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The establishment of axon/dendrite polarity is fundamental for
neurons to integrate into functional circuits, and this process is
critically dependent on microtubules (MTs). In the early stages of the
establishment process, MTs in axons change dramatically with the
morphological building of neurons; however, how the MT network
changes are triggered is unclear. Here we show that CAMSAP1 plays
a decisive role in the neuronal axon identification process by
regulating the number of MTs. Neurons lacking CAMSAP1 form a
multiple axon phenotype in vitro, while the multipolar-bipolar tran-
sition and radial migration are blocked in vivo. We demonstrate that
the polarity regulator MARK2 kinase phosphorylates CAMSAP1 and
affects its ability to bind to MTs, which in turn changes the protec-
tion of MT minus-ends and also triggers asymmetric distribution of
MTs. Our results indicate that the polarized MT network in neurons
is a decisive factor in establishing axon/dendritic polarity and is ini-
tially triggered by polarized signals.
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typical mature neuron has one axon and multiple dendrites,

providing the physical basis of neuronal function (1). In
neurons, the establishment of axon/dendrite polarity is regulated
by various factors, including the polarization of signaling regu-
lators and the cytoskeletons (2—4). However, how the axon/
dendrite polarity of neurons is established and how these de-
terminants are precisely coordinated in the polarity establish-
ment process remain poorly understood.

Microtubules (MTs) play a decisive role in axon/dendrite po-
larity differentiation in neurons, and various biophysical properties
of MTs are known to be associated with this process (5). In the
early axon/dendrite polarity differentiation process of in vitro cul-
tured hippocampal neurons, accompanied by the first minor pro-
cesses that rapidly grow and differentiate into axons, the number of
MTs in the axon is significantly increased, and they are uniformly
oriented to accommodate changes in neuronal morphology (6, 7).
MT stability has also been shown to be associated with axon
identification. MTs are more stable in the future axon than in a
minor process, and this unbalanced distribution of stable and un-
stable MTs manifests from the second stage of axon/dendrite po-
larization differentiation (8). Also, changes in posttranslational
modifications (PTMs), such as acetylated and detyrosinated mod-
ified MTs, have been shown to be related to this process (9).
However, it is unclear which properties of MTs play essential de-
cisive roles in axon/dendritic differentiation of neurons.

In neuronal cells, the MT network is composed mainly of non-
centrosomal MTs (10). The calmodulin-regulated spectrin-associated
proteins (CAMSAPs) bind to the minus-ends of noncentrosomal
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MTs and play an essential role in regulating the noncentrosomal
MT network (11, 12). Studies have shown that Patronin, a
CAMSAP homolog in Drosophila, can regulate the orientation of
MTs in dendrites and is vital for dendritic pruning (13, 14). In
mammalian cells, CAMSAP has three homologs that are asso-
ciated with multiple neuronal functions and neurologic diseases.
Studies have shown that CAMSAP2 and CAMSAP3 are asso-
ciated with dendritic branches and axon differentiation, respec-
tively (15, 16). These data suggest that in mammalian neurons,
noncentrosomal MTs have multiple functions that are complex
and finely regulated, but the molecular mechanism underlying
these functions remains unclear.

In the present study, we focused on CAMSAP1 and found that
it plays a decisive role in neuronal axon-dendrite differentiation
as well as in the normal development and function of the cere-
bral cortex. Neurons lacking CAMSAP1 will form a multiple
axon phenotype in vitro while the multipolar-bipolar transition
and radial migration are blocked in vivo. We demonstrate that
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polarity regulatory factor MARK2 kinase phosphorylates the
serine at amino acid 1485 of CAMSAP1 and thereby regulates
the ability of CAMSAP1 to bind and protect MT minus-ends. In
fact, in the early stage of neuronal polarization, it is the unbal-
anced stability of the noncentrosomal MTs minus-ends that
cause the asymmetric distribution of MTs, which in turn pro-
motes the differentiation of axon and dendrite.

Results

CAMSAPs Are Expressed in the Neocortex and Hippocampal Neurons.
Since the CAMSAP family has three proteins, we comprehensively
analyzed the expression profiles of CAMSAPs in the cortex, hip-
pocampus, and neurons. The expression level of CAMSAP1
reached a peak during postnatal day (P) 7 to 28 or days in vitro
(DIV) 4 to 7 (Fig. 1 A-C), indicating that CAMSAP1-3 have
similar expression trends in brain development.

Then we generated a CAMSAP1 antibody suitable for immu-
nostaining to investigate the distribution of CAMSAPs (SI Ap-
pendix, Figs. S1 A-E and S4 C-E). CAMSAPI1 shows a high
expression region change in the cortex during embryonic devel-
opment, and it was concentrated in dendrites, but not in axons, at
PO (Fig. 1D and SI Appendix, Fig. S1 F-H). Moreover, CAMSAP2

Hippocampus

was restricted to the cortical plate (CP) layer similar to CAMSAP1,
but CAMSAP3 was strongly codistributed with callosal axons, which
are enriched in the intermediate zone (IZ) and layer VI (Fig. 1D).
In cultured neurons, CAMSAPI1 was detectable by immunos-
taining from stage 1 and distributed in neurites in stage 2. Even
though CAMSAP1 had equal distribution in stage 2/3 neurons, it
showed a preferential localization in dendrites and axonal
growth cones in stage 3 neurons (Fig. 1 E-H and SI Appendix,
Fig. S2 A and B). In contrast, CAMSAP2 and CAMSAP3 were
preferentially located in the dendrites and proximal-middle re-
gion of axons, respectively (Fig. 1 G and H and SI Appendix, Fig.
S2 C and D). All results indicate that CAMSAPs have different
distribution patterns in the cortex and in cultured neurons.

Camsap1 Knockout Mice Died of Epileptic Seizure. Previous studies
reported the functions of CAMSAP2 and CAMSAP3 in the
nervous system, but there have been no such studies describing
CAMSAPL1. To investigate the function of CAMSAPI, we gen-
erated a line of Camsapl null allele mice by a gene knockout
(KO) method. Animals carrying both null alleles are demgnated
Camsapl(~7) (SI Appendix, Fig. S3 A-C). The expression levels
of CAMSAP2 and CAMSAP3 had no compensatory effect on

Hippocampal neurons
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Fig. 1. CAMSAP1 expression in the developing cortex and cultured hippocampal neurons. (A-C, Upper) Western blot analysis of the expression levels of
CAMSAPs in the cortex (A), hippocampus (B), and cultured neurons (C). (A-C, Bottom) Quantification analysis of the protein expression in A-C (n =3 to 8
groups per condition). (D) Distribution of CAMSAPs in coronal sections of the cerebral cortex at P0. Map2 and L1 label the dendrites and callosal axons in
mature neurons, respectively. (E, Left) distribution of CAMSAP1 in cultured neurons from stage 1 to stage 3. Arrows in stage 3 neuron indicate CAMSAP1
accumulation at the tip of the axon. (E, Right) Quantification analysis of neurons with CAMSAP1 accumulation in neurite tips of stage 2 or axonal tips of stage
3 (n = 161 and 183 neurons, respectively). (F) Quantification analysis of the distribution of CAMSAP1 in neurites from stage 2/3 (n = 57 neurons). (G and H)
Quantification analysis of the total (G) and segmental (H) distribution of CAMSAPs in dendrites and axons from stage 3 neurons (n = 36 and 39 neurons,
respectively). Data represent mean + SEM. N.S., not significant (P > 0.05). ***P < 0.001, paired Student'’s t test. (Scale bars: 10 pm in E; 50 um in D.)

22194 | www.pnas.org/cgi/doi/10.1073/pnas. 1913177117

Zhou et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913177117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1913177117

Downloaded at Palestinian Territory, occupied on December 13, 2021

CAMSAPI deletion (SI Appendix, Fig. S3D). Camsap1(~'~) mice
showed smaller brain and body size compared to wild-type (WT)
Camsapl(*'*) mice, accompanied by developmental disorders
(SI Appendix, Fig. S3 E-H). However, the mortality in the first
2 d after birth was 50% higher in CamsapI(~~) mice compared
with Camsapl(*'*) and Camsapl(*'~) mice (SI A{)pendix, Fig.
S3I), and the majority of the remaining Camsapl (™) mice died
of epileptic seizure after they were past weaning age (P18 to P21)
(SI Appendix, Figs. S3J and S4 A and B and Movie S1), sug-
gesting that CAMSAP1 is very important for the normal func-
tions of the nervous system. In addition, the expression of
CAMSAP1 was also confirmed by immunostaining (S Appendix,
Fig. S4 C-E).

CAMSAP1 Is Required for Neuronal Polarization. To examine the
biological functions of CAMSAP1 in neurons, we prepared neu-
rons from KO mice and cultured them in vitro. At DIV3, most of
the Camsapl(*'*) neurons formed normal polar morphology with
one axon and several dendrites (Fig. 2 4 and B). However, more
than one-half of the Camsap(~~) neurons showed multiple axons
and other polarity defects (Fig. 2 A-F). Interestingly, the polarity
defects of cultured Camsapl(~'~) neurons could be successively
restored by ectopic expression of CAMSAP1 and CAMSAP3, but
not of CAMSAP2 (Fig. 2 G and H). More importantly, knock-
down of CAMSAP3 promoted these phenomena in Camsapl(~'")
neurons (SI Appendix, Fig. S5 A and B), indicating that CAMSAP1
and CAMSAP3 have functional redundancy in neuronal
polarization.

To rule out the possibility that CAMSAP1 plays a role in the
neuronal polarity maintenance phase, we depleted CAMSAP1 in
WT neurons or expressed CAMSAP1 in CamsapI(~'~) neurons at
DIV3 and then cultured for another 3 d. The phenotypes of WT
neurons or Camsapl(~~) neurons could not be changed (SI Ap-
pendix, Fig. S5 C and D), suggesting CAMSAP1 is required for the
establishment but not the maintenance of neuronal polarity.

To examine polarization in vivo, embryos were subjected to in
utero electroporation (IUE). In WT, a significant proportion of
cells were distributed in the radial migration zone (RMZ; cells
migrating in this region adopt bipolar morphology), while most
cells in Camsapl (7) brains accumulated in the multipolar
migration zone (MMZ; cells migrating in this region adopt
multipolar morphology (Fig. 21) (17, 18).

To study the multipolar—bipolar (MP-BP) transition more ac-
curately, we divided the neurons in the cortex into four typical
morphologies (Fig. 27). A higher proportion of cells in the
Camsapl (=) brains showed multipolar morphology compared
with WT brains (Fig. 2K). The same phenotypes were also ob-
served in embryonic day (E) 17.5 embryos with electroporated
shRNA at E14.5 (Fig. 2 L and M). In addition, the Golgi appa-
ratus of the upper MMZ neurons was disoriented if CAMSAP1
was depleted (SI Appendix, Fig. S5 E and F). Collectively, these
results indicate that CAMSAP1 regulates the MP-BP transition of
cortical neurons.

CAMSAP1 Is Required for Migration of Cortical Neurons and Cortical
Lamination. To investigate whether the absence of CAMSAP1
affects the migration of cortical neurons, Camsapl(*'*) and
Camsap1(7'") embryos were subjected to TUE, and 44.1 + 1.1%
WT neurons were found in the CP, while 42.2% + 2.2%
CAMSAP1-deficient neurons showed significant accumulation in
the IZ (Fig. 34 and B). We then used a BrdU birth dating assay to
investigate neuronal migration. In CamsapI(~~) mice, a signifi-
cant proportion of BrdU* neurons remained in the 1Z (Fig. 3 C
and D), demonstrating the existence of migration in cortical
neurons of Camsapl(™~) mice. In another study, we confirmed
these defects in radial migration using sShRNA to knock down the
expression of CAMSAPI (Fig. 3 E and F). Moreover, off-target
effects were excluded by ectopic expression of an shRNA-resistant
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construct (CAMSAP1®), as two concentrations among the four
tests partially improved neuronal migration. This result also sug-
gests that CAMSAP1 may regulate neuronal migration in a more
complex manner other than via ubiquitous expression of this
protein in neurons (Fig. 3 E and F and SI Appendix, Fig. S1 A and
C). We excluded the possibility that the observed radial migration
defects were due to proliferation, differentiation, apoptosis, or
radial scaffolding abnormalities (SI Appendix, Fig. S6).

We next examined the laminar formation of the neocortex in
Camsapl(~") mice and found that the nucleus intensity and
Map2-labeled cells of cortical laminar fluctuated less in these
mice compared with CamsapI(*'*) mice (SI Appendix, Fig. S7).
To further confirm this notion, we stained for Tbr1 and Cuxl to
label neurons in the deep layers (VI) and upper layers (II to IV)
of PO mice. These organized structures were disturbed in
Camsapl(~'") mice (Fig. 3 G-J). Similar cortical laminar disor-
ganization was also observed in P21 young adults (Fig. 3 K-N).
These observations indicate that CAMSAPI1 plays a role in
cortical laminar organization.

MARK2 Phosphorylates CAMSAP1 via Interaction. To investigate the
regulatory mechanisms in more depth, we screened for molecule
regulators using an immunoprecipitation assay (SI Appendix, Fig.
S8 A and B). Mass spectrometry analysis identified one of the
precipitated materials as MT affinity-regulating kinase 2 (MARK?2)
(SI Appendix, Fig. S8C), also known as partition-defective 1b (par-
1b) (19). Previous studies have shown that MARK? is involved in
the establishment of polarity and the instability of the MT network
of cells (20-22), suggesting that MARK?2 is a promising candidate
for participating with CAMSAPI1 in the regulation of neuronal
polarization and migration.

We first confirmed the physical interaction between all CAM-
SAPs and MARK?2 using an immunoprecipitation assay (Fig. 44).
Then we constructed a series of CAMSAPI-truncated mutants
and found that the region of amino acids 1,287 to 1,464 of
CAMSAP1 was coprecipitated with MARK?2 (SI Appendix, Fig.
S8 D and E). Similarly, using several MARK2-truncated mutants,
we found that CAMSAP1 interacted only with the MARK2 spacer
domain (SI Appendix, Fig. S8 F and G). These results indicate that
the MARK?2 spacer domain interacts with the C-terminal frag-
ment (amino acids 1,287 to 1,464) of CAMSAPI.

Considering that MARK?2 is a kinase that phosphorylates its
substrate, we suspected that CAMSAPI1 is phosphorylated by
MARK?2. To test this hypothesis, we performed a phosphorylation-
dependent band shift assay using phos-tag reagents. Exogenous
CAMSAP1 showed a band shift in the presence of MARK2,
demonstrating that CAMSAP1 is phosphorylated by MARK2
(Fig. 4B). In further experiments, we used a series of MARK2
mutants that lack the kinase domain (CT) or spacer domain and tail
(AST) and demonstrated that this phosphorylation was dependent
on the interaction of CAMSAP1 and MARK?2 (Fig. 4B and SI
Appendix, Fig. SSF).

To identify which site on CAMSAP1 is phosphorylated by
MARK?2, the band corresponding Flag-CAMSAP1 expressed in
the presence of MARK2 was analyzed and its phosphorylated
sites were observed by mass spectrometry (SI Appendix, Fig.
S9 B-D). To confirm those phosphorylated sites, the corre-
sponding serine (S) or threonine (T) was replaced by alanine (A)
in CAMSAPI, making them inaccessible to phosphorylation.
When CAMSAP1 was cotransfected with these mutants, only
S1485A exhibited no band shift, suggesting that MARK2 phos-
phorylated the S1485 of CAMSAP1 (Fig. 4C). In supporting
these results, it was also observed that MARK2 could not
phosphorylate the truncated mutant lacking the CKK domain
(CAMSAP1-ACKK; S1485 is located in the CKK domain) either
in vivo or in vitro (Fig. 4 D-F). Interestingly, the identified serine
residue is evolutionarily conserved in CAMSAP1 and CAMSAP3,
but not in CAMSAP2 (Fig. 4G).
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Fig. 2. CAMSAP1 regulates neuronal polarization. (A) Representative images of in vitro cultured neurons from Camsap1(**) and Camsap1(~~) mice at DIV3.
Tau-1 (axons), Map2 (dendrites). (B) Percentage of neurons with single, multiple, and no axons in A. (C—F) Ratio of the lengths of the longest and the second-
longest neurite (C), length of the longest neurite (D), total length of neurites per neuron (E), and number of neurites per neuron (F) (n = 337 and 449 neurons,
respectively). (G) Immunostaining for GFP, Tau-1, and Map2 in in vitro cultured neurons at DIV3 after transfection with different plasmids. (H) Percentage of
neurons with single, multiple, and no axons in G (n = 117 to 317 neurons per condition). (/) In mice at E14.5, the neocortex was subjected to IUE with GFP-
encoding plasmid. (Left) Representative image of immunofluorescence staining for DAPI and GFP in cortical coronal sections from E17.5 embryos. (Right,
Inset) The various morphologies of neurons in the cortex. (J) The neuron morphologies in / were divided into four classes. (K) Quantification analysis of
different morphologies of neurons in the I1Z (n = 870 and 415 neurons from four and three brains, respectively). (L) In mice at E14.5, the neocortex was
subjected to IUE with mCherry-encoding shRNA, and a GFP-encoding plasmid was cotransfected to depict the neurons. Inmunofluorescence staining for DAPI,
GFP, and mCherry in cortical coronal sections from E17.5 embryos is shown. (M) Quantification analysis of different morphologies of neurons in the IZ and CP
(n =1,757 and 1,535 neurons from three brains, respectively). Data represent mean + SEM. N.S., not significant (P> 0.05). ***P < 0.001, paired Student’s t test.

(Scale bars: 20 pm in A and G; 50 pm in [ and L.)

Phosphorylation of $1485 Is Required for CAMSAP1 to Regulate Axon/
Dendrite Differentiation. To investigate the functions of phos-
phorylated CAMSAP1 in axon-dendrite polarity differentiation,
we generated an antibody specific for CAMSAP1 phosphorylated
on S1485 (SI Appendix, Fig. S9 E-H). We observed that total
CAMSAP1 expression peaked earlier than its phosphorylation of
S$1485, which gradually increased from DIV2 and peaked at DIV7
(Fig. 5A4), suggesting that phosphorylation of CAMSAP1 begins to
function early in neuronal differentiation.

To determine whether phosphorylation at S1485 of CAMSAP1 is
required for its function in regulating neuronal polarization,
CAMSAPI1 and its mutants were transfected into Camsapl(™")
neurons. Even though S1485A exhibited limited function in rescue
experiments, only S1485D (aspartic acid), which mimics MARK2-
phosphorylated CAMSAP1, could rescue the phenotype of
Camsapl("'") neurons like WT CAMSAPI (Fig. 5 B and C). Fur-
ther experiments clarified that this difference was caused directly by

22196 | www.pnas.org/cgi/doi/10.1073/pnas. 1913177117

the replacement of S1485, since these two mutants have the same
expression level (Fig. 5D). More importantly, the phenotype of
multiple axons caused by MARK2 deletion can also be partially
restored by S1485D, but not by WI' CAMSAP1 (S1485 of WT
CAMSAP1 cannot be phosphorylated under these conditions)
(Fig. 5 E and F). Given that the phosphorylation of tau was un-
changed in Camsap1(™") brains (SI Appendix, Fig. S10 C and D),
we consider the result of partial rescue reasonable, as the phos-
phorylation of tau cannot be restored (19, 21). Taken together,
these results suggest that CAMSAP1 works downstream of
MARK?2, and that phosphorylation rather than dephosphorylation
of CAMSAP1 plays a critical role in neuronal polarization.

Phosphorylation of S$1485 Reduces the MT-Binding Ability of
CAMSAP1 and Affects MT Number. Since the CKK domain is re-
quired for the MT-binding ability of CAMSAP1, we hypothe-
sized that phosphorylation of CAMSAP1 might alter its ability to
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Fig. 3. CAMSAP1 regulates radial migration and cortical lamination. In mice at E14.5, the neocortex was subjected to IUE with GFP-encoding plasmid (A) or
mCherry-encoding shRNA plus GFP- or CAMSAP1R-GFP-encoding plasmid (E). (A) Immunostaining for DAPI and GFP in the cortical coronal section from E18.5
embryos. Arrowheads indicate the neurons. (B) Quantification analysis of the distribution of GFP* neurons across different cortical regions (n = 5,293 and
3,838 neurons from four and five brains, respectively). (C) Pregnant mice were injected with BrdU at E14.5. Coronal sections of brain collected at E18.5 were
analyzed by immunostaining for DAPI, Map2, and BrdU. (D) Quantification analysis of the distribution of BrdU* neurons across the different cortical regions
(n = 4,702 and 3,881 neurons from three brains, respectively). (E) Staining for DAPI, GFP, and mCherry in cortical coronal sections from E18.5 embryos.
Arrowheads indicate the neurons that migrated to the CP. (F) Quantification analysis of the distribution of GFP* and mCherry* neurons across the different
cortical regions in E (n = 3,683 to 4,538 neurons from four to five brains per condition). (G and K) Representative images of the distribution of Tbr1* neurons.
Immunofluorescence staining for DAPI and Tbr1 in the cortex from PO mice (G) and P21 mice (K). (H and L) Schematic diagrams of the distribution of TBR1*
neurons in G and K. ( and M) Representative images of the distribution of Cux1* neurons on immunofluorescence staining for DAPI and Cux1 in the cortex
from PO mice (/) and P21 mice (M). (J and N) Quantification analysis of the Cux1* neurons in / and M (n = 2,327 to 13,686 neurons from four and three brains,
respectively). Data represent mean + SEM. N.S., not significant (P > 0.05). (*P < 0.05, **P < 0.01, ***P < 0.001, paired Student’s t test. (Scale bars: 50 pm in A, C,
G, and /; 100 um in E, K, and M.)

bind to MT. We performed in vitro MT-binding experiments.  greater extent to MT minus-ends and lattice (Fig. 6 B and C),
GFP-tagged CAMSAP1 and its mutant proteins were purified  consistent with previous studies (24). Analysis of the CAMSAP1
and then incubated with Taxol-stabilized MT seeds (Fig. 64 and ~ S1485A mutant, which cannot be phosphorylated by MARK?2,
B). Total internal reflection fluorescence (TIRF) microscopy revealed a slight increase of its MT minus-end binding ability and
images showed that WT CAMSAPI1 accurately tracked MT a decrease in its distribution in the lattice. The CAMSAP1
minus-ends and poorly bound the MT lattice as previous reports ~ S1485D mutant exhibited weaker binding to both MT minus-
have shown (23). Relative to WT, CAMSAP] mutated from ends and lattice compared with WT. Finally, the ability of
asparagine to alanine at position 1482 (N1482A) bound to a CAMSAPI1 to bind MT minus-ends and lattice decreased to the

Zhou et al. PNAS | September 8,2020 | vol. 117 | no.36 | 22197

www.manaraa.com

CELL BIOLOGY



Downloaded at Palestinian Territory, occupied on December 13, 2021

A Input IP: Flag
Flag + - - - - + - - -
Flag-CAMSAP1 - + - - - - 4+ - "
Flag-CAMSAP2 - - + - - - -4 =
Flag-CAMSAP3 -+ - -
Flag-CRMP-2 - . - - + 5 @ gl p
GFP-MARK2 + 0+ o+ o+ o+ + + + + + kDa
- | 245
- e L180
- -
L R 1135
IB: Flag l100
+75
- -
1B:ORF T N — — - - - . L100
B GFP + - - - 4 -
GFP-MARK2 - + - - -+ -
GFP-AST - - + - - -+ -
GFP-CT - - - + = = = &
Flag-CAMSAP1 + + + + o+ o+ o+
Da
IB: Fla = 245
s a apan-
Phos-tag SDS-PAGE Normal SDS-PAGE 100
- 75
IB: GFP -
(Input) - le5
135
- s
[ ]
0
E GFP + - - - iR
GFP-MARK2 - + + + - 4+ o+ o+
Flag-CAMSAP1 + + - - + + - -
S1485A - - + - - -+

IB: Fla 2 ba
(1P Fiag) ... 245

Phos-tag SDS-PAGE Normal SDS-PAGE

100

[ el
- ]

1B: GFP
(Input)

GFP 4 = = = = = ==« = ===~
GFP-MARK2
Flag-CAMSAP1 + + - - - - - = - = = - - - -

Mutants -+ 4+ ++++++++++ +Da

IB: Flal 245
(IP: Flag) S350 00 00 n s s MDB B0 > LEO

B4 Ba B8 BA D6 oo b b AR R e

1B: GFP
(Input)

[ =~ o i o w100

L 25

Normal SDS-PAGE

YT

Phos-tag SDS-PAGE

IB: Flag
(IP: Flag)

GETE & Wysiipurs £ & o
F GST-MARK2 - + - - - - - - Baa
GFP-CAMSAP1 - = + = = + - = + - -
GFP-S1485A - - - - - =
GFP-ACKK - - - -
o
£ -—
£ -
o -
2 -
[as]
o
[&]

1B: GFP | b g 4 bk g 4 g 245
IB: pCAMSAP1 ™ A

CAMSAP1_Mouse
G CAMSAP1_Human a3
CAMSAP1_Dog  [3
CAMSAP1_Horse

CAMSAP1_Mouse
CAMSAP1_Human
CAMSAPZ_Mouse NEHT
CAMSAPZ_Human EEKHT
CAMSAP3_Mouse REFT
CAMSAP3_Human RKFT
Patronin G2
PTRN-1
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tween MARK2 and CAMSAP1. (E) The MARK2-dependent phosphorylation site of CAMSAP1 is located in the CKK domain. (F) Bacterially produced MARK2
was incubated with CAMSAP1 or its mutants to perform an in vitro kinase assay. The red arrowhead designates the band of GST-MARK2. (G) Sequence
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of CAMSAP1.

greatest extent after removal of its CKK domain (Fig. 6 B
and C).

To further study the regulatory mechanism of CAMSAP1
phosphorylation on the microtubule network, we conducted
in vitro experiments using the foregoing proteins. First, an
in vitro MT assembly assay revealed that CAMSAP1 was able to
increase the amount of MTs in a concentration-dependent
manner (Fig. 6D). Of note, equal amounts of CAMSAP1 or its
mutants influenced MT assembly in proportion to their ability to
bind to MTs (Fig. 6 C and E). Moreover, S1485D did not in-
fluence the length of MTs (Fig. 6 G and H). Taken together,
these data indicate that the phosphorylation of CAMSAP1
functions in MT assembly by regulating its number rather than
its length.

Like centrosome to centrosomal MTs, the minus-ends of
noncentrosomal MTs not only are responsible for anchoring, but
also function as “seeds” for MTs (25). We then asked whether
CAMSAP1 could regulate the stability of these MT seeds by

22198 | www.pnas.org/cgi/doi/10.1073/pnas. 1913177117

phosphorylation and thereby promote MT assembly. To test
whether CAMSAP1 has a protective effect on MT seeds, we
added nocodazole to depolymerize MTs in the same experiment
(Fig. 6F). In this experiment, the plus- and minus-ends of the
MTs have the same risk of depolymerization, while CAMSAP1
does not protect the plus-ends. Therefore, the total amount of
MTs after treatment with nocodazole can reflect the stability of
minus-ends of MTs—that is, the MT seeds. Our results showed
that MT underwent brief depolymerization and then resumed
growth. Nonetheless, these phenomena were more pronounced
in the presence of WT and CAMSAP1 S1485A mutants, for
example, at the time points of 30 and 40 min, respectively
(Fig. 6F).

To directly measure the minus-end protection ability, tubulin
dilution experiments were performed. We grew dynamic micro-
tubule extensions from GMPCPP-stabilized microtubule seeds
and while imaging, washed out the soluble tubulin to induce
depolymerization in the absence or presence of CAMSAP1
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levels of S1485A and S1485D in neurons (n = 3). (E) Representative images of immunofluorescences staining for GFP and mCherry (Upper and Middle) and
Tau-1 (Bottom) in the neurons at DIV3 after transfection with indicated plasmids. (F) Quantification analysis of £ (n = 220 to 245 neurons per condition). Data
represent mean + SEM. N.S., not significant (P > 0.05). *P < 0.05, **P < 0.01, ***P < 0.001, unpaired Student'’s t test. (Scale bars: 50 pm.)

(Fig. 6I). We found that CAMSAP1 protected the MT minus-
ends to resist depolymerization as shown previously (Fig. 6J/)
(23). In addition, the trend in variation of the depolymerization
rate of CAMSAP1 and mutants corresponds with the amount of
MTs (Fig. 6 E, F, and J), suggesting that stabilization of MT
minus-ends is an important factor in MT network generation and
regeneration.

Collectively, these results show that the phosphorylation of
CAMSAP1 impairs its MT binding ability and reduces MT numbers.

Asymmetric Distribution of MTs Associated with CAMSAP1 Determines
Polarization. The MT network goes through tremendous changes
during neuronal polarization (6, 8). Interestingly, we and others
have shown that CAMSAPs can bind with the minus-ends of
noncentrosomal MTs to maintain the stability of MT seeds,
thereby regulating the organization of the MT network (26, 27).
Therefore, we speculated that CAMSAP1 might play the role of
defender of MT seeds to control the MT network.

To test our hypothesis, we first examined the distribution of
MT-associated CAMSAP1 clusters. The plasma membrane of
neurons was permeabilized to remove soluble proteins before
fixation, and the distribution of CAMSAP1 was observed by
structured illumination microscopy (SIM). At stage 2/3, the MT-
associated CAMSAP1 clusters showed accumulation in the lon-
gest neurite (Fig. 7 A-C and SI Appendix, Fig. S4D), indicating
that the distribution of MT-associated CAMSAP1 was polarized
during the neuronal polarizing process. Interestingly, the number
of CAMSAPI clusters per unit length of axon is lower than that
of dendrite in stage 3 neurons (Fig. 7 B and C). These results,
along with previous results, show that CAMSAP1 is unnecessary
for maintaining neuronal polarity (SI Appendix, Fig. S5 C and D).
Importantly, the distribution of CAMSAP1 clusters was posi-
tively correlated with the distribution of MTs (Fig. 7D). These
findings, coupled with the results of our in vitro experiments,
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show that CAMSAP1 could protect the stability of MT seeds and
then regulate the number of MTs (Fig. 6 D-J), indicating that the
distribution of CAMSAP1 clusters might be closely linked to
the tremendous changes in MTs occurring during neuronal
polarization.

We next examined the characteristics of MTs in neuronal po-
larization. Consistent with previous reports, in stage 3, the differ-
ence in MT intensity was significantly increased in axons
(Fig. 7 E-G). Finally, we examined Camsap1(*'*) neurons in stage
2-3, which began to show a polarized distribution of the MT net-
work with a corresponding increase in MT signal intensity; how-
ever, no significant changes were observed in Camsapl(™")
neurons (Fig. 7H). In addition, compared with Camsapl(*'")
neurons, the difference in MT intensity in each neurite also be-
came significantly smaller (Fig. 7 I and J). Therefore, these data
indicate that the asymmetric distribution of MTs associated with
CAMSAP1 triggers an imbalance in the MT network to instruct
neuronal polarity.

Previous studies have proven that the stability of MTs is suf-
ficient to induce axon formation (8). To examine whether MT
stability is also changed in Camsapl(~~) neurons, microtubule
retraction in the nocodazole treatment experiment and the
phosphorylation state of Tau were measured; the results showed
a similar change in Camsapl(~'") and Camsapl(*'*) mice (SI
Appendix, Fig. S10 A-D).

MT stability also has been shown to be associated with axon
identification (8). Stable MTs are rich in detyrosinated tubulin
(Glu-tubulin) and acetylated-tubulin (Ace-tubulin), while un-
stable MTs contain higher tyrosinated-tubulin (Tyr-tubulin) (9);
therefore, we examined these three PTM of tubulins in PO and
P14 mice, as the expression of CAMSAP1 peaked at P14
(Fig. 1 A-C). Results from the cortex and hippocampus showed
no significant change in CamsapI(~~) mice (SI Appendix, Fig.
S10E). Immunostaining using cultured neurons also showed
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similar results (ST Appendix, Fig. S10F), suggesting that the ab-

Collectively, these results strongly indicate that the phos-
sence of CAMSAP1 does not cause changes in PTM of MTs.

phorylation of CAMSAP1 triggers an imbalance of MT networks
to instruct neuronal polarity.
Since previous results have shown that Mec-17/aTAT1 plays a

role in axon identification and branching (16, 28), we also used Discussion

Mec-17 KO mice, Mec-17("'7), to verify this possibility. Our re-
sults showed that in the absence of acetylated MTs, CAMSAP1-
deficient neurons still exhibited multiple axon phenotypes (S
Appendix, Fig. S10 G and H), indicating that acetylation of MTs
does not participate in the axon/dendrite differentiation of
neurons mediated by CAMSAP1.

22200 | www.pnas.org/cgi/doi/10.1073/pnas. 1913177117

In the early stages of neuronal polarity establishment, MTs are
closely associated with neuronal morphological changes and play
integral roles in neuronal axonal and dendritic differentiation (3,
5). However, the regulatory mechanism mediating MT function
has remained elusive. In this investigation, we focused specifi-
cally on the regulatory devices that control the stability of
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neurite to the second-longest neurite (G) (n = 17 and 20 neurons, respectively). (H) Representative images of immunostaining for Tuj1 and phalloidin in
cultured WT and Camsap(~~) neurons at stage 2-3. (/ and J) Ratio of the fluorescence signal intensity in the longest neurite to the average signal intensity in
all neurites (/) or of the longest neurite to the second-longest neurite (J) (n = 67 and 37 neurons, respectively). Data represent mean + SEM. N.S., not sig-
nificant (P > 0.05). ***P < 0.001; *P < 0.05, paired Student's t test. (Scale bars, 1 pm in A; 10 pm in E and H.)

noncentrosomal MT minus-ends, revealing the molecular mecha-  distal and proximal-middle regions of axons, respectively (Figs.
nism of noncentrosomal MT minus-end protein CAMSAP1 as a 1 E-H and 7 A-C and SI Appendix, Fig. S2 B-D), suggesting that
target of the MARK? signaling pathway, which triggers a change in =~ CAMSAPs have diverged and received more complex regulation
the quantity of MTs and an unbalanced distribution of MTs be-  in mammals to fulfill more sophisticated demands.
tween individual neuronal processes, and then controls axon iden- In C. elegans, the lack of PTRN-1 has been shown to impair
tification (SI Appendix, Fig. S11). In addition, we have revealed the = neurite extension and branch retraction, but axonal outgrowth is
complex regulation of noncentrosomal MTs in mammals by developmentally normal (29, 31). Patronin could govern the
uncovering the uniqueness of CAMSAP1 in the nervous system. orientation of MTs in dendrites to promote dendrite pruning in
Drosophila (13, 14). In mammalian cells, CAMSAP?2 is involved
CAMSAPs in Neuronal Cells. CAMSAP family proteins, including  in dendrite development, while CAMSAP3 instructs neuronal
Patronin in Drosophila, PTRN-1 in Caenorhabditis elegans, and  polarity in a tubulin acetylation-dependent manner (15, 16). We
CAMSAPs in mammals, have a C-terminal conserved globular  have found that CAMSAP1 is required for axon/dendrite dif-
domain (CKK domain) that binds to and stabilizes the minus-  ferentiation. Neurons lacking CAMSAP1 exhibited a multiple
ends of MTs (12). We found CAMSAP expression in developing  axon phenotype in vitro, and multipolar-bipolar transition and
mouse brain and cultured neurons, corresponding to previous  radial migration were blocked in vivo (Figs. 2 and 3). We did not
reports (15, 16). PTRN-1 and Patronin are both expressed in  observe the migration defect in the CAMSAP3 dc/dc mouse (16),
neuronal tissues (13, 29, 30) and, interestingly, are localized in  however, although CAMSAP3 could rescue the multiple axon
both axon and dendrites (13, 30). In contrast, CAMSAPs have  phenotype of CamsapI(~'~) neurons (Fig. 2H). Taken together,
more complex distributions; CAMSAP?2 is localized mainly to  these results reflect a more precise regulation of the minus-ends
dendrites, while CAMSAP1 and CAMSAP3 are localized in the  of noncentrosomal MTs in higher mammals such as mice.
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Phosphorylation of CAMSAP1 by MARK2 Kinase. Numerous signaling
pathway regulators and the cytoskeleton are involved in the axon/
dendrite differentiation process. MARK?2/Par-1b is a Ser/Thr ki-
nase that was identified initially as an MT affinity-regulating ki-
nase. According to reports, MARK2 can control neuronal polarity
and promote MT network instability (19, 21, 32, 33), but the re-
lationship between them remains unknown. In our experiments,
we have shown that MARK2 kinase directly phosphorylates
CAMSAP1 S1485 to promote single axon growth (Fig. 5 B and C),
reduce CAMSAP1 binding to MT minus-ends and lattice (Fig. 6 B
and C), and affect the number of MTs (Fig. 6 E and F). In ad-
dition, the phosphor-mimicking CAMSAP1 mutant partially re-
stored the phenotype of the MARK2 deletion causing multiple
axons (Fig. 5 E and F), indicating that MARK?2 regulates axon
identification by influencing the interaction of CAMSAP1 with the
minus-ends of noncentrosomal MTs.

Interestingly, the MARK2 phosphorylation site is well con-
served in CAMSAP1 and CAMSAP3, but not in CAMSAP2
(Fig. 4G and SI Appendix, Fig. S94), and the multiple axon
phenotype in Camsapl(~~) neurons can be restored to WT
levels by overexpression of CAMSAP1, the phosphor-mimicking
CAMSAP1 mutant, or WT CAMSAP3, demonstrating that
phosphorylation of CAMSAP1 has essential functions in the
axon/dendrite differentiation process. Similar to CAMSAP2, the
dephospho-mimicking CAMSAP1 S1485A shows only limited
ability to rescue the polarity defects in Camsap1(~'"), indicating
that phosphorylation of CAMSAPI plays a critical role in the
axon decision process.

Phosphorylation of CAMSAP1 Controls the Asymmetric Distribution of
MTs in Neurons. With the differentiation of axons/dendrites, the
distribution of MT networks begins to become asymmetrical (7).
It has been reported that MARK?2 kinase works downstream of
polarized signals, such as LKB1 and GSK3p, and that MARK2
could promote the instability of the MT network (2, 34). Our
results indicate that MARK2 phosphorylation of CAMSAP1
could affect its binding affinity with MTs and reduce protection
of the minus-ends of MTs (Fig. 6 A-C, I, and J). Supporting
evidence was also provided by super-resolution microscopy
showing that in polarizing neurons, although the distribution of
total CAMSAP1 has not changed significantly (Fig. 1F), the
distribution of CAMSAP1 clusters (MTs associated CAMSAP1)
is asymmetric (Fig. 7B). Since stable minus-ends also function as
seeds for MT network assembly (12), we propose that CAM-
SAP1 acts as a signal receiver, and that the corresponding po-
larity signal can affect the stability of the MT seeds by changing
CAMSAP1 affinity to the minus-ends of MTs, regulating the
number of MTs initiating asymmetric changes in the MT net-
work and thus promoting axon/dendrite differentiation.

In addition, we did not find that the stability of MTs and their
modifications to be involved in the regulation of CAMSAP1 (S
Appendix, Fig. S10 A-F). Unlike for CAMSAP3, removal of
acetylation in MTs does not restore the phenotype of polarity
defects caused by the deletion of CAMSAP1 (SI Appendix, Fig.
S10 G and H). Our results regarding the regulation of MT sta-
bility do not contradict the previously reported regulation of
neuronal polarity by CAMSAP3. CAMSAP3 is distributed
mainly in axons and regulates the stability of MTs, while
CAMSAP1 is distributed in both axons and dendrites and reg-
ulates asymmetric MT networks through its phosphorylation.
More related research is needed to further refine the role of
CAMSAPs in neuronal polarity.
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In summary, we have revealed the role of the stability of the
minus-ends of noncentrosomal MTs in the differentiation of
axons/dendrites and the underlying molecular mechanisms. Our
results also show that the absence of CAMSAPI1 can cause
dysplasia of the cerebral cortex and lead to epilepsy, suggesting
that CAMSAP1 may be one of the pathogenic susceptibility
genes of epilepsy, providing a basis for clinical research.

Materials and Methods

More detailed descriptions of the materials and methods used in this study
are provided in S/ Appendix, Materials and Methods.

Animals. All animal experiments were approved by the Animal Center of the
Institute of Genetics and Developmental Biology (IGDB), Chinese Academy of
Sciences, and by the Institutional Animal Care and Use Committee (IACUC) of
RIKEN Kobe Branch, and were conducted in accordance with the IACUC
guidelines at IGDB and RIKEN Kobe Branch. Mice were maintained in specific
pathogen-free conditions in the animal facility and housed on a 12-h light/
12-h dark cycle with ad libitum access to food and water.

Cell Culture, Transfection, and Immunofluorescence. Neurons were isolated
from PO mice and maintained in Neurobasal medium supplemented with 2%
B27 (Gibco), 2 mM L-glutamine, and 1% penicillin/streptomycin (Gibco) at
37 °Cin 5% CO,. HEK293 cells were maintained in DMEM/F12 containing
10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in 5% CO,.

Transfections were performing using Lipofectamine 2000 reagent or the
Neon Transfection System (Invitrogen) according to the manufacturer’s
instructions.

For immunofluorescence, neurons and brain sections were blocked with
goat serum and subsequently incubated with primary antibodies and sec-
ondary antibodies. Finally, the neurons and sections were mounted on slides
with FluorSave reagent (MilliporeSigma).

Immunoprecipitation and Mass Spectrometry. The cultured cells or dissected
tissues were lysed in cold buffer containing protease inhibitor mixture. After
centrifugation to remove insoluble fraction and preclearing of the sample
with protein G-Sepharose, antibody and protein G-Sepharose were incu-
bated with the sample, followed by centrifugation to collect the protein.

For MS analysis, protein samples were loaded onto sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gels. The band was subjected to MS
analysis after verification by Western blot analysis.

In Vitro MT Assays. Taxol-stabilized MT seeds were attached to the coverslips,
and CAMSAP1-GFP or mutant was added to the flow chamber to measure
the binding ability. Here 4 mg/mL tubulin was mixed with protein or drug in
polymerization buffer on ice, and 1 mM GTP was added to the solution. The
solution was transferred into a prewarmed 384-well plate, and tubulin tur-
bidity was measured at 340 nm. For the MT depolymerization assay, noco-
dazole was transferred into the wells, and the tubulin turbidity was
measured at 340 nm for another 30 min.

Statistical Analyses. Statistical tests were performed using GraphPad Prism,
and a two-tailed Student’s t test determined all statistical comparisons be-
tween the data. All of the data are represented as mean + SEM.

Data Availability Statement. All pertinent data are available in the main text
and S/ Appendlix.
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