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Abstract: CCN proteins are secreted into the extracellular environment where they interact with
both components of the extracellular matrix and with cell surface receptors to regulate cellular
function. Through these interactions, CCNs act as extracellular ligands to activate intracellular
signal transduction pathways. CCN4/WISP-1, like other CCNSs, plays multiple physiologic roles
in development and also participates in pathogenesis. CCN4 is of particular interest with respect
to cancer, showing promise as a biomarker or prognostic factor as well as a potential therapeutic
target. This review focuses on recent work addressing the role of CCN4 in cancer. While CCN4
has been identified as an oncogene in a number of cancers, where it enhances cell migration and
promoting epithelial-mesenchymal transition, there are other cancers where CCN4 appears to
play an inhibitory role. The mechanisms underlying these differences in cellular response have
not yet been delineated, but are an active area of investigation. The expression and activities of
CCN4 splice variants are likewise an emerging area for study. CCN4 acts as an autocrine factor
that regulates the cancer cells from which it is secreted. However, CCN4 is also a paracrine factor
that is secreted by stromal fibroblasts, and can affect the function of vascular endothelial cells.
In summary, current evidence is abundant in regard to establishing potential roles for CCN4 in
oncogenesis, but much remains to be learned about the functions of this fascinating protein as
both an autocrine and paracrine regulator in the tumor microenvironment.
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Introduction

Cancer is a condition in which a group of cells, for some entirely unknown reason, com-
mences to grow and multiply at a tremendous rate, invading and destroying surrounding
tissues, spreading through the lymphatic system [...] to distant parts of the body, where

the destructive growth is repeated.!

The words above, written in 1937, have withstood the test of time with the exception
of one phrase. Today we appreciate that the “unknown reason” underlying cancer
growth actually consists of many “reasons.” The interaction of tumor cells with their
microenvironment is a critical aspect of cancer growth and metastasis.

CCN4, also known as WISP-1, is a member of the WNT1 inducible signaling
pathway protein (WISP) subfamily of the connective tissue growth factor/CCN family
of matricellular proteins. CCN4 is the preferred nomenclature and will be used herein
except in reference to the WISP-1 gene. The roles of CCNs were first recognized with
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respect to mammalian development, consistent with the ini-
tial naming of CCN4 in recognition of its induction through
the WNT1 pathway (WISP-1 = Wntl-induced secreted
protein-1). CCN proteins, which are secreted, interact with
cell surface receptors (eg, integrins) and extracellular matrix
components to modulate cellular functions. Although CCN
proteins activate signal transduction events when added
exogenously to cells, they are not classical agonists with a
single receptor. Rather, CCN proteins interact with multiple
proteins, including integrins, to modulate cellular functions.

Full-length human CCN4 has a molecular mass of 40 kD.
Like other CCNs, CCN4 contains four conserved cysteine-
rich domains that interact with other proteins.?* Within the
CCN family, CCN4 is most similar to CCN3/WISP-3.}
CCN proteins are characterized by four highly conserved
domains (Figure 1). The differentiating, nonconserved region
is a protease-sensitive “hinge” located after exon 3, the von
Willebrand factor type C domain.* CCNs are differentially
expressed in different tissues, and appear to play distinct,
nonredundant roles. However, considering the complexity of
CCN protein—protein interactions as well as the regulation
of their expression, it is not yet clear to what extent CCNs
may be complementary or even antagonistic.

It is important to note that CCN mRNAs are subject to
alternative splicing, and that the protein products can be post-
translationally modified. Thus, there are a number of CCN
variants, including truncated forms (Figure 1). As truncation
can remove or disrupt conserved domains, CCN4 splice
variants can have different biologic functions. This situation
has been reviewed previously.’ CCN4 also contains multiple
glycosylation sites; glycosylation patterns differ between
fibroblasts and cancer cells.

The six CCN family members play distinct roles with
respect to cancer; the role of CCN4 has been previously

CCN4/WISP-1  SP IGFBP
WISP-1v SP IGFBP
WISP-1vx SP IGFBP CT

Figure | Domain structure of CCN4/WISP-1 and splice variants.

VWC

reviewed in comparison to that of other CCN proteins.”®
CCN4 has been reported to either enhance or inhibit tumor
cell function in different cancers. It should be noted that
cancer is not the only disease in which CCN4 has been
implicated.”!® As the roles of CCN4 in oncogenesis have been
reviewed recently by others,*!!:2 this review will emphasize
findings published since 2015; it will be organized according
to cancer type.

Breast cancer

The role of CCN4 in breast cancer has been controversial,
with different studies reporting different results. The roles
of CCN proteins in breast cancer were reviewed by Kleer
in 2016." This author compared CCN family members,
emphasizing that although CCN proteins share structural
motifs, the differences between them result in very different
functions. In the case of CCN4, the predominant evidence
supports a pro-oncogenic role in breast cancer.

A study published in 2001 by Xie et al provided evidence
that CCN4 is highly expressed in primary breast cancer,
with a positive correlation between mRNA levels and more
advanced disease parameters such as stage, patient age, and
tumor size.'* In contrast, a 2007 report published suggested
that CCN4 acts as a tumor suppressor in breast cancer, based
on an examination of mRNA levels in human breast tumors
as compared to normal tissues.'’

In a gene profiling study, Taghavi et al identified differ-
ences in CCN4 mRNA expression between tissue samples
from breast cancer patients with nonmetastatic vs metastatic
disease.!® Interestingly, expression of CCN4 mRNA was
lower in the metastatic group than in the healthy control
group, with no differences between the nonmetastatic group
and controls. The authors acknowledge that their results differ
from those published previously by others, but do suggest that

TSP1 CT

TSP1 CT

Notes: The following are the highly conserved domains in CCN proteins: SP, IGFBP, VWC, TSP, and CT. WISP-1v is a splice variant that lacks exon 3, which contains the
VWC domain. WISP-lvx contains a truncated IGFBP domain, creating a frameshift that results in loss of the VWC and TSP| domains.
Abbreviations: SP, signaling peptide; IGFBP, insulin-like growth factor binding protein; VWC, von Willebrand factor type C; TSPI, thrombospondin |; CT, C-terminal.
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a decline in CCN4 mRNA could indicate metastatic disease.
Expression levels of CCN4 protein were not examined in
this study.

In a paper published in 2015, Chiang et al examined the
role of CCN4 in breast cancer using several approaches.!”
They demonstrated that CCN4 mRNA was increased in
human breast cancer tissue as compared to normal breast
tissue. They further demonstrated that recombinant exog-
enous CCN4 enhances proliferation of breast cancer cells
in culture, and that transfection of CCN4 into MCF-7 cells
increased growth both in cell culture and in mouse xenografts.
Finally, the authors showed that transfection of CCN4 in
MCF-7 increases epithelial-mesenchymal transition (EMT)
as evidenced by changes in expression of a panel of genes
and gene products. The authors concluded that CCN4 is an
oncogene with respect to breast cancer.

Prostate cancer

In 2013, Ono et al published a comprehensive analysis of the
role of CCN4 in prostate cancer.'® They first screened pros-
tate cancer tissue and serum from patients for CCN4 protein
expression, comparing the levels to normal controls and also
stratifying the cancer patients by Gleason Grade. Immunohis-
tochemistry (IHC) studies showed staining mainly in the tumor
stroma. Serum levels were analyzed by quantitative immunob-
lotting, using an antibody generated by the investigators. The
results indicated that CCN4 protein is higher in low-grade
tumors than in control subjects, but that CCN4 serum levels
decrease as tumor grade increases, and also as prostate specific
antigen (PSA) levels increase. In patients with lymph node*/
seminal vesicle* disease, serum CCN4 protein levels were not
elevated compared to those in control patients. The authors then
showed, using IHC, that CCN4 protein was also increased in
prostate tumors in the transgenic adenocarcinoma of the mouse
prostate (TRAMP) mouse model. Finally, the investigators
used a xenograft mouse model in which luciferase-expressing
PC-3 human prostate tumor cells were introduced into athymic
mice. Anti-CCN4 antibody inhibited growth of the xenograft
tumors, and also inhibited migration of the PC-3 cells in a
Transwell assay. IHC studies showed that CCN4 protein was
present at the tumor—bone interface in the xenograft model.
The authors concluded that CCN4 is a potential therapeutic
target, as well as a biomarker, in prostate cancer.

A 2014 study presented novel insights into the role of
CCN4 in prostate cancer.!” Bone metastasis, a particular
problem in advanced prostate cancer, can cause severe pain.
Osteoblasts secrete paracrine factors that attract prostate
tumor cells to migrate to bone. In their study, Tai et al showed

that osteoblast conditioned medium-induced migration and
invasion of PC-3 and Dul45 human prostate cancer cells in
a Transwell assay, that exogenous CCN4 further increased
migration and invasion, and that an antibody to CCN4 inhib-
ited the response to the conditioned medium. When osteo-
blasts were treated with a silencing RNA directed against
CCN4, the response of PC-3 and DU145 to the conditioned
medium was reduced although not entirely eliminated. The
investigators continued to explore the signaling pathways
involved in CCN4-induced migration. They identified inte-
grins, VCAM-1, FAK, and p38 mitogen-activated protein
kinase (MAPK) as components of these pathways. They
next examined the role of microRNA-126 (miR-126), which
suppresses VCAM-1 expression. CCN4 was shown to inhibit
miR-126 expression in PC-3 cells, thereby causing upregula-
tion of VCAM-1. In conclusion, the authors concluded that
CCN4 is a potential therapeutic target in prostate cancer.

Ovarian cancer

There is limited work published on the role of CCN4 in ovar-
ian cancer. In their 2015 review, Gurbuz and Chiquet-Ehris-
mann used the Oncomine database to analyze differences in
CCN4 expression between normal and tumor tissues for many
types of cancers.'! In the compiled data, these authors noted
a slight elevation of CCN4 mRNA in ovarian tumor samples.
Another role for CCN4 emerged from a study published in
2017, in which the researchers were seeking a molecular
signature for lymphatic invasion of ovarian cancer.”” They
found that a decrease in CCN4 mRNA expression was associ-
ated with lymphatic invasion and poorer survival. Additional
studies on the role of CCN4 in ovarian cancer are needed
before any conclusions can be drawn.

Oral cancer

The role of CCN4 has been particularly intensively studied in
oral squamous cell carcinoma (OSCC), in which Wnt signal-
ing is known to be abnormal.?! Hence, research concerning
CCN4 in oral cancer has moved to a more mechanistic level
in recent years. The insights gained are potentially applicable
to other types of cancers.

Tang et al, some of whom had previously characterized
CCN4 as being important for migration and angiogenesis
in OSCC,? specifically examined angiogenesis in a report
published in 2016.* Using human patient specimens, they
found that expression of CCN4 was positively correlated with
expression of CCN4, although it is not clear whether mRNA
or protein expression was quantified. The authors also showed
that conditioned medium from CCN4-treated OSCC cells
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enhanced migration and tube formation of human lymphatic
endothelial cells. Using blocking antibodies, the investiga-
tors further demonstrated that the response to conditioned
medium was mediated by vascular endothelial growth factor
C (VEGF-C) and integrins oovP3 and o5B 1. Finally, this study
presented evidence that CCN4 enhances VEGF-C production
by inhibiting expression of miR-300 in OSCC.

A very interesting study was published by Clausen et
al in 2016.%* These investigators conducted a genome-wide
methylation assessment using OSCC samples from patients
with and without lymph node metastasis. WISP-1 showed the
most marked hypomethylation of any gene in the metastatic
group. Hypomethylation was associated with high levels
of CCN4 expression. This study not only suggested that
CCN4 may be a biomarker for metastatic oral cancer, but
also showed that epigenetic methylation of WISP-1 is likely
involved in regulating its expression.

Work reported in 2017 by Jung et al confirmed that
expression of CCN4 protein is elevated in human OSCC, and
also showed that high CCN4 was associated with treatment
failure.? In this study, siRNA-mediated partial knockdown of
CCN4 in an OSCC cell line reduced cell invasion as assessed
in a Transwell assay, and also increased apoptosis.

In 2017, Lau et al presented the results of their analysis
of single-nucleotide polymorphisms (SNPs) in WISP-I in
OSCC patient samples.?® These investigators found that the
1s2929970 SNP was associated with increased risk of OSCC
progression. Patients carrying this SNP had later-stage OSCC
and larger tumors. The identified SNP is in the 3" untranslated
region (UTR), in an area involved in splicing variations.
While this study did not test whether different splice variants
were generated in the patients with the SNP, the results are
certainly tantalizing in view of the developing work on CCN4
splice variants mentioned earlier in this review.

Esophageal cancer

Moving farther down the alimentary tract, the role of CCN4
in esophageal cancer has received some attention. In 2011,
Nagai et al examined expression of CCN4 in esophageal
squamous cell carcinoma (ESCC) using IHC.” They reported
that CCN4 expression was correlated with lymph node
metastasis and poor prognosis. The investigators also tested
ESCC cell lines, finding that only one (TES) expressed CCN4
mRNA. Transfection of CCN4 into a nonexpressing ESCC
cell line resulted in enhanced growth, but not invasion, in a
Transwell assay. The authors concluded that CCN4 represents
a potential biomarker as well as a therapeutic target in ESCC.

A novel aspect of CCN4 was explored in a study published
by Zhang et al in 2016.%® This group examined radiation
resistance, a serious problem in ESCC. Radioresistant ESCC
cells have an EMT-like phenotype in which CCN proteins
are implicated. The investigators showed that a radioresistant
ESCC cell line, KYSE-150, exhibited high levels of CCN4.
Radioresistance was decreased in KYSE-150 cells treated
with an anti-CCN4 antibody. Further overexpression of
CCN4 in these cells led to development of larger tumors fol-
lowing radiotherapy in a mouse xenograft model. Moreover,
CCN4 was an independent prognostic factor in human ESCC
patients following radiotherapy, and was associated with an
EMT-like phenotype. The authors concluded that CCN4 is a
potential prognostic factor as well as a therapeutic target for
reversing radiotherapy resistance in ESCC.

Gastric cancer

Based on the involvement of CCN4 in many other cancers, Jia
et al tested whether there was an association of CCN4 with
gastric cancer.”’ This group determined that CCN4 mRNA
levels were elevated in gastric cancer specimens, and that
CCN4 was expressed in gastric carcinoma cell lines. The
investigators showed that knockdown of CCN4 resulted in
decreased proliferation, migration, and invasion of two cell
lines that expressed high endogenous levels of CCN4. Cyclin
D1 was implicated signaling pathways downstream of CCN4,
because knockdown of CCN4 reduced expression of cyclin
D1. In addition, CCN4 knockdown reduced levels of multiple
proteins involved in EMT progression. From these studies,
the authors concluded that WISP-1 acts as an oncogene in
gastric cancer.

Colon cancer

Several early studies of the role of CCN4 in colorectal can-
cer yielded conflicting conclusions. Therefore, in a report
published in 2016, Wu et al took a fresh look at the issue.*
They found that higher levels of CCN4 expression in human
colon cancer cases were associated with a poor prognosis.
Using colon cancer cell lines, these investigators showed that
knockdown of CCN4 decreased proliferation and invasion
and increased apoptosis. Interestingly, they also presented
evidence that CCN4 binds directly to [-catenin, and that
loss of CCN4 alters mRNA expression of multiple genes
in cell adhesion and cytokine—cytokine receptor interaction
pathways (eg, decrease in ICAM-1 and CCL-18; increase
in TGFBR1). Based on their findings, the investigators
concluded that CCN4 acts as an oncogene in colon cancer.
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In 2009, Wang et al reported that CCN4 was expressed
by several human colon cancer cell lines, including Caco2
cells.?! The focus of the study was on inflammatory signal-
ing in the colon, rather than on cancer. The authors showed
that CCN4 levels were higher in human ulcerative colitis,
and that nitric oxide increased CCN4 mRNA and protein
levels. This result was interesting because, aside from the
induction of CCN4 through the WNT1 pathway, the signaling
pathways regulating CCN4 expression have been relatively
understudied.

With respect to colon cancer proliferation, our group
examined the effects of lysophosphatidic acid (LPA) in Caco2
cells. LPA is a lipid growth factor that is mitogenic for many
types of cancer cells,?? including Caco2 cells.** Some CCN
proteins are rapidly induced in response to extracellular
ligands. For example, in prostate cancer cells, we showed
that LPA induces expression of CCN1 within 60 minutes.>
However, in Caco2 cells, LPA did not alter levels of CCN4
protein at times up to 4 hours (L Fix, J Zhang, and K Meier,
unpublished data.). This was in contrast to the prominent
activation of p70S6K and AKT within 30 minutes of LPA
treatment in Caco?2 cells. The effects of various extracellular
ligands on CCN4 levels are worthy of further examination in
colon cancer cells as well as in other cell types. Information
of this nature will provide insight into additional signaling
pathways regulating CCN4 expression.

Liver cancer

CCN proteins have received considerable attention with
respect to liver cancer, as reflected in a review article on the
subject published in 2015.% This review, which focused on
the role of CCNs in the interplay between inflammation and
oncogenesis, concluded that CCN4 suppresses liver tumor
growth, while CCN2 promotes growth and is a therapeutic
target. Key recent findings regarding CCN4 are discussed
below.

In 2015, Zhang et al examined expression levels of
mRNAs encoding CCN proteins in paired HCC and nor-
mal liver samples from the same patients.*® They reported
a decrease in CCN4 expression in HCC as compared to
normal liver tissue, suggesting that CCN4 serves as a tumor
suppressor in the liver.

Ge et al, in 2015, assessed the role of CCN4 in a mouse
hepatocellular carcinoma cell line.>” This cell line, Hca-F,
expressed endogenous CCN4. Cells treated with silencing
RNA for WISP-1 showed inhibition of proliferation, migra-
tion, and adhesion along with enhanced apoptosis. In the
silenced cells, there were decreases in phospho-AKT, p53,

and matrix metalloproteinase-2 (MMP-2). Thus, in contrast
to other studies, these authors suggest that CCN4 plays an
oncogenic role in liver cancer.

Of particular note, an article published in 2004 analyzed
the expression of CCN4 in human hepatocellular carcinoma
cell lines.?® The authors identified multiple splice variants,
and showed that their levels varied between cell lines. While
the cellular roles of individual CCN4 variants were not
explored, this study further emphasizes the need to consider
such variants.

The existing studies are provocative but somewhat limited
in scope; further studies of the role of CCN4 in hepatocellular
carcinoma are warranted.

Cholangiocarcinoma

Tanaka et al discovered that a splice variant of WISP-1, termed
WISP-1v, was overexpressed in human cholangiocarcinomas
(bile duct tumors).’* This variant lacks the second von
Willebrand factor type C (VWC) domain of CCN4 (Figure 1).
WISP-1v expression in human tumor samples was positively
associated with lymphatic and perineural invasion and poor
prognosis. Conditioned medium, collected from WISP-
lv-transfected NIH3T3 fibroblasts, stimulated migration
of HUCTTI cholangiocarcinoma cells, and activated
the p38 and ERK MAPK pathways in these cells. A p38
pharmacologic inhibitor inhibited the WISP-1v-induced
migration. This was a key study with respect to characterizing
biologic effects of a CCN4 splice variant.

Pancreatic cancer

There are very few published studies concerning the role of
CCN4 in pancreatic cancer. In pancreatic ductal adenocar-
cinoma, Yang et al demonstrated that expression of WISP-1
mRNA was elevated in tumor tissues as compared to adjacent
normal tissue.** Expression of CCN4 was positively corre-
lated with clinical stage and liver metastasis. The biologic
activity of CCN4 was not tested in this report. The authors
concluded that CCN4 has potential utility as a biomarker in
pancreatic cancer.

Lung cancer

Lung cancer is another cancer in which the role of CCN4
has been controversial. An early study on this topic showed
that overexpression of CCN4 in the H460 human lung can-
cer cell line inhibited motility and invasion as assessed in
cell culture.® However, another 2003 study indicated that
WISP-1 mRNA was elevated in metastases of D122 mouse
lung cancer cells in a xenograft model.*! Subsequently, an
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examination of mRNA expression in primary human lung
cancers and matched normal lung tissues revealed upregula-
tion of WISP-1 mRNA in tumor tissue, although there was no
association of CCN4 levels with patient survival.*?

In 2015, Chen et al published an interesting analysis of
WISP-1 genetic polymorphisms (SNPs) in lung cancer patients,
also with respect to their response to platinum-based chemo-
therapy.* The investigators identified a total of seven SNPs
associated either with lung cancer risk, or with response to
chemotherapy. As all of these SNPs were located in the pro-
moter, 3’ UTR, or introns, it is likely that they are involved in
modulating expression levels and/or splicing of CCN4. The
biology underlying the effects of the SNPs was not examined
in this study, which was primarily designed to identify potential
biomarkers for diagnosis and chemotherapy response, but the
results emphasize an important area for continuing research.

Melanoma

An intriguing study, published in 2016, examined the produc-
tion of CCN4 in cancer-associated fibroblasts with respect to
melanoma.* Shao et al examined how fibroblasts regulate
melanoma metastasis in the tumor microenvironment. In
particular, they focused on the Notch pathway in mesen-
chymal stem cells-derived fibroblasts (MSC-DF), using an
elegant mouse xenograft model in which melanoma cells are
co-grafted with MSC-DEF. The authors showed that the Notch
pathway inhibits melanoma metastasis in fibroblasts, and
that the inhibition can be attributed to CCN4 secreted from
stromal MSC-DF. This conclusion was reached based on the
results of studies in which the Notchl pathway was silenced
in fibroblasts, and was then “reconstituted” by overexpression
of CCN4 in the Notchl fibroblasts. In summary, this study
demonstrated that CCN4 acts to suppress tumor metastasis in
a mouse xenograft model of paracrine interactions between
fibroblasts and melanoma cells.

With respect to the normal physiologic role of CCN4 in
fibroblasts, a 2018 report showed that CCN4 is upregulated
during skin wound healing, and enhances both migration and
proliferation in dermal fibroblasts.* This positive influence
of CCN4 is generally consistent with an early report that
CCN4 is antiapoptotic and activates AKT in a fibroblast cell
line, NRK-49F.¢ Thus, CCN4 plays autocrine roles in normal
fibroblasts, as well as the paracrine role discussed above for
fibroblasts in the tumor microenvironment.

Osteosarcoma
Investigators in Taiwan have been studying the role of CCN4
in osteosarcoma, a bone cancer. Their 2013 report showed

a strong positive correlation of CCN4 protein expression
with tumor stage in human osteosarcoma patients.*’” In the
same study, the researchers used osteosarcoma cell lines to
demonstrate that CCN4 enhanced cell migration and inva-
sion. This response was accompanied by upregulation of
MMP-2 and MMP-9, as well as activation of oovP3 integrin
receptor, the ERK MAPK pathway, and the nuclear factor
kB (NF-xB) pathway.

In a subsequent study published in 2017, the same group
examined the role of CCN4 in angiogenesis in osteosar-
coma.*”® They found that exogenous CCN4 increased VEGF-A
expression at the transcriptional level in an osteosarcoma cell
line, MG-63. Conditioned medium from these cells stimu-
lated migration and tube formation when applied to human
endothelial progenitor cells (EPCs). Additional studies using
pharmacologic inhibitors suggested that the RAK, JNK, and
HIF-1a signaling pathways were involved in mediating CCN4
response in EPCs. The authors also implicated downregu-
lation of miR-381 in response to CCN4. In summary, the
cumulative work from this research group has established
that CCN4 acts as an autocrine factor to simulate migra-
tion of osteosarcoma cells, and also as a paracrine factor to
stimulate angiogenesis.

Chondrosarcoma

Chondrosarcoma is a highly invasive form of bone cancer. In
2007, a Japanese group examined the expression and function
of CCN4 splice variants in a chondrosarcoma-derived
chondrocytic cell line, HCS-2/8.% The researchers found
that HCS-2/8 cells expressed full-length WISP-1 mRNA, as
well as two splice variants. The first variant, WISP-1v, had
been described previously,* and was discussed earlier in this
review. The second was a new variant, termed WISP-1vx,
which lacks the second and third CCN modules and a small
part of the first module (Figure 1). WISP-1vx was detected
only in the chondrosarcoma cell line, based on a small panel
including other cell lines. The investigators then utilized
primary rabbit growth cartilage chondrocytes, which can
progress to mineralized “terminally differentiated” cells in
culture, to explore the role of WISP-1v in differentiation. They
found that expression of WISP-1v increased as differentiation
progressed, and that overexpression of WISP-1v in HCS-
2/8 cells resulted in expression of an alkaline phosphatase
that serves as a marker for terminal differentiation in
chondrocytes. Interestingly, the authors note that CCN4
orthologs are expressed solely in animals with a calcified
skeleton, while other CCN proteins are expressed in both
invertebrates and vertebrates. However, full-length CCN4 did
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not appear to be associated with chondrocyte differentiation.
The role of WISP-1vx in the chondrosarcoma cell line was not
delineated in this study, which focused largely on chondrocyte
differentiation and not on cancer. The study identified an
interesting biologic role for a CCN4 splice variant.

In 2011, Hou et al examined effects of CCN4 on JJ012
human chondrosarcoma cells.”® This work was from the
same group that had studied CCN4 in osteosarcoma.*’43
With respect to human chondrosarcoma, the investigators
found that CCN4 expression was elevated in chondrosarcoma
tissues as compared to normal cartilage. In JJ012 cells,
they showed that CCN4 stimulated migration, upregulated
MMP-2, and activated the signaling proteins FAK, ERK, and
NF-kB. An antibody against a5B1 integrin blocked CCN4-
induced migration. In summary, this study established a
potential role for full-length CCN4 in enhancing metastasis
of chondrosarcoma cells.

Glioblastoma

Jing et al published results concerning CCN4 in glioblastoma
in 2017." CCN4 was overexpressed in glioblastoma tis-
sues and cell lines as compared to normal tissues and cells.
Higher expression levels of CCN4 were associated with
more advanced tumors and poor prognosis. Knockdown of
CCN4 in cell lines inhibited proliferation, MMP9 activa-
tion, and EMT, while also inhibiting growth of these cells in
xenograft tumors, and increasing sensitivity of the tumors
to temozolimide. On the basis of these experimental results,
the authors concluded that CCN4 is a potential biomarker
and therapeutic target in glioblastoma.

Neurofibromatosis

Neurofibramatosis type 1 (NF1) is an inherited disorder that
confers predisposition to tumor formation. Pasmant et al pub-
lished a study in 2010 examining four CCN family members
in NF1.52 In the complex analysis of the various types of
tissue abnormalities in NF1, the authors ultimately focused
primarily on CCN1, which was upregulated in plexiform
neurofibromas. However, the researchers also discovered
that CCN4 was upregulated in biopsy samples of malignant
peripheral nerve sheath tumors, consistent with its role in
oncogenesis in other types of tumors.

Hematopoietic cancers

A 2015 report addressed the role of CCN4 in the Jurkat cell
line, which is derived from a human acute lymphoblastic
leukemia.’ The authors examined the expression of CCN4
mRNA and protein in several leukemia cell lines, showing

highest expression in Jurkat. They then conducted a prolifera-
tion/viability assay in Jurkat cells with and without siRNA
knockdown of CCN4. Silencing of WISP-1 resulted in lower
cell numbers, G1 cell cycle arrest, increased apoptosis,
and increased reactive oxygen species. Loss of CCN4 also
decreased levels of phosph-AKT, phospho-ERK, and Bcl2
among other proteins studied. Based on these results, the
authors suggest that CCN4 is important for proliferation and
apoptosis in Jurkat cells.

Our research group became interested in CCN4 as a result
of genomic studies carried out in EL4 mouse lymphoma cell
lines. These clonal lines, which were developed from naturally
occurring variants and then characterized in our lab, differed
in multiple aspects that include signal transduction, protein
expression, and metastatic vs nonmetastatic phenotypes.>®
The metastasis assay involved tail vein injection of EL4 cells
into syngeneic mice, resulting in subsequent development of
solid liver tumors for metastatic lines.*”* Metastatic cell lines
were also differentiated from nonmetastatic variants by their
enhanced adhesion to cell culture substrates,*®* noticeable
because EL4 cells are able to grow in suspension. The meta-
static/adherent phenotype is characterized by expression of
FAK, a tyrosine kinase that regulates focal adhesion function.
In 2016, we published the results of an Affymetrix microar-
ray analysis comparing gene expression between metastatic
and nonmetastatic EL4 cell lines.®® Some of the results reca-
pitulated those we had already published previously studying
the levels of expression of signal transduction proteins.>>
However, to our surprise, WISP-1 emerged as a new protein
of interest, being one of the top-ranked genes with respect to
differences in mRNA expression. This result was confirmed
by immunoblotting for protein expression, which revealed that
CCN4 was highly expressed in the metastatic EL4 cell line
tested, and was not detectable in the nonmetastatic variant.
CCN4 expression in metastatic EL4 cells was also confirmed
by IHC. In this study, we did not investigate whether loss
of CCN4 altered the behavior of metastatic EL4 cells, and
did not determine the mechanism underlying differences in
CCN4 expression. However, expression of CCN4 is consistent
with the overall metastatic phenotype in EL4 cells, because
enhanced cell adhesion and migration in metastatic cells sug-
gest differences in interaction with extracellular matrix.>¢>
This was the first study to identify a potential role for a CCN
family member in a lymphoma model.

Conclusion
This overview of the role of CCN4 in cancer cells has focused
largely on data published in the last few years. The goal was
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to be comprehensive in including all types of cancers that
had been studied; any omissions were unintentional. Find-
ings from the studies cited herein are summarized in Table 1.

Figure 2 depicts both autocrine and paracrine roles of
CCN4 in the tumor environment. Multiple studies have
focused on the role of autocrine CCN4, demonstrating that
CCN4 is produced by cancer cells, and can elicit effects from
the same cells. However, additional studies discussed herein
have shown that CCN4 produced by stromal fibroblasts can
regulate cancer cells in a paracrine fashion. Other reports

Table I CCN4 expression in various tumors

presented in this review have shown that CCN4 secreted by
tumor cells can influence the tumor vasculature. It should be
noted that there are additional potential paracrine interactions
in the tumor environment that can be explored in the future.

Several major questions arise from the data presented
herein. The first concerns the findings showing that, while
CCN4 acts as an oncogene in most types of cancer, it can
inhibit the proliferation or migration of other types. The posi-
tive and negative effects of CCN4 on the tumor cell types
discussed in this review are summarized in Table 1. It will

Cancer type Increase/decrease in CCN4 splice Mechanism/pathway Reference

tumor activity variant (if known)
Breast T - - 14

) 15

T 17
Prostate T - Paracrine secretion factors 18

T 19
Ovarian T . - Il

! 20
Oral T - TVEGF-C; integrins avp3 and 22,23

T - a5B1 24

T - Hypomethylation 25

T SNP 26
Esophageal ) - - 27

T 28
Gastric T - Cyclin DI; EMT proteins 29
Colon T - LICAM-I, CCL-18; TTGFBRI 30

T TNO 31

T TP70S6K, AKT 34
Liver d Multiple pAKT, p53, MMP-2 35

2 36

T 37

- 38,39
Cholangiocarcinoma ) WISP- v P38, ERK MAPK 40
Pancreatic T - - 4|
Lung N SNPs - 6

T 4

a 43

- 44
Melanoma d Stromal secretion 45
Osteosarcoma T - TMMP-2, MMP-9, avB3 integrin; 48

T activates ERK-MAPK, NF-kB 49

TVEGF-A; RAK, JNK, HIF-1a

Chondrosarcoma - WISP-1v, TMMP-2; FAK, ERK, NF-kB 50

T WISP- [ vx 51
Glioblastoma T - - 52
Neurofibromatosis T - - 2
Hematopoietic ) - pAKT, pERK, Bcl2 54

T 58-60

Notes: The findings derived from the references cited in this review article are summarized in tabular form. In column 2, the green arrows indicate an increase in tumor
cell proliferation, migration, or other pro-oncogenic activity, while the red arrows indicate a decrease in these activities. “T” indicates an increase in tumor cell proliferation,
migration, or other pro-oncogenic activity, while “1” indicates a decrease in these activities. *No association with patient survival.

Abbreviations: EMT, epithelial-mesenchymal transition; SNPs, single-nucleotide polymorphisms; MAPK, mitogen-activated protein kinase; MMP-2, matrix metalloproteinase-2;

NF-kB, nuclear factor kB; VEGF-C, vascular endothelial growth factor C.
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Figure 2 CCN4 as an autocrine and paracrine mediator within the tumor microenvironment.

Notes: CCN4 is produced and secreted (blue arrows) by tumor cells as well as by stromal fibroblasts. Secreted CCN4 is then available to exert effects (red arrows) on
tumor cells and vascular endothelial cells through both paracrine and autocrine mechanisms. CCN4 is able to bind to extracellular matrix proteins (eg, fibronectin; green
shapes), as well as to integrins (blue shapes) in the cell membrane, thereby modulating cell interactions with the extracellular matrix. Integrins are expressed by all of the

cell types depicted.

be informative to understand the mechanisms responsible
for negative vs positive effects of CCN4 on cancer cells.
In cell types where signal transduction pathways have been
studied, CCN4 predictably activates pro-mitogenic and sur-
vival pathways (eg, ERK, AKT) in cells where it promotes
tumor growth and/or metastasis. However, the pathways
involved in the inhibitory actions of CCN4 have not been
clearly defined. It is possible that such effects are mediated
at the level of the cell membrane, where protein—protein
interactions mediated by CCN4 may suppress the actions of
receptors critical for proliferation of certain types of tumors.
In some cases, it may be too early to conclude that CCN4
plays “dual roles” in cancer, although it clearly does play
complex roles. Specifically, the results of mRNA expression
analyses of human tumors need to be complemented by other
studies that explore the effects of CCN4 in more mechanistic
detail, and with consideration of the expression of CCN4
partners by the cells of interest. It is likely that we have not
yet been sufficiently comprehensive in delineating all of the
cellular responses of interest and pathways involved. For
example, most studies of CCN4 action have focused on its
role in migration and invasion, and not in proliferation or
metabolism. As CCN4 activates multiple signaling pathways,
and interacts with multiple protein partners, at this point we
may be missing details that would provide us greater insight
into the mechanisms by which CCN4 regulates tumor cells.

A second area for further work lies in the existence of
CCN4 splice variants. To date, these have only been examined
in a few cancer cell types, and their cellular activities have
only been explored in a few instances as cited in Table 1.

CCN4 splice variants have been previously reviewed by
others.’ The existing data are very provocative, and suggest
that the roles of the splice variants need to be considered
and explored in more detail, in more types of cancers. The
products of CCN proteolysis are also of interest.'

A third area of interest is not specific to the role of
CCN4 in cancer. CCN proteins are very unique ligands in
their ability to bind to multiple protein partners. They can be
viewed as “docking ligands” that help extracellular proteins
to interact with cell surface receptors such as integrins. While
we have considerable understanding of how docking proteins
work within cells to facilitate signal transduction, there is
much to be learned about how CCNs modulate cell func-
tion. Further studies of the roles of specific CCN4 domains
in its biologic function will be very helpful. Ideally, these
studies will include consideration of the activities of splice
variants lacking some of these domains. Further analysis of
the expression and biologic activity of splice variants could
potentially explain some of the results regarding varying
expression of CCN4 through cancer progression, and/or the
paradox of why CCN4 appears to promote some tumors and
inhibit others.

Finally, CCN4 is not the only CCN protein that has been
shown to play an important part in tumor cell regulation. The
functional differences and similarities between CCNs are
only beginning to be elucidated. It is possible, for example,
that an excess or deficiency of one CCN impacts the activities
of other CCNs in the same cell. The abilities of CCN proteins
to antagonize or synergize with each other are a promising
avenue for future research.
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In the end, the goal of research concerning the role of
CCN4 in cancer is to fill gaps in our knowledge regarding
the “unknown reason”, posed in 1937 by Carlson,! of why
cancer cells behave as they do. CCN proteins are particularly
attractive as potential targets for therapeutic intervention
because these protein ligands act from within the extracel-
lular space. It is, therefore, conceivable that pharmacologic
approaches can be developed to interfere with CCN4 action,
thereby impairing cancer cell metastasis.
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