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Abstract 25 

Chronic kidney disease is characterized by progressive renal fibrosis, yet 26 

effective anti-fibrotic therapies remain limited. Cellular Communication Network 27 

Factor 1 (CCN1) is a matricellular protein that regulates cell migration, 28 

proliferation, and extracellular matrix production. We previously demonstrated 29 

that proximal tubule-derived CCN1 promotes fibroblast recruitment and fibrosis 30 

during acute kidney injury; however, its role during progressive renal fibrosis 31 

remains unclear. Here, we investigated the cell source-specific functions of 32 

CCN1 using a unilateral ureteral obstruction (UUO) model and proximal 33 

tubule/fibroblast-specific CCN1-deficient mice. Proximal tubule-specific deletion 34 

of CCN1 did not alter renal fibrosis after UUO, whereas fibroblast-specific 35 

deletion unexpectedly exacerbated fibrosis and increased the expression of 36 

fibrotic markers. In vitro, CRISPR-Cas9-mediated CCN1 deletion in NRK49F 37 

fibroblasts markedly impaired cell migration and proliferation and increased cell 38 

size. RNA sequencing revealed downregulation of chemotaxis, PI3K-Akt, 39 

MAPK, focal adhesion, and TGF-β signaling pathways in CCN1 deleted 40 

NRK49F. Consistent with these findings, CCN1 deficiency reduced AKT and 41 

ERK phosphorylation and attenuated TGF-β-induced SMAD activation and 42 

expression of Acta2 and Ccn2. In contrast, TGF-β-induced expression of 43 

extracellular matrix genes, including Col1a1, and Fn1, was enhanced by CCN1 44 

deficiency, suggesting activation of alternative, SMAD-independent 45 

mechanisms. These findings indicate that fibroblast-derived CCN1 is not simply 46 

a pro-fibrotic factor but contributes to fibroblast integrity by maintaining their 47 

migratory and proliferative properties while modulating TGF-β signaling and 48 

extracellular matrix production. The biological effects of CCN1 are therefore 49 

highly dependent on its cellular source and the context of kidney injury.  50 
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 51 

Introduction 52 

As the population ages, the number of patients with chronic kidney disease 53 

(CKD) is increasing worldwide, posing a significant societal burden [1]. A 54 

characteristic histological feature of CKD is the progressive replacement of 55 

normal renal parenchyma with fibrotic tissue, accompanied by persistent 56 

inflammation and ultimately leading to loss of renal function[2, 3]. The 57 

development of renal fibrosis involves extensive intercellular communication 58 

among multiple cell types through numerous cytokines and growth factors acting 59 

in both paracrine and autocrine manners [4]. Although transforming growth factor-60 

β (TGF-β) and connective tissue growth factor (CTGF) are well-established 61 

mediators of renal fibrosis, therapeutic strategies targeting these pathways have 62 

not demonstrated sufficient efficacy in clinical or preclinical trials [4]. Therefore, a 63 

deeper understanding of the molecular mechanisms underlying renal fibrosis is 64 

needed to develop more effective therapies for CKD. 65 

During renal injury, fibrosis is promoted through interactions between injured 66 

tubular epithelial cells and surrounding fibroblasts [5]. Cytokines and growth 67 

factors, including TGF-β, platelet-derived growth factor (PDGF), and CTGF, 68 

released from injured tubules are well-known mediators of this intercellular 69 

communication [5-10]. We recently demonstrated that Cellular Communication 70 

Network Factor 1 (CCN1), secreted by tubular epithelial cells during the acute 71 

phase of kidney injury, recruits fibroblasts to sites of inflammation and promotes 72 

fibrosis [11, 12]. CCN1 belongs to the CCN family of matricellular proteins and, 73 

through interactions with integrins, regulates the migration and proliferation of 74 

various cell types, including fibroblasts, via activation of ERK [13]. The role of 75 

CCN1 in tissue injury and fibrosis has been investigated in multiple organs and 76 

disease models[13, 14]. However, the role of CCN1 on tissue fibrosis 77 

development is not straight forward. For example, opposite results of the effects 78 

of CCN1 on liver fibrosis has been proposed [15-17]. Regarding kidney, 79 

neutralization of CCN1 has also been shown to ameliorate kidney injury [18]. 80 

Thus, the biological effects of CCN1 appear to vary across tissues and 81 

pathological conditions, highlighting the complexity of CCN1 signaling. 82 

CCN1 is expressed in the kidney not only by tubular epithelial cells but also by 83 

podocytes and vascular cells [19]. Although our previous studies have elucidated 84 

the role of tubular epithelial cell-derived CCN1 during acute kidney injury [11], its 85 

contribution to chronic and progressive renal fibrosis remains unclear. In the 86 
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present study, we used unilateral ureteral obstruction (UUO), a well-established 87 

model of progressive renal fibrosis, to investigate the role of proximal tubule-88 

derived CCN1 in chronic kidney injury. In addition, because fibroblasts 89 

themselves can secrete CCN1 [20], we investigated the role of fibroblast-derived 90 

CCN1 in progressive renal fibrosis. By examining these distinct cellular sources 91 

of CCN1, we sought to clarify the cell source-specific functions of CCN1 in renal 92 

fibrosis. 93 
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Methods 94 

Mouse Experiments 95 

We used mice carrying a CreERT2 cassette at the SLC34a1 locus, allowing 96 

tamoxifen-inducible expression of Cre recombinase in proximal tubular epithelial 97 

cells. These mice (SLC34a1GCE) were crossed with R26tdTomato reporter mice, 98 

in which tdTomato expression is induced following Cre-mediated excision of a 99 

floxed STOP cassette [21]. This genetic strategy enabled specific labeling of 100 

proximal tubular epithelial cells with tdTomato following tamoxifen administration. 101 

To generate mice with inducible tubular epithelial cell-specific deletion of CCN1 102 

(PT-CCN1-KO), SLC34a1GCE;R26tdTomato mice were further crossed with 103 

mice homozygous for the floxed Ccn1 allele. Experiments were performed using 104 

male mice aged 8–10 weeks. Littermates were randomly assigned to the 105 

experimental groups. 106 

We generated fibroblast-specific CCN1 knockout mice (Fib-CCN1-KO) by 107 

crossing Pdgfrb;R26tdTomatoCreERT2 mice (PDGFRβCE) [22], kindly provided 108 

by Professor Naoki Nakagawa (Asahikawa Medical University, Japan), with mice 109 

homozygous for the floxed Ccn1 allele. Experiments were performed using male 110 

mice aged 8–15 weeks. Littermates were randomly assigned to the experimental 111 

groups. 112 

For genetic recombination, tamoxifen (Sigma-Aldrich, St. Louis, MO, USA) was 113 

dissolved in 3% (vol/vol) ethanol containing peanut oil (Sigma-Aldrich, St. Louis, 114 

MO, USA). Tamoxifen was administered by intraperitoneal injection at a dose of 115 

3 mg per mouse once daily for five consecutive days. 116 

   UUO mouse model was generated as described previously [23]. Mice were 117 

anesthetized with isoflurane and placed in the prone position while their body 118 

temperature was maintained using a heating pad throughout the procedure. The 119 

right ureter was exposed through a small dorsal incision and ligated at two sites 120 

in its midportion using 5-0 silk sutures. Mice were sacrificed at 1, 7, or 14 days 121 

after surgery, and both the obstructed and contralateral kidneys were harvested 122 

for subsequent analyses. 123 

Mice were housed under specific pathogen-free conditions at 25℃ with a 12h 124 

light/dark cycle and had ad libitum access to standard chow and water. All animal 125 

experiments were approved by the Animal Experiment Committee of Kyoto 126 

Prefectural University of Medicine and were conducted in accordance with 127 

institutional regulations and the Guidelines for Proper Conduct of Animal 128 

Experiments issued by the Science Council of Japan. 129 
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 130 

Tissue preparation and histological analysis 131 

At the indicated time points, mice were anesthetized with 5% (vol/vol) isoflurane 132 

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan; Cat. No. 099-133 

06571) using an animal anesthesia vaporizer (SHIN-EI INDUSTRIES, INC., 134 

Japan; product code: 200193223). Isoflurane administration was maintained at 135 

5% throughout the procedure until kidney collection. Under anesthesia, 136 

laparotomy and bilateral thoracotomy were performed, followed by transcardial 137 

perfusion with physiological saline. Cessation of cardiac and respiratory activity 138 

was visually confirmed before kidney collection. The kidneys were then harvested 139 

and divided into portions according to the intended downstream analyses. 140 

For frozen section preparation, kidney tissues were fixed in 4% 141 

paraformaldehyde (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) on 142 

ice for 1 h, followed by overnight immersion in 30% (vol/vol) sucrose in PBS at 143 

4℃. The tissues were then embedded in optimal cutting temperature (OCT) 144 

compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and sectioned at a 145 

thickness of 7µm. 146 

For paraffin section preparation, kidney tissues were fixed in 4% 147 

paraformaldehyde and subsequently processed for paraffin embedding by 148 

Applied Medical Research Laboratory (Osaka, Japan). Paraffin-embedded 149 

tissues were sectioned at a thickness of 4µm. Periodic acid–Schiff (PAS) and 150 

Picro-Sirius Red staining were performed using standard procedures. 151 

For histological assessment of mouse kidney samples, the extent of interstitial 152 

fibrosis was semi-quantitatively evaluated in Picro-Sirius Red-stained sections. 153 

Five randomly selected fields per kidney were imaged at ×200 magnification 154 

using a BZ-X800 microscope (Keyence Corporation, Osaka, Japan). The 155 

proportion of the interstitial area exhibiting positive Picro-Sirius Red staining was 156 

scored as follows: 0, 0%; 1, 1–10%; 2, 11–25%; 3, 26–50%; 4, 51–75%; and 5, 157 

76–100%. [11, 24] 158 

 159 

Isolation of tdTomato-positive proximal tubular epithelial cells and 160 

fibroblasts by FACS 161 

tdTomato-positive proximal tubular epithelial cells and fibroblasts were isolated 162 

by fluorescence-activated cell sorting (FACS) from SLC34a1GCE;R26tdTomato 163 

mice and Pdgfrb;R26tdTomato CreERT2 mice, respectively, as previously 164 

described [11, 25]. Briefly, the renal cortex was finely minced and enzymatically 165 
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dissociated with Liberase TL Research Grade (Roche; Sigma-Aldrich, St. Louis, 166 

MO, USA) and DNase inhibitor (60 U/mL; Sigma-Aldrich, St. Louis, MO, USA) at 167 

37°C for 30 min to generate a single-cell suspension. The cell suspension was 168 

washed twice with PBS and sequentially passed through 70- and 40-µm cell 169 

strainers (Corning Incorporated, Corning, NY, USA). Cells were then 170 

resuspended in PBS containing 10% FBS (NACALAI TESQUE, INC., Kyoto, 171 

Japan) and DAPI (2 mg/mL, 1:500, FUJIFILM Wako Pure Chemical Corporation, 172 

Osaka, Japan) and subjected to FACS using an MA900 Cell Sorter (Sony, Tokyo, 173 

Japan). DAPI-positive dead cells were excluded during sorting. tdTomato-positive, 174 

DAPI-negative cells isolated from SLC34a1GCE;R26tdTomato mice and 175 

Pdgfrb;R26tdTomato CreERT2 mice were collected as proximal tubular epithelial 176 

cells and fibroblasts, respectively, in DMEM (FUJIFILM Wako Pure Chemical 177 

Corporation, Osaka, Japan) supplemented with 10% FBS. 178 

 179 

Immunofluorescence analysis 180 

For immunofluorescence staining, samples were blocked with 3% bovine serum 181 

albumin (BSA; NACALAI TESQUE, INC., Kyoto, Japan) in PBS and incubated 182 

with the primary antibodies listed in Supplementary Table S1 overnight at 4 °C. 183 

After washing, samples were incubated with the appropriate fluorophore-184 

conjugated secondary antibodies listed in Supplementary Table S1 for 1 h at room 185 

temperature. Nuclei were counterstained with DAPI or DRAQ5 (BioStatus, 186 

Leicestershire, UK; 1:200), followed by mounting with ProLong Gold Antifade 187 

Mountant (Thermo Fisher Scientific, Waltham, MA, USA). Fluorescence images 188 

were acquired using an FV1000 confocal microscope (Olympus Corporation, 189 

Tokyo, Japan) or an LSM 900 confocal microscope (Carl Zeiss Microscopy GmbH, 190 

Jena, Germany). 191 

 192 

Cell culture and treatment 193 

Normal rat kidney fibroblasts (NRK49F) were obtained from the JCRB Cell Bank 194 

(Japanese Collection of Research Bioresources Cell Bank, Osaka, Japan). Cells 195 

were maintained in DMEM (FUJIFILM Wako Pure Chemical Corporation, Osaka, 196 

Japan) supplemented with 5% fetal bovine serum (FBS; NACALAI TESQUE, 197 

INC., Kyoto, Japan) and 1% penicillin-streptomycin (FUJIFILM Wako Pure 198 

Chemical Corporation, Osaka, Japan) and cultured at 37℃ in a humidified 199 

atmosphere containing 5% CO₂. 200 

For experiments involving protein or RNA extraction, NRK49F cells were cultured 201 
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on dishes precoated with 0.1% gelatin (Cosmo Bio, Tokyo, Japan). Gelatin 202 

coating was performed according to the manufacturer’s instructions. 203 

For stimulation experiments, NRK49F cells were treated with human recombinant 204 

CCN1 (2 µg/mL; PeproTech) or control medium for 30 min before Western blot 205 

analysis. For TGF-β stimulation, cells were treated with TGF-β (10 ng/mL; 206 

PeproTech) or control medium for 1 h before Western blot analysis or for 24 h 207 

before qPCR analysis. 208 

 209 

Generation of CCN1-deficient NRK49F cells using CRISPR-Cas9 210 

CCN1-deficient NRK49F cells were generated using a CRISPR-Cas9 system as 211 

previously described [11]. Briefly, NRK49F cells were transduced with a 212 

pLentiCRISPR v2-based lentivirus encoding Cas9, puromycin resistance, and an 213 

sgRNA targeting exon 2 of the rat Ccn1 gene (GGAGGCGCCCAAGTGCGCCC; 214 

PAM, CGG). The lentiviral construct carrying this sgRNA was generated using 215 

the same procedure as previously described. Twenty-four hours after 216 

transduction, puromycin was added to the culture medium to select transduced 217 

cells. After 48 h of selection, puromycin was removed, and the surviving cells 218 

were cultured for an additional 4 days. Single-cell clones were subsequently 219 

established by limiting dilution. Individual colonies derived from single cells were 220 

isolated using cloning rings and expanded in 6-well plates. Loss of CCN1 protein 221 

expression was confirmed by Western blotting using antibodies against CCN1 222 

and GAPDH. 223 

 224 

Single-cell migration assay 225 

For the single-cell migration assay, NRK49F cells were seeded in 6-well plates. 226 

After allowing the cells to adhere for several hours, they were treated with 227 

mitomycin C (3 µg/mL; FUJIFILM Wako Pure Chemical Corporation, Osaka, 228 

Japan) for 1 h to inhibit cell proliferation. The cells were then washed twice with 229 

PBS, and the medium was replaced with fresh culture medium. For live-cell 230 

imaging, individual cells were monitored every 10 min for 24 h using a JuLI™ 231 

Stage Cell History Recorder (NanoEntek, Seoul, Korea). Cell trajectories were 232 

tracked using the TrackMate plugin in ImageJ, and the mean cumulative 233 

migration distance of NRK49F cells was calculated. 234 

 235 

Proliferation assay 236 

NRK49F cells were seeded in 96-well plates at a density of 1 × 10³ cells per well. 237 
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Cell numbers were determined using a TC20™ Automated Cell Counter (Bio-Rad, 238 

Japan) based on the trypan blue dye exclusion method. After overnight culture, 239 

the medium was replaced with fresh culture medium. After an additional 24 h, the 240 

number of viable cells in each well was assessed using the Premix WST-1 Cell 241 

Proliferation Assay System (Takara Bio, Shiga, Japan) according to the 242 

manufacturer’s instructions. 243 

 244 

Western blot analysis 245 

Whole-cell lysates were prepared using RIPA buffer on ice. Protein samples were 246 

denatured by heating at 95℃ for 5 min and separated by SDS-PAGE, followed 247 

by transfer onto polyvinylidene difluoride (PVDF) membranes (Immobilon-P, 248 

IPVH00010; Millipore, MA, USA). After blocking with either 5% nonfat dry milk or 249 

3% bovine serum albumin (BSA) in TBS containing 0.1% Tween 20 (TBS-T) for 250 

1 h at room temperature, the membranes were incubated overnight at 4℃ with 251 

the appropriate primary antibodies listed in Supplementary Table S2. After 252 

washing with TBS-T, the membranes were incubated with the corresponding 253 

secondary antibodies listed in Supplementary Table S2. Chemiluminescent 254 

signals were detected using Clarity or Clarity Max Western ECL Substrate (Bio-255 

Rad Laboratories, Hercules, CA, USA). Band intensities were quantified using 256 

ImageJ software (National Institutes of Health, Bethesda, MD, USA). 257 

 258 

RNA extraction and real-time quantitative PCR 259 

Total RNA was extracted from the renal cortex, FACS-sorted cells, or NRK49F 260 

cells using the NucleoSpin® RNA kit (Macherey-Nagel, Düren, Germany). A total 261 

of 200 ng of RNA was reverse-transcribed into cDNA using PrimeScript™ RT 262 

Master Mix (Takara Bio, Shiga, Japan). Real-time quantitative PCR was 263 

performed using KAPA SYBR FAST qPCR Master Mix (2×) Universal (Kapa 264 

Biosystems, Wilmington, MA, USA) on a Thermal Cycler Dice Real Time System 265 

(Takara Bio, Shiga, Japan). Gene expression levels were normalized to β-actin 266 

for mouse samples and GAPDH for NRK49F cells. Primer sequences are 267 

provided in Supplementary Table S3. 268 

 269 

RNA sequencing 270 

RNA samples were submitted to the NGS Core Facility at the Research Institute 271 

for Microbial Diseases, Osaka University, for library preparation and sequencing. 272 

Libraries were prepared using the TruSeq Stranded mRNA Sample Preparation 273 
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Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. 274 

Sequencing reads were aligned to the rat reference genome using STAR version 275 

2.7.10a. Uniquely mapped reads were quantified using the featureCounts 276 

function of the Subread package. 277 

 278 

Bioinformatic analysis 279 

Data were analyzed using R software version 4.3.2 (https://www.R-project.org/). 280 

The edgeR package was used for a differential expression analysis36. Genes 281 

with p value < 0.05 and an absolute log2 fold change > 1 were considered to be 282 

significant differentially expressed genes. The fgsea package was used for a 283 

gene set enrichment analysis. We used pheatmap package to generate the 284 

heatmap. 285 

 286 

Statistical analysis 287 

Data are presented as the mean ± standard error of the mean (SEM). 288 

Comparisons between two independent groups were performed using an 289 

unpaired Student’s t-test, whereas paired data were analyzed using a paired 290 

Student’s t-test. Comparisons among multiple groups were performed using one-291 

way or two-way ANOVA, as appropriate, followed by Dunnett’s multiple-292 

comparisons test. Statistical analyses were performed using GraphPad Prism. A 293 

P value < 0.05 was considered statistically significant. Details of the statistical 294 

tests used for individual experiments are provided in the corresponding figure 295 

legends. 296 

 297 
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Results 298 

Deletion of proximal tubule-derived CCN1 does not affect the kidney 299 

fibrosis 300 

We first examined whether proximal tubule (PT)-derived CCN1 mitigates 301 

kidney fibrosis using the UUO model, an extensive kidney fibrosis model, together 302 

with tubule-specific CCN1 knockout (KO) mice (hereafter, homozygous mutants 303 

are referred to as PT-CCN1-KO) (Fig. 1A). To directly confirm CCN1 deletion in 304 

PT cells, we generated trigenic mice carrying Slc34a1-GCE and R26-tdTomato 305 

alleles, with or without PT-CCN1-KO. Following selective labeling of PT cells, 306 

mice underwent UUO and were sacrificed 14 days later (Fig. 1A). 307 

Immunofluorescence analysis demonstrated that PT cells were labeled with 308 

tdTomato, and no tdTomato+ cells were positive for PDGF receptor-β (PDGFRβ), 309 

indicating that tubular epithelial cells did not transition into interstitial 310 

mesenchymal cells (Fig. 1B). RT-PCR on sorted tdTomato+ tubular epithelial cells 311 

demonstrated loss of Ccn1 expression in the PT of PT-CCN1-KO mice (Fig. 1C, 312 

1D). 313 

We next analyzed the effect of PT-specific deletion of CCN1 on kidney 314 

fibrosis. At 14 days after UUO, Sirius Red staining showed extensive tissue 315 

fibrosis, but there was no difference between WT and PT-CCN1-KO mice (Fig. 316 

1E, 1F). qPCR analysis demonstrated no significant differences in the expression 317 

of markers for tubular injury (Havcr1), tubular integrity (Lrp2), pro-inflammatory 318 

and profibrotic cytokines (Ccl2, Tgfb1), macrophage (Cd68), and fibrosis (Acta2, 319 

Col1a1, Fn1) between WT and PT-CCN1-KO mice (Fig. 1G). 320 

 321 

Deletion of fibroblast-derived CCN1 promotes the kidney fibrosis 322 

To investigate why tubule-specific CCN1-KO had no effect on fibrosis, we 323 

analyzed changes in gene expression of Ccn1 over time using whole-tissue PCR. 324 

There was no difference in Ccn1 expression between was PT-CCN1-KO and WT 325 

mice at day 14 (Fig. 2A), indicating that PT cells is not a major source of CCN1 326 

at chronic phase after UUO. 327 

To explore the localization of CCN1 expression in other than PT cells of 328 

the injured kidney, we analyzed single-cell transcriptome profiling datasets from 329 

UUO kidneys [26], obtained from the Kidney Interactive Transcriptomics 330 

database (http://humphreyslab.com/SingleCell/). We found a time-dependent 331 

increase in Ccn1 expression in UUO kidneys, which was localized not only to PT 332 

cells but also to fibroblasts (Fig. 2B). These findings suggest that CCN1 is 333 
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upregulated in damaged tubules during acute kidney injury, and that in more 334 

extensive fibrosis models such as UUO, fibroblast-derived CCN1 may also 335 

contribute to fibrosis. 336 

Therefore, we next investigated the effect of fibroblast-specific CCN1 337 

deletion on renal fibrosis, using fibroblast-specific CCN1-KO mice (hereafter, 338 

homozygous mutants are referred to as Fib-CCN1-KO) (Fig. 3A). To directly 339 

confirm CCN1 deletion in fibroblasts, we generated trigenic mice carrying 340 

PDGFRβCE and R26-tdTomato alleles, with or without Fib-CCN1-KO. Following 341 

selective labeling of PDGFRβ+ cells, mice underwent UUO and were sacrificed 342 

14 days later (Fig. 3A). Immunofluorescence analysis demonstrated that 343 

interstitial PDGFRβ+ cells were labeled with tdTomato (Fig. 3B). RT-PCR on 344 

sorted tdTomato+ fibroblasts demonstrated loss of Ccn1 expression in Fib-CCN1-345 

KO mice (Fig. 3C, 3D). 346 

We then assessed the effect of fibroblast-specific CCN1 deletion on renal 347 

fibrosis. At 14 days after UUO, Sirius Red staining showed that tissue fibrosis was 348 

not improved but rather became more prominent in Fib-CCN1-KO mice (Fig. 3E, 349 

3F). qPCR analysis demonstrated that some fibrosis markers (Acta2 and Fn1) 350 

were increased in Fib-CCN1-KO mice (Fig. 3G). 351 

 352 

Gene deletion of CCN1 promote cellular hypertrophy in fibroblasts 353 

To gain further mechanistic insight, we generated CCN1-KO NRK49F 354 

cells, a fibroblast cell line, using CRISPR-Cas9-based gene editing. We targeted 355 

exon 2 for gene editing, as it precedes the sequence encoding the integrin-356 

binding site (Fig. 4A). We isolated single-cell-derived clones in which CCN1 357 

expression was undetectable (Fig. 4A, 4B, 4C). Microscopic examination showed 358 

that CCN1-KO NRK49F cells were enlarged (Fig. 4D), and quantification 359 

confirmed a marked increase in cell size in CCN1-KO NRK49F cells (Fig. 4E). 360 

We next examined transcriptomic differences between NRK49F cells with 361 

and without CCN1-KO using RNA-seq. Unsupervised analysis of gene 362 

expression by principal component analysis (PCA) revealed that the 363 

transcriptional landscapes of CCN1-KO and control NRK49F cells formed 364 

independent clusters, indicating distinct gene expression patterns (Fig. 5A). 365 

Comparison of CCN1-KO and control NRK49F cells identified 442 upregulated 366 

and 373 downregulated genes among 14,659 genes analyzed, which exhibited 367 

significant differential expression (false discovery rate [FDR]-corrected p-value < 368 

0.1, absolute fold change > 2) (Fig. 5B). Gene Ontology (GO) Biological Process 369 
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analysis revealed that terms related to chemotaxis were downregulated in CCN1-370 

KO NRK49F cells (Fig. 5C, 5D). KEGG pathway analysis identified several 371 

significantly enriched, downregulated pathways, including the PI3K-Akt signaling 372 

pathway, the MAPK pathway, focal adhesion, and the TGF-β signaling pathway 373 

(Fig. 5E, 5F). 374 

 375 

Gene deletion of CCN1 reduced proliferation and migration 376 

We next analyzed the molecular phenotypes of CCN1-KO NRK49F cells 377 

identified by transcriptomic analysis. Cell proliferation was markedly decreased 378 

in CCN1-KO NRK49F cells (Fig 6A). A single-cell migration assay revealed that 379 

the migration distance was decreased in CCN1-KO NRK49F cells (Fig 6B). 380 

Western blotting showed a marked decrease in the phosphorylation of AKT and 381 

ERK, consistent with the transcriptomic results (Fig 6C, 6D). Given the reduced 382 

TGF-β signaling suggested by transcriptomics, qPCR analysis showed that Acta2 383 

and Ccn2 expression was reduced in CCN1-KO NRK49F cells (Fig 7A). 384 

Regarding extracellular matrix components, Col1a1 expression was upregulated 385 

in CCN1-KO NRK49F cells, whereas no differences were observed in Fn1 386 

expression (Fig 7A). After TGF-β treatment, Col1a1, and Fn1 were upregulated 387 

in both CCN1-KO and control NRK49F cells, but the upregulation was much more 388 

prominent in CCN1-KO NRK49F cells (Fig 7A). In contrast, Acta2 and Ccn2 were 389 

also upregulated by TGF-β treatment, however, the upregulation was much less 390 

in CCN1-KO NRK49F cells. Finally, we analyzed SMAD phosphorylation, a major 391 

transcription factor downstream of TGF-β signaling. At baseline, there was no 392 

difference in SMAD phosphorylation between control and CCN1-KO NRK49F 393 

cells (Fig 7B, 7C). TGF-β enhanced SMAD phosphorylation in control NRK49F 394 

cells, but this increase was diminished in CCN1-KO NRK49F cells (Fig 7B, 7C). 395 

 396 
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Discussion 397 

Histologically, CKD is characterized by the loss of normal renal parenchyma, 398 

which is progressively replaced by fibrotic tissue, ultimately resulting in loss of 399 

renal function. The development of renal fibrosis involves extensive intercellular 400 

communication among various cell types through numerous cytokines and 401 

growth factors, acting in both paracrine and autocrine manners [4]. In this study, 402 

we investigated the mechanisms by which CCN1, particularly fibroblast-derived 403 

CCN1, affects renal fibrosis. We demonstrated that deletion of tubule-derived 404 

CCN1 did not affect the development of chronic kidney fibrosis. In contrast, and 405 

contrary to our initial expectation, deletion of fibroblast-derived CCN1 406 

exacerbated tissue fibrosis. In NRK-49F cells, deletion of CCN1 resulted in the 407 

loss of fundamental fibroblast properties, including migratory and proliferative 408 

capacities. Although attenuation of SMAD-mediated TGF-β signaling was 409 

observed, TGF-β-induced extracellular matrix (ECM) production was 410 

paradoxically enhanced. These findings suggest that CCN1 contributes to the 411 

maintenance of fibroblast integrity and that its loss suppresses SMAD-dependent 412 

signaling while promoting alternative pathways of ECM production. 413 

In this study, we examined the effects of inhibiting CCN1 derived from both PTs 414 

and fibroblasts; however, neither approach improved fibrosis in the UUO model. 415 

Previous studies using neutralizing antibodies against CCN1 have demonstrated 416 

an improvement in IRI-induced kidney injury, but whether CCN1 inhibition exerts 417 

anti-fibrotic effects during the chronic phase of UUO remains unclear, suggesting 418 

that the effects of CCN1 may be context-dependent [18, 27]. Consistent with this 419 

notion, in our previous studies using PT-specific CCN1-KO mice, fibrosis 420 

associated with IRI was attenuated, whereas fibrosis following cisplatin-induced 421 

kidney injury was not [11, 12]. More recently, Zhang et.al. demonstrated that renal 422 

tubular epithelial cell-specific CCN1 knockdown did not improved, rather 423 

exacerbated IRI through inhibiting macrophage infiltration which can contribute 424 

tubular repair[28]. These findings suggest that the anti-fibrotic effects of PT-425 

derived CCN1 inhibition may vary depending on the type and severity of kidney 426 

injury. Furthermore, inhibition of CCN1 from only one cellular source, either PTs 427 

or fibroblasts, may allow compensatory CCN1 expression from other cell types 428 

during kidney injury, resulting in insufficient suppression of tissue CCN1 levels. In 429 

addition, CCN1 derived from injured PTs and fibroblasts may exert distinct 430 

biological effects. Therefore, targeting CCN1 as an anti-fibrotic therapy may be 431 

challenging, particularly through systemic pharmacological inhibition, and further 432 
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elucidation of the context-dependent and cell source-specific functions of CCN1 433 

is required. 434 

Since CCN1 was first identified as a molecule rapidly secreted by fibroblasts in 435 

response to serum or PDGF stimulation [20], it is important to examine the role 436 

of fibroblast-derived CCN1 in tissue fibrosis. Although our study is the first to 437 

investigate fibroblast-specific CCN1 inhibition in the kidney, studies in other 438 

organs have reported diverse effects. In the heart, fibroblast-specific CCN1 439 

knockout suppresses scar formation following myocardial infarction but results in 440 

structural instability and increased mortality [29]. More recent report showed that 441 

cardiac fibroblast-specific CCN1 deletion ameliorated cardiac dysfunction in a 442 

dilated cardiomyopathy model [30]. In the skin, analysis of fibroblast-specific 443 

CCN1-KO mice showed reduced collagen accumulation in bleomycin-induced 444 

skin lesions, whereas collagen accumulation was enhanced during the chronic 445 

phase of a wound-healing model [31]. In cancer tissues, deletion of CCN1 in 446 

cancer-associated fibroblasts suppresses neovascularization, thereby promoting 447 

fibrosis while inhibiting cancer metastasis [32]. In our study, however, fibroblast-448 

specific CCN1 knockout failed to suppress fibrosis in the UUO model. 449 

One possible explanation is the relatively low proportion of fibroblasts among 450 

the cells comprising the kidney compared with tissues such as the skin. In 451 

addition, the mechanisms underlying fibrosis differ substantially among these 452 

models. In fibrosis models involving acute tissue injury, such as skin injury and 453 

myocardial infarction, the loss of tissue is rapidly followed by its replacement with 454 

scar tissue. In contrast, UUO induces a more gradual loss of renal parenchyma 455 

accompanied by progressive replacement with fibrous tissue. These differences 456 

in the nature and temporal progression of fibrosis may have influenced the extent 457 

to which fibroblast-derived CCN1 contributes to fibrogenesis and, consequently, 458 

the effect of fibroblast-specific CCN1 deletion on fibrosis. Furthermore, unlike 459 

tissues in which fibroblasts constitute a relatively large proportion of the cellular 460 

population, the kidney produces substantial amounts of CCN1 from tubular 461 

epithelial cells. Thus, compensatory CCN1 production from tubular epithelial cells 462 

may have masked the effect of fibroblast-specific CCN1 deletion in the UUO 463 

model. 464 

In our in vitro study, CCN1 knockout in fibroblasts markedly reduced cell motility, 465 

accompanied by decreased cell proliferation and a consequent increase in cell 466 

volume. Previous in vitro studies have shown that suppression of CCN1 467 

expression in smooth muscle cells (SMCs) using siRNA markedly reduces 468 
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fibroblast migration, consistent with our findings [33]. Our RNA-seq and protein 469 

expression analyses revealed a modest reduction in ERK and AKT 470 

phosphorylation; however, these findings do not fully align with previous reports. 471 

In addition, our study demonstrated that CCN1 knockout also inhibited fibroblast 472 

proliferation. Taken together, these findings suggest that CCN1 plays an 473 

important role in fibroblast migration and proliferation and may also contribute to 474 

the maintenance of fibroblast integrity through both autocrine and paracrine 475 

mechanisms. 476 

Furthermore, RNA-seq analysis revealed that CCN1-KO attenuated TGF-β 477 

signaling, and Western blot analysis confirmed reduced SMAD activation 478 

following TGF-β stimulation, accompanied by decreased expression of its 479 

canonical target genes, Acta2 and Ccn2. Previous studies have shown that 480 

siRNA-mediated inhibition of CCN1 suppresses SMAD3 phosphorylation and 481 

attenuates TGF-β signaling [34]. Together with our findings, these results support 482 

the notion that CCN1 positively regulates the TGF-β–SMAD pathway. In contrast, 483 

the TGF-β-induced upregulation of Col1a1, and Fn1 was enhanced in CCN1-KO 484 

fibroblasts. It is well established that Col1a1 expression can also be regulated 485 

through SMAD-independent pathways [35]. These findings suggest that, 486 

although CCN1 deficiency suppresses the SMAD-dependent induction of Acta2 487 

and Ccn2, the expression of Col1a1, Fn1, and other extracellular matrix-related 488 

genes may be enhanced through alternative or SMAD-independent mechanisms. 489 

The intracellular signaling pathways underlying these differential responses 490 

remain largely unclear and warrant further investigation. 491 

Our study has several limitations. First, although CCN1 is secreted into the 492 

extracellular space and is thought to exert its effects through autocrine and 493 

paracrine mechanisms, we cannot exclude the possibility that CCN1 also has 494 

intracellular functions. Second, CCN1 has been reported to promote the 495 

migration of inflammatory and vascular cells [36-39]; however, these effects were 496 

only examined by qPCR in the present study. Thus, altered recruitment or 497 

behavior of these cell populations may have contributed to the exacerbation of 498 

fibrosis observed in the Fib-CCN1-KO model. Finally, although we demonstrated 499 

that CCN1 deficiency suppresses TGF-β–SMAD signaling, the molecular 500 

mechanism underlying this effect remains unclear. Further studies are therefore 501 

required to determine how CCN1 regulates intracellular signaling in fibroblasts 502 

and how its effects on other cell populations contribute to renal fibrosis. 503 

In conclusion, neither tubule-specific nor fibroblast-specific inhibition of 504 
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CCN1 improved tissue injury or fibrosis in the UUO model of progressive renal 505 

fibrosis. These findings suggest that cell type-specific inhibition of CCN1 alone is 506 

insufficient to suppress renal fibrosis, potentially because of compensatory CCN1 507 

expression by other cell types. Our in vitro findings further indicate that CCN1 is 508 

not simply a pro-fibrotic factor in fibroblasts but contributes to the maintenance of 509 

fibroblast homeostasis, including their migratory and proliferative capacities. 510 

Thus, the biological effects of CCN1 appear to be highly dependent on the cellular 511 

source and the context, timing, and severity of tissue injury. Collectively, our 512 

findings provide new insights into the complex and cell source-specific functions 513 

of CCN1 in progressive kidney fibrosis. 514 

 515 
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Figures 542 

Fig. 1 Proximal tubule-specific deletion of CCN1 does not promote tissue 543 

fibrosis in UUO  544 

(A) Experimental scheme. Proximal tubular-specific CCN1 knockout mice 545 

(CCN1Flox/Flox SLC34a1GCE x R26tdTomato: PT-CCN1-KO) received UUO 546 
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and tamoxifen (3 mg/kg at each time point) as indicated. (B) Representative 547 

immunofluorescence images of tdTomato and PDFGRβ in PT-CCN1-KO mice. 548 

(C) Isolation of tdTomato+ tubular epithelial cells using FACS. (D) RT-PCR of the 549 

Ccn1 genes in sorted tdTomato+ tubular epithelial cells. (E). Representative 550 

images of Sirius-red staining. (F) Semi-quantitative fibrosis scores at 14 days 551 

after UUO. (G) qPCR of RNA from whole kidneys as representative markers of 552 

tubular injury (Havcr1), tubular integrity (Lrp2), chemokine (Ccl2), myofibroblasts 553 

(Acta2), extracellular matrix (Col1a1 and Fn1), macrophages (Cd68) and 554 

profibrotic factor (Tgfb1). The scale bars indicate 50 μm in (B), and (E). For all 555 

groups, data are means ± SEM. Statistical analyses were performed by paired t-556 

test for comparisons of IRI kidney and CLK and by ANOVA and Dunnett’s post 557 

hoc test for comparisons of multiple variables. *P < 0.05. 558 

 559 

 560 
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 561 

Fig2 CCN1 is upregulated during renal fibrogenesis–induced by UUO 562 

(A) qPCR of RNA from the whole kidney for Ccn1. (B) The distribution and 563 

relative expression of Ccn1 in different renal cell types of the UUO kidneys from 564 

single-nucleus RNA sequencing analysis (http://humphreyslab.com/SingleCell/). 565 

Statistical analyses were performed by paired t-test for comparisons of IRI kidney 566 

and CLK and by ANOVA and Dunnett’s post hoc test for comparisons of multiple 567 

variables. 568 

 569 
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Fig3  Fibroblasts specific deletion of CCN1 exacerbates tissue fibrosis in 570 

UUO  571 

(A) Experimental scheme. Fibroblast-specific CCN1 knockout mice 572 

(CCN1Flox/Flox PDGFRβCE x R26tdTomato: Fib-CCN-KO) received UUO and 573 

tamoxifen (3 mg/kg at each time point) as indicated. (B) Representative 574 
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immunofluorescence images of tdTomato and PDFGRβ in mice with or without 575 

UUO. (C) Isolation of tdTomato+ fibroblasts using FACS. (D) RT-PCR of the Ccn1 576 

gene in sorted tdTomato+ fibroblasts. (E). Representative images of Sirius-red 577 

staining. (F) Semi-quantitative fibrosis scores at 14 days after UUO. (G) qPCR of 578 

RNA from whole kidneys as representative markers of tubular injury (Havcr1), 579 

tubular integrity (Lrp2), chemokine (Ccl2), myofibroblasts (Acta2), extracellular 580 

matrix (Col1a1 and Fn1), macrophages (Cd68), and profibrotic factor (Tgfb1). 581 

The scale bars indicate 50 μm in (B), and (E). For all groups, data are means ± 582 

SEM. Statistical analyses were performed by paired t-test for comparisons of IRI 583 

kidney and CLK and by ANOVA and Dunnett’s post hoc test for comparisons of 584 

multiple variables. *P < 0.05. 585 

 586 

 587 
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Fig 4 Establishment of CCN1 deficient fibroblasts  588 

(A) Schematic illustration of the targeting strategy for the knockout of CCN1 in 589 

NRK４９F by the CRISPR cas9 system. (B) DNA sequence result indicates a 590 

single base (Cytosine) is inserted (red arrow). (C) Western blot analysis of CCN1 591 

in the cell lysate of CCN1-KO NRK49F. (D) Representative transparent pictures 592 

of CCN1-KO NRK49F. (E) Quantification of Cell size. For all groups, data are 593 

means ± SEM. Statistical analyses were performed by paired t-test for 594 

comparisons. *P < 0.05. 595 

 596 

 597 
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Fig 5 Transcriptomics of CCN1-KO fibroblasts 598 

(A) Principal component analysis (PCA) clustering with samples from control or 599 

CCN1-KO NRK49F demonstrated clear divergence. (B) Volcano plot showing a 600 

comparison of control of CCN1-KO NRK49F. (C-F) Exhibited the Gene Ontology 601 

(GO) analysis of significant differentially expressed genes in Control and CCN1-602 

KO NRK49F (Top 10 up- or downregulated GO terms of biological processes (C, 603 

D) and KEGG pathways (E, F)). 604 

 605 

 606 
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 607 

Fig 6 Reduced migration and proliferation in CCN1-KO fibroblasts 608 

(A) Cell proliferation assay data indicated that proliferation was deceased in 609 

CCN1-KO NRK49F. (B) Analysis of average endpoint displacements in CCN1-610 

KO NRK49F. (C, D) Western blot analysis of pAKT, AKT, pERK, ERK, and 611 

GAPDH in NRK49F (C). The optical densities of bands of pERK and pAKT were 612 

normalized against those of ERK and AKT, respectively (D). For all groups, data 613 

are means ± SEM. Statistical analyses were performed by paired t-test for 614 

comparisons. *P < 0.05. 615 

 616 

 617 



 

27 

 

 618 

Fig 7  Maladaptive response to TGF-β in CCN1-KO fibroblasts 619 

(A) qPCR of RNA from control or CCN1-KO NRK49F as representative markers 620 

of Acta2, Ctgf, Co1a1, and Fn1. (B, C) Western blot analysis of pSMAD2/3, 621 

SMAD2/3, and GAPDH in NRK49F treated with TGF-β (B). The optical densities 622 

of bands of pSMAD2/3 were normalized against SMAD2/3 (C). For all groups, 623 

data are means ± SEM. Statistical analyses were performed by ANOVA and 624 

Dunnett’s post hoc test for comparisons of multiple variables. *P < 0.05. 625 

 626 
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