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CAMSAPs organize an acentrosomal microtubule
network from basal varicosities in radial glial cells
Laure Coquand1*, Guiliana Soraya Victoria1*, Alice Tata1, Jacopo Amerigo Carpentieri1, Jean-Baptiste Brault1, Fabien Guimiot2, Vincent Fraisier3, and
Alexandre D. Baffet1,4

Neurons of the neocortex are generated by stem cells called radial glial cells. These polarized cells extend a short apical
process toward the ventricular surface and a long basal fiber that acts as a scaffold for neuronal migration. How the
microtubule cytoskeleton is organized in these cells to support long-range transport is unknown. Using subcellular live
imaging within brain tissue, we show that microtubules in the apical process uniformly emanate for the pericentrosomal
region, while microtubules in the basal fiber display a mixed polarity, reminiscent of the mammalian dendrite. We identify
acentrosomal microtubule organizing centers localized in varicosities of the basal fiber. CAMSAP family members accumulate
in these varicosities, where they control microtubule growth. Double knockdown of CAMSAP1 and 2 leads to a destabilization
of the entire basal process. Finally, using live imaging of human fetal cortex, we reveal that this organization is conserved in
basal radial glial cells, a related progenitor cell population associated with human brain size expansion.

Introduction
In the developing neocortex, neurons and glial cells are gener-
ated by neural stem cells called radial glial (RG) progenitor cells
(Kriegstein and Alvarez-Buylla, 2009; Taverna et al., 2014). Two
types of closely related RG cells have been identified, with dif-
ferent localization, morphologies, and abundancy. Apical RG
(aRG) cells, also known as vRGs, have an epithelial identity and
are present in all mammalian species. They are highly elongated
bipolar cells, with an apical process attached to the ventricular
surface and a basal process (or fiber) extending toward the pial
surface of the brain (Fig. 1 A; Paridaen and Huttner, 2014). Basal
RG (bRG) cells, also known as oRGs, are rare in lissencephalic
(smooth brain) species such as mice and abundant in gyrence-
phalic (folded brain) species, including humans (Lui et al., 2011;
Hansen et al., 2010; Fietz et al., 2010; Reillo et al., 2011). Their
relative abundance is believed to account for variations in the
size and degree of folding of the neocortex (Fernández et al.,
2016). bRG cells derive from aRGs but have delaminated from
the neuroepithelium (Fig. 1 A).

The basal process of RG cells has long been known to act as a
scaffold, guiding the migration of newborn neurons to their
correct position in the neocortex (Noctor et al., 2004; Tan and
Shi, 2013). More recently, the basal process has emerged as a
potential regulator of cell fate (Shitamukai et al., 2011; Alexandre

et al., 2010). Accordingly, a number of molecules important for
basal process integrity or for RG cell proliferative capacity have
been identified to localize in a polarized manner to the basal
process (Yokota et al., 2009, 2010; Tsunekawa et al., 2012). A
recent study identified multiple mRNAs associated with Fragile
X mental retardation protein that localize to the basal endfeet
and travel long distances at velocities consistent with microtubule-
based transport (Pilaz et al., 2016).

Organization of the microtubule cytoskeleton is crucial for
polarized transport of cargoes to various subcellular locations.
Many differentiated cells display an acentrosomal microtubule
organization (Bartolini and Gundersen, 2006). In neurons, the
axonal microtubule network is unipolar, with the plus ends
pointing toward the axonal tip, while in dendrites, microtubules
have a mixed polarity (Yau et al., 2016; Baas et al., 1988). This
particularmicrotubule organization depends on γ-tubulin–mediated
acentrosomal nucleation, aswell as on calmodulin-regulated spectrin-
associated family (CAMSAP)/Patronin–mediated minus-end growth
(Yau et al., 2014; Feng et al., 2019; Wang et al., 2019).

A variety of genetic mutations have been shown to lead to
malformations of cortical development (Pinson et al., 2019).
Strikingly, the majority of affected genes code for proteins as-
sociated with the microtubule cytoskeleton (Poirier et al., 2013;
Jayaraman et al., 2018; Reiner et al., 1993). Few regulators of
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Figure 1. A bipolar microtubule network in the basal process of aRG cells. (A) Schematic representation of aRG and bRG cells. I.P., intermediate pro-
genitor. (B) Experimental setup. (C) Left: Live imaging of EB3-GFP in the apical process of mouse aRG cells in situ. Center: Corresponding kymograph. Right:
Manual tracks corresponding to the kymograph. (D) Left: Live imaging of EB3-GFP in the basal process of mouse aRG cells in situ. Center: Corresponding
kymograph. Right: Manual tracks corresponding to the kymograph. (E) Quantification of the average directionality of EB3 comets in the apical and basal
processes (n = 302 comets from 28 cells and 827 comets from 104 cells, respectively). (F) Live imaging of EB3-GFP along the apico–basal axis of the basal
process of a mouse aRG cell. Blue arrowheads indicate basally growing microtubules, and orange arrowheads indicate apically growing microtubule.
(G) Quantification of EB3 comet directionality along the proximo–distal axis of the basal process (n = 90 comets from 6 cells in apical; 141 comets from 12 cells
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microtubule organization have been investigated so far in RG
cells. The adaptor protein Memo1 controls the localization of
CAMSAP2 and the stability and organization of the microtubule
network in dissociated mouse RG cell cultures (Nakagawa et al.,
2019). In the apical process, the centrosomal protein AKNA
promotes microtubule nucleation and regulates aRG cell de-
lamination (Camargo Ortega et al., 2019). The organization and
polarity of the microtubule network in aRG and bRG cells in situ
is, however, currently unknown. This is largely due to the
challenge of studying dynamic subcellular processes in real time
within thick organotypic brain cultures.

Results and discussion

A bipolar microtubule network in the basal process of
aRG cells
To visualize the orientation of growing microtubules in mouse
aRG cells in situ, we developed an approach for high-resolution
and fast subcellular live imaging within thick embryonic brain
slices. GFP-tagged plus-end tracking protein (+TIP) EB3 was
delivered to aRG cells using in utero electroporation at embry-
onic day (E) 13.5 (Baffet et al., 2016). The embryos were then
sacrificed 24 h later, and brains were sliced and mounted for
imaging using a modified sample preparation and imaging
method (see Materials and methods; Fig. 1 B). We first revisited
microtubule organization in the apical process of mouse aRG
cells (Tsai et al., 2007, 2010). This analysis indicated that over
99% of microtubule plus ends emanated from the apical endfoot,
where the centrosome is located, and grew in the basal direction
toward the cell soma (Fig. 1, C and E; and Video 1). We then
performed a similar analysis in the basal process of aRG cells. In
contrast to what we observed in the apical process, growing
microtubules adopted a mixed polarity, reminiscent of dendritic
microtubule organization (Fig. 1 D and Video 2). This organiza-
tion, however, remained biased toward basally directed growth,
as only 15% of microtubules grew in the apical direction (Fig. 1
E). Most EB3 comets did not grow from the apical centrosome
but directly emanated from the basal process. Bipolar microtu-
bule organization was observed in the distal and medial parts of
the basal process, but not in the proximal part where the net-
work was largely unipolar, likely due to the proximity of the
centrosome (Fig. 1, F and G; and Video 3). Apically and basally
directed microtubules within the basal fiber grew at similar
speeds, but slower than in the apical process (Fig. 1 H). Finally, in
the basal process, basally directed microtubules grew for longer
durations than apically directed ones, suggesting higher stability
(Fig. 1 I). Therefore, microtubules in the apical process of aRG
cells emanate from the pericentrosomal region and form a
unipolar network growing in the basal direction, while micro-
tubules in the basal process appear largely acentrosomal and
have a bipolar orientation biased toward basal growth.

Acentrosomal microtubules preferentially grow from varicosities of
the basal process
We next asked whether acentrosomal microtubule organizing
centers may exist within the basal process of aRG cells. From the
observation of the EB3-GFP movies, we noted that a large
number of newly appearing comets emanated from varicosities
of the basal process (Fig. 1 D). Varicosities (also known as
swellings) are well known but poorly described deformations of
RG cell basal processes, with no reported function (Noctor et al.,
2001; Hansen et al., 2010; Hu et al., 2013). We could observe
these structures following expression of soluble GFP or im-
munostaining against the RG-specific protein Nestin (Fig. 2, A
and B). Long-term imaging of varicosities revealed that they
remained largely stable over the course of 22-h movies (Fig. 2 C,
Video 4, and Video 5).

To measure microtubule growth from these structures, we
live imaged a large number of varicosities as well as basal pro-
cess shafts (nondeformed regions) in EB3-GFP–expressing cells
and quantified the rate of new EB3 comet formation in these two
domains. This analysis revealed that the average rate of comet
formation in varicosities was 11.4 times higher than in the rest of
the shaft (Fig. 2, D and E; and Video 6). Moreover, while 89.6% of
comets emanating from the shaft grew in the basal direction,
microtubules emanating from varicosities appeared initially
more bipolar, albeit still with a basal bias (65.7%; Fig. 2 F). This
analysis therefore identifies varicosities of the basal process
of mouse aRG cells as acentrosomal microtubule organizing
centers.

Dendrite-like microtubule organization from varicosities is a
conserved feature of human bRG cells
Because bRG cells share many characteristics with aRG cells, we
next asked if bipolar microtubule organization from basal pro-
cess varicosities was also a feature of these cells. To test this, we
developed a protocol to electroporate and live image pieces of
human fetal frontal cortex biopsies obtained from second-
trimester medical pregnancy terminations (Fig. 3, A and B;
and see Materials and methods). We identified bRG cells based
on their localization in the subventricular zone and their
morphology. These cells were further positive for the RG
marker Sox2 and performed mitotic somal translocation
(MST; Fig. S1, A and B; and Video 7). We first confirmed the
presence of numerous varicosities all along the basal process
of human bRG cells, which were visible following GFP elec-
troporation or immunostaining against Vimentin (Fig. 3, C
and D). We next expressed EB3-GFP in human fetal cortex
samples and recorded plus-end microtubule growth in bRG
cell varicosities. Similar to our observations in mouse aRG
cells, we observed abundant de novo EB3 comet formation
within varicosities (Fig. 3 E and Video 8). As in aRG cells, the
rate of EB3 comet formation inside varicosities was much

in medial; and 198 comets from 12 cells in basal). (H) Quantification of the average speed of apically and basally directed EB3 comets in the apical and basal
processes (n = 40, 52, and 45 comets from 11, 20, and 15 cells, respectively). (I) Quantification of the average growth duration of apically and basally directed
EB3 comets in the basal process (n = 52 and 45 comets from 20 and 15 cells, respectively). Error bars indicate SD. ****, P < 0.0001 by Mann-Whitney tests. All
experiments were performed in at least three independent mice.
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stronger than in the rest of the shaft (Fig. 3 F). We next an-
alyzed the directionality of EB3 comets in the basal process of
human bRG cells, which revealed, as for mouse aRG cells, a
bipolar microtubule network biased toward basal growth
(82.3 ± 84.5%; Fig. 3 G). Finally, we compared the size of
varicosities in mouse aRG and human fetal bRG cells. This

analysis revealed relatively variable size, but on average was
similar between the two cell types (Fig. 3 H). While the dis-
tance between two consecutive varicosities was quite varia-
ble, their frequency was substantially higher in human bRG
cells than in mouse aRG cells (Fig. 3 I). Therefore, bipolar
microtubule network organization from basal process

Figure 2. Acentrosomal microtubules preferentially grow from varicosities of the basal process. (A and B) The basal processes of aRG cells display
varicosities (arrowheads), visualized by overexpression of GFP (A) and immunofluorescence against Nestin (B). (C) Live imaging of mCherry-expressing mouse
aRG cells reveals stable varicosities over the course of a 24-h movie. Dashed line marks apical surface. (D) Live imaging of EB3-GFP in the basal process of an
aRG cell showing the emergence of new comets within a varicosity. Green arrowheads: newborn comets in the varicosity. Purple arrowheads: newborn comets
in the shaft. (E) Quantification of the rate of EB3 comet formation in basal process shafts and varicosities, normalized to length (n = 40 shafts and 34 var-
icosities from 39 cells). (F) Quantification of the average directionality of EB3 comets in the shafts and varicosities of the basal processes (n = 122 comets from
62 shafts and 260 comets from 65 varicosities). (E and F) Error bars indicate SD. *, P < 0.05; ****, P < 0.0001 by Mann-Whitney tests. All experiments were
performed in at least three independent mice.
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Figure 3. Dendritic-like microtubule organization from varicosities is a conserved feature of human bRG cells. (A) Schematic of protocol as described in
Materials andmethods. (B) A slice of human fetal cortex electroporated with EB3-GFP. CP, cortical plate; SVZ, subventricular zone; VZ, ventricular zone. (C and
D) The basal processes of human bRG cells display varicosities, visualized by overexpression of GFP (C) and immunofluorescence against Vimentin (D). (E) Live
imaging of a human bRG cell showing appearance of de novo EB3 comets (arrowheads) in a basal process varicosity. (F)Quantification of the rate of EB3 comet
formation in basal process shafts and varicosities of human bRG cells at gestational week (GW) 18 (n = 24 shafts and 30 varicosities from 20 cells).
(G)Quantification of the overall directionality of EB3 comets in the basal process of human bRG cells (n = 205 comets from 7 cells). Mouse data from Fig. 1 F are
shown for comparison. (H)Quantification of varicosity size in mouse (E14.5) and human (GW 14 and 20) tissue (n = 55, 129, and 772 varicosities from 11, 36, and
82 cells, respectively). (I) Quantification of the distance between individual varicosities along the basal process in mouse (E14.5) and human (GW 14 and 20)
tissue (n = 260 and 605 varicosities from 36 and 82 cells, respectively). Error bars indicate SD. ****, P < 0.0001 by Mann-Whitney tests. Experiments were
performed in two independent human fetal brains and three independent mice.
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varicosities appears to be conserved between mouse aRG and
human bRG neural stem cells.

CAMSAPs localize to varicosities and are required for
microtubule growth
We next investigated the localization of the key microtu-
bule nucleator, the γ-tubulin ring complex. Expression of
mEmerald–γ-Tubulin revealed its expected enrichment in the
pericentrosomal region at the base of the apical process (Fig. 4
A). However, γ-tubulin was undetectable within the basal pro-
cess, both in varicosities and in the rest of the shaft (Fig. 4 A).We
next tested whether growing microtubules preferentially
emerged from basal process varicosities due to an accumulation
of stabilized microtubule minus ends within these structures.
Members of the CAMSAP family (CAMSAP1, 2, and 3) specifi-
cally recognize and stabilize microtubule minus ends, generating
seeds from which multiple rounds of plus-end growth and
shrinkage can occur (Jiang et al., 2014). GFP-tagged CAMSAP1, 2,
and 3 accumulated at the ventricular surface but also strongly
accumulated within varicosities (Fig. 4, B–D). CAMSAP1 was
particularly abundant at the edges of the varicosities, where
microtubules are often observed to emanate (Fig. 4 C). CAMSAPs
could also occasionally be observed in the shafts, where EB3
comet formation is lower. Moreover, CAMSAP clusters were
much larger within varicosities than in the shaft (Fig. 4 F). Im-
munostaining for CAMSAP1, 2, and 3 revealed a punctuated
signal within mouse and human RG cell varicosities in vivo, as
well as in the processes of human RG cells cultured in vitro (Fig.
S2, A–C).

We then live imaged GFP-tagged CAMSAP1, 2, and 3 together
with EB3-mCherry within mouse embryonic brain slices. While
GFP–CAMSAP1 and 2 low expression levels only allowed us to
perform movies in very few cells, imaging of CAMSAP3-GFP
confirmed a strong association between CAMSAP3 and comet
formation hotspots (Fig. 4, F and G; Video 9 and Video 10).
Quantification revealed that the majority of newly formed EB3-
mCherry comets were observed emanating from CAMSAP3-GFP
clusters, especially within varicosities (Fig. 4 H). EB3 comets
emanating within or away from CAMSAP3+ foci had the same
polarity, and expression of CAMSAP3-GFP did not affect EB3
comet rates (Fig. S2 D and not shown).

Transcriptomic data indicate that CAMSAP1 and 2 are ex-
pressed at higher levels than CAMSAP3 in mouse aRG cells, and
we therefore focused on these two factors (Telley et al., 2019).
shRNA-mediated knockdown (KD) of CAMSAP1 and 2 led to a
rapid destabilization of the entire basal process of aRG cells,
indicating a critical function for basal process architecture
(Fig. 5 A). Single KD of CAMSAP1 mildly altered basal process
integrity, while CAMSAP2 KD had no clear effect. We therefore
analyzed the rate of EB3 comet formation in CAMSAP1 and
CAMSAP2 KD varicosities, which revealed 38% and 52% reduc-
tions, respectively (Fig. 5, B and C; Video 11, Video 12, and Video
13). EB3 comet formation within shafts was not significantly
affected, suggesting that these comets correspond to rescue
events (Fig. 5 D). Overall, these results indicate thatmicrotubules
preferentially grow from varicosities of the basal process in a
CAMSAP 1 and 2–dependent manner.

A TGN-related compartment localizes to microtubule minus
ends in basal process varicosities
Because the Golgi apparatus is a major site for acentrosomal
microtubule organization, we next asked whether Golgi outposts
could be found along the basal process of aRG cells, similar to
what happens in dendrites (Horton and Ehlers, 2003; Horton
et al., 2005; Ye et al., 2007). In the apical process, where the
Golgi apparatus is localized, we consistently detected the cis-
medial marker ManII and the trans marker GalNAcT2, as well
as the small GTPase Rab6A (Fig. S3 A). Strikingly, the trans and
TGN markers Rab6A, GalNAcT2, GalT, and TGN46 also localized
within the basal process and accumulated within the vast ma-
jority of varicosities (87.8 ± 5.1% for GalNAcT2; Fig. S3, B and C).
GalNaT2 foci could also be observed by immunostaining (Fig. S3,
D and E). The cis-medial markers ManII and GMAP210 were,
however, undetectable outside the apical process (381 varicosi-
ties out of 36 cells and 235 varicosities out of 27 cells were an-
alyzed, respectively; Fig. S3 B). These results point toward the
presence of a Golgi-related secretory compartment with a trans-
Golgi/TGN identity in basal process varicosities of RG cells.

Consistent with CAMSAP2 recruitment to the cis-Golgi (Wu
et al., 2016), CAMSAP3 did not colocalize with the trans marker
GalNacT2 in basal process varicosities. However, we noted that
CAMSAP3 and GalNacT2 were frequently found in close prox-
imity (Fig. S3 F). Because the trans-Golgi and TGN can stimulate
microtubule growth via the recruitment of CLASP 1 and
2 (Efimov et al., 2007), we asked whether microtubules pref-
erentially grew from GalNacT2-positive foci. This analysis re-
vealed an association between GalNacT2-positive structures and
newly formed EB3 comets (72 ± 6.8%), which was stronger in
varicosities (81.3 ± 5.1%) than in shafts (42.9 ± 21.25%; Fig. S3, G
and H; and Video 14). EB3 comets emanating outside or within
GalNacT2+ foci had a similar polarity (Fig. S3 I). These results
suggest a role for Golgi membranes in the growth of minus
end–stabilized microtubules within varicosities of RG cell basal
processes. The presence of trans and TGN markers, but not cis-
medial elements, argues against the presence of canonical Golgi
outposts and rather points to a secretory structure, presumably
with a TGN identity. Our observations are consistent with an
electron microscopy study revealing a lack of Golgi cisternae in
the basal process of aRG cells (Taverna et al., 2016).

A dendrite-like microtubule network is organized from basal
fiber varicosities
The basal process organization is reminiscent of what has been
described in the mammalian dendrite, where one third of dy-
namic microtubules are “minus end out,” growing toward the
soma (Baas et al., 1988; Baas and Lin, 2011). This polarity sug-
gests that trafficking into the basal process is likely to rely on
kinesin-based movement but that minus end–based transport
of specific cargos—as shown in dendrites (Kapitein et al.,
2010)—cannot be ruled out. It is important to stress that EB3
tracking specifically probes the polarity of dynamic micro-
tubules, and is only an approximation for the overall microtu-
bule polarity. Indeed, laser-cut and motor-PAINT experiments
performed in hippocampal neurons in culture have revealed an
even greater proportion of minus end out microtubules (Yau
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Figure 4. Basal processmicrotubules grow from CAMSAP-positive foci. (A and B)mEmerald–γ-Tubulin and CAMSAP3-GFP localization in mouse aRG cell
apical endfeet and basal process varicosities. N, nucleus. (C and D) GFP-CAMSAP1 and GFP-CAMSAP2 localization in mouse aRG cell basal process varicosities.
CAMSAP1 concentrates on the edges of the swellings. (E) Quantification of the percentage of basal process varicosities positive for CAMSAP1, 2, and 3 (n = 88
varicosities from 65 cells, n = 35 varicosities from 20 cells, and n = 120 varicosities from 59 cells, respectively). (F) Live imaging of CAMSAP3-GFP and EB3-
mCherry in mouse aRG cell basal process and corresponding kymograph. Blue arrowheads: basally growing microtubules. Yellow arrowhead: apically growing
microtubules. (G) Live imaging of GFP-CAMSAP1 and EB3-mCherry in mouse aRG cell basal process and corresponding kymograph. White arrowhead: EB3
comet emanating from CAMSAP1 foci. (H) Quantification of the percentage of EB3 comets emanating from CAMSAP3-positive foci throughout the basal
process, in shafts and in varicosities (n = 310 comets from 15 cells). **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by Mann-Whitney tests. All experiments were
performed in at least three independent mice. Error bars indicate SD.
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Figure 5. CAMSAP1 and 2 KD alters microtubule growth from varicosities and basal process architecture. (A) KD of CAMSAP1 and 2 destabilizes the
basal process. E14.5 embryos were in utero electroporated with shRNA-expressing plasmids or scramble control and fixed at E15.5 and E16.5. Brains were
stained for DAPI or NeuN to visualize basal surface. Dashed lines indicate apical (bottom) and basal (top) surfaces. (B) Live imaging of EB3-GFP in varicosities of
RG cells expressing CAMSAP1 shRNA, CAMSAP2 shRNA, or scramble control. Right: Kymographs highlighting reduced EB3 comet formation in CAMSAP1 and
2 KD. Arrowheads: newly formed EB3 comets. (C) Quantification of the rate of EB3 comet formation within varicosities of scramble shRNA (n = 42 varicosities),
CAMSAP1 shRNA (n = 35 varicosities), and CAMSAP2 shRNA (n = 38 varicosities). (D) Quantification of the rate of EB3 comet formation within shafts of
scramble shRNA (n = 41 varicosities), CAMSAP1 shRNA (n = 35 varicosities), and CAMSAP2 shRNA (n = 38 varicosities). ***, P < 0.001; ****, P < 0.0001 by
Mann-Whitney tests. All experiments were performed in nine brains from three independent mice.

Coquand et al. Journal of Cell Biology 8 of 12

Microtubule organization in neural stem cells https://doi.org/10.1083/jcb.202003151

https://doi.org/10.1083/jcb.202003151


et al., 2016; Tas et al., 2017). The identification of microtubule
organizing centers throughout the basal process is consistent
with microtubules growing both apically and basally, but how
the polarity of the network is biased toward basal growth remains
unclear. In axons, unipolar microtubule organization depends on
the HAUS/augmin complex (Cunha-Ferreira et al., 2018; Sánchez-
Huertas et al., 2016). This complex was recently shown to be
critical for γ-tubulin–mediated nucleation from presynaptic bou-
tons (Qu et al., 2019), where increased microtubule dynamics fa-
vors delivery of synaptic vesicle precursors (Guedes-Dias et al.,
2019).

Based on the absence of γ-tubulin, varicosities do not appear
to be sites of microtubule nucleation (Ori-McKenney et al.,
2012), but rather sites of minus-end stabilization. Although
we cannot rule out the presence of undetectable amounts of
γ-tubulin in varicosities, the localization of the minus-end cap-
ping proteins CAMSAP1, 2, and 3 further supports this notion. If
microtubules are not nucleated within the basal process, where
could stabilized seeds come from? One possibility is that acen-
trosomal microtubules are generated in the apical process by
severing enzymes such as spastin or katanin. Alternatively, such
severing could occur directly within the basal process in order to
amplify the number of acentrosomal microtubules. Interest-
ingly, human mutations in KATNB1, which encodes the p80
subunit of katanin, cause severemicrocephaly and lissencephaly
(Hu et al., 2014). While mitotic and ciliary defects were reported
in mutant RG cells, the role of katanin in interphasic microtu-
bule organization was not addressed. Together, this work
identifies the organization of the microtubule cytoskeleton in
mouse and human RG cells, and will allow to determine how
genetic mutations targeting microtubule regulators may affect
these neural progenitor cells, leading to brain malformations.

Materials and methods
Ethics statement
For animal care, we followed the European and French National
Regulation for the Protection of Vertebrate Animals used for
Experimental and other Scientific Purposes (Directive 2010/63;
French Decree 2013–118). The project was authorized by and
benefited from guidance of the Animal Welfare Body, Research
Centre, Institut Curie. CD1-IGS pregnant females were pur-
chased from Charles River Laboratories.

Human fetal tissue samples were collected with previous
patient consent and in strict observance of legal and institutional
ethical regulations. The protocol was approved by the French
biomedical agency (Agence de la Biomédecine; approval no.
PFS17-003).

In utero electroporation of mouse embryonic cortex
Pregnant CD1-IGS mice at E13.5 were anesthetized with isoflu-
rane gas and injected subcutaneously first with buprenorphine
(0.075 mg/kg) and a local analgesic, bupivacaine (2 mg/kg), at
the site of the incision. Lacrinorm gel was applied to the eyes to
prevent dryness/irritation during the surgery. The abdomen
was shaved and disinfected with ethanol and antibiotic swabs
and then opened, and the uterine horns were exposed. Plasmid

DNA mixtures were used at a final concentration of 1 µg/µl per
plasmid, dyed with Fast Green, and injected into the left lateral
ventricle of several embryos. The embryos were then electro-
porated through the uterine walls with a NEPA21 Electroporator
(Nepagene) and a platinum-plated electrode (five pulses of 50 V
for 50 ms at 1-s intervals). The uterus was replaced, and the
abdomen was sutured. The mother was allowed to recover from
surgery and supplied with painkillers in drinking water after
surgery.

Electroporation of human fetal cortex
Fresh tissue from human fetal cortex was obtained from au-
topsies. A piece of prefrontal cortex was collected from one
hemisphere and transported on ice to the laboratory. The tissue
was divided into smaller pieces, and embedded 4% low-gelling
agarose (Sigma) was dissolved in artificial cerebrospinal fluid
(ACSF). Plasmid DNA (1 µg/µl) was injected with a fine glass
micropipette through the agarose at the ventricular surface. The
gel block was then subjected to a series of five pulses of 50 V for
50ms at 1-s intervals and sliced with a Leica VT1200S vibratome
(300-µm-thick slices) in ice-cold ACSF. Slices were grown on
Millicell culture inserts (Merck) in cortical culture medium
(DMEM-F12 containing B27, N2, 10 ng/ml FGF, 10 ng/ml EGF, 5%
fetal bovine serum, and 5% horse serum) for up to 5 d. Medium
was changed every day.

Subcellular live imaging in mouse embryonic brain and human
fetal cortex slices
To record EB3-GFP or EB3-mCherry dynamics together with
Golgi markers or CAMSAP3-GFP in radial glia in situ, we used
the following approach. 24 h after the electroporation, the
pregnant mouse was sacrificed and the electroporated embryos
were recovered. Brains were dissected in ACSF, and 300-µm-
thick coronal slices were prepared with a Leica VT1200S
vibratome in ice-cold ACSF. The slices were cultured on mem-
brane filters over enriched medium (DMEM-F12 containing B27,
N2, 10 ng/ml FGF, 10 ng/ml EGF, 5% fetal bovine serum, and 5%
horse serum). After recovery in an incubator at 37°C, 5% CO2 for
2 h (or 48 h for human tissue to allow for construct expression),
the filters were cut and carefully turned over on a 35-mm Flu-
oroDish (WPI) in order to position the sample in direct contact
with the glass, underneath the filter (which maintained the
sample flat). Live imaging was performed on a spinning-disk
wide microscope equipped with a Yokogawa CSU-W1 scanner
unit to increase the field of view and improve the resolution
deep in the sample. The microscope was equipped with a high
working distance (0.3 mm) 100× SR HP Plan Apo 1.35 NA Silicon
immersion (Nikon) or a 60× 1.27 NA Apo plan objective (Nikon)
and a Prime95B sCMOS camera. Z-stacks of 15–20-µm range
were taken with an interval of 1 µm, and maximum projections
were performed from which kymographs were generated.
Quantification of EB3 comets frequency and directionality was
directly performed on the movies, and the kymographs were
used for validation and display purposes. Videos were mounted
in Metamorph. Image analysis (kymographs and other quanti-
fications) and modifications of brightness and contrast were
performed on Fiji. Figures were assembled in Affinity Designer.
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Immunostaining of brain slices
Mouse embryonic brains were dissected out of the skull and
fixed in 4% PFA for 2 h, and 80-µm-thick slices were prepared
with a Leica VT1200S vibratome in PBS. Human fetal slices in
culture were fixed in 4% PFA for 2 h. Slices were boiled in citrate
sodium buffer (10 mM, pH 6) for 20 min and cooled down at
room temperature (antigen retrieval). Slices were then blocked
in PBS–Triton X-100 0.3%–Donkey serum 2% at room temper-
ature for 2 h, incubated with primary antibody overnight at 4°C
in blocking solution, washed in PBS-Tween 0.05%, and incu-
bated with secondary antibody overnight at 4°C in blocking
solution before final wash and mounting in aquapolymount.
Mosaics (tilescans) of fixed human tissue were acquired with a
40× Apo-Plan objective.

Expression constructs and antibodies
The following plasmids were used in this study: GFP-CAMSAP1
and GFP-CAMSAP2 (a gift from Anna Akhmanova); CAMSAP3-GFP
(a gift from Masatoshi Takeichi); EB3-GFP (a gift from
Matthieu Piel); EB3-mCherry (Michael Davidson; Addgene
55037); mCherry2-C1 empty vector (Michael Davidson; Addgene
54563); mEGFP-C1 empty vector (Michael Davidson; Addg-
ene 54759); mEmerald–γ-Tubulin (Michael Davidson; Addg-
ene 54105); GFP-Rab6A (a gift from Bruno Goud); GFP-GMAP210
(a gift from Claire Hivroz); and GalT-mCherry, GalNacT2-
mCherry, ManII-GFP, and TGN46-GFP (all gifts from Franck
Perez). Antibodies used in this study were mouse anti-Nestin
(BD PharMingen; 556309; 1/500), rabbit-anti GalNacT2 (Ab-
cam; AB102650; 1/100), rabbit anti-CAMSAP1 (Novus; NBP1
26645; 1/500), rabbit anti-CAMSAP2 (Novus; NBP1 21402;
1/500), mouse anti-CAMSAP3 (Sigma; SAB4200415; 1/500),
mouse anti-SOX2 (Abcam; Ab79351; 1/500), and rat anti-Vimentin
(R&D Systems; MAB2105; 1/500).

Real-time RT-PCR
Neuro2A cells were transfected with CAMSAP1, CAMSAP2, and
scramble control shRNA plasmids using Lipofectamin-3000
(Thermo Fisher Scientific). After 3 d, cells were lysed in TRI-
ZOL (Thermo Fisher Scientific). mRNAs were isolated as fol-
lows: TRIZOL + sample solution was exposed to chloroform for
7 min at room temperature and centrifuged at 15,000 g for
30 min at 4°C. The translucent solution formed was then
transferred in 1 ml isopropanol, incubated 7 min at room tem-
perature, and centrifuged at 4°C at 10,000 g. The pellet of nucleic
acid formed was then washed in ethanol 70% and centrifuged
5 min at 10,000 g at 4°C. The pellet was then resuspended in
water. The nucleic acid solution was purified from DNA using
TURBO DNA-free Kit (Thermo Fisher Scientific). The mRNA
obtained was then retrotranscribed using the RT Reverse
Transcription Kit (Thermo Fisher Scientific). Real-time RT-PCR
was performed using the qPCR Master Mix kit (Thermo Fisher
Scientific) and the CAMSAP1 and 2 forward/reverse primers;
GAPDH was used for internal control and for normalization.
Primers used for CAMSAP1 are forward: 59-CTTCCTCTTTGG
CCTCTGTG-39, reverse: 59-AGTGTGGGTTGGTAGCAGT-39. Pri-
mers used for CAMSAP2 are forward: 59-ATCTCCCAAAACACC
GATCA-39, reverse: 59-AAGTTGTGGAGCGTTTTCC-39.

Online supplemental material
Fig. S1 shows the method of identification of bRG cells in human
fetal tissue. Fig. S2 depicts the endogenous distribution of
CAMSAP1, 2, and 3, as well as KD efficiency. Fig. S3 illustrates
localization of a TGN-related compartment in varicosities of the
basal process. Video 1 shows EB3-GFP dynamics in apical process
of mouse aRG cells. Video 2 shows EB3-GFP dynamics in the
basal process of mouse aRG cells. Video 3 shows EB3-GFP dy-
namics in the medial part of the basal process of mouse aRG
cells. Video 4 shows long-term dynamics of basal process
swelling. Video 5 shows long-term dynamics of basal process
swelling (inset). Video 6 shows EB3-GFP dynamics in basal
process swelling of mouse aRG cells. Video 7 shows a human bRG
cell undergoing MST. Video 8 shows EB3-GFP dynamics in basal
process swelling of human bRG cells. Video 9 shows EB3-
mCherry comets emanating from CAMSAP3-GFP foci. Video 10
shows EB3-mCherry comets emanating from GFP-CAMSAP1
foci. Video 11 shows EB3-GFP dynamics in a varicosity of a
scramble shRNA-expressing RG cell. Video 12 shows EB3-GFP
dynamics in a varicosity of a CAMSAP1 shRNA-expressing RG
cell. Video 13 shows EB3-GFP dynamics in a varicosity of a
CAMSAP2 shRNA-expressing RG cell. Video 14 shows EB3-GFP
comets emanating from GalNacT2-RFP foci.
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Supplemental material

Figure S1. Validation of bRG cell fate in human fetal tissue. Related to Fig. 3. (A) GFP-electroporated bRG cells positive for RGmarker Sox2 in human fetal
brain tissue. Purple asterisks indicate electroporated cell soma. (B) Live imaging of a human fetal bRG cell undergoing MST before cell division.
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Figure S2. CAMSAP 1, 2, and 3 endogenous localization and KD validation. Related to Fig. 4 and Fig. 5. (A) Immunostaining for CAMSAP1, CAMSAP2, and
CAMSAP3 in GFP-electroporated mouse cortical tissue. (B) Immunostaining for CAMSAP1 and CAMSAP2 in GFP-electroporated human cortical tissue.
(C) Immunostaining for CAMSAP1 and CAMSAP3, together with Sox2 and α-tubulin, in human RG cells cultured in vitro. (D) Directionality of microtubule
growth depending on whether EB3 comet emanates within or away from CAMSAP3-positive foci (n = 252 comets from 15 cells). (E) Quantitative PCR
measurement of CAMSAP 1 and 2 mRNA levels following KD in Neuro2A cells. ****, P <0.0001. Error bars indicate SD. A.U., arbitrary units.
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Figure S3. A Golgi-related compartment localizes to microtubule minus ends in basal process varicosities. (A) Localization of GalNacT2-mCherry, GFP-
Rab6A, and ManII-GFP in aRG apical process. N, nucleus. (B) Localization of GalNacT2-mCherry, GalT-mCherry, and GFP-Rab6A, TGN46-GFP, GMAP210-GFP,
and ManII-GFP in aRG basal process varicosities. (C) Quantification of the percentage of basal process varicosities positive for GalNacT2 (n = 70 varicosities in
13 cells). (D) Immunostaining for GalNacT2 in Vimentin-stained cortical tissue. (E) Immunostaining for GalNacT2, together with Sox2 and α-tubulin, in human
RG cells cultured in vitro. (F) Co-expression of GalNacT2-mCherry and GalT-mCherry with CAMSAP3-GFP in basal process of mouse aRG cells. (G) Live imaging
of EB3-GFP and GalNacT2-mCherry in mouse aRG cell basal process and corresponding kymograph. (H) Quantification of the percentage of EB3 comets
emanating from GalNacT2-positive foci throughout the basal process, in shafts and in varicosities (n = 333 comets from 28 cells). (I) Directionality of mi-
crotubule growth depending on whether EB3 comet emanates within or away from GalNacT2-positive foci (n = 274 comets from 28 cells). ****, P < 0.0001 by
Mann-Whitney tests. All experiments were performed in at least three independent mice or two independent human samples. Error bars indicate SD.
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Video 1. EB3-GFP dynamics in apical process of mouse aRG cells. EB3-GFP was electroporated at E13.5, and brain was sectioned and imaged at E14.5. The
majority of microtubule plus ends grow basally. Scale bar: 5 μm. 15 fps.

Video 2. EB3-GFP dynamics in basal process of mouse aRG cells. EB3-GFP was electroporated at E13.5, and brain was sectioned and imaged at E14.5.
Microtubules can be observed to grow basally and apically. Scale bar: 5 μm. 15 fps.

Video 3. EB3-GFP dynamics in the medial part of the basal process of mouse aRG cells. EB3-GFP was electroporated at E13.5, and brain was sectioned
and imaged along the apico-basal axis at E14.5. Microtubule polarity is similar throughout most of the basal process, except at the apical-most region where
most microtubules grow basally. Scale bar: 5 μm. 10 fps.

Video 4. Long-term dynamics of basal process swelling. GFP was electroporated at E13.5, and brain was sectioned and imaged at E14.5. Cells are highly
dynamic, undergoing interkinetic nuclear migration. The majority of swellings are stable throughout a 22-h movie. Scale bar: 100 μm. 25 fps.

Video 5. Long-term dynamics of basal process swelling (inset). GFP was electroporated at E13.5, and brain was sectioned and imaged at E14.5. The
majority of swellings are stable throughout a 22-h movie. Scale bar: 10 μm. 10 fps.

Video 6. EB3-GFP dynamics in basal process swelling of mouse aRG cells. EB3-GFP was electroporated at E13.5, and brain was sectioned and imaged at
E14.5. Intense EB3 comet formation is observed within basal process swellings. Scale bar: 5 μm. 15 fps.

Video 7. Human bRG cell undergoing MST. Gestational week 18 human fetal brain was electroporated with GFP, sectioned, cultured for 24 h, and imaged.
The soma of bRG cell undergoes rapid movement before cell division. Scale bar: 20 μm. 25 fps.

Video 8. EB3-GFP dynamics in basal process swelling of human bRG cells. Gestational week 18 human fetal brain was electroporated with EB3-GFP,
sectioned, cultured for 48 h, and imaged. Intense EB3 comet formation is observed within basal process swellings. Scale bar: 2.5 μm. 10 fps.

Video 9. EB3-mCherry comets emanating from CAMSAP3-GFP foci. EB3-RFP and CAMSAP3-GFP were electroporated at E13.5, and brain was sectioned
and imaged at E14.5. The majority of novel EB3 comets emanate from CAMSAP3 foci. Scale bar: 5 μm. 15 fps.

Video 10. EB3-mCherry comets emanating from GFP-CAMSAP1 foci. EB3-RFP and CAMSAP3-GFP were electroporated at E13.5, and brain was sectioned
and imaged at E14.5. An EB3 comet can be seen emanating from a CAMSAP1 focus. Scale bar: 2.5 μm. 10 fps.

Video 11. EB3-GFP dynamics in a varicosity of a scramble shRNA-expressing RG cell. EB3-GFP and scramble shRNA plasmids were electroporated at
E13.5, and brain was sectioned and imaged at E15.5. Scale bar: 2.5 μm. 10 fps.

Video 12. EB3-GFP dynamics in a varicosity of a CAMSAP1 shRNA-expressing RG cell. EB3-GFP and CAMSAP1 shRNA plasmids were electroporated at
E13.5, and brain was sectioned and imaged at E15.5. Scale bar: 2.5 μm. 10 fps.
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Video 13. EB3-GFP dynamics in a varicosity of a CAMSAP2 shRNA-expressing RG cell. EB3-GFP and CAMSAP2 shRNA plasmids were electroporated at
E13.5, and brain was sectioned and imaged at E15.5. Scale bar: 2.5 μm. 10 fps.

Video 14. EB3-GFP comets emanating from GalNacT2-RFP foci. EB3-GFP and GalNacT2-RFP were electroporated at E13.5, and brain was sectioned and
imaged at E14.5. The majority of novel EB3 comets emanate from GalNacT2 foci. Scale bar: 5 μm. 15 fps.
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