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Renal tubular atrophy and interstitial fibrosis are common hallmarks of etiologically different progressive chronic kidney
diseases (CKD) that eventually result in organ failure. Even though these pathological manifestations constitute a major
public health problem, diagnostic tests, as well as therapeutic options, are currently limited. Members of the dickkopf
(DKK) family, DKK1 and -2, have been associated with inhibition of Wnt signaling and organ fibrosis. Here, we identify
DKK3 as a stress-induced, tubular epithelia–derived, secreted glycoprotein that mediates kidney fibrosis. Genetic as well
as antibody-mediated abrogation of DKK3 led to reduced tubular atrophy and decreased interstitial matrix accumulation in
two mouse models of renal fibrosis. This was facilitated by an amplified, antifibrogenic, inflammatory T cell response and
diminished canonical Wnt/β-catenin signaling in stressed tubular epithelial cells. Moreover, in humans, urinary DKK3
levels specifically correlated with the extent of tubular atrophy and interstitial fibrosis in different glomerular and
tubulointerstitial diseases. In summary, our data suggest that DKK3 constitutes an immunosuppressive and a profibrotic
epithelial protein that might serve as a potential therapeutic target and diagnostic marker in renal fibrosis.
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Introduction
Tubular atrophy (TA) and interstitial fibrosis (IF) are the relevant denominators of  chronic kidney 
diseases (CKD). CKD represent a major public health issue with limited diagnostic and therapeutic 
options. Renal fibrogenesis is considered to be a failed wound-healing process that occurs with per-
sistent injurious insults (1). Development of  renal fibrosis is thought to be facilitated by the induction 
of  a nonresolving inflammation that drives the activation and expansion of  matrix-producing fibrob-
lasts, resulting in an accumulation of  extracellular matrix (ECM) proteins (2, 3). Besides being a target 
of  fibrosis, tubular epithelial cells (TECs) play an essential role in the orchestration of  renal fibrosis, 
predominantly through crosstalk with other cell types via growth factors, cytokines, and chemokines. 
Upon activation and injury, TECs were shown to secrete connective tissue growth factor (CTGF) — a 
key mediator of  tissue fibrosis (4) and cytokines such as IL-6, IL-8, and TNF (5) — as well as CCL5 
and monocyte chemoattractant protein-1 (MCP1) (6–8). The cytokines regulate the recruitment and 
activation of  T cells and macrophages that represent major hematopoietic effector cells for renal fibrosis 
(9, 10). The signaling pathways and transcriptional programs that regulate the activity of  TECs in fibro-
genesis have not been defined in detail.

Dickkopf  (DKK) proteins constitute an evolutionarily conserved family that consists of  five secreted 
glycoproteins: DKK1–4, which share two conserved cysteine-rich domains (CRDs), and a divergent mem-
ber, soggy (11). The N-terminal CRD is unique to the DKK family and is not found in other vertebrate pro-
teins. The two CRDs are separated by a linker region, similar in DKK1, -2, and -4 but significantly shorter 
in DKK3 (12). During embryogenesis, DKK proteins are coordinately expressed in mesenchymal lineages 
(13), which also give rise to kidney development (14).

Renal tubular atrophy and interstitial fibrosis are common hallmarks of etiologically different 
progressive chronic kidney diseases (CKD) that eventually result in organ failure. Even though 
these pathological manifestations constitute a major public health problem, diagnostic tests, as 
well as therapeutic options, are currently limited. Members of the dickkopf (DKK) family, DKK1 
and -2, have been associated with inhibition of Wnt signaling and organ fibrosis. Here, we identify 
DKK3 as a stress-induced, tubular epithelia–derived, secreted glycoprotein that mediates kidney 
fibrosis. Genetic as well as antibody-mediated abrogation of DKK3 led to reduced tubular atrophy 
and decreased interstitial matrix accumulation in two mouse models of renal fibrosis. This was 
facilitated by an amplified, antifibrogenic, inflammatory T cell response and diminished canonical 
Wnt/β-catenin signaling in stressed tubular epithelial cells. Moreover, in humans, urinary DKK3 
levels specifically correlated with the extent of tubular atrophy and interstitial fibrosis in different 
glomerular and tubulointerstitial diseases. In summary, our data suggest that DKK3 constitutes an 
immunosuppressive and a profibrotic epithelial protein that might serve as a potential therapeutic 
target and diagnostic marker in renal fibrosis.
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DKK family members have been reported to be modulators of  Wnt/β-catenin pathways, which are 
thought to play a significant role in renal development and disease (15–17). While DKK1, -2, and -4 have 
been demonstrated to directly interact with the Wnt/β-catenin pathways (18–20), DKK3 has not unequiv-
ocally been associated with Wnt signaling (21). Some publications assert that DKK3 inhibits, while others 
state that DKK3 potentiates Wnt signaling, depending on the cellular context (22–24). In recent reports, 
different proteins of  the Wnt signaling cascade have been suggested to interact with DKK3 (25, 26).

We have recently demonstrated that DKK3 can act as a tissue-derived immune modulator that influ-
ences type and strength of  local T cell responses in models of  peripheral tolerance, transplantation, and 
autoimmune disease (27–29). We have found that DKK3 is expressed during kidney development, which 
occurs by a mesenchymal-epithelial transition. As DKK3 can function as an immune modulator and is 
expressed in mesenchyme-derived tissue, we hypothesized that DKK3 can influence chronic inflammatory 
fibrosing kidney disease.

In the present study, we uncovered that stress-induced TEC-derived DKK3 is a driver of  renal fibrosis. 
Intriguingly, DKK3 mediated an immunosuppressive and, at the same time, a profibrotic function by inter-
action with Wnt signaling. Genetic abrogation as well as antibody-mediated blockade of  DKK3 markedly 
reduced kidney damage and improved renal function in two different models of  renal atrophy and fibrosis. 
We also identified urinary DKK3 as a noninvasivediagnostic marker that identifies the degree of  atrophy 
and fibrosis in human patients with different types of  CKD.

Results
DKK3 promotes TA and IF. In order to investigate the role of  DKK3 in CKD, we analyzed the phenotype 
of  DKK3-deficient (Dkk3–/–) mice in a well-characterized mouse model of  renal fibrosis: unilateral ureteral 
obstruction (UUO). Morphometric evaluation and keratin-18 immunofluorescence staining revealed only 
minor phenotypic alterations 7 days after UUO. However, 21 days after obstruction, we detected consider-
ably diminished TA and dedifferentiation in Dkk3–/– mice compared with littermate controls (Figure 1, A–C). 
Moreover, trichrome staining and fibronectin-immunolabeling displayed a significant reduction of  intersti-
tial ECM deposition in kidneys of  these mice (Figure 1, D–F). Accordingly, accumulation of  α smooth 
muscle actin–positive (α-SMA–positive) myofibroblasts was also diminished in Dkk3–/– mice (Supplemental 
Figure 1; supplemental material available online with this article; doi:10.1172/jci.insight.84916DS1). As 
DKK3 was shown to modulate local T cell responses (27), we evaluated whether it may influence the 
inflammatory response that drives fibrogenesis in the kidney. Surprisingly, even though DKK3 deficiency 
led to significantly diminished renal pathology, we detected increased numbers of  CD3-positive T cells 
within kidneys of  Dkk3–/– mice 7 and 21 days after UUO (Figure 1, G and H). In contrast, numbers of  
F4/80-positive monocytes were comparable in obstructed kidneys of  both strains (Supplemental Figure 
2A). A detailed analysis of  the T cell infiltrate 21 days after UUO revealed increased levels of  IFNγ- and 
TNFα-producing CD4+ (Figure 1I) as well as CD8+ T cells (Supplemental Figure 2, B and C) in Dkk3–/– 
samples. At the same time, we found fewer GATA3-positive CD4+ T cells (Figure 1J) but increased num-
bers and proportions of  CD4+CD25+FOXP3+ Tregs, which apparently prevented uncontrolled Th1 T cell 
response (Figure 2, K and L). In contrast to the obstructed kidneys, alteration of  the T cell phenotypes 
was not apparent in the respective spleens (Supplemental Figure 3). Thus, these data suggest that DKK3 
locally, in the renal microenvironment, regulates the degree and type of  the adaptive immune response and 
promotes the development of  TA and IF.

Antibody-mediated DKK3 blockade ameliorates renal fibrosis. In order to assess whether direct blockade of  
DKK3 protein could corroborate the beneficial effect of  the genetic DKK3 abrogation and to investigate 
the therapeutic potential of  antibody-mediated DKK3 blockade, we treated WT UUO mice with either an 
anti-DKK3 monoclonal antibody or an isotype control. The specificity of  the DKK3 antibody has been 
shown in experiments in which anti-DKK3 selectively targeted regulatory CD8+ T cells positive for DKK3 
(28). The first antibody injection was done at surgery, followed by applications on every third day (Figure 
2A). Twenty-one days after obstruction, anti-DKK3–treated mice displayed less TA (Figure 2, B and C), 
diminished IF (Figure 2, D and E), and increased T cell numbers within the kidney (Figure 2F), compa-
rable to those caused by genetic deletion of  Dkk3. In summary, these results show that the genetic DKK3 
model is not influenced by unknown compensatory mechanisms and that DKK3 represents a potential 
therapeutic target to treat renal TA and fibrosis.

Profibrogenic DKK3 function in the kidney is independent of  the cause of  initial damage. To demonstrate that 
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the profibrotic DKK3 function in the kidney is not restricted to a mouse model with a physical mechanism 
of  injury (obstruction of  urine flow), we made use of  a second mouse model, adenine nephropathy. In 
parallel to the UUO model, less tubular damage (Figure 3, A–C) as well as reduced IF (Figure 3, D–F, 
and Supplemental Figure 4) was detected in DKK3-deficient animals after 28 days of  an adenine-rich 
diet. In addition, reduced plasma creatinine levels revealed preserved renal function in Dkk3–/– mice upon 
adenine feeding (Figure 3G). Numbers of  CD3+ T cells within the respective kidneys were again increased 
in DKK3-deficient mice after 4 weeks of  adenine administration (Figure 3H). Thus, DKK3 seems to func-
tion as a profibrotic factor in chronic renal tubulointerstitial disease, irrespective of  the underlying etiology.

TECs are the predominant source of  profibrotic DKK3 in the kidney. To determine whether the observed phe-
notype in Dkk3–/– kidneys was caused by a T cell–intrinsic defect, isolated T lymphocytes were adoptively 
transferred into recombination activating gene 2–deficient mice (Rag2–/– mice), which lack mature B and T 
cells, two days before generating UUO. Twenty-one days after surgery, injection of  either WT or Dkk3–/– T 
cells was found to be equivalently potent in causing tubular damage and IF, which are suppressed in Rag2–/– 
mice without lymphoid cell repletion (Figure 4, A–C). To identify the particular cell type producing DKK3 
upon UUO, we generated a BAC-transgenic reporter mouse (Dkk3-LCh) expressing luciferase and mCherry 
under the regulatory sequences of  the Dkk3 gene (Supplemental Figure 5A). Ex vivo bioluminescence 
imaging of  obstructed Dkk3-LCh kidneys revealed an induction of  luciferase expression starting 2 days 
after UUO (Figure 4D). This was confirmed by ELISA measurements, showing increased DKK3 protein 
levels in whole-organ homogenates of  obstructed kidneys compared with untreated controls (Supplemental 
Figure 5B). Similar results were obtained in the adenine nephropathy model (Supplemental Figure 6, A and 
B). This stress induction of  DKK3 recapitulates DKK3 expression in the developing postnatal mouse kid-
ney (Figure 4E). In order to localize the DKK3-expressing cell type, mCherry expression in Dkk3-LCh mice 
was analyzed via immunofluorescence microscopy before and 7 days after UUO or at the beginning of  an 
adenine-rich diet. Morphological analysis, as well as costaining with aquaporin 1 (AQP1) for proximal 
tubules and AQP2 for distal tubules and collecting ducts, revealed an exclusive expression of  the reporter 
gene in stress-activated tubular cells, foremost proximal TECs (Figure 4F and Supplemental Figure 6C). 
To investigate whether these cells are indeed the primary source of  functional DKK3 within the fibrotic 
kidney, we generated mice with a conditional DKK3 KO in TECs. Animals containing floxed Dkk3 alleles 
(Supplemental Figure 7) were crossed to Pax8Cre/+ mice, in which Cre-recombinase expression is specifically 
directed to all tubular and collecting duct epithelia in kidney (30). Induction of  UUO in tubular-specific 
DKK3 KO mice resulted in decreased TA (Figure 4, G and H) and diminished IF (Figure 4, I and J), 
similar to the data obtained in global Dkk3–/– mice. These data convincingly show that profibrotic DKK3 
produced upon injurious stimuli in the kidney is derived from TECs.

DKK3 supports Wnt signaling and regulates stress-induced cytokine expression in TECs. To identify global 
changes in gene expression associated with the lack of  DKK3 in the early phase of  tubulointersti-
tial injury, whole-transcriptome sequencing (RNA-seq) was performed on RNA isolated from kidneys 
of  WT and Dkk3–/– mice 7 days after UUO. Gene ontology (GO) analysis indicated major transcrip-
tional changes in immune system–associated pathways. In particular, substantially increased transcrip-
tional activity of  genes related to T cell activation and differentiation, as well as cytokine activity, were 

Figure 1. Dickkopf 3 (DKK3) abrogation diminishes tubular damage and renal interstitial fibrosis accompanied by an amplified, Th1-skewed T cell 
response in the obstructed kidney. (A) Representative images of Periodic acid–Schiff–stained (PAS-stained) kidney sections of WT (n = 11/9) and Dkk3–/–  
(n = 6/11) mice 0, 7, and 21 days after unilateral ureteral obstruction (UUO) (scale bars: 100 μm). (B) Quantification of segmental differentiated tubules in 
PAS-stained kidney sections of WT (n = 11/9) and Dkk3–/– (n = 6/11) mice 0 (control), 7, and 21 days after UUO. (C) Representative keratin-18 immunofluores-
cence images of kidney sections from WT (n = 3) and Dkk3–/– (n = 3) mice 21 days after UUO. Nuclei were stained with DAPI (scale bars: 100 μm). (D) Repre-
sentative images of Masson’s trichrome–stained kidney sections of WT (n = 11/9) and Dkk3–/– (n = 6/11) mice 0, 7, and 21 days after UUO (scale bars:  
100 μm). (E) Semiquantitative analysis of renal interstitial fibrosis in Masson’s trichrome–stained kidney sections of WT (n = 11/9) and Dkk3–/– (n = 6/11) mice 
0 (control), 7, and 21 days after UUO. (F) Representative fibronectin immunofluorescence images of kidney sections from WT (n = 3) and Dkk3–/– (n = 3) mice 
21 days after UUO. Nuclei were stained with DAPI (scale bars: 100 μm). (G) Representative CD3 IHC in kidneys of WT (n = 11/9) and Dkk3–/– (n = 6/11) mice 7 
and 21 days after UUO (scale bars: 100 μm). (H) Quantification of CD3+ cells per high-power field (×40) in WT (n = 11/9) and Dkk3–/– (n = 6/11) mouse kidneys 
7 and 21 days after UUO. (I) Flow cytometric analysis of T cells, isolated from WT and Dkk3–/– mouse kidneys 21 days after UUO. Representative dot plots of 
IFNγ- and TNFα-producing CD4+ cells (left panel). Percentages of IFNγ- and TNFα-producing CD4+ cells (right panel) (n = 8/9). (J) Percentage of GATA3+ of 
CD4+ cells (left panel) (n = 9/9) and the related GATA3 expression (right panel) analyzed by flow cytometry. (K) Quantification of FoxP3+ cells per high-power 
field (×40) in kidney slides of WT and Dkk3–/– mice 7 (n = 10/6) and 21 days (n = 8/11) after UUO. (L) Percentage of CD25+FoxP3+ of CD4+ cells (left panel)  
(n = 6/6) and the respective FoxP3 histogram (right panel), analyzed by flow cytometry. All data are shown as mean ± SEM. Statistical analysis performed 
using either Mann-Whitney U test (B, E, H, and K) or an unpaired, 2-tailed t test (I, J, and L). *P < 0.05; **P < 0.01; ***P < 0.001.
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detected in Dkk3–/– kidneys (Figure 5A). Gene expression levels showed preferential Th1 cell differenti-
ation in kidneys of  Dkk3–/– mice (Supplemental Figure 8), reflecting the results observed at the cellular 
level. In addition to immune response–associated genes, RNA-seq data indicated a clear-cut trend in 
that the ablation of  DKK3 induced an alteration of  Wnt signaling–related gene expression (Figure 5B). 
To further study the potential influence of  DKK3 on the Wnt/β-catenin pathway in situ, in the UUO 
kidneys, we employed a transgenic mouse line that reports transcriptional β-catenin activity by nuclear 
GFP expression under the regulation of  the catenin-responsive transcription factors T cell factor (TCF)/
lymphoid enhancer factor (LEF) (TCF/LEF:H2B-GFP) and crossed these mice to a Dkk3–/– background. 
While absent in untreated mice, strong induction of  nuclear GFP expression was detected in TECs of  
TCF/LEF:H2B-GFP mice 7 days after UUO. In contrast, in DKK3-deficient TCF/LEF:H2B-GFP mice, 
reporter activity was significantly decreased (Figure 5, C and D). In order to document a direct inter-
action of  DKK3 with Wnt signaling in TECs, a proximity ligation assay was applied in an in vitro cell 
culture system with human TECs. This assay was set up such that a direct molecular interaction of  the 
cell surface receptor frizzled (FZD) with the cytoplasmic protein disheveled (DVL), occurring upon 
activating Wnt-ligand (Wnt3a) binding (Supplemental Figure 9A), could be seen. We have found that 
siRNA-mediated suppression of  DKK3 in the human TEC line HK2 (Supplemental Figure 9, B and 
C) resulted in significantly decreased activation of  FZD/DVL interaction upon WNT3a stimulation 
(Figure 5, E and F). Moreover, we analyzed the impact of  siRNA-mediated DKK3 knockdown on the 
expression of  cytokines by tubular cells, which may regulate the activity of  interstitial cells. HK2 cells, 

Figure 2. Antibody-mediated dickkopf 3 (DKK3) blockade ameliorates renal tubular damage and interstitial fibrosis. (A) Schematic illustration of the anti-
body administration protocol. Anti-DKK3 or isotype control antibody (1 mg) was administered to WT mice immediately after unilateral ureteral obstruction 
(UUO). Afterward, 0.5 mg of the respective antibodies was applied every third day until mice were sacrificed after 21 days. (B) Representative images of Peri-
odic acid–Schiff–stained (PAS-stained) kidney sections from isotype (n = 13) and DKK3 antibody–treated (n = 12) mice 21 days after UUO (scale bars: 100 μm). 
(C) Quantification of segmental differentiated tubules in PAS-stained kidney sections of WT (n = 9), Dkk3–/– (n = 6), isotype- (n = 13), and DKK3 antibody–
treated (n = 12) mice 21 days after UUO. (D) Representative images of Masson’s trichrome–stained kidney sections from isotype- (n = 13) and DKK3 antibody–
treated (n = 12) mice 21 days after UUO (scale bars: 100 μm). (E) Semiquantitative analysis of renal interstitial fibrosis in Masson’s trichrome–stained kidney 
sections of WT (n = 9), Dkk3–/– (n = 6), isotype- (n = 13), and DKK3 antibody–treated (n = 12) mice 21 days after UUO. (F) Representative CD3 IHC of kidneys 
of DKK3 antibody–injected (n = 6) and isotype antibody–injected (n = 6) WT mice 21 days after UUO (Scale bars: 100 μm) (left panel). Quantification of CD3+ 
cells per high power field (HPF, ×40) of kidney of DKK3 antibody–injected (n = 6) and isotype antibody–injected (n = 6) WT mice 21 days after UUO (right 
panel). All data are shown as mean ± SEM. Statistical analysis performed using Mann-Whitney U test. *P < 0.05; **P < 0.01; ***P < 0.001.
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treated with either control or DKK3-siRNA, were exposed to hydrogen peroxide or IFNγ as stress trig-
gers. In the supernatant of  such cells, increased IL-6 and IL-8 levels were measured in DKK3-siRNA–
treated cells compared with controls (Supplemental Figure 10). In summary, our data reveal that DKK3 
promotes Wnt/β-catenin signaling and regulates cytokine expression in stressed TECs (Figure 5G).

Urinary DKK3 correlates with TA and IF in CKD patients. Due to the active production of  secreted DKK3 
by TECs upon injurious insults, we analyzed DKK3 excretion in the urine of  mice before and after begin-
ning an adenine-rich diet via ELISA. While DKK3 protein was not detected in the urine of  control mice, 
progression of  kidney damage upon adenine feeding was accompanied by increasing DKK3 concentra-

Figure 3. Dickkopf 3 (DKK3) abrogation diminishes tubular damage and renal interstitial fibrosis in the adenine nephropathy model. (A) Representative 
images of Periodic acid–Schiff–stained (PAS-stained) kidney sections of WT (n = 4/9) and Dkk3–/– (n = 5/11) mice 0, 7, and 28 days after beginning of an 
adenine-rich diet (scale bars: 100 μm). (B) Quantification of segmentally differentiated tubules in PAS-stained kidney sections of WT (n = 4/9) and Dkk3–/–  
(n = 5/11) mice either 7 or 28 days after adenine-rich diet administration. (C) Representative keratin-18 immunofluorescence images of kidney sections of 
WT (n = 3) and Dkk3–/– (n = 3) mice 28 days after beginning of an adenine-rich diet (scale bars: 100 μm). (D) Representative images of Masson’s trichrome–
stained kidney sections of WT (n = 4/9) and Dkk3–/– (n = 5/11) mice kidney 0, 7, and 28 days after adenine-rich diet administration (scale bars: 100 μm). (E) 
Semiquantitative analysis of renal interstitial fibrosis in Masson’s trichrome–stained kidney sections of WT (n = 4/9) and Dkk3–/– (n = 5/11) mice either 7 or 
28 days after beginning of an adenine-rich diet. (F) Representative fibronectin immunofluorescence images of kidney sections of WT (n = 3) and Dkk3–/–  
(n = 3) mice kidney 28 days after beginning of an adenine-rich diet (scale bars: 100 μm). (G) Plasma creatinine concentration of WT (n = 4/15) and Dkk3–/–  
(n = 5/16) mice 7 and 28 days after beginning of an adenine-rich diet. (H) Representative CD3 IHC of WT (n = 11/9) and Dkk3–/– (n = 6/11) mouse kidneys 7 
and 28 days after beginning of an adenine-rich diet (scale bars: 100 μm) (left panel). Quantification of CD3+ cells per high-power field (HPF, ×40) in kidney 
sections of WT (n = 4/11) and Dkk3–/– (n = 5/12) mice 7 and 28 days after beginning of an adenine-rich diet (right panel). All data are shown as mean ± SEM. 
Statistical analysis performed using Mann-Whitney U test. *P < 0.05; **P < 0.01; ***P < 0.001.
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tions in the urine (Figure 6A). In order to corroborate and expand these findings to the human system, we 
examined DKK3 excretion in the urine of  patients with CKD. We analyzed urine samples of  72 young 
patients, ranging from 6.7 to 19.4 years in age, with different types of  CKD (Supplemental Table 1). While 
DKK3 was absent in the urine of  age-matched, healthy children, DKK3 protein was detected in CKD 
patients with different acquired and genetic glomerular and tubulointerstitial diseases (Figure 6B). DKK3 
urine levels of  these individuals correlated inversely with the estimated glomerular filtration rate (eGFR) 
(Figure 6, C and D) but not with proteinuria (Figure 6E). In addition, we prospectively studied a cohort 
of  36 adult patients with different types of  degenerative and immunologic glomerular and tubulointersti-
tial diseases in a double-blinded fashion. These patients had also undergone renal biopsy (Supplemental 
Table 2). In such patients, DKK3 urine levels strongly correlated with the grades of  TA and IF seen in the 

Figure 4. TECs are the predominant source of profibrotic dickkopf 3 (DKK3) in the kidney. (A) Representative images of Periodic acid–Schiff–stained 
(PAS-stained) (upper panel) and Masson’s trichrome–stained (lower panel) kidney sections of WT, Rag2–/–, and Rag2–/– mice injected with WT or Dkk3–/– 
spleen–derived T cells 21 days after unilateral ureteral obstruction (UUO). Each mouse was injected i.p. with 3 × 107 isolated T cells 2 days before surgery 
(scale bars: 100 μm). (B) Quantification of renal segmental differentiated tubules in PAS-stained kidney sections of WT (n = 10), Rag2–/– (n = 11), and 
Rag2–/– mice injected with WT (n = 10) or Dkk3–/– spleen–derived (n = 10) T cells 21 days after UUO. (C) Semiquantitative analysis of renal interstitial fibrosis 
in Masson’s trichrome–stained kidney sections of WT (n = 9), Rag2–/– (n = 11), and Rag2–/– mice injected with WT- (n = 11), or Dkk3–/–-derived (n = 11) T cells, 
21 days after UUO. (D) Representative ex vivo bioluminescence image of Dkk3-LCh mouse kidneys 0, 2, 7, and 21 days after UUO (n = 3). (E) Relative Dkk3 
mRNA expression in mice at postnatal days 1, 7, 14, 16, and 20, as well as 8 weeks after birth. (F) Representative immunofluorescence images of Dkk3-LCh 
mouse kidneys 0 (Ctrl, n = 4) and 7 days after UUO (n = 4), stained for mCherry (red)/aquaporin 1 (AQP1, green) (upper panel) or mCherry (red)/aquaporin 
2 (AQP2, green). (G) Representative images of kidney of PAS-stained kidney sections of Dkk3fl/fl (n = 7) and Dkk3fl/flPax8Cre (n = 8) mice 0 and 21 days after 
UUO (scale bars: 100 μm). (H) Quantification of renal segmental differentiated tubules in PAS-stained kidney sections of WT (n = 4), Dkk3–/– (n = 4), Dkk3fl/fl  
(n = 7), and Dkk3fl/flPax8Cre (n = 8) mice 21 days after UUO. (I) Representative images of Masson’s trichrome–stained kidney sections of Dkk3fl/fl (n = 9) and 
Dkk3fl/flPax8Cre (n = 9) mice 21 days after UUO (Scale bars: 100 μm). (J) Semiquantitative analysis of renal interstitial fibrosis in Masson’s trichrome–stained 
kidney sections of WT (n = 4), Dkk3–/– (n = 4), Dkk3fl/fl (n = 9), and Dkk3fl/flPax8Cre (n = 9) mice 21 days after UUO. All data are shown as mean ± SEM. Statisti-
cal analysis performed using Mann-Whitney U test. *P < 0.05; **P < 0.01.
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renal biopsies (Figure 6, F–J, and Supplemental Table 3). In contrast to the DKK3/atrophy correlation, 
plasma creatinine concentrations, which are routinely used to evaluate renal function, showed only weak 
correlation with the extent of  TA and IF in these patients (Figure 6, K–N, and Supplemental Table 4). 
Thus, urinary DKK3 seems to constitute a molecule reflecting the extent of  tubular damage and IF in CKD 
independent of  its etiology.

Discussion
The present study demonstrates a pronounced profibrotic function of  DKK3 in the kidney and elucidates 
mechanisms by which DKK3 promotes renal TA and IF. Intriguingly, we found that DKK3 exhibits two 
features that are often assumed to exclude each other; it acts as an immunosuppressive and, at the same 
time, profibrotic molecule, a phenomenon also seen with calcineurin inhibitors.

We provide evidence that DKK3 is expressed in the developing kidney, shut off  in adult life, and is neo-
expressed in stressed TECs. We found that DKK3 positively regulates Wnt/β-catenin signaling in tubular 
epithelia and engages a profibrotic T cell response. Its genetic deletion as well as antibody-mediated block-
ade inhibited the development of  TA and IF and improved kidney function in two progressive models of  
renal fibrosis. Finally, in a prospective patient study, urinary DKK3 protein could be shown to be a robust, 
noninvasive indicator for chronic tubulointerstitial damage, which determines renal excretory function.

Due to this temporospatial expression pattern, DKK3 seems to be a member of  evolutionarily con-
served gene clusters, which are active during developmental processes, silenced in homeostasis, and reex-
pressed under pathologic conditions.

Our results reveal that TECs are the source of  DKK3 in the diseased kidney and are, at the same time, 
the major paracrine/autocrine target of  DKK3. Several in vitro studies have reported that DKK3 has the 
property to either support or suppress canonical Wnt/β-catenin signaling, depending on tissue context (24, 
25). This cell type– and microenvironment-dependent function has also been proposed for DKK2 (18). Our 
experiments with two different models of  chronic renal disease have now shown, for the first time to our 
knowledge, that DKK3 can support the activation of  Wnt/β-catenin signaling in vivo. This is in contrast to 
its family member DKK1, which was shown to inhibit Wnt signaling and to diminish renal IF (31).

Recently, it has been described that depletion of  β-catenin in TECs had little effect on the severity of  
renal fibrosis 7 days after UUO. However, pathology at this time point is minimal in WT mice and does not 
mirror relevant IF (32). In our study, DKK3 depletion resulted in minor phenotypical improvement 7 days 
after UUO but in significant tissue protection 21 days after renal obstruction. However, these results may 
also be interpreted such that DKK3 is acting via other signaling pathways, in addition to Wnt.

Administration of  recombinant Wnt-pathway inhibitors such as soluble FZD protein (sFRP) (33), 
Klotho (34), or DKK1 (35, 36) have been reported to reduce kidney injury and improve renal function in 
models of  CKD. As antibody-mediated blockade of  DKK3 significantly improved renal morphology and 
function, this might represent a recombinant protein-independent, antibody-based therapeutic approach to 
arrest progressive CKD.

A chronic, nonresolving inflammation is a hallmark of  progressive renal fibrosis (37). T cells are impor-
tant contributors to this process (38). Therefore, it is intriguing that protection of  renal morphology and 
function in the absence of  DKK3 was accompanied by an increased T cell accumulation in the renal inter-
stitium with a bias toward IFNγ-producing Th1 and Tregs. It has been reported that Th1 cells, and IFNγ in 
particular, can exert a beneficial action in renal fibrosis (39), while Th2 cells and their signature cytokines 

Figure 5. Abrogation of dickkopf 3 (DKK3) limits Wnt/β-catenin signaling in  tubular epithelial cells upon unilateral ureteral obstruction. (A) mRNA-
seq–based gene ontology analysis of Dkk3–/– (n = 3) versus WT (n = 3) mouse kidneys 7 days after unilateral ureteral obstruction (UUO). The graph 
shows –logP values calculated using Benjamini-Hochberg corrected 2-tailed t test for the enrichment of a specific pathway. (B) Heatmap analysis of 
the expression of transcripts related to the Wnt signaling in Dkk3–/– (n = 3) versus WT (n = 3) mouse kidney 7 days after UUO. (C) Representative immu-
nofluorescence images of kidneys of TCF/LEF:H2B-GFP (n = 4) and Dkk3–/– × TCF/LEF:H2B-GFP (n = 4) mice, stained for GFP (green)/aquaporin 1 (AQP1; 
red) (upper image) or GFP (green)/ aquaporin 2 (AQP2; red) (lower image) 0 (Ctrl) and 7 days after UUO (scale bars: 50 μm). White dashed line (upper 
right images) defines the tubular area. (D) Quantification of GFP-positive nuclei in TCF/LEF:H2B-GFP (Dkk3+/+, n = 4) and Dkk3–/– × TCF/LEF:H2B-GFP 
(Dkk3–/–, n = 4) mouse kidneys 7 days after UUO. (E) Representative immunofluorescence images of proximity events (red spots) between disheveled 
(DVL) and frizzled (FZD) in HK2 cells treated either with control siRNA or DKK3 siRNA plus either vehicle or recombinant Wnt3a protein (200 ng/ml) 
for 1 hour. (F) Quantification of number of proximity events per cell in HK2 cells treated either with control siRNA or DKK3 siRNA, plus either vehicle or 
recombinant Wnt3a protein (200 ng/ml) for 1 hour. (G) Schematic illustration of the hypothetical DKK3 function in the development of renal fibrosis. 
All data are shown as mean ± SEM. Statistical analysis performed using an unpaired, 2-tailed t test. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 6. Dickkopf 3 (DKK3) is a biomarker for tubular atrophy and interstitial fibrosis in the urine of patients suffering from progressive CKD. 
(A) DKK3 protein levels in the urine of mice fed with adenine-enriched diet for 2, 7, 14, 21, and 28 days (n = 20), detected by ELISA. As a control, urine 
from mice before adenine administration was used. (B) DKK3 protein levels in the urine of healthy, young volunteers (control, n = 8) and CKD-suf-
fering patients (n = 72), detected by ELISA. (C) Correlation of DKK3 urine levels and the respective estimated glomerular filtration rate (eGFR) of 
pediatric patients’ cohort samples. (D) Receiver operating characteristic (ROC) curve derived for DKK3, using a threshold of 25 ml/min/1.73 m2 for 
eGFR and defining the 2 patient groups as eGFR ≤25 = severe disease and eGFR >25 = nonsevere disease. AUC = 0.8815 (95% CI, 0.8056–0.9575). 
(E) Correlation of DKK3 urine levels and protein/creatinine levels of pediatric patients. (F) Representative images of Periodic acid–Schiff– (PAS-) 
and trichrome-stained renal biopsies of CKD-affected patients and related urine DKK3 concentration (scale bars: 100 μm). (G) Correlation of DKK3 
urine levels and the grade of tubular atrophy (TA) in adult patients’ cohort samples. TA grades are defined as 0 = 0%–4.9% TA; 0.5 = 5%–15% TA; 1 = 
15.1%–33% TA; 2 = 33.1%–66% TA; 3 = 66.1%–100% TA. (H) ROC curve derived for DKK3, using a threshold of 25% TA and defining the 2 patient groups 
as TA ≤25% = nonsevere disease and TA >25% = severe disease. AUC = 0.8646 (95% CI, 0.7248–1). (I) Correlation of DKK3 urine levels and the grade of 
interstitial fibrosis (IF) in adult patients’ cohort samples. IF grades are defined as 0 = 0%–4.9% IF; 0.5 = 5%–15% IF; 1 = 15.1%–33% IF; 2 = 33.1%–66% 
IF; 3 = 66.1%–100% IF. (J) ROC curve derived for DKK3, using a threshold of 25% IF and defining the 2 patient groups as IF ≤25%  = nonsevere disease 
and IF >25% = severe disease. AUC = 0.825 (95% CI, 0.6911–0.9589). (K) Correlation of creatinine plasma levels and the grade of TA in adult patients’ 
cohort samples. The TA grades are defined as in G. (L) ROC curve derived for creatinine, using a threshold of 25% TA and defining the 2 patient groups 
as TA ≤25% = nonsevere disease and TA >25% = severe disease. AUC = 0.7622 (95% CI, 0.5939–0.9304). (M) Correlation of creatinine plasma levels 
and the grade of IF in adult patients’ cohort samples. The IF grades are defined as in I. (N) ROC curve derived for creatinine, using a threshold of 25% 
IF and defining the 2 patient groups as IF ≤25%  = nonsevere disease and IF >25% = severe disease. AUC = 0.6812 (95% CI, 0.445–0.9175).
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IL-4 and IL-13 have been proposed to be profibrotic (40). Interestingly, this T cell phenotype also recapitu-
lates our previous findings in a mouse model of  multiple sclerosis, showing an increased accumulation of  
IFNγ-producing CD4+ and CD8+ T cells within the CNS of  DKK3-deficient mice (27). Even though the 
role of  Tregs in kidney fibrosis is still controversial (41), the increase of  these cells during genetic deletion 
or antibody-mediated blockade of  DKK3 might contribute to the limitation of  an excessive Th1 activity.

The observed T cell phenotype could, in part, result from a direct impact of  DKK3 on T cells. Wnt/β-
catenin signaling was shown to regulate proliferation and differentiation of  CD8+ T cells (42). In addition, 
the transcription factors TCF1 and LEF have been suggested to promote Th2 differentiation (43) and to 
repress Th1 as well as Treg development (44, 45).

Decreased Wnt signaling in TECs caused by the absence of  DKK3 may further impact T cell function. 
This is indicated by our findings that DKK3 abrogation in tubular cells results in an increased stress-in-
duced production of  IL-6 and IL-8 and thus in a proinflammatory phenotype. These results are in line 
with studies revealing that Wnt signaling can modulate immune responses via its interconnection with 
proinflammatory pathways like the NFκB signaling cascade (46), which is also essential for stress-triggered 
cytokine and chemokine expression by TECs (47). For example, β-catenin activation was shown to inhibit 
expression of  cytokines like TNFα or IL-6 in epithelial cells (48). Moreover, it was recently reported that 
melanoma-intrinsic Wnt/β-catenin signaling regulates T cell infiltration into the tumor (49), emphasizing 
that Wnt signaling in parenchymal/tumor cells may have the capacity to directly influence T cell behavior. 
To our knowledge, this is the first report describing a Wnt regulator, DKK3, to influence such processes.

Reliable diagnostic tools for the assessment of  chronic renal disease and related organ damage are 
missing. There are several urinary proteins indicating acute renal injury but only a few reflecting the extent 
of  chronic renal damage, which can, up to now, only inaccurately be estimated by plasma creatinine con-
centration and formula-derived eGFR. Intriguingly, we observed that urinary DKK3 levels in patients with 
different types of  CKD correlated with the degree of  renal tissue damage and IF more accurately than 
plasma creatinine levels. Therefore, we propose that measurement of  DKK3 levels in patients’ urine may 
serve as a general indicator for progressive CKD and additionally may provide valuable information con-
cerning the extent of  TA and IF, which determines renal excretory function and is an accepted prognostic 
indicator of  CKD.

In summary, our studies identify DKK3 as a tubular-derived, immunosuppressive, and profibrotic mol-
ecule that maybe a potential therapeutic target as well as a noninvasive marker for the assessment of  TA 
and IF in CKD.

Methods
Mice. Male, 8- to 12-week-old mice were used for the experiments. C57BL/6 mice were purchased from 
The Jackson Laboratory. Dkk3–/– and Rag2–/– mice have been described (50, 51). Dkk3–/– mice were crossed 
to TCF/LEF:H2B-GFP mice (52), which were purchased from The Jackson Laboratory. Mice were main-
tained under specific pathogen–free conditions at the German Cancer Research Center.

Generation of  Dkk3 reporter mice (Dkk3-LCh). Generation of  a CB99Luciferase-2A-mCherry construct 
has been described (53). The CB99Luciferase-2A-mCherry cassette was inserted into the ATG of  the Dkk3 
gene within a BAC containing the entire Dkk3 gene and its regulatory elements (BAC clone RP23-12M6) 
(Source BioScience). After removal of  the excessive vector, the DNA construct was purified and injected 
into C57BL/6 F2 oocytes, which were transplanted to super-ovulated C57BL/6 females. Founder lines 
were selected by signal intensity.

Generation of  conditional Dkk3–/– mice (Dkk3fl/fl). An embryonic stem cell clone containing a floxed allele 
of  DKK3 (clone EPD0642_3_H05) was purchased from The Knockout Mouse Project (KOMP). Dkk3fl/fl 
were crossed to Pax8+/Cre mice (30) in order to obtain a conditional DKK3 KO in renal tubular cells.

UUO. UUO was performed as described previously (54). Briefly, under general isoflurane anesthesia 
(1.8%) a low middle-left incision was made on the abdominal side of  the mouse, and the left distal ureter 
was ligated with a 2/0 Mersilene suture. All surgery procedures were performed on a heating pad. Mice 
were euthanized under general isoflurane anesthesia after either 7 or 21 days.

Adenine nephropathy. Food enriched with adenine (0.25%, Calbiochem)  was administered to mice. The 
diet was administered for 7 days (early damage) and 28 days (late damage). Afterward, mice were sacrificed.

Renal histology and morphometry. Ligated and contralateral mouse kidney slices were fixed in 4% form-
aldehyde in PBS or zinc solution for histological and immunohistological analyses. Tissue slices were snap 
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frozen in liquid nitrogen and were stored at –80°C. Paraffin-embedded kidney sections (4 μm) were cut for 
quantitative and semiquantitative analysis. Slides were stained with periodic acid–Schiff  (PAS) reagent and 
Masson’s trichrome for tubular damage and interstitial scarred area, respectively. Morphometric analysis 
was performed on PAS sections using a semiautomatic image analyzing system (Leica Q600 Qwin; Leica 
Microsystems), and the percentage of  differentiated proximal tubules was evaluated by examining 18 fields 
of  cortex and inner medulla at a magnification of  ×20, obtained after exclusion of  glomeruli. The extent of  
Masson’s trichrome staining and of  α-SMA was assessed as 0 representing no staining detectable, 1 repre-
senting mild staining, 2 representing moderate staining, and 3 representing intense staining. A degree-spe-
cific damage index was defined as the percentage of  fields with the respective degree of  injury, and the 
total staining score index was calculated as the sum of  specific damage indices, whereby the index of  the 
fields with degree 1 was multiplied by 1, that of  degree 2 by 2, and that of  degree 3 by 3. Human biopsies 
were evaluated for TA and IF defining the grade as follows: 0 = 0%–4.9% TA (IF); 0.5 = 5%–15% TA (IF);  
1 = 15.1%–33% TA (IF); 2 = 33.1%–66% TA (IF); 3 = 66.1%–100% TA (IF).

IHC. For IHC, zinc-fixed tissues were used. The following primary antibodies were taken: anti–α-SMA 
(A2547, 1A4 mouse ascites fluid, Sigma-Aldrich), anti-F4/80 (MCA497, CI:A3-1 rat, 1:100, AbD Sero-
tec), anti–CD3-ε (SC-1127, M-20 goat, 1:100, Santa Cruz Biotechnology Inc.), and anti-FoxP3 (14-5773, 
FJK-16s rat, 1:50, eBioscience). Control sections were made by the omission of  the primary antibody. The 
number of  positive cells for each kind of  marker was counted in 18 high-power fields (HPF, ×40) of  the 
tubule-interstitium (12 HPF at the kidney sides, and 6 HPF in the middle to avoid a skew in the results).

Immunofluorescence. Right and left kidneys from mice treated with both UUO (7 and 21 days) and an 
adenine-rich diet (7 and 28 days), and from the same mice without treatment, were fixed in 4% formalin for 
24 hours at room temperature. The tissues were then placed overnight in a PBS solution with 30% of  sucrose 
at 4°C. Kidneys were cut in 3 slices, frozen in liquid nitrogen, and stored at –80°C. Antibodies against AQP1 
(SC-20810, H-55 rabbit, Santa Cruz Biotechnology Inc.) AQP2 (SC-9882, C-17 goat, 1:800, Santa Cruz 
Biotechnology Inc.), keratin-18 (61028, Ks 18.04 mouse, 1:50, Progen Biotechnik Gmb), and Fibronectin 
(A0245, polyclonal rabbit, 1:500, DAKO) were used. DAPI counterstaining was used to detect nuclei.

Antibody treatment. UUO-induced C57BL/6 mice were divided into two groups and received either the 
anti-DKK3 4.22 monoclonal antibody (28) or the MOPC21 antibody (Bio X Cell; 4666-3/0313 BE0083) 
as isotype control. In both cases, the first injection was made immediately after surgery with 1.0 mg of  the 
assigned antibody. The related antibody (0.5 mg) was administered every third day until the final day (21 
days after UUO), when the animals were sacrificed. Each antibody was i.p. injected.

Flow cytometry. Surface-antigen staining was performed according to standard protocols using the fol-
lowing antibodies: CD3-PerCpCy5.5 (17A2, BioLegend), CD4-PB (RM4-5, BioLegend), CD8-APC-Cy7 
(53-6.7, eBioscience), CD25-PE (PC61, BD Biosciences), and CD44-PeCy7 (IM7, BioLegend). For intra-
cellular cytokine staining, lymphocytes were restimulated with 1 μg/ml PMA/ionomycin in the presence 
of  Golgi Plug (BD Biosciences) for 6 hours. The staining was performed with Cytofix/Cytoperm reagents 
(BD Biosciences) according to the manufacturer’s protocol. TNF-PE/IFNγ-APC (Mab1/XMG1.2, BD 
Biosciences) was used. Intracellular transcription factor–staining was performed using a FoxP3 staining 
buffer set, an anti-FoxP3–APC and an anti-GATA3 antibody (FJK-16s/TWAJ, eBioscience) according to 
the manufacturer’s protocol. Flow cytometry was performed on a FACSCanto with FACS Diva software 
(BD Biosciences) and analyzed with FlowJo 9.6.

Ex vivo bioluminescence imaging. Mice were i.p. injected with a dose of  150 mg/kg D-Luciferin (Synchem 
UG & Co. KG) dissolved in PBS 5 minutes before they were sacrificed. Subsequently, organs were taken 
out and incubated in a solution of  D-Luciferin in PBS (1 mg/ml) for 5 minutes at 37°C. Photographic 
images and luminescent images, with an exposure time of  5 minutes, were acquired on an IVIS biolumines-
cence imaging system 100 (PerkinElmer).

Renal and splenic lymphocyte isolation. Kidneys and spleens were mechanically disrupted in 6-well plates 
and digested for 15 minutes in 5 ml of  digestion solution of  RPMI medium 1,640/0.5 mg/ml collagenase 
IA/4.5 k units/ml DNase I (all Sigma-Aldrich) at 37°C and 5% CO2. After repetitive pipetting, the organ 
homogenates were sieved through a 100-μm filter (BD Biosciences) and afterward through a 30-μm filter 
(BD Biosciences). Samples were centrifuged at 200 g, 37°C for 5 minutes, and the supernatant was dis-
carded. Spleen samples were treated for 10 minutes at room temperature with red blood cell lysis buffer 
and centrifuged at 200 g, 37°C for 5 minutes. Subsequently, lymphocytes were isolated using CD5 (Ly-1) 
MicroBeads, MS columns (Miltenyi Biotec) according to manufacturer’s protocol.
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Cell culture. HK2 immortalized human proximal tubular cells were obtained from ATCC. Cells were 
grown in DMEM supplemented with 10% FCS (Invitrogen), and 1% penicillin/streptomycin. HK2 cells 
were plated in 12-well plates (Corning Inc.) at 75,000 cells per well and transfected with siRNA for DKK3 
(Invitrogen). A nonsilencing siRNA was used as negative control. LipofectAMINE 2000 (Invitrogen) was 
used according to manufacturer’s recommendations for the transfection procedure. After 48 hours, the cells 
were harvested and used for RNA isolation and FACS analysis.

RNA isolation and quantitative PCR. Total RNA was extracted from kidneys and cells using Chomczyn-
ski and Sacchi’s protocol (55). RNA 6000 Nano Chip (Agilent Technologies) was used to check RNA 
quality. According to the standard protocol, 10 μg of  total RNA was digested with DNase I. Also, 2 μg of  
total RNA (DNA free) was used for the first-strand cDNA synthesis using SuperScript II Reverse Tran-
scriptase and oligo(dT)12-18 (Invitrogen). Real-time PCR was performed on a LightCycler using Light-
Cyler-FastStart DNA Master SYBR green I kit (Roche Diagnostics).

Next-generation sequencing (RNA-Seq). Samples were prepared as a 10-plex, which was sequenced on 3 
lanes. HiSeq 2000 Paired-End 50 bp SR (Illumina) run was used. Total amount of  1 μg RNA was taken 
for each sample. Read counts were TMM normalized and tested for differential expression between groups 
using the negative binomial regression model implemented in the Bioconductor package edgeR (56). Ben-
jamini-Hochberg (BH) correction of  P values was applied to control false discovery rate. Differentially 
expressed genes were tested for over-representation of  GO terms using one-sided hypergeometric tests. P val-
ues for GO terms were adjusted for multiple testing using BH correction (57). Read counts were transformed 
to log2 counts per million (cpm) and scaled for visualization in heatmaps. All analyses were performed with 
R 3.2. Data have been deposited to the GEO database (GSE75925).

Proximity Ligation Assay (PLA, Duolink, Sigma-Aldrich). Cells were pretreated with control siRNAs or 
DKK3 siRNAs, and stimulated with vehicle or Wnt3a as described in Figure 5E. After fixation (4% para-
formaldehyde, 4°C, 15 minutes) and blocking (10% FCS/0.05% Triton-X in PBS), the PLA was per-
formed according to the manufacturer’s guidelines, using primary DVL- (SC-8025, 3F12 mouse, 1:20, 
Santa Cruz Biotechnology Inc.) and FZD-4 antibodies (SC-66450, C18, 1:20, Santa Cruz Biotechnology 
Inc.). In case of  close proximity between the two target epitopes (approximately 20–30 nm), the PLA 
probe oligonucleotides are ligated in order to form a template for a subsequent rolling circle amplification 
step. Subsequently, these amplified sequences are then recognized by fluorescently labeled probes, result-
ing in fluorescent spots that correspond to the presence of  proximity events. Formation of  PLA spots was 
then analyzed by fluorescence microscopy (Keyence), and the number of  spots per cell was quantified.

Cytokine measurement. IL-6 and IL-8 protein concentrations were measured using the BD Cytometric Bead 
Array system (human IL-6 and human IL-8 Flex Sets) according to the manufacturer’s guidelines. Analysis 
was performed using a FACSCalibur and the FCAP Array software, version 3.0.1 (BD Biosciences).

Generation of  a monoclonal mouse anti-human DKK3 antibody. A human DKK3-mouseIgG2b fusion pro-
tein was expressed in HEK 293T cells and purified by protein A-Sepharose affinity chromatography. Dkk3–/– 
mice were immunized several times with fusion protein, and splenocytes were fused with myeloma cell line 
X63-Ag8.653. Resulting hybridoma cultures were initially screened by ELISA for reactivity with the fusion 
protein and subsequently by Western blot using cell lysates derived from human DKK3-expressing tissues. 
Thus, hybridoma clone huDkk16.1 (IgG1, κ isotype) was identified and cloned by limiting dilution.

Mouse urine collection and analysis. Spontaneous urine was collected from C57BL/6 mice before and at 
days 2, 7, 14, 21, and 28 after the beginning of  an adenine-rich diet. Urine was used for DKK3 and crea-
tinine measurements.

Human urine and plasma collection. Urine was collected from pediatric and adult patients and was used 
for DKK3 and creatinine measurements. Plasma of  the respective individuals was used for creatinine deter-
mination.

ELISA. A Flexible Assay Plate (BD Biosciences) was coated with anti–mDKK3-4.22 monoclonal 
antibody (28) (1 μg/ml) or anti–huDkk3-16.1 monoclonal antibody. Biotinylated goat anti–mouse DKK3 
antibody (R&D Systems) biotinylated at a final concentration of  1 μg/ml was used as detection antibody. 
Streptavidin-Peroxidase (Jackson ImmunoResearch) diluted in PBS-Tween was added for 30 minutes at room 
temperature. After washing orthophenylene diamine substrate at a concentration of  1 mg/ml in 100 mM 
sodium hydrogen, phosphate buffer containing 0.03% peroxide was applied. The reaction was stopped with 
2 M sulphuric acid. Optical densities were analyzed with a Viktor 2 photometer (PerkinElmer) at 490 nm.
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Statistics. Data are shown as mean ± SEM. If  not stated otherwise, statistical analysis was performed 
using the Mann-Whitney U test. Moreover, for the in vitro experiments, an unpaired, 2-tailed t test was 
applied. P < 0.05 was regarded as significant.

Study approval. All animal experiments were approved by the local regulating authorities (Regierung-
spräsidium Karlsruhe). Urine and plasma collection from young and adult human patients was approved 
from the ethical committee of  the Zentrum für Kinder- und Jugendmedizin, Universitätklinikum Heidel-
berg, Germany, and from the Ärztekammer des Saarlandes, Saarbrücken, Germany, respectively. Approval 
for evaluation of  respective renal biopsies was awarded by the Ärztekammer des Saarlandes, Saarbrücken.
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