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Abstract

Background: The development of neural circuits within the embryonic cerebral cortex relies on the timely
production of neurons, their positioning within the embryonic cerebral cortex as well as their terminal
differentiation and dendritic spine connectivity. The RhoA GTPases Rnd2 and Rnd3 are important for neurogenesis
and cell migration within the embryonic cortex (Nat Commun 4:1635, 2013), and we recently identified the BTB/
POZ domain-containing Adaptor for Cul3-mediated RhoA Degradation family member Bacurd? (also known as Tnfaip1)
as an interacting partner to Rnd2 for the migration of embryonic mouse cortical neurons (Neural Dev 10:9, 2015).

Findings: We have extended this work and report that Bacurd1/Kctd13 and Bacurd2/Tnfaip1 are interacting partners to
Rnd2 and Rnd3 in vitro. Given that these genes are expressed during cortical development, we performed a series of in
utero electroporation studies in mice and found that disruptions to Bacurdi/Kctd13 or Bacurd2/Tnfaip1 expression impair
the long-term positioning of E14.5-born cortical neurons within the postnatal (P17) mouse cerebral cortex. We also find
that forced expression of Bacurd1/Kctd13 and Bacurd2/Tnfaip1 alters the branching and dendritic spine properties of
layer [I/1ll projection neurons.

Conclusions: \We identify Bacurd1/Kctd13 and Bacurd2/Tnfaip1 as interacting partners to Rnd proteins which influence
the development of cortical neurons. Their neurodevelopmental functions are likely to be relevant to human brain
development and disease.
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Introduction such as Rnd2 and Rnd3 play critical roles in the pro-

During development, newborn neurons undergo direc-
tional cell migration to position themselves appropri-
ately within the embryonic cerebral cortex before
establishing their branching characteristics and finally
establishing dendritic spine connections (reviewed in
[1, 2]). Members of the Rnd family of RhoA GTPases
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duction of neurons [3, 4] as well as their migration
within the embryonic cortex [4-7]. On the other
hand, Bacurd proteins comprise Bacurdl/Kctd13,
Bacurd2/Tnfaipl and Bacurd3/Kctd10, and the func-
tions of these proteins are increasingly recognised to
be relevant to the development of neurons as well as
in synaptic signalling [8-10]. Indeed, elevations in the
dosage of BACURDI and BACURD?2 are associated
with human neurodevelopmental disorders [11-13],
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Fig. 1 (See legend on next page.)
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Fig. 1 Bacurd1/Kctd13 and Bacurd2/Tnfaip1 are interacting partners to Rnd2/3, and their forced expression impairs the long-term positioning of
E14.5-born cortical projection neurons. a-b Bacurd1/Kctd13 and Bacurd2/Tnfaip1 interact with Rnd2 and Rnd3 in vitro. Immunoprecipitation was
performed with cell lysates of HEK293T cells transiently transfected with expression constructs encoding FLAG-tagged Rnd2 together with EGFP,
EGFP-Kctd13 and EGFP-Tnfaip1 (a), or with FLAG-tagged Rnd3 together with EGFP, EGFP-Kctd13 and EGFP-Tnfaip1 (b). Antibodies against EGFP
was incubated with the respective lysates, followed by immuno-blotting with antibodies against FLAG-tagged Rnd proteins. A reciprocal experi-
ment was performed in which immunoprecipitation was performed using FLAG antibodies followed by immunoblotting for EGFP. Input panels
show Western blot analysis of inputs confirming the presence of all proteins evaluated in this experiment. ¢ Forced expression of either Kctd13 or
Tnfaip1 results in a significant disruption in the long-term positioning of cortical neurons. Representative images of postnatal day 17 (P17) cortices
electroporated with control (GFP only) vector, Kctd13 or TnfaipT constructs at E14.5 and analysed at P17. d There is a significant effect on the
distribution of E14.5-labelled cells within the P17 cortex upon forced expression of Kctdi3 or Tnfaip1 (N> 5000 cells from >6 brains per condition;
Feg0=2442; p <0.0001; Two-way ANOVA followed by Bonferroni post-hoc test. Graph plots means + SEM; *** p < 0.001; # p < 0.05). e Forced
expression of Kctd13 or Tnfaip1 does not significantly alter the proportion of GFP-labelled cells which co-express the projection neuron marker
Cux1 (Fy00= 2676, p=0.09 One-Way ANOVA, images from at least 6 brains per condition were evaluated). Scale bar represents 100 pm

but the pathological consequences of BACURD over-
expression in neurons remain poorly understood. We
recently identified Bacurd2/Tnfaipl as an interacting
partner to Rnd2 which influences neuronal migration
in a concentration-sensitive manner, and our studies
provided the first insight into the potential roles for
Bacurd proteins in neuronal development [8]. How-
ever, we were interested to expand on our findings by
asking whether other Bacurd family members might
also interact with Rnd proteins and play a role in
neuronal development. Here, we report that Bacurdl/
Kctd13 and Bacurd2/Tnfaipl are interacting partners
to Rnd2 and Rnd3, and our functional studies demon-
strate that alterations to Bacurd expression disrupt
the development of neurons within the mouse cere-
bral cortex.

Results
We performed yeast two-hybrid screens with Rnd2 and
Rnd3 bait constructs using a prey ¢cDNA library con-
structed from embryonic mouse (E15.5) cortex [14]. This
led to the cloning of Bacurdl/Kctd13 and Bacurd2/
Tnfaipl as prey interacting partners (Additional file 1:
Figure S1A). Complementation assays were performed to
confirm specificity of interaction with Rnd2 and Rnd3
(Additional file 1: Figure S1B). We performed reciprocal
co-immunoprecipitation experiments with transiently
transfected HEKT293T cells and found that EGFP-tagged
Bacurd1/Kctd13 and Bacurd2/Tnfaipl interact with
FLAG-tagged Rnd2 and Rnd3, respectively (Fig. 1a, b).
BACURD1/KCTD13 and BACURD2/TNFAIP1 are
expressed during mammalian cerebral cortex develop-
ment in mice and humans (Additional file 1: Figure
S1C-D; as well as [8, 15-17]) and we previously reported
that forced expression of Bacurd2/Tnfaipl impaired cell
migration within the murine embryonic cortex but not
their early neuronal differentiation, as determined by
staining for BIII-tubulin [8]. However, it remained un-
clear as to whether perturbations to Bacurd expression
levels caused a delay or a defect in the long-term

positioning of cortical neurons. Given that elevations in
the dosages of BACURDI1/KCTD13 and BACURD2/
TNFAIPI genes are associated with structural brain
disorders in humans [11, 13], we wanted to study the ef-
fects of Bacurdl/Kctd13 and Bacurd2/Tnfaipl overex-
pression on the development of cortical neurons. For
this, we cloned FLAG epitope-tagged expression con-
structs for Bacurd1/Kctd13 and Bacurd2/Tnfaipl into a
mammalian expression construct which also comprises a
GFP cassette (pCIG2) and investigated the consequences
of their forced expression within cells of the embryonic
E14.5 dorsal telencephalon by in utero electroporation.
We collected the brains of successfully electroporated
postnatal day 17 (P17) mice, a timepoint in which these
E14.5-born cortical neurons have completed their migra-
tion [1, 18]. As shown in Fig. 1c, forced expression of
Bacurd1/Kctd13 or Bacurd2/Tnfaipl led to a significant
impairment in the positioning of GFP-labelled cortical
neurons compared with control (GFP only) treatment,
observed as a significant decrease in the proportion of
GFP+ cells within layers II/III and a concomitant in-
crease in the proportion of layer V cells (Fig. 1d). The
relative expression of exogenously derived FLAG-tagged
Kctd13 and Tnfaipl proteins was not significantly differ-
ent between both treatments (Additional file 2: Figure
S2A-B). Also, we found that treatment with Bacurdl/
Kctd13 or Bacurd2/Tnfaipl did not significantly alter
the neuronal identity of GFP-labelled cells, as deter-
mined by co-localisation of the projection neuron
marker Cux1 (Fig. 1e and Additional file 2: Figure S2C).
Consistent with the notion that appropriate levels of
Bacurdl/Kctd13 and Bacurd2/Tnfaipl underpin cortical
neuron positioning, we find that knockdown with target-
ing shRNAs also leads to a disruption in cell positioning
(Additional file 2: Figure S2D-H).

To determine whether Bacurd1/Kctd13 and Bacurd2/
Tnfaipl might be important for the terminal differenti-
ation of cortical projection neurons, we analysed GFP-
labelled neurons within layers II/III of the cortex by
high-power microscopy (see Methods and [19]) and then
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carried out Sholl analysis, a measure of dendritic com-
plexity [20]. Compared with control, we found that
treatment with Bacurdl/Kctd13 or Bacurd2/Tnfaipl led
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to a significant enhancement in dendritic complexity
(Fig. 2a-b and Additional file 3: Figure S3A-B). While
this enhancement was not attributable to changes in the
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Fig. 2 Forced expression of Kct13 or Tnfaip1 leads to altered dendritic complexity of layer II/Ill projection neurons within the P17 mouse cortex.
a Representative 3D reconstructions of layer I/l control neurons within the P17 mouse cerebral cortex following control, Kctd13 and Tnfaip1
treatment at E14.5 (b) Sholl analysis reveals significant differences in the dendritic arborisation of neurons upon forced expression of Kctd13 or
Tnfaip1 (15 and 23 cells analysed respectively) compared with controls (17 cells analysed). € The number of primary neurites was not significantly
different between control and Kctd13 or Tnfaip1 treatments (N > 15 cells from >6 brains per condition; F; s, = 1.283; P =0.2858 One way ANOVA
followed by Bonferroni post-hoc test). d There was a significant increase in the number of branch points upon overexpression of Tnfaip1 when
compared with control treatment. (F;5, =4.781; P=0.0124 One way ANOVA followed by Bonferroni post-hoc test). e-g An Analysis of Covariance
(ANCOVA) of Sholl profiles for control and Kctd13- or Tnfaipi-treated neurons (40-100 um distal from the soma) reveals significant differences in
both the slope (p < 0.05) and elevation (p < 0.05) of the lines of best fit when comparing with control, indicating that Kctd13- and Tnfaipi-treated
neurons are more complex (e-f). Also, ANCOVA analysis reveals that Kctd13-treated neurons are significantly more complex than TnfaipI-treated
neurons (g). Scale bar represents 20 um
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numbers of primary neurites (Fig. 2c), there was a sig-
nificant difference in dendritic branching, observed as
an increase in the number of branch points on Bacurd2/
Tnfaipl-overexpressing cells (Fig. 2d, Fys5, =4.781; P=
0.0124 One-way ANOVA). There was a modest increase
in the number of branch points on Bacurdl/Kctdl3-
treated cells which was not significant. In addition, we
found that the proximal (40—-100 pm) dendritic arbor of
Bacurdl1/Kctd13- and Bacurd2/Tnfaip1-treated neurons
exhibited a significant difference in complexity com-
pared with control treatment (Fig. 2b, e-f). Furthermore,
the dendritic profiles between Bacurdl/Kctd13- and
Bacurd2/Tnfaip1-treated neurons were also different
(Fig. 2g). Thus, forced expression of Bacurdl/Kctdl3
and Bacurd2/Tnfaipl alters the long-term positioning of
neurons and their dendritic maturation, but not their
neuronal identity.

We analysed the dendritic spine characteristics of
Bacurd-overexpressing neurons, paying attention to
spine densities and spine morphologies along apical and
basal dendrites, respectively, using recently reported
methods [19]. In apical dendrites, we found that overex-
pression of Bacurdl/Kctd13 and Bacurd2/Tnfaipl did
not significantly alter the densities of spines (n =10-15
neurons per condition; Fig. 3a-b), but there was a signifi-
cant interaction between treatment groups and dendritic
spine morphologies (Fig. 3d, Fg136=2.941; P<0.001
Two-Way ANOVA), with a notable increase in the pro-
portion of long-thin spines in Bacurd2/TnfaipI-overex-
pressing neurons. In basal dendrites, we found that
overexpression of Bacurdl/Kctd13 or Bacurd2/Tnfaipl
resulted in a significant reduction in dendritic spine
densities (Fig. 3c), but there was no significant effect on
spine morphologies (P =0.257). Thus, overexpression of
Bacurds leads to distinct effects on the development of
cortical neurons in vivo.

Discussion

This study identifies Bacurdl/Kctd13 and Bacurd2/
Tnfaipl as interacting partners to Rnd2 and Rnd3. We
have explored the functions for Bacurdl/Kctd13 and
Bacurd2/Tnfaipl in the development of E14.5-born cor-
tical projection neurons within the postnatal cerebral
cortex. Our study suggests that appropriate levels of
Bacurds are necessary for the long-term positioning of
cortical projection neurons, and we extend from our
previous work [8] to show that forced expression of ei-
ther Bacurd1/Kctd13 or Bacurd2/Tnfaipl leads to a de-
fect in the radial positioning of cortical projection
neurons, rather than a delay in their migration. In
addition, we find that treatment with Bacurd1/Kctd13 or
Bacurd2/Tnfaipl leads to distinct effects on the den-
dritic arborisation of layer II/III cortical projection neu-
rons. Notably, forced expression of Bacurd2/Tnfaipl
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results in a more severe impairment in cell positioning
as well as neurite branching compared with Bacurdl/
Kctd13, and this suggests that Bacurd family members
might have distinct functions in neurons. While our
in vivo evaluation of the expression constructs for
Bacurd1/Kctd13 and Bacurd2/Tnfaipl indicated that the
steady-state levels of exogenously derived protein were
not significantly different within cells of the P17 cortex
(Additional file 2: Figure S2A-B), we cannot rule out the
possibility that different phenotypes in our gain-of-
function studies might reflect subtly different levels of
overexpression rather than different intrinsic activities in
cortical neurons. Nevertheless, our results are consistent
with previous findings by Chen and coworkers which
demonstrated that Xenopus xBACURDa and xBA-
CURDp have non-identical functions during gastrulation
[21].

During nervous system development, intracellular
RhoA signalling in immature neurons is critical for mul-
tiple aspects of their maturation, including directional
cell migration, neurite and axon outgrowth, dendritic
branching and synaptogenesis [22—24]. It is noteworthy
that both the Bacurds and the Rnds are important medi-
ators of RhoA signalling, albeit in different ways. The
Bacurds recruit Cul3 to ubiquitinate RhoA so as to sup-
press protein levels, leading to F-actin cytosketal remod-
elling and inhibition of cell migration [21, 25].
Significantly, a recent study implicated a KCTD13-Cul3-
RhoA signalling pathway to be important for human
nervous system development and psychiatric disease
[16]. In the case of Rnd proteins, both Rnd2 and -3
negatively regulate RhoA signalling to induce cytoskel-
etal changes in neurons, thereby affecting neurite out-
growth and cell migration in a mechanism involving
several protein partners including pl190RhoGAP and
Plexin B2 [4—6]. Since Rnd2 and Rnd3 regulate multiple
steps of radial migration by embryonic cortical neurons
as they reach the cortical plate [4, 5], we draw the link
here to suggest that such roles for Rnd proteins might
also involve functional interactions with Bacurd proteins
[8]. In particular, we postulate that Bacurds and Rnds
cooperate to influence RhoA signalling in immature
neurons for their proper development within the devel-
oping cerebral cortex, including their bipolar transition
within the IZ and locomotion within the CP as they
complete their migration before undergoing dendritic
maturation. It remains to be determined if disruptions
to Bacurd levels alter the binding of Rnd2 and Rnd3 to
their other partners in neurons (such as pl190RhoGAP
and Plexin B2), or influence RhoA signalling, or both.

We find that overexpression of Bacurdl/Kctdl3 or
Bacurd2/Tnfaip1 leads to aberrant dendrite arborization,
as well as impairments in basal but not apical dendritic
spines. It will be important in future studies to
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Fig. 3 Forced expression of Kctd13 or Tnfaip1 leads to altered profiles of dendritic spines of layer II/Ill cortical neurons within the P17 mouse
cortex. a Representative 3D reconstructions of the apical and basal dendrites of layer II/lll neurons. b-c Compared with control condition, forced
expression of Kctd13 or Tnfaip1 did not significantly affect the density on spines on apical dendrites (F536 = 1.82; P=0.1762 One-way ANOVA
followed by Bonferroni post-hoc test). In contrast, there was a significant decrease in the density of spines on basal dendrites (F; 37 =4.87;
P=0.0132 One-way ANOVA followed by Bonferroni post-hoc test). d-e There was a significant interaction between overexpression of Kctd13 or
Tnfaip1 and the proportions of dendritic spine morphologies on apical dendrites (Fg 135 =2.941; p <0.001 Two-way ANOVA followed by Bonferroni
post-hoc test) (d), but not basal dendrites (Fg,145 = 1.334; P =0.2457 Two-way ANOVA followed by Bonferroni post-hoc test) (e). Graph plots mean
+ SEM; * p < 0.05, * p < 0.005 compared to control; # p < 0.05, ## p < 0.005, ### p < 0.001 compared with Kctd13 and Tnfaip1. (>10 apical or basal
dendrites analysed for each condition). Scale bar represents 10 um
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determine if down-regulation of endogenous levels of
Bacurds influence dendritic spines. Notably, our results
suggest that Bacurds influence the dendritic maturation
of cortical projection neurons in different ways. While
this could be explained by differences in developmental
timing for apical versus basal dendrites, the mechanistic
effects of Bacurd overexpression on dendritic spine
properties could also be explained by disruptions to
RhoA signalling, a critical mechanism for the formation
and stabilization of spines [26]. Altogether, we find that
disruptions to endogenous levels of Bacurd1/Kctd13 and
Bacurd2/Tnfaipl are likely to impact on the develop-
ment of neurons, and thus we predict that perturbations
to Bacurd expression lead to disruptions in neuronal sig-
nalling, with ongoing consequences for the balance be-
tween neuronal excitation and inhibition within the
cerebral cortex. Given the association between elevations
in BACURDI/KCTDI13 gene dosage and psychosis [11],
and BACURD2/TNFAIP1 with PHACE syndrome (a
congenital condition in which infants present with struc-
tural brain abnormalities and seizures) [13], it is plaus-
ible that excessive BACURDI/KCTD13 and BACURD2/
TNFAIP1 gene expression may have direct, detrimental
effects on the formation of cerebral cortical circuitry,
and could lead to neurological dysfunction in humans.

Methods

DNA constructs, cell culture, co-immunoprecipitation and
western blotting

Complementary DNAs (cDNAs) encoding FLAG-tagged
Rnd2, Rnd3, Bacurd1/Kctd13 and Bacurd2/Tnfaipl and
GFP-tagged Bacurdl/Kctd13 and Bacurd2/Tnfaipl were
cloned by PCR and ligated to the mammalian expression
construct vector pCMV using compatible ends. Cloned
c¢DNAs encoding Bacurd1/Kctd13 and Bacurd2/Tnfaipl
harbouring Mfel restriction sites were cloned into the
EcoRI site of the mammalian expression vector pCIG2.
All constructs were sequence verified and plasmids pre-
pared using a Qiagen midipre PLUS kit (Qiagen,
Australia?). HEK293T cells were cultured according to
conventional protocols, while co-immunoprecipitation
studies and Western blotting were performed as previ-
ously described [8]. Antibodies used in this study include
mouse anti-IgG (millipore) anti-B-actin (Sigma-Aldrich),
anti-FLAG (Sigma-Aldrich), anti-GFAP (millipore), anti-
FLAG (Cell Signaling), anti-CDP (Cuxl, Santa Cruz);
and chicken anti-GFP (Abcam). Preimmunised goat
serum (Sigma) was used for immunoprecipitation exper-
iments as a control. Cell nuclei were visualized with
DAPI (4'6-Diamidino-2-Phenylindole).

In utero electroporation
All procedures were performed in accordance to guide-
lines the Animal Ethics Committee at Monash University
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(MARP-2012-069), and in accordance with Institutional
guidelines. In utero electroporation was performed on
E14.5 embryos of time-mated C57/Black6] mice as previ-
ously indicated [8]. Injections were carried out with 1 pg/
ul of each constituent plasmid. Successfully electroporated
animals were verified by GFP epifluorescence inspection
through the skull of PO pups. At postnatal day P17,
transcardial perfusion was performed to preserve the
brain tissue with fixative (4 % paraformaldehyde/phosphate-
buffered saline), and the tissue processed as previously
indicated [19]. Further methods related to electroporation
experiments performed with small hairpin RNA (shRNA)
plasmid constructs are provided in Additional file 4.

Histological analysis

GFP-labelled P17 neurons were captured as 3-
dimensional confocal images of 40 pm-thick mouse
brain sections. For cell morphology analysis, GFP-
labelled cortical projection neurons residing within
layers II/III of the somatosensory cortex of successfully
electroporated P17 brains were captured at 40x magnifi-
cation. For dendritic spine studies, neurites were imaged
at 60x magnification, with 1 pum z-stack step size. In
both cases, rendering of neuronal cell morphology as
well as the identification of dendritic spines was per-
formed manually, while the classification of spine types
was automatically calculated based on pre-defined pa-
rameters, as described recently [19]. Raw images were
analysed and digitally reconstructed using Filament
Tracer (Imaris 7.6.2, Bitplane) for the detection of neu-
rons, dendritic trees, axons and spines in 3D.

Additional files

Additional file 1: Figure S1. Kctd13 and Tnfaip1 are putative interacting
partners to Rnd2 and Rnd3 which are expressed in mouse and human
tissues. (ZIP 322 kb)

Additional file 2: Figure S2. The effects of Bacurd1/Kctd13 and
Bacurd?/Tnfaip1 on cell positioning and cortical identity. (ZIP 2329 kb)
Additional file 3: Figure S3. Analysis of dendritic branching in layer
II/1ll projection neurons of the postnatal P17 cortex. (PDF 650 kb)

Additional file 4: Supplementary Methods related to Figure S2 [19, 27].
(DOCX 14.2 kb)
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