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Cellular communication network-2 (CCN2), also called connective tissue growth factor (CTGF), is considered a
fibrotic biomarker and has been suggested as a potential therapeutic target for kidney pathologies. CCN2 is a
matricellular protein with four distinct structural modules that can exert a dual function as a matricellular protein and

as a growth factor.

CCN2 CTGF EGFR kidney damage

| 1. Introduction

Cellular communication network-2 (CCNZ2), also called connective tissue growth factor (CTGF), is a member of the
CCN family and shares many properties with other CCN proteins L2, |ntensive research in the last years has
unraveled the complexity of the CCN family. All CCN family members are matricellular proteins, key components of
the extracellular matrix (ECM), that contain multiple ligand and receptor binding sites and are actively involved in
cellular communication and signaling. However, key differences between them have been described, with CCN2

being especially relevant in renal diseases [BI4],

CCN2 is a complex matricellular protein that exerts multiple cellular actions based on its special structure and
cellular localization EI4IEI68 CCN2 has four functional modules that can be cleaved by proteases, releasing active
fragments. Among them, the carboxyl-terminal cysteine knot module 4 (here named CCN2(IV)) shares many
responses with the full-length CCN2 B4, Numerous preclinical studies using the recombinant CCN2 complete
protein, or some of its fragments, have described a wide diversity of cellular responses and activation of molecular
pathways 4. One of these cellular responses is cell growth, in which CCN2 participates in the regulation of
proliferation, apoptosis, and migration &, In addition, CCN2 can also promote phenotype changes, as described in
T lymphocytes differentiation towards Th17 subtype &, in the induction of cellular senescence LI and in the
processes of epithelial/endothelial to mesenchymal transitions (EMT/EndMT, respectively) 22131 CCN2 is also
involved in angiogenesis, cancer, inflammation, and fibrogenesis L4ILSIIEIATII8] |y fact, CCN2 is considered a key
fibrotic marker, commonly used in preclinical models 2819 Thus, based on these investigations, functions of
CCN2 have been widely studied, finally according to it as a growth factor and a proinflammatory cytokine.
However, more recent studies using mainly conditional CCN2 knockout mice have remarked the importance of
CCN2 as a matricellular protein implicated in cell-to-cell communication and response to micro-environmental
signaling BIlLZ, These studies have shown that CCN2 exerts key cellular responses in physiological and
pathological conditions. Thus, CCN2 acts as an ECM component, involved in the regulation of other ECM

components and therefore contributing to matrix remodeling 2%, tissue stiffness W7 and pathological ECM
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accumulation in fibrotic disorders, including kidney fibrosis 21, and more recently, participating in vascular wall
homeostasis or adaptive remodeling for prevention of structural damage, especially in the context of hypertension
and inflammation 221,

In human chronic kidney disease (CKD) of diverse etiology, kidney CCNZ2 overexpression has been found
correlated with cellular proliferation and ECM accumulation, both in the glomerular and interstitial areas [231124125]
(28] |nitial studies done in cultured renal cells demonstrated that CCN2 expression is upregulated by many factors
involved in renal damage, including transforming growth factor-B (TGF-B), angiotensin Il, elevated glucose
concentrations, and cellular stress [18l2411231[27] |nterestingly, in several independent studies, circulating or urinary
levels of CCN2 have been proposed as a risk biomarker of human diabetic nephropathy and other forms of CKD
(191[28](29] * Additionally, CCN2 has also been proposed as a potential therapeutic target for renal diseases.
Preclinical studies have shown that inhibition of endogenous CCN2 by antisense oligonucleotides or gene silencing
slows disease progression in experimental diabetic nephropathy, unilateral ureteral obstruction, and
nephrectomized transgenic mice overexpressing TGF-B1 [2ABABLBE2] More recently, studies in CCN2 conditional
deficient mice have demonstrated the role of CCN2 in renal fibrosis, cell growth arrest, oxidative stress, and

senescence [L1[21],

The CCN2 signaling receptor is still controversial. Different studies have shown that integrins are involved in CCN2
downstream signaling responses [, which turns out to be relevant in some disorders such as cancer. In this
regard, CCN2 can also bind to non-integrin receptors 18231 such as low-density lipoprotein receptor-like protein 1
(LRP-1), receptor activator of NF-kB (RANK), osteoprotegerin, fibroblast growth factor receptor, tyrosine kinase
receptor of nerve growth factor (TrkA), cation-independent mannose-6-phosphate (M6P) receptor, and epidermal
growth factor receptor (EGFR) B8l a|| of them multi-ligand receptors. In addition, CCN2 can bind to several
growth factors, being able to modify their responses 127 These multiple receptors and ligand binding sites are a
characteristic shared with matricellular proteins and other CCN proteins. However, the downstream functional
consequences depend on the environment and physiopathological situation. In the kidney context, two potential
CCNB2 receptors have been described in in vitro studies. TrkA mediates CCN2 responses in cultured mesangial 2
and tubular epithelial 24 cells, whereas EGFR is involved in tubular epithelial cells responses, including partial

EMT phenotype changes 211,

The EGFR pathway activation regulates several cellular functions, including development, angiogenesis, migration,
and ECM production B8 EGFR participates in cancer development and progression in many human
malignancies, where it is overexpressed, dysregulated, or mutated [B8I37I38 |n the kidney, EGFR signaling
participates in embryonic development and controls renal electrolyte homeostasis 2. Experimental studies have
shown that genetic or pharmacological EGFR inhibition ameliorates renal damage progression “941142] \whereas

in acute kidney injury, EGFR activation can accelerate renal recovery 431,

2. CCN2 Binds to Tubular Epithelial Cells, but Not to
Glomerular Cells, in a Model of Cy5-CCN2(IV) Intra-Renal
Injection
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To exr—)lore the CCN2 binding sites in vivo in the kidney, the researchers developed an experimental murine model
by direct renal injection of the recombinant CCN2(IV) protein, previously labeled with a fluorochrome. For these
experiments, labeled Cy5-CCN2(IV) was injected in the right kidney, using its corresponding contralateral kidney as
a control. The mice were sacrificed at different times, and then renal tissue was embedded in OCT, and the
localization of CCN2(IV) binding to renal structures was done by confocal microscopy. In Cy5-CCN2 (IV)-injected
kidneys, a red fluorescent signal was observed, mainly in tubular epithelial cells (Figure 1). The maximal

fluorescence intensity signal was reached at 30 min, and no red signal was found in the contralateral kidneys (not

Cys

Figure 1. Evaluation of CCN2(IV) binding to renal tissue in the model of intra-renal injection. C57BL/6 mice were
injected with Cy5-CCN2(IV) (dose of 2.5 ng/g of body weight, n = 3 mice per group) in the right kidney and

sacrificed at different times (from 10 to 30 min). Frozen OCT-embedded renal samples were used for confocal

shown).

DAPI

Cy5 - CCN2(IV)
10 min.

Cy5 - CCN2(IV)
15 min.

Cy5 - CCN2(IV)
30 min.

microscopy. Red immunostaining (corresponding to CCN2(IV) labeled with Cy5 fluorophore) was found in tubular
epithelial cells, showing CCN2(IV) binding to renal cells. Nuclei were stained with DAPI to distinguish renal
structures. The overlaid images in red and blue (merge) indicated CCN2(IV) localization mainly in the membrane of

tubuloepithelial cells. Figures show one representative mouse per group, and scale bar represents 5 uM.
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Interestingly, red immunofluorescence was only observed in the tubuli but not in other renal structures, such as the
glomeruli (Figure 2).

DAPI Cy5 Autofl. Merge

Glomeruli
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Cy5- CCN2(IV) 30 min.

Magnification of tubular cells
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Figure 2. CCN2 (IV) binding was located in the tubuli but not in other renal structures in the kidney. Mice were
injected with Cy5-CCN2(1V) in the right kidney and studied 30 min later. Red immunostaining was only found in the
tubuli but was not present in the glomeruli. Renal tissue autofluorescence (green) and DAPI staining (blue) show
renal structures. The overlaid images indicate CCN2(IV) localization only in the tubuli. Figures show a

representative mouse per group, and scale bar represents 20 pM.

3. CCN2 Binds to Tubular Epithelial Cells, but Not to
Glomerular Cells, in a Model of Systemic Administration of
Cy5-CCN2(1V) into Mice

To evaluate whether there are some differences between local and systemic administration of the recombinant
CCN2(1V), a mice model of Cy5-CCN2(IV) i.p. injection was conducted. In the kidneys of Cy5-CCN2(IV)-i.p injected

mice, a red immunofluorescence signal was found, showing the maximal intensity at 30 min (Figure 3).
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Figure 3. Evaluation of CCN2(IV) binding to the kidney in the model of systemic administration in mice. C57BL/6
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mice were i.p. injected with 2.5 ng/g of body weight of recombinant Cy5- CCN2(1V) and sacrificed 30, 45, and 60
min later. In the kidneys from Cy5-CCN2(1V)-injected mice, red immunostaining corresponding to CCN2(IV) labeled
with Cy5 fluorophore (red staining) was observed by confocal microscopy. Nuclei were stained with DAPI to locate
renal structures. The overlaid images in red and blue (merge) indicated CCN2 (IV) localization mainly in the
membrane of tubular epithelial cells. Figures show a representative mouse per group of 3 done, and scale bar

represents 5 puM.

The Cy5-CCN2(IV) binding was mainly located in proximal tubular epithelial cells (Figure 4), as demonstrated
using specific markers of proximal (LotusTetragonolobus Lectin, green) or distal (Dolichos Biflorus Lectin, green)

tubuli.
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Figure 4. Determination of CCN2(IV) binding to proximal or distal tubuli in the kidney in the model of systemic

Merge

administration of CCN2(IV). Co-localization of Cy5-CCN2(VI) (red) staining with markers of proximal
(LotusTetragonolobus Lectin, green) or distal (Dolichos Biflorus Lectin, green) tubuli in CCN2(IV)-injected mice.

Proximal tubuli are the main sites of Cy5-CCN2 binding sites. The scale bar represents 5 yM.

4. CCN2 Binding Is Linked to EGFR Pathway Activation in the
Kidney

Our second aim was to evaluate whether intra-renal injection of CCN2(IV) could activate the EGFR signaling
pathway. The researchers have previously demonstrated that CCN2 is an EGFR ligand 4., Ligand binding to
EGFR induces a conformational change leading to the formation of receptor homo- or heterodimers and
subsequent activation (phosphorylation of specific tyrosine (Tyr) residues) of the tyrosine kinase domain located in
the cytoplasmic tail of the receptor 44l In the model of renal Cy5-CCN2(IV) injection, they found that cells with
positive Cy5-CCN2(1V) binding also presented phosphorylated-EGFR immunostaining (Figure 5). Moreover, co-

localization of CCN2(1V) binding and EGFR activation in the same tubular cells were also observed in the model of
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systemic CCN2(IV) administration (not shown). All these data demonstrate that CCN2(lV) binds to EGFR and

activates its downstream signaling pathway in tubular epithelial cells in vivo.

Control Cy5-CCN2(IV)

p-EGFR-488 CY5 DAPI

Merge

Figure 5. Localization of CCN2(IV) binding and EGFR activation in tubuloepithelial cells in vivo. C57BL/6 mice
were injected with CCN2(1V)-Cy5 (2.5 ng/g of body weight, n = 3 mice per group) in the right kidney, using its
corresponding contralateral kidney as control and sacrificed at 30 min. Figure shows Cy5-CCN2(1V) binding in red,
activated EGFR in green (corresponding to phosphorylated EGFR (Alexa fluor® 488)), and nuclei in blue (DAPI).
The overlaid images show the colocalization of CCN2(1V) with EGFR activated in several tubule epithelial cells. A
magnification is shown on the right. Figures show one representative mouse per group, and scale bar represents 5
UM.

5. CCN2 Binding Is Linked to EGFR Pathway Activation in the
Kidney

To further demonstrate CCN2(IV) binding to EGFR, cultured human tubular epithelial live-cell imaging was

performed by confocal time-lapse microscopy. The involvement of EGFR was evaluated by gene silencing. HK2
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cells were transfected with a siRNA against EGFR or its corresponding scrambled control siRNA (both FAM-
labeled). After adding Cy5-CCN2(1V) to siRNA-transfected control HK2 cells, a red immunofluorescent signal was
rapidly located in the cellular membrane (Figure 6), whereas in EGFR-silenced cells, the signal was decreased
(Figure 6). As a control of the technique, Cy5-fluorochrome was added to the medium, showing no cellular binding
(not shown). These data show that CCN2(IV) in vivo binds to tubular epithelial cells and activates the EGFR

pathway in these cells.

SiRNA Scramble-FAM Cy5 - CCN2(IV) Merge

SiRNA EGFR-FAM Cy5 - CCN2(IV) Merge

Figure 6. In vitro binding of Cy5-CCN2(IV) to tubular epithelial cells via EGFR. Serum-starved human tubular

epithelial cells were transfected with a siRNA against EGFR or its corresponding scramble control siRNA, both
FAM-labeled (green) and then stimulated with Cy5-CCN2(IV) for 10 min. Only cells expressing EGFR can bind to
Cy5-CCN2(IV) (red signal), mainly located in the cellular membrane, whereas this signal is not found in EGFR-

silenced cells. The scale bar represents 20 uM.
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