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A Missense Variant (R239Q) in CCN3 Induces Aberrant Apoptosis
in the Developing Mouse Brain
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CCN3 (also known as NOV, Nephroblastoma overexpressed) proteins are involved in various pathologies during

different developmental stages. We have previously shown that intracellular levels and normal extracellular secretion of
CCN3 are important for neuronal differentiation. Furthermore, we demonstrated that a single amino acid in the CCN3
TSP-1 domain is important for extracellular secretion and that palmitoylation of CCN3 is required in this process. However,
the effect of abnormal CCN3 accumulation on cells remains to be studied. Here, we found mutations in the TSP-1 domain
of CCN3 that led to intracellular accumulation and abnormal aggregation of CCN3. It was observed that this mutation

resulted in a phenomenon similar to neurodegeneration when overexpressed in the developing mouse cortex. This mutation

also confirmed the activation of apoptotic gene expression in Neuro2a cells. In addition, we confirmed the in vivo

transcriptional changes induced by this mutation using microarray analysis. We observed a significant increase in the

expression of Anp32a, an apoptosis-related gene. Collectively, these results indicate that a single mutation in CCN3 can

lead to abnormal cell death if it shows intracellular accumulation and abnormal aggregation.
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INTRODUCTION

The CCN family, consisting of six members, commonly
contains an insulin-like growth factor binding protein (IGFBP),
von Willebrand factor type C repeat (VWC), thrombo-
spondin type 1 repeat (TSP-1), and a cysteine knot motif
carboxyl-terminal (CT) domain. CCNS5 is an exception in
that it lacks CT domains (Holbourn et al., 2008; Malik et al.,
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2015). The CCN family is secreted outside the cell and is
involved in various biological functions such as develop-
ment, cell fate, angiogenesis, cell migration, cell adhesion,
apoptosis, and cell survival (Chen et al., 2009).

In fibroblasts, CCN1, CCN2, and CCN3 can induce apop-
tosis as cell adhesion substrates. In particular, CCN1 binds
to a6fl and syndecan-4, and induces activation of Bax
through p53, leading to apoptosis (Chen et al., 2009; Ren et
al., 2014). On the other hand, binding of CCNs to endothelial
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cells protects against apoptosis (Ren et al., 2014; Jun and
Lau, 2011).

The Ccn3 gene was first documented in avian nephro-
blastoma. Its expression and activity is highly correlated
with cancer and neuronal differentiation (Brigstock, 1999;
Holbourn et al., 2008; Park et al., 2015). Moreover, trun-
cated CCN3 protein is increased in human cancer cells
(Perbal, 2009). In particular, CCN3 promotes cell adhesion
and migration of rhabdomyosarcoma (RMS) (Zhang and
Wang, 2011). Overexpression of CCN3 promotes the expres-
sion of RAB25 in neurons, thereby inhibiting neuronal out-
growth (Park et al., 2015). Despite these various intracellular
effects, little is known about the intracellular function of
CCN3 compared to its extracellular function. In addition,
although each domain of CCN3 is involved in various bio-
logical processes, there is a paucity of information on the
effect of a single amino acid mutation on the function of
CCN3 or its effects on the cell.

Our previous study showed that a single mutation in the
TSP-1 domain of CCN3 can inhibit normal CCN3 secretion.
In particular, a single mutation analysis of CCN3 demon-
strated that palmitoylation is important for the normal secre-
tion of CCN3 (Kim et al., 2018). We demonstrate in this
study that a different single mutation in TSP-1 induces abnor-
mal aggregation of CCN3 as well as suppression of CCN3

secretion, leading to cell death.

MATERIALS AND METHODS
Plasmids

To construct mutant CCN3 expression vectors, a full-
length complementary DNA sequence encoding murine
CCN3 tagged with a V5 epitope was inserted into the
pCAGEN vector (Addgene, Cambridge, MA, USA) and sub-
jected to mutagenesis using overlapping polymerase chain
reaction (PCR) (Kim et al., 2018). To construct Ccn3-R239K,
a 732 bp fragment was amplified with the primers 5'-ATG-
AGCCTCTTCCTGCGAAAGC-3' (forward) and 5'-CCG-
AACGATGCAGAGCTTAGTCTGTTTTAC-3' (reverse),
and a 360 bp fragment was amplified with the primers 5'-
GTAAAACAGACTAAGCTCTGCATCGTTCGG-3' (for-
ward) and 5'-AATTTCTCCTCTGCTTGTCTTC-3' (reverse).

To construct Ccn3-R239Q, a 732 bp fragment was amplified
with the primers 5'-ATGAGCCTCTTCCTGCGAAAGC-3'
(forward) and 5'-CCGAACGATGCAGAGTTGAGTCTG-
TTTTAC-3' (reverse), and a 360 bp fragment was amplified
with the primers 5-GTAAAACAGACTCAACTCTGCA-
TCGTTCGG-3' (forward) and 5-AATTTCTCCTCTGCT-
TGTCTTC-3' (reverse). For each mutant, the two partially
complementary PCR fragments were annealed and used as
templates in another PCR with the primers 5'-ATGAGCC-
TCTTCCTGCGAAAGC-3' (forward) and 5-AATTTCT-
CCTCTGCTTGTCTTC-3' (reverse). The resulting point
mutants were digested with Spel and inserted into the
PCAGEN vector, including the V5 epitope.

Cell culture and western blotting

Neuro2a cells were cultured in Dulbecco's modified
Eagle's medium (Gibco BRL, Grand Island, NY, USA) sup-
plemented with 10% fetal bovine serum (Hyclone, Logan,
UT, USA), 0.5 mM glutamine, and penicillin-streptomycin
(100 pg/mL) at 37C in an incubator containing 5% CO,.
Cells were transfected using iN-fect (iNtRON, Seongnam,
South Korea). After 24 h, cells were lysed in RIPA buffer
(137 mM NaCl, 20 mM Tris-HCI, pH 8.0, 1% NP-40, 10%
glycerol, 500 mM orthovanadate, and 1 mM phenylmethyl-
sulfonyl fluoride). Total lysates were loaded onto 4~12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) gels and transferred to polyvinylidene diflu-
oride membranes (Bio-Rad, Hercules, CA, USA). The mem-
branes were immunoblotted with anti-V5 antibody (1:3,000,

Invitrogen).
In utero electroporation and immunohistochemistry

All animal experiments were performed in accordance
with the protocols approved by the Institutional Animal Care
and Use Committee of Chungbuk National University. In
utero electroporation was performed as previously described
(Kim et al., 2018).

Immunohistochemistry was performed as previously de-
scribed with several modifications (Park et al., 2015). Briefly,
brains were dissected and fixed in 4% paraformaldehyde
(PFA) overnight at 4°C and sectioned using a vibratome

(Leica). Slices were blocked with phosphate-buffered saline
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(PBS) containing 0.3% Triton X-100, 5% normal donkey
serum (Jackson Immunoresearch Labs, PA, USA), 1% bovine
serum albumin, 0.2% glycine (Sigma), and 0.2% lysine
(Sigma). The slices were incubated with a primary antibody
recognizing the pan-neuronal marker L1 cell adhesion mole-
cule (L1-CAM) (rat, 1:300, Millipore) and green fluorescent
protein (GFP; chicken, 1:3,000, Abcam, Cambridge, UK) in
blocking buffer and with the appropriate secondary anti-
bodies (Jackson Immunoresearch Labs, PA, USA). Speci-

mens were analyzed with a confocal microscope.
Real-time Quantitative PCR (qPCR)

Total RNA was extracted from cells using the RNeasy
Mini Kit (QIAGEN), and complementary DNA was pre-
pared form DNase-treated total RNA using the HiSenScript
RH(-) RT PreMix Kit (iNtRON, Seongnam, South Korea)
according to the manufacturer's instructions. gPCR was
performed using HotStarTaq® PreMix DNA polymerase
(QIAGEN) and SYBR Green Mastermix (BioRad, Hercules,
CA, USA) with the primers listed in Supplementary Table
1. Data were normalized to endogenous glyceraldehyde-3-

phosphate dehydrogenase (Gapdh) expression levels.
Microarray analysis

Microarray analysis as performed as previously described
with several modifications (Park et al., 2015). Briefly, total
RNA was isolated from freshly dissected cortical tissues
which were co-transfected with Gfp and Ccn3-R239Q ex-
pression vectors using the RNeasy Plus Kit (QIAGEN).
Isolation of cortical tissues was performed under fluores-
cence microscopy at PO. Whole mouse genome microarray
was performed using the Affymetrix GeneChip Mouse Gene
430 (Santa Clara, CA). After the arrays were scanned, they
were analyzed using Affymetrix Expression console DAVID.
Criteria used to select genes were significant upregulation or
downregulation (> 1.5 fold) with overexpression of CCN3-

R239Q compared to empty vector electroporated cortices.
Statistical analysis

Quantitative data are presented as the mean * standard

deviation (SD) of results of separate experiments (n = 3).

RESULTS

A CCN3-R239Q mutation inhibits callosal projection

via aberrant aggregation

Previous studies have shown that the TSP-1 domain of
CCN3 is necessary for the extracellular secretion of CCN3.
Furthermore, it was confirmed that palmitoylation of the
Cys241 residue was required for normal secretion (Kim et al.,
2018). Among the SNPs of human CCN3 newly discovered
through the recent EXAC project (http://exac.broadinstitute.-
org/), there is a missense mutation in which 75773316453
replaces the Arg242 of the TSP-1 domain with glutamine
(Lek etal., 2016). This is consistent with the Arg239 amino
acid of mouse CCN3 (Fig. 1A). There is no known biological
or biochemical change due to the mutation.

To address the effect of 75773316453 variant of human
CCN3 on cells, we examined the expression of mouse CCN3
mutants in Neuro2a cells. This was obtained by replacing
Arg239 with glutamine (Fig. 1A).

As a result, CCN3-R239K was normally expressed and
secreted from cells, but CCN3-R239Q was not secreted from
cells due to abnormal intracellular aggregation (Fig. 1B). We
also observed that when expressed in the cortex of mice with
the CCN3-R239Q mutation, abnormalities in callosal pro-
jection neuron formation occurred. Interestingly, the neurite
outgrowth of CCN3-R239Q-overexpressing neurons was
markedly reduced and demonstrated neuronal degeneration
(Fig. 1C). Taken together, these results suggest that sub-
stitution of glutamine with the Arg239 of CCN3 not only
inhibits extracellular secretion but also affects normal cell

differentiation.

A CCN3-R239Q mutation induced the expression of

apoptotic-related genes in Neuro2a cells

We investigated the effect of the CCN3-R239 mutation on
cells, which results abnormally aggregated CCN3. Previous
studies have shown that abnormal aggregation of proteins
can lead to apoptosis (de Oliveira et al., 2015). Therefore,
we first examined the expression of apoptotic-related genes
in Neuro2A cells overexpressing CCN3-R239Q mutants.

Puma, a pro-apoptotic gene, was the most highly expressed.
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Fig. 1. R239Q mutants induced the intracellular accumulation and aggregation of CCN3. (A) Schematic of mouse CCN3-R239
mutants. (B) Western blot analysis of CCN3-R239 mutations in Neuro2a cells. The open arrowheads indicate the monomer of CCN3 and
the solid arrowheads indicate the aggregated form of CCN3. WCL; Whole cell lysate, CM; Conditioned Media. (C) In vivo analysis of
callosal projection formation upon expression of CCN3-R239Q mutant. In utero electroporation was performed at E14.5 with plasmids
expressing the CCN3-R239Q and GFP. The open arrowheads indicate the normal paths of L1-positive callosal axons. In contrast, the solid
arrowheads indicate the path of CCN3-R239Q-overexpressing neurons. Scale bar, 2 mm. Ctx; Cortex, CC; Corpus callosum.

Bcl2-like 2, an anti-apoptotic gene, was also expressed, but
its levels remained at half those of Puma (Fig. 2). Although
overexpression of CCN3-R239Q did not induce the ex-
pression of caspase proteins, this may have been due to the
use of immortalized cell lines. These results suggest that
the CCN3-R239Q mutation, when abnormally aggregated
within cells, promoted the induction of apoptotic pathways

rather than anti-apoptotic pathways.

CCN3-R239Q mutations were sufficient to promote

apoptotic pathways via upregulation of Anp32a in vivo

Next, we investigated whether the CCN3-R239Q mutation
induces the expression of certain apoptotic genes in vivo.
CCN3-R239Q was overexpressed with GFP in the devel-
oping mouse cortex at E14.5. GFP-positive cortical tissue
was isolated at PO and transcript changes were analyzed
using microarray (Fig. 3A). We observed that 48 genes
(Supplementary Table 2) were increased more than 1.5 fold
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