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Abstract

During nervous system development, the interplay between cell cycle regulation and neurogenesis is fundamental to
achieving the correct timing for neuronal differentiation. However, the molecules regulating this transition are poorly
understood. Among these, the cell-cycle regulatory cyclins and their cyclin-dependent kinases (CDKs) play a pivotal
role. In the present work we uncover an unknown function of cyclin D1 (CCND1) during cortex development which is
independent of cell cycle regulation and that relies on its cytoplasmic localization and membrane association. We show
that CCND1 is localized in the cytoplasm of the radial glial process (RGP) of neuron progenitors in different regions of
the developing brain, including the pallium. Cytoplasmic CCNDI is enriched at the distal tip of the RGP, adjacent to the
meningeal basement membrane, and overlaps with B1l-integrin at the plasma membrane. Ccndl knock-out embryos show
an abnormal cortical layering in which the distribution of TBR2+and CTIP2+cells are affected without displaying pro-
liferation defects. This is consistent with a cytoplasmic function of CCND1 as overexpression by in utero electroporation
of a dominant negative CCNDI, unable to activate CDKs, and targeted to the cytoplasmic membranes, reproduces some
of these TBR2 and CTIP2 defects. Finally, we provide evidence that cytoplasmic CCNDI1 affects neuron morphology
and that it is required for the proper detachment of the RGP from the meningeal basement membrane by a mechanism
involving the phosphorylation of the integrin effector protein paxillin. Hence, we propose that CCNDI has an important
cytoplasmic function for cortical development independently of cell cycle regulation.
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Significant Statement A key developmental step during nervous
system formation is the transition from proliferating progenitors to
postmitotic neurons. However, the molecular mechanisms regulating
this process are not fully understood. Cyclin D1 (CCND1) is a
canonical regulator of cell cycle in the cell nucleus. Surprisingly, we
show that CCNDI is also located in the radial glial process of neuron
progenitors and associated to the plasma membrane in different regions
of the developing mouse brain. We uncover a novel function for this
cytoplasmic CCND1 and show that it is required for proper cortical
layering, independent of cell cycle regulation. Mechanistically, we
provide evidence that this function is mediated by the integrin effector
paxillin. We propose therefore that cytoplasmic CCNDI is important
for cortex development independent of cell cycle regulation.
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Introduction

Projection neurons within the cerebral cortex are organized
in a six-layered structure, each one with specific molecular
identities and functions. During development, these neu-
rons differentiate from proliferative progenitor cells in the
ventricular zone (VZ, apical progenitors) or in the subven-
tricular zone (SVZ, basal progenitors). Cell cycle regulation
plays an important role during neuron differentiation. Sym-
metric divisions give rise to two daughter cells that maintain
the progenitor status whereas in asymmetric, neurogenic
divisions, one of the daughter cells exits the cell cycle
and differentiates into a postmitotic neuron which finally
migrates towards the cortical plate (CP) and populates a
specific cortical layer [7]. Proliferative versus neurogenic
divisions are determined by the duration of the G1 phase
of the cell cycle so that the lengthening of the G1 phase
stimulates neurogenesis by promoting neurogenic divisions
[28, 38, 50]. However, the exact mechanisms that control
the balance between cell renewal and lineage commitment
are still poorly understood.

D-type cyclins (CDND1-3) control cell cycle length by
acting as regulatory subunits of cyclin-dependent kinases
(CDKs) 4 and 6. CCND/CDK complexes inhibit the pRB
repressor by phosphorylation, releasing the E2F transcrip-
tion factor and promoting the expression of genes neces-
sary for cell cycle entry [45]. Overexpression of CCND1/
CDK4 promotes G1 shortening, expansion of neural pro-
genitors and a delay of neurogenesis [1, 26], and alterations
in CCNDI1 levels in neural progenitors have been related to
cortical defects in Down syndrome [35]. These results are
in contrast with observations in Ccndl knock-out animals
which do not display proliferation defects in the neocortex
[16], and just mild defects in the cerebellum that lead to
a reduction of cerebellar size [40]. Nevertheless, deficient
Ccndl mice show symptoms of neurological impairment as
indicated by an abnormal hindlimb clasping reflex, although
the underlying causes have not yet been established [46]. In
addition, genetic variants of the CCNDZ2 gene in humans
that produce a gain-of-function protein have been associ-
ated to polymicrogyria and megalencephaly [21, 32] while
loss-of-function variants have been linked to microcephaly
in humans [39] and in mice [16, 22].

Non-canonical functions of CCNDs/CDKs have been
reported [23]. CCND1/CDKs can directly regulate the
activity of transcription factors such as ATOH1 or HES6
and control neuronal commitment in a cell-cycle inde-
pendent manner [29, 33]. Interestingly, CCND1 has also
been reported to be associated to the plasma membrane
and regulate cytoplasmic targets such as Pl-integrin and
its downstream effector paxillin and affects cell migration
and cell-matrix adhesion [9, 12]. Cytoplasmic-associated
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CCNDI activity is also relevant for neural communication
as it regulates gamma-aminobutyric acid (GABA) signaling
in rat hippocampal neurons [37].

In the present work, we demonstrate that CCNDI1 is
expressed in the cytoplasm of radial glial cells in the devel-
oping cortex overlapping with bl-integrin at the plasma
membrane of the tip of the radial glial process (RGP). Ccnd1
knock-out animals display an abnormal cortical layering
of TBR2+and CTIP2+neurons, but this phenotype is not
accompanied by proliferation effects. Instead, some aspects
of these cortical layering defects are reproduced when a
cytoplasmic dominant negative CCND1 is overexpressed
by in utero electroporation, suggesting a function for cyto-
plasmic CCNDI in cortical layering. Mechanistically, we
suggest that this cytoplasmic CCND1 affects neuron mor-
phology both in vivo and in vitro, and that it is important for
the proper detachment of the RGP from the meningeal base-
ment membrane through the phosphorylation of the integrin
signaling complex effector, paxillin. Therefore, we propose
that CCND1 has an important cytoplasmic function in cor-
tex development that is separate from its role in regulating
the cell cycle.

Materials and methods
Mice

Animal care followed the Guidelines of the University of
Lleida for Animal Experimentation in accordance with
Catalan, Spanish, and European Union regulations (Decret
214/1997, Real Decreto 53/2013, and Directive 63/2010).
Animals were housed in the animal care facility of the Uni-
versity of Lleida with 12:12 h light/dark cycle and food/
water available ad libitum. Ccndl knock-out mice [46] were
obtained from Charles-River and backcrossed to C57/bl6
background. For embryo dissection, the day on which the
vaginal plug was found was considered as embryonic (E)
day 0.5 and the date of birth was considered as postnatal
(P) day 0. PCR genotyping was done by tail biopsy using
the following primers: common primer CTGTCGGCGCA
GTAGCAGAGAGCTACAGAC, Ccndl wild-type allele
specific primer CGCACAGGTCTCCTCCGTCTTGAGCA
TGGC and a Cendl knock-out specific primer CTAGTGA
GACGTGCTACTTCCATTTGTCACG. The expected band
sizes are 249 bp for the WT allele and 394 bp for the Ccnd1
knock-out allele.

Expression vectors

One copy of His tag or three copies of the HA epitope were
added at 5’ end of the human CCND! or mouse Cdk4 open
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reading frames (ORF). CCNDIX or Cdk4“**X constructs
are fusions of the 3’ end of the K-Ras ORF containing the
CAAX motif (GGC TGT GTG AAA ATT AAAAAA TGC
ATT ATA ATG TAA) at the 3’ end of the CCND/ or Cdk4
ORFs (Fusté et al., 2016b). Standard PCR-mediated site-
directed mutagenesis was used to obtain the K112E mutant
of CCND1 [9]. Mouse wild-type and non-phosphorylatable
paxillin were previously described [12]. Constructs were
subcloned into the expression vectors pcDNA3 or pCAGIC
(Addgene, 11159). pcDNA3 was used for neuron transfec-
tion in vitro and was co-transfected with pEGFP-N1 plasmid
(Clontech) to assess neuron morphology. pCAGIG contains
an internal ribosome entry site (IRES) and the EGFP gene
for tracking electroporated cells in the in utero electropora-
tion experiments (IUE).

Intraventricular injection and in utero
electroporation

E13.5-E15.5 pregnant CD1 wild-type mice were deeply
anesthetized with isoflurane (IsoFlo, Zoetis) during the
entire operation procedure. To relax uterus muscles, 2
agonist Ritodrine (Sigma R0758) was administered intra-
peritoneally, and buprenorphine (Buprex, 100 mg/ml) sub-
cutaneously as an analgesic. A 2 cm laparotomy section was
made in the abdomen, and the uterine horns were carefully
exposed and lubricated with NaCl 0.9% at 37° C. Two to
4 ul of purified plasmid DNA dissolved in PBS (1 pg/ul)
containing 0.025% of Fast Green (Sigma-Aldrich) was
injected in the lateral ventricles of each embryo using a
glass capillary (World Precision Instruments) sharpened
previously by Puller P-97 (Sutter Instrument). Platinum
electrodes (CUY701P20L, Nepagene) were placed across
the head with the positive pole adjacent to the pallium, to
enhance the permeability of the cell membrane and allow
the entrance of DNA. Five 30 mV electric pulses of 50 ms
with intervals of 950 ms were charged by an electroporator
(ECMS830, BTX). Uterine horns were placed back into the
abdominal cavity and abdomen wall and skin were surgi-
cally sutured. During the whole operation embryos were
manipulated with ring forceps (Fine Science Tools). Embry-
onic brains were dissected, as indicated, at different time-
points after electroporation and fixed directly in ice cold
4% paraformaldehyde (PFA) solution in PBS overnight.
Postnatal brains were obtained after intracardiac perfusion
with ice-cold PBS and ice-cold 4% PFA-PBS and post-fixed
overnight in ice-cold 4% PFA-PBS.

EdU labeling

E14.5 pregnant mice were injected intraperitoneally with
100 pg/g body weight of EAU (ThermoFisher, C10337)

using a stock solution of 10 mg/ml in PBS. Pregnant mice
were sacrificed 1 h later and the embryonic brains were pro-
cessed for cryosectioning (see below) and reacted with the
fluorescent dye through click chemistry according to manu-
facturer instructions. Sections were washed with PBS and
permeabilized and blocked with 5% goat serum in 0.1%
Triton X-100 in PBS for 1 h at room temperature. Subse-
quently, the slides were incubated during 30 min with Click-
iT reaction cocktail (ThermoFisher, C10337) protected from
light. After washing, DAPI was added to sections during 2 h
at room temperature for nuclei staining.

Cortical neuron culture and neurite analysis

Primary culture of cortical neurons from E15.5 Ccndl
knock-out, control littermates or wild-type embryos were
prepared as previously described [37]. To identify the dif-
ferent genotypes, a PCR reaction was set-up during the dis-
section procedure using a tail biopsy as indicated above.
Primary cortical neurons were electroporated using Ingenio
electroporation solution (Mirus) following the manufactur-
er’s recommendations and the proportion 2 pug DNA:2*10°
cells. The media was changed 2 h after transfection and cells
were fixed at 1-4 days in vitro (DIV). For Ccndl down-
regulation, scrambled shRNA (SHCO002, Sigma) or Ccndl
shRNA (TRCN0000026883, Sigma) were co-transfected
with EGFP-N1 in a proportion 2:1, by in-tube transfec-
tion as described previously [19] with Lipofectamine 2000
(ThermoFisher). For neurite analysis, cortical neurons were
fixed using 4% PFA and 4% sucrose in PBS for 15 min at
room temperature and then washed with PBS. Neurons were
permeabilized for 5 min with 0.1% Triton X-100 in PBS and
blocked with 3% BSA in PBS. Primary antibodies o-GFP
(ThermoFisher, A11120), a-cleaved caspase-3 (Cell Signal-
ing, 9661) or a-HA (Sigma, 3F10) were diluted 1:200 in
0.3% BSA-PBS. Proteins were detected by incubation with
fluorescent-labelled secondary antibodies (ThermoFisher).
Hoechst (Sigma) was used to label the nuclei. Immuno-
fluorescence images were obtained with an Olympus 1X71
microscope and quantification of neurite length was per-
formed using NeuronJ of ImageJ. All the analysis were done
blind to the experimental condition.

Lentiviral production and MEF infection

For lentivirus production, HEK293T cells were trans-
fected with lentiviral expression vectors, envelope plas-
mid pVSV.G, and packaging plasmid pHR’82AR at a
ratio of 2:1:1. For RNA interference, the Ccndl MISSION
shRNA TRCN0000026883 and the control SHC002 cloned
in a pLKO.l-puro were obtained from Sigma-Aldrich.
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MEFs (mouse embryonic fibroblasts) were infected and
selected with Puromycin.E

Tissue immunofluorescence and antibodies

Embryonic and postnatal brain tissue were processed, cryo-
sectioned and immunostained as previously described [10].
Antibodies used were: goat a-GFP (Abcam, ab6673; 1:300),
rabbit a-CCND1 (Dako, M3642; 1:300), rabbit a-TBR2
(Abcam, ab23345; 1:300), rat o-phospho-histoneH3
(PH3) (Sigma-Aldrich, H9908; 1:100), rabbit a-SOX2
(Abcam, ab97959; 1:300), rat a-CTIP2 (Abcam, ab18465;
1:300), mouse a-nestin (Abcam, ab6142; 1:100), mouse
a-BIlI-tubulin (Sigma-Aldrich, T8578), rabbit o-TBRI
(Abcam, ab31940), rabbit a-CUX1 (Santa Cruz Biotech-
nology, sc-13024), rat a-fl-integrin (Chemicon Millipore,
MAB1997). Fluorescent-labelled secondary antibodies
were from Jackson ImmunoResearch and were used at
1:300. Images of the staining for further quantification were
taken in medial regions around the somatosensory area of
the pallium or cortex. RGP length was measured by track-
ing the process using NeuronJ, a plugin for ImageJ, from the
soma of the radial glial cell to the tip of the process. The dif-
ferent embryonic regions of the pallium, including the VZ,
SVZ, 1Z and the CP, were defined according to differences
in nuclear morphology and cell density by DAPI staining.

Immunoblotting

Ccndl knock-out protein was extracted from embryo
hands in 0.83 M Urea, 0.105 M Tris—HCI pH6.8 and 1.7%
SDS, with glass beads in a bead beater homogenizer. To
extract protein from rat hippocampal slices, 3-5 slices
were collected in 80 ml 1 x SR buffer and homogenized
2x 10 s with a pellet mixer (VWR®Radnor). Protein con-
centration was determined by Bradford (BIO-RAD) and
finally resuspended in 1x Laemli buffer with 1% b-mercap-
toethanol. After 5 min boiling, samples were resolved by
SDS-PAGE, transferred to PVDF membranes (Millipore),
and incubated with primary antibodies: a-CCND1 (mono-
clonal DCS-6, BD biosciences, 556470; 1:500), a-CCND1
(polyclonal antibody ABES52, Millipore, 1:1000), a-actin
(monoclonal C4, Millipore), a-paxillin (PXN) (mono-
clonal, BD transduction, 610051, 1:1000), a-pS83 PXN
(polyclonal, ECM Biosciences, PP1341, 1:500), a-pS178
PXN (polyclonal, Calbiochem, ST1069, 1:500). Appropri-
ate peroxidase-linked secondary antibodies (GE Health-
care UK Ltd) were detected using the chemiluminescent
HRP substrate Immobilon Western (Millipore). Chemilu-
minescence was recorded with a ChemiDoc-MP imaging
system (BioRad).
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RNA isolation and real-time quantitative PCR

RNA from cultured cortical neurons collected at different
DIV was isolated with RNeasy mini kit (Qiagen), treated
with DNAsel (Sigma) and retrotranscribed with SuperScript
Reverse Transcriptase (Thermofisher). The obtained cDNA
samples were analyzed by Real-time quantitative PCR in a
reaction containing 25 ng of cDNA, 1xSYBR Green mas-
ter mix (Applied Biosystems™ SYBR™, Thermofisher)
together with forward and reverse primers (150 nM) for
Cendl (forward 5°-GCGTACCCTGACACCAATCTC-3’
and reverse 5’-CTCCTCTTCGCACTTCTGCTC-3’) or
Gapdh as a housekeeping control (forward 5’-AGGTCGGT
GTGAACGGATTTG-3’and reverse 5’-TGTAGACCATGT
AGTTGAGGTCA-3’). qPCR was performed in the C1000
Thermal Cycler CFX96 Real-Time System (Bio-Rad Labo-
ratories) with the following conditions: initial denaturation
at 95°C for 2 min; 40 cycles at 95°C for 15 s, 65°C for 1 min.

Statistical analysis

To evaluate two experimental groups, two-tailed unpaired
Student’s T test (~Student) was performed. For multiple
comparison, one-way ANOVA with a Tukey post-hoc anal-
ysis or two-way ANOVA with Sidak’s post-hoc analysis
was performed. Microsoft Excel and GraphPad Prism v5.0
were used for statistical analysis and graphical representa-
tion. The p value in each experiment is indicated, and sig-
nificance was considered when p<0.05 (*), p<0.01 (*¥*) or
p<0.001 (***). Error bars were calculated using the stan-
dard error of the mean (SEM).

Results

Expression pattern of CCND1 in the developing
brain

To understand the function of CCND1 during nervous sys-
tem development we studied its expression in the brain by
immunofluorescence with specific antibodies. As expected,
we observed a typical nuclear localization of CCNDI1 in
proliferative regions (VZ and SVZ) alongside the ventricle
of embryonic brains, including the pallium, subpallium and
thalamus (Fig. 1A). Interestingly, in the E14.5 pallium we
noticed that CCNDI1 displayed a graded expression, from
ventro/lateral-high to dorso/medial-low (Fig. 1A, D), that
was already visible at E12.5 (Supplementary Fig. 1A)) and
that contrasted with the homogenous expression of other
proliferation markers such as SOX2 or anti-phospho his-
toneH3 (PH3) (Fig. 1B, C, E, F) [3]. Surprisingly, CCND1
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Fig. 1 Expression analysis of CCND1 during
brain development reveals a cytoplasmic local-
ization of the protein in the RGPs. A-C) Images
of cryosections of wild-type embryonic brains
at E14.5 (only one half of the brain is shown)
stained by immunofluorescence with antibod-
ies against CCND1 (A), PH3 (B) or SOX2

(C). Dashed squares in A indicate the position
of panels G-1. D-F) Magnified images of the
pallium shown in A-C, stained by immunofluo-
rescence with antibodies against CCND1 (D),
PH3 (E) or SOX2 (F). G-I) Magnified images of
the regions shown in A of the pallial-subpallial
boundary (G), subpallium (H) or thalamus (I)
stained by immunofluorescence with antibod-
ies against CCNDI1. Asterisks indicate the
nuclear staining in the progenitor cell niche.
Arrowheads point to the fiber-like staining. J-L)
Images of anti-CCND1 immunofluorescence of
the pallial-subpallial boundary (J), subpallium
(K) or thalamus (L) on Cend! knock-out brain
sections, at E14.5. M-R) Images of the thalamus
of wild-type embryonic brains at E14.5 stained
by immunofluorescence with antibodies against
CCNDI (M,P), BIII tubulin (BIIITUB, N), or
nestin (Q) and their corresponding merges (O,
CCND1 in green; BIII tubulin in red; R, CCND1
in green;nestin in red). The progenitor cell niche
is at the bottom of the images. Arrowheads in

R point to the co-staining CCND1/nestin at the
distal part of RGPs (in yellow). S-V) Images

of the distal end of RGP in the subpallium of
wild-type embryonic brains at E14.5, stained by
immunofluorescence with antibodies against f1-
integrin (S) and CCND1 (T) and the merge (U,
CCNDI1 in green; B1-integrin in red). Dashed
square in U indicate the position of panel V.

V) Magnified image of the region shown in U.
Arrows indicate partial overlap of CCND1 and
B1-integrin staining (in yellow) at the tip of the
RGP. Scale bars: 300 p m (A), 100 B m (J), 50 B
m (M,S). Abbreviations: pl, pallium; spl, subpal-
lium; th, thalamus; v, ventricle

staining revealed fiber-like structures in the pallium, thala-
mus and subpallium indicating a cytoplasmic localization
of the protein (Fig. 1A, G, H, I). Nuclear and cytoplasmic
CCNDI1 stainings were specific since both disappeared
when Ccndl knock-out tissue was used (Fig. 1J-L). Fiber-
like CCND1 localization co-stained with Nestin but not
with BIIl-tubulin, indicating the presence of cytoplasmic
CCNDI1 specifically in progenitor cells (Fig. IM-R and
data not shown). A closer look at this staining showed that
CCND1 localization at the RGP was enriched at the distal,
basal end, forming a button-like structure adjacent to the
meningeal basement membrane which overlaps partially

with the adhesion protein f1-integrin at the plasma mem-
brane (Fig. 1M, P, S-V). In summary, we have described
three specific and distinct CCND1 localizations in the mouse
developing brain: i) nuclear, in the VZ/SVZ, with a graded
pattern from ventro/lateral-high to dorso/medial-low; ii)
cytoplasmic at RGPs and iii) at the tip of basal end of the
RGP forming a cytoplasmic button-like structure, overlap-
ping with bl-integrin at the plasma membrane, adjacent to
the meningeal basement membrane. Association of CCND1
with the plasma membrane was previously reported in non-
neuronal cells such as keratinocytes, fibroblasts and cancer
cells [9, 12, 13, 53].

@ Springer
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Ccnd1 knock-out embryos display normal
proliferation but abnormal distribution of
TBR2 + and CTIP2 + cells in the developing cortex

We addressed the in vivo relevance of CCND1 during brain
development by studying Ccndl knock-out embryos. Given
the role of CCND1 in the control of cell cycle, we first
assessed proliferation defects in the developing cortex using
EdU incorporation or PH3 antibodies. Surprisingly, the
distribution and the density of EdU+or PH3 +cells in the
pallium from Ccndl knock-out embryos was not affected,
indicating that CCND1 is dispensable for proliferation of
cortical progenitors (Fig. 2A-F and Supplementary Fig. 1B,
C). Next, we studied the structure of the embryonic pallium
and postnatal cortex of these animals with several markers
including TBR2, which labels intermediate progenitor cells
inthe SVZ during development, or CUX1, CTIP2 and TBR1,
which label different layers of the mature cortex. At embry-
onic stages 16.5 and 18.5 (E16.5 and E18.5), we found that
Ccndl knock-outs exhibited TBR2 +cells scattered in upper
cortical positions, outside of the SVZ (Fig. 2G-L), without
changing the total amount of TBR2+cells (Supplementary
Fig. 1D). Likewise, at postnatal stage 8 (P8), we observed
that some CTIP2+neurons, which in control animals are
restricted to cortical layer V, were ectopically located in
upper and deeper positions (Fig. 2M-0O). However, the dis-
tribution of CUX1 (upper-layers II-1II) and TBR1 (inner
layer VI) was unaltered (Supplementary Fig. 1E-J). Alto-
gether, these results indicate that CCND1 is required for
proper cortical layering, mainly affecting layer V neurons,
independently of its role on cell proliferation, and therefore
suggest a different mechanism of action of CCND1 during
brain development.

Neurons expressing a cytoplasmic dominant
negative CCND1 (CCND1“AAXK112E) raproduce some of
the layering defects observed in the Ccnd1 knock-
out embryos

We and others have reported additional functions of CCND1
besides cell cycle control, including the regulation of cyto-
plasmic targets [12, 23, 53]. Since CCNDI1 in the RGC
process was observed adjacent to the plasma membrane,
overlapping with b1-integrin, we investigated if in this local-
ization CCND1 had a specific role during cortex develop-
ment. For that we constructed a version of the protein with
a preferred localization in cytoplasmic membranes. This
was achieved by adding the CAAX box of KRas, includ-
ing a polybasic domain adjacent to the CAAX motif, to the
C-terminus of CCND1 (CCND1%4AX) that allows its pre-
nylation and tethering mainly to the plasma membrane [14,
20]. We have previously validated this mutant and observed
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Fig. 2 Ccndl knock-out animals display cortical layering abnormali- }
ties but not proliferation defects. A and B) Representative images of
EDU fluorescent staining on cortical sections from wild-type (WT) or
Ccndl knock-out embryos (E14.5), obtained from pregnant females
injected for 1 h with EDU. The 10 bin division of the cortical wall
used for quantification is indicated on the right and the SVZ on the
left. C) Quantification of the percentage of EDU +cells in each bin
along the cortical wall of the sections shown in A,B (black bars, WT;
white bars, Ccndl knock-out). Values are expressed as mean+=SEM
(n=3 embryos;>3 sections/embryo; > 100 cells/section). No statistical
differences were observed (two-way ANOVA). D) Comparison of the
density of EDU +cells in cortical sections (E14.5) from wild-type (WT,
black bar) or Ccndl knock-out embryos (KO, white bar). Values are
expressed as mean+SEM (n=3 embryos;>3 sections/embryo;>100
cells/section). No statistical differences were observed (¢-Student). E)
Quantification of the percentage of PH3 +cells in each bin along the
cortical wall of the sections stained with anti-PH3 antibodies (black
bars, WT; white bars, Ccndl knock-out). Values are expressed as
mean+SEM (n=3 embryos;>6 sections/embryo;>20 cells/section).
No statistical differences were observed (two-way ANOVA). F) Com-
parison of the density of PH3+cells in cortical sections (E14.5) from
wild-type (WT, black bar) or Ccnd! knock-out embryos (KO, white
bar). Values are expressed as mean+ SEM (n=3 embryos;> 6 sections/
embryo;>20 cells/section). No statistical differences were observed
(¢-Student). G-J) Representative images of cortical sections from wild-
type (WT) or Cendl knock-out embryos at E16.5 (G,H) or E18.5 (L,J)
stained with TBR2 antibodies. The 10 bin division of the cortical wall
used for quantification is indicated on the right and the SVZ on the
left. Arrowheads in H and J point to TBR2+cells outside the SVZ.
Asterisk in H indicates non-specific signal from the staining. K, L)
Quantification of the percentage of TBR2 +cells in each bin along the
cortical wall of sections stained in G-J, as indicated (black bars, WT;,
white bars, Ccndl knock-out). Values are expressed as mean+=SEM
(n=4 embryos;>5 sections/embryo;>30 cells/slide). Significance was
determined by two-way ANOVA and Sidak’s multiple comparison
(*p<0.05;**p<0.01). M and N) Representative images of cortical
sections from wild-type (WT) or Ccnd! knock-out postnatal brains
(P8), stained with anti-CTIP2 antibodies. The 10 bin division of the
cortical wall used for quantification is indicated on the right. O) Quan-
tification of the percentage of CTIP2 +cells in each bin along the corti-
cal wall of sections stained in M,N (black bars, WT; white bars, Ccnd!
knock-out). Values are expressed as mean+SEM (n=3 animals;>3
sections/animal). Significance was determined by two-way ANOVA
and Sidak’s multiple comparison (**p<0.01). Scale bar: 100 um

that CCND1A*X was mostly localized at the plasma mem-
brane and cytoplasm and was barely present in the nucleus
[13]. Similarly, in dissociated cortical neurons, transfected
CCND1“*AX shows a cytoplasmic expression, fulfilling the
neuron processes and excluding the nucleus (see Supple-
mentary Fig. 2L). CCND1“*X was then subcloned into the
pCAGIG vector that contains an IRES EGFP reporter gene
for tracking of the electroporated cells and for visualization
of their morphology during in utero electroporation (IUE)
experiments. As a control we used the empty vector (pCA-
GIGempty). In addition, we included a cytoplasmic-specific
dominant negative CCND1 (CCNDd1“AAXKIZE) ' which
the lysine 112 (K112) was substituted by a glutamic acid (E)
rendering a protein that while still binding CDKs is unable
to trigger their kinase activity [25]. All these constructs were
IUE at E13.5 and the structure and laminar organization of
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the pallium/cortex was studied few days later during embry-
onic and postnatal stages. None of these constructs induced
cell death (data not shown). At E16.5, electroporation of
CCNDI1AX or CCNDCAAXKIZE reqylted in an increase
of EGFP+cells in upper parts of the pallium when com-
pared to the empty vector control (Fig. 3A, E, I, M). Then,
we studied the distribution of the TBR2+;EGFP+double

Fig. 3 Expression of CCND-

| CAAXKILE affects the distribution
of TBR2+cells in the developing
cortex. Wild-type embryos were
IUE at E14.5 with the indicated
constructs in pCAGIG vector,

and fixed at E16.5: empty vector
(A-D), CCND1AX (E-H) or
CCND]CAAXKIIZE (1) A-C,
E—G, I-K) Overview images of
the electroporated pallium with

the indicated constructs stained by
immunofluorescence with antibod-
ies against EGFP (A,E,I) or TBR2
(B,E,J). Merged images are shown
in C,G,K (EGFP in green; TBR2 in
red). Dashed squares in C, G and K
indicate the position of panels D, H
and L, respectively. D, H, L) Mag-
nified images of the CP indicated in
C,G,K of the merged EGFP/TBR2
double staining. Empty arrow-
heads point to EGFP-only stained
cells; solid arrowheads point to
cells displaying both markers. M)
Quantification of the percentage of
EGFP +cells along the cortical wall
divided in three regions VZ/SVZ,
1Z/1owCP and highCP of embryos
IUE with empty vector (black
bars), CCND1“A4X (grey bars) or
CCND]CAAXKIZE (white bars) at
E13.5 and fixed at E16.5. Values
are expressed as mean+SEM (n=4
embryos;>3 sections/embryo).
Significance in each region was
determined by one-way ANOVA
and Tukey-HSD post-hoc test
(**p<0.01; N.S., non-statistically

Control Vector

CCND1cAAx

CCND 1 CAAX-K112E

EGFP TBR2 Merge

significant difference).N) Quan-

positive cells. In empty vector control and CCND]¢4AX

electroporated brains the percentage of TBR2 +;EGFP+ out-
side the SVZ among the total EGFP+cells was very low,
and no differences were observed between these two con-
ditions (Fig. 3A-H, N). In contrast, electroporation of the
dominant negative CCND1AAXKIZE trig00red a massive
increase of TBR2 +;EGFP+cells outside the SVZ, including

E145>E165

tification of the percentage of |
double EGFP/TBR +cells outside
of the VZ/SVZ among the total M N
EGFP+cells in the pallium of the ; ?:r(n:ﬁlté ;/g/(\:}&r
electroporated embryos with the 60~ —* CAAXK112E 70 F %%
- . 1 CCND1 o N *kk
indicated plasmids. Values are *% Z > 60 i
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the intermediate zone (IZ) and upper regions of the CP
(Fig. 3I-L, N). These ectopic EGFP+cells were negative for
proliferation markers such as PH3, indicating that they are
not proliferating cells (Supplementary Fig. 1K-M). These
results suggest that the cytoplasmic fraction of CCNDI is
required for the proper layering of the pallium. Next, we
studied the distribution of CTIP2+cells at P8 in CCND-
JCAAXKIZE olectroporated brains. As in E16.5, the distri-
bution of EGFP cells shifted towards the upper part of the
pallium when compared to the empty vector control (Fig. 4A,
B, H, I). In addition, we noticed a significant increase of
CTIP2+cells in upper bins of these brains, outside of its
normal localization at this stage in layer V (Fig. 4C,D,K,L)
and a significant increase of both EGFP+;CTIP2 +cells in
this area (Fig. 4M). This was not an effect of ectopic CTIP2
expression due to CCNDIAAXKIRE electroporation, as
the total amount of CTIP2+cells was not increased but,
indeed, slightly decreased (Fig. 4J). Of note, not all the
CTIP2+cells in these upper bins seem positive for EGFP,
suggesting either a low EGFP signal in these cells or a non-
cell autonomous effect of the dominant negative CCND-
|CAAXKIRE (Bio  4E-G). The observation of TBR2+and
CTIP2 +cells above their normal localization when electro-
porating CCND]CAAXKIZE j partially reminiscent of the
abnormal distribution of these two cell populations in the
Ccndl knock-out brains (Fig. 2). However, in the case of
CCND]CAAXKIRZE the TBR2 +cells found within the CP at
E16.5 and the CTIP2 +cells found in upper bins at P8, were
not observed in the Ccndl knock-out mutants. This suggests
that perhaps its dominant negative effect sequesters more
CDK effectors than those affected by Ccnd! deletion, caus-
ing a stronger effect. In conclusion, our results indicate that
cytoplasmic CCNDI1 plays an important role during cortex
development and layer organization.

Cytoplasmic, membrane-associated, CCND1 affects
the morphology of progenitor cells and of migrating
neurons and affects cortical neuron distribution

To understand the cellular base of these layering defects,
we first performed shorter IUE time experiments in which
embryos were collected 12 h after electroporation at E13.5.
As expected, after 12 h most of the electroporated cells with
pCAGIGempty were progenitors within the VZ/SVZ, with
many RGPs extending towards the basal surface (Fig. 5A,
D). In contrast, very few and shorter RGPs were observed
when CCDNI1A%X was electroporated (Fig. 5B, D). On
the other hand, brains electroporated with the dominant
negative CCND]AAXKIZE displaved longer RGPs and a
higher proportion of RGPs bound to the meningeal base-
ment membrane than empty vector control (Fig. 5C-E)
even 24 h after electroporation (Supplementary Fig. IN-T).

These CCND1CAAXKIZE hrocesses were positive for nes-
tin, indicating that they were indeed RGPs (Supplementary
Fig. 1P-R). Since the electroporation time was short, we
assumed that CCND1“*AX accelerated the retraction of the
preexisting RGP while CCND1AAXKI2E glowed this pro-
cess, indicating that proper detachment of the RGP from
the meningeal basement membrane during cortex develop-
ment requires membrane-associated cytoplasmic CCND1/
CDK activity. Three days after electroporation (E16.5) we
observed that the cells found in the high CP adopted differ-
ent morphologies and they were multipolar, unipolar/bipo-
lar or were attached to the basement membrane (ABM). In
the empty vector control condition, most cells in the high
CP displayed unipolar/bipolar morphology or were ABM
(Fig. 5F, I-K). However, CCND1*4X expressing cells dis-
played a robust increase of multipolar cells in the CP com-
pared to cells electroporated with the empty vector control
or with the CCND1“AAXKI2E (Rjg 5G| [-K). By contrast,
electroporation with CCND1“AAXKIRE ¢hgwed a significant
increase of ABM cells in the CP (Fig. SH, I-K). In sum-
mary, these results demonstrate that changes of cytoplas-
mic, membrane-bound, CCNDI1 expression modulate the
morphology of the RGP of progenitor cells and migrating
neurons in vivo, during cortex development through CDK
activity.

Cytoplasmic CCND1 promotes neurite and axon
outgrowth and increases neurite number in primary
cortical neurons

In order to assess more in detail the morphological effects
of cytoplasmic CCND1 observed in vivo by IUE, we used
dissociated cortical neurons from embryonic mouse brains.
This is not a perfect model because neurons become rapidly
postmitotic in culture as evidenced by the fast decline of
Ccendl expression, being almost undetectable after 3-4DIV
(Supplementary Fig. 2A). In fact, experimental re-expres-
sion of wild-type CCNDI induced cell death (Supplemen-
tary Fig. 2B-F), an effect that has been widely reported in
neurons [49]. Therefore, we performed these experiments
within this 3-4DIV-time window, and we chose the elec-
troporation as transfection method to quickly induce gene
expression. We then co-transfected these neurons with
CCNDI1AAX or CCNDCAAXKIRZE tooether with a plas-
mid encoding EGFP, as a reporter. Interestingly, overex-
pression of any of the two cytoplasmic, membrane-bound,
CCNDI1 constructs did not trigger cell death, and the cul-
tures were viable after 4DIV (Supplementary Fig. 2G-K).
Instead, CCND1**X significantly increased the length of
the main axon, the total length of neurites and the number
of neurites per cell compared to the empty vector control
(Fig. 6A, B, D, F-H). These effects were not observed in
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Fig. 4 Expression of CCNDIAAXKILE affects the distribution of
CTIP2+cells in the postnatal cortex. Wild-type embryos were IUE
at E13.5 with the indicated constructs in pCAGIG vector, and fixed
at P8: empty vector (A,C) or CCND]CAAXKIIZE (B ) A-D) Over-
view images of the electroporated cortex with the indicated constructs
stained by immunofluorescence with antibodies against EGFP (A,B)
or Ctip2 (C,D). Arrows in D point to CTIP2+cells in upper bins. The
bins used to quantify the positive cells are shown to the left of panel
A. E-G) Representative magnified images of the upper bins area of
CCNDCAAXKILZE glectroporated brains merging the EGFP in green,
CTIP2 in red and DAPI in blue, as indicated. Empty arrowheads point
to CTIP2-only stained cells; solid arrowheads point to cells display-
ing both EGFP and CTIP2 markers. H) Distribution of the percentage
of EGFP+cells along the cortex width divided into 10 equal bins as
indicated in A for both empty vector control (black line) or CCND-
| CAAXKIIZE (groy Jine) IUE brains (n>3 embryos; > 5 sections/embryo).
I) Percentage of EGFP+cells in upper bins (8—10) in empty vector or
CCND1CAAXKIZE TUE brains, as indicated. Values are expressed as
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mean+SEM (n>3 embryos;>5 sections/embryo). Significance was
determined by #-Student (¥**p<0.01).J) Total number of CTIP2+cells
in empty vector or CCND1AAXKIZE [UE brain sections, as indicated.
Values are expressed as mean+SEM (n>3 embryos;>5 sections/
embryo). Significance was determined by ¢-Student (*p<0.05). K)
Distribution of the percentage of CTIP2+cells along the cortex width
divided into 10 equal bins as indicated in A for both empty vector
control (black line) or CCND1AAXKIZE (grey [ine) TUE brains (n>3
embryos;>5 sections/embryo). L) Percentage of CTIP2 +cells in upper
bins (8-10) in empty vector or CCND1“AAXKI2E [E brains, as indi-
cated. Values are expressed as mean+SEM (n>3 embryos; > 5 sections/
embryo). Significance was determined by #-Student (**p<0.01). M)
Percentage of double EGFP+;CTIP2 +cells out of total EGFP+cells in
upper bins (8—10) in empty vector or CCND1.“AAXKIZE [E brains, as
indicated. Values are expressed as mean+SEM (n>3 embryos;>5 sec-
tions/embryo). Significance was determined by #-Student (*p<0.05).
Scale bars: 20 pm (G), 100 pm (A)
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cultures transfected with CCND1AAXKI2E jndicating that
CDK activity is necessary (Fig. 6C, E, F-H). Consistent
with these observations, the transfection of a membrane-
targeted CDK4 (CDK4“**X) was sufficient to trigger simi-
lar morphological changes (Supplementary Fig. 2M, N).
In addition, we performed loss-of-function experiments to
address the role of CCNDI1 in neuron morphology at 1DIV.
First, we transfected neurons with a specific Ccndl shRNA
(Supplementary Fig. 20) and observed the opposite effect to
CCND1AX gverexpression, i.e. significant reductions of
axon and neurite lengths, and of the number of neurites per
cell compared to a scramble control (Fig. 61-K). Second, we
used cultures from Cendl knock-out embryos and observed
similar results as in the knock-down approach, a significant
reduction of axon and neurite length compared to control
littermates (Supplementary Fig. 2P-R). Altogether, these
results reveal that CCND1 modulates neuron morphology
in vitro and that the cytoplasmic, membrane-bound, fraction
of the protein, through the activation of CDKs, is the major
effector of this function. The increase in neurite number due
to cytoplasmic CCND1 expression in neurons in vitro could
explain the increase in multipolar neurons observed in the
CP, induced by CCND 144X expression, in vivo.

Cytoplasmic effects of CCND1 are mediated by the
integrin signaling complex effector paxillin

We have previously shown that CCNDI associates with
paxillin at the plasma membrane and regulates fibroblast
and tumor cell migration and cell-matrix adhesion through
CDK4 and the phosphorylation of paxillin, a member of the
signaling complex of integrins in focal adhesions [12]. We
characterized the serine residues 83 and 178 as the major
phosphorylation sites of CCND1/CDK complexes [12]. We
therefore addressed the possibility that paxillin mediates
the cytoplasmic effects of CCNDI in neurons at the plasma
membrane. First, we observed that paxillin phosphorylation
at S83 and S178 rapidly decreased in culture (Fig. 7A-C).
Interestingly, this response correlated with the reduction
of CCNDI1 levels (Supplementary Fig. 2A), suggesting
that paxillin might be a target of CCND1/CDK complexes
also in neurons. This was confirmed by using palbociclib,
a CDK4/6 specific inhibitor, which completely abolished
paxillin phosphorylation at S83 in slices of rat hippocampi
(Fig. 7D). To interfere with the CCND1/CDK-dependent
paxillin phosphorylation within the cells we used a phos-
phorylation mutant where the two serine residues 83 and
178 targeted by CCND1/CDKs were substituted by alanine
residues (paxillinS®3AS1784; [12]). When this mutant was
transfected in cortical neurons, both neurite and axon length
were significantly reduced (Fig. 7E, F). This effect was sim-
ilar to that observed using Ccnd! knock-out or knock-down

cultures (Fig. 61-K and Supplementary Fig. 2Q-R) and the
opposite of cytoplasmic CCND1 overexpression (Fig. 6F-
H). Altogether, these results are consistent with paxillin being
an important effector of membrane-associated CCND1/CDK
complexes for controlling neuron morphology, in vitro. We
finally addressed if paxillin phosphorylation by CCND1/
CDKs could also be relevant in vivo during nervous system
development. For this, we TUE paxillinS®*A1784 i cortical
progenitors of wild-type embryos at E13.5 and compared
the morphology of the electroporated cells with empty vec-
tor or wild-type paxillin, 12 h later. This short time was
selected to visualize exclusively the preexisting RGPs.
We observed that wild-type paxillin caused a significant
detachment and retraction of the RGPs from the meningeal
basement membrane as the number of RGPs attached to
the basement membrane and their length was dramatically
reduced compared to empty vector control (Fig. 7G-I). This
effect was not observed when paxillin3®34:51784 was elec-
troporated (Fig. 7G-I). Instead, compared to empty vector
control, paxillin3¥4:51784 displayed an increase of the num-
ber of RGPs bound to the meningeal basement membrane
(although not statistically significant) and a significant
increase of RGP length (Fig. 7H, I). Taking into consider-
ation these observations and the results from Fig. SA-D, we
conclude that both CCNDI1 and paxillin are required for the
correct detachment of the RGP from the basement mem-
brane, in vivo. Although our experiments cannot rule out
the participation of CCND2 in paxillin phosphorylation in
this context, we believe that CCNDI1 is primarily involved.
This is supported by the observation that, at the time where
our IUE experiments with paxillin were performed, CCND1
is mainly expressed in the VZ and SVZ whereas CCND2
expression is found in the SVZ but absent from the VZ
[15]. Therefore, we propose that CCNDI1 and paxillin are
part of the same signaling pathway in which CCND1/CDK
complex would phosphorylate paxillin at the plasma mem-
brane and control RGP adhesion to the meningeal basement
membrane.

Discussion

During nervous system development, the molecular mech-
anisms controlling proliferation are tightly regulated to
achieve the correct timing for neuron differentiation. In the
present work we have shown that CCNDI1 plays key func-
tions during cortex development independent of its well-
established role on cell cycle regulation. Instead, we have
shown that CCNDL is also localized in the cytoplasm and
associated to the plasma membrane of the RGPs of cortical
neuron progenitors. Our results suggest that in this local-
ization CCNDI1 regulates meningeal basement membrane
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{ Fig. 5 Cytoplasmic CCND1 affects RGP and neuron morphology in
vivo. A-C) Representative images of cortical sections from wild-type
mouse embryos IUE with the indicated constructs in pCAGIG vec-
tor at E13.5 and analyzed 12 h later. The brains were dissected, fixed
and analyzed by immunofluorescence with an anti-EGFP specific anti-
body. Insets show a representative RGP (indicated with a dashed box)
in each condition and arrowheads illustrate the trajectory of the RGP
considered for the quantification. Scale bar: 100 um. D and E) Quan-
tification of the relative length of the RGP to the pallium width (D)
or the percentage of RGP attached to the meningeal basement mem-
brane (E) of the experiment shown in A-C. Values are expressed as
mean+ SEM (n=4 embryos;>20 processes per experimental condition
for each embryo). Significance was determined by one-way ANOVA
and Tukey-HSD post-hoc test (¥p<0.05;**p<0.01;***p<0.001).
F-H) Representative images of the highCP region showing the mor-
phology of the EGFP+IUE at E13.5 with the indicated plasmids and
analyzed at E16.5. Arrows indicate unipolar/bipolar cells, filled arrow-
heads indicate multipolar cells and empty arrowheads indicate cells
attached to the basement membrane (ABM). Scale bar: 50 mm. I-K)
Quantification of the different cell morphologies of the EGFP+cells
found in the highCP: multipolar (I), unipolar/bipolar (J) or attached
to the basement membrane (ABM, K) of embryos IUE with the indi-
cated vectors at E13.5 and fixed at E16.5. Values are expressed as
mean+SEM (n>4 sections from 3 electroporated embryos, 20—120
cells per section). Significance in each region was determined by one-
way ANOVA and Tukey-HSD post-hoc test (¥*p<0.05;**p<0.01;***
<0.001; N.S., non-statistically significant difference)

adhesion through paxillin, a downstream effector of integ-
rins in focal adhesions. Moreover, we show that alteration
of cytoplasmic CCNDI levels affect cortical layering and
neuron morphology in vivo and in vitro. A summary of our
results is shown in Fig. 7J.

As it was reported previously, we found that the brain
of Ccndl knock-out animals developed normally, without
gross morphological defects and no alteration of specific
proliferation markers [16]. In fact, just mild proliferation
defects were described at PO in the granule progenitor cells
leading to a reduction of postnatal cerebellar size [40].
Ccend?2 seems to have a more prominent role in the prolif-
eration of cortical precursors in vivo as its genetic abla-
tion causes G1 lengthening, premature cell cycle exit and
faster neuronal differentiation, leading to microcephaly and
thinner cortical wall [16]. Indeed, genetic variants of the
CCND?2 gene in humans have been described that produce
a gain-offunction protein and that have been associated to
polymicrogyria and megalencephaly [21, 32] while loss of
function variants have been linked to microcephaly [39].

The Ccndl loss-of-function data contrasts with the effects
of CCND1 overexpression in cortical progenitors. Electro-
poration of CCND1/CDK4, CCND1 or CCNEI shortens
G1, promoting the expansion of progenitor cells and delay-
ing neurogenesis [26, 38]. Similar results were observed in
neural stem cells of the adult hippocampus and olfactory
bulb [1, 4]. Previous studies have suggested redundant func-
tionality among CCNDs, in vivo [6, 24, 43]. Both CCND2
and CCNDI display partial overlapping expression in the

developing cortex and CCND2 can indeed replace the func-
tion of CCND in cortical proliferation [15, 16].

Besides cell cycle control, CCND1 exhibits additional
functions in multiple tissues and cell types suggesting a more
intricate mechanism of action [23]. For instance, in granule
progenitor cells, CCND1/CDK4 complex phosphorylates
the transcription factor ATOHI, preventing its degradation,
which is essential for maintaining their immature state [11,
33]. By contrast, in cortical neuron progenitors CCNDI
promotes lineage-commitment and differentiation while
CCNB1/2 favour self-renewal of radial glial cells [18]. In
line with this last study, we show a graded expression of
CCNDI in the developing cortex, from ventro/lateral-high
to dorso/medial-low, which has been reported to be con-
trolled by the transcription factor SP8 and related to neuro-
nal differentiation [3]. Pro-neurogenic functions of CCND1
were previously reported. For example, CCND1 expression,
but not CCND2, is maintained during the initial phase of
motoneuron differentiation and stimulates neurogenesis by
a cell cycle-independent mechanism involving the pro-neu-
rogenic transcription factor Hes6 [29]. In addition, in PC12
cells the neurotrophic factor NGF activates CCNDI1 expres-
sion, which is necessary for neurite outgrowth [30]. Consis-
tently, we show that ablation or downregulation of Ccnd| in
mouse cortical neurons cause a significant reduction of neu-
rite complexity. This could be explained by the regulation of
pro-neurogenic transcription factors by CCND1 [29]. How-
ever, our results point to an alternative, not mutually exclu-
sive, interpretation. We suggest that cytoplasmic, membrane
associated, CCND1 is required for neuron differentiation as
the overexpression of CCND1“A4X enhances neuron com-
plexity while CCND1AAXKIZE hag no effect, indicating the
requirement of CDK activity in this effect. Thus, we provide
a novel cell cycle-independent function of CCND1/CDK
complex that requires cytoplasmic localization.

Cytoplasmic localization of CCND1 in postmitotic hip-
pocampal and cortical neurons and neuroblastoma cells was
previously observed. This was first proposed as a mecha-
nism to prevent apoptosis and/or for cell cycle withdrawal
[44, 48, 49]. However, we and others have provided evi-
dence in cancer cells and embryonic fibroblasts that cyto-
plasmic CCND1 can be found as well associated to the
plasma membrane and has an active role in controlling cell
adhesion or motility with different intracellular mechanisms
involved (see below). In the context of neuronal function,
it was recently reported that extracellular vesicles from
NGF-differentiated PC12 cells contain CCNDI1, which is
necessary to induce neuronal lineage of stem cells [47]. In
addition, we have shown that cytoplasmic CCND1/CDK
complex controls postmitotic neuronal communication by
phosphorylation of the a4 subunit of GABAA receptors [37].
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Fig.6 Cytoplasmic CCND1
affects neuron morphology in
vitro in a CDK-dependent manner.
A-E) Representative images of
mouse cortical neuron cultures
co-electroporated before seeding
with the indicated constructs with
an HA tag in pcDNA3 (empty
vector as a negative control), and
a plasmid encoding EGFP. After
4DIV, cultures were fixed and
analyzed by immunofluorescence
with antibodies against EGFP
(green) and HA (red). Arrowheads
in D,E indicate the cytoplasmic
expression of CCND1¢*X and
CCND]CAAXKIZE peghectively.
Scale bar: 10 um. F—H) Neurons
from experiments A-E were ana-
lyzed for the relative axon length
(F), the relative neurite length (G)
and the neurite number per neuron
(H) using the NeuronJ plugin

of ImagelJ. Values are expressed
as mean=SEM (n=3 experi-
ments,>25 neurons/experiment).
Significance was determined by
one-way ANOVA and Tukey-HSD
post-hoc test (*p<0.05;**p<0.01).
I-K) Cultures of mouse cortical
neurons were co-transfected before
seeding with plasmids encoding
either scramble (scrbl) or Cendl
ShRNA (sh.©") and a plasmid
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In the present work we show that CCND1 is present in the
RGP of progenitor cells during cortex development, in vivo,
and that is associated to b1-integrin at the plasma membrane
of the tip of the basal RGP. This cytoplasmic localization
was previously reported for CCND2, being important for
the regulation of asymmetric cell division during cortico-
genesis and neuronal differentiation [15, 51]. In contrast to
our results, this localization was not previously observed for
CCNDI [15], probably due to the use of different CCND1
antibodies or different tissue preparation protocols. Ccnd2
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mRNA requires a unique cis-regulatory sequence in its 3’
untranslated region to be transported into the RGP, where
is locally translated [51]. We have been unable to detect
a similar sequence in the Ccndl mRNA and therefore the
mechanisms regulating cytoplasmic localization of CCND1
remain to be elucidated.

Our data indicate that cytoplasmic CCND1 expression
in radial glial cells needs to be tightly regulated to achieve
proper pallium formation and layering. Overexpression of
cytoplasmic CCND1 accelerates their detachment from the
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Fig. 7 Phosphorylation of paxillin is mediated by CCND1/CDK and
is required for neuron differentiation in vitro, and for RGP detach-
ment from the meningeal basement membrane in vivo. A) Western-
blot analysis of the phosphorylation of paxillin (PXN) on protein
extracts from cortical neuron cultures after 1 or 4 DIV with specific
phospho antibodies (phospho-serine83, PS83, upper panel; phosphor-
serinel178, PS178, middle panel). Lower panel in A show the total
levels of paxillin. B and C) Quantification of the phosphorylation of
paxillin in A was corrected by the total paxillin levels and values are
expressed as mean+SEM (n=3). Significance was determined by
t-Student (**p<0.01). B) Quantification of phosphorylation at ser-
ine 83. C) Quantification of phosphorylation at serine 178. D) Rep-
resentative Western-blot analysis of the phosphorylation of paxillin
(phospho-serine 83, PS83, middle panel) on hippocampal slices in the
presence of the CDK4/6 inhibitor palbociclib (2.5 uM), as indicated.
Upper and lower panels show the levels of CCNDI1 and actin, respec-
tively. E and F) Cortical neuron cultures were co-electroporated as in
Fig. 6 (A-H) with wild-type paxillin (PXN) or the non-phosphorylat-
able paxillin (PXNS83AS178A), respectively and a plasmid encoding
EGFP and were analyzed after 1 DIV for the relative neurite (E) and
axon (F) length. Values are expressed as mean+SEM (n=3 experi-
ments,>25 neurons/experiment). Significance was determined by

t-Student (**p<0.01). G) Representative images of the pallium [UE
at E13.5 with paxillin wild-type (PXN WT), the non-phosphorylatable
paxillin (PXNS83AS178A) or the empty vector control (pCAGIG), as
indicated and analyzed at E14.5, 12 h later. RGP were highlighted by
purple lines. Scale bar: 100 um. H and I) Quantification of the average
RGP length (H) or the percentage of RGP attached to the meningeal
basement membrane (I) in the conditions described in panel G. Values
are expressed as mean+ SEM (n=3 embryos;>30 processes per exper-
imental condition for each embryo). Significance was determined by
one-way ANOVA and Tukey-HSD post-hoc test (¥p<0.05;**p<0.01).
J) Summary of our results. Right part (light grey): during normal cor-
tex development CCND1 needs to be downregulated both from the
nucleus (D1nu) and from the RGP (Dlcyt) of cortical progenitors
to stop cell division and to allow migration and differentiation and
to detach from the meningeal basement membrane, respectively. In
the later case, phosphorylation of paxillin (PXN-P) by cytoplasmic
CCND1/CDK complexes is required. Left part (light green): expres-
sion of cytoplasmic CCND1 (D1CAAX) triggers abnormal migration
and multipolar shape of differentiating neurons while expression of a
dominant negative CCND1, with cytoplasmic localization (D1K112E-
CAAX), triggers abnormal detachment of RGP from the meningeal
basement membrane and layering defects
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meningeal basement membrane and affects the morphology
and the positioning of post-mitotic neurons while expres-
sion of a dominant negative mutant delays this detach-
ment and cause mispositioning of TBR2+progenitors and
CTIP2+neurons. Some of these layering defects were also
observed in Cendl knock-out brains, highlighting the impor-
tance of cytoplasmic CCNDI1 in vivo. Acute experiments by
IUE with the dominant negative mutant show indeed stron-
ger effects than the knock-out, suggesting a broader inhibi-
tion of CDKs. Most of the interactors and signalling effectors
of cytoplasmic CCND1 have been related to cell adhesion
at the plasma membrane, including the actin-binding protein
filamin A in membrane ruffles [53], the cytoplasmic adapter
protein PACSIN 2 in focal adhesions [31], the RAL GTPases
[5, 8] and paxillin, a downstream integrin signalling pro-
tein in focal adhesions [12]. Here we provide evidence that
cytoplasmic CCNDI in radial glial cells could be regulating
cortex development by integrin signalling through paxillin
phosphorylation, adding evidence of the important role of
integrin signalling in this process [27]. We have shown that
CCNDI1 co-localizes with Bl-integrin at the plasma mem-
brane of the distal tip of the basal RGP, that CCND1 levels
correlate with phosphorylation of paxillin in neurons and
that this phosphorylation is necessary for neurite extension,
in vitro, and for detachment of the RGP from the meningeal
membrane, in vivo. Proper detachment of RGP from the
meningeal basement membrane has been shown to be essen-
tial for cortical layering. For instance, deletion of B 1-integ-
rin from progenitor cells, but not from post-mitotic neurons,
triggers abnormal development of the glial end feet, disrup-
tion of the basal lamina and perturbs cortical layer formation,
mainly affecting upper layers [2, 17]. In addition, interfer-
ence with the adhesion protein TAG-1 (transient axonal
glycoprotein-1), also known as contactin-2, provokes basal
RGP retraction leading to cortical layering defects includ-
ing ectopic TBR2+progenitors and CTIP2 +cells mislocal-
ization [36]. By contrast, we report an opposite correlation
between increased RGP adhesion and layering defects. This
might be due to differences in the developmental stage where
the experiments were performed. Although speculative and
in need of further investigation, it is also possible that exact
detachment timing of the RGP from the meningeal base-
ment membrane is essential for pallium layering and that an
acceleration or delay will end up in similar layering defects.
Maybe longer adhesion shifts the migration type from loco-
motion to translocation [34], explaining the increase in the
CP of electroporated neurons bearing the CCND1 dominant
negative mutant and the concomitant layering defects.
Although the cytoplasmic expression of CCNDI was
mostly observed in the RGP we cannot rule out that signifi-
cant amounts of cytoplasmic CCND1 could play a role as
well in post-mitotic neurons, as previously suggested [29,

@ Springer

37,47,49]. Paxillin or B1-integrin knock-out animals display
a delay in positioning of upper layer neurons, a cell-autono-
mous effect in post-mitotic neurons triggered by changes in
neuron morphology and by a slower migration [41, 42]. A
similar phenotype was observed by ablation of focal adhe-
sion kinase (FAK), which is recruited by paxillin into focal
adhesions, reinforcing the role of integrin signalling in post-
mitotic neurons during cortex formation [52]. According to
this data, it is possible that activation of paxillin by CCND1
accelerates migration, explaining therefore the accumulation
of neurons in the CP upon cytoplasmic CCND1 overexpres-
sion. Finally, there is also the possibility that other substrates
of cytoplasmic CCND1/CDK activity, different from paxil-
lin, could have a role during cortex development.

In summary, our results provide evidence for a novel
function of the cytoplasmic CCNDI in cortical brain devel-
opment which is independent of its canonical role on cell
cycle regulation and involves the control of integrin signal-
ing and cell adhesion of the RGPs to the meningeal base-
ment membrane.
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