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Sox9 Reserves Progenitors for
Making Upper-Layer Neurons

Jaime Fabra-Beser, Jessica Alves
Medeiros de Araujo, Diego Marques-
Coelho, Loyal A. Goff, Marcos R.
Costa, et al.

(see pages 6969–6986)

Cortical excitatory neurons are generated
by radial glial progenitor cells (RGCs) that
divide in the ventricular zone; in mice they
are generated between embryonic day 11
(E11) and E17. Newborn neurons migrate
away from the ventricles to form the corti-
cal layers sequentially, starting with layer
VI. Because neurons in different cortical
layers are morphologically and functionally
distinct, RGCs must produce different types
of neurons over time; how they achieve this
remains incompletely understood. In par-
ticular, the extent to which RGCs pro-
grammed to generate upper-layer neurons
are present during earlier stages of cortico-
genesis has been a matter of controversy.
But Fabra-Beser et al. provide evidence that
RGCs destined to make upper-layer neu-
rons are present in the ventricular zone as
early as E12.5.

Using in utero electroporation to intro-
duce fluorescent proteins under the control
of different promoters, Fabra-Beser et al.
found that many RGCs labeled on E12.5
generated progeny that populated the ven-
tricular, subventricular, and intermediate
zones of the developing cortex 24 h later;
the neural progeny eventually populated
the lower cortical layers. In contrast, RGCs
in which the Hes5 promoter was active on
E12.5 produced few progeny that exited the
ventricular layer by the next day; the prog-
eny of these cells ultimately populated
upper cortical layers.

Single-cell RNA sequencing analysis
suggested that the majority of RGCs elec-
troporated on E12.5 generated postmitotic
neurons within 16 h, but those in which the
Hes5 promoter was active remained as
RGCs. In addition, the analysis identified
11 genes that were expressed at higher levels
in Hes51 cells than in Hes5– cells. One of
these genes, Sox9, encodes a transcription
factor previously shown to be involved in
stem cell maintenance and suppression of

differentiation. Importantly, overexpressing
Sox9 in E12.5 RGCs reduced the number of
actively dividing cells, increased the number
of these cells remaining in the ventricular
zone the next day, and ultimately increased
the number of upper-layer neurons pro-
duced. Knocking down Sox9 had the oppo-
site effects.

These results suggest that high levels
of Sox9 expression maintain RGCs in a
quiescent state at E12.5, likely holding
them in reserve to generate upper-layer
cortical neurons in subsequent days.

Carboxypeptidase E Promotes
Membrane Insertion of TrkB
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Brain-derived neurotrophic factor (BDNF)
acts throughout the nervous system to pro-
mote generation, maturation, synaptic plas-
ticity, and survival of neurons. Although
most neurons can respond to BDNF, its
actions are circumscribed by regulated
expression of its receptor, TrkB. TrkB is
typically sequestered within neurons, but
the receptors are rapidly inserted into the
plasma membrane in response to specific
triggers, including neural activity. Activity-
induced insertion of TrkB depends on cal-
cium-dependent activation of adenylyl cy-
clase, which increases cAMP levels, leading

to activation of protein kinase A (PKA) and
phosphoinositide 3-kinase (PI3K; Andreska
et al., 2020, Cell Tissue Res 382:5). These ki-
nases may promote membrane insertion of
TrkB in part by acting on specific intracel-
lular trafficking proteins, such as carboxy-
peptidase E (CPE).

CPE was originally identified as an
enzyme involved in converting hormones
from the immature pro-form to mature
forms, but it is also involved in sorting and
trafficking of secretory vesicles. Li, Teng,
Zhao, et al. found that CPE and TrkB
interact in transfected HEK293 cells and
colocalize in puncta—including transport
vesicles—throughout cultured hippocampal
neurons. Importantly, chemically induced
long-term potentiation (cLTP) significantly
increased colocalization of CPE and TrkB
near the plasma membrane, and knocking
down CPE attenuated the increase in surface
TrkB levels that normally occurred after
cLTP.

Mutation analysis identified a 5 aa
sequence in the C terminus of CPE that
interacts with a segment (called Box2) of
the TrkB juxtamembrane domain. Deleting
Box2 prevented cLTP-induced membrane
insertion of TrkB, whereas adding Box2 to
a TrkB isoform that normally is unrespon-
sive to cLTP conferred such responsiveness.
Furthermore, an interfering peptide tar-
geting the TrkB-binding domain of CPE
(TAT-CPE452-466) reduced cLTP-induced
increases in TrkB surface expression, spine
density, and spine width. TAT-CPE452-466

also reduced BDNF-induced activation of
TrkB and downstream kinases. Finally,
infusing TAT-CPE452-466 into mouse
hippocampus in vivo impaired acquisi-
tion and consolidation of conditioned
fear memory and prevented condition-
ing-induced increases in CPE–TrkB inter-
action and TrkB phosphorylation.

These results indicate that CPE interacts
with TrkB within cells and promotes its
insertion into the plasma membrane during
cLTP. This effect might be mediated in part
by activity-induced increases in CPE–TrkB
binding. Future work should investigate this
and other potential mechanisms by which
activity promotes CPE-mediated TrkB
insertion.
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Most RGCs electroporated on E12.5 generate lower-layer
(LL) neurons (left), but overexpression of Sox9 in RGCs pro-
motes generation of upper-layer (UL) neurons (right). See
Fabra-Beser et al. for details.
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