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sequences to the transcriptional machinery (2, 5). At

the same time, hyperacetylation within gene bodies

is a prerequisite for MSL complex binding to the

transcribed regions ofX-linked genes (1). Restricting

the MSL complex to these sites may prevent the

physical obstruction of promoters in males and

thereby help to balance the transcriptional output

between sexes.
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Fate-Restricted Neural Progenitors in
the Mammalian Cerebral Cortex
Santos J. Franco, Cristina Gil-Sanz,* Isabel Martinez-Garay,*† Ana Espinosa,

Sarah R. Harkins-Perry, Cynthia Ramos, Ulrich Müller‡

During development of the mammalian cerebral cortex, radial glial cells (RGCs) generate
layer-specific subtypes of excitatory neurons in a defined temporal sequence, in which lower-layer
neurons are formed before upper-layer neurons. It has been proposed that neuronal subtype
fate is determined by birthdate through progressive restriction of the neurogenic potential of a
common RGC progenitor. Here, we demonstrate that the murine cerebral cortex contains RGC
sublineages with distinct fate potentials. Using in vivo genetic fate mapping and in vitro clonal
analysis, we identified an RGC lineage that is intrinsically specified to generate only upper-layer
neurons, independently of niche and birthdate. Because upper cortical layers were expanded during
primate evolution, amplification of this RGC pool may have facilitated human brain evolution.

T
he mammalian cerebral cortex consists of

six major layers that each contain specific

subtypes of neurons characterized by dis-

tinct projection patterns and gene expression pro-

files (1). These layer-specific classes of cortical

excitatory neurons are derived from radial glial

cells (RGCs) in sequential order, with neurons des-

tined for lower layers being generated first, fol-

lowed by upper-layer neurons and, finally, cortical

astrocytes (1). This relationship between birthdate

and laminar fate of neurons in the cerebral cortex

has been documented for more than 50 years, al-

though it has remained unclear whether cell fate is

determined directly by birthdate (2) or if the two

are linked more indirectly rather than causally (3).

RGCs divide asymmetrically in the cortical

ventricular zone to self-renew and generate

neurons directly or, more commonly, indirectly

via intermediate progenitor cells that divide

symmetrically in the ventricular and subventric-

ular zones (4). The transcription factor Cux2 is

expressed specifically in neurons in upper layers

II to IV in the mature cortex (Fig. 1A), but also

in intermediate progenitors in the developing

subventricular zone (5, 6), suggesting that upper-

versus lower-layer fate might be determined be-

fore neuronal differentiation.We found that Cux2

mRNA is also expressed in the ventricular zone

in a salt-and-pepper manner (Fig. 1B and fig. S1,

A to D), indicating that some RGCs may be com-

mitted to generate upper-layer neurons. To establish

the identity of ventricular zone Cux2+ cells and to

determine their lineage potential, we employed

genetic fate mapping using amouse strain express-

ingCre recombinase from theCux2 locus (7). Cross-

ing theCux2-Cre driver line to reporter mouse lines

led to recombination primarily in upper-layer neu-

rons in the mature cortex, with 76% of recombined

cells occupying layers II to IV (Fig. 1C and fig. S1,

E to H). Only 17 and 7% of recombined cells were

found in lower layers V and VI, respectively (Fig.

1C and fig. S1, E to H), and most of these were

Satb2+ excitatory neurons (74%) (fig. S1, I and

J), which form callosal projections similar to

layer II and III neurons (8, 9). The remainder were

Gad65/67+ interneurons (26%) (fig. S1, I and J)

derived from the ganglionic eminences, in agree-

ment with previous observations (6). Furthermore,

in the developing cortex we identified clonal col-

umns of recombined cells in the ventricular zone

(Fig. 1D), resembling the pattern of endogenous

Cux2 mRNA expression. The majority of recom-

bined cells in the ventricular zone expressed the

RGC markers Pax6 (Fig. 1E) and nestin (Fig.

1F), but not the intermediate progenitor marker

Tbr2 (Fig. 1G). Recombined cells divided at the

ventricular surface (Fig. 1, H and I), maintained

apical and basal processes, and underwent inter-

kinetic nuclear migration (Fig. 1I), all hallmarks

of ventricular zone RGCs. These results suggest

that a subset of RGCs are restricted in their lineage

potential.

To further analyze the relationship between

Cux2+RGCs and their offspring, we introduced a

Cre reporter plasmid into RGCs in Cux2-Cre

embryos by in utero electroporation. In this FLEx

(FLip-Excision) technology–based reporter plas-

mid (10), Cre recombination switches expres-

sion from tdTomato fluorescent protein to green

fluorescent protein (GFP), thereby permitting dif-

ferential fluorescent labeling of Cux2+ and Cux2–

RGCs and their offspring (Fig. 2A). Electroporation

of the reporter at embryonic day (E) 12.5 and anal-

ysis at E13.5 demonstrated that a subset of elec-

troporated RGCs had recombined the reporter

and turned on GFP (Fig. 2B), even though at this

early time point the tdTomato signal remained

because of protein perdurance. At postnatal day

(P) 10, 83% of neurons with recombined reporters

(GFP+) had settled in upper layers II to IV (Fig. 2,

C and D), whereas only 7% of the neurons with

nonrecombined reporters (tdTom+GFP–) were

located in upper layers (Fig. 2, C and D). These

results suggest that the Cux2+ progenitors consti-

tute a lineage largely fated to become upper-layer

neurons with a small contribution to lower layers,

whereas the Cux2– lineage primarily generates

lower-layer neurons.

To facilitate temporal fate mapping of the

Cux2+ lineage, we generated amouse line in which

the tamoxifen-inducible CreERT2 (11) gene is

knocked into the endogenousCux2 locus (fig. S2,

A to C). By crossingCux2-CreERT2mice with a

Cre-reporter strain and inducing recombination
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Fig. 1. Expression of Cux2 in a subset of RGCs sug-
gests multiple progenitor types. (A and B) In situ hy-
bridization shows Cux2 mRNA at P7 (A) and E14.5 (B).
Arrows indicate expression in a subset of ventricular
zone cells. (C and D) Cumulative fate mapping of the
Cux2 lineage in Cux2-Cre;Ai9 mice at P10 (C) and
E14.5 (D). Arrows indicate recombination in a subset
of ventricular zone cells. (E and F) Recombination in
Pax6+ (E) and nestin+ (F) RGCs. (G) Recombination in
Tbr2+ intermediate progenitors (arrowheads) and Tbr2–

RGCs (arrows) in the ventricular zone. (H) Recombined
mitotic cells dividing at the ventricular surface. (I) Live
imaging of a slice culture from a Cux2-Cre;Ai9 embryo
showing a recombined RGC (arrow) undergoing inter-
kinetic nuclear migration and dividing at the ventric-
ular surface (dotted line). Arrowheads, apical and basal
radial processes. LV, lateral ventricle; SVZ, subventric-
ular zone; VZ, ventricular zone. Scale bars, 100 mm [(C)
and (D)] and 10 mm [(E) to (H)].
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Fig. 2. RGCs of the Cux2 lineage are fated to generate upper-layer neu-
rons. (A) Temporal fate mapping by in utero electroporation. Upon in utero
electroporation into Cux2-Cre embryos, CbA-FLEx drives differential expres-
sion of tdTomato and enhanced GFP (eGFP) in Cux2– and Cux2+ cells, respec-
tively. (B) Electroporation of CbA-FLEx at E12.5, analysis at E13.5. Arrows
identify cells in the ventricular zone that have recombined the plasmid.
(C) Electroporation at E12.5, analysis at P10. (D) Percentage (TSEM) of
electroporated GFP+ and tdTomato+ neurons in upper versus lower layers at
P10. *P < 0.0005. (E) Temporal fate mapping by tamoxifen induction. Cux2-

CreERT2 mice allow temporary activation of CreERT2 in the Cux2+ lineage
within 6 to 24 hours after tamoxifen injection. CreERT2 activates the Ai9

reporter to allow permanent tdTomato labeling during this window, but not
before or after. (F) E10.5 induction, P10 analysis of a Nestin-CreERT2 line,
which drives recombination in Cux2+ and Cux2– RGCs. Dotted lines frame
Cux1 expression in upper layers. (G) E10.5 induction, P10 analysis of the
Cux2-CreERT2 line. (H) Percentage (TSEM) of recombined neurons in upper
versus lower layers for each driver. *P < 1 × 10–10. CP, cortical plate. Scale
bars, 100 mm.

www.sciencemag.org SCIENCE VOL 337 10 AUGUST 2012 747

REPORTS

 o
n
 A

u
g
u
s
t 
9
, 
2
0
1
2

w
w

w
.s

c
ie

n
c
e
m

a
g
.o

rg
D

o
w

n
lo

a
d
e
d
 f
ro

m
 

http://www.sciencemag.org/


with a single injection of tamoxifen (Fig. 2E), we

can label the Cux2+ lineage within a narrow ~24-

hourwindow (12, 13). Becausemost cortical cells

are RGCs at E10.5, we injected tamoxifen at this

time point to permanently label Cux2+ RGCs be-

tweenE10.5 andE11.5, but not before or afterward.

We performed the same experiments with Nestin-

CreERT2 mice (14), which express tamoxifen-

inducible Cre in all RGCs (fig. S2, D and E).

Whereas the Nestin-CreERT2 line labeled neu-

rons that contributed to all cortical layers (Fig. 2,

F and H), as well as astrocytes and oligodendro-

cytes (fig. S2, F and G), the Cux2-CreERT2 line

labeled predominantly neurons in upper layers

(Fig. 2, G andH). Thus, Cux2+RGCs are fated to

generate upper-layer neurons even at the earliest

stages of cortical neurogenesis. Cux2– RGCs are

likely the proposed bipotent neuroglial progeni-

tors (15), or are perhaps further subdivided into

lineage-restricted subtypes.

Lower-layer neurons are largely born before

upper-layer neurons, although there is some degree

of overlap in the birthdates of different neuronal

subtypes (16). Because Cux2+ upper-layer pro-

genitors and Cux2– lower-layer progenitors coexist

at the earliest stages of cortical development (fig.

S3), we reasoned that during lower-layer neuro-

genesis, Cux2+ RGCs might show a greater pro-

pensity to proliferate to expand the RGC pool,

whereas Cux2– RGCs might preferentially gen-

erate neurons. In support of this idea, the per-

centage of Cux2+ RGCs increased over time,

whereas the percentage of Cux2– RGCs decreased

(fig. S3). This suggests that the fraction of RGCs

leaving the cell cycle at early stages of cortico-

genesis is lower for Cux2+ RGCs than for Cux2–

progenitors. To test this hypothesis, we analyzed cell

cycle exit in Cux2-Cre;Ai9 mice using a bromode-

oxyuridine (BrdU) pulse to label S-phase cells at

E12.5, followed byKi67 staining at E13.5 to label

cells that remained in the cell cycle (Fig. 3A). As

expected, the fraction of Cux2+ progenitors exit-

ing the cell cycle was less than 50% that of Cux2–

progenitors (Fig. 3B).

Because environmental cues such as notch-

delta signaling control RGC self-renewal (17, 18),

we hypothesized that notch signaling may be

preferentially active in Cux2+ RGCs. However,

notch signaling was not differentially regulated in

Cux2+ versus Cux2– RGCs (fig. S4, A to D), and

activation of the pathway affected the two pop-

ulations similarly (fig. S4, E to G). Rather, the

proliferative behaviors of the two RGC subtypes

Fig. 3.Duringearlyneuro-
genesis, Cux2+progenitors
are mainly proliferative,
whereasCux2–progenitors
are neurogenic. (A) Cux2-
Cre;Ai9 embryos injected
withBrdU to label S-phase
cells at E12.5, then immu-
nostained at E13.5 for
BrdUand the proliferation
marker Ki67. High mag-
nifications of boxed areas
at right show cells that exit
(BrdU+Ki67–) or reenter
(BrdU+Ki67+) the cell cycle
within 24 hours. tdTomato
absence (dotted outline)
and presence (solid out-
line) identifies Cux2– and
Cux2+ cells, respectively. IZ,
intermediate zone. (B) Percentage (TSEM) of Cux2– versus Cux2+ progenitors that exit the cell cycle
(BrdU+Ki67–). *P < 0.01. (C) Cortical cells from E13.5 Cux2-Cre;Ai9 embryos cultured at single-cell
density for 24 hours. Pairs of two nestin+ RGCs indicate proliferative divisions; neurogenic divisions
produce one or two Tuj1+ neurons. Cux2– and Cux2+ cells were identified by absence/presence of
tdTomato (not shown). (D) Percentage (TSEM) of proliferative and neurogenic divisions in Cux2– versus
Cux2+ cell pairs. **P < 0.000001. Scale bars, 10 mm.
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at E13.5, analyzed at E18.5 for laminar position and molecular identity. (E)
Example image shown on left; example schematic representation on right. UL,

upper layers; LL, lower layers. Scale bar, 50 mm. (F) Cell position quantified by
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appear to be at least partially intrinsic, because

these differences were maintained outside their

normal niche.When cells fromE13.5Cux2-Cre;Ai9

embryos were cultured in vitro at clonal density

(Fig. 3C), the majority of Cux2+ progenitors di-

vided symmetrically to generate pairs of RGCs,

whereas Cux2– progenitors preferentially under-

went neurogenic divisions (Fig. 3D).We conclude

that at early stages of corticogenesis, Cux2+RGCs

fated to generate upper-layer neurons preferen-

tially proliferate to enlarge the precursor pool,

whereas Cux2– RGCs already generate lower-

layer neurons.

We next asked whether the generation of

distinct neuronal subtypes is an intrinsic property

of the two different progenitor types. Dissociated

cortical cells from Cux2-Cre;Ai9 embryos were

cultured until they differentiated andwere stained

with layer-specific markers (Fig. 4, A and C).

The in vivo situation was recapitulated in vitro,

with ~80% of the Cux2+ progenitors generating

neurons with upper-layer identity (Fig. 4B) and

the majority of the Cux2– progenitors produc-

ing neurons with lower-layer identity (Fig. 4D).

Thus, the neurogenic differences between the two

progenitor populations are maintained outside

their normal developmental niche, indicating an

intrinsic aspect to their divergent fate specifica-

tion. This result also suggests that birthdate may

not be causative to cell fate. To test this hypoth-

esis, we electroporated dominant-negative TCF4

into Cux2+ RGCs to force their premature cell

cycle exit (19), so that they generated neurons

at the expense of self-renewal (fig. S5). These

prematurely generated Cux2+ neurons still pref-

erentially occupied upper layers (Fig. 4, E and F)

and expressed upper-layer, but not lower-layer,

markers (Fig. 4, G to I), indicating that their fate

was not altered by the change in birthdate. Thus,

Cux2+ RGCs are intrinsically specified to gen-

erate upper-layer neurons, independent of niche

or birthdate.

Our data show that a subset ofRGCs is specified

to generate upper-layer neurons regardless of

birthdate, but these progenitors are intrinsically

programmed to generate neurons predominant-

ly later than their lower-layer counterparts. Thus,

contrary to the prevailing model (2), our study

indicates that molecular fate specification ensures

proper birth order, rather than vice versa. Our data

also suggest that the minor fraction of callosal

projection neurons found in lower layers is derived

from the same RGC pool as the major popula-

tion of callosal neurons in upper layers, demon-

strating a common lineage for these functionally

similar neurons, irrespective of cortical layer po-

sition. Although this model applies to the broad

RGC subclasses that generate intracortical versus

subcortical/subcerebral projection neurons, it re-

mains possible that the potential of Cux2+ and

Cux2– progenitors is subsequently progressively

restricted to further specify neuronal subtypes

within the two lineages.

Upper cortical layers are expanded in pri-

mates and are required for high-level associative

connectivity. Defects in their function are implicated

in the etiology of cognitive syndromes such as

schizophrenia and autism. The subventricular zone

of primates, and especially humans, is enlarged

compared with other species and contains outer

subventricular RGCs that are thought to generate

increased numbers of upper-layer cortical neurons

in the primate brain (20). Our findings suggest

that an equally important evolutionary advance

was the subdivision of labor among RGCs in the

ventricular zone to generate lower- and upper-

layer neurons.
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Bergmann Glial AMPA Receptors Are
Required for Fine Motor Coordination
Aiman S. Saab,1,2 Alexander Neumeyer,3* Hannah M. Jahn,1,2*† Alexander Cupido,1*
Antonia A. M. Šimek,4* Henk-Jan Boele,4 Anja Scheller,1,2 Karim Le Meur,1‡ Magdalena Götz,5,6

Hannah Monyer,7 Rolf Sprengel,8 Maria E. Rubio,9 Joachim W. Deitmer,3

Chris I. De Zeeuw,4,10§ Frank Kirchhoff1,2§

The impact of glial neurotransmitter receptors in vivo is still elusive. In the cerebellum, Bergmann
glial (BG) cells express a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)–type
glutamate receptors (AMPARs) composed exclusively of GluA1 and/or GluA4 subunits. With the
use of conditional gene inactivation, we found that the majority of cerebellar GluA1/A4-type
AMPARs are expressed in BG cells. In young mice, deletion of BG AMPARs resulted in retraction of
glial appendages from Purkinje cell (PC) synapses, increased amplitude and duration of evoked
PC currents, and a delayed formation of glutamatergic synapses. In adult mice, AMPAR inactivation
also caused retraction of glial processes. The physiological and structural changes were
accompanied by behavioral impairments in fine motor coordination. Thus, BG AMPARs are
essential to optimize synaptic integration and cerebellar output function throughout life.

A
stroglial cells sense synaptic activity

through various neurotransmitter recep-

tors and are considered to modulate neu-

ronal processing (1–3). In the cerebellar cortex,

ectopic release of glutamate from climbing and

parallel fiber terminals activates Ca2+-permeable

a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid (AMPA)–type glutamate receptors (AMPARs)

expressed on Bergmann glial (BG) appendages

(4) that tightly enwrap Purkinje cell (PC) synapses

(5). Conversion of BG AMPARs into Ca2+-

impermeable receptors by adenoviral-mediated

delivery of the GluA2 gene (6) caused BG pro-

cess retraction from PC synapses and altered

PC excitatory postsynaptic currents (EPSCs),

providing insight into the functional interaction

between BG and glutamatergic synapses. How-

ever, whether BG AMPAR signaling influ-

ences cerebellar function in vivo has remained

unknown.

www.sciencemag.org SCIENCE VOL 337 10 AUGUST 2012 749
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=&,$F=!'28(!I$J@EFJ!*,,$J$E+*H!1DEIJ@!K*%JEDG/!5ED!"L2@EFD!%FHJFD&G)!H$A&!%&HHG!I&D&!

$=*1&,!FG$+1!*+!$+A&DJ&,!BD$1@JK$&H,!=$%DEG%EC&!M!@EFD!*+,!"L!@EFDG!*KJ&D!CH*J$+1!JE!

$,&+J$K<!G$+1H&!%&HHG!J@*J!,$A$,&,!E+%&!JE!1&+&D*J&!%&HH!C*$DG/!4+*H<G$G!I*G!C&DKED=&,!E+!8!

BD*$+G!KDE=!L!G&C*D*J&!&SC&D$=&+JG!C&D!J$=&!CE$+J/! 

 

UH$%&!0FHJFD&!*+,!3$=&26*CG&!Z=*1$+1!

Cux2
+/cre

;Ai9
+/fl

 &=BD<EG!I&D&!,$GG&%J&,!*+,!BD*$+G!CDE%&GG&,!KED!ED1*+EJ<C$%!GH$%&!

%FHJFD&!*G!,&G%D$B&,!'29(/!3$=&2H*CG&!$=*1$+1!I*G!C&DKED=&,!FG$+1!*!L9S!HE+12IEDQ$+1!

,$GJ*+%&!EBT&%J$A&!E+!*![$QE+!4Ma!%E+KE%*H!H*G&D!=$%DEG%EC&!G<GJ&=!I$J@!*!J&=C&D*JFD&2

%E+JDEHH&,!%FHJFD&!%@*=B&D!%E+J*$+$+1!L9f!h"!*+,!:f!0h"/!4+!$=*1&!P2GJ*%Q!D*+1$+1!M9!

=!$+!"/:! =!GJ&CG!I*G!CDET&%J&,!$+JE!*!=*S$=F=!$+J&+G$J<!%E=CEG$J&/!UJ*%QG!I&D&!

%*CJFD&,!&A&D<!M:!=$+FJ&G/!Z=*1&!*+*H<G$G!I*G!C&DKED=&,!FG$+1![$QE+![ZU2XH&=&+JG!

*+,!4,EB&!7@EJEG@EC/ 

 

UJ*J$GJ$%G!

UJ*J$GJ$%*H!*+*H<G$G!I*G!C&DKED=&,!FG$+1!F+C*$D&,!@E=EG%&,*GJ$%!JIE2G*=CH&!J2J&GJ)!

&S%&CJ!KED!+EJ%@!C*J@I*<!&SC&D$=&+JG!$+!5$1/!UL/!5ED!+EJ%@!C*J@I*<!&SC&D$=&+JG)!

$+,&C&+,&+%&!EK!J@&!JIE!A*D$*BH&G)!B&$+1!&H&%JDECED*J&,!'N57
c
(!*+,!B&$+1!0FS"

c
!

'J,3E=*JE
c
()!I*G!,&J&D=$+&,!KED!&*%@!%E+GJDF%J/!X*%@!%&HH!$+!*!GJ*+,*D,$P&,!K$&H,!I*G!

%EF+J&,!*G!&$J@&D!D&,!ED!+EJ!D&,!'J,3E=*JEi(!*+,!1D&&+!ED!+EJ!1D&&+!'N57i(!JE!%*H%FH*J&!

J@&!&SC&%J&,!*+,!EBG&DA&,!CDEB*B$H$J$&G!J@*J!*!%&HH!IEFH,!B&!D&,!1$A&+!J@*J!$J!$G!1D&&+!

'j7'akN(&SCl!*+,!j7'akN(EBGl)!D&GC&%J$A&H<(/!4A&D*1&,!A*HF&G!KDE=!Y!G&C*D*J&!

&SC&D$=&+JG!KED!&*%@!EK!J@&!L!D&,>1D&&+!GJ*J&G!I&D&!$+CFJ!$+JE!"S"!%E+J$+1&+%<!J*BH&G!*+,!

5$G@&D]G!&S*%J!J&GJ!I*G!FG&,!JE!%*H%FH*J&!J@&!GJ*J$GJ$%*H!G$1+$K$%*+%&!'M2J*$H&,!C2A*HF&(!EK!

J@&!%E+J$+1&+%<!B&JI&&+!N57!&SCD&GG$E+!*+,!J,3E=*JE!&SCD&GG$E+!KED!&*%@!%E+GJDF%J/!

!
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Fig. S1. 

a&H*J&,!JE!5$1FD&!M/!'A!*+,!B(!Z+!G$JF!@<BD$,$P*J$E+!EK!0FS"=a[4!*J!XML/:!FG$+1!

*+J$G&+G&!*+,!G&+G&!CDEB&G/![EJ&!@$1@!&SCD&GG$E+!$+!J@&!=*D1$+*H!*+,!GFBA&+JD$%FH*D!

PE+&G!*+,!I&*Q&D!&SCD&GG$E+!$+!J@&!%EDJ$%*H!CH*J&!*+,!A&+JD$%FH*D!PE+&/!'C!*+,!D(!V$1@&D!

=*1+$K$%*J$E+!$=*1&G!KDE=!&S*=CH&G!$+!'4(!*+,!'-()!D&GC&%J$A&H</!'E2H(!Cux2-Cre!,D$A&G!

D&%E=B$+*J$E+!EK!=FHJ$CH&!D&CEDJ&D!H$+&G!CD$=*D$H<!$+!FCC&D!H*<&D!+&FDE+G!*J!7M9/!'E(!

Cux2-Cre!S!Z/EG!D&CEDJ&D/!a&%E=B$+&,!%&HHG!&SCD&GG!N57/!'F(!Cux2-Cre!S!

Brainbow;FLPe
4
/!a&%E=B$+&,!%&HHG!&SCD&GG!057!ED!b57)!+E+2D&%E=B$+&,!%&HHG!&SCD&GG!

J,3E=*JE/!'G(!Cux2-Cre!S!Rosa-LacZ!D&CEDJ&D/!UJ*$+&,!KED!=*DQ&DG!EK!D&%E=B$+&,!%&HHG!

' 1*H()!H*<&D!e!+&FDE+G!'0J$C"(!*+,!H*<&D!eZ!+&FDE+G!'3BDM(/!'H(!7&D%&+J*1&!EK!JEJ*H! 1*H!

CEG$J$A&!%&HHG!$+!&*%@!H*<&D)!i!UX#/!'I(!0@*D*%J&D$P*J$E+!EK!D&%E=B$+&,!%&HHG!$+!HEI&D!

H*<&DG!e2eZ!$+!Cux2-CreWRosa-LacZ!=$%&!*J!7M9/!UJ*$+&,!KED! 1*H!*+,!=*DQ&DG!EK!

%*HHEG*H!CDET&%J$E+!+&FDE+G!'U*JB"()!GFB%&D&BD*H!CDET&%J$E+!+&FDE+G!'0J$C")!U=$Y"()!

%EDJ$%EJ@*H*=$%!CDET&%J$E+!+&FDE+G!'3BDM)!5ES7"(!*+,!$+J&D+&FDE+G!'N*,.:>.`(/!'J(!

7&D%&+J*1&!EK! 1*H
c
!%&HHG!$+!H*<&D!e!ED!eZ!J@*J!&SCD&GG!&*%@!=*DQ&D)!i!UX#/!
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Fig. S2. 

a&H*J&,!JE!5$1FD&!"/!'A(!3*D1&J$+1!GJD*J&1<!KED!Cux2-CreERT2!=$%&/!U7M!*+,!U7")!

G%D&&+$+1!CD$=&DG/!'B(!70a!*+*H<G$G!EK!:]!*D=!J*D1&J$+1!FG$+1!U7M!*+,!U7"!$+!&=BD<E+$%!

GJ&=!%&HHG!'XU0(/!'C(!UEFJ@&D+!BHEJ!KED!Y]!*D=!J*D1&J$+1!$+!XU0G/!'D!*+,!E(!0D&Xa3"!

=$%&!I&D&!%DEGG&,!JE!Ai9!D&CEDJ&D!=$%&/!7D&1+*+J!K&=*H&G!I&D&!$+T&%J&,!I$J@!J*=ES$K&+!

'"!=1(!*J!XM9/:/!'D(!Nestin-CreERT2!=$%&!,D$A&!D&%E=B$+*J$E+!$+!+&*DH<!*HH!aN0G!*J!

XM"/:)!$+%HF,$+1!CDE1&+$JEDG!EK!CD&CH*J&!+&FDE+G/!Cux2-CreERT2!=$%&!D&%E=B$+&!$+!E+H<!

*!GFBG&J!EK!aN0G)!I@$%@!*D&!EKJ&+!KEF+,!$+!%HE+*H!%EHF=+G/!'E(!-<!XM./:)!D&%E=B$+&,!

%&HHG!$+!Nestin-CreERT2;Ai9!=$%&!$+%HF,&!+&*DH<!*HH!aN0G)!$+J&D=&,$*J&!CDE1&+$JEDG)!*+,!

J@&$D!+&FDE+*H!EKKGCD$+1!$+!J@&!%EDJ$%*H!CH*J&/!a&%E=B$+&,!%&HHG!$+!Cux2-CreERT2!*+$=*HG!

*D&!=EGJH<!KEF+,!$+!GC*DG&!%HE+*H!%EHF=+G!$+!J@&!A&+JD$%FH*D!*+,!GFBA&+JD$%FH*D!PE+&G)!

I$J@!A&D<!K&I!D&%E=B$+&,!+&FDE+G/!U%*H&!B*DG)!M9! =!';(!*+,!:9! =!'X(/!'F!*+,!G(!

3*=ES$K&+!$+,F%J$E+!*J!XM9/:)!*+*H<G$G!*J!7M9/!Nestin-CreERT2!=$%&!D&%&$A&,!M992KEH,!

H&GG!J*=ES$K&+!J@*+!Cux2-CreERT2!=$%&!JE!K*%$H$J*J&!A$GF*H$P*J$E+!EK!G$+1H&!%&HHG/!'F(!

a&%E=B$+*J$E+!$+!Nestin-CreERT2!BD*$+G!$G!KEF+,!$+!+&FDE+G!'*DDEIG()!*GJDE%<J&G!'GEH$,!

*DDEI@&*,G(!*+,!EH$1E,&+,DE%<J&G!'EC&+!*DDEI@&*,G()!I@&D&*G!E+H<!+&FDE+G!*D&!H*B&H&,!

$+!Cux2-CreERT2!BD*$+G/!U%*H&!B*DG)!:9! =/!'G(!V$1@&D!=*1+$K$%*J$E+!EK!J@&!A*D$EFG!%&HH!

J<C&G!H*B&H&,!$+!Nestin-CreERT2!=$%&/!U%*H&!B*DG)!M9! =/!
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Fig. S3. 

a&H*J&,!JE!5$1FD&!Y/!7*S.!$==F+EGJ*$+$+1!$+!Cux2-Cre;Ai9!&=BD<EG!*J!XM9/:)!XMY/:!*+,!

XM:/:!,&=E+GJD*J&G!J@*J!J@&!C&D%&+J*1&!EK!0FS"
c
!aN0G!$+%D&*G&G!EA&D!J$=&/!7&D%&+J*1&!

EK!7*S.
c
!%&HHG!J@*J!*D&!J,3E=*JE

c
!KED!&*%@!J$=&CE$+J!$G!$+,$%*J&,!*J!J@&!BEJJE=!EK!&*%@!G&J!

EK!$=*1&G/
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Fig. S4. 

a&H*J&,!JE!5$1FD&!Y/!'A2D(![EJ%@2*%J$A$J<!D&CEDJ&DG!*D&!+EJ!CD&K&D&+J$*HH<!*%J$A&!$+!0FS"
c
!

ED!0FS"
2
!aN0G/!Cux2-Cre;Ai9!&=BD<EG!&H&%JDECED*J&,!*J!XMY/:!I$J@\!'A(!%E+JDEH!C0ZN"!

A&%JED)!I@$%@!&SCD&GG&G!N57!FB$RF$JEFGH<!KDE=!J@&!%@$%Q&+! 2*%J$+!CDE=EJ&DW!'B(!+EJ%@!

*%J$A$J<!D&CEDJ&D!CH*G=$,!0-5aX2N57)!I@$%@!&SCD&GG&G!N57!KDE=!J@&!0-5M!D&GCE+G$A&!

&H&=&+JW!'C(!+EJ%@!*%J$A$J<!D&CEDJ&D!CH*G=$,!V&G:C2N57)!I@$%@!&SCD&GG&G!N57!KDE=!J@&!

V&G:!CDE=EJ&D/!4+*H<G$G!*J!XML/:/!U%*H&!B*DG)!M9! =/!'D(!mF*+J$K$%*J$E+!EK!J,3E=*JE!

&SCD&GG$E+!$+!&H&%JDECED*J&,!N57
c
!%&HHG)!*G!,&G%D$B&,!$+!#*J&D$*HG!*+,!#&J@E,G/!U@EI+!

KED!&*%@!%E+GJDF%J!*D&!J@&!&SC&%J&,!*+,!EBG&DA&,!CDEB*B$H$J$&G!J@*J!*!%&HH!IEFH,!B&!D&,!

1$A&+!J@*J!$J!$G!1D&&+!'j7'akN(&SCl!*+,!j7'akN(EBGl)!D&GC&%J$A&H<()!i!UX#)!*+,!J@&!M2

J*$H&,!C2A*HF&!'B<!5$G@&D]G!&S*%J!J&GJ(!EK!J@&!%E+J$+1&+%<!B&JI&&+!&SCD&GG$E+!EK!N57!*+,!

J,3E=*JE/!'E2G(!hA&D&SCD&GG$E+!EK!%E+GJ$JFJ$A&H<!*%J$A&!+EJ%@!=*$+J*$+G!J@&!aN0!GJ*J&)!

BFJ!,E&G!+EJ!*HJ&D!GFBJ<C&!$,&+J$J</!Cux2-Cre;Ai9!&=BD<EG!&H&%JDECED*J&,!*J!XMY/:)!

*+*H<P&,!*J!XM`/:/!'E(!a&CD&G&+J*J$A&!$=*1&G!EK!&H&%JDECED*J$E+G!I$J@!%E+JDEH!C0ZN"!ED!

042+EJ%@2$N57)!$HHFGJD*J$+1!J@*J!042+EJ%@!CD&A&+JG!+&FDE1&+&G$G!*+,!=*$+J*$+G!%&HHG!$+!

J@&!aN0!GJ*J&/!U%*H&!B*D!:9! =/!'F(!a&CD&G&+J*J$A&!$=*1&G!EK!042+EJ%@2$N57!

&H&%JDECED*J$E+G!,&=E+GJD*J$+1!BEJ@!0FS"
c
!*+,!0FS"

2
!aN0G!*=E+1GJ!J@&!&H&%JDECED*J&,!

%&HHG)!$+,$%*J$+1!J@*J!042+EJ%@!,$,!+EJ!*HJ&D!aN0!GFBJ<C&!K*J&/!U%*H&!B*D!M9! =/!'G(!

mF*+J$K$%*J$E+!EK!J,3E=*JE!&SCD&GG$E+!$+!042+EJ%@2$N57!%&HHG)!*G!$+!';(/!
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Fig. S5. 

a&H*J&,!JE!5$1FD&!L/!'A2E(!Z+J&DK&D$+1!I$J@! 2%*J&+$+!G$1+*H$+1!KED%&G!CD&=*JFD&!

,$KK&D&+J$*J$E+!EK!0FS"
c
!aN0G!$+!A$AE/!Cux2-Cre;Ai9!&=BD<EG!I&D&!&H&%JDECED*J&,!$+!

FJ&DE!*J!XMY/:!I$J@!%E+JDEH!ZaXU2N57!ED!,E=$+*+J2+&1*J$A&!305L2ZaXU2N57!JE!BHE%Q!

2%*J&+$+!G$1+*H$+1/!'A(!4J!XML/:)!%E+JDEH!%&HHG!*D&!HE%*J&,!$+!J@&!A&+JD$%FH*D)!

GFBA&+JD$%FH*D!*+,!$+J&D=&,$*J&!PE+&G)!I@&D&*G!=EGJ!%&HHG!&SCD&GG$+1!;[2305L!@*A&!H&KJ!

J@&!A&+JD$%FH*D!*+,!GFBA&+JD$%FH*D!PE+&G!*+,!*D&!*HD&*,<!KEF+,!&+J&D$+1!J@&!%EDJ$%*H!CH*J&/!

'B(!5&I&D!;[2305L!&SCD&GG$+1!%&HHG!*D&!$+!J@&!7*S.
c
!A&+JD$%FH*D!PE+&)!%E=C*D&,!JE!

%E+JDEHG/!'C!*+,!D(!#ED&!;[2305L!&SCD&GG$+1!%&HHG!*D&!$+!J@&!3FTM
c
!GFBA&+JD$%FH*D!*+,!

$+J&D=&,$*J&!PE+&G!'0(!*+,!%EDJ$%*H!CH*J&!';()!%E=C*D&,!JE!%E+JDEHG/!U%*H&!B*DG)!":! =/!

'E(!mF*+J$K$%*J$E+!EK!7*S.!*+,!3FTM!&SCD&GG$E+!$+!J@&!&H&%JDECED*J&,!0FS"
c
!'N57

c
)!

J,3E=*JE
c
(!CECFH*J$E+/!n)!P!o!9/9Y/!

!
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