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A Missense Variant (R239Q) in CCN3 Induces Aberrant Apoptosis
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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. qPCR 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.

- 66 -



A

WT

Human CCN3 IEQTTEWTACSKSCGMGESTRVITNRNRQCEMLKQTRLCMVRPCE
rs773316453 IEQTTERWTACSKSCGMGFSTRVTNRNRQCEMLKQTOLCMVRPCE

R239K IEQTTEWSACSKSCGMGVSTRVINRNRQCEMVKQTKLCIVRPCE
R239Q IEQTTEWSACSKSCGMGVSTRVINRNRQCEMVKQTQLCIVRPCE

(B)

TEQTTEWSACSKSCGMGVSTRVINRNRQCEMVKQTRLCIVRPCE

CM

©

Ccn3-R239Q + Gfp
(E14.5- PO)

Idva

WCL
(kDa)
460 460 |
268 =
265 m| o b4
-
171 =
117 - 117 -
'
71 = 71 m
55 m 55 m
”w -
= 41 -

1M
1M

M6ETYH
06ETY

AYO-11

d49

EIEIN

M6ETYH
06eTY

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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Fig. 2. Induction of apoptotic-related genes by
CCN3-R239Q overexpression in Neuro2a cells.
Anti-apoptotic (Xnip, Mcl-1, Bcl-2, Bel2-like 1, and
Bcl2-like 2) and pro-apoptotic (Puma, Diablo,
Casp2, 3, 6, 7, 9, Bok, Bnip-like, Bim, Bid, Bax,
Bakl, Bad, and Apaf) mRNA levels were eval-
uated by real time qPCR in Neuro2a cells trans-
fected with or without CCN3-R239Q mutants for
24 h. The relative mRNA expression levels were
normalized to those of Gapdh. Results are presen-
ted as means * standard deviation of 3 separate
experiments.
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Fig. 3. Microarray analysis of CCN3-R239Q-overexpressing cortical neurons. (A) Schematic illustrating the approach for preparing the
total RNA from CCN3-R239Q-overexpressing cortical tissue for microarray. GFP-positive cortical tissues were dissected from three inde-
pendent Gfp and Gfp/CCN3-R239Q electroporated mouse brains at P0. (B) Hierarchical clustering of 60 genes highly regulated by CCN3-
R239Q overexpression. Among these, five apoptotic-related genes (S100a9, Nts, Lyz2, Anp32a, and Zicl) showed at least a 1.5-fold upregu-
lation in the CCN3-R239Q-overexpressing cortical tissues. Yellow and blue indicate relatively higher and lower expression, respectively.
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Fig. 4. Apoptotic-related genes upregulated by CCN3-R239Q expression. Microarray analysis showed that CCN3-R239Q upregulated
genes related to apoptosis. (A) CCN3-R239Q overexpression increased the expression of S7100a9, Nts, Lyz2, Anp32a, and Zicl. Three in-
dependent results are shown. CCN3-R239Q forced expression was confirmed by qPCR. (B) Quantitative analysis of the band intensity of

gPCR in (A). Results are presented as means =+ standard deviation.

and 67 genes decreased more than 1.5 fold (Supplementary
Table 3). We identified that five apoptotic-related genes
(S100a9, Nts, Lyz2, Anp32a, and Zicl) were upregulated
by CCN3-R239Q expression through hierarchical clustering
of the top 60 most abundant variants (30 genes with high
upregulation and 30 genes with highly specific downregu-
lation by CCN3-R239Q expression) (Fig. 3B).

To verify whether these identified genes were truly up-
regulated, qPCR was used to confirm changes in expression
of the same total RNA which was used in the microarray.
The expression of acidic (leucine-rich) nuclear phosphopro-
tein 32 family, member A (4np32a) was increased approxi-
mately 2-fold in CCN3-R239Q-overexpressing cortical tissue
(Fig. 4). Previous studies have shown that ANP32A has
several functions involved in transcriptional regulation, cell
survival, and apoptosis (Wang et al., 2015). In particular, this
expression pattern was observed in various regions of the

brain including the mouse cerebral cortex and cerebellum

(Wang et al., 2015). The temporal expression pattern is
evident in early developmental stages. The dynamic pattern
decreases until birth, but increases following birth.
Collectively, these results demonstrate that the mutation
of Arg239 to glutamine in CCN3 in the mouse cortex from
early developmental stages to adulthood can induce abnormal
accumulation and aggregation of CCN3, eventually leading
to neuronal cell death by the ectopic expression of apoptotic

genes such as Anp32a.

DISCUSSION

The function of CCN3, which is expressed in the cere-
bral cortex continuously throughout development and in
adulthood (Kang et al., 2011; Park et al., 2015), is still unclear.
Previous studies have shown that abnormalities in CCN3
expression can affect neuronal differentiation (Park et al.,

2015). It has also recently been shown that the palmitoylation

- 69 -



of CCN3 is crucial for its extracellular secretion (Kim et al.,
2018). Taken together, these results suggest that normal
expression and secretion of CCN3 are important for neuronal
differentiation and maintenance of function. Therefore, aber-
rant CCN3 expression and secretion are likely to affect
neuronal function and/or survival.

CCN3 is a member of the CCN family with four func-
tional domains and is known to play an important role in
various diseases such as injury repair, fibrotic disease, and
cancer; as well as cardiovascular development, skeletal devel-
opment, and neural development (Holbourn et al., 2008;
Heath et al., 2008; Chen et al., 2009; Ouellet et al., 2011; Jun
and Lau, 2011; Ren et al., 2014; Park et al., 2015; Malik et
al., 2015; Fong et al., 2017; Kim et al., 2018). In particular,
CCNI, 2, and 3 induce apoptotic cell death in fibroblasts,
but prevent apoptosis in endothelial cells (Chen et al., 2009;
Jun and Lau, 2011). A previous study elucidated how the
receptors and extracellular ligands bind each domain of the
CCN protein in this process (Jun and Lau, 2011). Several
other studies have reported that CCN proteins are trans-
located into the nuclei inside the cells independent of their
secretion outside the cell, and may therefore be involved in
transcriptional regulation (Jun and Lau, 2011; Fong et al.,
2017). Nevertheless, studies on the intracellular function of
CCN proteins are limited. Although there are no reports on
the SNPs of CCN proteins associated with certain diseases,
it is necessary to investigate the effect of CCN3 mutations
on the cells.

In this study, we focused on CCN3, the most abundantly
expressed variant in the cerebral cortex during cortical devel-
opment. We demonstrated the effect of CCN3 single nucleo-
tide mutations on cells (Fig. 1C, 2). The TSP-1 domain of
CCN3 plays an important role in the extracellular secretion
of CCN3 [10], and the CCN3-R239Q mutation induces
abnormal intracellular aggregation of CCN3 as well as extra-
cellular secretion (Fig. 1B). The abnormal intracellular aggre-
gation of CCN3 induces the expression of apoptotic genes
and neuronal degeneration in vivo (Fig. 1C, 3). Overexpres-
sion of the CCN3-R239Q mutation, in particular, has been
shown to increase the expression of apoptotic-related genes,
such as Anp32a, in the developing mouse brain (Fig. 4).

Taken together, the precise expression and secretion of

CCN3 seems to be crucial not only in cerebral develop-
ment but also in the adult. In particular, the fact that a single
mutation of CCN3 shown in this study could induce aber-
rant apoptosis of neuronal cells strongly suggests that abnor-
mal expression of CCN3 may contribute to the pathogenesis

of neurodegenerative diseases.
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Supplementary Table 1. Primers used for real-time quantitative PCR

Gene Forward primer Reverse primer
Xiap 5-GCTTGCAAGAGCTGGATTTT-3' 5-TGGCTTCCAATCCGTGAG-3'
Mcl-1 5-GGTATTTAAGCTAGGGTCATTTGAA-3' 5-TGCAGCCCTGACTAAAGGTC-3'
Bcl-2 5-GTACCTGAACCGGCATCTG-3' 5'-GGGGCCATATAGTTCCACAA-3'
Bel2-like 1 5“TGACCACCTAGAGCCTTGGA-3' 5-TGTTCCCGTAGAGATCCACAA-3'
Bel2-like 2 5-AGTGCAGGATTGGATGGTG-3' 5'-CCCGTATAGAGCTGTGAACTCC-3'
Puma 5-TTCTCCGGAGTGTTCATGC-3' 5-TACAGCGGAGGGCATCAG-3'
Diablo 5-AGGCTGCCTATCAAACTGGA-3' 5-GTGACTTCACCAACTGGATGT-3'
Casp9 5-GTACATCGAGACCTTGGATGG-3' 5-TCGCAGAAACAGCATTGG-3'
Casp7 5-CCGTCCACAATGACTGCTC-3' 5-CCGAGTTGCTGTGGTCCT-3'
Casp6 5“TGAAATGCTTTAACGACCTCAG-3' 5-GTGGCTTGAAGTCGACACCT-3'
Casp3 5-“GAGGCTGACTTCCTGTATGCTT-3' 5'-AACCACGACCCGTCCTTT-3'
Casp2 5-CACAGGAAGGGGCTGATG-3' 5-TCAGGATGCATTCCACACAC-3'
Bok 5-AGTGGCAGGCCACATCTT-3' 5'-CCACGGAATACAGGGACACTA-3'
Bnip-like 5-AACAACAACTGCGAGGAAGG-3' 5-GTAGCTCCACCCAGGAACTG-3'
Bnip-3 5-CCTGTCGCAGTTGGGTTC-3' 5-GAAGTGCAGTTCTACCCAGGAG-3'
Bim 5-GGAGACGAGTTCAACGAAACTT-3' 5'-AACAGTTGTAAGATAACCATTTGAGG-3'
Bid 5-GACAGCTAGCCGCACAGTT-3' 5-GGCCAGGCAGTTCCTTTT-3'
Bax 5-GTGAGCGGCTGCTTGTCT-3' 5-GGTCCCGAAGTAGGAGAGGA-3'
Bakl 5-GGAATGCCTACGAACTCTTCA-3' 5-CCAGCTGATGCCACTCTTAAA-3'
Bad 5-GGAGCAACATTCATCAGCAG-3' 5-TACGAACTGTGGCGACTCC-3'
Apafl 5-CTGCTCTTCCCAGCACAACT-3' 5'-CATGGGCTAGAGGCAAAGC-3'
Anp32a 5-CTGCTCTTCCCAGCACAACT-3' 5'-CATGGGCTAGAGGCAAAGC-3'
Gapdh 5-ATCACTGCCACCCAGAAGAC-3' 5'-CATGCCAGTGAGCTTCCCGT-3'
Supplementary Table 2. Upregulated genes by CCN3-R239Q overexpression
Gene Gene name Genba.nk Fold P-value
symbol accession change
Stfal stefin Al NM_001082543 5.145204 0
Stfa2ll stefin A2 like 1 NM_173869 4.835944 0
S100a9 S100 calcium binding protein A9 (calgranulin B) NM_001281852 4424148 0
S100a8 S100 calcium binding protein A8 (calgranulin A) NM_013650 4202266 0
Stfa3 stefin A3 NM_025288 4.057922 0
Stfa2 stefin A2 NM_001082545 2927716 0
Ccl5 chemokine (C-C motif) ligand 5 NM_013653 2.743744 1.06E-07
Zicl zinc finger protein of the cerebellum 1 NM_009573 2.706655 0
Saa3 serum amyloid A 3 NM_011315 2.611756 5.3E-06
Camp cathelicidin antimicrobial peptide NM_009921 2.499788 0
Wdr63 WD repeat domain 63 NM_172864 2.418269 1.9E-05
Anxal annexin Al NM_010730 2.286925 2.33E-06
Nts neurotensin NM_024435 2.266371 0
Anxal annexin Al NM_010730 2.236389 3.1E-06
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Supplementary Table 2. Upregulated genes by CCN3-R239Q overexpression (Continued)

Gene Gene name Genbapk Fold P-value

symbol accession change
Gjb4 gap junction protein, beta 4 NM_008127 2.225244 0.000247
Lrrc23 leucine rich repeat containing 23 NM_001302555 2201734 8.89E-07
Dynlrb2 dynein light chain roadblock-type 2 NM_029297 2.153678 2.88E-08
Lyz2 lysozyme 2 AK159276 2.146891 0
Tspanl8 tetraspanin 18 NM_183180 2.107689 2.07E-05
Aldhla3 aldehyde dehydrogenase family 1, subfamily A3 NM_053080 2.041463 0.000527
Lyzl lysozyme 1 NM_013590 1.970483 0.000155
Anp32a acidic (leucine-rich) nuclear phosphoprotein 32 family, member A NM_009672 1.942515 0
Msda7 membrane-spanning 4-domains, subfamily A, member 7 NM_001276398 1.925213 9.26E-05
Ddo D-aspartate oxidase NM_027442 1.862865 8.96E-05
Mrcl mannose receptor, C type 1 NM_008625 1.85609 0.007871
Tnfsfl30s f)‘ggg;?:gf;é;faaor (ligand) superfamily, member 13, XR_879970 1.837594  0.030459
Abcc3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 NM_029600 1.822622 0.014672
Odf3b outer dense fiber of sperm tails 3B NM_001013022 1.76207 0.000825
Zic5 zinc finger protein of the cerebellum 5 BB247860 1.747322 2.35E-05
Diap3 diaphanous homolog 3 (Drosophila) AK006102 1.745702 0.032968
Sle6ad i?:rtli :razn'er family 6 (neurotransmitter transporter, serotonin), NM_010484 1714288 7 53E-05
Chil3 chitinase-like 3 NM_009892 1.710052 3.6E-05
Scnl0a sodium channel, voltage-gated, type X, alpha NM_009134 1.697602 9.02E-07
Slc35b3 solute carrier family 35, member B3 AK167051 1.684275 9.8E-07
Mast4 microtubule associated serine/threonine kinase family member 4 AK138065 1.66571 0.029144
Syt10 synaptotagmin X NM_018803 1.659473 2.39E-13
Tm4sf4 transmembrane 4 superfamily member 4 NM_145539 1.646255 0.000833
Serpina3m serine (or cysteine) peptidase inhibitor, clade A, member 3M NM_009253 1.633412 0.000245
Fam183b family with sequence similarity 183, member B NM_029283 1.623596 3.43E-07
Cd52 CD52 antigen NM_013706 1.61404 0.022593
Zic3 zinc finger protein of the cerebellum 3 NM_009575 1.607911 2.88E-08
Dmrt2 doublesex and mab-3 related transcription factor 2 NM_145831 1.588109 0.001116
Clec4a2 C-type lectin domain family 4, member a2 NM_001170333 1.56268 0.016997
Iqcg 1Q motif containing G NM_178378 1.552682 0.000712
CbIn2 cerebellin 2 precursor protein NM_172633 1.544009 2.11E-06
Ntf3 neurotrophin 3 NM_001164034 1.532557 8.82E-06
Anol anoctamin 1, calcium activated chloride channel NM_178642 1.522399 0.008541
Rspo3 R-spondin 3 homolog (Xenopus laevis) NM 028351 1.501159 4.56E-06
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Supplementary Table 3. Downregulated genes by CCN3-R239Q overexpression

Gene Gene name Genbapk Fold P-value
symbol accession change
Camk2d calcium/calmodulin-dependent protein kinase II, delta NM_001025439 -1.511411 0.02649607
Palmd palmdelphin AK136939 -1.5292 0.00627675
Krtl2 keratin 12 NM_010661 -1.543799 0.00215208
Chrnb4 cholinergic receptor, nicotinic, beta polypeptide 4 NM_148944 -1.550094 0.00671317
Sult2bl sulfotransferase family, cytosolic, 2B, member 1 NM_017465 -1.551646 0.00630997
P2ryl12 purinergic receptor P2Y, G-protein coupled 12 NM_027571 -1.554228 0.02358777
Sowaha sosondowah ankyrin repeat domain family member A NM_183173 -1.558557 0.01216882
Pdella phosphodiesterase 11A XM_006499453 -1.56304 0.00091746
Atp6apll ATPase, H+ transporting, lysosomal accessory protein 1-like NM_001145879 -1.564406 0.00026388
Zthx3 zinc finger homeobox 3 NM_007496 -1.570922 0.00011902
Cpne6 copine VI NM_009947 -1.571937 6.0777E-07
Zmat4 zinc finger, matrin type 4 NM_177086 -1.582468 0.00024451
Tgfa transforming growth factor alpha NM_031199 -1.588923 0.04058594
Pou61f2 POU domain, class 6, transcription factor 2 AK044498 -1.618126 0.04310425
Arc activity regulated cytoskeletal-associated protein NM_018790 -1.633795 0.00130757
Dachl dachshund 1 (Drosophila) NM_007826 -1.648225 8.7652E-08
Calbl calbindin 1 NM_009788 -1.652259 1.5969E-08
Meis1 Meis homeobox 1 NM_001193271 -1.653075 3.5679E-08
Wdr86 WD repeat domain 86 NM_001081441 -1.65743 0.04519084
Pbx3 pre B cell leukemia homeobox 3 NM_016768 -1.662086 3.0669E-08
Ptpn14 protein tyrosine phosphatase, non-receptor type 14 NM_008976 -1.663941 0.04074607
Rasall RAS protein activator like 1 (GAP1 like) NM_013832 -1.672648 1.487E-05
Nrp2 neuropilin 2 NM_001077403 -1.677654 3.4507E-10
Wdr86 WD repeat domain 86 NM_001081441 -1.682711 0.00168183
Filipl filamin A interacting protein 1 NM_001081243 -1.695877 0.02764107
Tacl tachykinin 1 NM_009311 -1.704479 6.0777E-07
St18 suppression of tumorigenicity 18 NM_173868 -1.723543 3.4138E-05
Espn espin NM_207687 -1.727993 2.7151E-06
KlIhl7 kelch-like 7 AK082520 -1.733294 6.1515E-05
Meis1 Meis homeobox 1 AK032947 -1.743548 0.01519809
Ogn osteoglycin NM_008760 -1.755058 0.04108464
Krt12 keratin 12 NM_010661 -1.776791 0.03247224
Zthx3 zinc finger homeobox 3 NM_007496 -1.793334 0.00614089
Tacl tachykinin 1 NM_009311 -1.802612 9.1038E-13
Htrlb 5-hydroxytryptamine (serotonin) receptor 1B AKO039736 -1.867355 0.00020437
Nat3 N-acetyltransferase 3 NM_008674 -1.868156 0.03291756
Pgam2 phosphoglycerate mutase 2 NM_018870 -1.89417 0.00440745
Gpr88 G-protein coupled receptor 88 NM_022427 -1.933841 1.4693E-16
Htr2c 5-hydroxytryptamine (serotonin) receptor 2C NM_008312 -1.936042 0.00189328
Lamc2 laminin, gamma 2 NM_008485 -1.938201 1.0711E-07
Itpka inositol 1,4,5-trisphosphate 3-kinase A NM_146125 -1.989589 2.0876E-17
Baiap3 BAIl-associated protein 3 NM_001163270 -1.997525 1.2541E-05
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Supplementary Table 3. Downregulated genes by CCN3-R239Q overexpression (Continued)

Gene

Genbank

Fold

symbol Gene name accession change P-value
Gpr6 G protein-coupled receptor 6 XM_006512533 -2.076073  2.0442E-06
Naa25 N(alpha)-acetyltransferase 25, NatB auxiliary subunit AK052060 -2.114818  0.01147132
Ppil4 peptidylprolyl isomerase (cyclophilin)-like 4 AK049634 -2.115223 1.655E-07
Rarb retinoic acid receptor, beta NM_001289760 -2.138683  2.8781E-08
Hrhl histamine receptor H1 NM_001252643 -2.140807  1.487E-05
Pcpéll Purkinje cell protein 4-like 1 NM_025557 -2.173378  5.9292E-14
Ikzf1 IKAROS family zinc finger 1 NM_001025597 -2.180378  3.7789E-06
Adora2a adenosine A2a receptor NM_009630 -2.209132  5.2989E-11
Col6al collagen, type VI, alpha 1 NM_009933 -2.287557 1.3855E-09
Strip2 striatin interacting protein 2 NM_177204 -2.335482  3.4338E-16
Nexn nexilin NM_199465 -2.338665  1.0711E-07
Rarb retinoic acid receptor, beta NM_011243 -2.355103 1.6488E-25
Zp503 zinc finger protein 503 NM_145459 -2.40674 9.2886E-10
P2ryl purinergic receptor P2Y, G-protein coupled 1 NM_008772 -2.596054  2.1668E-15
Six3 sine oculis-related homeobox 3 NM_011381 -2.811971  6.1189E-08
Rxrg retinoid X receptor gamma NM_009107 -2.886848  3.0489E-48
Isll ISL1 transcription factor, LIM/homeodomain NM_021459 -2.936935  6.799E-07
Ebfl early B cell factor 1 BQ569914 -2.966906  1.1523E-30
Isll ISLI transcription factor, LIM/homeodomain NM_021459 -3.248901  7.5087E-16
Slc35d3 solute carrier family 35, member D3 NM_029529 -3.35006 1.7791E-07
Ebfl early B cell factor 1 NM_001290711 -3.36535 1.7721E-25
Crabp1 cellular retinoic acid binding protein I NM_001284507 -3.37021 8.3081E-53
Ebfl early B cell factor 1 NM_001290711 -3.416742  1.376E-37
Crabpl cellular retinoic acid binding protein I NM_013496 -3.805273  3.9799E-23
Nexn nexilin NM_199465 -3.824223  1.2521E-27
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