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Abstract

Imbalance of Wnt/p-catenin signaling in renal cells is associated with renal dysfunction, yet the
precise mechanism is poorly understood. Previously we observed activated Wnt/p-catenin
signaling in renal tubules during proteinuric nephropathy with an unknown net effect (rescue vs.
damage?). To identify the definitive role of tubular Wnt/B-catenin, we generated a novel transgenic
“Tubcat” mouse, which conditionally expresses stabilized p-catenin specifically in renal tubules
after tamoxifen administration. Four weeks after tamoxifen injection, uninephrectomized Tubcat
mice displayed proteinuria and elevated BUN levels comparing to non-transgenic mice, implying a
detrimental effect of the activated signaling. This was associated with tubulointerstitial infiltration
predominantly by M1 macrophages and overexpression of the inflammatory chemocytokines
CCL-2 and RANTES. Induction of overload proteinuria by low-endotoxin BSA injection, after
uninephrectomy, for 4 weeks aggravated proteinuria and increased BUN levels to a significantly
greater extent in Tubcat mice. Renal dysfunction correlated with the degree of M1 macrophage
infiltration in the tubulointerstitium and renal cortical up-regulation of CCL-2, IL-17A, IL-1p,
CXCL1 and ICAM-1. There was overexpression of cortical TLR-4 and NLRP-3 in Tubcat mice,
independent of BSA injection. Finally, there is no fibrosis formation or activation of epithelial-
mesenchymal-transition or non-canonical Wnt pathways being observed in the Tubcat Kidney. In
conclusion, conditional activation of renal tubular Wnt/p-catenin signaling in a novel transgenic
mouse model demonstrates that this pathway enhances intrarenal inflammation via the TLR-4/
NLRP-3 inflammasome axis in overload proteinuria.
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INTRODUCTION

Persistent albuminuria is a surrogate marker of progressive chronic kidney disease (CKD)
and its amelioration has been consistently associated with improved renal outcomes in both
diabetic and non-diabetic CKD.! Excessive protein trafficking across the glomerular
filtration barrier causes tubulotoxicity and drives progressive nephropathy? by triggering
renal inflammation and subsequent fibrosis leading to eventual organ failure.3

In health, albumin is reabsorbed via receptor-mediated endocytosis by the proximal tubule
followed by lysosomal degradation.? ° In CKD patients, excessive albumin trafficking
overwhelms the albumin handling capacity of renal tubules and mandates an array of
detrimental intracellular signaling cascades in tubular cells,-2 including the
hyperproduction of numerous chemocytokines that confer a pro-inflammatory
microenvironment to enhance the transmigration of immune cells.1? In particular, the
macrophage was postulated to be the origin of myofibroblast accumulation that perpetuates
excessive extracellular matrix protein deposition in the renal tubulointerstitium.11

Wht/B-catenin signaling is highly conserved during embryonic development2 and regulates
different organogenesis.1® There are several non-canonical Wnt pathways4 which may cross
talk with the Wnt/B-catenin signaling but the mechanisms are still rudimentary. Reports on
the role of aberrant canonical Wnt/B-catenin signaling in different nephropathies have
yielded contradicting results,1>-18 such that a consensus has not been reached.1® Both
podocyte-specific B-catenin overexpression or knock-out!® and tubule-specific p-catenin
knock-out mice?0 developed more severe renal dysfunction. Therefore, it has been
postulated that an imbalance of Wnt/-catenin signaling gives rise to nephropathy.?!

Activated Wnt/B-catenin signaling is defined by stabilization and nuclear translocation of 8-
catenin followed by transcription of Wnt target genes. To avoid excessive accumulation of -
catenin in the cell, the serine/threonine sites on B-catenin, encoded by exon 3 within the
Catnb allele,?? are phosphorylated which will trigger ubiquitination and proteasomal
degradation.23

Recent data support a reciprocal link between renal fibrosis and activated canonical Wnt/p-
catenin signaling pathway in renal tubular cells.24 25 In this regard, we previously reported
dynamic renal tubular Wnt/B-catenin signaling in proteinuric nephropathy.26 Activated
signaling occurred during the early onset of disease but regressed during the later phase.
This signified that suppressed Wnt/p-catenin activity is associated with heightened tubular
cell death and exacerbates proteinuria. Regardless of the fibrogenesis, activated Wnt/p-
catenin signaling participates in a range of inflammatory diseases.2’~2? In addition, renal

inflammation was observed in the early phase of proteinuric nephropathy in mice30 and rats.
9,31
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To provide a definitive role of Wnt/B-catenin signaling in kidney inflammation associated
with heavy proteinuria, we generated a transgenic mouse strain which could be induced with
tamoxifen to overexpress p-catenin exclusively in renal tubules, namely the Tubcat mouse.
Tubcat mice were subjected to protein overload which recapitulates many features of CKD.
We demonstrated that over-activated Wnt/B-catenin signaling in renal tubules exacerbates
renal dysfunction. Importantly, the activated signaling per se is sufficient to propagate
macrophage infiltration and increase chemocytokine levels in the kidney. In the protein
overload model, Tubcat mice demonstrated further renal dysfunctions with more intense
renal inflammation.

Generation and characterization of a conditional Tubcat mouse (Ksp-CreERT2-
Catnblox(exS)/wt)

We successfully generated the first mouse strain that conditionally overexpresses B-catenin
in renal tubules upon tamoxifen administration. As shown in Supplementary Figure 1A,
mice carrying /oxP sites flanking the exon 3 sequence of Catnb with (Tubcat) or without the
Ksp-Creallele (Cre™~; non-transgenic) were genotyped. Four weeks after tamoxifen
administration, genomic DNA was extracted from the kidney, heart, spleen and liver. An
additional PCR product corresponding to the recombined Catnb allele (~500bp) was evident
in the genomic DNA of Tubcat mice from the kidney (Supplementary Figure 1B), but not in
the tissue of heart, spleen and liver. This smaller size of the PCR product indicated the
absence of exon 3 in the Catnb allele (CatntPex°"3) only in the kidney of Tubcat mice. Real-
time PCR also showed that the expression of Catnb exon 3 mRNA was significantly less in
the kidney cortex of Tubcat mice versus Cre™~ mice (Figure 1A). Using immunoblotting
assay, we detected the mutant form of p-catenin in the renal cortex of Tubcat mice (Figure
1B). Notably, colocalization by immunohistochemistry (IHC) staining of p-catenin and
sodium chloride cotransporter (NCC) on the kidney sections (Figure 1C) revealed that up-
regulated B-catenin expression was observed in renal tubules (both proximal and distal) of
Tubcat mice. These results confirmed the success of the conditional overexpression of p-
catenin specifically in the renal tubules of Tubcat mice.

Renal dysfunction in uninephrectomized Tubcat mice

To accelerate the renal injury in the animal model, six- to eight-week-old Tubcat mice and
Cre™'~ mice underwent uninephrectomy followed by tamoxifen injection (Figure 2A). Four
weeks after transgenic induction, uninephrectomized (UNX) Tubcat mice expressed
significantly more nuclear B-catenin in renal cortex (Figure 2B). UNX-Tubcat mice
displayed significantly higher urine albumin-to-creatinine ratio (UACR; 130 + 29 mg/ug vs.
45 + 5.7 mg/ug) and blood urea nitrogen (BUN; 37.1 + 3.2 mg/dL vs. 27.7 £ 1.9 mg/dL)
compared to UNX-Cre™'~ mice (Figure 2D), while there was no difference at baseline before
uninephrectomy and tamoxifen injection (Figure 2C). Notably, we observed significant
proteinuria and increase in serum BUN level in Tubcat mice, de novoto the transgenic effect
(Supplementary Figure 2A&B). Acute Kidney injury (AKI) markers including Kim1,
Cystatin Cand Ngalwere all up-regulated in the kidney cortex of UNX-Tubcat mice vs.
UNX-Cre™~ mice (Figure 2E). Periodic acid-Schiff (PAS) staining revealed glomerular
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damage in UNX-Tubcat mice, as reflected by diffuse mesangial expansion (Figure 2F) with
a higher glomerular damage score (Figure 2G). The glomerular histology associates with
significant less nephrin expression, both in gene and protein manner (Figure 2H&I), in the
UNX-Tubcat mice. UNX-Tubcat mice displayed significant higher urinary g2-microglobulin
level (65.4 + 11 ng/ml vs. 37.3 £ 1.7 ng/ml), a renal tubular damage marker, compared to
uninephrectomized Cre™~ mice (Figure 2J). Collectively, these data demonstrated that
enhanced B-catenin expression in renal tubules is detrimental and impairs renal function.

Overexpression of tubular B-catenin enhanced tubulointerstitial macrophage infiltration

Overexpression of tubular p-catenin in UNX-Tubcat mice resulted in 3-fold increase in
macrophage infiltration (CD68+ cells) versus Cre™'~ mice (Figure 3A). M1 macrophage
markers (Ly6cand Ccr2) were significantly elevated in the kidneys of UNX-Tubcat mice
compared to UNX-Cre™~ mice, while there was no difference in the M2 macrophage
markers (Cd163and Cd106; Figure 3B). Enhanced tubulointerstitial macrophage infiltration
in UNX-Tubcat mice was accompanied by up-regulated chemocytokine expression including
CCL-2 and RANTES (Figure 3C). IHC staining of CCL-2 and p-catenin on serial kidney
sections from UNX-Tubcat mice demonstrated the colocalization of CCL-2 and
overexpressed B-catenin in renal tubules (Figure 3D). In line with this proinflammatory
phenotype, the expression of TLR-4 and NLRP-3 was also increased in the renal cortex of
UNX-Tubcat mice at both the gene and protein levels (Figure 3E&F).

Overexpressed B-catenin does not feedback or activate the non-canonical Wnt pathways

We investigated whether overexpression of p-catenin will impact other non-canonical WNT
pathways. The non-canonical Wnt signaling related gene expression including Camkii,
Daam1, PlcbIand Ptk7were investigated. We speculated Camkiiand DammJ expression
was significantly down-regulated in UNX-Tubcat kidney (Figure 4A). In Figure 4B,
immunoblotting assays showed the phosphorylation level of several kinases involved in the
non-canonical Wnt pathways, including c-Jun N-terminal kinase (JNK) and Ca2*/
calmodulin-dependent protein kinase 1l (CaMKII). We observed less phosphorylated
CaMKII in the UNX-Tubcat kidney comparing to UNX-Cre™~ mice. In addition, we did not
observe changes in phosphorylation of glycogen synthase kinase-3p (GSK-3p), an upstream
regulator of B-catenin in UNX-Tubcat kidney (Figure 4C). Taking together, these data
showed the overexpressed tubular B-catenin could not activate non-canonical Wnt pathways
or induce feedback regulation of the canonical pathway.

Uninephrectomized Tubcat mice do not activate epithelial-mesenchymal-transition (EMT)
or develop fibrosis in the kidney

To date, a number of articles has asserted the correlation between heightened tubular p-
catenin expression and fibrogenesis during kidney injury. Treatment of B-catenin inhibitors
could successfully ameliorate the EMT/fibrotic gene expression and extracellular matrix
protein (ECM) deposition in kidney and thereby we studied the development of renal
fibrosis via direct overexpression of tubular B-catenin in our mouse model. In Figure 5A, we
examined the fibrotic markers including fibronectin, a-smooth muscle actin (a-SMA) and
collagen I in experimental kidneys using immunoblotting assay. Surprisingly, no enhanced
level of these fibrotic markers was detected in UNX-Tubcat mice comparing to UNX-Cre™~

Kidney Int. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wong et al. Page 5

mice. Moreover, there was no change in expression of two EMT markers, vimentin and E-
cadherin, in the experimental kidneys (Figure 5B) which was in line with the fibrotic level.

Tubcat mice developed severe proteinuria during protein overload

To recapitulate the impact of protein overload in the renal tubules of CKD patients, an
overload proteinuria model was established. After uninephrectomy and tamoxifen injection,
high-dose of BSA (10mg/g body weight) or an equal volume of saline was injected
intraperitoneally into UNX-Tubcat and UNX-Cre™~ mice for four weeks (Figure 6A). At
baseline, all experimental mice had similar UACR and serum BUN level (Figure 6B). Four
weeks after protein overload, BSA injected UNX-Cre™~ mice exhibited significantly higher
UACR, serum BUN level compared to saline injected UNX-Cre™~ mice (Figure 6C).
Importantly, BSA injected UNX-Tubcat mice displayed even higher UACR (1,500 + 111
ug/mg vs. 689 + 184 ug/mg), serum BUN levels (58.0 + 3.7 mg/dL vs. 43.0 £ 5 mg/dL).
Similar trend was also observed in urinary B2-microglobulin level (440 £ 74 ng/ml vs. 236
+ 40 ng/ml), suggesting more significant renal damage in UNX-Tubcat mice injected with
BSA.

Enhanced tubular p-catenin triggers renal inflammation

Intrarenal expression of the Catnb allele (exon 3) was up-regulated in the BSA-injected Cre
I~ mice compared to control group (Figure 6E), indicating that the enhanced transcriptional
activity of the Catnb allele was due to BSA administration. As a result of Cre-lox
recombination, its expression was significantly lower in Tubcat mice compared to Cre™/~
mice when both were injected with BSA. Loss of exon 3 of Catnballele stabilized p-catenin
in the cell; thus conceivably more B-catenin could translocate into the nucleus and mediate
its transcriptional function. Immunoblotting assay indicated the nuclear B-catenin level in
the kidney was up-regulated in BSA-injected Cre™~ mice compared to the control, while
BSA-injected Tubcat mice expressed the highest level of nuclear B-catenin (Figure 6F).
Heightened p-catenin expression was mainly localized to the renal tubules of BSA-injected
Cre™~ mice (Figure 6G). In Figure 6H, PAS staining revealed the renal architecture of
experimental mice. We observed injured, dilated renal tubules and diffuse mesangial
expansion in the kidney of BSA injected UNX-Cre™~ mice. Importantly, BSA injected
UNX-Tubcat mice displayed further renal damage such as more dilated tubule with cast
formation in the renal cortice.

IHC staining revealed increased tubulointerstitial infiltration by CD68+ macrophages after
BSA injection in UNX-Cre™~ mice, and this was further enhanced in BSA injected UNX-
Tubcat mice (Figure 7A). Real-time PCR confirmed that these infiltrating macrophages were
of the M1 rather than the M2 phenotype (Figure 7B).

Up-regulated TLR-4/NLRP-3 and inflammatory chemocytokines in proteinuric Tubcat mice

Gene expression of 7/r4, Ccl2, I/1band CxclI were all up-regulated in the renal cortex of
BSA injected UNX-Tubcat mice compared to UNX-Cre™~ control animals (Figure 8A).
Immunoblotting assay demonstrated that the protein levels of inflammatory chemocytokines
(CCL-2, IL-17A and ICAM-1) were also significantly up-regulated in BSA injected UNX-
Tubcat mice (Figure 8B), which was not observed in BSA injected UNX-Cre™'~ mice.
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Finally, renal cortical protein levels of TLR-4 and NLRP-3 were significantly increased in
BSA injected UNX-Tubcat mice (Figure 8C). Collectively, these data demonstrated that
activation of Wnt/p-catenin signaling in renal tubules promoted an inflammatory response
during proteinuric nephropathy, possibly via the TLR-4/NLRP-3 inflammasome pathway.
DISCUSSION

CKD affects approximately 8-16% of the population worldwide. Proteinuria has long been
known to be tubulotoxic and is an established biomarker that predicts progression and
prognosis in various forms of diabetic and nondiabetic CKD. Wnt/p-catenin signaling,
among a myriad of intracellular signal transduction pathways, has recently been studied in
different renal cell types. Yet, reports on its ectopic activation in renal tubules and
association with renal inflammation remain scarce.

We recently reported that Wnt/p-catenin signaling in renal tubules fluctuates during the
different phases of experimental proteinuric nephropathy,26 being evidently activated at the
early phase. To characterize the role of tubular Wnt/B-catenin signals during overload
proteinuria, we generated a mouse strain, the “Tubcat”, which could conditionally
overexpress B-catenin specifically in the renal tubules. Not only are Tubcat mice tissue-
specific, the temporal Cre/lox recombination circumvents any potential untoward
consequences arising from overexpression in the early embryonic life. We characterized the
Tubcat mice by several approaches, including PCR detection of Creallele//oxPsites in
genomic DNA and the mutant Catnb allele among different organs. This transgenic
recombination deleted exon 3 from Catnb allele, thereby stabilized B-catenin exclusively in
the renal tubules of Tubcat mice and enhanced B-catenin expression in the tubular nuclei.

In addition to its overarching importance in renal fibrosis, Wnt/pB-catenin signaling also
mediated renal inflammation. Here, Tubcat mice displayed aggravated renal dysfunction
compared to Cre™'~ mice and the renal injury could be accelerated by uninephrectomy
surgery, as evident by the significant glomerular and tubular damage. Moreover, the
expression of AKI markers (Kim1, Cystatin C and Ngal) was up-regulated in the renal
cortex of uninephrectomized Tubcat mice, indicating that activated Wnt/p-catenin signaling
in renal tubules is detrimental to the kidney. Our data lend support to studies on transgenic
knock-out/overexpression of B-catenin in podocytes and renal tubules. 20 These studies
confirmed that ectopic activation of tubular Wnt/p-catenin signaling triggers different renal
pathophysiological events during CKD progression.

It is substantial that overexpressed tubular B-catenin correlates with fibrogenesis in CKD
animal models, and treatment of Wnt inhibitors has yielded a promising therapeutic effect on
renal function. However, animal data regarding direct overexpression of tubular p-catenin on
fibrogenesis is sparse. Additionally, the cross-talk between canonical and non-canonical Wnt
pathways in kidney deserves further investigation. From our Tubcat mice, we did not
speculate formation of fibrosis or enhanced EMT markers, or activation of non-canonical
Whnt pathways. We hypothesized the overexpressed tubular B-catenin induces renal fibrosis
partially via recruitment of resident macrophage into the kidney which potentially trans-
differentiate to myofibroblast.32 It has been documented elevated intracellular Ca2* level is
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followed by B-catenin translocation into nucleus in several cell lines.33 Interestingly, we also
observed suppressed CaMKII phosphorylation in UNX-Tubcat kidney which may indicate
the activation of Wnt/B-catenin in renal tubules could interfere the Wnt/Ca2* pathway.

Previous studies indicated that activated Wnt/p-catenin signaling could induce inflammatory
cytokine production such as CCL-2 in breast cancer cells3# and various organs.35: 36
Particularly, p-catenin could interact with CCL-2 promoter and regulates its transcription
level. Our study is the first to demonstrate the activation of the TLR-4/NLRP-3
inflammasome axis in the kidney by Wnt/p-catenin signaling in renal tubules. The
expression of TLR-4, NLRP-3 and the downstream chemokines CCL-237 and RANTES38
were all up-regulated in the kidney of UNX-Tubcat mice. Such inflammatory responses
coincided with enhanced macrophage infiltration in the tubulointerstitium, a hallmark of
renal inflammation. The pleiotropic function of polarized macrophages in the kidney has
been well characterized in different nephropathies.3® Ample evidence shows that M1
macrophages induce renal inflammation while M2 macrophages play a role in tissue repai.
In UNX-Tubcat mice, we observed tubulointerstitial infiltration by M1 macrophages which
is in line with the overexpression of various proinflammatory chemocytokines. We postulate
the tubulointerstitial inflammation is influenced by overexpression of tubular p-catenin per
se, then subsequently leading to proteinuria as an aftermath of tubular and glomerular
damage.

Tubcat mice subjected to overload proteinuria recapitulate changes observed during CKD
pathogenesis. We observed proteinuria and elevated BUN levels in non-transgenic mice
challenged with protein overload. Notably, BSA injected UNX-Tubcat mice displayed
further renal dysfunction and increased expression of tubular injury marker. In addition,
tubular B-catenin expression was enhanced in the BSA injected UNX-Cre™~ mice but to a
lesser extent compared to UNX-Tubcat mice. We suggest that the protein overload induces
tubulointerstitial inflammation via induction of tubular B-catenin expression and such
inflammatory response could further augment the glomerular and tubular injury. As a result,
it perpetuates the vicious cycle of the heavy proteinuria formation during CKD progression.

In agreement with previous findings,%? our BSA injected mice displayed renal inflammation
as evident by M1 macrophage infiltration and activated TLR-4/NLPR-3 inflammasome axis
in renal cortices. Numerous studies have demonstrated the inflammatory role of TLR-4 in
CKD,*! and the TLR-4 antagonist CRX-526 exerts reno-protective effects by ameliorating
renal inflammation.*2 Here, we observed that TLR-4 gene expression correlated with the -
catenin level and enhanced expression of TLR-4/NLRP-3 in the renal cortex of Tubcat mice.
BSA-injected Tubcat mice further overexpressed inflammatory chemocytokines (CCL-2,
ICAM-1) which may conceivably accelerate renal inflammation. Furthermore, 1L-17A%3 and
Cxcl1* expression which is enhanced in the inflamed kidney of AKI models, was also up-
regulated in the proteinuric Tubcat kidney. These findings support the notion that tubular
Whnt/B-catenin signaling confers a pro-inflammatory state in the kidney during proteinuric
nephropathy.

In summary, we demonstrated a proinflammatory role of Wnt/B-catenin signaling in renal
tubules during overload proteinuria. Activated tubular Wnt/p-catenin signaling could induce
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TLR-4/NLRP-3 related chemocytokines in the kidney and orchestrate the subsequent
chemotaxis of macrophages into the tubulointerstitium.

METHODS

Animal model

The animal experiments were approved by the Committee on the Use of Live Animals in
Teaching and Research (Laboratory Animal Unit, The University of Hong Kong) and
followed stringently with the National Institute of Health Guide for the Care and Use of
Laboratory Animals. Mice were housed in 12-hour light/12-hour dark cycle, ad libitum to
food and water. Ksp-CreER T2 mice were generated by Dr. Peter Igarashi (The UT
Southwestern O’Brien Kidney Research Core Center, Dallas, US).4> The CreERT2 fusion
protein was expressed exclusively under the kidney specific Ksp-cadherin (cadherin 16)
gene promoter, thereby restricted in the renal tubules. The CreERT?2 fusion protein consists
of a Cre recombinase that carries an in-frame modified human estrogen receptor which
could be activated by 4-hydroxytamoxifen.

The Catnb!oX(ex3)/10x(ex3) mjce were generated and characterized by Professor Makoto Mark
Taketo (Kyoto University, Kyoto, Japan).46 The Catnb!oX(ex3)/10x(ex3) mice carry two loxP
sites sandwiching the exon 3 sequence of Catnb alleles where the serine/threonine
phosphorylation sites of p-catenin were transcribed. These phosphorylation sites regulate the
degradation of B-catenin thus deletion of the exon 3 sequence could stabilize $-catenin in the
desirable tissue cells.

Generation and characterization of Tubcat mice (Ksp-CreERT2-Catnb!0x(ex3)wt

We generated the Tubcat mouse littermate which carried Ksp-CreERT2 and Catnb!ox(ex3)/wt
alleles by cross-breeding the Ksp-CreERT2 mice and Catnb!oX(ex3)/10x(ex3) mice, Those mice
without Ksp-CreERT2 allele served as negative control. All mice were administered 4-
hydroxytamoxifen or tamoxifen dissolved in corn oil (Sigma-Aldrich, St Louis, MO, USA,;
1mg/g body weight) for 5 consecutive days via intraperitoneal (i.p.) injection to induce the
Cre-lox recombination. For protein overload model, Tamoxifen was given an hour before
BSA injection during the first week to Tubcat and Cre™'~ mice. Specifically, the activated
Cre recombinase in the renal tubular cells excised the exon 3 sequence of Catnballele
(Catnb2(ex3)y |eading to B-catenin stabilization in the renal tubules.

Genotyping of Ksp-CreERT2 transgenic mice and Catnb !0X(ex3)/lox(ex3) mice

Genomic DNA was extracted from ear biopsies collected from mice and PCR based
genotyping was performed with the HotStart Mouse Genotyping Kit (Kapa Biosystems,
Woburn, MA, USA), followed by separation of the PCR products by agarose gel (Invitrogen,
Carlsbad, CA, USA). Creallele was confirmed by using the forward primer 5’-
AGGTTCGTGCACTCATGGA-3 and reverse primer 5"-TCGACCAGTTTAGTTACCC-3~
(235bp). Catnb fox Psites were verified by using forward primer 5°-
AGGGTACCTGAAGCTCAGCG-3 and reverse primer 5 -
CAGTGGCTGACAGCAGCTTT-3’ (645bp: Catnb!0*(€x3) and 412bp: Catnb™b).
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To verify the successful Cre-lox recombination after tamoxifen administration, genomic
DNA extracted from various organs was analyzed by PCR with the forward primer 5'-
CATTGCGTGGACAATGGCTACTCA-3” and reverse primer 5 -
GGCAAGTTCCGGTCATCC-3 (867bp: Catnb"! and ~500bp: Catnb2(€X3)). The Catnb
mMRNA expression (exon 3) was verified by quantitative real time PCR (qPCR). Protein
expression of the normal B-catenin and the mutant p-catenin in kidney cortices was
confirmed by immunoblotting assay.

Murine protein overload nephropathy model

The Tubcat mice and non-transgenic mice (Cre™~) were subjected to protein overload
animal model as previously described.2® Urine and blood serum were collected for the
baseline before experiments. Male mice at 6-8 weeks of age were uninephrectomized under
anesthesia and followed by intraperitoneal injection of low-endotoxin BSA (A-9430, Sigma-
Aldrich) weekly for 5 consecutive days, up to 4 weeks. Equal volume of saline was injected
to the disease control mice. After 4-week BSA injection, 24-hour urine and blood serum
samples were collected for analysis. Tissues include kidney, spleen, heart and liver were
harvested and snap frozen in liquid nitrogen and stored at —70°C. Half of the kidney was
fixed with 10% formalin and embedded in paraffin for immunohistochemistry analysis.

Quantitative real-time PCR (QPCR) and immunoblotting assay

Cortical protein and total RNA were extracted from the frozen kidney tissues using
NucleoSpin® Triprep (Macherey-Nagel, Duren, Germany). Nuclear and Cytosolic protein
was fractionized by NE-PER® extraction kit (Thermo Scientific). The RNAs were reversely
transcribed to cDNAs (High-Capacity cDNA Reverse Transcription Kit; Applied
Biosystems, Carlsbad, CA, USA) followed by gPCR analysis. g°PCR was performed using
StepOnePlus™ Real-Time PCR Systems (Applied Biosystems) with SYBR Green reagent
(Applied Biosystems) and specific primers (Table 1). Relative gene expression was
calculated after normalization with B-actin expression. All experimental groups were
compared to their respective control group using StepOne™ software v2.3 (Applied
Biosystems). Equal amount of protein lysate was resolved in Bolt™ 4-12% gel and
transferred to 0.2um PVDF membrane. Membranes were blotted with 5% non-fat milk and
followed by overnight incubation of primary antibody against p-catenin, E-cadherin (BD
Transduction Laboratories™, San Jose, CA, USA), a-SMA, CCL-2, collagen I, RANTES,
TLR-4, Vimentin (Santa Cruz Biotechnology, Santa Cruz, CA), NLRP-3, p-CamKII (Novus
Biologicals, Littleton, CO), Histone H3, p-JNK, Total INK, p-GSK-3p, total GSK-3p (Cell
Signaling Technology, Beverly, CA, USA), nephrin (R&D Systems, Minneapolis, MN,
USA), p-CamKII (Abcam, Cambridge, UK), fibronectin (Sigma-Aldrich), and p-actin
(Thermo Scientific). After washing, the membranes were then incubated with matched horse
radish peroxidase (HRP) conjugated secondary antibodies (Dako, Carpinteria, CA, USA)
and visualized by ChemiDoc XRS+ system (Bio-Rad, Hercules, CA, USA) after incubation
with Clarity™ Western ECL Substrate (Bio-Rad) for 5 minutes. Densitometries of protein
bands were quantified by Image Lab™ software (Bio-Rad). Relative expression of target
protein was normalized with p-actin or Histone H3 expression.
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Immunohistochemistry staining

Histology

Paraffin-embedded kidney tissue was sectioned (4um) and de-paraffinized then followed by
rehydration with concentration gradient of ethanol. The sections were then proceeded to
microwave-based antigen retrieval step in 10mM citrate buffer and quenched by 3%
hydrogen peroxide for 10 mins. Primary antibody against p-catenin (BD Transduction
Laboratories "), CCL-2 and CD68 (Santa Cruz Biotechnology) diluted in IHC diluent (Enzo
Life Sciences, Farmingdale, NY, USA) was applied on the sections overnight and
subsequently with the secondary peroxidase conjugated antibody (Dako). The sections were
developed by DAB substrate (Dako) then counterstained with CAT hematoxylin (Biocare
Medical, Walnut Creek, CA, USA), followed by dehydration with ethanol/xylene solution
before mounting. Following co-immunohistochemical staining with p-catenin and Thiazide
sensitive sodium chloride cotransporter (NCC; Millipore, Bedford, MA, USA the sections
were developed by the MultiView® (mouse-HRP/rabbit-AP) IHC kit (Enzo Life Sciences)
according to the kit manual. CD68+ cells were counted in at least 10 non-overlapping
tubulointerstitial area (400 X; excluded glomeruli) and average for individual sample.

Paraffin-embedded kidney section was processed as mentioned followed by staining with
periodic acid-Schiff solution (Sigma-Aldrich) to evaluate glomerular and renal tubular
injury. At least 20 glomeruli from the kidney section were randomly selected and scored to
evaluate glomerular damage. Glomerular damage index was graded as followings: 0, no
sclerosis; 1, 10-25% mesangial expansion/sclerosis; 2, 25-50% mesangial expansion/
sclerosis; 3, 50-75% mesangial expansion/sclerosis; 4, 75-100% mesangial expansion/
sclerosis; The final score for each section was calculated as followings: Final scores = 0 x
(% of grade 0 glomeruli) + 1 x (% of grade 1 glomeruli) + 2 x (% of grade 2 glomeruli) + 3
x (% of grade 3 glomeruli) + 4 x (% of grade 4 glomeruli).

Urine and serum biochemistry

Statistics

Mouse urinary albumin was measured by Albuwell M (Exocell Inc., Philadelphia, PA,
USA). Urinary or serum creatinine was measured by enzymatic assay: Creatinine
LiquiColor Test (Stanbio Laboratory, Boerne, TX, USA). Serum blood urea nitrogen (BUN)
was measured by QuantiChromTM Urea Assay Kit (BioAssay Systems, Hayward, USA).
Urinary p2-microglobulin level was measured by ELISA kit (Lifespan Biosciences, Seattle,
WA, USA).

All data were expressed as mean = SEM. One-way ANOVA with Tukey’s multiple
comparison test or two-sided t-test were employed to calculate the difference between
experimental groups in GraphPad Prism v.6 (GraphPad Software, San Diego, CA). p<0.05
was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tubcat mice overexpress p-catenin specifically in renal tubules after tamoxifen
induction

(A) gPCR showed less mMRNA expression of Catnb allele (exon 3) in the renal cortex of
Tubcat mice after transgenic modification (n=5). (B) Expression of the native and mutant
forms of B-catenin in renal cortical cells by immunoblotting. (C) Consecutive kidney
sections revealed B-catenin overexpression in the renal tubules of Tubcat mice. Upper panels
show the IHC staining of p-catenin (brown) and the lower panels show the co-staining of -
catenin (brown) and Na*-ClI~ cotransporter (NCC, tubule marker; red). Red arrows indicate
tubular B-catenin expression in Cre™~ and Tubcat mice, respectively. Bar scale = 250 um.
Results were expressed as means + SEM. A two-sided t-test was used for comparison. G,
glomerulus. T, renal tubules. M, DNA ladder. *p<0.05
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Figure 2. Renal dysfunction in uninephrectomized Tubcat mice 4 weeks after tamoxifen
induction

(A) Schema of transgenic induction in Tubcat mice. (B) Expression of nuclear p-catenin in
renal cortices of experimental mice (n=5). Representative immunoblots are shown. Urine
albumin-to-creatinine ratio (UACR) and blood urea nitrogen (BUN) were measured at (C)
baseline (n=5) and (D) 4 weeks after tamoxifen administration (n=5). (E) Renal cortical
expression of AKI markers (n=5) in Tubcat and Cre™'~ mice at experimental endpoint. (F)
Representative periodic acid-Schiff (PAS) staining of kidney section from UNX-Tubcat and
UNX-Cre™/~ mice. Asterisks indicates the mesangial expansion. Bar scale = 250 pm. (G)
Glomerular damage scoring of the kidney sections from the experimental mice (n=5). (H)
Gene expression of Ajphs1 in renal cortices of uninephrectomized Tubcat and Cre™~ mice
(n=5) 4 weeks after tamoxifen administration by gPCR. (I) Renal cortical protein expression
of nephrin in the experimental mice (n=5) by immunoblotting assay. (J) Urinary p2-
macroglobulin was measured in experimental mice 4 weeks after tamoxifen administration
(n=5). Results were expressed as means + SEM. A two-sided t-test was used for comparison.
*p<0.05, **p< 0.01, ***p<0.0001
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Figure 3. Renal inflammation in uninephrectomized Tubcat mice with enhanced cortical
chemocytokine expression

(A) Immunohistochemical staining of CD68+ cells (red arrows) on kidney tissues. Average
CD68+ cell counts on tubulointerstitial area (400X magnification) of Tubcat and Cre™~
mice (n=5). (B) Gene expression of M1 (Ly6cand Ccr2) and M2 (Cd163and Cad206)
macrophage markers in renal cortices of Tubcat and Cre™'~ mice (n=5) 4 weeks after
tamoxifen administration by qPCR. Renal cortical expression of (C) RANTES, CCL-2, and
(E) TLR-4 and NLRP-3 in experimental mice by immunoblottings (n=5). (D)
Immunohistochemistry staining of CCL-2 and p-catenin on serial kidney sections from a
Tubcat mouse by using different primary antibodies as annotated. Red arrows indicate the
colocalization of CCL-2 and B-catenin detected in the same tubular cells. Bar scale = 250
pum. (F) Gene expression of TLR-4 and NLRP-3 by gPCR (n=5). Results were expressed as
means £ SEM. A two-sided t-test was used for comparison. *p<0.05, **p< 0.01,
***p<0.0001
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Figure 4. Expression of non-canonical Wnt pathway regulators in uninephrectomized Tubcat
mice for 4 weeks

(A) Expression of non-canonical Wnt signaling related genes in renal cortices of
uninephrectomized Tubcat and non-transgenic mice (n=5) by qPCR. Phosphorylation level
of (B) JNK, CaMKII and (C) GSK-3p in renal cortices of uninephrectomized Tubcat and
non-transgenic mice (n=5) by immunoblotting assay. Results were expressed as means +
SEM. A two-sided t-test was used for comparison. **p< 0.01
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Figure 5. Fibrosis and EMT markers in UNX-Tubcat mice for 4 weeks
(A) Expression of fibrotic markers (fibronectin, a-SMA and collagen 1) in renal cortices of

UNX-Tubcat and UNX-Cre™~ mice (n=5) by immunoblotting assay. (B) Renal cortical
expression of EMT markers (vimentin and E-cadherin) of uninephrectomized Tubcat and
non-transgenic mice (n=5) by immunoblotting assay. Results were expressed as means +

SEM.
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Figure 6. Induction of protein overload in uninephrectomized Tubcat and Cre™'~ mice for 4

weeks
(A) Schema of UNX-Tubcat mice in protein overload model. UACR and BUN levels of

experimental mice at (B) baseline (n=5) and (C) 4 weeks after BSA injection (n=5). (D)
Urinary p2-macroglobulin measured in BSA injected UNX-Cre™'~ mice and UNX-Tubcat
mice at the experimental endpoint (n=5). (E) Renal cortical mMRNA expression from Catnb
allele (exon 3) by gPCR (n=5). (F) Both mutant and wild-type forms of nuclear p-catenin
expression in the renal cortical lysate by immunoblotting (n=5). (G) Immunohistochemical
staining of B-catenin on kidney tissues. Red arrows indicate p-catenin expression in tubules.
Bar scale = 125 um. (H) Representative periodic acid-Schiff (PAS) staining of kidney
section from BSA injected UNX-Tubcat and UNX-Cre™'~ mice. Yellow asterisks indicate
the mesangial expansion and red asterisks indicate tubular injury. Bar scale = 250 um. A
One-way ANOVA was used for comparison. Results were expressed as means = SEM.
*p<0.05, **p< 0.01, ***p<0.0001
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Figure 7. Increased tubulointerstitial macrophage infiltration in protein overloaded Tubcat mice
(A) CD68+ cells (red arrows) in kidney sections of protein overloaded animals and

quantification (n=5). (B) Renal cortical expression of M1 and M2 macrophage markers in
Tubcat and Cre™~ mice (n=5) by gPCR. Bar scale = 250 pm. Results were expressed as
means + SEM. A One-way ANOVA was used for comparison. *p<0.05, **p< 0.01,
****%n<0.0001
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Figure 8. Induction of inflammatory chemocytokines and TLR-4/NLRP-3 in BSA-injected
Tubcat mice

(A) Cortical gene expression of inflammatory chemocytokines (Cxc/1, TIr4, Ccl?and /L1b)
in BSA-injected mice by qPCR (n=5). Protein levels of (B) CCI-2, ICAM-1, IL-17A and (C)
TLR-4 and NLRP-3 by immunoblotting of kidney cortical lysates (n=5). Results were
expressed as mean £ SEM. A One-way ANOVA was used for comparison. *p<0.05, **p<
0.01, ***p<0.001
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Table 1

Custom primers for quantitative real-time PCR

Gene

Primers

Actb

Forward: 5-TCCATCATGAAGTGTGACGT-3~

Reverse: 5"-GAGCAATGATCTTGATCTTCAT-3"

Catnb (exon 3)

Forward: 5 -GACGCTGCTCATCCCACTAA-3"

Reverse: 5"-CCACCTGGTCCTCATCGTTT-3"

Camkii Forward: 5 -~ACCACTTCCTTCCACCACTT-3’
Reverse: 5-TGAGATACAGCATTCCATACAAGA-3~
Ccl2 Forward: 5-CTCTTCCTCCACCACCAT-3"
Reverse: 5"-CTCTCCAGCCTACTCATTG-3"
Cer2 Forward: 5 -~ATCCACGGCATACTATCAACATC-3’
Reverse: 5"-CAAGGCTCACCATCATCGTAG-3’
Cd163 Forward: 5-TGCTGTCACTAACGCTCCTG-3
Reverse: 5-TCATTCATGCTCCAGCCGTT-3’
Cd206 Forward: 5 -~AAGGCATGCGTTGCACATAC-3’
Reverse: 5-ATTCTGCTCGATGTTGCCCA-3~
Cystatin C Forward: 5 -TGTTTGCACCAGGAGACAGT-3"
Reverse: 5-AATTGAGCAAGGCATGGCAG-3’
Cxcll Forward: 5-TTGACGCTTCCCTTGGACAT-3"
Reverse: 5"-CTTTGAACGTCTCTGTCCCGA-3~
Daaml Forward: 5-CACCTGCGAGTTGGTAACCT-3"
Reverse: 5-GCTAATGAATGAGTGCGGCG-3’
111b Forward: 5 -TTCAGGCAGGCAGTATCA-3~
Reverse: 5"-CCAGCAGGTTATCATCATCA-3~
Kiml Forward: 5 -~AAACCAGAGATTCCCACACG-3’
Reverse: 5-GTCGTGGGTCTTCCTGTACTC-3’
Ly6c Forward: 5-GCAGTGCTACGAGTGCTATGG-3’
Reverse: 5-ACTGACGGGTCTTTAGTTTCCTT-3"
Ngal Forward: 5 -~ACAACCAGTTCGCCATGGTA-3~
Reverse: 5-AAGCGGGTGAAACGTTCCTT-3"
NIrp3 Forward: 5 -~AGAGCCTACAGTTGGGTGAAATG-3’
Reverse: 5"-CCACGCCTACCAGGAAATCTC-3"
Nphsl Forward: 5-CCCAACACTGGAAGAGGTGT-3"
Reverse: 5-CTGGTCGTAGATTCCCCTTG-37
Plcbl Forward: 5-TCAAACCCAATCCGATATGTCAAT-3"
Reverse: 5-AGCCTCCTTCTTTACTTCCTCTT-3"
Ptk7 Forward: 5 -~AATGCTGGAACCCTACACTTTG -3°
Reverse: 5"-CCCTGTGGCTCGTTGGAT-3"
Tird Forward: 5-CATCCAGGAAGGCTTCCACA-3’
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