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Abstract

GSTP proteins are metabolic enzymes involved in the removal of oxidative stress and intracellular signaling and also have
inhibitory effects on JNK activity. However, the functions of Gstp proteins in the developing brain are unknown. In mice,
there are three Gstp proteins, Gstp1, 2 and 3, whereas there is only one GSTP in humans. By reverse
transcription-polymerase chain reaction (RT-PCR) analysis, we found that Gstp1 was expressed beginning at E15.5 in the
cortex, but Gstp2 and 3 started expressing at E18.5. Gstp 1 and 2 knockdown (KD) caused decreased neurite number in
cortical neurons, implicating them in neurite initiation. Using in utero electroporation (IUE) to knock down Gstp1 and 2 in
layer 2/3 pyramidal neurons in vivo, we found abnormal swelling of the apical dendrite at P3 and reduced neurite number at
P15. Using time-lapse live imaging, we found that the apical dendrite orientation was skewed compared with the control.
We explored the molecular mechanism and found that JNK inhibition rescued reduced neurite number caused by Gstp
knockdown, indicating that Gstp regulates neurite formation through JNK signaling. Thus, we found novel functions of Gstp
proteins in neurite initiation during cortical development. These findings not only provide novel functions of Gstp proteins
in neuritogenesis during cortical development but also help us to understand the complexity of neurite formation.

Introduction
Neurite formation includes neurite initiation and neurite
elongation and is the process where a neuron starts to gain
morphological polarity. It is an extremely complicated process
where a lot of internal and external factors are involved in
both steps (1,2). Neurite formation is fundamental for the
development of the central nervous system, as it creates
structural basis for neuronal connection, communication and
plasticity (3). In particular, neurite initiation is the cornerstone of
neurite formation which neurite number primarily relies on (4,5).
Studying this process can help us understand the etiology of
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neurodevelopmental disorders, for example, autism spectrum
disorder (ASD) and attention-deficit/hyperactivity disorder,
because recent studies have implicated defects of neuritogenesis
in these disorders (6,7).

GSTP belongs to the glutathione S-transferase (GST) family
(8). GSTs are enzymes that catalyze the conjugation of glu-
tathione to molecules, and therefore help further metabolize
and excrete molecules from the cell. This reaction is critical
because it is involved in detoxification and removal of oxidative
stress (9,10). There is one GSTP protein in humans, GSTP1. The
human GSTP1 gene is encoded in chromosome 11q13 in the
genome. It has been reported that a GSTP1 single nucleotide
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Figure 1. Gstp proteins strongly express in the cortex during cortical

development. (A) Gstp proteins express in the developing cortex at E13.5,

E15.5, E17.5 and P0. (B) Quantification of western blot data of Gstp expression in

the developing cortex normalized to GAPDH. (C) mRNA expression of each Gstp

mRNA in the developing cortex at E15.5, E18.5, P0, P5 and P15.

polymorphism (SNP) is associated with the neurological disor-
der, Tourette syndrome, which shares some similar symptoms
with ASD (11). An SNP on the promoter region of the GSTP1 gene
has a significant association with this disorder (12). In mice,
there are three Gstp genes, Gstp1, Gstp2 and Gstp3, which are
encoded by three different, but adjacent regions on chromosome
19 (13). Previous research showed Gstp1 and 2 are ubiquitously
expressed during embryonic stages in the central nervous sys-
tem and throughout the mouse body except for the uterus (14).
Gstp3 was discovered more recently, and a limited number of
studies have been done in terms of its expression and functions.
Besides the enzymatic activity important for the detoxification
of oxidative stress, GSTP1 is also involved in cellular signaling
and cell proliferation (15). Studies have shown that GSTP1 can

inhibit the activation of several kinases, including JNK1 (MAPK8)
and Cdk5 (16–18). Thus, GSTP proteins have multiple functions
and are essential for cellular signaling important for various
types of cellular events.

JNKs are kinases essential for cell proliferation and apoptosis.
There are three JNK-encoding genes, and each of them can be
alternatively spliced to form several variants (19). It has been
implicated that the C-terminus of GSTP1 directly interacts with
the C-terminus of JNK1 (17,20). This interaction leads to an
inhibitory effect on JNK1 activation, which affects the cellu-
lar signaling cascade mediated by JNK1 activation. Also, GSTP1
binds to JNK2 and inhibits JNK2 activity (21). Although there is
no direct evidence showing the interaction between GSTP1 and
JNK3, JNK3 has high homology to JNK1 suggesting that GSTP1
may also interact with JNK3 in a similar fashion as JNK1 (16). JNK
signaling pathways are most notable for reacting to oxidative
stress and inducing apoptosis (22). However, there is increas-
ing evidence showing that JNK has non-apoptotic functions in
neurons and is necessary for neuronal development (23,24). It
has been shown that JNK proteins play multiple roles in neurite
outgrowth (25). JNK1 is important for neurite elongation, and
JNK2 and 3 are involved in both neurite initiation and elongation
in dorsal root ganglion (DRG) neurons (26). Notably, JNK proteins
are involved in cytoskeletal organization via a variety of factors,
including microtubule-associated protein 2 and paxillin (27,28).
This is critical for neuritogenesis because the organization of
cytoskeletal components, actin and microtubules, is key for
neurite initiation and elongation, since they build tension and
push the membrane outward to break the spherical shape, as
well as push the neurite to grow in the later stages of neurite
formation (29).

Thus, the previous studies about the link between JNKs and
Gstp proteins implicate Gstp as an upstream regulator of JNKs
in neurite formation. However, little has been studied about
Gstp proteins in the developing cerebral cortex. In this study, by
knocking down Gstp1 and 2 together in mouse primary neurons,
we found that Gstp1 and 2 are involved in the formation of
the correct number of neurites, suggesting their importance in
neurite initiation. In vivo knockdown by in utero electroporation
(IUE) in the developing cerebral cortex showed defects in orien-
tation of the apical dendrite at P3 and in neurite initiation of
basal dendrites at P15. Ex vivo time-lapse live imaging of the
P0 brain showed that the morphology of Gstp1/2-knockdown
neurons dramatically changed with a disrupted angle of the
apical dendrite as it emerged from the soma, suggesting that
Gstp1 and 2 are important for correct apical dendrite orientation.
By applying a global JNK inhibitor, which inhibits JNK1, 2 and
3, to Gstp-deficient neurons, we found that the inhibition of
JNKs’ activity rescued the defects in neurite initiation caused
by Gstp knockdown, indicating the importance of the Gstp/JNK
signaling pathway in neurite initiation. Thus, our results provide
the first evidence that Gstp1 and 2 are essential regulators of
neuritogenesis, especially during neurite initiation via the JNK
signaling pathway in the developing cortex.

Results
Gstp proteins are expressed during cortical
development, and their polarized distribution was
observed during neurite formation

A previous report showed that Gstp1, 2 and 3 had different
expression patterns in the mouse brain (30,31). However, as far
as we know, there are no specific antibodies for Gstp1, 2 and
3 available commercially. Therefore, we used the anti-GSTP1
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antibody to detect the expression level of Gstp proteins. First,
we tested the specificity of the antibody against each Gstp (Sup-
plementary Material, Fig. S1A). We overexpressed FLAG-tagged
Gstp1, Gstp2 or Gstp3 in HEK-293T cells respectively, and the
protein lysates from each group were tested by western blot.
Anti-GSTP1 antibody detected all three Gstp proteins. Using
protein lysates from the cerebral cortex at E13.5, E15.5, E17.5
and P0, we tested the expression levels of Gstp proteins during
the development of the cerebral cortex and found that Gstp
proteins were expressed throughout all tested stages of cortical
development (Fig. 1A and B).

Because the antibody recognizes all mouse Gstp isoforms,
we created specific primer sets for each Gstp mRNA to further
examine the expression of each Gstp mRNA in the developing
cortex (Supplementary Material, Fig. S1B). Using the plasmids
coding Gstp1, 2 and 3 and the specific primers, we performed
PCR and confirmed that each primer set is specific for each
Gstp gene. Next, we tested the expression pattern of each Gstp
mRNA in the developing cortex by RT-PCR and found that Gstp1
started expressing at E15.5 and remained expressed throughout
all the time points from E15.5 to P15 (Fig. 1C). Gstp2 and 3 started
expressing at E18.5, and their expression continued until at least
P15. Thus, these experiments suggest that Gstp1 is the main Gstp
involved in early cortical development in the embryonic brain.

To determine the cellular localization of Gstp proteins, we
conducted immunostaining using the anti-GSTP1 antibody in
primary cortical neurons at four different stages of neurite
formation, 0 h after plating (non-polarized stage, Fig. 2A), 4 h
(early neurite initiation, Fig. 2B), 6 h (late neurite initiation,
Fig. 2C) and 2 days (neurite extension, Fig. 2D). In non-polarized
stage, Gstp was ubiquitously expressed in the cytoplasm and
the nucleus (Fig. 2A). In the early and late neurite initiation, Gstp
expression was observed in the cytoplasm and the nucleus, but
concentrated accumulations were observed in the cytoplasm
(Fig. 2B and C). During neurite extension, Gstp protein was
ubiquitously expressed in the cytoplasm, neurites, and the
nucleus with less degree (Fig. 2D).

Immunohistochemical analysis revealed that Gstp proteins
were expressed at the cortical plate (CP) at P3 (Fig. 2E) and P15
(Fig. 2F). Gstp proteins were strongly expressed in the soma, but
weakly or at minimum in the axon and dendrites both at P3 and
P15 (Fig. 2E and F, right panels).

Thus, Gstp proteins, especially Gstp1, are expressed in the
developing cortex. Their polarized expression in the cytoplasm
suggests a role for Gstp proteins in neurite formation during
cortical development.

Knockdown of Gstp1 and 2 caused decreased neurite
number from the soma and defects in the branching
of neurites of cortical neurons

We found that Gstp proteins are expressed in the developing
cortex (Fig. 1), whereas their roles in cortical neurons have not
been clarified. In mouse, there are three Gstp genes encoding
Gstp1, 2 and 3, whereas humans have only one, GSTP1. We
aligned human GSTP1 and mouse Gstp1, 2 and 3 nucleotide and
protein sequences and found that mouse Gstp1 has the highest
homology to human GSTP1 with 83.25% identity in nucleotide
sequence and 85.24% identity in amino acid sequence (Tables 1
and 2). Mouse Gstp1 and 2 show 98.1% and 97.14% identity in
nucleotide and an amino acid sequence, respectively, whereas
mouse Gstp3 shares less similarity with Gstp1 and Gstp2 (71.56%
and 71.56% in nucleotide and 70% and 70.48% in amino acid).
Therefore, we designed the shRNA in order to specifically knock

down both Gstp1 and 2 at the same time, but not Gstp3, by
using the website-based siRNA sequence prediction tools (see
the Materials and Methods for more details). We confirmed the
specificity of the shRNA using HEK-293 cells overexpressing
the plasmids coding FLAG-tagged Gstp1, 2 and 3 and scramble
shRNA or Gstp shRNA (Supplementary Material, Fig. S2A). The
knockdown efficiency was ∼85 and 95% to Gstp1 and Gstp2,
respectively. To analyze the knockdown efficiency of endoge-
nous Gstp proteins, we used a mouse neuroblastoma cell line,
N-2a cells. The knockdown efficiency of the Gstp1/2 shRNA was
41% in the endogenous Gstp proteins compared with the cells
transfected with plasmid coding the scramble shRNA (Supple-
mentary Material, Fig. S2B). This could be caused because N-2a
cells express all Gstp proteins. To confirm this, we performed
RT-PCR in N-2a cells and found that N-2a cells expressed Gstp1
and 3, but not Gstp2 (Supplementary Material, Fig. S2C). Thus, we
determined that the shRNA we designed was specific to Gstp1
and 2.

To analyze the functions of Gstp1 and 2 in neuromorphogen-
esis, we transfected primary cortical neurons with the plasmid
coding either the scramble shRNA or the Gstp shRNA and cul-
tured for 48 h as described in the methods (Fig. 3A). We re-plated
the neurons onto cover slips after 48 h, which allowed time for
the shRNA to be fully expressed before the re-plating occurred.
Neurite length, neurite number and branching pattern were ana-
lyzed at 48 h after re-plating. We found the neurons transfected
with KD plasmid (4.12 ± 0.2403) had less neurites at 48 h after
re-plating compared with the control neurons (5.64 ± 0.2638)
transfected with the plasmid coding scramble shRNA (scram-
ble, 5.64 ± 0.2638; KD, 4.12 ± 0.2403; unpaired t-test: t(48)=4.26,
∗∗∗∗P < 0.0001) (Fig. 3B). This suggests that Gstp proteins are
essential for neurite initiation. Most of the cortical neurons have
5–6 neurites from the soma, whereas most of the KD neurons
have 4 neurites from the soma (Fig. 3C). No significant difference
was observed in the length of the longest neurite, which will
likely become the axon (scramble, 134 ± 5.94; KD 140.9 ± 6.424;
unpaired t-test: t(4)=0.79, P = 0.4312) (Fig. 3D), as well as the
length of the shorter neurites, which will likely become den-
drites (scramble, 140.9 ± 9.114; KD, 160.1 ± 18.06; Unpaired t-test:
t(4)=0.95, P = 0.3485) (Fig. 3E). Sholl analysis showed that the KD
neurons had less neurite branching close to soma at 10 and
15 mm, but more branching from 35 to 50 mm (Fig. 3F). These
data suggest that Gstp1 and 2 are important for neurite initiation
and neurite branching in a region-specific manner.

Knockdown of Gstp1 and 2 in vivo showed abnormal
dendrite morphology and defects in neurite initiation

To study the function of Gstp1 and 2 in neurite formation in
vivo, we performed IUE with the plasmids coding for scramble or
Gstp1/2 KD shRNA. IUE was performed at E15.5 to mark pyrami-
dal neurons in layers 2/3 (Brn2 positive) as previously described
(32). Gstp1/2 KD pyramidal neurons reached their final destina-
tion, layers 2/3 in the CP, indicating that there were no defects in
neurogenesis and neuronal migration (Fig. 4A). Because in vitro
knockdown experiments showed that Gstp1/2 KD neurons did
not affect the length of the longest neurite, which likely becomes
the axon, we focused the analysis on dendritic formation in
vivo. At P3, we analyzed the morphology of neurons, which were
visualized by Venus fluorescent proteins coded on the same
plasmid coding for shRNA. We began our analysis at P3 so we
could analyze the morphology of the apical dendrite, because
basal dendrites have not emerged or are minimally emerged at
this time point.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
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Figure 2. The distribution of Gstp proteins changes during neurite initiation. (A–D) Top photos: immunostaining of Gstp proteins in primary differentiating cortical

neurons. Non-polarized primary cortical neuron (0 h after plating on a dish, A), Early neurite initiation stage (4 h, B), Late neurite initiation stage (6 h, C) and neurite

extension stage (2 days, D). Arrows from label ‘i’ to ‘ii’ indicate the regions where the signal intensity was measured. Bottom graphs: Quantification of the signal intensity

of DAPI and Gstp crossing the soma from i to ii. Gstp proteins express both in the cytoplasm and the nucleus. Scale bar, 10 mm. (E and F) Immunohistochemical analysis

about the expression of Gstp protein in the developing cortex at P3 (E) and P15 (F). Left panels: low magnification and right panels: high magnification. Gstp proteins

strongly express in the soma and weakly in the proximal part of dendrites. Scale bar, 100 mm.

We measured the angle from the soma for the quantitative
study of the apical dendrite orientation. For measuring the
angle from the soma, we manually set up the reference line
perpendicular to the pial surface of the brain. We found

that KD neurons had increased angle of the apical dendrite
compared with the scramble neurons (scramble, 14.48 ± 1.769
degrees; KD, 20.56 ± 1.822 degrees; unpaired t-test: t(68) = 2.39,
∗P = 0.0194) (Fig. 4B). We also observed a thicker apical dendrite
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Table 1. Homology of cDNA sequence among mouse Gstp1, 2 and 3 and human GSTP1

Gstp1 Gstp2 Gstp3 GSTP1

Human GSTP1(633 nt) NM_000852.3 83.25 82.46 75.2 100
Mouse Gstp1(633 nt) NM_013541.1 100 98.1 71.56 83.25

Gstp2(633 nt) NM_181796.2 98.1 100 71.56 82.46
Gstp3(633 nt) NM_144869.3 71.56 71.56 100 75.2

Table 2. Homology of amino acid sequence among mouse Gstp1, 2 and 3 and human GSTP1

GSTP1 Gstp1 Gstp2 Gstp3 isoform 1 Gstp3 isoform 2

Human GSTP1 (210 aa) CAG29357.1 100 85.24 83.81 70.48 69.95
Mouse Gstp1 (210 aa) NP_038569.1 85.24 100 97.14 70.00 68.39

Gstp2 (210 aa) NP_861461.1 83.81 97.14 100 70.48 68.91
Gstp3 ispform1 (210 aa)
NP_659118.1

70.48 70 70.48 100 100

in neurons deficient in Gstp1 and 2, especially in the proximal
region of the apical dendrite (scramble, 1.480 ± 0.1074 mm;
KD, 2.166 ± 0.125 mm; unpaired t-test: t(48)=4.166, ∗∗∗P < 0.001)
(Fig. 4C). We measured the width of the soma both in the
scramble and knockdown neurons, and there is no significant
difference between the two groups (scramble, 7.032 ± 0.2462 mm;
KD, 6.423 ± 0.2097 mm; unpaired t-test: t(48)=1.885, P = 0.0655)
(Fig. 4D). Then, we calculated the ratio of the width of the apical
dendrite against the width of the soma, and found that the width
of the apical dendrite in KD neurons was significantly wider
than in scramble neurons (scramble group, 0.2121 ± 0.0151;
knockdown group, 0.3394 ± 0.01775; unpaired t-test: t(48)=5.464,
∗∗∗∗P < 0.0001) (Fig. 4E). Because there is no significant difference
in the width of the soma between the control and KD neurons,
the Gstp KD deficiency causes the swelling in the apical dendrite,
not the entire cell. Taken together, these results suggest the
importance of Gstp1/2 in proper morphogenesis of the apical
dendrite. Meanwhile, there is no significant difference in the
length of the apical dendrite between Gstp KD and scramble
neurons, (scramble, 96.06 ± 5.537 mm; KD, 82.21 ± 6.192 mm;
unpaired t-test: t(48)=1.67, P = 0.1022) (Fig. 4F). Thus, the Gstp
KD caused the defects both in apical dendrite orientation and
morphology, but not length.

In vivo knockdown of Gstp1 and 2 using shRNA resulted
in defects in neurite initiation of basal dendrites at P15

Next, we analyzed dendrite number, apical dendrite length and
neurite branching at P15 (Fig. 5). We confirmed that KD pyrami-
dal neurons stayed in layers 2/3 (Brn2 positive) at P15 (Fig. 5A). We
found that knockdown of Gstp1 and 2 caused significant defect
in neurite number from the soma compared with the scram-
ble neurons (scramble, 4.92 ± 0.223; KD, 4.08 ± 0.199; unpaired t-
test: t(48)=2.808, ∗∗P = 0.0072) (Fig. 5B), reflecting the decrease
of the number of basal dendrites, because we observed the
correct formation of the apical dendrite in the KD neurons
at P15. No defect was found in the length of the apical den-
drite (scramble, 340.1 ± 26.68; KD, 292.5 ± 21.42; unpaired t-test:
t(48)=1.393, P = 0.1702) and the total length of the dendrites
(scramble, 621.073 ± 56.448; KD, 491.443 ± 33.171; unpaired t-test:
t(48)=1.98, P = 0.0535). (Fig. 5C and D). Sholl analysis showed a
decrease in intersections only close to soma when Gstp1 and
2 were knocked down, and there are no defects in branching
pattern at distal regions (>25 mm) from the soma (Fig. 5E). We
also analyzed the angle of the apical dendrites and the width

of the apical dendrite at P15, but no statistically significant
difference was found (Supplementary Material, Fig. S3) (Angle of
the apical dendrite: scramble, 7.283 ± 0.8087; KD, 7.502 ± 0.9779;
unpaired t-test, t(48)=0.1722, P = 0.864, N = 25/group. Width of
the apical dendrite: scramble, 0.1561 ± 0.008; KD, 0.1442 ± 0.007;
unpaired t-test, t(48)=1.022, P = 0.3117, N = 25/group).

Together, these results suggest that Gstp 1 and 2 are essential
for proper morphogenesis of the apical dendrite at the early
stage of neurite formation and the proper initial formation of
basal dendrites at the later stage.

Time-lapse live imaging revealed the importance
of Gstp1 and 2 in the orientation of neurites
in neurite initiation

We found that Gstp1 and 2 are essential for neurite initiation
in vitro and in vivo (Fig. 3 and 5). To study how Gstp KD affects
the dynamics of neurite initiation, we utilized ex vivo time-
lapse live imaging in combination with IUE (Fig. 6A and B and
Supplementary Material, Videos S1 and S2). Mouse brain slices
were prepared at P0 after IUE, which was performed at E15.5, and
then the process of neurite formation was recorded for 10 h with
10-minute intervals.

At the beginning of the live imaging at P0, almost all pyrami-
dal neurons arrived at the CP and most of them started extend-
ing multiple neurites. In the wildtype condition, one of the
neurites extends to the pial surface, and this likely becomes the
apical dendrite. Another neurite often extends in the opposite
direction toward the intermediate zone, and this likely becomes
the axon. In addition to these two extensions, some neurons
extend an additional couple of neurites from the lateral region
of soma, but these neurites would disappear after repeating
their extension and retraction several times, this happens at the
early time points during the 10-hour live imaging from P0. In
this study, all analyses were performed on the neurite likely to
become the apical dendrite.

There was no significant difference in neurite length between
the scramble and KD neurons at the beginning of the recording.
To study the growth dynamics of the neurites in scramble and
KD groups, the length at each time point was normalized by
subtracting the length at time 0 from each (Fig. 6C). The neurites
on both scramble and KD neurons displayed constant growth
and retraction throughout the time of recording, whereas the
length of the apical dendrite in KD neurons was shorter at

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
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Figure 3. Knocking down of Gstp1 and 2 resulted in morphological defects in mouse primary cortical neurons. (A) Representative photos of primary cortical neurons

transfected with the plasmid coding scramble or Gstp shRNA, which also codes for Venus fluorescent protein. Scale bar, 50 mm. (B) Quantification of the number of

neurites from the soma in scramble and KD group. There is a significant reduction in the number of neurites in the KD group compared with the scramble group.

N = 25 per group, unpaired t-test, ∗∗∗∗P < 0.0001. (C) Neurite count distribution of scramble and KD neurons. Most scramble neurons have 5–6 neurites, whereas KD

neurons have 4. (D) Quantification of the length of the longest neurite in scramble and KD neurons. There is no significant difference between them. (E) Quantification

of the length of shorter neurites in scramble and KD neurons. There is no significant difference between them. (F) Sholl analysis showing the branching pattern of the

scramble and KD neurons. There is a difference on the number of branches at 10 and 15 mm away from soma as well as 35–50 mm away from the soma. N = 25 per

group, unpaired t-test, ∗P < 0.05, ∗∗P < 0.01.

the beginning (0–250 min) (Fig. 6C, orange line), it caught up
to the same length as the control group after 250 min. During

the neurite formation process, both scramble and KD neurons
showed dynamic changes in the velocity of neurite formation
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Figure 4. In vivo knockdown of Gstp1 and 2 using shRNA caused morphological defects in pyramidal neurons in layers 2/3 of the cerebral cortex at P3. (A) Embryonic

cortical neurons were electroporated with the plasmid coding for scramble or Gstp shRNA at E15.5 using IUE, and then the brain samples were analyzed at P3. Upper

panel: In utero electroporation at E15.5 marked pyramidal neurons in layers 2/3 of the cortex. Brn2 is a marker for layers 2/3 and 5. Lower panels: Representative photos

of Venus-positive pyramidal neurons electroporated with the plasmids coding for scramble shRNA (left panel) and Gstp shRNA (right panel). Scale bar 100 mm for the

upper panels, scale bar 50 mm for the lower panels. (B) Quantification of the angle of the apical dendrite in the scramble and KD neurons. Gstp KD caused significant

increase of the angle of the apical dendrite. N = 35 per group, unpaired t-test, ∗P < 0.05. (C) Quantification of the width of the apical dendrite. There is significant

increase in the width of apical dendrite in KD neurons compared with scramble neurons. N = 25 per group, unpaired t-test, ∗∗∗P < 0.001. (D) Quantification of the width

of the soma in control and KD neurons. There is no significant difference between them. (E) The ratio of the width between the apical dendrite and the soma. There is

significant increase in the ratio in KD neurons compared with scramble neurons. N = 25 per group, unpaired t-test, ∗∗∗∗P < 0.0001. (F) Quantification of the length of

the apical dendrite in scramble and KD neurons. There is a tendency to the decrease of the length in KD neurons, but no significant difference in the length of apical

dendrite in KD neurons compared with control ones. N = 25 per group.
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Figure 5. In vivo knockdown of Gstp1 and 2 using shRNA resulted in defects in neurite initiation at P15. (A) Embryonic cortical neurons were electroporated with the

plasmid encoding scramble or Gstp shRNA at E15.5 using IUE, and then brain samples were analyzed at P3. Upper panel: In utero electroporation at E15.5 marked

pyramidal neurons in layers 2/3 of the cortex. Brn2 is a marker for layers 2/3 and 5. Lower panels: representative photos of venus-positive pyramidal neurons

electroporated with the plasmids coding for scramble shRNA (left panel) and Gstp shRNA (right panel). Scale bar, 100 mm. (B) Quantification of the number of neurites

from the soma. The axon was excluded from the quantification. There is a significant reduction of the number of neurites in the KD neurons compared with the

control neurons. N = 25 per group, unpaired t-test. ∗∗P < 0.01. (C) Quantification of the length of the apical dendrite in control and KD neurons. There is no difference

in the length of the apical dendrite. (D) Quantification of the total length of the dendrites. There is no difference in the total dendritic length. N = 25 per group. (E) Sholl

analysis showing the branching pattern of the control and KD neurons. There is a significant difference in branching at 20 mm and 30 mm away from the center of the

soma. ∗P < 0.05, N = 25 per group.
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Figure 6. Ex vivo time-lapse live imaging at P0 showed defects in neurite orientation and dynamic movement of neurites in KD neurons. (A) Cortical pyramidal neurons

in the layers 2/3 were marked by electroporating with the plasmid coding scramble or KD shRNA at E15.5 using IUE, and then brain samples were analyzed at P0 by

performing time-lapse live imaging on brain slices for a total period of 600 minutes with 10-minute interval. (B) Montage of the representative neurons electroporated

with the plasmids coding for scramble or Gstp KD shRNA. (C) Normalized neurite length over time. The length of the neurite at each time point was measured for a

time course of 600 min and normalized by subtracting the initial length of each neuron. N = 10 per group. Scale bar, 20 mm. (D) Measurement of growing or retracting

velocity of neurite formation in scramble and KD neurons. (E) Quantification of the average velocity of growth and retraction in the scramble and KD neurons. There is

no significant difference in the neurite formation velocity in the scramble and KD group. (F) Quantification of the frequency of growth and retraction in scramble and

KD neurons. Note that there is no difference in the frequency of growth between scramble and KD group, but a significant difference in the frequency of retraction.

N = 10 per group, ∗P < 0.05. (G) Schematic of the measurement of tip turning. (H) Quantification of the frequency of turning of the apical dendrite tip in the scramble

and KD neurons. Apical dendritic tip of KD neurons turned more frequently than the scramble neurons. N = 10 per group, ∗∗P < 0.01. (I) Quantification of the angle

per tip turning. The KD neurons made larger turning compared with the scramble neurons. N = 10 per group, ∗P < 0.05. (J) Schematic of the measurement of the initial

angle of the apical dendrite from the soma. (K) Quantification of angle from the soma in the scramble and KD neurons at time point 0. N = 20 per group, ∗∗P < 0.01. (L)

The change in angle of the apical dendrite over the time course of 600 min. N = 10 per group.
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(Fig. 6D). There was no difference in the average velocity between
the control and KD neurons (scramble grow, 0.673 ± 0.03116;
scramble retract, 0.1589 ± 0.02867; KD grow, 0.1485 ± 0.009861;
KD retract, 0.148 ± 0.01358) (Fig. 6E). However, there is a signifi-
cant difference in the frequency of retraction, where KD neurons
had less retraction frequency during 10 h than the scramble neu-
rons, although there is no difference in growth frequency (scram-
ble, 27.8 ± 0.5538; KD, 25.7 ± 0.5783; unpaired t-test: t(18)=2.623,
∗P = 0.0173) (Fig. 6F). This could be the reason why the neurites
on KD neurons catch up to the length of scramble neurites during
live imaging, though KD neurites are shorter than the control at
the early time points of the live imaging (Fig. 6C).

During the recording, we noticed that neurite tips of KD
neurons were more dynamically moving than the ones of the
scramble neurons. Therefore, we analyzed the angle and fre-
quency of the tip turning at each time point (Fig. 6G). We found
that the tip of the apical dendrite in the KD neurons turned more
frequently than the control neurons during 10-hour record-
ing (scramble, 0.021 ± 0.003; KD, 0.036 ± 0.002; unpaired t-test:
t(18)=3.873, ∗∗P = 0.0011) (Fig. 6H). We measured the angle every
time the neurite changes direction (the average angle per turning
of the apical dendrite tip) and found that KD neurons turned in
larger angles than the scramble neurons (scramble, 18.83 ± 1.664
degrees; KD, 23.51 ± 1.352 degrees; unpaired t-test: t(18)=2.185,
∗P = 0.0424) (Fig. 6I). Thus, the neurite tips in the KD neurons
displayed more dynamic movement during the extension of the
apical dendrite than the scramble neurons, indicating the role of
Gstp1 and 2 in the outgrowth of the apical dendrite.

The angle of apical dendrite from soma was also analyzed
(Fig. 6J). The starting angles (time 0) were measured, and we
found that the angle in the KD neurons was significantly
larger than the scramble (scramble, 14.9 ± 2.529; KD, 42.16 ± 8.05;
unpaired t-test: t(48)=3.23, ∗∗P = 0.0022) (Fig. 6K). We also
measured the angle every 10 min for 10 h and calculated the
changes in the angle (Fig. 6L). A positive value represents an
increase in the angle, in other words, the apical dendrite moves
away from the perpendicular reference line and the pial surface.
On the other hand, a negative value represents a decrease
in the angle, indicating that the apical dendrite approaches
the pial surface. We found that both the KD and scramble
neurons decreased the angle over time, but the KD neurons
more frequently changed the angle of the apical dendrite.

Overall, these observations indicate that Gstp 1 and 2 are
important for the formation of the apical dendrite orientation
when the apical dendrite emerges from the soma, especially in
the initial stage.

JNK specific inhibitor SP600125 rescued
the decreased neurite number in Gstp1 and 2 KD
primary cortical neurons

A previous study by Wang et al. (2001) showed that GSTP1 directly
interacts with JNK1 in the mouse embryonic fibroblast cell line,
NIH3T3, and the enzymatic activity of JNK1 is inhibited by its
interaction with GSTP1 (17). Also, Cdk5 activity is inhibited by
Gstp (16). Both JNK proteins and Cdk5 play important roles in
neuritogenesis (23,33). We first tested whether the inhibition
of JNK activity can rescue the defects seen in Gstp KD primary
cortical neurons. We applied SP600125, a specific JNK inhibitor
that inhibits JNK1, 2 and 3 kinase activity with similar efficacy,
in primary cortical neuron culture (34) (Fig. 7A and B). SP600125
or dimethyl sulfoxide (DMSO) (as a control) was added to
the culture medium after 1 h of re-plating before neurons
started neurite initiation, which happens around 4 h after

re-plating (29,35). At 48 h after re-plating, we fixed the cells
and quantified the morphology by analyzing neurite number,
because we have shown a fundamental function of Gstp1 and
2 is to regulate neurite initiation. Consistent with the Gstp KD
neurons in vitro and in vivo (Figs 3 and 5), the depletion of Gstp1
and 2 caused a significant reduction of neurite number with
DMSO treatment (Fig. 7A and B) (scramble and DMSO (brown
bar), 5.36 ± 0.2880; KD and DMSO (orange bar), 4.28 ± 0.2347,
two-way analysis of variance (ANOVA) with Tukey’s multiple
comparison, F(2,144) = 6.566, ∗P = 0.0413). JNK inhibition with
SP600125 rescued the defect in neurite number caused by
Gstp knockdown as compared with control neurons (KD and
DMSO (orange bar), 4.28 ± 0.2347; KD and SP600125 (green bar),
5.36 ± 0.3208 two-way ANOVA with Tukey’s multiple comparison,
F(2,144) = 6.566, ∗P = 0.0413) (Fig. 7B). The importance of JNK in
neurite formation is well known as described earlier, and we
confirmed that the 1 μM SP600125 treatment resulted in the
longest neurite length in scramble neurons. Thus, 1 μM is
an effective concentration to inhibit JNK activity in neurite
formation (Supplementary Material, Fig. S4) (scramble and
DMSO (gray bar), 200.6 ± 11.93 μm, scramble and SP600125 (white
bar), 130.3 ± 11.87 μm; ∗∗∗P = 0.0008, N = 25/group. Scramble and
DMSO (gray bar), 200.6 ± 11.93 μm, KD and SP600125 (purple
bar), 141.4 ± 9.983 μm; ∗∗P = 0.0068, N = 25/group. No difference
between scramble + DMSO (gray bar) and KD + DMSO (yellow
bar), 165.8 ± 13.95 μm; ns, P = 0.2992, N = 25/group). However, the
treatment of neurons with 1 μM SP600125 in scramble neurons
did not show any defects in neurite number (Fig. 7B). To ensure
Gstp’s effects on neurite initiation are specifically through the
JNK pathway and not through other related pathways known
to affect neurite formation, we tested whether Cdk5 inhibition
could also rescue these defects. Cdk5 activity is also negatively
regulated by Gstp and is related to neurite formation (16,36,37).
The Cdk5 inhibitor Roscovitine was used to test whether it
can also rescue the defects in neurite number in the KD
neurons. By treating neurons transfected with the plasmid
coding for scramble or Gstp shRNA with Roscovitine, we found
that Cdk5 inhibition could not rescue the defects in neurite
number in KD neurons (KD and DMSO (orange bar), 4.28 ± 0.2347:
KD and Roscovitine (red bar), 436 ± 0.2227, two-way ANOVA
with Tukey’s multiple comparison, ns, P > 0.99; scramble and
Roscovitine (blue bar), 5.48 ± 0.2318; KD and Roscovitine (red bar),
436 ± 0.2227, two-way ANOVA with Tukey’s multiple comparison,
∗P = 0.0303; KD and DMSO (orange bar), 4.28 ± 0.2347: scramble
and Roscovitine (blue bar), 5.48 ± 0.2318, two-way ANOVA with
Tukey’s multiple comparison, ∗P = 0.0158). We also tested a
higher concentration (5 mM) of Roscovitine, but it still could
not rescue the defects (data not shown). Thus, the defects in
neurite initiation caused by the knockdown of Gstp1 and 2 were
rescued by the inhibition of JNK activity, but not Cdk5, indicating
that Gstp proteins regulate neurite initiation specifically via the
JNK signaling pathway.

Our results from the experiments with JNK inhibition suggest
that Gstp 1/2 KD results in hyperactivation of JNK (Fig. 7A and B).
To confirm this, we transfected the N-2a cells with the plasmids
encoding scramble or Gstp shRNA. After 48-hour culture, the
phosphorylation status of JNK in scramble and Gstp 1/2 KD
neurons was measured by western blot with anti-phospho-JNK
(P-JNK, Thr183/Tyr185) antibody, anti-JNK antibody and anti-
GAPDH as loading control. P-JNK intensity was increased in Gstp
1/2 KD N-2a cells compared with scramble N-2a cells, in con-
trast, total JNK and GAPDH intensities were comparable between
two groups (Fig. 7C). Next, we analyzed whether phosphory-
lated JNK distribution will changed after Gstp 1/2 KD during

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab003#supplementary-data
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Figure 7. JNK inhibitor SP600125 rescued the defect in neurite initiation caused by Gstp1 and 2 knockdown. (A) Representative photos of scramble or KD primary cortical

neurons treated with vehicle, 1 mM of SP600125, JNK inhibitor, or 2 mM of Roscovitine, Cdk5 inhibitor. Scale bar, 20 mm. (B) Quantification of the number of neurites

from some in the scramble or KD neurons with or without the treatment of SP600125 or Roscovitine. The neurite number in KD neurons was rescued by the treatment

of SP600125, but not Roscovitine. Two-way ANOVA determined that there was a statistical significance among the groups, N = 25 per group, F(2,144) = 6.56,∗P < 0.05.

(C) Representative western blot membrane for scramble and KD N-2a cells blotted with anti-P-JNK, anti-JNK and anti-GAPDH antibodies. (D) Representative photos

of scramble and KD primary cortical neurons at early neurite initiation stage. Left panels: primary cortical neurons transfected with plasmids coding for scramble

shRNA and Venus and stained with phalloidin to label F-actin (red), anti-P-JNK antibody (yellow) and DAPI (blue). Right panels: primary cortical neurons transfected

with plasmids coding for Gstp 1/2 KD shRNA and Venus and stained with phalloidin to label F-actin (red), anti-P-JNK antibody (yellow) and DAPI (blue). The arrow

shows P-JNK accumulation at the perinuclear stem region of neurite initiation site in soma. White bars indicate the regions where the signal intensity was measured.

(E) Quantification of the signal intensity of P-JNK (green line), F-actin (red line) and DAPI (blue line) crossing the soma. The arrow in the right graph shows the P-JNK

accumulation at perinuclear stem region of the neurite initiation site.
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neurite initiation. To test this, we analyzed P-JNK intensity in
mouse primary cortical neurons at the neurite initiation stage
(Fig. 7D and E). The plasmid encoding scramble or Gstp shRNA
was transfected into primary cortical neurons. We fixed the cells
at 4 h after re-plating to observe the cell structure and phospho-
JNK distribution at neurite initiation stage (Fig. 7D). The cells
are stained with AF633-Phalloidin (red) for F-actin, anti-P-JNK
(yellow) and DAPI (blue). Fluorescent intensities of F-actin, P-JNK
and DAPI were measured across the cell (Fig. 7E). In the soma of
KD cells, P-JNK is accumulated at perinuclear and stem region
of primitive neurite which is positive for F-actin (Fig. 7E, arrow
on the right graph) compared with the scramble cells in which
P-JNK is evenly distributed in the cytoplasm (Fig. 7E, left graph).
Taken together, our results show that the depletion of Gstp 1
and 2 proteins in primary cortical neurons leads to not only an
increase in JNK activity at the soma but also the accumulation
of active JNK at the neurite initiation site.

Discussion
In this study, we established that Gstp proteins are essential
for neurite formation, particularly neurite initiation. As far as
we know, this is the first study that elucidates the functions of
Gstp proteins in neuritogenesis during cortical development. We
showed that knockdown of the Gstp proteins resulted in defects
in neuronal morphology during neurite formation. Knockdown
of Gstp1 and 2 together using shRNA in vitro revealed a signifi-
cant decrease in neurite number from the soma, indicating the
importance of Gstp proteins in neurite initiation (Fig. 3). Sholl
analysis showed that neurite branching proximal to the soma
was reduced in KD neurons, which resulted from defects in
neurite initiation, whereas at 30–55 mm away from the soma,
neurite branching was more frequent in KD neurons (Fig. 3F).
By in vivo KD of Gstp1 and 2, we found an abnormal swelling
and a disrupted angle of the apical dendrite of KD pyramidal
neurons in layer 2/3 at P3 (Fig. 4E). At P15, we observed a reduced
number of basal dendrites in KD pyramidal neurons, which is
in chorus with our observations in primary cortical neurons
in vitro (Figs 3B and 5B). This indicates that the regulation of
neurite initiation is a primary function of Gstp1 and 2 in the
developing cortex. Thus, Gstp1 and 2 are key players in neurite
initiation and apical dendrite orientation at the early stage of
neuritogenesis. Live imaging at P0 showed that the length of
extension of the apical dendrite in KD neurons was shorter than
the control at the beginning of the live imaging, whereas the KD
neurons increased the length of the apical dendrite after 250 min
(Fig. 6C). Although KD of Gstp1 and 2 did not affect the velocity of
growth and retraction in the neurons (Fig. 6E), by quantifying the
frequency of growth and retraction of neurites, we found that the
KD cells retracted neurites less frequently, indicating that this is
the reason why the length of the apical dendrite caught up to
one of the scramble neurons after 250 min of the live imaging
(Fig. 6C and F). Also, we found the tip of the apical dendrite was
more frequently and dramatically changing its direction in the
KD neurons (Fig. 6G–I). Thus, the live imaging revealed that the
initial step of apical dendrite initiation was disrupted by Gstp
1/2 KD. Finally, we found the defects in neurite initiation seen in
KD neurons were rescued by the treatment of KD neurons with
JNK inhibitor, SP600125 (Fig. 7). This strongly indicates that the
functions of Gstp proteins in neurite initiation are mediated by
the JNK signaling pathway.

Humans have only one GSTP, GSTP1, whereas mice have
three isoforms, Gstp1, 2 and 3. The human GSTP1 gene has high
homology to mouse Gstp1 and 2 with ∼83% identity, but less to

mouse Gstp3 with ∼75% identity (Tables 1 and 2). Because both
Gstp1 and 2 are highly homologous to each other and to human
GSTP1, we analyzed the function of Gstp1 and 2 together. In
this study, we used the shRNA by which Gstp1 and 2, but not
Gstp3, were knocked down at the same time. The efficiency was
∼85% for Gstp1, and 95% for Gstp2. Additionally, though there is
a report indicating that Gstp is important for cell survival (38), in
our study the knockdown in primary neurons did not cause cell
death within 5 days after shRNA transfection in vitro. Moreover,
our in vivo experiments indicate that Gstp KD neurons were not
eliminated in vivo for 19 days (P15) after IUE at E15.5, suggesting
that the results obtained from Gstp1 and 2 knockdown here were
not the secondary effects of an unhealthy condition.

Our analysis of the expression of each Gstp isoform during
cortical development by using RT-PCR with the isoform-specific
primers revealed that Gstp1, but not Gstp2 or 3, is the major
Gstp protein expressed during embryonic cortical development,
especially at the early stages (Fig. 1C). Although humans have
one GSTP, GSTP1, it is informative to clarify the function of Gstp1,
2 and 3 separately, and the information from these analyses will
help us understand the mechanisms of neurite formation regu-
lated by Gstp proteins in detail. To further analyze the functions
of each Gstp protein, genomic modification by the CRISPR/Cas9
technique would be a useful tool. Also, the knockout mouse of
each isoform would be useful to further test whether Gstp is
important for neurobehavior. The Gstp1 and 2 double knockout
mouse line has been created, and the analysis of its phenotypes
has been performed. An increase of skin tumorigenesis was
observed (39). Although the authors described that the double
knockout mice appeared healthy with no defects in histopathol-
ogy in major organs, it is unclear if the brain was analyzed.
In addition, another Gstp knockout mouse line (GstpΔ/Δ) was
created by deleting all three Gstp genes (13). In the GstpΔ/Δ mice,
no defects in the brain have been described, but it is not clear
whether neurite formation was analyzed using these mice. The
creation of the Gstp1 and Gstp2 single-gene knockout mice would
be beneficial for understanding their functions in more detail.

An interesting phenomenon found in our live imaging data
is that the apical dendritic tips of the KD cells turned more than
the control neurons, in terms of the frequency and the angle of
turning (Fig. 6G–I). It appeared as if the KD tips were exploring
which path to go, whereas the normal tips were straightforward
to one direction (Figs 4B and 6G–L). The growth of the neurite
tip relies on the growth cone localized at the leading edge
of the neurite. The receptors on the growth cone can receive
guidance cues and transfer the signals inside the growth cone.
In the movement of growth cones, F-actin and microtubules play
essential roles, and the microtubules move into the filopodia
along with the F-actin bundles. Then, more microtubules invade
into the filopodia to extend. In contrast, filopodia that are not
invaded by microtubules will be retracted (40). In our recording,
the tip of KD neurons would pursue one direction at one-time
point, then retract the filopodia, and extend other filopodia at
another region of the growth cone, and this process would repeat
again and again. Based on our observations, there could be some
defects in the coupling of F-actin and microtubules occurring
in the KD cells, where the stabilization of the filopodia is com-
promised. A previous study showed that this coupling process
is largely dependent on microtubule plus-end complexes, F-
actin retrograde flow and the gradient of microtubule stabilizers
and destabilizers (41,42). It is consistent with our observations
since the microtubule plus-end complexes (+TIPs), as well as
the stabilizer and destabilizers, are heavily regulated by kinases,
such as JNK. For example, the motor protein kinesin requires the
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binding of active JNK to regulate microtubule dynamics and +TIP
CLIP-170 rescuing activity (42–44). To further study the cellular
mechanism, the markers of microtubule plus-end and F-actin
can be used in live-imaging to visualize how these behave in the
growth cone of the KD neurons.

Increased width at the proximal region of apical dendrite was
observed at P3 (Fig. 4C–E). Swelling at the proximal region of the
apical dendrite could be linked to the excess of the transport
of intracellular organelles from soma, causing an organelle traf-
fic jam. For example, the Golgi apparatus has been shown to
accumulate at the base of the apical dendrite, and mitochondria
are also trafficked toward the dendrites (45). It is possible that
in the knockdown neurons, excessive organelles accumulate at
the base of apical dendrites because effective outward organelle
trafficking toward the distal area of the dendrite is prevented.
These possibilities could be addressed by time-lapse live imaging
using organelles’ markers.

In the present study, we also explored the potential involve-
ment of JNK and Cdk5 in the Gstp signaling pathway in neuri-
togenesis by using JNK and Cdk5 inhibitors, because JNK and
Cdk5 kinase activities are inhibited by GSTP1 (Fig. 7) (16,17,33).
We conducted experiments with JNK inhibitor SP600125 and
found that the treatment of Gstp KD neurons with SP600125
rescued the neurite initiation defects caused by Gstp1 and 2
knockdown. Applying Cdk5 inhibitor Roscovitine, however, did
not rescue the decreased neurite number. Thus, the results
suggest that the functions of Gstp in neurite formation are
specifically mediated through the JNK pathway (Fig. 7A and B).
By western blot and immunostaining, we further confirmed that
Gstp 1/2 KD N-2a cell showed an increased P-JNK amount in
the whole cell lysate and an accumulation of P-JNK at the cell
soma especially at the stem region of neurite initiation site at
neurite initiation stage (Fig. 7C–E). Previous study showed that
neurons with JNK2 and JNK3 knockout had defect in neurite
initiation after 24 h of culture, indicating that JNK2 and JNK3
are important for neurite initiation, but not JNK1, in DRG neu-
rons (26). Given that our shRNA knocks down Gstp1 and 2,
Gstp1 and 2 would regulate neurite initiation through JNK2 and
3. To further study the molecular mechanism, a JNK specific
knockdown approach could be used in combination with Gstp
knockdown.

Materials and Methods
Mice

CD-1 mice used for IUE and primary cortical neuron culture were
purchased from the Charles River (Wilmington, MA). All ani-
mals were maintained in accordance with the guidelines of the
Drexel University Institutional Animal Care and Use Committee.
Females and males were used for IUE and primary cortical
neuron culture.

Plasmids and chemicals

Myc and DDK (FLAG)-tagged mouse Gstp1, Gstp2 and Gstp3
cDNA clones in the pCMV6-Entry vector were purchased from
Origene (MR202273, MR202254, MR202253, Rockville, MD). shRNA
for the knockdown of both Gstp1and Gstp2, but not Gstp3, was
designed by utilizing the web tools. They are siRNA Wizard
Software (InvivoGen), BLOCK-iT RNAi Designer (ThermoFisher
Scientific) and GPP Web Portal (Broad Institute). Target sequence,
GGAGGTGGTTACCATAGAT, was cloned into pSCV2-Venus plas-
mid (46,47). ACTACCGTTGTTATAGGTG was used as a scramble

shRNA. SP600125 (JNK inhibitor) and Roscovitine (Cdk5 inhibitor)
were obtained from APExBIO (Houston, Texas).

Antibodies

The following primary antibodies were used: anti-GSTP1 (Rabbit,
Proteintech, 15902-1-AP), anti-GAPDH (Mouse, Proteintech,
60004-1-Ig), anti-DYKDDDDK (FLAG) Tag (Rat, Biolegend, clone
L5, 637301), anti-Brn2 (Rabbit, Proteintech, 14596-1-AP), anti-
Phospho-SAPK/JNK (Thr183/Tyr185) (Rabbit, Cell Signaling Tech-
nology, #9251), anti-SAPK/JNK (Rabbit, Cell Signaling Technology,
#9252) and AF633-phalloidin (Thermo Fisher, A22284). Anti-
βIII-tubulin (mouse, Thermo Scientific, clone 2G10, MA1-
118). The following secondary antibodies were used: HRP-
conjugated Goat anti-Rabbit IgG (Jackson ImmunoResearch
Laboratories, 111-035-003), HRP-conjugated Goat anti-mouse
IgG (Proteintech, SA00001-1), HRP-conjugated Donkey anti-Rat
IgG (Jackson ImmunoResearch Laboratories, 712-035-153), FITC-
conjugated Donkey-anti-Rabbit IgG (Jackson ImmunoResearch
Laboratories, 711-096-152), TRITC-conjugated Donkey-anti-
Rabbit IgG (Jackson ImmunoResearch Laboratories, 711-025-
152) and FITC-conjugated Donkey-anti-mouse IgG (Jackson
ImmunoResearch Laboratories, 715-096-151).

Validation of shRNA knockdown efficiency

HEK-293 cells were co-transfected with the plasmids coding the
scramble shRNA or the Gstp1/2 shRNA and Myc and DDK (FLAG)-
tagged mouse Gstp1, Gstp2 and Gstp3 plasmids. The cells were
cultured for 48 h at 37◦C with 95% air/5% CO2, and the pro-
tein lysates were prepared. The protein samples were separated
on 12% SDS-PAGE gel. Knockdown efficiency was analyzed by
quantifying the expression level of FLAG-tagged Gstp proteins
after blotting with anti-FLAG antibody. GAPDH was used as a
loading control. To analyze the KD efficiency on endogenous
Gstp proteins, the plasmids coding scramble or Gstp shRNA were
transfected into N-2a cells and analyzed the efficiency with
anti-GSTP1 antibody after 48 h as described earlier.

In utero electroporation

Timed pregnant mice were obtained by the set-up of the mating
in the animal facility. IUE was performed as previously described
(48). Briefly, after pregnant dams were anesthetized, the uterine
horns were exposed, and one to two microliters of plasmid
mixed with 0.1% fast green were injected into the lateral ven-
tricle of E15.5 embryo brains by pulled-glass micropipette. The
concentration of the plasmid DNA was 1-2 μg/μl. Three 32 V
electric pulses were applied into the embryonic brain by tweez-
ers electrode using the electroporator (CUY21, Nepa GENE). The
uterine horns were returned into the abdomen, and pups were
allowed to recover and mature. The brains were dissected out at
P0 for time-lapse live imaging and P3 and P15 for morphological
analysis.

Primary cortical neuron culture

Cortical neurons were prepared from mouse embryos at E15
as previously described (49). Briefly, the dam was euthanized,
and embryos were quickly removed from the pregnant mouse.
Then, embryos were placed in 1X Ca2+/Mg2+-free Dulbecco’s PBS
(D-PBS, Genesee Sci). After the cerebral cortices were dissected
out, they were treated with 0.01% Trypsin in D-PBS for 5 min
at room temperature, and then the trypsin is neutralized by
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adding 100 ml of 50 mg/ml bovine serum albumin. The disso-
ciated neurons were seeded onto the dish coated with 100 ng/ml
poly-D-lysine and 100 ng/ml laminin with Neurobasal medium
supplemented with 1% penicillin/streptomycin (Corning), 1%
GlutaMAX (Gibco) and 1X B-27 (Thermo Fischer Scientific). After
48 h, cells were re-plated onto glass coverslips coated with
poly-D-lysine and laminin and cultured for an additional 48 h,
and then fixed with 4% paraformaldehyde/Phosphate-buffered
saline.

Transfection

Transfection in primary cortical neurons was performed using
Amaxa Nucleofector II (Lonza) with the Ingenio electroporation
kit (Mirus Bio). The concentration of plasmids we used was 10 μg
with 100 ml of Ingenio electroporation solution. Five million
neurons were used for transfection per experimental group.

RNA isolation and RT-PCR

The cerebral cortices were dissected from the brains at E15.5,
E18.5, P0, P5 and P15, and the total RNA was prepared using
Trizol reagent (Thermo Fisher Scientific). The quality of RNA was
confirmed by the value of 260/280 nm and the clear appearance
of 18S and 28S rRNAs on the agarose gel. To create cDNA for
PCR, RNA was reversely transcribed using the MMLV reverse
transcriptase (Thermo Fisher Scientific) and Oligo (dT) primer
(Promega), and the following heat cycle was used for the reverse
transcription: 25◦C for 10 min, 37◦C for 60 min and 70◦C for
10 min. Specific Gstp1, 2 and 3 primers were designed using
the information about their DNA sequence: Gstp1 primers: for-
ward primer, GGCAAATATGTCACCCTCATCTACACC and reverse
primer: CCTTGATCTTGGGCCGGGCAC; Gstp2 primers: forward
primer: CGGCAAATATGGCACCATGATCTACAGA and reverse
primer: CCTTGATCTTGGGCCGGGCAC; and Gstp3 primers:
forward primer: CCTTACACCATCGTCGTCTATTTCCCTTCC and
reverse primer: GATACTGCCGGGCAATGCGTCTG. PCR was
performed using these specific primers with the following PCR
heat cycle condition: 94◦C for 5 min and 73◦C for 30 sec. This
cycle was repeated 42 cycles. The product sizes are 271, 272 and
319 bp for Gstp1, 2 and 3, respectively.

Histology

Brains were dissected out at P3 and P15 and fixed with 4%
paraformaldehyde/phosphate-buffered saline at 4◦C overnight.
Fixed samples were cryoprotected by 25% sucrose/phosphate
buffered saline for 48 h at 4◦C, and then embedded with the
O.C.T. compound (Sakura). Cryosections (60 mM thickness) were
cut by cryostat (Microm HM 505N) and air-dried. Sections were
washed three times with Tris-buffered saline before use. All
brain sections were stained with 4′, 6-diamidino-2-phenylindole,
dihydrochloride (DAPI, 600 nM) and embedded with 90% glyc-
erol/phosphate buffered saline.

For cell immunostaining, primary cortical neurons were cul-
tured on glass coverslips and were fixed with 4% paraformalde-
hyde at room temperature for 15 min. Fixed neurons were
incubated with primary antibodies (as listed in the Antibody
section) for 1 h, followed by washing and the incubation with
secondary antibodies. Then, the cells are embedded with 90%
glycerol/phosphate buffered saline.

Neuromorphological analysis

To analyze the neuronal morphology at P3 and P15 and pri-
mary neurons, Fiji software was used. Z-projection images were
created from z-stack data collected by the confocal microscope
(TCS SP2, Leica). The Fiji plug-in Simple Neurite Tracer was used
to measure the length of the neurites extended from the surface
of soma.

To analyze the apical dendrite orientation at P3, the angle
was measured using the Fiji software angle tool. A straight line
perpendicular to the pial surface of the brain slice was used as a
reference for the angle. Absolute values of the angles measured
were used for statistics.

Sholl analysis

Neurite branching pattern was quantified using Sholl analysis
in Fiji software as previously described (48). The center of soma
was used as a reference, and the radius was set to 200 or 250 mm
with 5 mm interval. From these parameters, the number of
intersections at each radius was quantified and plotted using
Prism7 (GraphPad).

Ex vivo live imaging on brain slices

Brain slices were collected as previously described with a slight
modification (48). Briefly, brains were dissected out from P0
embryos and placed in an ice-cold high sucrose artificial cerebral
spinal fluid (ACSF) solution. The brains were embedded in 4%
low-melting agarose in the ACSF solution. Coronal cortical slices
were sectioned (300 μm) with a vibrating microtome (VTS1000
Leica Microsystems) in ACSF. Slices were incubated for 60 min at
37◦C in DMEM/F-12 imaging media supplemented with 10% fetal
bovine serum (FBS) for recovery. Slices were gently transferred
into a 35 mm Petri dish (Nunc) for imaging. The brain slices
were covered by 80% collagen I (Gibco, Fisher Scientific) neutral-
ized with 0.25 N sodium hydroxides in PBS. Imaging was per-
formed on an upright confocal laser-scanning microscope (TCS
SP2 VIS/405, Leica) with a 20X HCX APO L waster-dipping objec-
tive (NA 0.5). During imaging, slices were incubated in DMEM/F-
12 imaging media supplied with 10% FBS without phenol red and
incubated at 37◦C overnight in stage top chamber incubator (DH-
40iL, Warner Instruments). Confocal stack images were taken
at 10-minute intervals for up to 10 h. The Z-projections were
created using Fuji for each time point, and the z-projections of all
time points were used to make a video. The neurite length, veloc-
ity and angle were measured and analyzed using Fuji software
and plotted using Prism7 (GraphPad).

Statistical analysis

Quantitative data were subjected to statistical analysis using
Prism 7 (GraphPad). The data were analyzed by two-tailed
unpaired t-tests, one-way ANOVA with Dunnett’s multiple
comparisons, one-way ANOVA or two-way ANOVA with Tukey’s
multiple comparisons if appropriate. Values represented as
mean ± SEM. Results were deemed statistically significant if the
P-value was < 0.05. ∗, ∗∗, ∗∗∗ and ∗∗∗∗ indicate P < 0.05, P < 0.01,
P < 0.001 and P < 0.0001, respectively.
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