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CYTH2 to mediate hippocampal granule cell development
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CNKSR? is a synaptic scaffolding molecule that is encoded
by the CNKSR2 gene located on the X chromosome. Hetero-
zygous mutations to CNKSR2 in humans are associated with
intellectual disability and epileptic seizures, yet the cellular and
molecular roles for CNKSR2 in nervous system development
and disease remain poorly characterized. Here, we identify a
molecular complex comprising CNKSR2 and the guanine
nucleotide exchange factor (GEF) for ARF small GTPases,
CYTH2, that is necessary for the proper development of
granule neurons in the mouse hippocampus. Notably, we show
that CYTH2 binding prevents proteasomal degradation of
CNKSR2. Furthermore, to explore the functional significance
of coexpression of CNKSR2 and CYTH2 in the soma of granule
cells within the hippocampal dentate gyrus, we transduced
mouse granule cell precursors in vivo with small hairpin RNAs
(shRNAs) to silence CNKSR2 or CYTH2 expression. We found
that such manipulations resulted in the abnormal localization
of transduced cells at the boundary between the granule cell
layer and the hilus. In both cases, CNKSR2-knockdown and
CYTH2-knockdown cells exhibited characteristics of immature
granule cells, consistent with their putative roles in neuron
differentiation. Taken together, our results demonstrate that
CNKSR2 and its molecular interaction partner CYTH2 are
necessary for the proper development of dentate granule cells
within the hippocampus through a mechanism that involves
the stabilization of a complex comprising these proteins.

In humans, neurodevelopmental disorders present with a
spectrum of diverse phenotypic characteristics such as in-
tellectual disability (ID), cognitive deficits, learning and
memory deficits, anxiety, and difficulties with social interac-
tion (1). For ID syndromes such as Fragile X syndrome, Rett
syndrome, and Down syndrome, phenotypic traits arise from
genetic abnormalities that disrupt the development of mul-
tiple regions of the brain, including the hippocampus (2).
Comprising the cornu ammonis (hippocampus proper) and
the dentate gyrus, separated by the hippocampal sulcus, this
brain region is critical for learning and memory. Of note, the
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development of the hippocampus commences prenatally but
concludes postnatally, as evidenced by the finding that up to
85% of dentate granule neurons are born after birth in
mice (3).

Presently, the molecular mechanisms of hippocampal
neurogenesis and the impact of genetic mutations on these
important developmental events in the mammalian brain
remain to be better characterized. For example, the X
chromosome contains genes associated with cognitive
function, including FMR1 (4, 5) and NLGN3 (6). Indeed,
mutations in either of these genes lead to ID and autism
(7-10), yet numerous other genes remain poorly character-
ized, despite clinical genetic evidence implicating their
essential functions in brain development and disease
(11, 12). One such gene is CNKSR2, associated with ID and
epilepsy (13-19).

CNKSR2 [connector enhancer of KSR-2, also known as
MAGUIN (membrane-associated guanylate kinase-interacting
protein)] was initially identified as a binding partner for PSD
(postsynaptic density)-95 and S-SCAM (synaptic scaffolding
molecule) (20, 21). CNKRS2’s expression is enriched in the
brain, including the hippocampus (20). Additionally, many
CNKSR2 mutations have been found in individuals with ID
and epilepsy (13-19), yet its functions in human neurons are
poorly understood. The gene encodes a 1034 amino acid
polypeptide that functions as a scaffold protein, containing
multiple domains such as a SAM (sterile alpha motif) domain,
a CRIC (conserved region in CNK) domain, a PDZ domain, a
PH (pleckstrin homology) domain, and a C-terminal PDZ-
binding motif (20, 21). Notably, the internal proline-rich
motif interacts with ARHGAP39/Vilse, a Rac GTPase-
activating protein (GAP), to influence hippocampal neuron
spine morphogenesis (22). Also, the C-terminal coiled-coil
region of CNKSR2 binds to CYTH2/Cytohesin2/ARNO (22),
a guanine nucleotide exchange factor (GEF) for ARF small
GTPases, to induce Rac activation (23). Furthermore, CNKSR2
also interacts with ARHGEF7, a Rac-specific GEF, to influence
Rac signaling within cells (22). Additionally, CNKSR?2 interacts
with Ras small GTPase effectors, Raf and RIf (21), and par-
ticipates in the NGF (nerve growth factor)-dependent ERK
(extracellular signal-regulated kinase) activation in PC12 cells
(24). Thus, CNKSR2 is involved in various intracellular
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CNKSR2 controls dentate gyrus development

signaling pathways combined with different molecular part-
ners, with relevance to signaling in neural cells.

In this study, we investigated the role of CNKSR2 in the
development of cells of the hippocampus. Using an
electroporation-based in vivo gene transfer method, which we
established previously (25), We report that CNKSR2 interacts
with its binding partner, CYTH2, to stabilize protein levels
within cells. Also, suppression of CNKSR2 or CYTH2 in-
fluences the localization and differentiation of neonatally born
dentate granule cells during mouse brain development. Thus,
disruptions to CNKSR2 and CYTH2 in cells may disrupt the
formation of dentate granule cells to cause hippocampal
dysfunction in mammals.

Results

CNKSR2 forms a complex with CYTH2 or ARHGAP39 and is
stabilized by them

Previous reports identify CNKSR2 as a mediator of Rac
signaling (22) through its interactions with other proteins,
including ARHGAP39, CYTH2, and ARHGEF7. Thus, we
began by exploring the interaction between CNKSR2 and these
proteins. As shown, immunoprecipitation experiments using
lysates from transiently transfected COS7 cells revealed that
CNKSR2 interacted with ARHGAP39 and CYTH2, but not
with ARHGEF7 under the experimental conditions (Fig. 14).
Interestingly, these results also suggested that the presence of
CYTH2 and ARHGAP39 led to an increase in immunode-
tectable CNKSR2 signal (Fig. 1A). To investigate this possi-
bility, we repeated our experiments. We found that
cotransfection of CNKSR2 with CYTH2, ARHGAP39, but not
ARHGEF7 or GFP, led to increased CNKSR2 immunoblot
signal in cell lysates (Fig. 1, B and C). Notably, cotransfection
of CYTH2 led to the most pronounced increase in immuno-
blotted CNKSR2 signal. Guided by this insight, we explored
the effects of exogenously derived CYTH2 on CNKSR2 levels
in the presence of the protein synthesis inhibitor cyclohexi-
mide. Figure 2, A—C shows western blot and quantitative an-
alyses of lysates following time course treatment with
cycloheximide. In this experiment, we loaded reduced
amounts of protein extracted from CYTH2-transfected cells to
avoid the saturation of the signal. The calculated half-life of
exogenously derived CNKSR2 with cotransfected CYTH2 is
significantly higher than when coexpressed with GFP (Fig. 2C).
This suggests that CYTH2 influences the stability of CNKSR2.
We further investigated this possibility by testing the effects of
MG@G132, a proteasome inhibitor, on CYTH2-induced CNKSR2
protein stabilization. Figure 2, D and E show that MG132
significantly increased immunoblotted for exogenously derived
CNKSR2 cotransfected with GFP or CYTH2. However, we
observed that while the magnitude of difference in intensity of
immunoblotted CNKSR2 signal in the presence of the unre-
lated GFP protein was approximately 4.0-fold, the magnitude
of difference in intensity of CNKSR2 signal in the presence of
CYTH2 was only 1.6-fold (Fig. 2E). We interpret this result to
indicate that the capacity for CNKSR2 to be targeted for
ubiquitin-proteasome-mediated  protein  degradation s
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influenced by the presence of CYTH2 but not the unrelated
GFP protein.

Expression analyses of CNKSR2 in mouse brain

To investigate endogenous CNKSR2 protein, we produced a
specific antibody, which we confirm by the following analysis.
First, we performed western blotting on lysates from cells
transduced with a myc-CNKSR2 expression construct together
with a control (nontargeting) shRNA vector or with a CNKSR2
targeting shRNA vector. As shown, immunoblotted myc-
CNKSR2 signals that accord with the molecular size of
approximately 130 kDa (indicated with an asterisk) are visible
using our anti-CNKSR2 antibody and anti-myc antibody, but
these respective signals are significantly diminished in lysates
of cells cotransfected with shCNKSR2 (Fig. S1A). Second,
following validation of our antibody, we performed western
blotting on whole-brain extracts of mice from postnatal (P)
days 0 to 30. Consistent with the molecular weights for signals
validated in our specificity testing (Fig. S1A), CNKSR2
immunoblotted signal of about 110 kDa was faintly detected at
PO and was more intense by P7-P30, while a 130 kDa signal
was weakly detected until P15 through to P30 (Fig. 34). We
also investigated the expression of CYTH2 and detected two
immunoblots of approximately 50 kDa that were prominent
from PO to P30 and a lower-molecular-weight band that was
detected from PO to P15 (Fig. 3A4). These bands may be iso-
forms or products of posttranslational modification such as
phosphorylation (26—-29). Further analyses should be required
to address this issue. In order to substantiate their protein—
protein interaction in vivo, we found that endogenous
CYTH2 protein, which corresponds to the upper band, could
be immunoprecipitated from protein lysates extracted from
mouse cerebral cortices and hippocampal tissues with our
anti-CNKSR2 antibody (Fig. 3B). In addition, given the speci-
ficity of our anti-CNKSR2 antibody (Fig. S1C), we performed
immunohistochemical analyses using sections of a P7 mouse
brain to find prominent CNKSR2 signal in the soma of pyra-
midal cells within the cornu ammonis, as well as in granule
cells of the dentate gyrus (Fig. 3C, a—d). Parallel studies with
an anti-CYTH2 antibody enabled us to visualize cytosolic
staining in pyramidal and dentate granule cells (Fig. 3C, e-h).

CNKSR2 and CYTH2 control the neonatal development of
dentate granule cells

Given the expression of CNKSR2 and CYTH2 in the
developing P7 hippocampus (Fig. 3C), we investigated the roles
of these two factors in the development of dentate granule
cells in neonatal mice. To achieve this, we used an
electroporation-based in vivo gene transfer method, which we
previously established (25). This method is highly effective for
the analysis of hippocampal cell differentiation and matura-
tion. We previously took this approach to clarify the functions
of the small GTPases, Racl, Rac3, and Cdc42, and their roles in
the localization and differentiation of dentate granule cells
(30). Our approach enables us to study neonatally born dentate
neurons and their migration and terminal differentiation
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Figure 1. Stabilization of CNKSR2 through the interaction with CYTH2 and ARHGAP39. A, interaction of CNKSR2 with CYTH2 and ARHGAP39. COS7
cells were transfected with pCAG-GFP or pCAG-GFP-CNKSR2 together with pCAG-myc-ARHGAP39, -myc-CYTH2 or, -myc-ARHGEF7. After 48 h, cells were
harvested with IP buffer, followed by immunoprecipitation with anti-GFP. Immunoprecipitates (IP) and lysates (Input) were subjected to western blotting
using anti-myc (upper panel) and anti-GFP (middle and lower panels). Molecular size markers appear at the left. B, effect of CYTH2, ARHGEF7, or ARHGAP39 on
the expression level of CNKSR2. COS7 cells were transfected with pCAG-myc-CNKSR2 together with pCAG-Flag-GFP, pCAG-Flag-CYTH2, pCAG-Flag-
ARHGEF7, or pCAG-Flag-ARHGAP39. After 48 h, cells were harvested with lysis buffer and cell lysates (10 ug of protein) were subjected to western blot-
ting using anti-myc (upper panel) and anti-Flag (middle panel). 3-tubulin was shown as the loading control (lower panel). Molecular size markers appear at
the right. C, quantification of the expression of myc-CNKSR2. Immunoreactive bands shown in B were quantified and graphed. The signals of myc-CNKSR2
were normalized to B-tubulin. Each bar shows the mean + SD from ten dishes. ***p < 0.001.

(Fig. 4A and see Experimental procedures for further details)
(25). Specifically, we investigated the consequences of sup-
pression of CNKSR2 using two shRNA targeting vectors
(shCNKSR2#1 and shCNKSR2#2) on the development of PO
dentate granule cells. We began by validating their capacity for

knockdown of exogenously derived myc-CNKSR2 in

SASBMB

transiently transfected COS7 cells. As shown, both
shCNKSR2#1 and shCNKSR2#2, but not a nontargeting con-
trol shCont vector, efficiently suppressed immunodetectable
myc-CNKSR?2 signal (Fig. 4Ba). We also confirmed that these
targeting shRNA vectors could suppress endogenous CNKSR2
in mouse neuroblastoma cell line Neuro2a cells (Fig. S1B).
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Figure 2. CYTH2 protects CNKSR2 from proteasome-mediated degradation. A, cycloheximide chase assay. COS7 cells were cotransfected with pCAG-
myc-CNKSR2 together with pCAG-Flag-GFP or pCAG-Flag-CYTH2. After 48 h, cells were incubated with cycloheximide (300 pg/ml) for the indicated times
before processing. Cell lysates (20 pg of protein for GFP-expressing cells and 5 pg for CYTH2-expressing cells) were subjected to western blotting using anti-
myc. B-tubulin was shown as the loading control. Molecular size markers appear at the right. B, bands in A were quantified and graphed. Each bar shows the
mean + SD from three dishes. C, the half-life of CNKSR2 was calculated and graphed. Each bar shows the mean + SD from three experiments. *p < 0.05.
D, effects of MG132 on the expression of CNKSR2. COS7 cells were transfected with as in A. After 32 h, cells were incubated with MG132 (5 uM) for 16 h. Cell
lysates (20 pg and 5 pg of protein for GFP- and CYTH2-expressing cells, respectively) were then prepared and subjected to western blotting using anti-myc.
Molecular size markers appear at the right. E, bands in D were quantified and graphed. Each bar shows the mean + SD from six dishes. **p < 0.01, *p < 0.05.

Next, we coelectroporated a GFP-expression vector (pCAG-
GFP) with shCNKSR2#1, shCNKSR2#2, or shCont into
neonatal dentate granule precursors by in vivo electroporation
in PO brains, after which mice were allowed to recover before
processing for analysis at P21 (25). As shown, in the control
treatment, in which cells were transduced with GFP and
nontargeting (shCont) shRNA vector, GFP-positive cells were
predominantly located within the granule cell layer (GCL), as
deduced by quantifying labeled cells within the GCL, GCL/
hilus junction and the hilus (Fig. 4B, b and e). In contrast, cells
transfected with shCNKSR2#1 or #2 were frequently mis-
localized at the GCL/hilus region or hilus (Fig. 4B, c—e).
Furthermore, the mislocalization of dentate neurons following

4 Biol. Chem. (2021) 297(6) 101427

shCNKSR2 knockdown could be ameliorated by cotransfec-
tion with an expression construct for CNKSR2 that is resistant
to shRNA-mediate knockdown (Fig. S2). Therefore, this result
indicates that CNKSR?2 is necessary and sufficient to influence
the positioning of PO-born granule cells within the postnatal
P21 hippocampus. To account for the possibility that knock-
down affects the viability of electroporated cells, we quantified
GFP-labeled cells in the dentate gyrus to find that the absolute
numbers of labeled cells were not significantly different be-
tween the treatment of targeting shRNAs or nontargeting
control vector (Fig. 4, Bf).

Given that CYTH2 interacts with CNKSR2 in granule cells
in vivo to form a stable complex, we investigated the impact of

SASBMB
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Figure 3. Characterization of CNKSR2 and CYTH2 in mouse brain. A, developmental expression of CNKSR2 and CYTH2 immunoblotted protein signals.
Whole-brain extracts (30 pg of proteins for CNKSR2 and CYTH2, and 5 pg for GFAP) were subjected to SDS-PAGE followed by western blotting with anti-
CNKSR2 (upper panel) and anti-CYTH2 (middle panel). GFAP is shown as a marker of brain tissue differentiation (bottom panel). Molecular size markers appear
at the left. B, complex formation of CNKSR2 and CYTH2 in mouse brain. Lysates were incubated with rabbit IgG or anti-CNKSR2. Immunoprecipitates were
subjected to western blotting with anti-CNKSR2 (upper panel) or anti-CYTH2 (lower panel). Molecular weight markers appear at the left. C, immunohisto-
chemical analyses of CNKSR2 and CYTH2 in the hippocampus. Sections of the hippocampus prepared at P7 were stained with anti-CNKSR2 (a-d) or anti-
CYTH2 (e-h). Images were obtained using BZ-9000 microscope. Boxed areas in a and e were magnified in b-d and f-h, respectively. Scale bars, 200 pm (a
and e) and 50 pm (d and h).

CYTH2 shRNA-mediated knockdown wusing a similar #2, that could efficiently knockdown steady-state levels of
approach in PO-born granule cells. We designed two shRNA  CYTH2 protein in transiently transfected cells (Fig. 4Ca).
vectors targeting unique sequences, namely shCYTH2#1 and  Following in vivo electroporation of neonatal dentate granule
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Figure 4. Effects of knockdown of CNKSR2 and CYTH2 on the localization of neonatally born dentate granule cells. A, the definition of the region in
the dentate gyrus. The dentate gyrus was divided into granule cell layer (GCL), border zone of GCL and hilus (GCL/hilus), or hilus as indicated. B, effects of
knockdown of CNKSR2 (a) Characterization of knockdown vectors for CNKSR2. COS7 cells were transfected with pCAG-myc-CNKSR2 together with shCont,
shCNKSR2#1 or #2. After 48 h, cells were collected and subjected to western blot analysis using anti-myc. B-tubulin was shown as the loading control.
Molecular weight markers appear at the right. (b-d) Localization of control (b) and CNKSR2-deficient (c and d) cells. pCAG-GFP was coelectroporated with
shCont (b), ShCNKSR2#1 (c), or #2 (d) into the lateral ventricle of PO mice. After 21 days, sections were prepared and stained with anti-GFP (white). Nuclei
were stained with DAPI (blue). Scale bar, 50 pm. e, quantitation of the localization. GFP-positive cells in GCL, GCL/hilus, or hilus were counted and graphed.
The data were shown as the percentage of GFP-positive cells in the individual parts of the dentate gyrus. Each bar shows the mean + SD. shCont, n = 4;
shCNKSR2#1, n = 5; shCNKSR2#2, n = 5. ***p < 0.001, **p < 0.01, *p < 0.05. f, the absolute cell number in the dentate gyrus. GFP-positive cells counted in e
were graphed. Each bar shows the mean + SD. shCont, n = 4; shCNKSR2#1, n = 5; shCNKSR2#1, n = 5; C, effects of knockdown of CYTH2. g, characterization
of knockdown vectors for CYTH2. COS7 cells were transfected with pCAG-myc-CYTH2 together with shCont, shCYTH2#1 or #2. Western blot analyses were
performed as in B, a. Molecular weight markers appear at the right. (b-d) Localization of control (b) and CYTH2-deficient (c and d) neonatally born cells.
pPCAG-GFP was coelectroporated with shCont (b), shCYTH2#1 (c), and #2 (d) into the lateral ventricle of PO mice. Analyses were carried out as in B, b-d. Scale
bar, 50 pm. e, quantitation of the localization. Analyses were performed as in B, e. shCont, n = 6; shCYTH2#1, n = 5; shCYTH2#2, n = 5. ***p < 0.001, *p < 0.05.
f, the absolute cell number in the dentate gyrus. GFP-positive cells counted in e were graphed. Each bar shows the mean + SD. shCont, n = 6: shCYTH2#1,
n = 5; shCYTH2#2, n = 5. The image of A, b was captured by FV1000 confocal microscope and the others were obtained using BZ-9000 microscope.

precursors in the PO hippocampus with shCYTH2#1 or #2,in  (GFP and shCont) cells (Fig. 4C, b—e). This effect of
conjunction with the GFP-expression construct (pCAG-GFP) shCYTH2 knockdown in granule cell positioning within the
to label cells, we observed that shCYTH2-treated cells were dentate gyrus is reminiscent of the effect of shCNKSR2
abnormally localized to the GCL/hilus border or hilus in a knockdown. We quantified GFP-labeled cells between treat-
distribution that was significantly different to control-treated ments to find that the absolute number of labeled cells was not
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Figure 5. Effects of knockdown of CNKSR2 and CYTH2 on the migration at early postnatal age of neonatally born dentate granule cells. A, a—c,
analyses of cell positioning of granule cells at the early postnatal stage. After mice were electroporated at PO, coronal sections were prepared at P4 and
stained for GFP (green) and DAPI (blue). Squared regions in upper panels were magnified in lower panels. Images were obtained using BZ-9000 microscope.
Scale bars, 200 um (upper panel) and 100 um (lower panel). B, relative fluorescence intensity in each bin was quantified and graphed. Each bar shows mean +

SD. shCont, n = 4; shCNKSR2#1, n = 5; shCYTH2, n = 4.

significantly different across shRNA treatments, indicating that
knockdown with CYTH2-targeting shRNAs did not influence
cell viability (Fig. 4Cf).

While the positioning of PO-born granule cells within the
hippocampus at P21 was significantly influenced by knock-
down with shCNKSR2 and shCYTH2 targeting vectors
compared with control treatment, their mispositioning was
unclear and represented a delay or a defect in migration. To
test this, we performed electroporation and then analyzed
coronal sections of treated brains at P4, analyzing the distri-
bution of transfected cells within the stream of migration, as
described. As shown in Figure 5, A and B, we observed that the
distribution of GFP-labeled cells was not significantly different
across shRNA treatments. Therefore, this result suggests that
the mislocalization of PO-born granule cells within hippo-
campus at P21 may be explained by the fine-tuning of granule
cell positioning within the GCL after P4 in the mouse.

Given that the terminal differentiation of GCL cells is crit-
ical to their cellular functions, we next analyzed the effects of
CNKSR2 and CYTH2 knockdown on treated cells that coex-
press GFP. In the control (shCont) treatment, labeled cells
exhibited a polarized shape with dendrites projecting to the
molecular layer (Fig. 6A), a finding consistent with previous
reports (25, 30). In contrast, however, cells transduced with
shCNKSR2 and shCYTH?2 vectors showed features consistent
with a loss of neuronal polarity and abnormal neurite

SASBMB

morphology (Fig. 6, A-C). Moreover, this abnormal
morphology appeared to be more severe with shCNKSR2-
treated cells (Fig. 6, B and C).

Next, we examined the effects of the knockdown of ARH-
GAP39 on the localization of PO-born granule cells. We did
this because ARHGAP39 is a binding partner for CNKSR2,
and the presence of ARHGAP39 could enhance CNKSR2
levels, based on our biochemical studies (see Fig. 1B). As
shown in Figure S3, treatment with two unique sShARHGAP39
vectors did not significantly change the placement of labeled
cells in the GCL/hilus or hilus. However, treatment with
shARHGAP39#1 significantly increased the proportion of
labeled cells within the GCL.

The differentiation of neonatally born dentate granule cells is
influenced by knockdown of CNKSR2 and CYTH2 expression
in vivo

During their development, dentate granule cells express
stage-specific differentiation markers, including Prox1, which
defines postmitotic dentate granule cells, and NeuN in
immature and mature neurons and calbindin, detected in
mature neurons dentate granule cells (31). We performed
immunostaining for these markers on sections of brains
transduced with nontargeting (shCont), shCNKSR2, or
shCYTH?2 vectors to examine potential effects of knockdown

J. Biol. Chem. (2021) 297(6) 101427 7
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Figure 6. Morphological change of the CNKSR2-or CYTH2-deficient mislocalized cells. After electroporation at PO, coronal brain sections were prepared
at P21. Sections were stained with anti-GFP (white) and DAPI (blue). Images were captured with FV1000 confocal microscope and z-stacked images of
dentate neurons localized at the GCL/hilus region were shown. Scale bar, 20 pm.

on these cellular features. We found that for cells located
within the GCL, the immunostaining signals for Proxl,
NeuN, and calbindin were not significantly different in in-
tensity, irrespective of treatment with control (shCont),
shCNKSR2, or shCYTH2 vectors (data not shown). In
contrast, however, when we examined immunostaining of
these markers for cells localized to the GCL/hilus boundary
or within the hilus, we observed a significant effect with
CNKSR2 and CYTH2 knockdown, as follows: Figure 7, A and
B shows that compared with control (shCont) treatment,
treatment with shCNKSR2 and shCYTH2 knockdown vectors
led to a significant decrease in the intensity of Prox1 immu-
nostaining signal within cells, with a more severe effect
observed for shCYTH2-treated cells. These results suggest
that the knockdown of either gene has affected the matura-
tion of these granule cells. We also quantified the signal for
NeuN to observe a significant decrease in cells transduced
with shCNKSR2 and shCYTH2 knockdown vectors (Fig. 7, C
and D). In the case of calbindin, a marker of mature granule
neurons, we found that knockdown with shCNKSR2 or
shCYTH2 shRNAs led to a decrease in signal shCNKSR2
treatment leading to a more severe effect. Taken together, the
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expression of CNKSR2 and CYTH2 is essential to the
development of granule cells of the mouse hippocampus.

Discussion

In this study, we have investigated the biological significance
of CNKSR2 and its binding partners within cells and their
putative roles in developing neonatally born dentate granule
cells in mice. We found that its binding partners CYTH2 and
ARHGAP39 can influence steady-state levels of exogenously
derived CNKSR2 in transfected cells. Notably, the synthesis
and ubiquitin-proteasome-mediated turnover of CNKSR2 are
influenced by CYTH2 in vitro, and their protein—protein
interaction is relevant to cells of the mouse brain in vivo.
Furthermore, we found that suppression of CNKSR2 or
CYTH2 expression influences the development of PO-born
granule cells of the P21 hippocampus in different ways. Pre-
vious studies have described functions for CNKSR2 in den-
dritic development and spine formation in primary cultured
neurons in vitro (22). However, our current study represents
the first report of CNKSR2 function in developing hippo-
campal cells in vivo.
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Figure 7. Effects of knockdown of CNKSR2 and CYTH2 on the differentiation of neonatally born dentate granule cells. A, immunohistochemical
detection of Prox1. pCAG-GFP was coelectroporated with shCont, shCNKSR2#2, or shCYTH#2 into the lateral ventricle of PO mice. After 21 days, coronal
sections were prepared and stained with anti-GFP (green) and anti-Prox1 (red). Nuclei were stained with DAPI (blue). B, the intensity of Prox1 in A was
quantified and graphed. Each bar shows mean + SD. shCont, n = 45 form 15 animals; shCNKSR2, n = 119 from 11 animals; shCYTH2, n = 98 from ten animals.
***p < 0.001. C, expression of NeuN. Coronal sections prepared as in A were stained for GFP (green), NeuN (red), and nuclei (blue). D, the intensity of NeuN in
C was quantified and graphed as in B. Each bar shows mean + SD. shCont, n = 24 cells from nine animals; sShCNKSR2, n = 45 cells from nine animals;
shCYTH2, n = 43 cells from nine animals. ***p < 0.001. E, expression of calbindin. Coronal sections prepared as in A were stained for GFP (green), calbindin
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The biological significance of CNKSR2 stabilization by
protein partners is unclear, despite the implications of this
molecular phenomenon on cellular homeostasis and regula-
tion of tissue growth. For example, Smurf2, a HECT E3
ubiquitin ligase, has been reported to bind and stabilize
CNKSR?2 in breast cancer cells (32, 33). However, the roles for
CNKSR2 and their binding partners in neurons are poorly
characterized. However, given that Smurf2 WW2 domain
binds to an “SPPPPY” motif at 702—-707 amino acid sequence
in CNKSR2 and forms an energy stable complex (32), while the
N-terminal coiled-coil domain of CYTH2 interacts with the
C-terminal region of CNKSR2 (aa 907-990) (22), it would
seem that the C-terminal (aa700-990) region of CNKSR?2 is
essential for its ubiquitin-proteasome-mediated degradation.
Indeed, four putative sites (K932, K959, K963, and K974) for
CNKSR2 within aa907-aa990 are predicted as the ubiquiti-
nation sites (BDM-PUB, http://bdmpub.biocuckoo.org/index.
php).

Mutations of CNKSR2 have been identified in individuals
diagnosed with ID and seizures (13—19). As the hippocampus
is critical to the brain’s functions, including learning and
memory, disruptions to genes that influence hippocampal
development would be relevant to human mental health and
dysfunction. We found that suppression of CNKSR2 during
the development in PO hippocampal granule neurons resulted
in their ectopic localization and their abnormal maturation
within the P21 hippocampus. Indeed, suppression of CNKSR2
also disrupted the expression of markers of granule cell dif-
ferentiation, including Prox1, NeuN, and the mature neuron
marker calbindin. These findings with cells within rodent
brains raise the possibility that inactivating mutations to
CNKSR2 may result in defective hippocampal development in
humans, leading to brain disorders (34).

We found that the disruption of a CNKSR2-interacting
protein CYTH2, but not ARHGAP39, caused developmental
deficits of dentate granule cells, although both of these mol-
ecules increased the stability of CNK2. CYTH2 is characterized
as a GEF for ARF small GTPases (35) to activate Rac signaling,
while ARHGAP39, a GAP for Rac and Cdc42, serves as a
negative regulator for Rac (36). It is noteworthy that Rac and
Cdc42 are essential to hippocampal development (30), and
their functional deficits are implicated in neurodevelopmental
disorders (37-42). CYTH2 and ARHGAP39 both stabilize
CNKSR?2 expression yet play distinct roles in dentate granule
cell development.

Prox1 and calbindin are dentate granule cell markers; the
former is expressed in many cells during differentiation, while
the latter is limited in the late maturation phase (43). Knock-
down of CNKSR2 and CYTH2 led to a reduction in immu-
nodetectable Proxl and calbindin signals in cells that were
abnormally localized to the GCL/hilus border or the hilus.
These results demonstrate that CNKSR2 and CYTH2 are
relevant to dentate granule cell differentiation, including the
polarity, migration, and localization of these neonatally born

PO granule cells. In conclusion, we clarified the new role of
CNKSR2 in the development of dentate gyrus in vivo. This
finding may contribute to understanding the molecular
mechanism of neonatal dentate gyrus development and to
revealing the pathophysiology of neurodevelopmental disor-
ders with the CNKSR2 gene abnormalities.

Experimental procedures
Ethics statement

We adhere to the Fundamental Guidelines for Proper
Conduct of Animal Experiments and Related Activity in
Academic Research Institution under the jurisdiction of the
Ministry of Education, Culture, Sports, Science and Tech-
nology, Japan. All protocols for animal handling and treat-
ment were reviewed and approved by the Animal Care and
Use Committee of Institute for Developmental Research,
Aichi Developmental Disability Center (approval number;
2019-013).

Plasmid construction

Mouse cDNAs of CNKSR2, CYTH2, ARHGAP39, and
ARHGEF7 were amplified by PCR with an E16 mouse brain
RNA pool and cloned into pCAG-MCS2-myc, pCAG-MCS2-
Flag, and pCAG-MCS2-GFP vectors (44). A GFP-expression
plasmid, pCAG-GFP, was a gift from Dr Connie Cepko
(Addgene plasmid # 11150) (45). For RNA interference, the
following target sequences were inserted to pSUPER-puro
vector (OligoEngine); luciferase (negative control), CGTAC
GCGGAATACTTCGA (155-173) (46); CNKSR2, GAATTA
TGGCTTAGAAACA (228-246, CNKSR2#1) and GTATAT
GAAACTGAAAATA  (529-547, CNKSR2#2); CYTH?2,
GCTTTACATTCCCAACAAT (972-990, CYTH2#1) and
GAAGAAGAAGCAAGAACAA  (1179-1197, CYTH2#2);
ARHGAP39, GCTCTTTGACCCCAATACA (219-237, ARH-
GAP39#1) and AAGCTAATCCAAATGTAT (2227-2244,
ARHGAP39#2). Numbers indicate the positions from trans-
lational start sites. We named these vectors as shCont,
shCNKSR2#1 and #2, shCYTH2#1 and #2, shARHGAP39#1
and #2, and used for RNAi experiments. To generate RNAi-
resistant CNKSR2, CNKSR2R, silent mutations were intro-
duced in the target sequence of CNKSR2#2 as underlined
(GTTTACGAGACAGAGAACA).

Antibodies

Recombinant fragment (aa 651-850) of CNKSR2 was pro-
duced in E. coli with pGS21la vector (GenScript Japan) and
used as an antigen. A rabbit polyclonal antibody (anti-
CNKSR2) was generated and affinity-purified on a column
where the antigen had been conjugated. Polyclonal anti-GFP
(Medical & Biological Laboratories), anti-calbindin (47), anti-
Prox1 (Millipore), anti-NeuN (Millipore), and anti-CYTH2
(Proteintech) were used as primary antibodies. Mouse mono-
clonal anti-myc (Medical & Biological Laboratories) and rat

(red), and nuclei (blue). F, the intensity of calbindin shown in E was quantified and graphed as in B. Each bar shows mean * SD. shCont, n = 28 from nine
animals; shCNKSR2, n = 61 from ten animals; n = 54 from ten animals. ***p < 0.001, **p < 0.01. Scale bars, 10 um. Images were captured with FV1000

confocal microscope.
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monoclonal anti-GFP (Nacalai Tesque) were also used.
CF488A conjugated anti-rabbit IgG and CF543 conjugated
anti-mouse IgG (Biotinum Co) were used as secondary
antibodies.

Cell culture, transfection, and preparation of cell extracts

COS7 and Neuro2a cells were cultured as described (48).
Transient transfection was carried out using poly-
ethyleneimine MAX reagent (Polysciences). After 24—48 h of
transfection, cells were collected with the 50 mM Tris-HCl
buffer, pH 7.5, containing 2% SDS, 0.1 M NaF, 5 mM EDTA,
and protease inhibitor cocktail (Nacalai Tesque) (lysis buffer).
Each suspension was sonicated at 0 °C for 1 min and centri-
fuged at 10,000¢ for 10 min at 4 °C. The supernatants were
used as total cell extracts. Protein concentration was deter-
mined using bovine serum albumin as the standard using a
micro bicinchoninic acid protein assay kit (Thermo Scientific).
To select CNKSR2-deficient Neuro2a cells, cells were trans-
fected with EGFP-C1 (Clontech Laboratories) and the
knockdown vector. After 48 h, cells were treated with 600 pg/
ml G418 (Sigma) for 48 h.

Immunoprecipitation

Immunoprecipitation was done as previously described (49).
Briefly, COS7 cells transiently expressing various tagged pro-
teins were extracted with immunoprecipitation (IP) buffer
containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 % NP-
40, 1 mM NazVO,, and protease inhibitor cocktail (Nacalai
Tesque). For the immunoprecipitation of endogenously
expressed CNKSR2, the cerebral cortex and hippocampus
dissected from mice at 7 months were homogenized with IP
buffer. Insoluble materials were removed by centrifugation at
10,000g at 4 °C for 10 min. Resultant supernatants were
incubated with the appropriate antibody at 4 °C for 1 h, added
protein A sepharose beads, and incubated for an additional 1 h.
In some experiments, we also used Protein A Mag Sepharose
(Cytiva). The precipitates were subjected to SDS-PAGE fol-
lowed by western blotting. Immunoreactive bands were visu-
alized by the C-DiGit chemiluminescence western blot scanner
(LI-COR).

Preparation of extracts from mouse brain for western blotting

Brains were dissected from mice at various stages and pre-
pared extracts as previously described (50). Briefly, tissues
were homogenized with the lysis buffer, sonicated at 0 °C for
1 min, and centrifuged at 125,000¢ for 20 min at 4 °C. The
supernatants were used as whole tissue extracts. Protein con-
centration determination and western blotting were carried
out as described above.

Immunohistochemistry

Mice were transcardially perfused with 4% para-
formaldehyde in phosphate-buffered saline (PBS). Fixed brains
were embedded in paraffin and cut into sub serial coronal
sections (6-pum thickness) at the level of the dorsal hippo-
campus. After deparaffinization, sections were treated with
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citric acid and then processed for immunohistochemistry as
reported previously (48). Images were obtained using a
BZ-9000 microscope (Keyence).

In vivo electroporation into the hippocampus of neonatal
mice and immunostaining

In vivo electroporation into neonatal mice was performed
with the previously published method (25). In brief, 1 pl of
DNA solution was injected into the lateral ventricle of post-
natal day O (PO) mice. Successfully injected pups were imme-
diately electroporated with a tweezers-type electrode
(CUY650P5, Nepa Gene) using NEPA21 or CUY21 device
(Nepa Gene). Five pulses of 100 V were given of 50 msec
duration with a 950 msec interval, and electroporated animals
were returned to their dam. After indicated days, animals were
transcardially perfused with 4% paraformaldehyde in PBS.
Brains were then dissected and placed at 4 °C for overnight in
the same solution, washed with PBS, and mounted in 3%
agarose in PBS. Sections (70 pm- or 100 pm-thickness) were
cut using the HM 650 V vibrating-blade microtome (Thermo
Scientific). Immunostaining was performed with free-floating
sections (30). To quantify GFP-labeled cells in the dentate
gyrus, we usually prepared serial brain sections containing
dentate gyrus (100 um-thickness), picked one slice from every
three slices (six slices in total), stained for GFP, and quantified.
For the quantitation of the localization of cells, we used
z-stacked images captured by a fluorescent microscope
(BZ-9000; Keyence). For the quantitation of the expression of
differentiation markers, we used images captured by a confocal
laser microscope (FV1000, Olympus). For the morphological
analyses, we presented z-stacked images captured by FV1000.
Image analyses were performed with Image] (US National
Institutes of Health; https://imagej.nih.gov/). As for the
quantitation of the distribution of GFP-positive cells in brain
slices at P4, GFP-signal intensity in distinct regions (bin 1-4)
was measured by Image] software. Relative fluorescence in-
tensities in each bin to total fluorescence intensities were
calculated.

Statistical analysis

Statistical analyses were GraphPad PRISM (GraphPad
Software). Comparisons between the two groups were per-
formed by ¢ test (Fig. 1C). For other experiments, we analyzed
data by one-way ANOVA with a post-hoc Dunnett’s test
(Figs. 1E, 4, Bf and Cf, and 7) or two-way ANOVA with a post-
hoc Dunnett’s test (Figs. 4, Be and Ce, 5B and S3) or Tukey test
(Fig. S2).

Data availability

All data are contained within the manuscript.

Supporting article  contains

information.
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