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Abstract

Microtubules are a major cytoskeletal component of neurites, and the regulation of microtu-
bule stability is essential for neurite morphogenesis. BPix (ARHGEF?7) is a guanine nucleo-
tide exchange factor for the small GTPases Rac1 and Cdc42, which modulate the
organization of actin filaments and microtubules. BPix is expressed as alternatively spliced
variants, including the ubiquitous isoform BPix-a and the neuronal isoforms BPix-b and BPix-
d, but the function of the neuronal isoforms remains unclear. Here, we reveal the novel role
of BPix neuronal isoforms in regulating tubulin acetylation and neurite outgrowth. At DIV4,
hippocampal neurons cultured from BPix neuronal isoform knockout (3Pix-NIKO) mice
exhibit defects in neurite morphology and tubulin acetylation, a type of tubulin modification
which often labels stable microtubules. Treating BPix-NIKO neurons with paclitaxel, which
stabilizes the microtubules, or reintroducing either neuronal BPix isoform to the KO neurons
overcomes the impairment in neurite morphology and tubulin acetylation, suggesting that
neuronal BPix isoforms may promote microtubule stabilization during neurite development.
BPix-NIKO neurons also exhibit lower phosphorylation levels for Stathmin1, a microtubule-
destabilizing protein, at Ser16. Expressing either BPix neuronal isoform in the BPix-NIKO
neurons restores Stathmin1 phosphorylation levels, with BPix-d having a greater effect than
BPix-b. Furthermore, we find that the recovery of neurite length and Stathmin1 phosphoryla-
tion via BPix-d expression requires PAK kinase activity. Taken together, our study demon-
strates that fPix-d regulates the phosphorylation of Stathmin1 in a PAK-dependent manner
and that neuronal BPix isoforms promote tubulin acetylation and neurite morphogenesis dur-
ing neuronal development.

Introduction

Neural development requires the neuronal morphogenesis, during which the formation and
outgrowth of neurites are supported by the coordinated reorganization of actin and
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microtubules [1]. Microtubules are major components of the cytoskeleton in dendritic and
axonal shafts [2]. Post-translational modifications of the microtubules vary in different regions
of a neuron and change during neuronal morphogenesis. Those modifications affect the
dynamics and stability of the microtubules that contribute to neuronal morphogenesis [3, 4].
The deregulation of microtubule dynamics via genetic or pharmacological manipulation of the
tubulin post-translational modifications often leads to defective neurite morphogenesis [4-7].
Impaired microtubule stability has been consistently observed in many neurodevelopmental
disorders such as intellectual disabilities and autism spectrum disorder [8].

Stathminl is a cytosolic phosphoprotein that functions as a microtubule-destabilizing fac-
tor. Stathmin1 destabilizes microtubules by sequestration of - and B-tubulin heterodimers,
inhibiting microtubule polymerization and promoting microtubule catastrophe [9, 10]. The
microtubule-destabilizing activity of Stathminl1 is suppressed by phosphorylation at four ser-
ine (Ser) sites (Ser16, Ser25, Ser38, and Ser63), which reduces its affinity for tubulin dimers
and consequently promotes microtubule assembly. Phosphorylation at Ser16 or Ser63 is
known to be more critical for the inactivation of Stathmin1 in vitro than that at Ser25 or Ser38
[11-15]. In neurons, Stathmin] regulates the development of axons [16] and dendrites [17] via
phosphorylation at Ser16, with p21-activated kinase (PAK), a kinase activated by the small
GTPases Racl and Cdc42 [18], responsible for Stathminl phosphorylation at this site [19].

Beta-PAK interacting exchange factor (BPix) acts as a guanine nucleotide exchange factor
(GEF) that specifically activates Racl and Cdc42 [20, 21] and also regulates the activity of PAK
via direct binding [18, 22]. Racl and Cdc42 mediate different steps in neuronal morphogene-
sis, including neurite outgrowth and synapse formation, by regulating the reorganization of
actin and microtubule [23]. Several studies have reported that BPix-a, a ubiquitous BPix iso-
form, regulates the formation of axons, spines, and synapses [24-28]. We have previously iden-
tified BPix-b and BPix-d, which are alternative spliced BPix isoforms that are specifically
expressed in neurons [29, 30] (Fig 1A). Recent studies have found that fPix-b plays an essential
role in dendritic spine morphogenesis [31, 32], while the neuronal role of BPix-d remains
unclear.

In the present study, we demonstrate that fPix-d promotes neurite outgrowth by increasing
tubulin acetylation. At 4 days in vitro (DIV4), hippocampal neurons cultured from BPix neuro-
nal isoform knockout (BPix-NIKO) mice, in which the expression of fPix-b and BPix-d is spe-
cifically eliminated, exhibit reduced neurite length and tubulin acetylation. Treating the pPix-
NIKO cultures with the microtubule-stabilizing agent paclitaxel suppresses the defects in neu-
ronal morphology and tubulin acetylation, indicating that the morphological phenotype is the
result of impaired microtubule stability. We identify BPix-d as the primary BPix isoform
involved in tubulin acetylation because rescuing pPix-d expression in the BPix-NIKO cultures
restores tubulin acetylation and neurite outgrowth to a greater extent than BPix-b. We also
find that Stathmin1 phosphorylation at Ser16 is impaired in BPix-NIKO neurons and that the
subsequent expression of BPix-d is sufficient to restore Ser16 phosphorylation levels. By utiliz-
ing the expression of the PAK inhibitory domain (PID), we demonstrate that the role of BPix-
d in Stathminl phosphorylation and neurite outgrowth is dependent on PAK activity. Taken
together, our results show that fPix-d promotes neurite development via regulating microtu-
bule stability and PAK-induced Stathminl phosphorylation at Ser16.

Materials and methods
Mice

To generate pPix-NIKO mice, exon 19 of ARHGEF?7, the gene encoding the mouse BPix pro-
tein, was replaced with a neomycin-resistance cassette using a targeted knockout (KO)
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Fig 1. The outgrowth and branching of neurites and axons are impaired in hippocampal neurons from BPix neuronal isoform KO (BPix-NIKO)
mice. (A) Domain structure of BPix-a, BPix-b, and pPix-d isoforms. SH3 = Src homology 3 domain, DH = Dbl homology domain, PH = Pleckstrin
homology domain, PRD = Proline-rich domain, GBD = GIT1-binding domain, LZ = Leucine zipper domain, INS = novel insert region, 11 a.a. =
addition of 11 amino acids region. The INS domain is specific for the neuronal isoforms BPix-b and pPix-d and the 11 a.a. region is specific for BPix-d
isoform. Antibodies against the SH3 and 11 a.a. domains are indicated. (B) Gene targeting strategy for BPix-NIKO mice. Exon 19 (red box) encodes the
neuronal isoform-specific INS domain. Expression of the neuronal isoforms is constitutively eliminated by targeting exon 19 by a neomycin-resistance
gene cassette and subsequently removing the cassette by Cre-based recombination. (C) Expression patterns of BPix-a, BPix-b, and BPix-d in hippocampal
neurons from WT and BPix-NIKO mice at DIV4. BPix-ag, BPix-bg and BPix-dg indicate the full-length versions of individual BPix splicing variants that
harbor additional 5” exons. Expression of the ubiquitous BPix-a isoform is preserved in the fPix-NIKO neurons. (D) Representative images of
hippocampal neurons cultured from WT and BPix-NIKO mice fixed at DIV4 and stained with Tau antibody (green), MAP2 antibody (red), and DAPI
(blue). (E) Analysis results for the length of the neurites and axons. The BPix-NIKO neurons show a 19% decrease in the longest neurite length, a 21%
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decrease in total neurite length, and a 31% decrease in average axon length compared with the WT neurons. (F) The pPix-NIKO cultures have more
neurons with axons shorter than 100 pm and fewer neurons with axons longer than 200 um compared to cultures from WT mice. n = 53-58 neurons per
group for the longest neurite and total neurite assays in (E) and n = 162-195 axons per group for the axon assays in (E) and (F) from three independent
cultures. * P < 0.05, ** P < 0.01, and *** P < 0.001 for the comparison of WT and pPix-NIKO neurons by Student’s -tests.

https://doi.org/10.1371/journal.pone.0230814.9001

approach. The Cre-mediated excision of the neomycin-resistant gene flanked by LoxP sites
was conducted in vivo via crossbreeding with mice harboring a Sox2 promotor-driven Cre
transgene (Fig 1B). Because exon 19 is specific to the mRNA of the BPix-b and pPix-d iso-
forms, the excision only prevented the expression of these isoforms while preserving the
expression of BPix-a (Fig 1C), resulting in a constitutive KO allele for the neuronal isoforms.
Mice heterozygous for the KO allele were then interbred to produce homozygous KO mice.
Animals were bred and kept at a constant 23°C and 40-60% humidity in specific pathogen-
free animal facilities at Seoul National University. All mice were housed by genotype with four
or five mice per cage under a 12-h light/dark cycle with food and water available ad libitum.
The Animal Research Committee at Seoul National University specifically approved all experi-
ments conducted in this study (SNU-160321-2-5). Adult mice and neonates were euthanized
by CO, inhalation and decapitation, respectively.

Reagents and primary antibodies

Paclitaxel was purchased from Sigma. To produce the polyclonal rabbit antibodies required to
detect the BPix isoforms, the BPix SH3 domain fused to glutathione S-transferase (GST) was
purified using a glutathione affinity column as described previously [26, 29]. Likewise, to cre-
ate the antibodies for the detection of both fPix neuronal isoforms or BPix-d only, GST fusion
proteins of the neuronal isoform-specific insert (INS) domain and 11 BPix-d-specific amino
acids (a.a.) were generated and employed in immunization. The following commercially avail-
able antibodies were used for Western blot and immunostaining analysis: monoclonal mouse
antibody against acetylated o-tubulin (clone 6-11B-1, Sigma), monoclonal rabbit antibody
against acetylated o-tubulin (clone D20G3, Cell Signaling), monoclonal mouse antibody
against GFP (clone B-2, Santa Cruz), polyclonal rabbit antibody against MAP2 (Cell Signal-
ing), monoclonal mouse antibody against Myc (clone 9E10, Santa Cruz), monoclonal rabbit
antibody against Stathminl (EP1573Y, Abcam), polyclonal rabbit antibody against Stathmin1
(phospho §16, Abcam), monoclonal mouse antibody against tyrosinated o-tubulin (clone
TUB-1A2, Sigma), monoclonal mouse antibody against Tau (clone Tau-5, Chemicon), mono-
clonal mouse antibody against o-tubulin (clone DM1A, Abcam), and monoclonal mouse anti-
body against B3-tubulin (clone TU-20, Chemicon).

Constructs

Expression vectors were cloned using a PCR-based approach into pEGFP-N1 (Clontech) and
pcDNA3.1 myc/his (Invitrogen) vectors. To generate GFP-BPix-a, GFP-BPix-b, or GFP-BPix-
d, the cDNA of BPix-a, BPix-b, or BPix-d was isolated from a mouse brain cDNA library [29,
30] and the coding region of BPix-a, BPix-b, or fPix-d was subcloned into pEGFP-NI1 using
PCR. To generate Myc-PID, the 83-149 a.a. of PAK1 coding regions (NM_001357363), which
can inhibit all group I PAKs, were subcloned into a pcDNA3.1 myc/his vector using PCR [33].

Western blot analysis

Cells were washed twice with phosphate-buffered saline (PBS) or tris-buffered saline (TBS)
and lysed with SDS-lysis buffer (100 mM Tris, pH 6.8, 2% SDS, and 10% glycerol). The
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concentration of protein was determined using BCA reagent (Thermo Scientific). Equal
amounts of total protein were resolved with SDS-PAGE and transferred to a polyvinylidine
difluoride (Millipore) membrane. Blots were blocked with 3% bovine serum albumin in 0.1%
Triton X-100 in PBS (0.1% PBS-T) or 0.1% Tween 20 in TBS (0.1% TBS-T) for 30 min. The
blots were incubated with primary antibodies for 1 h at room temperature and washed with
0.1% PBS-T or 0.1% TBS-T. The blots were then incubated with horseradish peroxidase-conju-
gated secondary antibodies (Jackson ImmunoResearch Laboratories, Inc.) and analyzed using
enhanced chemiluminescence reagents. Tubulin was used as a loading control.

Primary hippocampal neuron culture and transfection

Mouse hippocampal cultures were prepared from postnatal day 0-1 mouse pups of either sex
as previously described [34]. Dissociated hippocampus tissue was treated with papain (20 pg/
ml) and DNase (10 units/pl) for 20 min at 37°C. The tissue was then mechanically dissociated
using trituration with a Pasteur pipette. Hippocampal neurons (2 x 10° cells / 60 mm dish)
were plated in Minimum Essential Media (Welgene) supplemented with 0.6% glucose, 1 mM
sodium pyruvate, 1% penicillin-streptomycin (Gibco), 2 mM L-glutamine, and 10% certified
fetal bovine serum (c-FBS, Gibco) for 4 h before it was exchanged with Neurobasal Medium
(Gibco) supplemented with 0.5 mM L-glutamine and B27 supplement (Gibco). The cells were
maintained in a 5% CO, incubator at 37°C. Every four to seven days, half of the original media
was discarded and replenished with fresh Neurobasal Medium supplemented with 0.5 mM
glutamine and B27 supplement. When the hippocampal neurons were transfected at DIV3,
Lipofectamine 2000 (Invitrogen) was used according to the manufacturer’s instructions.

Mouse Embryonic Fibroblast (MEF) culture and transfection

MEEF culture and transfection were performed as described previously [35]. Briefly, MEFs
were cultured in DMEM (Gibco) supplemented with 10% cFBS, 1% MEM non-essential
amino acid (Gibco), 1% L-glutamine, 0.1% B-mercaptoethanol (Gibco) and 1% antibiotics/
antimycotics mixture (Gibco) in 5% CO2 incubator at 37°C. Coverslips or dishes was coated
with 10 pg/ml fibronectin. The MEFs were transfected with pEGFP-C1 with Metafectene Pro
(Biontex Laboratories) for 24 h.

Immunocytochemistry

DIV4 mouse hippocampal neurons and MEFs seeded on 12-mm coverslips were fixed in 3.7%
paraformaldehyde in PBS or TBS for 10 min at room temperature. The neurons were permea-
bilized with 0.5% PBS-T or 0.5% TBS-T for 10 min and then incubated in blocking solution
(10% c-FBS and 0.5% gelatin in 0.1% PBS-T or 0.1% TBS-T) for 30 min. The coverslips were
then incubated with primary antibodies diluted in blocking solution for 1 h at room tempera-
ture. After washing with 0.1% PBS-T or 0.1% TBS-T, the coverslips were stained with fluores-
cein isothiocyanate (FITC)-conjugated or tetramethyl rhodamine isothiocyanate (TRITC)-
conjugated anti-mouse or anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc.), ami-
nomethylcoumarin acetate (AMCA)-conjugated anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, Inc.), or Alexa Fluor 350-conjugated anti-mouse IgG (Invitrogen) for 1 h. For F-
actin staining, the coverslips were stained with rhodamine phalloidin (Molecular Probes). Fol-
lowing incubation, the coverslips were washed with 0.1% PBS-T or 0.1% TBS-T and mounted
with Vectashield (Vector Laboratories). To stain the nucleus, DAPI (Molecular Probes) was
mixed with the mounting solution. The stained neurons and MEFs were observed with a Zeiss
LSM700 confocal microscope equipped with a 20x, 0.8 Plan-Apochromat objective and a 40x,
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1.20 C-Apochromat objective. Imaging settings were kept constant for all images in the same
experiment and Z-stacked images were converted to maximal projection.

Experimental design and statistical analysis

Immunofluorescent images of the cultured neurons were quantified using Image]J software
(NIH) in a blind manner and the measured values were transferred to Excel (Microsoft). The
exact length of the neurites and axons was measured using Image]J. For quantification of fluo-
rescence intensity and neurite morphology, the longest neurite was analyzed, given that most
of the longest neurite were stained with tau antibody. To visualize the distribution of fluores-
cence intensities, we performed a line scan with Image]J. All data were expressed as the

mean + standard error. All analyses were conducted using a minimum of three independent
experiments and statistically evaluated using Excel and SPSS (IBM). Statistical comparisons
between groups were analyzed for significance by Student’s ¢-test or one-way ANOVA fol-
lowed by post-hoc Tukey’s test, as specified in legend of each figure. The P-values are indicated
in the figure and supporting information legends.

Results

Loss of neuronal BPix isoforms impairs neurite outgrowth and branching
in cultured hippocampal neurons

Neurite elongation and branching are essential during neuronal development, and Racl and
Cdc42 small GTPases, which are activated by BPix, play a pivotal role in neurite morphogene-
sis [36]. To investigate the dependence of neurite morphogenesis on neuronal BPix isoforms,
we analyzed the morphology of hippocampal neurons cultured from WT and BPix-NIKO
mice at DIV4, when axonal and dendritic outgrowth occurs. To assess the morphological fea-
tures, we labeled the neurons with Tau antibody as an axonal marker and MAP2 antibody as a
dendritic marker (Fig 1D). Notably, there was a significant decrease in the length of the longest
neurite and total neurite length in the fPix-NIKO neurons when compared to WT neurons
(Fig 1E), suggesting that BPix neuronal isoforms are required for neurite outgrowth. We found
that the number of neurite branching points was also lower in the neurons cultured from
BPix-NIKO mice than in WT neurons (WT, 2.70 + 0.26, n = 47; BPix-NIKO, 2.02 + 0.20,
n=>52; P=0.037).

Following this, the axons were identified based on Tau immunolabeling and their morphol-
ogy was examined. We found that most of the longest axons were tau-positive axons at DIV4
and that the axons were shorter in the BPix-NIKO neurons than in the WT neurons (Fig 1E).
In the BPix-NIKO neurons, the proportion of neurons with axons shorter than 100 pm was
significantly higher and the proportion of those with axons longer than 200 pm was dramati-
cally lower than in the WT neurons (Fig 1F). 36% of the WT neurons had axons longer than
200 pm, while only 12% of the fPix-NIKO neurons were in this group, consistent with the
shorter average axon length in fPix-NIKO neurons than in WT neurons. Those results dem-
onstrate that pPix neuronal isoforms are required for axonal outgrowth. The number of
branching points in axons extending from the BPix-NIKO neurons was also lower than in the
WT neurons (WT, 0.51 + 0.06, n = 162; BPix-NIKO, 0.30 + 0.04, n = 195; P = 0.003). However,
there was no change in the number of axons between WT and BPix-NIKO mice neurons (WT,
1.34 £ 0.05, n = 120; BPix-NIKO, 1.24 + 0.04, n = 158; P = 0.380), indicating that axon specifi-
cation was not impaired by eliminating the expression of fPix neuronal isoforms. Collectively,
these results demonstrate that BPix-NIKO neurons exhibit defects in neuronal morphogenesis
during the neurite outgrowth and branching stages.
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Loss of neuronal BPix isoforms decreases tubulin acetylation in the longest
neurite

Microtubule bundles constitute the core of developing neurites, with stability increasing as the
neurons grow and become polarized [37]. During neurite outgrowth, one of multiple neurites
extending from soma of hippocampal neurons elongates rapidly [36] and the longest neurite
becomes the axon which is more enriched with long-lived stable microtubules compared to
the dendrites [38]. Because neurons lacking the expression of BPix neuronal isoforms demon-
strated marked impairment in the outgrowth of the longest neurite, which are particularly rich
in stable microtubules, we hypothesized that microtubule stability would be disrupted in BPix-
NIKO cultures. Acetylation of tubulin has been associated with microtubule stability and thus
often used to label stable microtubules [39] while dynamic microtubules contain tyrosinated
tubulin [40]. To examine post-translational modifications of tubulin in the longest neurite, we
immunostained hippocampal neurons cultured from WT and fPix-NIKO mice at DIV4 with
acetylated a-tubulin (Acet-Tub) antibody and tyrosinated a-tubulin (Tyr-Tub) antibody (Fig
2A). To quantify the levels of acetylated and tyrosinated tubulins along the length of the lon-
gest neurite, we straightened the microscopic image of the longest neurite and analyzed the
distribution of the fluorescence intensity (Fig 2B). The mean level of Acet-Tub in the longest
neurite in the BPix-NIKO neurons was significantly lower than that from WT neurons (Fig
2C), with the most dramatic difference observed close to the growing tip of the neurites
(regions with P < 0.01 highlighted in yellow in Fig 2C). Conversely, the mean level of Tyr-Tub
in the longest neurite was only slightly higher in the BPix-NIKO neurons, compared to the
WT neurons (Fig 2D). Noticeable increases in the Tyr-Tub levels of the BPix-NIKO neurons
were observed near the soma (regions with P < 0.01 highlighted in yellow in Fig 2D). Along
with the immunofluorescence results, western blotting analysis showed that fPix-NIKO neu-
rons display a decrease in the level of Ace-Tub and an increase in the level of Tyr-Tub (Fig
2E). Hence, our results demonstrate that BPix-NIKO neurons have defects in tubulin acetyla-
tion, indicating that BPix neuronal isoforms are required for the regulation of tubulin acetyla-
tion in developing hippocampal neurons.

Recovery of microtubule stability by paclitaxel is sufficient to rescue
impaired neurite morphology in BPix-NIKO neurons

The precise regulation of microtubule stability is essential for neurite development [3]. Because
the neurons cultured from BPix-NIKO mice exhibited the dysregulation of tubulin acetylation
and defective neurite outgrowth, we hypothesized that the defects in the neuronal morphology
observed in the BPix-NIKO neurons were caused by impaired microtubule stability. To test
this hypothesis, we treated WT and fPix-NIKO hippocampal cultures with the microtubule-
stabilizing reagent paclitaxel (Taxol) at DIV1 and incubated them for 72 h (Fig 3A). Following
paclitaxel treatment, Acet-Tub levels increased in the longest neurite in both the WT and the
BPix-NIKO neuron cultures (Fig 3B and 3C). Notably, the levels of Acet-Tub were comparable
for the two genotypes, indicating that paclitaxel treatment was sufficient to rescue the loss of
tubulin acetylation caused by the lack of neuronal BPix isoforms.

When we assessed the effect of paclitaxel on the neuronal morphology of WT neurons, we
observed no change in the length of the longest neurite, total neurite length, or the number of
branching points per neuron (Fig 3D-3F). However, neuronal morphology assessed using the
same parameters was significantly affected by paclitaxel treatment in the BPix-NIKO neurons.
The defects in the longest neurite length and total neurite length observed in the fPix-NIKO
neurons were completely rescued by paclitaxel treatment (Fig 3D and 3E), demonstrating that
reduced microtubule stability was the cause of the impaired neurite outgrowth observed in the
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Fig 2. Tubulin acetylation is decreased in the longest neurite of the hippocampal neurons from pPix-NIKO mice. (A) Representative images of WT
and BPix-NIKO neurons fixed at DIV4 and stained with acetylated o-tubulin (Acet-Tub) antibody (red) and tyrosinated o-tubulin (Tyr-Tub) antibody
(green). The white dashed lines indicate the longest neurite of the neurons in each group and are straightened in Fig 2B. (B) The longest neurite of the
WT and BPix-NIKO neurons shown in Fig 2A is straightened using Image]J software. (C) The distribution graph shows that Acet-Tub levels are lower
in the BPix-NIKO neurons throughout the length of the longest neurite compared with those in the WT neurons. The average Acet-Tub level (values in
the top right corner) is 68% lower in the BPix-NIKO neurons compared with the WT neurons. (D) The distribution graph shows that Tyr-Tub levels
slightly increase along the longest neurite extending from the pPix-NIKO neurons compared with that from the WT neurons. The average Tyr-Tub
level (values in the top right corner) is 1.1-fold higher in the BPix-NIKO neurons compared with the WT neurons. n = 23-39 neurons per group from
three independent cultures. (E) Representative blots showing Acet-Tub and Tyr-Tub levels in WT and BPix-NIKO neurons at DIV4. Compared with
WT neurons, BPix-NIKO neurons show decreased levels in Acet-Tub and increased levels in Tyr-Tub. Data from at least three independent
experiments. For the comparison of WT and BPix-NIKO neurons, * P < 0.05 and *** P < 0.001 for (C) and (D) by Student’s t-tests. The yellow boxes in
(C) and (D) indicate P < 0.01 by Student’s ¢-tests.

https://doi.org/10.1371/journal.pone.0230814.g002
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Fig 3. Impaired neuronal morphology in hippocampal neurons from neuronal pPix isoform KO mice is recovered by microtubule stabilization. (A)
Representative images of WT and BPix-NIKO neurons treated with a vehicle (0.2% DMSO) or 4 nM paclitaxel (Taxol) at DIV1, fixed at DIV4, and stained
with Acet-Tub antibody (red), Tyr-Tub antibody (green), and DAPI (blue). (B) Paclitaxel treatment elevates Acet-Tub levels in the longest neurite extending
from the WT and BPix-NIKO neurons to comparable levels. (C) The distribution graph shows that Acet-Tub levels are increased by paclitaxel along the
longest neurite in both the WT and BPix-NIKO cultures. (D) The reduction in the length of the longest neurite due to the loss of neuronal pPix isoforms is
rescued by paclitaxel treatment. (E) The reduction in the total neurite length due to the loss of neuronal BPix isoforms is rescued by paclitaxel treatment. (F)
Paclitaxel does not rescue the lower total branching number in the BPix-NIKO neurons. n = 27-33 neurons per group from three independent cultures. In

(B), (D) and (E), * P < 0.05 and *** P < 0.001 by Student’s -tests.
https://doi.org/10.1371/journal.pone.0230814.9003

BPix neuronal isoform-deficient neurons. The reduction in the total branching number
observed in the BPix-NIKO neurons compared to the WT neurons was not remedied by pacli-
taxel treatment (Fig 3F). We suggest that microtubule stability in the WT neurons was suffi-
cient for normal neurite outgrowth, and thus a further increase in microtubule stability due to
paclitaxel does not affect neurite outgrowth. On the other hand, in the BPix-NIKO neurons, in
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which the lower tubulin acetylation leads to defects in neurite outgrowth, restoring tubulin
acetylation with paclitaxel rescues impaired neurite outgrowth. Taken together, we suggest
that the defects in neuronal morphology observed in the BPix-NIKO neurons result from dis-
rupted tubulin acetylation and microtubule stability and that fPix neuronal isoforms are
essential for the regulation of tubulin acetylation.

BPix-d is the primary neuronal isoform required for tubulin acetylation

Next, we set out to identify which of the neuron-specific fPix isoforms BPix-b and BPix-d is
responsible for the regulation of tubulin acetylation during neuronal morphogenesis. To
restore the expression of each isoform in neurons lacking BPix neuronal isoforms, we trans-
fected hippocampal neurons from BPix-NIKO mice at DIV3 with GFP, GFP-BPix-a, GFP-
BPix-b, or GFP-BPix-d (Fig 4A). Quantification of Acet-Tub levels using Western blotting
revealed that expressing either GFP-BPix-b or GFP-BPix-d resulted in a significant increase in
the levels of Acet-Tub at DIV4 compared to the expression of GFP alone (Fig 4A and 4B). In
contrast, the expression of the ubiquitous fPix-a did not alter Acet-Tub levels (Fig 4A and 4B).
Notably, the increase by GFP-BPix-d expression (1.64 + 0.12) was significantly greater than
that by GFP-BPix-b expression (1.28 + 0.09) (Fig 4B). In contrast, Tyr-Tub levels were not sig-
nificantly altered by the transfection of any BPix isoform compared with the GFP control (Fig
4C), confirming that BPix neuronal isoforms regulate tubulin modifications mainly by increas-
ing the level of tubulin acetylation rather than affecting tubulin tyrosination.

Additionally, we investigated the regulation of post-translational modification in tubulins
using immunofluorescence in order to rule out the effect of non-neuronal cells in the culture.
BPix-NIKO neurons were transfected at DIV3 with GFP, GFP-BPix-b, or GFP-BPix-d and
immunostained with Acet-Tub antibody and Tyr-Tub antibody at DIV4 (Fig 4D). We
straightened the microscopic image of the longest neurite and analyzed the distribution of the
fluorescence intensity (Fig 4E). Consistent with the results from Western blotting analysis, the
expression of GFP-BPix-d resulted in a significantly higher increase in Acet-Tub levels of the
longest neurite compared to the expression of GFP-BPix-b (significant regions with P < 0.01
highlighted in pink for GFP-BPix-b vs. GFP and yellow for GFP-BPix-d vs. GFP in Fig 4F).
Additionally, we also identified that the effect of overexpressing GFP-BPix-b or GFP-fPix-d in
BPix-NIKO neurons was sufficient to increase the Acet-Tub levels higher than those in WT
neurons expressing GFP (S1 Fig). Tyr-Tub was increased by GFP-BPix-d expression in very
limited regions (Fig 4G). Overall, these results indicate that neuronal BPix isoforms enhance
tubulin acetylation, with BPix-d exerting a much stronger effect on tubulin acetylation than
the BPix-b isoform.

A previous study by our group showed that BPix-b is localized in dendritic spines that are
particularly rich in F-actin [32]. However, the subcellular localization of fPix-d in neurons has
not been identified. To examine the location of Pix-d in relation to the cytoskeleton, we
labeled endogenous BPix-d in cultured WT neurons with an antibody against 11 fPix-d-spe-
cific a.a. (S2 Fig) and counterstained the neurons with phalloidin and B3-tubulin antibody,
which labeled F-actin and neuronal microtubules, respectively (S3A Fig). We analyzed the
straightened neurite images to quantify the fluorescence intensity along the longest neurite
extending from the neurons (S3B Fig). F-actin is known to be present in high levels in motile
growth cones and branch initiation points in neurite shafts [41], while microtubules are com-
monly found throughout neurites. We found that F-actin levels were consistently high in the
neurite tip and at particular points in the shaft, whereas p3-tubulin was distributed throughout
the neurite (S3C Fig, red and blue lines, respectively). Interestingly, the distribution of pPix-d
was comparable to that of B3-tubulin but differed from that of F-actin (S3C Fig). The disparity
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Representative images of BPix-NIKO neurons transfected with GFP, GFP-BPix-b, or GFP-BPix-d at DIV3, fixed at DIV4, and stained with Acet-Tub antibody
(red) and Tyr-Tub antibody (blue). The white dashed lines indicate the longest neurite of the neuron in each group, which is straightened in Fig 4E. (E) The
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https://doi.org/10.1371/journal.pone.0230814.g004

was apparent in the ratio of pPix-d intensity to B3-tubulin intensity (BPix-d/B3-tubulin, the
pink line in S3C Fig) and in the ratio of BPix-d intensity to F-actin intensity (BPix-d/F-actin,
the yellow line in S3C Fig). The BPix-d/B3-tubulin ratio remained roughly unchanged along
the length of neurites, while the BPix-d/F-actin ratio fluctuated along the length of neurites,
suggesting that the BPix-d was localized closely to the microtubules. This localization pattern
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differs from the previously reported localization of BPix-b in F-actin-rich compartments [32]
and supports distinct roles of the neuronal BPix isoforms during neuronal development.

BPix-d is required for the phosphorylation of Stathmin1 at Ser16 and
neurite outgrowth

We found that BPix-d promotes tubulin acetylation and is localized with the microtubules in
neurites. Therefore, we tested whether the expression of BPix-d is sufficient for the regulation
of neurite outgrowth by BPix. We transfected GFP-BPix-d to hippocampal neurons cultured
from BPix-NIKO mice at DIV3 and examined whether the expression of BPix-d rescues the
reduced neurite length and branching number in fPix-NIKO cultures at DIV4 (Fig 5A). As
shown in Fig 1, the length of the longest neurite, total neurite length, and total branching num-
ber were lower in the absence of Pix neuronal isoforms compared with the WT neurons.
These defects disappeared with the sole expression of the BPix-d isoform in the BPix-NIKO
neurons (Fig 5B-5D). These results strongly indicate that the Pix-d isoform regulates neurite
morphogenesis.

Next, we set out to identify the mechanisms by which BPix-d regulates tubulin acetylation
and neurite morphogenesis. We focused on Stathminl, an essential regulator of microtubule
stability associated with neuronal differentiation and plasticity [42] because it is well-known
that Stathmin1 activity is regulated by PAK kinase, which is directly associated with and regu-
lated by BPix [18]. Of the four phosphorylation sites in Stathmin1, phosphorylation at Ser16 is
catalyzed by PAK [19] and supports microtubule stability by inhibiting the sequestering of
tubulin dimers [10]. Using immunostaining analysis (Fig 5A), we found that the level of phos-
phorylation at Ser16 of Stathmin1 in the longest neurite was lower in the Pix-NIKO neurons
than in the WT neurons (Fig 5A and 5E-5G). The expression of pPix-d in the BPix-NIKO neu-
rons rescued the mean level and distribution of p-Stathmin1 (Ser16), suggesting that BPix-d is
the necessary and sufficient pPix isoform for the phosphorylation of Stathimin1 at Ser16 in
developing neurites (Fig 5F and 5G). In addition, in Western blotting analysis, we consistently
observed that the phosphorylation levels of Stathmin1 at Ser16 is dependent on BPix-d (Fig
5H). The BPix-NIKO neurons exhibited a 41% decrease in the phosphorylation levels of Stath-
minl at Ser16 compared with the WT neurons, which was rescued by the expression of BPix-d
(Fig 5I). Taken together, we found that BPix-d is required for neurite outgrowth and the phos-
phorylation of Stathmin1 at Ser16.

The present study found that both BPix-b and BPix-d support tubulin acetylation (Fig 4).
Therefore, we also investigated the role of BPix-b in neurite outgrowth and the phosphoryla-
tion of Stathmin]1. First, we transfected hippocampal neurons from BPix-NIKO mice at DIV3
with GFP, GFP-BPix-b, or GFP-BPix-d and analyzed the neurite length and p-Stathmin1 levels
at DIV4 (S4A Fig). The expression of GFP-BPix-b did not significantly change the longest
neurite length or branching numbers, but significantly increased total neurite length (S4B-
$4D Fig). Next, to investigate the recovery of p-Stathmin1 (Ser16) levels by BPix-b, we ana-
lyzed the immunofluorescence intensity of p-Stathmin1 (Ser16) along the longest neurite
extending from the BPix-NIKO neurons expressing GFP-tagged neuronal BPix isoforms (S4A
and S4E Fig). We found that the expression of either BPix-b or BPix-d recovered Stathminl
phosphorylation levels at Ser16 (S4F and S4G Fig). Consistent with the results for neurite out-
growth, the expression of the BPix-d isoform increased p-Stathmin1 (Ser16) levels to a signifi-
cantly greater extent than did BPix-b expression (S4F and S4G Fig). Collectively, these results
suggest that both fPix-b and BPix-d can control the phosphorylation of Stathmin1 (Ser16) and
neurite outgrowth, with BPix-d playing a dominant role.
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Fig 5. pPix-d regulates neurite outgrowth and the phosphorylation of Stathmin1 at Ser16. (A) Representative images of WT neurons transfected with GFP
and BPix-NIKO neurons transfected with GFP or GFP-BPix-d at DIV3, fixed at DIV4, and stained with p-Stathmin1 (S16) (red) and B3-tubulin antibodies
(blue). (B) The length of the longest neurite decreases by 60% in the BPix-NIKO neurons expressing GFP (NIKO+GFP) compared with the WT neurons
transfected with GFP (WT+GFP). The expression of GFP-BPix-d in the BPix-NIKO neurons rescues the defects in neurite length. (C) Total neurite length
decreases by 62% in the NIKO+GFP neurons compared with the WT+GFP neurons. The expression of GFP-BPix-d in the BPix-NIKO neurons rescues defects
in neurite length. (D) Total branching number decreases by 73% in the NIKO+GFP neurons compared with the WT+GFP neurons. The expression of GFP-
BPix-d in the BPix-NIKO neurons rescues the defect in branch numbers. (E) The longest neurite shown in Fig 5A are straightened using Image] software. (F) In
the longest neurite, the phosphorylation levels of Stathmin1 at Ser16, which are normalized to B3-tubulin, decreases by 20% in the NIKO+GFP neurons
compared with the WT+GFP neurons. The expression of GFP-BPix-d in the BPix-NIKO neurons rescues the phosphorylation levels of Stathmin1 at Ser16. (G)
In the longest neurite, the phosphorylation of Stathmin]1 at Ser16 is significantly lower in the NIKO+GFP neurons compared with the WT+GFP neurons and is
recovered by the expression of GFP-BPix-d in the BPix-NIKO neurons. (H) Representative blots for the phosphorylation level of Stathmin1 at Ser16 in WT
neurons transfected with GFP and BPix-NIKO neurons transfected with GEP or GFP-BPix-d at DIV3 and lysed at DIV4. (I) Quantification of relative
expression levels for the results shown in (H) as normalized to o-tubulin expression. Compared with the WT+GFP neurons, the NIKO+GFP neurons show a
41% decrease in the ratio of p-Stathmin1 at Ser16 to total Stathmin1, and this ratio is recovered by the expression of GFP-BPix-d in the BPix-NIKO neurons.

n = 30-35 neurons per group from three independent cultures for (A)-(G) and six independent cultures for (H) and (I). In (B)-(D), (F), (G), and (I), *

P < 0.05,** P <0.01,and *** P < 0.001 by one-way ANOVA followed by post-hoc Tukey’s test.

https://doi.org/10.1371/journal.pone.0230814.9005
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Regulation of stathminl (Ser16) phosphorylation and neurite outgrowth
by BPix-d is PAK-dependent

PAK is a well-known BPix-interacting protein and can phosphorylate Ser16 of Stathmin1 [19].
To determine whether the BPix-d-dependent regulation of Stathminl phosphorylation at
Ser16 is mediated by PAK, we utilized the expression of a PID construct, which leads to the
inactivation of PAK activity. We co-transfected hippocampal neurons cultured from BPix-
NIKO mice with GFP-BPix-d and myc-PID to examine the effect of the inhibition of PAK
activity (Fig 6A). Expressing GFP-BPix-d alone in the BPix-NIKO neurons resulted in an
increase in the Stathmin1 phosphorylation levels at Ser16. Strikingly, the increase in mean
Stathmin1 phosphorylation levels was completely removed with the co-expression of myc-PID
(Fig 6B and 6C). Plotting p-Stathmin1 (Ser16) intensity along the longest neurite led to the
same conclusion that the induction of Stathminl phosphorylation at Ser16 through GFP-BPix-
d requires PAK activity (Fig 6D). Because PAK is a kinase that is known to phosphorylate
Stathminl, these results strongly suggest that BPix-d induces the phosphorylation of Stathmin1
at Ser16 by promoting direct phosphorylation via PAK. Interestingly, Myc-PID expression in
BPix-NIKO neurons leads to marked decreases in the longest neurite length, total neurite
length and total branching number (S5A-S5D Fig), but merely a slight decrease in the phos-
phorylation of Stathmin1 at Ser16, compared with the BPix-NIKO neurons transfected with
the control vectors (SSE-S5H Fig). These data indicate that PAK activity phosphorylating
Stathminl1 is specifically induced by BPix-d, while the role of PAK in neuronal morphogenesis
can be also regulated by BPix-d-independent mechanisms.

Finally, we examined whether PAK is involved in the promotion of neurite outgrowth by
BPix-d by testing whether the recovery of defective neurite morphology in the BPix-NIKO
neurons by rescuing fPix-d is dependent on PAK activity. We analyzed the morphology of
neurons co-expressing GFP-BPix-d and myc-PID using immunostaining with f3-tubulin anti-
body at DIV4 (Fig 6E). The length of the longest neurite, total neurite length, and total branch-
ing numbers were restored following the expression of Pix-d, but the co-expression of PID
prevented the recovery of neurite extension (Fig 6F-6H). Therefore, our results demonstrate
that the role of the BPix neuronal isoform in promoting neurite outgrowth and the phosphory-
lation of Stathmin1 is mediated by PAK activity. In conclusion, our results show that BPix neu-
ronal isoforms, mainly fPix-d, promote tubulin acetylation and neurite outgrowth via the
PAK-dependent phosphorylation of Stathmin1 at Ser16 (Fig 7).

Discussion

The present study reveals a novel signaling pathway in which BPix neuronal isoforms promote
neurite outgrowth in developing neurons. BPix is known to be essential for the activation of
the small GTPases Racl and Cdc42, which in turn activate PAK kinase [20, 21]. Our results
support a model in which the BPix neuronal isoforms promote Stathminl phosphorylation by
regulating PAK activity, which is required for microtubule stabilization during neurite devel-
opment [19]. Through alternative splicing, the ARHGEF7 gene produces a ubiquitously
expressed BPix-a isoform and the neuronally expressed BPix isoforms BPix-b and BPix-d,
which have distinct domain compositions [29]. The expression of BPix-b and BPix-d is highly
specific to neurons, and they are present in high levels throughout the developmental stages
[32], suggesting that they have an important role in neuronal development. Our recent study
revealed a novel mechanism by which BPix-b promotes dendritic spine and synapse formation
[32]. However, to date, the specific role of each neuronal isoform has remained unclear.
Importantly, we revealed the neuronal role of the BPix-d isoform for the first time, finding that
BPix-d is required for neurite morphogenesis in developing neurons. We observed that both
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Fig 6. PAK is required for BPix-d-induced phosphorylation of Stathmin1 at Ser16 and neurite outgrowth. (A) Representative images of fPix-NIKO
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(blue) and Myc antibodies (red). (B) The longest neurites shown in Fig 6A are straightened using Image]J software. (C) The expression of GFP-BPix-d elevates
the average phosphorylation levels of Stathmin1 at Ser16 in the longest neurite extending from the BPix-NIKO neurons, but the co-expression of Myc-PID
with GFP-BPix-d removes the increase. (D) In the longest neurite extending from the BPix-NIKO neurons, expression of GFP-BPix-d recovers the
phosphorylation levels of Stathmin1 at Ser16 but the co-expression of GFP-BPix-d and Myc-PID does not. (E) Representative images of fPix-NIKO neurons
transfected with GFP and Myc, GFP-BPix-d and Myc, or GFP-BPix-d and Myc-PID at DIV3, fixed at DIV4, and stained with p3-Tubulin (blue) and Myc
antibodies (red). (F) In the BPix-NIKO neurons, an increase in the longest neurite length by GFP-BPix-d is not observed when Myc-PID is co-expressed with
GFP-BPix-d. (G) In the fPix-NIKO neurons, an increase in total neurite length by GFP-BPix-d is not observed when Myc-PID is co-expressed with GFP-BPix-
d. (H) In the BPix-NIKO neurons, an increase in the total branching number by GFP-BPix-d is not observed when Myc-PID is co-expressed with GFP-BPix-d.
n = 45-56 neurons per group from 3 independent cultures for (A)-(D) and n = 67-84 neurons per group from 3 independent cultures for (E)-(H). In (C), (D),
and (F)-(H), ** P < 0.01 and *** P < 0.001 by one-way ANOVA followed by post-hoc Tukey’s test.

https://doi.org/10.1371/journal.pone.0230814.9006
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Fig 7. Model illustrating the regulation of microtubule stabilization and neurite outgrowth by pPix-d. BPix-d localized around microtubules activates
PAK and, in turn, the active PAK phosphorylates Stathmin1 at Ser16. Phosphorylated Stathmin1 in an inactive state releases o- and p-tubulin
heterodimers for microtubule polymerization and inhibits microtubule catastrophe in neurites. In summary, BPix-d promotes microtubule stabilization
and neurite outgrowth.

https://doi.org/10.1371/journal.pone.0230814.9007

BPix neuronal isoforms can regulate Stathminl phosphorylation at Ser16, tubulin modification
and microtubule stabilization, and neurite outgrowth. However, the defects in neurite mor-
phology and Stathmin1 phosphorylation were more strongly affected by the expression of
BPix-d than by BPix-b in the BPix-NIKO hippocampal cultures. BPix-d was closely localized to
microtubules and is thus likely to efficiently activate PAK near microtubules, thereby acting as
a major BPix isoform regulating Stathmin1 phosphorylation. Stathmin1 phosphorylation is
associated with microtubule polymerization and stabilization by reducing the sequestration of
tubulin heterodimers and neurite extension [10, 15].

Several studies have suggested that BPix is involved in neurite outgrowth. oPix, encoded by
ARHGEF6, has an 80% sequence homology with BPix protein and has been identified as a spe-
cific regulator of axonal and dendritic branching in hippocampal neurons [43]. The BPix/Ras/
ERK/PAK?2 pathway is also involved in fibroblast growth factor-induced neurite outgrowth in
PC12 cells [44], and BPix promotes axon formation as an upstream activator of TC10, which is
closely related to Cdc42 [25]. Although previous studies have revealed the role of BPix in the
extension of neuronal processes, those studies did not identify isoform-specific functions but
mainly focused on the ubiquitous BPix-a isoform [26], in part due to the difficulty of isoform-
specific genetic analysis. Based on the Pix domain structure, in which the neuronal isoforms
share the INS domain encoded by exon 19, we generated a fPix-NIKO mouse line in which
the expression of the neuronal isoforms is specifically blocked. Because the constitutive KO of
all BPix isoforms results in embryonic lethality [45], this isoform-specific KO model allowed
us to study the roles of neuronal BPix isoforms. By expressing each neuronal isoform in a BPix-
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NIKO background, we were able to determine their distinctive roles. The role of Pix-b in den-
dritic spine morphogenesis was reported in a recent study utilizing the fPix-NIKO model
[32], and the present study addressed the role of BPix-d in neurite outgrowth.

We suggest that BPix-d may be directly associated with microtubules. Murine Lfc, its
human homologue GEF-H1, and pl90RhoGEF are members of the Dbl family GEFs, like
BPix, and they bind to microtubules [46-48], suggesting a potential interaction between BPix
and microtubules. Lfc binds to microtubules through the PH domain [48], supporting the pos-
sibility that BPix-d might interact with microtubules via the PH domain. However, the PH
domain is shared by all BPix isoforms, which raises the question of the mechanisms underlying
the specific localization of the BPix-d isoform with microtubules. Unlike BPix-a and BPix-b,
BPix-d does not contain a PDZ-binding motif or LZ domain at the C terminus. This lack of
the two functional sequences might explain the isoform-specific localization. The PDZ-bind-
ing sequence of BPix interacts with the PDZ domain in Shank [24] and Scribble [49]. Shank
proteins are multidomain scaffold proteins of the postsynaptic density that connect synaptic
proteins to the actin cytoskeleton [50] and Scribble is a peripheral membrane scaffold protein
involved in cell polarity and neuronal morphogenesis [51]. The LZ domain mediates the locali-
zation of BPix in the cell periphery and is also responsible for fPix dimerization [21]. We spec-
ulate that BPix-a and BPix-b are mainly dimerized or interact with Shank or Scribble in the
dendritic spine, which may hinder their binding to microtubules. In addition, fPix-d contains
11 a.a. at the C terminal that are specific to fPix-d. Hence, future research into the role of the
11 a.a. region will increase the understanding of the localization and function of BPix-d.

Of the Rac/Cdc42 GEFs, DOCK?7 has a functional similarity to BPix-d, with Watabe-Uchida
and colleagues reporting that DOCK?7 regulates Rac activity and inactivates Stathmin1 [16].
Notably, they demonstrate that DOCK? plays a role in neuronal polarization and axon forma-
tion during the early stages of neuronal development. In contrast, we found no significant dif-
ference in neurite and axon numbers between WT and BPix-NIKO mice, indicating that Pix
neuronal isoforms are not required for neurite formation and neuronal polarization. Instead,
our results show that expression of BPix-d in BPix-NIKO neurons recovers neurite length and
branching number in neurites, suggesting that fPix-d plays a role in the outgrowth of neurites,
including both axons and dendrites. In accordance with our findings, Stathmin1, the effector
of the BPix pathway, is highly expressed in the nervous system during brain development [42]
and regulates the development of axons [16] and dendrites [17], with its activity controlled by
phosphorylation at Ser16. Therefore, our research suggests that fPix and Stathmin1 work
together to regulate neurite development at the neurite extension stage.

Various studies have reported that changes in dendrite morphology or defects in neuronal
development contribute to several neuropsychiatric and neurodevelopmental disorders [52].
In addition, microtubule stability is involved in not only neuronal morphogenesis [53] but
also normal cognitive function [54]. Knocking out Stathmin1 in mice results in mostly mild
phenotypes in neuronal development and structures [42, 55], suggesting that the misregulation
of Stathmin1 phosphorylation in BPix-NIKO cultures might have only partially contributed to
the impaired neurite outgrowth. Rather, Stathmin1 has been linked to fear, cognition, and
aging in rodent and human studies [56-60], and Stathmin1-dependent changes in microtu-
bule stability are involved in synaptic function and memory formation [54]. To date, there has
been no research reported on memory or behavior dysfunction resulting from the removal of
BPix isoforms, so it would be interesting to examine BPix-NIKO mice for these phenotypes. It
is worth noting that our fPix-NIKO mice were viable, in contrast to the complete KO of all
BPix isoforms, which is embryonically lethal. Thus, our mouse line has the potential to be a
powerful model for testing the effects of neuronal isoforms on memory formation and disease-
related behavior.
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The regulation of microtubule stability might also be a useful approach for the treatment of
neurodegenerative disorders and central nervous system injury. Microtubule stability is
required for the maintenance of neuronal structure and function, as indicated by the microtu-
bule stability defects observed in a number of neurodegenerative diseases. Reduced microtu-
bule stability has been observed in Alzheimer’s disease, Parkinson’s disease, and amyotrophic
lateral sclerosis, whereas hyperstable microtubules have been observed in hereditary spastic
paraplegia [61-64]. The pharmacological induction of microtubule stability has been shown to
promote axonal regeneration after spinal cord injury [65]. Thus, the Pix-dependent regula-
tion of microtubule stabilization and neurite outgrowth established in the present study may
offer a basis for the development of a method to recover the impaired neural function associ-
ated with degenerative disorders and injuries. Further studies are essential to determine the
specific involvement of neuronal BPix isoforms in these diseases and regeneration processes.

In conclusion, we have outlined a novel pathway that regulates neurite outgrowth and tubu-
lin acetylation, and our findings identify the specific role of BPix neuronal isoforms, with a par-
ticular focus on the BPix-d isoform. BPix-b and BPix-d are required for neurite development
and the regulation of microtubule stability through the phosphorylation of Stathmin1 at Ser16.
BPix-d is localized with microtubules and our results link BPix-d to the local inactivation of the
microtubule-destabilizing protein Stathminl. Future research, including the real-time imaging
of microtubules and biochemical examination of association between microtubules and BPix-
d, will help to specify the role of BPix-d in the regulation of microtubule dynamics.

Supporting information

S1 Fig. pPix-b and PPix-d are important for tubulin acetylation. (A) Representative images
of WT neurons transfected with GFP and BPix-NIKO neurons transfected with GFP, GFP-
BPix-b, or GFP-BPix-d at DIV3, fixed at DIV4, and stained with Acet-Tub antibody (red) and
Tyr-Tub antibody (blue). The white dashed lines indicate the longest neurite of the neuron in
each group, which is straightened in S1B Fig. (B) The longest neurite of the WT neurons trans-
fected with GFP and BPix-NIKO neurons transfected with GFP, GFP-BPix-b, or GFP-BPix-d
from S1A Fig is straightened using Image] software. (C) The longest neurite extending from
BPix-NIKO neurons has lower mean level of Acet-Tub than that from WT neurons. In BPix-
NIKO neurons, expression of BPix-b or BPix-d recovers the decreased mean level of tubulin
acetylation and the recovery level of tubulin acetylation was higher than WT neurons. (D) The
distribution graph showed that reduced Acet-Tub level in BPix-NIKO neurons was observed,
compared with that in WT neuron. The decrease in Acet-Tub was rescued by BPix-b or BPix-d
expression in BPix-NIKO neurons. The rescued level was higher than the tubulin acetylation
that WT neurons have. n = 18-30 neurons for each group. In (C), *** P < 0.001 by one-way
ANOVA followed by post-hoc Tukey’s test.

(TIF)

S2 Fig. In immunocytochemistry, anti-11 a.a. antibody specifically detects pPix-d. After
expression of GFP-BPix-b or GFP-BPix-d in BPix-KO MEFs (35), those MEFs were stained

with anti-11 a.a. antibody. By anti-11 a.a. antibody, BPix-b was not detected, but BPix-d was
detected. Data from three independent cultures.

(TIF)

S3 Fig. BPix-d is co-localized with microtubules. (A) Representative images of WT neurons
fixed at DIV4 and stained with anti-11 a.a. antibody (green), anti-p3-tubulin antibody(blue),
and rhodamine-conjugated phalloidin (red). The white dashed lines indicate the longest neur-
ite of the WT neurons, which is straightened in (B). (B) The axon extending from the WT
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neurons shown in (A) is straightened using Image]J software. (C) BPix-d is co-localized with
microtubules and not with F-actin. n = 21 neurons from three independent cultures.
(TIF)

S4 Fig. pPix-b and PPix-d regulate neurite outgrowth and the phosphorylation of Stath-
minl at Ser16. (A) Representative images of BPix-NIKO neurons transfected with GFP, GFP-
BPix-b, or GFP-BPix-d at DIV3, fixed at DIV4, and stained with p-Stathmin1 (S16) (red) and
B3-tubulin (blue) antibodies. (B) The longest neurite length increases with the expression of
GFP-BPix-b or GFP-BPix-d in the BPix-NIKO neurons compared with the GFP-expressing
control. (C) Total neurite length is recovered by the expression of GFP-BPix-b or GFP-BPix-d
in the BPix-NIKO neurons compared with the GFP-expressing control. (D) Total branching
number is recovered by the expression of GFP-BPix-b or GFP-BPix-d in the BPix-NIKO neu-
rons compared with the GFP-expressing control. (E) The longest neurites shown in (A) are
straightened using Image] software. (F) Phosphorylation levels of Stathmin1 at Ser16 in the
longest neurite are recovered by expressing GFP-BPix-b or GFP-fPix-d in fPix-NIKO neurons
compared with the GFP-expressing control. The phosphorylated Stathmin1 levels are normal-
ized to B3-tubulin. (G) The phosphorylation of Stathmin1 at Ser16 is recovered by expressing
GFP-BPix-b or GFP-BPix-d compared with the GFP-expressing control along the longest
neurite extending from the BPix-NIKO neurons. n = 61-82 neurons per group from three
independent cultures. In (B)-(D), (G) and (H), * P < 0.01 and *** P < 0.001 by one-way
ANOVA followed by post-hoc Tukey’s test.

(TIF)

S§5 Fig. Inhibition of PAK activity in BPix-NIKO neurons results in defective neurite out-
growth and largely maintains the phosphorylation of Stathmin1 at Ser16. (A) Representa-
tive images of PPix-NIKO neurons transfected with GFP and Myc or GFP and Myc-PID at
DIV3, fixed at DIV4, and stained with B3-Tubulin (blue) and Myc antibodies (red). (B-D) In
the BPix-NIKO neurons, expression of GFP and Myc-PID decreased the longest neurite length
(B), total neurite length (C), and total branching number (D), compared with expression of
GFP and Myc. (E) Representative images of fPix-NIKO neurons transfected with GFP and
Myc or GFP and Myc-PID at DIV3, fixed at DIV4, and stained with p-Stathmin1 (S16) (blue)
and Myc antibodies (red). (F) The longest neurites shown in S5E Fig are straightened using
Image] software. (G) In the longest neurite, the mean level of Stathminl phosphorylation at
Ser16 was slightly decreased in BPix-NIKO neurons transfected with GFP and Myc-PID, com-
pared with GFP and Myc. (H) Along the longest neurite, a slightly decrease of phosphorylated
Stathmin1 level at Ser16 was observed with expression of GFP and Myc-PID, compared with
GFP and Myc in BPix-NIKO neurons. n = 35-89 neurons per group for (B)-(D) and n = 52—
67 neurons per group for (G) and (H). In (B)-(D) and (G), *** P < 0.001 by one-way ANOVA
followed by post-hoc Tukey’s test.

(TIF)

$6 Fig. Original uncropped images underlying all blot results.
(PDF)

Acknowledgments

We thank Dr. Heiner Westphal and Alex Grinberg, the former members of Mammalian
Genes and Development, Eunice Kennedy Shriver National Institute of Child Health and
Human Development, National Institutes of Health, Bethesda, USA, for kindly helping us to
generate the BPix knockout mice.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230814  April 6, 2020 19/23


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230814.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230814.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0230814.s006
https://doi.org/10.1371/journal.pone.0230814

PLOS ONE

Neuronal BPix isoforms regulate neurite outgrowth

Author Contributions

Conceptualization: Younghee Kwon, Dongeun Park, Jung Eun Shin.
Data curation: Younghee Kwon.

Formal analysis: Younghee Kwon.

Funding acquisition: Dongeun Park, Jung Eun Shin.

Investigation: Younghee Kwon, Ye Won Jeon, Minjae Kwon, Dongeun Park, Jung Eun Shin.
Methodology: Younghee Kwon, Dongeun Park, Jung Eun Shin.
Project administration: Dongeun Park, Jung Eun Shin.

Resources: Yongcheol Cho.

Supervision: Yongcheol Cho, Jung Eun Shin.

Validation: Younghee Kwon.

Visualization: Younghee Kwon.

Writing - original draft: Younghee Kwon, Jung Eun Shin.

Writing - review & editing: Younghee Kwon, Dongeun Park, Jung Eun Shin.

References

1. Poulain FE, Sobel A. The microtubule network and neuronal morphogenesis: Dynamic and coordinated
orchestration through multiple players. Molecular and cellular neurosciences. 2010; 43(1):15-32.
https://doi.org/10.1016/j.mcn.2009.07.012 PMID: 19660553

2. Kapitein LC, Hoogenraad CC. Building the Neuronal Microtubule Cytoskeleton. Neuron. 2015; 87
(3):492-506. https://doi.org/10.1016/j.neuron.2015.05.046 PMID: 26247859

3. Baas PW, Rao AN, Matamoros AJ, Leo L. Stability properties of neuronal microtubules. Cytoskeleton
(Hoboken, NJ). 2016; 73(9):442—60.

4. SongY, Brady ST. Post-translational modifications of tubulin: pathways to functional diversity of micro-
tubules. Trends in cell biology. 2015; 25(3):125-36. https://doi.org/10.1016/j.tcb.2014.10.004 PMID:
25468068

5. Fiesel FC, Schurr C, Weber SS, Kahle PJ. TDP-43 knockdown impairs neurite outgrowth dependent on
its target histone deacetylase 6. Molecular neurodegeneration. 2011; 6:64. https://doi.org/10.1186/
1750-1326-6-64 PMID: 21878116

6. Spero DA, Roisen FJ. Neuro-2a neuroblastoma cells form neurites in the presence of taxol and cytocha-
lasin D. Brain research. 1985; 355(1):155-9. https://doi.org/10.1016/0165-3806(85)90016-1 PMID:
2866814

7. Barnat M, Benassy MN, Vincensini L, Soares S, Fassier C, Propst F, et al. The GSK3-MAP1B pathway
controls neurite branching and microtubule dynamics. Molecular and cellular neurosciences. 2016;
72:9-21. https://doi.org/10.1016/j.mcn.2016.01.001 PMID: 26773468

8. LasserM, Tiber J, Lowery LA. The Role of the Microtubule Cytoskeleton in Neurodevelopmental Disor-
ders. Frontiers in cellular neuroscience. 2018; 12:165. https://doi.org/10.3389/fncel.2018.00165 PMID:
29962938

9. Grenningloh G, Soehrman S, Bondallaz P, Ruchti E, Cadas H. Role of the microtubule destabilizing pro-
teins SCG10 and stathmin in neuronal growth. Journal of neurobiology. 2004; 58(1):60-9. https://doi.
org/10.1002/neu.10279 PMID: 14598370

10. Cassimeris L. The oncoprotein 18/stathmin family of microtubule destabilizers. Current opinion in cell
biology. 2002; 14(1):18—24. https://doi.org/10.1016/s0955-0674(01)00289-7 PMID: 11792540

11. Larsson N, Marklund U, Gradin HM, Brattsand G, Gullberg M. Control of microtubule dynamics by onco-
protein 18: dissection of the regulatory role of multisite phosphorylation during mitosis. Molecular and
cellular biology. 1997; 17(9):5530-9. https://doi.org/10.1128/mcb.17.9.5530 PMID: 9271428

12. DiPaolo G, Antonsson B, Kassel D, Riederer BM, Grenningloh G. Phosphorylation regulates the micro-
tubule-destabilizing activity of stathmin and its interaction with tubulin. FEBS Lett. 1997; 416(2):149-52.
https://doi.org/10.1016/s0014-5793(97)01188-5 PMID: 9369201

PLOS ONE | https://doi.org/10.1371/journal.pone.0230814  April 6, 2020 20/23


https://doi.org/10.1016/j.mcn.2009.07.012
http://www.ncbi.nlm.nih.gov/pubmed/19660553
https://doi.org/10.1016/j.neuron.2015.05.046
http://www.ncbi.nlm.nih.gov/pubmed/26247859
https://doi.org/10.1016/j.tcb.2014.10.004
http://www.ncbi.nlm.nih.gov/pubmed/25468068
https://doi.org/10.1186/1750-1326-6-64
https://doi.org/10.1186/1750-1326-6-64
http://www.ncbi.nlm.nih.gov/pubmed/21878116
https://doi.org/10.1016/0165-3806(85)90016-1
http://www.ncbi.nlm.nih.gov/pubmed/2866814
https://doi.org/10.1016/j.mcn.2016.01.001
http://www.ncbi.nlm.nih.gov/pubmed/26773468
https://doi.org/10.3389/fncel.2018.00165
http://www.ncbi.nlm.nih.gov/pubmed/29962938
https://doi.org/10.1002/neu.10279
https://doi.org/10.1002/neu.10279
http://www.ncbi.nlm.nih.gov/pubmed/14598370
https://doi.org/10.1016/s0955-0674(01)00289-7
http://www.ncbi.nlm.nih.gov/pubmed/11792540
https://doi.org/10.1128/mcb.17.9.5530
http://www.ncbi.nlm.nih.gov/pubmed/9271428
https://doi.org/10.1016/s0014-5793(97)01188-5
http://www.ncbi.nlm.nih.gov/pubmed/9369201
https://doi.org/10.1371/journal.pone.0230814

PLOS ONE

Neuronal BPix isoforms regulate neurite outgrowth

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Manna T, Thrower DA, Honnappa S, Steinmetz MO, Wilson L. Regulation of microtubule dynamic insta-
bility in vitro by differentially phosphorylated stathmin. The Journal of biological chemistry. 2009; 284
(28):15640-9. https://doi.org/10.1074/jbc.M900343200 PMID: 19359244

Melander Gradin H, Marklund U, Larsson N, Chatila TA, Gullberg M. Regulation of microtubule dynam-
ics by Ca2+/calmodulin-dependent kinase 1V/Gr-dependent phosphorylation of oncoprotein 18. Molecu-
lar and cellular biology. 1997; 17(6):3459-67. https://doi.org/10.1128/mcb.17.6.3459 PMID: 9154845

Lawler S. Microtubule dynamics: if you need a shrink try stathmin/Op18. Current biology: CB. 1998; 8
(6):R212—4. https://doi.org/10.1016/s0960-9822(98)70128-9 PMID: 9512407

Watabe-Uchida M, John KA, Janas JA, Newey SE, Van Aelst L. The Rac activator DOCK7 regulates
neuronal polarity through local phosphorylation of stathmin/Op18. Neuron. 2006; 51(6):727-39. https:/
doi.org/10.1016/j.neuron.2006.07.020 PMID: 16982419

Ohkawa N, Fuijitani K, Tokunaga E, Furuya S, Inokuchi K. The microtubule destabilizer stathmin medi-
ates the development of dendritic arbors in neuronal cells. Journal of cell science. 2007; 120(Pt
8):1447-56. https://doi.org/10.1242/jcs.001461 PMID: 17389683

Manser E, Loo TH, Koh CG, Zhao ZS, Chen XQ, Tan L, et al. PAK kinases are directly coupled to the
PIX family of nucleotide exchange factors. Molecular cell. 1998; 1(2):183-92. https://doi.org/10.1016/
$1097-2765(00)80019-2 PMID: 9659915

Daub H, Gevaert K, Vandekerckhove J, Sobel A, Hall A. Rac/Cdc42 and p65PAK regulate the microtu-
bule-destabilizing protein stathmin through phosphorylation at serine 16. The Journal of biological
chemistry. 2001; 276(3):1677-80. https://doi.org/10.1074/jbc.C000635200 PMID: 11058583

Bagrodia S, Taylor SJ, Jordon KA, Van Aelst L, Cerione RA. A Novel Regulator of p21-activated
Kinases. Journal of Biological Chemistry. 1998; 273(37):23633-6. https://doi.org/10.1074/jbc.273.37.
23633 PMID: 9726964

Koh CG, Manser E, Zhao ZS, Ng CP, Lim L. Beta1PIX, the PAK-interacting exchange factor, requires
localization via a coiled-coil region to promote microvillus-like structures and membrane ruffles. Journal
of cell science. 2001; 114(Pt 23):4239-51. PMID: 11739656

Manser E, Leung T, Salihuddin H, Zhao ZS, Lim L. A brain serine/threonine protein kinase activated by
Cdc42 and Rac1. Nature. 1994; 367(6458):40—6. https://doi.org/10.1038/367040a0 PMID: 8107774

Luo L. Rho GTPases in neuronal morphogenesis. Nature reviews Neuroscience. 2000; 1(3):173-80.
https://doi.org/10.1038/35044547 PMID: 11257905

Park E, Na M, ChoiJ, Kim S, Lee JR, Yoon J, et al. The Shank family of postsynaptic density proteins
interacts with and promotes synaptic accumulation of the beta PIX guanine nucleotide exchange factor
for Rac1 and Cdc42. The Journal of biological chemistry. 2003; 278(21):19220-9. https://doi.org/10.
1074/jbc.M301052200 PMID: 12626503

Lopez Tobon A, Suresh M, Jin J, Vitriolo A, Pietralla T, Tedford K, et al. The guanine nucleotide
exchange factor Arhgef7/betaPix promotes axon formation upstream of TC10. Scientific reports. 2018;
8(1):8811. https://doi.org/10.1038/s41598-018-27081-1 PMID: 29891904

Oh WK, Yoo JC, Jo D, Song YH, Kim MG, Park D. Cloning of a SH3 domain-containing proline-rich pro-
tein, p85SPR, and its localization in focal adhesion. Biochemical and biophysical research communica-
tions. 1997; 235(3):794-8. https://doi.org/10.1006/bbrc.1997.6875 PMID: 9207241

Zhang H, Webb DJ, Asmussen H, Niu S, Horwitz AF. A GIT1/PIX/Rac/PAK signaling module regulates
spine morphogenesis and synapse formation through MLC. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2005; 25(13):3379-88.

Saneyoshi T, Wayman G, Fortin D, Davare M, Hoshi N, Nozaki N, et al. Activity-dependent synaptogen-
esis: regulation by a CaM-kinase kinase/CaM-kinase I/betaPIX signaling complex. Neuron. 2008; 57
(1):94-107. https://doi.org/10.1016/j.neuron.2007.11.016 PMID: 18184567

Kim S, Kim T, Lee D, Park SH, Kim H, Park D. Molecular cloning of neuronally expressed mouse beta-
Pix isoforms. Biochemical and biophysical research communications. 2000; 272(3):721-5. https://doi.
org/10.1006/bbrc.2000.2845 PMID: 10860822

Kim T, Park D. Molecular cloning and characterization of a novel mouse betaPix isoform. Molecules
and cells. 2001; 11(1):89-94. PMID: 11266127

Llano O, Smirnov S, Soni S, Golubtsov A, Guillemin |, Hotulainen P, et al. KCC2 regulates actin dynam-
ics in dendritic spines via interaction with beta-PIX. The Journal of cell biology. 2015; 209(5):671-86.
https://doi.org/10.1083/jcb.201411008 PMID: 26056138

Shin MS, Song SH, Shin JE, Lee SH, Huh SO, Park D. Src-mediated phosphorylation of betaPix-b regu-
lates dendritic spine morphogenesis. Journal of cell science. 2019.

Zhao ZS, Manser E, Chen XQ, Chong C, Leung T, Lim L. A conserved negative regulatory region in
alphaPAK: inhibition of PAK kinases reveals their morphological roles downstream of Cdc42 and Rac1.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230814  April 6, 2020 21/23


https://doi.org/10.1074/jbc.M900343200
http://www.ncbi.nlm.nih.gov/pubmed/19359244
https://doi.org/10.1128/mcb.17.6.3459
http://www.ncbi.nlm.nih.gov/pubmed/9154845
https://doi.org/10.1016/s0960-9822(98)70128-9
http://www.ncbi.nlm.nih.gov/pubmed/9512407
https://doi.org/10.1016/j.neuron.2006.07.020
https://doi.org/10.1016/j.neuron.2006.07.020
http://www.ncbi.nlm.nih.gov/pubmed/16982419
https://doi.org/10.1242/jcs.001461
http://www.ncbi.nlm.nih.gov/pubmed/17389683
https://doi.org/10.1016/s1097-2765(00)80019-2
https://doi.org/10.1016/s1097-2765(00)80019-2
http://www.ncbi.nlm.nih.gov/pubmed/9659915
https://doi.org/10.1074/jbc.C000635200
http://www.ncbi.nlm.nih.gov/pubmed/11058583
https://doi.org/10.1074/jbc.273.37.23633
https://doi.org/10.1074/jbc.273.37.23633
http://www.ncbi.nlm.nih.gov/pubmed/9726964
http://www.ncbi.nlm.nih.gov/pubmed/11739656
https://doi.org/10.1038/367040a0
http://www.ncbi.nlm.nih.gov/pubmed/8107774
https://doi.org/10.1038/35044547
http://www.ncbi.nlm.nih.gov/pubmed/11257905
https://doi.org/10.1074/jbc.M301052200
https://doi.org/10.1074/jbc.M301052200
http://www.ncbi.nlm.nih.gov/pubmed/12626503
https://doi.org/10.1038/s41598-018-27081-1
http://www.ncbi.nlm.nih.gov/pubmed/29891904
https://doi.org/10.1006/bbrc.1997.6875
http://www.ncbi.nlm.nih.gov/pubmed/9207241
https://doi.org/10.1016/j.neuron.2007.11.016
http://www.ncbi.nlm.nih.gov/pubmed/18184567
https://doi.org/10.1006/bbrc.2000.2845
https://doi.org/10.1006/bbrc.2000.2845
http://www.ncbi.nlm.nih.gov/pubmed/10860822
http://www.ncbi.nlm.nih.gov/pubmed/11266127
https://doi.org/10.1083/jcb.201411008
http://www.ncbi.nlm.nih.gov/pubmed/26056138
https://doi.org/10.1371/journal.pone.0230814

PLOS ONE

Neuronal BPix isoforms regulate neurite outgrowth

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Molecular and cellular biology. 1998; 18(4):2153-63. https://doi.org/10.1128/mcb.18.4.2153 PMID:
9528787

Beaudoin GM 3rd, Lee SH, Singh D, Yuan Y, Ng YG, Reichardt LF, et al. Culturing pyramidal neurons
from the early postnatal mouse hippocampus and cortex. Nature protocols. 2012; 7(9):1741-54. hitps://
doi.org/10.1038/nprot.2012.099 PMID: 22936216

Kang T, Lee SJ, Kwon Y, Park D. Loss of Pix Causes Defects in Early Embryonic Development, and
Cell Spreading and PlateletDerived Growth Factor-Induced Chemotaxis in Mouse Embryonic Fibro-
blasts. Molecules and cells. 2019; 42(8):589-96. https://doi.org/10.14348/molcells.2019.0140 PMID:
31402636

Govek EE, Newey SE, Van Aelst L. The role of the Rho GTPases in neuronal development. Genes &
development. 2005; 19(1):1-49.

Flynn KC. The cytoskeleton and neurite initiation. Bioarchitecture. 2013; 3(4):86—109. https://doi.org/
10.4161/bica.26259 PMID: 24002528

Yamamoto H, Demura T, Morita M, Banker GA, Tanii T, Nakamura S. Differential neurite outgrowth is
required for axon specification by cultured hippocampal neurons. Journal of neurochemistry. 2012; 123
(6):904—10. https://doi.org/10.1111/jnc.12001 PMID: 22928776

Gadadhar S, Bodakuntla S, Natarajan K, Janke C. The tubulin code at a glance. Journal of cell science.
2017; 130(8):1347-53. https://doi.org/10.1242/jcs.199471 PMID: 28325758

Ahmad FJ, Pienkowski TP, Baas PW. Regional differences in microtubule dynamics in the axon. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 1993; 13(2):856—66.

Lowery LA, Van Vactor D. The trip of the tip: understanding the growth cone machinery. Nat Rev Mol
Cell Biol. 2009; 10(5):332—43. https://doi.org/10.1038/nrm2679 PMID: 19373241

Chauvin S, Sobel A. Neuronal stathmins: a family of phosphoproteins cooperating for neuronal develop-
ment, plasticity and regeneration. Progress in neurobiology. 2015; 126:1—18. https://doi.org/10.1016/j.
pneurobio.2014.09.002 PMID: 25449700

Totaro A, Tavano S, Filosa G, Gartner A, Pennucci R, Santambrogio P, et al. Biochemical and func-
tional characterisation of alphaPIX, a specific regulator of axonal and dendritic branching in hippocam-
pal neurons. Biology of the cell. 2012; 104(9):533-52. https://doi.org/10.1111/boc.201100060 PMID:
22554054

Shin EY, Shin KS, Lee CS, Woo KN, Quan SH, Soung NK, et al. Phosphorylation of p85 beta PIX, a
Rac/Cdc42-specific guanine nucleotide exchange factor, via the Ras/ERK/PAK2 pathway is required
for basic fibroblast growth factor-induced neurite outgrowth. The Journal of biological chemistry. 2002;
277(46):44417-30. https://doi.org/10.1074/jbc.M203754200 PMID: 12226077

KwonY, Lee SJ, Lee E, Kim D, Park D. betaPix heterozygous mice have defects in neuronal morphol-
ogy and social interaction. Biochemical and biophysical research communications. 2019; 516(4):1204—
10. https://doi.org/10.1016/j.bbrc.2019.07.001 PMID: 31296385

van Horck FP, Ahmadian MR, Haeusler LC, Moolenaar WH, Kranenburg O. Characterization of
p190RhoGEF, a RhoA-specific guanine nucleotide exchange factor that interacts with microtubules.
The Journal of biological chemistry. 2001; 276(7):4948-56. https://doi.org/10.1074/jbc.M003839200
PMID: 11058585

RenY, Li R, Zheng Y, Busch H. Cloning and characterization of GEF-H1, a microtubule-associated gua-
nine nucleotide exchange factor for Rac and Rho GTPases. The Journal of biological chemistry. 1998;
273(52):34954—60. https://doi.org/10.1074/jbc.273.52.34954 PMID: 9857026

Glaven JA, Whitehead |, Bagrodia S, Kay R, Cerione RA. The Dbl-related protein, Lfc, localizes to
microtubules and mediates the activation of Rac signaling pathways in cells. The Journal of biological
chemistry. 1999; 274(4):2279-85. https://doi.org/10.1074/jbc.274.4.2279 PMID: 9890991

Audebert S, Navarro C, Nourry C, Chasserot-Golaz S, Lecine P, Bellaiche Y, et al. Mammalian Scribble
forms a tight complex with the betaPIX exchange factor. Current biology: CB. 2004; 14(11):987-95.
https://doi.org/10.1016/j.cub.2004.05.051 PMID: 15182672

Naisbitt S, Kim E, Tu JC, Xiao B, Sala C, Valtschanoff J, et al. Shank, a novel family of postsynaptic
density proteins that binds to the NMDA receptor/PSD-95/GKAP complex and cortactin. Neuron. 1999;
23(8):569-82. https://doi.org/10.1016/s0896-6273(00)80809-0 PMID: 10433268

Humbert P, Russell S, Richardson H. DIg, Scribble and Lgl in cell polarity, cell proliferation and cancer.
BioEssays: news and reviews in molecular, cellular and developmental biology. 2003; 25(6):542-53.

Kulkarni VA, Firestein BL. The dendritic tree and brain disorders. Molecular and cellular neurosciences.
2012; 50(1):10—-20. https://doi.org/10.1016/j.mcn.2012.03.005 PMID: 22465229

Witte H, Neukirchen D, Bradke F. Microtubule stabilization specifies initial neuronal polarization. The
Journal of cell biology. 2008; 180(3):619-32. https://doi.org/10.1083/jcb.200707042 PMID: 18268107

PLOS ONE | https://doi.org/10.1371/journal.pone.0230814  April 6, 2020 22/23


https://doi.org/10.1128/mcb.18.4.2153
http://www.ncbi.nlm.nih.gov/pubmed/9528787
https://doi.org/10.1038/nprot.2012.099
https://doi.org/10.1038/nprot.2012.099
http://www.ncbi.nlm.nih.gov/pubmed/22936216
https://doi.org/10.14348/molcells.2019.0140
http://www.ncbi.nlm.nih.gov/pubmed/31402636
https://doi.org/10.4161/bioa.26259
https://doi.org/10.4161/bioa.26259
http://www.ncbi.nlm.nih.gov/pubmed/24002528
https://doi.org/10.1111/jnc.12001
http://www.ncbi.nlm.nih.gov/pubmed/22928776
https://doi.org/10.1242/jcs.199471
http://www.ncbi.nlm.nih.gov/pubmed/28325758
https://doi.org/10.1038/nrm2679
http://www.ncbi.nlm.nih.gov/pubmed/19373241
https://doi.org/10.1016/j.pneurobio.2014.09.002
https://doi.org/10.1016/j.pneurobio.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25449700
https://doi.org/10.1111/boc.201100060
http://www.ncbi.nlm.nih.gov/pubmed/22554054
https://doi.org/10.1074/jbc.M203754200
http://www.ncbi.nlm.nih.gov/pubmed/12226077
https://doi.org/10.1016/j.bbrc.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/31296385
https://doi.org/10.1074/jbc.M003839200
http://www.ncbi.nlm.nih.gov/pubmed/11058585
https://doi.org/10.1074/jbc.273.52.34954
http://www.ncbi.nlm.nih.gov/pubmed/9857026
https://doi.org/10.1074/jbc.274.4.2279
http://www.ncbi.nlm.nih.gov/pubmed/9890991
https://doi.org/10.1016/j.cub.2004.05.051
http://www.ncbi.nlm.nih.gov/pubmed/15182672
https://doi.org/10.1016/s0896-6273(00)80809-0
http://www.ncbi.nlm.nih.gov/pubmed/10433268
https://doi.org/10.1016/j.mcn.2012.03.005
http://www.ncbi.nlm.nih.gov/pubmed/22465229
https://doi.org/10.1083/jcb.200707042
http://www.ncbi.nlm.nih.gov/pubmed/18268107
https://doi.org/10.1371/journal.pone.0230814

PLOS ONE

Neuronal BPix isoforms regulate neurite outgrowth

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Uchida S, Martel G, Pavlowsky A, Takizawa S, Hevi C, Watanabe Y, et al. Learning-induced and stath-
min-dependent changes in microtubule stability are critical for memory and disrupted in ageing. Nature
communications. 2014; 5:4389. https://doi.org/10.1038/ncomms5389 PMID: 25007915

Schubart UK, Yu J, Amat JA, Wang Z, Hoffmann MK, Edelmann W. Normal development of mice lack-
ing metablastin (P19), a phosphoprotein implicated in cell cycle regulation. The Journal of biological
chemistry. 1996; 271(24):14062-6. https://doi.org/10.1074/jbc.271.24.14062 PMID: 8662897

Brocke B, Lesch KP, Armbruster D, Moser DA, Muller A, Strobel A, et al. Stathmin, a gene regulating
neural plasticity, affects fear and anxiety processing in humans. American journal of medical genetics
Part B, Neuropsychiatric genetics: the official publication of the International Society of Psychiatric
Genetics. 2010; 153b(1):243-51.

Martel G, Nishi A, Shumyatsky GP. Stathmin reveals dissociable roles of the basolateral amygdala in
parental and social behaviors. Proceedings of the National Academy of Sciences of the United States of
America. 2008; 105(38):14620-5. https://doi.org/10.1073/pnas.0807507105 PMID: 18794533

Saetre P, Jazin E, Emilsson L. Age-related changes in gene expression are accelerated in Alzheimer's
disease. Synapse (New York, NY). 2011; 65(9):971—-4.

Ehlis AC, Bauernschmitt K, Dresler T, Hahn T, Herrmann MJ, Roser C, et al. Influence of a genetic vari-
ant of the neuronal growth associated protein Stathmin 1 on cognitive and affective control processes:
an event-related potential study. American journal of medical genetics Part B, Neuropsychiatric genet-
ics: the official publication of the International Society of Psychiatric Genetics. 2011; 156b(3):291-302.

Shumyatsky GP, Malleret G, Shin RM, Takizawa S, Tully K, Tsvetkov E, et al. stathmin, a gene enriched
in the amygdala, controls both learned and innate fear. Cell. 2005; 123(4):697-709. https://doi.org/10.
1016/j.cell.2005.08.038 PMID: 16286011

Dubey J, Ratnakaran N, Koushika SP. Neurodegeneration and microtubule dynamics: death by a thou-
sand cuts. Frontiers in cellular neuroscience. 2015; 9:343. https://doi.org/10.3389/fncel.2015.00343
PMID: 26441521

Arnold SE, Toledo JB, Appleby DH, Xie SX, Wang LS, Baek Y, et al. Comparative survey of the topo-
graphical distribution of signature molecular lesions in major neurodegenerative diseases. The Journal
of comparative neurology. 2013; 521(18):4339-55. https://doi.org/10.1002/cne.23430 PMID: 23881776

Skovronsky DM, Lee VM, Trojanowski JQ. Neurodegenerative diseases: new concepts of pathogenesis
and their therapeutic implications. Annual review of pathology. 2006; 1:151-70. https://doi.org/10.1146/
annurev.pathol.1.110304.100113 PMID: 18039111

Baird FJ, Bennett CL. Microtubule defects & Neurodegeneration. Journal of genetic syndromes & gene
therapy. 2013; 4:203.

Hellal F, Hurtado A, Ruschel J, Flynn KC, Laskowski CJ, Umlauf M, et al. Microtubule stabilization
reduces scarring and causes axon regeneration after spinal cord injury. Science (New York, NY). 2011;
331(6019):928-31.

PLOS ONE | https://doi.org/10.1371/journal.pone.0230814  April 6, 2020 23/23


https://doi.org/10.1038/ncomms5389
http://www.ncbi.nlm.nih.gov/pubmed/25007915
https://doi.org/10.1074/jbc.271.24.14062
http://www.ncbi.nlm.nih.gov/pubmed/8662897
https://doi.org/10.1073/pnas.0807507105
http://www.ncbi.nlm.nih.gov/pubmed/18794533
https://doi.org/10.1016/j.cell.2005.08.038
https://doi.org/10.1016/j.cell.2005.08.038
http://www.ncbi.nlm.nih.gov/pubmed/16286011
https://doi.org/10.3389/fncel.2015.00343
http://www.ncbi.nlm.nih.gov/pubmed/26441521
https://doi.org/10.1002/cne.23430
http://www.ncbi.nlm.nih.gov/pubmed/23881776
https://doi.org/10.1146/annurev.pathol.1.110304.100113
https://doi.org/10.1146/annurev.pathol.1.110304.100113
http://www.ncbi.nlm.nih.gov/pubmed/18039111
https://doi.org/10.1371/journal.pone.0230814

