
Basic Research

Telomere Dysfunction in Renal Tubular Epithelial Cells 
Leads to Kidney Fibrosis

Sarita Saraswati, 1 Paula Martı́nez, 1 Rosa Serrano, 1 Diego Mejı́as , 2,3 Osvaldo Graña-Castro , 4,5 Ruth A ´ lvarez Dı́az ,4

Juana Marı́a Flores , 6 and Maria A. Blasco 1

Key Points
c Trf1 deletion in renal tubular epithelial cells led to renal tubulointerstitial fibrosis, contributing to CKD pathogenesis and 
progression.

c Loss of Trf1 induced cellular senescence, DNA damage, and telomere shortening and activated regenerative repair.
c Trf1 deletion triggered kirsten rat sarcoma viral oncogene homolog and TNF-a signaling through NF-kB pathway in renal 
tubules, suggesting a key molecular mechanism in CKD progression.

Abstract
Background Renal tubular epithelial cells are the critical mediators of kidney fibrogenesis. Telomere dysfunction has been 
associated with kidney injury and fibrosis. However, the role of telomere dysfunction specifically in renal tubular 
epithelial cells in the onset and progression of kidney fibrosis remains poorly understood. TRF1 is a critical component of 
the telomeric protective complex known as shelterin, and its deficiency results in telomere dysfunction.

Methods To investigate the impact of telomere dysfunction on kidney injury and fibrosis, we generated mice depleted for 
the shelterin component TRF1 specifically in renal tubular epithelial cells.

Results Genetic ablation of Trf1 caused decline in kidney function accompanied by increased tubular injury and 
tubulointerstitial fibrosis 8 weeks after TRF1 depletion, concomitant with excessive accumulation of extracellular matrix, 
cell cycle arrest at G2/M phase, and telomeric damage. Trf1 D/D mice activated regenerative repair mechanisms, 
supporting proliferation-mediated telomere shortening in renal tubular epithelial cells. At humane end point, Trf1 D/D mice 
displayed elevated urinary albumin-to-creatinine ratio (UACR), associated with augmented interstitial fibrosis and 
tubular atrophy eventually leading to CKD. At the mechanistic level, we reported the unprecedented finding that Trf1 
deletion upregulates the Ras–Raf–Mek–Erk, PI3k/Akt/mammalian target of rapamycin, and p38 pathways.

Conclusions Our study underlies a role of renal tubular epithelial cells in the development and progression of kidney 
fibrosis and CKD induced by telomere dysfunction.
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Introduction
CKD is a global public health problem, involving about 
10% of the global population, especially in elderly. 1 ,2 

Compared with young individuals, the elderly have

higher incidence of CKD-associated morbidity and mor-
tality. 1 Kidney fibrosis is a common pathology in CKD, 
characterized by increased numbers of myofibroblast, 
the accumulation extracellular matrix (ECM) in the
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Figure 1. Genetic targeting of Trf1 in renal tubular epithelial cells was associated with decline in kidney function after injury. (A) 
Schematic representation of the experimental design. (B) Representative immunofluorescence stainings (6–8 visual fields for each tissue 
analyzed) for Trf1 (green) and KFP (red) and quantification of ratio of average sum Trf1 intensity in KFP 1 cells (per Nuc) in Trf1 1/1 and 
Trf1 D/D mice. Nuclei are stained with DAPI (blue). n59 for Trf1 1/1 (three males, six females) and n511 for Trf1 D/D (six males; five 
females). No statistically significant differences were observed between sexes. (C) Relative mRNA expression of Trf1 from FACs isolated 
EPCAM 1 KFP 1 cells in Trf1 1/1 and Trf1 D/D kidneys. n55 (two males; three females) mice for each group. (D) Representative images 
(12–15 visual fields for each tissue analyzed) and quantifications of immunostaining of KFP 1 area in whole section of Trf1 1/1 and
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tubulointerstitial space, tubular atrophy, microvascular rar-
efaction, renin-angiotensin-aldosterone system (RAAS) acti-
vation, loss of kidney parenchyma, and cellular senescence, 
ultimately leading to kidney failure. 3 Renal tubular epithelial 
cells are the most predominant cell type susceptible to 
various insults, maladaptive or failed regeneration, a hall-
mark of CKD, known to be the primary source of renal 
inflammation and fibrogenesis. With aging, injured tubular 
cells become more sensitized to G2/M arrest inducing a 
proinflammatory and profibrotic phenotype. 3,4 Renal tu-
bular epithelial cells are also critical in the context of AKI, 
as they are the primary cell type affected by AKI. 3,4 Given 
their pivotal role in both adaptive and maladaptive repair 
after injury, the fate of renal tubular epithelial cells plays a 
major role in determining the progression or recovery of 
kidney function. 5 Hallmarks of cellular aging include telo-
mere attrition, cellular senescence (stress-induced prema-
ture senescence), DNA damage, mitochondria dysfunction, 
inflammation, oxidative stress, and epigenetic alterations, 
among others. 3,4 Injury to kidney cells leads to epithelial-
to-mesenchymal transition (EMT) and results in the 
senescence-associated secretory phenotype and inflamma-
tion, eventually leading to the development of fibrosis 
and CKD. 4,6

Telomeres are heterochromatic structures at chromo-
some ends, with tandem repeats of TTAGGG sequence 
bound by a six-protein complex known as shelterin, en-
compassing TIN2, TRF1, TRF2, TPP1, POT1, and RAP1, 
that are essential for chromosome stability and safeguards 
telomeres by preventing end-to-end chromosome fusions, 
telomere fragility, and activation of DNA damage response 
(DDR). 7–9 Telomeres shorten with each cell division and 
undergo apoptosis and/or cell cycle arrest due telomere 
uncapping. 10 Telomerase, consists of a catalytic subunit 
(telomerase reverse transcriptase) and RNA component 
(Terc), can offset telomere shortening by adding telomeric 
repeats de novo. 7 TRF1 is known to regulate telomere length 
and capping and prevent replication fork stalling at 
telomeres. 7,11,12 TRF1 abrogation leads to rapid cellular 
senescence due to activation of DDR, underscoring the 
crucial function of TRF1 in averting DNA damage at 
telomeres. 12,13 Trf1 deletion has been also shown to be 
sufficient to induce pulmonary fibrosis 14–16 and bone mar-
row failure. 17 Telomere dysfunction has been associated to 
loss of kidney function with increased senescence and 
apoptosis in response to injury. 18–22 We have previously

demonstrated that either telomere shortening associated to 
telomerase deficiency or telomere dysfunction due to de-
pletion of TRF1 was sufficient to induce interstitial fibrosis 
in the kidney, recapitulating human disease. 23 Despite 
considerable progress in understanding the biologic func-
tions of telomeres in kidney function and aging, the cellular 
origin of telomere dysfunction in the progression of kidney 
fibrosis remains unknown to date. In a recent work, we 
showed that deleting Trf1 specifically in fibroblasts for
8 weeks did not induce kidney fibrosis but triggered in-
flammatory responses, ECM deposition, cell cycle arrest, 
fibrogenesis, and vascular rarefaction. Notably, prolonged 
deletion of Trf1 in fi broblasts resulted in kidney fi brosis 
driven by macrophage-to-myofibroblast transition, 
endothelial-to-mesenchymal transition, and EMT. 24

In this study, we assessed the role of renal tubular 
epithelial cells in the origin of kidney fibrosis induced 
by telomere dysfunction. We explored the effect of 
TRF1-induced telomere dysfunction in the progression of 
fibrosis at both short-term deletion (8 weeks since Trf1 
deletion) and long-term deletion (until the humane end 
point) and using folic acid–induced nephropathy model. 
We recapitulated the main clinical features observed in 
patients with CKD in mice lacking TRF1 specifically in 
renal tubular epithelial cells, including severe telomere 
shortening over time.

Methods
Mice
Trf1 lox/lox mice were generated as previously described. 12 

Trf1 lox/lox mice were crossed with transgenic mice express-
ing Cre ERT2 under the control of the KspCadherin-Cre ERT2 

promoters as well as with transgenic mice harboring 
the Katushka fluorescent protein (KFP) encoding gene 
that contains a stop cassette flanked by lox sequences, 
the KFP CAG-lox-STOP-lox allele 25–27 (Supplemental Figure 1A). 
Tamoxifen (TMX)–inducible KspCadherin-Cre ERT2 frozen 
sperms were kindly provided by Prof. Dorien J.M Peters, 
Department of Human Genetics at the Leiden University 
Medical Center. TMX was intraperitoneally injected to 6- to 
8-week-old male and female Trf1 1/1 and Trf1 lox/lox mice.

Folic Acid Nephropathy Mouse Model
Single intraperitoneal injection of folic acid with a low 
dose of 125 mg kg/body weight dissolved in vehicle

Figure 1. Continued. Trf1 D/D kidneys (whole section-top panel; magnified view-lower panel). n512 for Trf1 1/1 (three males; nine 
females) and n512 for Trf1 D/D (six males; six females). No statistically significant differences were observed between sexes. (E) Im-
munofluorescence (6–8 visual fields for each tissue analyzed) of Ksp-Cadherin 1 (red) and KFP 1 (green) and quantification of the percent 
Ksp-Cadherin 1 and KFP 1 Ksp-Cadherin 1 cells per total number of KFP 1 renal tubular epithelial cells of Trf1 1/1 and Trf1 D/D kidneys. n58 
for Trf1 1/1 (three males; five females) and n59 for Trf1 D/D mice (five males; four females). No statistically significant differences were 
observed between sexes. (F and G) The correlation between ratio of average sum Trf1 intensity in KFP 1 cells and kidney function (F) 
BUN (G) blood creatinine. n59 for Trf1 1/1 (three males; six females) and n511 for Trf1 D/D (five males; six females) mice. No sta-
tistically significant differences were observed between sexes. (H) ELISA of urinary Kim1. n56 mice for each group (three males; three 
females). No statistically significant differences were observed between sexes. (I) Relative mRNA expression of Kim1 from FACs isolated 
EPCAM 1 KFP 1 cells in the kidneys of Trf1 1/1 and Trf1 D/D mice. n55 mice (two males; three females) for each group. (J) ELISA of urinary 
Lcn2. n56 mice for each group (three males; three females). No statistically significant differences were observed between sexes. (K) 
Relative mRNA expression of Lcn2 from FACs isolated EPCAM 1 KFP 1 cells in the kidneys of Trf1 1/1 and Trf1 D/D mice. n55 mice (two 
males; three females) for each group. Male mice are represented in green, and females are represented in pink color. Data are 
represented as mean6SEM. An unpaired, two-tailed Student t test was used. DAPI, 49,6-diamidino-2-phenylindole; FACs, fluorescence-
activated cell sorting; i.p., intraperitoneally; KFP, Katushka fluorescent protein; Kim-1, kidney injury molecule 1.
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Figure 2. Renal tubular epithelial cell–specific Trf1 deletion led tubulointerstitial fibrosis and tubular damage. (A–C) Representative 
images of staining and quantifications (whole section analyzed). (A) Masson trichome staining in whole section of Trf1 1/1 and Trf1 D/D 

kidneys (whole section-left panel; magnified view-right panel). n512 for Trf1 1/1 (three males; nine females) and n512 for Trf1 D/D (six 
males; six females) mice. No statistically significant differences were observed between sexes. (B) Sirius red staining in Trf1 1/1 and 
Trf1 D/D kidneys. n512 for Trf1 1/1 (three males; nine females) and n512 for Trf1 D/D (six males; six females) mice. No statistically 
significant differences were observed between sexes. (C) PAS1D staining (12–15 visual fields for each tissue analyzed) and quanti-
fications of tubular injury score. n510 mice for each group (five males; five females). No statistically significant differences were 
observed between sexes. (D–H) Representative images of immunostaining and quantifications (whole section analyzed; D) a-SMA, 
(E) fibronectin (Fn 1 ), (F) collagen 1 (Col 1 1 ), (G) vimentin (Vim 1 ), and (H) F4/80 in t Trf1 1/1 and Trf1 D/D kidneys. n512 for Trf1 1/1 

(three males; nine females) and n512 for Trf1 D/D (six males; six females) mice. No statistically significant differences were observed 
between sexes. (I) The correlation between ratio of average sum Trf1 intensity in KFP 1 cells and kidney fibrosis. n59 for Trf1 1/1 (three
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(200 ml of 0.3 M NaHCO 3 ) or vehicle alone (200 ml of 
0.3 M NaHCO 3 ) was administered to Trf1 1 /1 and Trf1 D/D 

mice after a 4-week period of administration.

Telomere Quantitative Fluorescence In Situ Hybridization 
Analyses
Telomere quantitative-FISH was performed on paraffin-
embedded tissue sections as previously described. 16,23 

Detailed methods involved in the manuscript are listed 
in Supplemental Methods and Supplemental Table 2.

Statistics
Mice were randomly assigned to groups, and investigators 
were blinded to group allocation. Sample sizes correspon-
ded to the number of mice used for each experiment, as 
indicated. For single immunohistochemistry (IHC) stain-
ings, whole kidney sections were quantified. For double 
IHC stainings, quantification was performed in whole 
kidney section comprising 12–15 areas. For immunofluo-
rescence analysis, 6–8 images were collected from each 
individual. Data distribution was assumed to be normal, 
but this was not formally tested. No data points or mice 
were excluded, and the results were presented as the 
mean6SEM. An unpaired, two-tailed Student t test was 
used for comparison between groups. Statistical analysis 
was performed using GraphPad Prism version 9 (version 
9.5.1-528) software. The significance was set at a P value 
of , 0.05. Overall survival was assessed by the 
Kaplan–Meier survival curves using the log rank 
(Mantel–Cox) test.

Results
Trf1 Deletion in Renal Tubular Epithelial Cell Induced 
Tubulointerstitial Fibrosis, Functional Decline, and 
Persistent Tubular Injury
To induce both Trf1 deletion and KFP expression, TMX 
was administered intraperitoneally in 6- to 8-week-old 
male and female mice three times per week for 8 consec-
utive weeks (Figure 1A). Immunofluorescence staining 
confirmed the absence of TRF1 fluorescent signals in 
KFP 1 renal tubular epithelial cells of Trf1 D/D mice, in 
contrast to detection of TRF1 signals in Trf1 1/1 mice, 
confirming that Trf1 D/D mice underwent successful Ksp-
Cre–mediated recombination and Trf1 deletion (Figure 1B). 
We confirmed these findings by reverse transcription quan-
titative PCR (RT-qPCR) of Trf1 mRNA levels, which was 
found to be downregulated in Trf1 D/D mice compared with 
Trf1 1 /1 mice in fluorescence-activated cell sorting sorted 
EPCAM 1 KFP 1 renal tubular epithelial cells (Figure 1C). 
Immunohistochemistry analysis demonstrated two-fold 
increase in both KFP 1 and KspCad 1 expression and 
three-fold increase in KFP 1 KspCad 1 cells in Trf1 D/ D 

mice compared with Trf1 1 / 1 mice ( Figure 1 , D and E ). 
Trf1 deletion was significantly positively correlated with

plasma creatinine levels and BUN levels (Figure 1, F and 
G). Plasma creatinine and BUN levels showed sustained 
elevation in Trf1 D/D mice compared with Trf1 1/1 mice after
6 weeks of Trf1 deletion (Supplemental Figure 1, B and C). 
Physiologic evaluation indicated no significant differences 
in liver function, glucose metabolism, and other kidney 
functions between Trf1 D/D and Trf1 1/1 mice (Supplemental 
Figure 1, D–M). No alterations in body weight or kidney-
to-body weight ratio were observed ( Supplemental 
Figure 1, N and O ). Trf1 D/ D mice exhibited a progressive 
rise in urinary kidney injury molecule 1 (Kim-1) and 
lipocalin-2 (Lcn2) levels, as early as 4 weeks post-Trf1 
ablation (Figure 1, H and J). Simultaneously, Kim-1 
(Havcr1) and Lcn2 mRNA expression was also significantly 
higher in Trf1 D/D kidneys (Figure 1, I and K). Masson and 
Sirius red staining displayed marked increase in collagen 
deposition along with los s of basement membrane and 
tubular atrophy in Trf1 D/D (Figure 2, A–C). TRF1 abroga-
tion significantly upregulated alpha-smooth muscle actin 
(a-SMA), fibronectin, collagen 1, vimentin, and F4/80 ex-
pression leading to increased fibrosis in Trf1 D/D kidneys as 
compared with Trf1 1/1 mice (Figure 2, D–I). RT-qPCR 
further confirmed the upregulation of Acta2, Fn1, Col1a1, 
Col3a1, Col4a1, Vim, and Ecm2 mRNA levels in Trf1 D/D 

kidneys (Figure 2J). Increased expression of keratins 
KRT-7, KRT-8, KRT-18, and KRT-19 by injured tubules 
has been reported in both human and experimental 
models of kidney disease. 28 No prior sample size calcu-
lation was made. Trf1 D/D mice displayed five-fold in-
crease in Krt8/18 1 KFP 1 -positive cells in the renal 
tubules (Supplemental Figure 1P). Histopathologic anal-
ysis, after 8 weeks of TMX administration, of other 
organs (heart, liver, and lung) examined by hematoxylin 
and eosin and Masson staining revealed no histologic 
abnormalities (Supplemental Figure 2). These results in-
dicate that TRF1 depletion in renal epithelium leads to 
kidney fibrogenesis.

Trf1 Deletion in Renal Tubular Epithelial Cells Induced 
Cellular Senescence, DNA Damage, and G2/M Arrest
To address the molecular effects of Trf1 deletion in renal 
tubular epithelial cells, we analyzed the expression of 
senescence markers p53/p21 and senescence-associated 
secretory phenotype as well as determined the DNA dam-
age burden in fluorescence-activated cell sorting sorted 
EPCAM 1 KFP 1 renal tubular epithelial cells. IHC staining 
with p21 and p53 demonstrated an eight-fold and four-fold 
increase in Trf1-deleted p21 1 KFP 1 and p53 1 KFP 1 cells, re-
spectively, as compared with Trf1 1/1 mice (Figure 3, A and 
B). Similarly, senescence-associated b-galactosidase–positive 
cells were readily detectable in Trf1 D/D kidneys and almost 
absent in Trf1 1/1 kidneys (Figure 3C). Trf1 D/D mice had 
significant decrease in telomere intensity in renal tubular 
epithelial cells compared with Trf1 1 /1 mice (Figure 3D), 
suggesting that telomere shortening might arise as a

Figure 2. Continued. males; six females) and n511 for Trf1 D/D (five males; six females) mice. No statistically significant differences 
were observed between sexes. (J) Relative mRNA expression of Acta, Fn, Col1a1, Col3a1, Col4a1, Vim, Ecm2 in Trf1 1/1 and Trf1 D/D 

kidneys. n55 mice (two males; three females) for each group. Male mice are represented in green, and females are represented in pink 
color. Data are represented as mean6SEM. An unpaired, two-tailed Student t test was used. a-SMA, alpha-smooth muscle actin; 
PAS1D, periodic acid–Schiff with diastase.
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Figure 3. Trf1 deletion in renal tubular epithelial cells led to cell cycle arrest and telomeric damage and prompted regenerative 
repair. (A–E) Representative images (12–15 visual fields for each tissue analyzed) and quantifications of multiplex staining per total 
number of KFP 1 renal tubular epithelial cells of Trf1 1/1 and Trf1 D/D kidneys of (A) KFP 1 p21 1 cells and (B) KFP 1 p53 1 cells. n58 for
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consequence of increased cell turnover to repair TRF1-
induced DNA damage as indicated by elevated number of 
KFP 1 KspCad 1 cells (Figure 1, D and E). Analysis of total 
DNA damage burden as well as telomere-associated DNA 
damage in renal tubular epithelial cells showed an in-
crease in phosphorylated form of the histone protein 
H2AX-positive cells in Trf1 D/D (Figure 3E). In addition, 
telomere dysfunction–induced foci were significantly in-
creased in Trf1 D/D renal tubular epithelial cells compared 
with Trf1 1 /1 (Figure 3F). RT-qPCR confirmed the upreg-
ulation of Cdkn1a, Cdkn1b, Cdkn2a, Trp53, and Lmna 
mRNA levels in Trf1 D/D kidneys (Figure 3G). Notably, 
Trf1 deletion increased the percentage of KFP 1 cells ar-
rested in the G2 phase based on the higher levels of 
phospho-histoneH3 at serine10 positive cells showing a 
foci staining pattern (p-H3 1 KFP 1 ). We observed higher 
levels of Ki67-positive cells (Ki67 1 KFP 1 ) indicating cells 
proliferation, likely due to an attempt to regenerate, in 
agreement with higher percentage of KspCad 1 cells ob-
served in Trf1-depleted kidneys (Figure 1D).

Trf1 Deletion in Renal Tubular Epithelial Cells Activated 
Regenerative Repair in Injured Kidneys of Trf1 D/D Mice
In stress conditions, surviving injured cells switch on Sox9 
gene as a response to kidney damage, causing the activa-
tion of regeneration and repair mechanism in injured tu-
bules. 29 Trf1 D/D mice showed 13-fold upregulation of 
Sox9 1 KFP 1 cells in renal tubular epithelial cells, implicat-
ing Sox9-mediated transcriptional regulation in early re-
sponse to tubular injury (Figure 3J). Tubules exhibiting a 
reparative signature showed higher levels of Ki67 1 pro-
liferative cells predominantly within Sox9 1 cell fraction of 
proximal tubule. 29 Concurrently, we showed that a large 
fraction (30%) of Sox9 1 cells were actively proliferating in 
Trf1 D/D mice as compared with Trf1 1/1 mice (Figure 3K). 
Our observation further supports proliferation-mediated 
telomere shortening in tubular cells with increased telo-
mere damage owing to TRF1 abrogation (Figure 3D).

In parallel to interstitial fibrosis, endothelial dysfunc-
tion is linked to structural defects of microcirculation, 
including microvascular rarefaction that may exacerbate

renal hypoxia. 30 Trf1 D/D mice showed three-fold increase 
in hypoxia with 35% reduction in vessel density as in-
dicated by elevated numbers of HIF1a 1 KFP 1 cells and 
decreased CD31 1 area in Trf1 D/D kidneys, respectively 
(Supplemental Figure 3).

Trf1 Deletion in Renal Tubular Epithelial Cells Affected 
Their Transcriptional Landscape
Gene set enrichment analysis (GSEA) revealed that Trf1-
deleted renal tubular epithelial cells showed the number 
of deregulated pathways, including ECM organization 
(false discovery rate [FDR] 5 0.09) and receptor inter -
actions (FDR 5 0.008; Supplemental Figure 4, C and D). 
IL6-JAK-STAT3 and Tgf-b signaling also showed a trend 
toward enrichment in IL6-JAK-STAT3–associated genes 
(P 5 0.164) and Tgf-b–associated genes (P 5 0.601) 
(Supplemental Figure 4, E and F), although they were 
NS. Trf1 D/ D mice displayed upregulation of IL6 
levels (Supplemental Figure 4G). Immunolabeling of 
KFP 1 pSTAT3 1 showed an increase in Trf1 D/ D compared 
with Trf1 1 / 1 kidneys, suggesting that increased inflam-
mation leads to the activation of IL6-JAK-STAT3 path-
way as a consequence of Trf1-abrogation (Supplemental 
Figure 4H). Differentially expressed gene analysis be-
tween Trf1 D/ D and Trf1 1 / 1 kidneys revealed a total of 
739 genes differentially deregulated (FDR ,0.05) be-
tween both groups, of which 311 and 428 genes were 
upregulated and downregulated, respectively, in Trf1 D/ D 

cells. We generated a heatmap of relative expression of 
relevant genes and a volcano plot of differentially ex-
pressed genes between Trf1 D/ D and Trf1 1 / 1 kidneys, 
highlighting those genes related to telomere mainte-
nance and repair, fibrosis, kidney damage, inflamma-
tion, and mitogen-activated protein kinase (MAPK) 
gene sets 31 (Figure 4, A and B). The complete lists of 
deregulated genes are presented in Supplemental 
Table 1. The expression of telomere maintenance and 
repair genes was negatively correlated with the expres-
sion of genes related to fibrosis and kidney damage as 
well as with inflammation and MAPK in Trf1 D/ D mice 
compared with Trf1 1 / 1 mice, suggesting that telomere

Figure 3. Continued. Trf1 1/1 (three males; five females) and n58 for Trf1 D/D (five males; three females) mice. No statistically significant 
differences were observed between sexes. (C) Representative images and quantifications (whole section analyzed) of SA-b-gal staining in 
Trf1 1/1 and Trf1 D/D kidneys. n58 for Trf1 1/1 (four males; four females) and n58 for Trf1 D/D (five males; three females) mice. No 
statistically significant differences were observed between sexes. (D) Representative images (6–8 visual fields for each tissue analyzed) of 
immuno-telomere QFISH in KFP 1 renal tubular epithelial cells (Cy3Tel probe (green), KFP 1 cells (red) and quantification of mean 
telomere spot intensity in Trf1 1/1 and Trf1 D/D kidneys. Nuclei are stained with DAPI (blue). n511 for Trf1 1/1 (five males; six females) 
and n513 for Trf1 D/D (8 males; five females) mice. No statistically significant differences were observed between sexes. (E) Repre-
sentative images (12–15 visual fields for each tissue analyzed) and quantifications of multiplex staining of KFP 1 pH2AX 1 cells per total 
number of KFP 1 renal tubular epithelial cells of Trf1 1/1 and Trf1 D/D kidneys. n59 for Trf1 1/1 (five males; four females) and n59 for 
Trf1 D/D (four males; five females) mice. No statistically significant differences were observed between sexes. (F) Representative images 
(6–8 visual fields for each tissue analyzed) of TIFs in KFP 1 renal tubular epithelial cells (magenta), pH2AX (green), telomere (red) and 
quantification of TIFs in KFP 1 cells in Trf1 1/1 and Trf1 D/D kidneys. Nuclei are stained with DAPI (blue). n59 mice for each group. n59 
for Trf1 1/1 (five males; four females) and n59 for Trf1 D/D (four males; five females) mice. No statistically significant differences were 
observed between sexes. (G) Relative mRNA expression of Cdkn1a, Cdkn1b, Cdkn2a, Trp53, and Lmna from FACs isolated EP-
CAM 1 KFP 1 cells in the kidneys of Trf1 1/1 and Trf1 D/D mice. n55 (two males; three females) mice for each group. (H–K) Representative 
images of (12–15 visual fields for each tissue analyzed) and quantifications of multiplex staining per total number of KFP 1 renal tubular 
epithelial cells in Trf1 1/1 and Trf1 D/D kidneys (H) KFP 1 Ki67 1 cells, (I) KFP 1 pHH3 1 , (J) KFP 1 Sox9 1 cells, and (K) Sox9 1 Ki67 1 cells. n58 
for Trf1 1/1 (three males; five females) and n58 for Trf1 D/D (five males; three females) mice. No statistically significant differences were 
observed between sexes. Male mice are represented in green, and females are represented in pink color. Data are represented as 
mean6SEM. An unpaired, two-tailed Student t test was used. pH2AX, phosphorylated form of the histone protein H2AX; QFISH, 
quantitative fluorescence in situ hybridization; SA-b-gal, senescence-associated b-galactosidase; TIF, telomere-induced foci.
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Figure 4. Transcriptome analysis by RNA-seq showing the DEGs. The heatmap of the DEGs of (A) telomere maintenance and repair, 
(B) fibrosis and kidney damage, and (C) inflammation and MAPK among Trf1 1/1 and Trf1 D/D mice. (D) Volcano plot showing all the 
gene expression pattern of up- or downregulated DEGs in Trf1 1/1 and Trf1 D/D mice. The x-axis depicts the log 2 fold change in gene 
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Figure 5. Trf1 deletion in renal tubular epithelial cells activated KRAS signaling and TNF-a signaling through NFkB pathway. GSEA 
enrichment plots of hallmark gene dataset showing enriched pathways (FDR ,25%). (A) KRAS signaling up. (B) Tnf-a signaling through 
NFkb in the kidneys of Trf1 1/1 and Trf1 D/D mice. n53 mice for each group. (C) Relative mRNA expression of Tnfa, Tnfr1, Tnfr2, NFkb1,
NFkb2, Il6, Ila1, Il1b, Tgfb1, and Ccl2 in Trf1 1/1 and Trf1 D/D kidneys. n55 mice (two males; three females) for each group.
(D–H) Representative images of (12–15 visual fields for each tissue analyzed) and quantifications of multiplex staining per total number
of KFP 1 renal tubular epithelial cells in Trf1 1/1 and Trf1 D/D kidneys. (D) KFP 1 c-Raf 1 cells. (E) KFP 1 p-ERK1/2 1 cells. (F) KFP 1 p-Akt 1

cells. (G) KFP 1 p-mTOR 1 cells. (H) KFP 1 p-70S6K 1 cells. n58 for Trf1 1/1 (three males; five females) and n58 for Trf1 D/D (five males;
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dysfunction in renal tubular epithelial cells drives gene 
expression programs associated with kidney fibrosis.

Trf1 Deletion Triggered Both Kirsten Rat Sarcoma Viral 
Oncogene Homolog and TNF-a Signaling through NFkB 
Pathway in Renal Tubules
GSEA analysis revealed significant enrichment for both 
kirsten rat sarcoma viral oncogene homolog (KRAS) (nor-
malized enrichment score [NES]: 1.513) and TNF-a signal-
ing through NFkB pathway (NES: 1.613; Figure 5, A and 
B). RT-qPCR analysis confirmed significant transcriptional 
upregulation of inflammatory cytokines: Tnfr1 (Tnfrsf1a) 
and Tnfr2 (Tnfrsf1b), NFkb1, NFkb2, IL6, Il1a, IL1b, Tgfb1, 
and CCl2 in the kidneys of Trf1 D/D compared with Trf1 1/1 

mice (Figure. 5C). The activation of KRAS is known to 
initiate several downstream signaling pathways, such as 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) mammalian target of rapamycin (mTOR), MAPK, 
and NF-kB. 32 Consequently, we determined levels of c-Raf 
and phosphorylated, p-Erk, p-Akt, p-mTOR, p70S6K, pS6, 
p38, and c-Jun. Our findings showed significant increase in
the percentage of KFP 1 c-Raf 1 , KFP 1 pERK 1 , KFP 1 pAKT 1 ,
KFP 1 p-mTOR 1 , KFP 1 p70S6K 1 , KFP 1 pS6 1 , KFP 1 p-p38 1, 
and KFP 1 c-Jun 1 double-positive cells in Trf1 D/D compared 
with Trf1 1/1 mice (Figure 5, D–K). Aberrant NF-kB acti-
vation is conventionally defined by increased NF-kappa-B 
expression. 33 Immunolabeling revealed three-fold increase 
in coexpressing KFP 1 NF-kb p65 1 cells in renal tubular 
epithelial cells of Trf1 D/D (Figure 5L). We observed prefer-
ential staining of pERK, pAKT, cJun, and NF-kb p65 1 in 
distal nephron segments with little staining in proximal 
tubules. By contrast, Raf, S6, p-p38, and p70SK6 staining is 
clearly more heterogeneous in both proximal and distal 
segments. In addition, ELISA revealed upregulation of 
TNF-a levels in Trf1 D/D mice (Supplemental Figure 4I). 
These data support the unprecedented finding that Trf1 
deletion exerts fibrotic activity partially by upregulating 
the RAS–RAF–mitogen-activated protein kinase (MEK)– 
extracellular signal[en]regulated kinase (ERK), PI3k/Akt/ 
mTOR, and p38 pathways.

Trf1 Deletion Activated RAAS Pathway in Renal Tubules 
Since the activation of RAAS plays a central role in the 
progression of CKD and congestive heart failure, 34 we 
analyzed the expression of RAAS components in kid-
neys. Immunolabeling showed higher angiotensinogen 
(Agt) and angiotensin-converting enzyme (Ace) expres-
sion along the apical border of proximal tubules with 
four-fold and five-fold increase in Agt 1 and Ace 1 cells, 
respectively, in Trf1 D/D mice (Supplemental Figure 5, A 
and B). Angiotensin-converting enzyme 2 (Ace2) defi-
ciency enhances kidney inflammation and kidney

fibrosis and exacerbates the progression of CKD. 35 Con-
currently, Ace2 expression was lower in Trf1 D/ D mice 
compared with Trf1 1 /1 mice (Supplemental Figure 5C). 
These findings were validated by RT-qPCR, showing 
upregulation of mRNA levels of Agt, Ren1, Ace and 
downregulation of Ace2 in Trf1 D/D kidneys compared 
with Trf1 1 /1 kidneys (Supplemental Figure 5D). Urinary 
AGT (uAGT) excretion is often used as an indicator of 
intrarenal RAAS activity. 36 Trf1 D/D mice displayed in-
creased urinary AGT levels (Supplemental Figure 5E).

Long-Term Trf1 Deletion Exacerbated Kidney Fibrosis 
Leading to CKD
Furthermore, we explored long-term outcomes of targeted 
renal tubular epithelial injury induced by Trf1 deletion 
(Figure 6A). No prior sample size calculation was made. 
Trf1 D/D mice displayed significant reduction in body weight 
after 8 months of continuous TRF1 depletion, which con-
tinued until humane end point, with significant increase in 
kidney-to-body weight ratio at humane end point in 
Trf1 D/D mice (Supplemental Figure 6, A and B). Trf1 D/D 

mice showed reduced hair density, hair loss (alopecia), 
and kyphosis (Figure 6B). Trf1 D/D kidneys appeared pale 
and damaged in comparison with Trf1 1 /1 mice 
(Figure 6C). Trf1 D/D mice revealed significantly increased 
blood creatinine and BUN after 2 months of TMX 
(Figure 6D and Supplemental Figure 6C). In addition, 
urinary albumin-to-creatinine ratio (UACR), an early 
marker of abnormal kidney dysfunction, was significantly 
higher in Trf1 D/D mice compared with Trf1 1 /1 mice after
4 months of TMX (Figure 6E). To further investigate 
whether the potential effect of observed comorbidities 
could lead to lower survival, we monitored the mortality 
rates in mice. Interestingly, despite half of Trf1 D/D mice 
succumbing at early time points, we observed no differ-
ence in overall survival between Trf1 D/D and Trf1 1 /1 mice 
(Figure 6F). Survival analysis based on mouse gender 
revealed no significant longevity differences between 
both genotypes (Supplemental Figure 6, D and E). His-
topathologic examination of all organs indicated that 
pulmonary pathologies were the primary cause of dete-
rioration and death in both genotypes, with kidney pa-
thologies being more prevalent in Trf1 D/D mice (Figure 6G 
and Supplemental Figure 7A). It is possible that the TMX 
induced damage to the alveolar walls, resulting in hem-
orrhages and a large number of hemosiderophages, fol-
lowed by multifocal hepatitis in the liver (Figure 6G and 
Supplemental Figure 7, A and B). By contrast, Trf1 D/D mice 
showed 100% incidence of kidney fibrosis and tubular 
atrophy and degeneration, while none of the Trf1 1 /1 mice 
presented kidney fibrosis (Figure 6G). Analysis of the 
heart revealed perivascular and interstitial fibrosis, with

Figure 5. Continued. three females) mice. No statistically significant differences were observed between sexes. (I–L) Representative 
images of (12–15 visual fields for each tissue analyzed) and quantifications of multiplex staining per total number of KFP 1 renal tubular 
epithelial cells in Trf1 1/1 and Trf1 D/D kidneys. (I) KFP 1 p-S6 1 cells. (J) KFP 1 p-p38 1 cells. (K) KFP 1 c-Jun 1 cells. (L) KFP 1 p-p65 NFkb 1 

cells. n58 for Trf1 1/1 (three males; five females) and n58 for Trf1 D/D (four males; four females) mice. No statistically significant 
differences were observed between sexes. Male mice are represented in green, and females are represented in pink color. Data are 
represented as mean6SEM. An unpaired, two-tailed Student’s t test was used. AKT, protein kinase B; ERK, extracellular signal–regulated 
kinase; GSEA, gene set enrichment analysis; KRAS, kirsten rat sarcoma viral oncogene homolog; mTOR, mammalian target of rapa-
mycin; NES, normalized enrichment score.
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Figure 6. Prolonged renal tubular epithelial cells Trf1 deletion aggravated kidney fibrosis, contributing to CKD. (A) Schematic 
representation of the experimental design. (B) Representative images of mice of the indicated genotypes. (C) Macroscopic appearance of 
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n56 per group (three males; three females). No statistically significant differences were observed between sexes. (F) Kaplan–Meier 
survival curves of Trf1 1/1 and Trf1 D/D mice. n515 for Trf1 1/1 (five males; ten females) and n524 (14 males; ten females) for Trf1 D/D 

mice. No statistically significant differences were observed between sexes. (G) Bar graph showing distribution of pathologic lesions in 
organs of Trf1 1/1 and Trf1 D/D mice. n512 for Trf1 1/1 (five males; seven females) and n523 (14 males; nine females) for Trf1 D/D mice. 
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increased a-SMA and Agt, followed by DNA damage in 
Trf1 D/D mice, coinciding with CKD-induced cardiac fibro-
sis 37 (Supplemental Figure 7, C–F). Of note, the deletion of 
Trf1 in renal tubular epithelial cells was maintained until 
the humane end point as indicated by multiplex staining 
with TRF1 and turbo-RFP antibodies (Figure 6H). Trf1 D/D 

kidney displayed exacerbated tubulointerstitial injury and 
fibrosis accompanied by loss of brush borders, cellular 
vacuolization, and atrophy as well as increased a-SMA 
and F4/80 levels (Figure 6, I–M).

Trf1 Deletion Aggravated Folic Acid–Induced Kidney 
Fibrosis in Mice
To determine the contribution of TRF1 to AKI, we ex-
tended our studies to an additional model of kidney fi-
brosis and folic acid–induced nephropathy after short-term 
deletion of Trf1 38 (Figure 7A). No prior sample size calcu-
lation was made. We analyzed the urinary and blood 
parameters and found that Trf1 D/D folic acid–treated 
mice showed increased UACR, urinary Kim-1, and Lcn2 
levels (Figure 7, B and C, and Supplemental Figure 8A). 
The administration of folic acid is known to induce a 
transient elevation of BUN and blood creatinine levels at 
48 hours after injection, followed by subsequent kidney 
dysfunction accompanied with interstitial fibrosis. 39 

Consistently, folic acid–treated Trf1 D/ D mice showed sig-
nificant increases in both BUN and creatinine levels on 
days 2, 7, and 14, with both BUN and creatinine levels 
progressively increasing after day 2, indicating kidney 
dysfunction as early as 48 hours after folic acid admin-
istration (Supplemental Figure 8, B and C). Folic 
acid–treated Trf1 D/D mice exhibited increased tubuloin-
terstitial fibrosis after 14 days compared with untreated 
Trf1 D/D , characterized by altered tubular morphology 
(periodic acid–Schiff with diastase), excessive myofibro-
blast population (a-SMA), ECM deposition (fibronectin), 
collagen deposition (collagen 1), and macrophage infil-
tration (F4/80) as compared with Folic acid–treated 
Trf1 1 / 1 and untreated Trf1 D/D and Trf1 1 /1 cohorts (Fig-
ure 7, D–I, and Supplemental Figure 8D).

Discussion
Renal tubulointerstitial fibrosis is one of the major path-
ologic features of CKD, associated with decline in kid-
ney function. 3 , 40 Several studies indicate that patients 
with CKD and shorter leukocyte telomere length exhibit 
reduced kidney function associated with higher mor-
bidity and mortality. 41 –45 Mice with dysfunctional telo-
meres show age-dependent decline in kidney function, 
delayed kidney recovery, and increased fibrosis. 23 ,46 We 
have previously shown that telomerase-deficient (G3-

Tert 2 / 2 ) mice had increased vulnerability of developing 
kidney fibrosis in response to folic acid by inducing 
cellular senescence and inflammation and exacerbating 
the EMT program. 23 Furthermore, constitutive deletion of 
Trf1 in entire kidney cell population resulted in kidney 
fibrosis. Nevertheless, definitive contribution of Trf1 de-
letion in distinct kidney cell types has remained unex-
plored until recently. Recently, we studied the role of 
renal fibroblasts in telomere dysfunction–associated fibro-
sis, with renal epithelial cells left completely undis-
turbed. However, short-term Trf1 deletion in renal 
fibroblasts was insufficient to trigger kidney fibrosis 
but induced inflammation, ECM deposition, cell cycle 
arrest, fibrogenesis, and vascular rarefaction. By contrast, 
long-term Trf1 deletion in fibroblasts resulted in pro-
nounced kidney fibrosis with decline in survival and kid-
ney function. Chronic telomere dysfunction in fi broblasts 
triggered macrophage-to-myofibroblast transition, 
endothelial-to-mesenchymal transition, and EMT, all con-
tributing to fibrogenesis. 24

In this study, we have for the first time explored the 
role of telomere dysfunction specifically in renal tubular 
epithelial cells. Eight weeks of Trf1 deletion leads to 
severe tubule injury coincident with significant alter-
ations in blood parameters and upregulation in Kim-1 
and Lcn2, characteristic features of AKI in patients. 3 Cel-
lular senescence in AKI is driven by the p53/p21CIP1 and 
p16INK4a/Rb pathways as observed in unilateral ureteral 
obstruction model, ischemia-reperfusion injury model, and 
aging kidney diseases in mouse and patients with 
CKD. 47–49 Telomere dysfunction activates DDR, leading 
to phosphorylation of histone H2AX and activation of 
canonical p53–p21 pathway, leading to cell cycle arrest 
in renal tubular epithelial cells, a crucial driver of malad-
aptive repair in various kidney fibrosis models. 3,50 Consis-
tently, our results showed that Trf1-deficient kidneys had 
increased markers of cell arrest and senescence, such as 
p53/p21CIP1 and senescence-associated b-galactosidase 
expression, similarly to that described for human patients 
and bonafide CKD mouse models. 47–49 At the molecular 
level, we observed a rapid onset of persistent telomeric 
DNA damage (telomere induced foci) leading to cellular 
senescence and apoptosis. 51,52 To the best of our knowl-
edge, this is the first study showing that telomere dysfunc-
tion specifically in renal tubular epithelial cells increases 
the susceptibility to develop kidney fibrosis by reducing 
the kidney’s ability to repair itself after injury.

The activation of Ras/Raf/MEK/ERK and Ras/ 
PI3K/phosphatase and tensin homolog/Akt/mTOR sig-
naling pathways has previously been observed in 
ischemia-reperfusion, GN, diabetic rats, polycystic kid-
ney disease, and in remnant kidneys in rats after 5/6

Figure 6. Continued. and Trf1 D/D kidneys. Nuclei are stained with DAPI (blue). n58 for Trf1 1/1 (three males; five females) and n58 for 
Trf1 D/D (four males; four females) mice. No statistically significant differences were observed between sexes. (I–M) Representative images 
and quantifications (whole section analyzed) of (I) Masson trichome staining (whole section-left panel; magnified view-right panel). 
(J) Sirius red staining. n510 for Trf1 1/1 (two males; eight females) and n513 for Trf1 D/D mice (eight males; five females). (K) PAS1D 

staining (12–15 visual fields for each tissue analyzed) and quantifications of tubular injury score. n56 for Trf1 1/1 (three males; three 
females) and n56 for Trf1 D/D mice (four males; two females). (L) a-SMA. (M) F4/80 in Trf1 1/1 and Trf1 D/D kidneys. n510 for Trf1 1/1 

(two males; eight females) and n513 for Trf1 D/D mice (eight males; five females). Animal survival was assessed by the Kaplan–Meier 
analysis, using the log rank (Mantel–Cox) test). Male mice are represented in green, and females are represented in pink color. Data are 
represented as mean6SEM. An unpaired, two-tailed Student t test was used.
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nephrectomy-induced glomerulosclerosis. 53 –56 Further-
more, active phosphorylated forms of p38 Kinase are 
markedly increased in epithelial cells in injured kidney. 57 

Consistently, Trf1 D/D mice exhibited a positive correlation 
between upregulation of KRAS pathway and progression 
of kidney fibrosis. Inflammation is recognized as a pivotal 
contributor to kidney fibrosis primarily through the in-
duction of proinflammatory cytokines such as TNF-a, 
which subsequently activate NF-kB signaling pathways. 33 

The loss of Trf1 in renal tubular epithelial cells caused 
increased gene expression of proinflammatory pathways 
and inflammatory cytokines in Trf1 D/D mice. Altogether, 
these results indicate that TRF1 deficiency in renal tubular 
epithelial cells leads to increased inflammation coincidental 
with TNF-a signaling through NFkB and activation of the 
Ras/Raf/MEK/ERK and Ras/PI3K/phosphatase and ten-
sin homolog/Akt/mTOR pathways.

Long-term TRF1 abrogation in renal tubular epithelial 
cells over the lifespan of mice leads to an early and 
significant increase in UACR, progressive collagen depo-
sition, tubular atrophy, and tubulointerstitial injury, cul-
minating in CKD. By contrast, long-term TRF1 depletion 
in fibroblasts led to much later onset of UACR elevation, 
increased BUN, and creatinine levels as compared with 
depletion in renal tubular epithelial cells, 12 versus 
1.5 months post-Trf1 deletion. Translating this timeline 
to human physiology, 4 months of mouse age corresponds 
to human age range of approximately 20–30 years, while 
12 months corresponds to 38–47 years. 58 –60 These find-
ings suggest that even in young adults, loss of TRF1 in 
renal tubular epithelial cells could render the kidneys 
significantly more susceptible to fibrosis and injury com-
pared with TRF1 loss in renal fibroblasts. This highlights 
the critical role of TRF1 in renal tubular epithelial cells 
for maintaining kidney integrity and underscores its 
potential as a target for preventing early-onset kid-
ney fibrosis.

Cardiorenal syndrome is a complex pathophysiologic 
disorder resulting from the interplay between cardiac and 
kidney insufficiency. 61,62 The activation of RAAS is one of 
the early response systems in acute cardiorenal syndrome 
characterized by the presence of uAGT. 63 Trf1 D/D mice 
displayed renal RAAS activation with upregulation of 
uAGT. In addition, increased collagen deposition with 
Agt and DNA damage in heart at humane end point 
was observed in TRF1-deficient mice. These observations 
recapitulate human disease where the incidence of chronic 
heart failure in patients with CKD is elevated.

It would be interesting to address the potential thera-
peutic efficacy of Trf1 gene therapy or targeting telomere 
length as it presents a promising therapeutic avenue in 
CKD. Specifically, evaluating whether the restoration of 
Trf1 expression or telomere length could reverse the ob-
served fibrotic phenotype or ameliorate the progression of 
fibrosis would provide valuable insights into therapeutic 
possibilities of targeting gene therapies in the context of 
kidney diseases. Although our findings provide valuable 
mechanistic insights in animal models, translating these 
findings to human patients remains an essential step. Fu-
ture studies could benefit from measuring Trf1 levels and 
telomere shortening in kidney tissues from human patients 
with kidney disease. This would not only help establish the

relevance of our findings in human pathology but also 
provide novel insights into how telomere dysfunction con-
tributes to fibrosis in a clinical setting.

In summary, we showed that short-term Trf1 deletion in 
renal tubular epithelial cells leads to kidney injury leading 
to an AKI that progresses to CKD at humane end point. 
Telomere shortening and telomeric damage, a hallmark of 
kidney disease and other fibrotic and aging-related 
conditions, 41,42 was faithfully recapitulated in our study. 
Our study underscores the critical importance of under-
standing the site of origin and specific mechanisms by 
which each cell type contributes to disease progression, 
as this knowledge is paramount for the development of 
targeted gene therapies. These findings pave the way to 
generate targeted telomere-based therapies in renal epithe-
lial cells as a potential treatment for kidney fibro-
sis and CKD.
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