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Abstract 

Accumulating evidence indicates that the extracellular matrix (ECM) is not only a 

consequence of fibrosis, but also contributes to the progression of fibrosis, by creating a 



pro-fibrotic microenvironment. Tenascin-C (TNC) is an ECM glycoprotein that contains 

multiple functional domains. We showed that following kidney injury, TNC was markedly 

induced in fibrotic areas in the kidney from both mouse models and humans with kidney 

diseases. Genetically deletion of TNC in mice significantly attenuated unilateral ureteral 

obstruction-induced kidney fibrosis. Further studies showed that TNC promoted the 

proliferation of kidney interstitial cells via STAT3 activation. To identify and characterize 

TNC expressing cells, we generated a TNC promoter driven CreER2-IRES-eGFP knock-

in mouse line and found that the TNC reporter eGFP was markedly induced in cells around 

injured tubules that had lost epithelial markers, suggesting TNC was induced in response 

to epithelium injury. Most of the eGFP positive cells were both NG2 and PDGFRβ positive, 

only half of which were αSMA positive. These cells did not carry markers of progenitor cells 

or macrophages. In normal kidney, TNC is constitutively expressed by the renal medullary 

interstitial cells (RMICs) in renal papilla that has been reported to contain stem cells. Cell 

lineage tracing study revealed that the cells expressing TNC in renal cortex after fibrosis 

were not originated from these RMICs. In conclusion, this study provides strong evidence 

that matrix protein TNC contributes to kidney fibrosis. TNC pathway may serve as a 

potential therapeutic target for interstitial fibrosis and progression of chronic kidney disease. 
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Background 

Kidney fibrosis is the final common pathway to end stage renal disease and characterized 

by extracellular matrix (ECM) accumulation and destruction of normal structure [1, 2]. 

Accumulating evidence indicates that the ECM is not only a consequence of fibrosis, but 

also contributes to the progression of fibrosis, by creating a pro-fibrotic microenvironment 

or a fibrogenic niche [3, 4].  

It has been documented that the ECM not only provides physical scaffolds to cells by 



forming a three-dimensional network, but also regulates many biologic processes including 

proliferation, migration, differentiation, survival and morphogenesis during development or 

in certain physiological/pathophysiological conditions [5-7]. Matricellular proteins (or non-

structural matrix proteins) are a group of ECM proteins that are characterized by dynamical 

expressions and regulatory roles[8]. Rather than serving as stable structural elements, they 

are usually transiently expressed during development or after injury [9]. They contain 

multiple functional domains, such as binding sites for other ECM proteins, ligands for cell 

surface receptors, and sites that can sequester specific growth factors, playing important 

roles in regulating cellular processes [10]. 

Tenascin-C (TNC), a hexametric glycoprotein, is a member of the matricellular proteins 

that is expressed during development and is at low levels in most of the adult tissues, but 

re-induced following injury and associated with the severity of diseases and prognosis[11, 

12]. The monomer of TNC contains an N-terminal assembly domain, epidermal growth 

factor like (EGF-L) repeats, fibronectin type-III (FNIII) like repeats and a C-terminal 

fibrinogen-like globe [13, 14]. These functional domains have been suggested to interact 

with specific cell-surface receptors, such as epidermal growth factor receptor (EGFR), 

integrins and toll like receptor 4 (TLR4) [13]. They can also recruit cytokines and growth 

factors, and present them to or prevent them from cell-surface receptors depending on 

their relative locations [14]. Mice lacking TNC develop normally, suggesting that TNC is not 

indispensable for the development. However, accumulating evidence showed that TNC 

was markedly increased in the fibrotic tissues and associated with organ fibrosis[15-17]. 

Recently, TNC was also found to promote renal interstitial fibroblast proliferation via 



integrin/focal adhesion kinase/mitogen-activated protein kinase pathway [18].   

In the present study, we characterized the cells that expressed TNC and examined 

their role in renal fibrosis. This study provided novel information about the role of TNC in 

renal fibrosis. 

 

Methods 

Patients 

To characterize the distribution of TNC expression in normal human kidney, specimens 

from healthy parts of human carcinoma nephrectomy were obtained. TNC mRNA was 

measured by qPCR in fresh tissue, and the distribution of TNC protein was investigated in 

paraffin-embedded tissue by immunohistochemistry (IHC). To examine the induction of 

TNC in diseased kidneys, TNC protein was detected in paraffin-embedded sections from 

patients with biopsy-proven IgA nephropathy (IgAN, n=15) and diabetic nephropathy (DM, 

n=6) by IHC. This study was approved by the ethics committee of Huashan Hospital, Fudan 

University. 

Animals and Models 

Mice. TNCCreER2-eGFP/+ mouse line was generated as described previously [19]. In brief, an 

inducible CreER2 gene with an eGFP reporter was knocked into the 2nd exon of TNC at 

the site of starting codon ATG. The insertion of this cassette also resulted in TNC deletion 

(Figure 2A). The TNC deletion (TNC-/-) mice were fertile, and developed normally. Male 

TNC-/- mice and their wild-type littermates, aged 8-12 weeks, were used to examine the 

role of TNC in fibrosis. R26tdTomato reporter mice were purchased from the Jackson 



Laboratory (stock number, 007909). The bi-transgenic TNCCreER2-eGFP/+;R26tdTomato/+ 

reporter mice were generated by crossing TNCCreER2-eGFP/+ with R26tdTomato mice. All of the 

mice were maintained in the animal facility of Fudan University and allowed free access to 

standard rodent chow and water. All of the animal experiments were approved by the 

Animal Care and Use Committees of Fudan University.  

TNC reporter mice. In the TNCCreER2-eGFP/+ mice, eGFP is driven by endogenous TNC 

promoter (TNCp-CreER2-IRES-eGFP), and is thus used as a TNC reporter. In the bi-

transgenic TNCCreER2-eGFP/+;R26tdTomato/+ reporter mice, the recombination is induced by 

TNC promoter driven CreER2 in the presence of tamoxifen, and then tdTomato (red 

fluorescence protein) will label the TNC expressing cells and their daughter cells 

permanently.  

Cell lineage experiments. To determine whether the constitutive TNC expressing cells in 

renal medulla were precursors of the interstitial cells or TNC producing cells in the cortex 

after fibrosis, a cell lineage tracing experiment was conducted, as shown in Figure 8A and 

supplement Figure 3A. The bi-transgenic mice TNCCreER2-eGFP/+;R26tdTomato/+ were given 

tamoxifen 1.5mg/d for 5 days to induce recombination at 8 weeks of age. After 12 weeks’ 

washout time, these mice were used to perform UUO or unilateral kidney ischemia 

reperfusion (UIR) operation. When they were sacrificed at the end of the experiments, the 

tdTomato positive cells we observed were originated from the cells that constitutively 

expressed TNC in the renal medulla. In the other set of animals, if these mice were given 

a second series of tamoxifen at the time of UUO or UIR operation, tdTomato would be also 

expressed in the cells where TNC was newly induced after operation. The mice with sham 



operation but similar tamoxifen exposure was used as controls. 

Models. UUO induced kidney fibrosis model was used in our study. The mice were 

anesthetized with chloral hydrate (400 mg/kg body weight) by intra-peritoneal injection and 

body temperatures were maintained at 36.5-37.5℃ throughout the procedure. The left 

ureter was exposed via a flank incision and ligated with two 3.0 silk ties at the level of the 

lower renal pole. The mice were sacrificed at day 7, 10 or 14 after the operation. The EdU 

cooperation assay was used to assess cell proliferation of the kidney: 0.1mg of EdU was 

injected (i.p.) at day 3 and 5 after UUO operation and the mice were sacrificed at day 7. 

Cell Experiments 

Cell lines. The TNC expressing cells (TNC-Cell) were obtained by sorting the tdTomato 

positive cells in the UUO kidneys of TNCCreER2-eGFP/+;R26tdTomato/+ mice using flow cytometry, 

and immortalized using SV40 T lentivirus (Figure 9B). This cell line was cultured in 

polylysine (20μg/mL, Sigma) coated dish with DMEM/F12 media containing 10% FBS, 

1ng/mL basic-FGF (Peprotech) and 5ng/mL insulin (Sigma). The normal rat kidney 

fibroblast NRK49F was purchased from American Type Culture Collection (ATCC). Both 

NRK49F and mouse embryo fibroblast NIH3T3 were cultured in DMEM media (GIBCO, 

Invitrogen Co, CA, USA) containing 10% heat-inactivated fetal bovine serum (FBS, GIBCO, 

USA), 100U/ml penicillin and 100μg/ml streptomycin. Cells were incubated at 37℃ in a 5% 

CO2, humidified atmosphere. 

Intervention. The cultured cells at 60% confluence were incubated with 1% FBS containing 

media for 24 hours followed by treatment of human TNC (Millipore, CAT. CC605, 5μg/mL 

or 10μg/mL) or TGFβ (Sigma, 2ng/mL to 10ng/mL). The STAT3 inhibitor Stattic (Selleck, 



2μM) was added to the media 30 minutes before TNC treatment. 

Cell Proliferation. After TNC treatment for 24 hours, the number and viability of the cultured 

cells were determined using the Cell Counting Kit-8 (CCK-8, Dojindo Laboratories) 

following the manufacturer’s instructions. Briefly, water-soluble tetrazolium salt WST-8 is 

reduced by dehydrogenase in the cells and turns into an orange formazan dye which is 

soluble in the culture media, and the amount of the formazan dye is proportional to the 

number of living cells. The cell proliferation was determined by detecting the proportion of 

EdU positive cells using the Click-iT® EdU Imaging Kits (Invitrogen) according to the 

manufacturer’s instructions. EdU is detected based on a copper-catalyzed covalent 

reaction between an alkyne (contained in the EdU) and azide (contained in the Alexa Fluor 

dye). 

Histology and Pathology 

Tissue Preparation. The mice were anesthetized with chloral hydrate (500 mg/kg body 

weight) intra-peritoneal injection before sacrifice and immediately perfused with 60 ml ice-

cold PBS via the left ventricle. The kidneys were hemi-sectioned horizontally and fixed in 

4% paraformaldehyde (PFA) on ice for 1 hour. Then half of each kidney was incubated in 

30% sucrose-PBS at 4℃ overnight and embedded in OCT, and the other half was 

processed and embedded in paraffin. 

Immunohistochemistry. Paraffin-embedded 2μm-thick sections of human kidney were 

deparaffinized and rehydrated in water. After incubation with 3% H2O2 for 30 minutes at 

room temperature (RT), the tissues were given microwave antigen retrieval in citrate buffer 

pH 6.0 (100% power for 10 minutes), blocked with 5% BSA in PBS for 1 hour at RT, and 



followed by the incubation with anti-human TNC antibody (Sigma rabbit polyclonal, 1:500) 

at 4℃ overnight. After 3 washes with PBS, the samples were incubated in a horseradish 

peroxidase (HRP) conjugated secondary antibody for 45 minutes at RT, followed by 

coloration with 3,3- diaminobenzidine solution (DAB). 

Immunofluorescence. Frozen tissue embedded in OCT was cut in 5μm thick section. For 

IF analysis, the sections were fixed in cold acetone for 3 minutes, washed in PBS, blocked 

in 5% bovine serum albumin (BSA) for 30 minutes and then incubated with primary 

antibodies in blocking buffer overnight at 4℃. The primary antibodies included: anti-GFP 

(Abcam rabbit polyclonal, 1:200; Aves Labs chicken antibodies, 1:500;), anti-AQP2 (Santa 

Cruz goat polyclonal, 1:100), anti-CD31 (Abcam rat monoclonal, 1:100), anti-PDGFRβ 

(eBioscience rat monoclonal, 1:100), anti-CD34 (Abcam rat monoclonal, 1:200), anti-CD44 

(Abcam rat monoclonal, 1:200), anti-α-SMA (Sigma mouse monoclonal, 1:100), anti-FSP-

1 (Abcam rabbit polyclonal, 1:200), anti-NG2 (Millipore rabbit polyclonal, 1:100), anti-TNC 

(Sigma rat monoclonal, 1:100), anti-F4/80 (AbD serotec rat monoclonal, 1:200), and anti-

CD68 (AbD serotec rat monoclonal, 1:200), anti-THP (Santa Cruz rabbit polyclonal, 1:200) 

antibody. After 3 washes in PBS, the tissue was incubated with FITC- or Cy3- conjugated 

anti-IgG/IgY secondary antibody (Millipore, 1:200) for 1 hour at room temperature (RT), 

followed by 3 washes in PBS and then covered by Vectashield Mounting Medium with 

DAPI (Vector Labs). Fluorescein lotus tetragonolobus lectin (LTL, Vector Labs, 1:100) was 

used to label proximal tubules. 

EdU detection. Paraffin-embedded renal tissue from the mice which had received EdU 

injection after operation was used for EdU detection according to the manufacturer’s 



instructions. EdU positive cells were calculated per high power field to compare the 

proliferation between wildtype and TNC-/- mice. 

Quantitative RT-PCRs 

Renal cortex and papilla isolated from mice kidneys were used to measure TNC mRNA 

and TNC reporter eGFP mRNA to determine the expression of TNC in different regions of 

kidney. The entire kidney from UUO model was homogenized to exam the TNC expression 

and evaluate the severity of fibrosis by detecting the mRNA of TNC, collagen Ⅰα, 

fibronectin and PAI-1. Total mRNA was extracted using TRIzol Reagent (Invitrogen), 

reversely transcribed using RevertAid RT reagent Kit (Takara) according to the 

manufacturer’s protocol. Levels of mRNA were determined by real time qPCR using SYBR 

Premix Ex Taq (Takara) and normalized to the eukaryotic 18s rRNA or β-actin. The primers 

used were TNC: F 5’-CAA CTG TGC CCT GTC CTA C-3’, R 5’-AAC GCC CTG ACT GTG 

GTT A-3’; eGFP: F 5’-CCT CAA GGA CGA CGG CAA C-3’, R 5’-CTC GAT GCG GTT CAC 

CAG-3’; collagenⅠα: F 5’-TGA CTG GAA GAG CGG AGA G-3’, R 5’-GAC GGC TGA GTA 

GGG AAC A-3’; fibronectin: F 5’-TGG GAG CAT TGT TGT GTC-3’, R 5’-AGC GGT GTC 

ACT ACT CTG T-3’; PAI-1: F 5’-ACT TTA CCC CTC CGA GAA-3’, R 5’-CCT GCT GAA 

ACA CTT TTA C-3’.  

Western Blot and Immunoprecipitation 

Total protein was extracted from the whole kidney or cultured cells using RIPA buffer 

(0.05M Tris, 0.15M NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, pH7.4) 

with PMSF, protease inhibitor cocktail and phosphatase inhibitor cocktail (Roche). The 

concentration of the protein was determined using the BCA protein assay kit (Beyotime). 



For Western blot, equal amount of protein (20-50μg per lane) was loaded in a 7.5% or 10% 

SDS-PAGE mini-gel and transferred to a PVDF membrane (Millipore). The membrane was 

blocked with 5% BSA in PBST buffer (100mM PBS, pH 7.5, 0.1% Tween-20) and then 

incubated in primary antibody diluted with blocking buffer overnight at 4℃. The primary 

antibodies included: anti-TNC (IBL), anti-collagen Iα (Novus), anti-αSMA (Sigma), anti-

STAT3 (Αbcam), anti-phospho-STAT3 (Tyr 705, Αbcam), anti-GAPDH (CST) and anti-β-

actin (Sigma) antibody. Membranes were then incubated with appropriate secondary 

antibodies and subjected to chemiluminescence detection using ECL Reagent (Millipore). 

Statistical Analysis 

Statistical analysis was performed using Prism 5.0 (GraphPad Software Inc.). Comparison 

of two factors was performed by two-tailed t test and comparison of two factors with multiple 

levels was performed by two-way ANOVA test. A P value <0.05 was considered significant. 

The results were presented as means and error bars indicate ±SEM. 

 

Results 

TNC was constitutively expressed by the renal medullary stromal cells in normal 

kidney 

To determine the distribution of TNC in non-fibrosis kidneys, we examined TNC expression 

using immunohistochemistry (IHC) in non-fibrosis human kidneys and found that TNC 

immuno-protein was primarily located in the interstitium of renal medulla, but rarely 

detected in the renal cortex (Figure 1A, Supplement Figure 1A&B). This result was 

supported by TNC mRNA measurement in human kidneys which were resected because 



of renal carcinoma (Supplement Figure 1C) and mouse kidneys (Figure 2B) [19].  

Since TNC is an extracellular matrix protein, IHC will not be able to identify cells that 

express TNC. Therefore, we developed a TNC promoter driven eGFP reporter mice (Figure 

2A) [19]. Co-staining for TNC reporter eGFP and AQP2, a marker of collecting ducts, 

showed that eGFP positive cells were not epithelial cells. They were primarily expressed 

by the renal medullary interstitial cells (RMICs) in normal mouse kidney (Figure 2C&D and 

Supplement Figure 2C&D) [20, 21]. To characterize the cell types that expressed TNC, we 

co-stained eGFP with specific cell markers in normal kidney and found that eGFP positive 

cells expressed platelet-derived growth factor receptor beta (PDGFRβ), a marker of 

stromal cells of mesenchymal origin [22] (Figure 2E and Supplement Figure 2E). They did 

not express CD31 (a marker of endothelial cells [23]), CD34 (a marker of endothelial cells 

and early hematopoietic stem cells and progenitors [24]), or CD44 (a marker of progenitors 

[25, 26]), suggesting that TNC was neither expressed in endothelial cells nor progenitor 

cells (Figure 2F&G&H and Supplement Figure 2F&G&H). In the normal renal medulla, 

there were only a few cells positive for αSMA (a marker of myofibroblasts[27]), FSP1 

(recognized as a specific marker of fibroblasts [28], but subsequently identified as a marker 

of macrophages[29]), or NG2 (a transmembrane glycoprotein used to label pericytes [30]). 

We did not find eGFP was colocalized with these three markers (Figure 2I&J&K and 

Supplement Figure 2I&J&K). 

TNC was markedly induced in the fibrotic area of diseased kidney 

We previously reported that TNC was significantly increased in injured glomeruli of IgA 

nephropathy and expressed by PDGFRβ positive mesangial cells[31]. TNC was also 



markedly induced in the fibrotic interstitial area of renal cortex of biopsy specimen from 

patients with IgA nephropathy and from patients with diabetic nephropathy (Figure 1B-F). 

To further examine the expression of TNC in kidney fibrosis, we generated a unilateral 

ureteral obstruction (UUO) mouse model and found that TNC mRNA and protein were 

significantly increased in the fibrotic kidneys (Figure 3A-C). Transgenic TNC reporter mice 

also showed a remarkable increase of eGFP mRNA expression and eGFP positive cells in 

the UUO kidneys (Figure 3B&D). Similar results were also found in the ischemia 

reperfusion (IR) induced kidney fibrosis model (Supplement Figure 3). 

TNC deficiency reduced kidney fibrosis in animal models 

To investigate the role of TNC induction in kidney fibrosis, we generated a TNC 

homozygous knockout mice. Deletion of TNC (TNC-/-) significantly attenuated the induction 

of collagen Ⅰ expression in the kidneys assessed by IF following UUO by approximate 

30% at day 7 and 10 compared with their wild type littermates (Figure 4A, p<0.05). 

Consistently, mRNAs of fibrosis markers, such as collagen Ⅰ α, fibronectin and 

plasminogen activator inhibitor-1 (PAI-1), were significantly lower in the TNC-/- mice after 

UUO at day 7 and 10 (Figure 4B, p<0.05). Western blot showed that the proteins of 

collagen Ⅰα and α-SMA were also significantly reduced in TNC-/- mice after UUO at day 

7 (Figure 4C, n=7, p<0.05). 

TNC expressing cells in the fibrotic kidneys were not epithelial cells 

To confirm the above results that TNC was significantly induced in fibrosis, we generated 

another TNC mouse reporter TNCCreER2-eGFP/+;R26tdTomato/+, in which the cells that express 

TNC will be labeled with red fluorescence protein tdTomato permanently following 



tamoxifen (Figure 5A). There are some differences between tdTomato reporter mice and 

eGFP reporter mice. First, the tdTomato reporter not only labels the cells which are 

expressing TNC but also the cells once expressed TNC, while the eGFP reporter only 

labels the cells which are expressing TNC. Second, tdTomato is only expressed in the 

presence of tamoxifen while eGFP not. Third, the expression of tdTomato is driven by the 

promoter Rosa26 and the expression level is high with strong autofluorescence. The 

tdTomato expression does not reflect TNC expression, while eGFP does. Fourth, the 

downstream IRES-eGFP protein may be less efficiently translated than the coding 

sequence of Cre which is directly adjacent to the promoter. However, tamoxifen induction 

efficiency as well as excision rate vary among tissue types.  

Using this bi-transgenic reporter mice TNCCreER2-eGFP/+;R26tdTomato/+, we confirmed that 

TNC expressing cells were primarily expressed in the medulla of normal kidney (Figure 

5B&D). Then we generated UUO model in this mice and administered tamoxifen right after 

operation, and also found that the tdTomato positive cells were significantly increased in 

the cortex of fibrotic kidneys (Figure 5B-E). These tdTomato positive cells did not stained 

for Lotus tetragonolobus lectin (LTL, proximal tubule) nor expressed AQP2 (collecting duct), 

suggesting that they were not epithelial cells (Figure 5F&G and Supplement Figure 4). 

TNC expressing cells in the fibrotic kidneys were mostly PDGFRβ+NG2+ stromal 

cells 

To characterize the cells that express TNC in the fibrotic kidneys, we co-labeled TNC 

reporter eGFP with specific markers in UUO model. We did not use tdTomato as reporter 

because its autofluorescence is too strong that it can be detected in the green channel. 



We found that the eGFP positive cells were positive for PDGFRβ, consistent with stromal 

cells (Figure 6A and Supplement Figure 5A). Some of the eGFP positive cells were αSMA 

positive, and not all αSMA positive myofibroblasts expressed TNC (Figure 6B&I and 

Supplement Figure 5B&I). In contrast, most of the eGFP positive cells were NG2 (a marker 

of pericyte) positive (Figure 6C&J and Supplement Figure 5C&J). None of the eGFP 

positive cells were positive for FSP1 (Figure 6D and Supplement Figure 5D). In addition, 

the eGFP positive cells were neither CD34 nor CD44 positive (Figure 6E&F and 

Supplement Figure 5E&F), and were neither CD68 nor F4/80 (markers of macrophages) 

positive (Figure 6G&H and Supplement Figure 5G&H).  

Interestingly, the TNC reporter eGFP or tdTomato positive cells in UUO models were 

predominantly located adjacent to the tubular structures that were dilated and negative for 

LTL, THP (Tamm-Horsfall protein, a marker of the thick ascending limb), AQP2, and CD31 

(Figure 7A-C and Supplement Figure 6A-C). To examine whether these tubular structures 

surrounded by TNC reporter positive cells were injured renal tubules, we co-labeled TNC 

reporter with LTL or antibodies against THP or AQP2 on serial sections. This serial section 

study showed that the tubules surrounded by TNC expressing cells had continuation to the 

tubules with positive AQP2 staining, supporting that TNC expressing cells were localized 

surrounding the injured tubular epithelial cells in UUO kidneys (Figure 7C and Supplement 

Figure 6C). 

The expanded TNC expressing cells in the fibrotic renal cortex were not originated 

from the constitutive TNC expressing cells in renal papilla 

It has been reported that renal papilla contains stem cells[32], and TNC has also been 



reported to be expressed in stem cells[33]. To determine whether the TNC expressing cells 

in renal medulla were progenitors or source of the expanded stromal cells in the renal 

cortex after fibrosis, we conducted a cell linage tracing study in TNCCreER2-

eGFP/+;R26tdTomato/+ mice. If not exposed to tamoxifen, there were only a few tdTomato 

positive cells in normal or fibrotic kidneys, suggesting that the reporter mice had little 

leakage and could be used for lineage tracing analysis (Supplement Figure 7). As detailed 

in Figure 8A, the bi-transgenic mice were treated with tamoxifen (1.5mg/d for 5 days) at 8 

weeks old and subjected to UUO operation after 12 weeks’ washout (Figure 8A). The cells 

that were labeled by tdTomato in the kidney were examined 7 days after UUO: the 

tdTomato positive cells were limited to the renal medulla, although they were significantly 

increased (Figure 8B&C). However, if a second series of tamoxifen was given after UUO 

operation, the tdTomato positive cells were found throughout the kidney (Figure 8D). These 

results suggested that following UUO, the original TNC expressing cells in renal medulla 

proliferated, but they were neither the source of TNC nor the progenitors of expanded 

interstitial cells in the cortex. Similar results were found in IR induced fibrosis model 

(Supplement Figure 8). 

TNC enhanced fibrosis by promoting interstitial cells proliferation via STAT3 

pathway 

To explore the mechanism by which TNC enhanced fibrosis, we examined the effect of 

TNC on interstitial cell proliferation and the potential signaling mechanism. Firstly, we 

evaluated the cell proliferation using EdU incorporation study. In vivo, EdU positive cells 

were markedly increased and predominantly located in the renal interstitium after UUO, 



and TNC deletion significantly reduced the number of EdU positive cells in the obstructed 

kidney compared with wild-type mouse (Figure 9A). To further examine the effect of TNC 

on cell proliferation, we cultured TNC-Cell (an interstitial cell line obtained from fibrotic 

kidney, Figure 9B), NIH3T3 and NRK49F cells. Exogenous TNC dose dependently 

increased the number of these cultured cells as assessed by CCK8 kit (Figure 9C-E). 

Exogenous TNC also markedly increased EdU incorporation in NRK49F cells, consistent 

with increasing cell proliferation (Figure 9F). 

To determine the signaling mechanism by which TNC promoted cell proliferation, we 

screened 45 phospho-kinases in cultured fibroblast treated with or without TNC, and 

identified STAT3 as one of the candidates that responded to TNC treatment. The potential 

significance of STAT3 signaling in mediating the effect of TNC was further validated in UUO 

kidney and cultured cells. In vivo, the STAT3 and phosphor-STAT3 levels were markedly 

increased after UUO, and TNC deletion significantly reduced the phospho-STAT3 levels 

(Figure 10A&B). In cultured cells (TNC-Cell), TNC markedly increased the phosphorylation 

of STAT3, peaking at 45 minutes (Figure 10C). The effect of TNC on cell proliferation was 

blocked by the STAT3 inhibitor Stattic (Figure 10D). 

 

Discussion 

Fibrosis is a common event that leads to irreversible loss of organ function and organ 

failure, and so far has no effectively therapy [34]. The excessive deposition of ECM is a 

key feature of fibrosis. Accumulating evidence has revealed that ECM is not only the 

product of fibrosis, but also actively drives the persistence of fibrosis [4, 6, 35]. TNC is an 



ECM glycoprotein that is under tight temporal and spatial regulation [36, 37]. A recent study 

suggests that TNC played an important role in kidney fibrosis [18]. The present studies 

showed that (1) the TNC expression levels and the number of TNC expressing cells 

dramatically increased during fibrosis in the kidney; (2) deletion of TNC attenuated kidney 

fibrosis; (3) TNC facilitated fibrosis, at least in part, by promoting the phosphorylation of 

STAT3; (4) the cells expressing TNC were mainly localized surrounding the injured tubules, 

suggesting stromal cells in response to epithelium damage; (5) the cells that produced 

TNC were a special population of stromal cells, 80% of which were positive for NG2 and 

50% positive for αSMA. 

Our study provided strong evidence that TNC plays an important role in promoting 

kidney fibrosis using a TNC knock-out mouse line, consistent with a previous study using 

siRNA-TNC injection approach [18]. In chronic kidney disease progression, tubular 

epithelia have been reported to sense and response to damage [38-41], followed by the 

interstitial stroma activation [42]. Our study showed that the TNC expressing cells (eGFP 

positive cells) in the fibrotic cortex were primarily localized around the injured tubules that 

had lost their epithelial markers. This specific localization may indicate that TNC plays an 

important role in linking tubule injury and interstitial cell activation and fibrosis. Interestingly, 

TNC was reported to be expressed only in the mesenchyme surrounding the epithelia 

undergoing differentiation during embryonic development [43]. TNC was induced by 

epithelial-mesenchymal interactions where epithelia are undergoing differentiation or 

restoration [44]. TGFβ, a well-established driver of fibrosis, was found to be upregulated in 

the injured tubular epithelium [45, 46]. Our study showed that TNC was, at least partially, 



induced by TGFβ (Supplement Figure 9). Taken together, these data highlight a potential 

role of TNC in linking tubule damage to persistence of interstitial fibrosis. 

TNC is a matricellular protein with multiple domains including EGF-like repeats, FNⅢ 

repeats and fibrinogen-like globe [13]. These domains can serve as ligands of cell-surface 

receptors and activate intracellular signals. Receptors for TNC include EGFR, integrins 

and toll-like receptors [47-50]. These receptors have an enzymatic activity in intracellular 

domain and usually regulate downstream kinase cascade. Therefore, we screened the 

kinases and identified STAT3 as a potential signaling pathway mediating the effect of TNC. 

In UUO induced kidney fibrosis models, deficiency of TNC gene significantly reduced the 

phosphorylation of STAT3. In cultured cells, TNC promoted fibroblast proliferation by 

upregulating the phosphorylation of STAT3, because STAT3 inhibitor blocked the cells 

proliferation induced by TNC. STAT3 is a transcription factor and has been reported as a 

downstream target of EGFR [51, 52]. Mounting evidence has indicated that STAT3 

activation is associated with cell proliferation [53] and the development of fibrosis [54, 55].       

Myofibroblasts, characterized by positive staining for αSMA, are the key contributor of 

kidney fibrosis [56]. It is well known that myofibroblasts are the major source of ECM [57]. 

Our study showed some of the αSMA positive cells expressed TNC, but not all TNC was 

expressed by αSMA positive myofibroblasts. This result was consistent with an early study 

in myocardial infarction which suggests that TNC was induced in the very early stage after 

injury even before the appearance of myofibroblasts [58]. NG2 is a transmembrane 

proteoglycan and usually used to label pericytes (NG2+PDGFRβ+) which had been 

suggested to be a precursor of myofibroblasts [59]. However, NG2 expression has also 



been identified in several types of immature cells (such as progenitor and tumor cells) and 

is downregulated when cells become mature and quiescent [30, 60, 61]. Similarly, TNC 

expression has also been found in developing cells, such as progenitors during 

development, tumor stroma and mesenchymal stem cells [33, 44, 62]. In our study, most 

of the TNC expressing cells were positive for both NG2 and PDGFRβ. These studies 

suggest TNC is expressed in early stages of activated interstitial cells that will be 

transdifferentiated to collagen producing myofibroblast in response to injury. 

It has been reported that renal papilla contains stem cells or progenitors which 

repopulate after kidney injury[32]. TNC is constitutively expressed in the renal medullary 

interstitial cells[19]. To examine whether these TNC expressing cells in renal medulla were 

progenitors that migrated to renal cortex after injury, we used a genetic mouse model that 

specifically tracked and fate-mapped renal medullary interstitial TNC expressing cells. The 

results demonstrated that the cortical interstitial cells that express TNC during fibrosis were 

not originated from papilla. 

Conclusions 

In conclusion, our study provides strong evidence that non-structural matrix protein TNC 

that contains multiple functional domains plays an important role in kidney fibrosis. TNC is 

mostly expressed by NG2+PDGFRβ+ cells around the injured tubules and STAT3 is a 

signaling pathway at least partially mediating the profibrotic effect of TNC. TNC pathway 

may serve as a potential therapeutic target to treat interstitial fibrosis and progression of 

kidney injury. 
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