitochondria remain progenitors, whereas
those with fragmented mitochondria become
neurons (n = 24 cells). Similar data were ob-
tained by using mEOS labeling of human mi-
totic RGC, like in the mouse (Fig. 4E and fig.
S5A). M1 treatment after mitosis of human
progenitors led to increased mitochondria size
and decreased neuronal differentiation, as well
as increased self-renewing division (Fig. 41 and
fig. S5, B and C).

Thus, postmitotic control of cell fates through
mitochondrial dynamics is conserved in mouse
and human corticogenesis. We next used the
mEOS system to determine the length of the
susceptibility phase during which mitochon-
drial dynamics can affect neural cell fate. We
speculated that given the higher self-renewal
potential of human RGCs, the susceptiblity
phase might be longer in these cells. Human
and mouse cells were treated in parallel over
defined time periods after mitosis (Fig. 4, F
to I). In the mouse, M1 treatment altered
cell fate up to but not beyond 3 hours after
mitosis (Fig. 4F). In human cells, M1 treat-
ment altered cell fate up to 6 hours after
mitosis (Fig. 4H), indicating that the sus-
ceptibility phase of postmitotic neural cell
fate plasticity is doubled compared with
mouse cells.

Iwata et al., Science 369, 858-862 (2020)

Our data suggest important mitochondria
remodeling during postmitotic phases of neu-
rogenesis, which will have to be characterized
further with electron microscopy and meta-
bolic analyses. Previous data emphasized fate
decision of NSCs before mitosis (22-24). Our
data reveal a fate plasticity period that ex-
tends much later, shortly after NSC mitosis.
This period is longer in human than in mouse
cortical progenitors, which could contribute to
their increased self-renewal capacities (20, 21).
High levels of mitochondria fission in new-
born neurons themselves lead to irreversible
fate commitment, in link with developmental
neurogenic pathways, through mechanisms
that remain to be elucidated.
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Mitochondrial dynamics and cell fate

Radial ganglia cells, the stem cells of early brain development, can generate more of themselves or generate
differentiating neurons. lwata et al. now show that these fate decisions involve the mitochondria. Cells that have
fragmented mitochondria shortly after mitosis are more likely to become neurons, whereas cells that are undergoing
mitochondrial fusion are likely to continue being stem cells.
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