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Abstract

Epidermal growth factor (EGF) is produced in the kidney by thick ascending limbs (TALS)

and distal convoluted tubules (DCTSs). Reduced urinary EGF levels have been associated with
chronic kidney disease but it is not known whether physiological levels of EGF protect the
kidney from progressive renal disease. Here, we show that EGF-deficient mice on a mixed genetic
background had increased urinary microalbumin, and a subset of these mice developed severe
progressive renal disease with azotemia that was not seen in WT or TGFa-deficient littermates
with this mixed genetic background. These azotemic EGF-deficient mice developed crescentic
glomerulonephritis linked to HB-EGF/EGFR hyperactivation in glomeruli, as well as attenuation
of the proximal tubule brush border, DCT dilatation, and kidney fibrosis associated with renal
[B-catenin/mTOR hyperactivation. The observation of these severe renal pathologies only in a
subset of EGF-deficient mice suggests that independent segregation of strain-specific modifier
alleles contributes to the severity of the renal abnormalities that only manifest when EGF is
lacking. These findings link the lack of EGF to renal pathologies in the adult mammalian kidney,
in support of a role of physiological levels of EGF for maintaining the function of glomeruli,
PTs, and DCTs. These observations suggest that diminished EGF levels predispose kidneys to
progressive renal disease.
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INTRODUCTION

Epidermal growth factor (EGF) is expressed in the adult at high levels particularly in
submandibular glands and thick ascending limbs (TALs) and distal convoluted tubules
(DCTs) of the distal nephron in the kidney (1-4). The physiological function of EGF in
the adult is not well understood, particularly because previous analyses of young adult
EGF-deficient (Egf~~) mice did not identify major abnormalities (5). EGF is found as a
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membrane-bound prepro-EGF precursor molecule that is released proteolytically to generate
the 53-amino acid peptide hormone EGF. No EGF expression is detected in proximal tubules
(PTs) in the kidney, but urinary EGF proteins line the apical PT membranes (1-3). EGF

is present in urine at much higher concentrations than in serum, which suggests that a
significant proportion of urinary EGF is derived from TALs/DCTs and not from glomerular
filtration (6). This is also supported by mouse studies, which showed that a rapid increase

in urinary EGF occurs mostly between day 6 and day 18 postnatally, which correlates with
the onset of EGF expression in maturing TALS/DCTs (EGF is detected after postnatal day

3 [P3] and expression increases after P3) (2, 7). Moreover, urinary EGF levels correlated
with intrarenal MRNA EGF levels (8). Notably, the concentration of urinary EGF declines
with progressive age (9, 10). Lower baseline urinary EGF excretion has been associated with
decreased renal function and chronic kidney disease (CKD) (8, 11). This raises the question
of whether EGF production in the kidney helps maintain renal function and protects the
kidney from CKD-like pathologies, such as renal fibrosis and inflammation, and whether
the decline in EGF with aging increases the risk for CKD. However, whether physiological
levels of EGF have indeed such a protective role for the adult kidney has not been assessed
yet.

The EGF/EGF receptor (EGFR) family consists of different ligands and receptors. Single-
cell RNA-Seq (scRNA-Seq) of adult mouse kidneys confirmed previous immunolabeling
studies and showed that EGF is highly expressed specifically in TALs and DCTs (12).

We also confirmed by immunolabeling for EGF that cytoplasmic EGF is detected only in
TALSs/DCTs in the adult mouse kidney and in no other nephron segments, with the onset of
expression after postnatal day 3 with the maturation of nephron segments (2). Thus, EGF
serves as a terminal differentiation marker of TALs/DCTSs. The scRNA-Seq data also show
that EGF is the main EGFR family ligand that is expressed at high levels in TALs/DCTs,
whereas its family member TGFa is expressed in podocytes, thin limbs of Loop of Henle
(LOH), and collecting ducts (CDs) (12). HB-EGF is expressed in PTs, thin limbs of LOH,
and intercalated cells of cortical CDs, but not in podocytes (12). Betacellulin is expressed
in CDs, whereas CTGF is expressed in podocytes and has been recently shown to act as an
EGFR ligand as well. The EGF receptor family consists of EGFR (ErbB1), ErbB2, ErbB3,
and ErbB4 that can homo- or heterodimerize (13). EGF binds specifically to EGFR (to either
EGFR homodimers or EGFR/ErbB2 heterodimers). SCRNA-Seq did not detect high-level
expression of EGFR in TAL/DCT cells but in cells of other nephron segments, whereas
ErbB2 and ErbB4 are highly expressed in TALs, and ErbB3 mainly in CDs (12). However,
earlier studies suggested that EGFR is expressed by TALs and DCTs as well (14).

The EGFR is normally expressed at the basolateral membrane in nephron epithelia, but
under pathologic conditions, an apical mislocalization of the EGFR can occur, or tight
junction abnormalities may allow urinary EGF to bind to basolateral EGFR. Notably, it

has been shown that hyperactivation of EGFR signaling in glomeruli through aberrant
overexpression of HB-EGF in podocytes leads to rapidly progressive glomerulonephritis
with the formation of cellular crescents in glomeruli (multilayered accumulation of
proliferating cells in Bowman’s space) and accumulation of T cells and macrophages in
glomeruli (15). Cellular crescents are pathognomonic for inflammatory glomerulonephritis.
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EGFR deficiency results in severe abnormalities that strongly depend on the genetic
background of the mice: Egfr~/~ mice on a CF-1 background had peri-implantation death
due to degeneration of the inner cell mass, whereas EGFR deficiency on a 129/Sv
background resulted in death at mid-gestation due to placental defects. Egfr”~ mice on

a CD-1 background survived until 3 weeks after birth and showed abnormalities in skin,
kidney, brain, liver, and gastrointestinal tract (16). These mice developed progressive cystic
dilatation of CDs with flattened epithelial lining and increased BUN, consistent with a
critical role of EGFR for CDs that normally highly express EGFR (12, 16). The findings
suggest the presence of strain-specific genetic modifiers that have a major effect on EGFR-
dependent phenotypes.

In contrast, the lack of a reported kidney phenotype in young adult mice lacking EGF raises
the question as to the physiological relevance of EGF-dependent signaling for renal function
in the adult and during aging (5). We also found that young adult Egf~~ mice (6-weeks-old)
did not show major histological or functional abnormalities of their kidneys and had normal
protein levels of TAL differentiation markers (NKCC2) and DCT differentiation markers
(NCC, parvalbumin) (2). This raises the question of whether EGF has non-redundant
functions in adult kidney physiology, and whether lack of EGF results in renal defects with
age progression. Based on /n vitro studies, it has been proposed that EGF promotes urinary
Mg?* uptake in DCTs, but Egf~/~ mice had normal Mg2* serum levels, demonstrating that
EGF deficiency is not a critical regulator of Mg2+ homeostasis (4, 17). EGF has been
shown to regulate sodium transport in the distal nephron via the sodium transporter ENaC,
and chronic EGF treatment inhibited ENaC activity /n vitro (18). Moreover, infusion of
EGF decreased ENaC activity in CDs and attenuated salt-induced hypertension (13, 19).
However, whether EGF-deficiency affects electrolyte homeostasis /77 vivo is not known.

Exogenous EGF administration reduced experimental acute kidney injury in a model of
ischemia-reperfusion injury, suggesting that EGF may promote repair of tubular injury

(20). Similarly, exogenous administration of EGF reduced CD cyst formation in a mouse
model of autosomal recessive polycystic kidney disease (21). In contrast, distal nephron
differentiation defects that lead to tubule dilatation in mice lacking KCTD1 were not
prevented by a similar regimen of EGF administration (2). Importantly, these previous
studies showed effects of exogenously administered EGF only /n7 vitro or in animal models
of kidney diseases, but no /77 vivo data has established a protective role of EGF under normal
physiological conditions for kidney function in the adult or during aging. Thus, we analyzed
here whether EGF deficiency affects kidney function and determined whether progressive
age and genetic background have a major influence. As phenotypes in Egfr~/~ mice were
strongly dependent on the genetic background, we paid particular attention to whether there
is a marked variability of a renal phenotype in these Egf~/~ mice that may be explained

by the heterogeneous genetic background due to effects of strain-specific modifier alleles.
Our findings suggest that EGF promotes renal function in the adult, and its deficiency
predisposes kidneys to progressive glomerulonephritis, renal fibrosis, and inflammation.
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MATERIALS AND METHODS

Animals

The generation of Egf~/~ mice and Tgfa™~ mice has previously been reported (5). We
utilized Egf"WTTgfa"WT mice that were on a mixed genetic background to produce the
following experimental groups: WT mice, Egf~/~ mice, Tgfa”~ mice, and Egf /" Tgfa/WT
mice. These mice were obtained from MMRRC and showed a substantial degree of
heterozygosity (Mouse Universal Genotyping Array [MUGA] showed that ~30% of the
genome was heterozygous; C57bl6 and Sv129 mixed genetic background). Mouse serum
BUN levels and chemistries were determined with a Dri-Chem7000 chemistry analyzer
(Heska). Urine microalbumin was measured with a Siemens DCA Vantage analyzer. The
exact number of mice for which urinary microalbumin, serum BUN levels, and serum
chemistries were measured are indicated in Figures 1B, 1C, and S2.

Study Approval

For all animal studies, institutional approval was granted and international guidelines for
the care and use of laboratory research animals were followed. ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines for reporting animal studies were followed.

Immunolabeling of kidney sections and morphological kidney analyses

Kidneys of Egf~/~ mice with increased BUN levels as well as age-matched WT and

Tgfa™~ controls were assessed by histology and by immunolabeling. For morphological
analysis of mouse kidneys, they were fixed in 4% paraformaldehyde. Kidneys were

bisected and then processed and embedded in paraffin for histological analysis. H&E,

PAS, and Trichrome stainings were performed according to standard protocols. The other
kidney half was embedded in 30% sucrose and subsequently in OCT for immunolabeling
experiments. For immunolabeling, 7um kidney sections were permeabilized in 0.5%

Triton X-100 and subsequently blocked with serum in which the secondary antibodies

were raised. The following primary antibodies were used: rat anti-F4/80 (conjugated

with Alexa647, BioLegend Cat# 123121, RRID:AB_893492), goat anti-Agqp2 (Santa

Cruz Biotechnology Cat# sc-9882, RRID:AB_2289903), rabbit anti-NCC (Millipore Cat#
AB3553, RRID:AB_571116), rabbit anti-NKCC2 (Cell Signaling Technologies Cat# 38436,
RRID:AB_2799134), rabbit anti-parvalbumin (Abcam Cat# ab11427, RRID:AB_298032),
goat anti-EGF (R&D Systems Cat# AF2028, RRID:AB_355111), Cy3-conjugated mouse
monoclonal SMA (clone 1A4) (Sigma-Aldrich Cat# A2547, RRID:AB_476701) antibodies,
rat anti-CD31 (BD Biosciences Cat# 550274, RRID:AB_393571), rabbit anti-cleaved
caspase-3 (Aspl75) (Cell Signaling Technology Cat# 9664, RRID:AB_2070042), rat anti-
CD45 (BD Biosciences Cat# 550539, RRID:AB_2174426), rabbit anti-TFEB (Bethy!

Cat# A303-672A, RRID:AB_11204598), rabbit anti HB-EGF (ABclonal Cat# A16365,
RRID:AB_2760743), and rabbit anti phospho EGFR (Tyr1068) (D7A5) (Cell Signaling
Technology Cat#3777, RRID:AB_2096270), and rat anti-CD3 (Abcam Cat# ab11089,
RRID:AB_2889189). Phalloidin conjugated with Alexa647 (Thermo Fisher Scientific Cat#
A22287, RRID:AB_2620155) was used for cytoskeletal staining at a dilution of 1:100.
DAPI was used to stain nuclei (Thermo Fisher Scientific Cat# D3571, RRID:AB_2307445).
Secondary Alexa-488/555/647 antibodies were used at a dilution of 1:200 (Thermo Fisher).
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Lectins at a dilution of 1:100 were from Vector Laboratories: rhodamine-conjugated

peanut agglutinin (PNA; Vector Laboratories Cat# RL-1072, RRID:AB_2336642) [epithelial
staining of distal nephron epithelial cells; contiguous staining of PTs], fluorescein-
conjugated Lotus Tetragonolobus Lectin (LTL; Vector Laboratories Cat# FL-1321,
RRID:AB_2336559) [labels PTs].

For semithin sections, bisected kidneys were fixed in 1.25% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). After postfixation in 4% osmium
tetroxide, and dehydration steps, tissues were embedded in TAAB epon (Marivac Ltd.) and
1um thin sections were used for toluidine blue staining and light microscopy.

Western blotting

Statistics

Results

Kidneys were lysed in NP40 lysis buffer (Life Technologies) with ImM PMSF

and protease inhibitor cocktail (Complete, Roche) using the Qiagen TissueLyser-11.
After centrifugation, the protein concentrations in the supernatant were determined
with a Bradford assay. Equal amounts of protein were loaded onto NuPage 4-12%
Bis-Tris gels (Life Technologies) and blotted to nitrocellulose membranes. Equal
protein loading was assessed using a rabbit polyclonal anti-p-actin antibody (Cell
Signaling Technology Cat# 4970, RRID:AB_2223172). The following primary antibodies
were used: antibodies against NKCC2 (38436, Cell Signaling Technology), NCC
(Millipore Cat# AB3553, RRID:AB_571116), active B-catenin (non-phospho Ser33/37/
Thr41l) (Cell Signaling Technology Cat# 8814S, RRID:AB_11127203), phospho 4E-
BP1 (Thr37/46) (Cell Signaling Technology Cat# 2855, RRID:AB_560835), p70 S6
kinase (Cell Signaling Technology Cat# 2708, RRID:AB_390722), rabbit anti-TFEB
(Bethyl Cat# A303-672A, RRID:AB_11204598), and rabbit anti-Scl3al (Proteintech
Cat# 16343-1-AP; RRID:AB_2239419). HRP-conjugated secondary antibodies were
used and chemiluminescence signal was determined with the SuperSignal WestPico
chemiluminescent substrate (Pierce). Band intensities were quantified with Image J.

A Mann-Whitney test was used to calculate p-values. P-values <0.05 were considered to be
statistically significant. P-values are indicated. All graphs show mean + SEM.

Graphs and descriptive statistics (Figure S3) were obtained with Prism 9.3.1 (Graphpad).

EGF deficiency does not affect nephrogenesis or kidney function in young adult mice

Analysis of ScRNA-Seq data of adult mouse kidneys shows that EGF is expressed in

the kidney at high levels only in TALs and DCTSs, while other EGF family ligands do

not show strong expression in TALsS/DCTs (Figure S1) (12). This is consistent with our
immunolabeling data that detected cytoplasmic EGF only in TALs/DCTs of adult kidneys
(2, 17). In contrast, the SCRNA-Seq data show no high-level expression of the EGFR in
TALSs/DCTs, which is required for EGF-mediated signaling, whereas the EGFR family
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members ErbB2 and ErbB4 are highly expressed in TALs (Figure S1) (12). Notably, we
found that EGF expression in mouse kidneys postnatally occurs after P3 (2).

To determine the relevance of physiological levels of EGF for kidney function we assessed
Egf~~ mice, in which we confirmed the complete absence of EGF protein by lack of

EGF immunolabeling in their kidneys (2, 5, 17). We utilized Egf™WTTgfa~WT mice on a
mixed genetic background to produce the following experimental groups: WT mice, Egf~/~
mice, Tgfa™~ mice, and Egf/"Tgfa"WT mice. These mice showed a substantial degree

of heterozygosity (Mouse Universal Genotyping Array [MUGA] showed that ~30% of the
genome was heterozygous; C57bl/6J and Sv129P2/OlaHsd mixed genetic background). All
these mouse groups were viable and were observed at the expected Mendelian ratio when
assessed at 4 weeks of age (Figure 1A). Histopathologic analysis of kidneys in young adults
of these experimental groups displayed no major morphologic abnormalities. Analysis of
BUN levels in these groups of mice at 1 month of age showed no major abnormalities as
well (Figure 1B). Moreover, levels of serum electrolytes, calcium, phosphate, albumin, and
total protein were normal in 2—4 months-old as well as 9-12 months-old EGF-deficient
mice (Figure S2). EGF deficiency did not affect protein levels of the PT differentiation
marker Slc3al or the DCT differentiation marker NCC in whole kidney lysates of 1-months-
old adult mice that showed no azotemia (Figure 2). Similarly, adult TGFa-deficient mice
showed no reduction in these differentiation markers as well (Figure 2). Thus, neither EGF
nor TGFa is critical for normal kidney development and renal function in young adult mice.

Renal abnormalities in a subset of EGF-deficient mice

The observation of decreased urinary EGF levels in patients with CKD raises the question
of whether a lack of physiological levels of EGF predisposes to an impairment of renal
function in the adult. To test for such a potential protective role of physiological levels

of EGF for kidney function, we first measured BUN levels in different age groups of
Egf~~ mice, Egf"Tgfa”WT mice, Tgfa”~ and WT littermates up to 12 months of age,

as a high increase in BUN correlates with severe renal dysfunction. Across all age groups,
we measured BUN levels in 93 WT mice and 71 Tgfa™~ mice. All of these mice had
normal BUN levels (Figure 1B). In contrast, a subset of both Egf~/~ (5.8%:; 8 of 137

mice) and Egf/~Tgfa™WT (14.1%; 10 of 71 mice) mice developed renal impairment with
an increase in BUN levels (BUN levels that were higher than the highest measurement in
the age-matched WT or Tgfa™~ control groups) (Figure 1B; descriptive statistics shown in
Figure S3). In comparison to the control groups (WT and Tgfa™~ mice; 164 mice total), 18
of 208 mice in the Egf~/~ and Egf~/~Tgfa"WT groups had an increase in BUN levels, many
of which were very high and were accompanied by premature death due to renal failure.

As the high increase in BUN may manifest only with more advanced renal disease, we
tested whether EGF-deficient mice that do not have yet a high increase in BUN levels may
already have more subtle renal abnormalities, which may be reflected in an increase in
urinary microalbumin (a sensitive marker of renal defects). Indeed, we observed in more
than 50% of 10-13 months-old Egf~/~ mice, which we selected out of those mice that did
not show an increase in BUN yet, a significant relative increase in urinary microalbumin
compared to age-matched WT or Tgfa~~ groups (Figure 1C). This suggests that underlying
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renal abnormalities occur in most EGF-deficient mice even when their BUN levels are not
increased yet. These findings are consistent with a high degree of variability in the renal
phenotype of adult mice lacking EGF, whereas none of the mice in the large control groups
did show these renal abnormalities. The data suggest a contributory but not essential role of
EGF for maintaining renal function in the adult mammalian kidney.

Severe crescentic glomerulonephritis, renal fibrosis, and defects in PTs and DCTs in
azotemic adult Egf~~ mice

Histomorphologic analysis of kidneys of those Egf~/~ and Egf/"Tgfa™™WT mice with

high BUN levels (azotemia) demonstrated severe renal abnormalities (Figures 3A-3D).
Tubular dilatation was particularly observed for cortical distal nephron tubules (Figure
3A). Glomeruli showed glomerulosclerosis with an increased mesangial matrix, a

lobular glomerular pattern, and crescents in Bowman’s space (Figure 3A). Trichrome
staining identified areas of fibrosis within glomeruli (glomerulosclerosis), as well as in
tubulointerstitial areas of the renal cortex (Figure 3A). Wedge-shaped areas extending from
the renal cortex to the medulla with atrophic tubules with diminished lumen were present
(Figure 3B). PAS staining highlighted cellular crescents in Bowman’s space, and PAS™
material was observed in glomerular capillaries as well (Figure 3C). Dilatation occurred not
only for cortical distal nephron tubules but also for PTs that had a diminished brush border
(Figure 3D).

In EGF-deficient mice, smooth muscle actin (SMA) immunolabeling (a marker of pericyte/
myofibroblast activation) was increased in glomeruli and along crescents in Bowman’s
space, but extensive periglomerular SMA immunolabeling was observed as well (Figure
4A). The periglomerular and tubulointerstitial myofibroblast activation and fibrosis were
associated with a strong influx of macrophages (F4/80%) (Figure 4A). Glomerular 1gG
deposition and increased complement C3 lining glomerular capillaries were found as well
(Figure 4B). Moreover, CD45* leukocytes and CD3* T-cells accumulated in glomeruli,
as well as in periglomerular tissue and in tubulointerstitial areas (Figure 4C and

4D). No evidence for apoptotic degeneration was observed in these glomeruli (Figure
4D). These observations are consistent with findings seen in inflammatory crescentic
glomerulonephritis.

As crescentic glomerulonephritis has been linked to aberrant hyperactivation of HB-EGF/
EGFR signaling in glomeruli that does not occur in normal glomeruli (15), we assessed
whether HB-EGF accumulation and EGFR activation occur in glomeruli of azotemic Egf~/~
mice. Indeed, we found increased immunolabeling for HB-EGF in glomerular cells lining
crescents along Bowman'’s capsule in azotemic Egf~~ mice (Figure 4E). Furthermore,

we found in these mice strongly increased immunolabeling for phosphorylated EGFR
(Tyr1068), which serves as a marker for increased EGFR signaling (Figure 4E). Thus,
crescentic glomerulonephritis in Egf~/~ mice that developed severe renal disease with

renal failure is associated with hyperactivation of HB-EGF/EGFR signaling in glomeruli,
similarly as reported for rapidly progressive glomerulonephritis in humans and mouse
models (15). This suggests that physiological levels of EGF help protect the kidney from the
development of glomerulonephritis.
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Labeling kidneys with fluorescently-conjugated phalloidin and Lotus Tetragonolobus Lectin
(LTL), which both visualize the apical brush border membrane of PTs, showed that EGF-
deficient kidneys that had a highly increased BUN also had dilated PTs with an attenuated
brush border (Figure 5A). Consistent with these findings, Western blotting using whole
kidney lysates showed diminished protein levels of the PT marker Slc3al in Egf~/~ mice that
had severe renal impairment, whereas Slc3al protein levels were normal in aged Egf~/~ mice
with mild azotemia (Figure 2).

Immunolabeling for TAL, DCT, and CT/CD markers, showed that dilated distal nephron
segments in the renal cortex of EGF-deficient mice that had significant renal impairment
were mainly DCTs (NCC™* and Pvalb*) and CTs/cortical CDs (Agp2*), whereas TALs
(NKCC2%) were not dilated and their NKCC2 protein levels were not diminished (Figures
2 and 6). The observed morphologic DCT abnormalities were also accompanied by
diminished protein levels of the DCT differentiation marker NCC in Egf~~ mice with high
azotemia, but not in aged Egf~~ mice with no high increase in BUN (Figure 2). In contrast,
none of these changes were observed in WT or TGFa-deficient mice.

We have previously observed in KCTD1-deficient mice that impaired DCT differentiation
is followed by progressive renal fibrosis in these mice and is at least in part a consequence
of B-catenin hyperactivation, which leads to an increase in phosphorylation of the mTOR
targets 4E-BP1 and p70 S6K (2). Similarly, we find in those Egf~/~ kidneys with significant
renal fibrosis that loss of NCC is associated with increased renal active p-catenin levels and
activation of mTOR signaling targets with increased phosphorylation of 4E-BP1 (Thr37/46)
and p70 S6K (Figure 2). mTOR hyperactivation also sequesters the transcription factor
TFEB to the cytoplasm (22), and we found increased cytoplasmic TFEB in dilated distal
nephron segments in these Egf~/~ kidneys as well (Figures 2 and 5B). In contrast, p-catenin/
mTOR hyperactivation does not occur in aged Egf~'~ mice that do not have renal fibrosis
and renal failure (Figure 2). This suggests that EGF deficiency leads in a subset of mice to
a state of impaired epithelial differentiation of specific nephron segments that promotes this
severe kidney phenotype with glomerulonepbhritis, fibrosis, and inflammation.

DISCUSSION

Clinical data in patients with CKD suggests a link between reduced urinary EGF and CKD
(8, 11). Moreover, exogenously administered EGF had a protective effect on renal functions
in various mouse models with experimental impairment of kidney function, such as in a
model of ischemia-reperfusion injury (20) or in a mouse model of autosomal recessive
polycystic kidney disease (21). This suggests an important role of physiological EGF levels
for the maintenance of renal homeostasis and kidney function in the adult.

To test whether physiological levels of EGF indeed support kidney health in the adult,

we assessed the effects of genetic inactivation of EGF on renal function. Based on

the observation of a genetic background-dependent large variability in the severity of
phenotypes observed in mice lacking the EGF receptor (16), we speculated that EGF
deficiency may also result in renal abnormalities that show significant variability in disease
severity.
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Indeed, our findings demonstrate that adult Egf~ mice develop urinary microalbuminuria in
the majority of mice (>50%), but only a subset of EGF-deficient mice develop more severe
renal abnormalities that lead to a high increase in BUN and to major histopathological

renal defects. This variability in the phenotype is unlikely explained by a random outlier
effect, as none of the mice in the large control groups (neither WT nor Tgfa™~ mice) had

a highly abnormal increase in BUN. Instead, the variability in the manifestation of renal
pathologies in EGF-deficient mice suggests that EGF is a contributing but not essential
factor to maintaining kidney health in the adult mammalian kidney.

As Egf~~ mice and Egf/"TgfaWT mice have a mixed genetic background, this suggests
that strain-specific genetic modifier alleles that segregate independently have a significant
contribution to the severity of the observed kidney phenotype, but only when EGF is absent.
WT and Tgfa™'~ mice were generated from the same Egf "WTTgfa"WT offspring as Egf~/~
mice and, therefore, they share also this mixed genetic background. As age-matched WT
and Tgfa™~ experimental groups did not develop renal abnormalities, this suggests that

in the presence of strain-specific genetic modifier alleles EGF plays a role in protecting

the kidney from inflammation and fibrosis and in maintaining the structural integrity of
glomeruli, PTs, and DCTSs in the adult. Only when EGF is absent do renal abnormalities
occur, consistent with the hypothesis that EGF deficiency is the rate-limiting determinant for
the manifestation of glomerulonephritis, renal fibrosis, and inflammation in these mice.

A broad variability in the severity of renal abnormalities, as seen in EGF-deficient mice,
has also been reported for genetic diseases that affect the kidney, both in humans as well
as mouse mutants. A striking example in the mouse where a broad phenotypic variability
is dependent on the genetic background is the EGF receptor-deficient mouse mutant (16).
Similarly, in humans, phenotypes associated with polycystic kidney disease are highly
variable in their clinical manifestations and can range from neonatal death to an adequate
function in the adult (23). Even intrafamilial variability can be extensive between family
members that carry the identical germline mutation, indicating the important influence that
genetic background and environmental factors have on the manifestation of these renal
pathologies. For example, extreme kidney disease discordance was observed within families
with autosomal-dominant polycystic kidney disease, regardless of the underlying mutated
gene or mutation class (24). Thus, our observation that not all EGF-deficient mice develop
major renal pathologies does not diminish the relevance of the findings of a potential
protective role of EGF for the maintenance of kidney function and indicates an important
role of genetic modifiers for the manifestation of renal pathologies when EGF is lacking.

Collectively, together with the prior observations that exogenously administered EGF
promotes repair of injured tubules in mouse models and that low urinary EGF is linked

to CKD development in humans, our data suggest that physiological levels of EGF have

a protective role for the adult kidney. However, the findings also demonstrate that EGF is
not an essential factor for normal kidney function, as not all aged Egf~~ mice developed
severe kidney abnormalities. Instead, the manifestation of glomerulonephritis, renal fibrosis,
and inflammation in a subset of EGF-deficient mice suggests that EGF acts as a promoter
of protective functions and repair in the nephron in addition to other modifier genes whose
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activities may be distinct between different mice explained by the heterogeneous genetic

background.
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Figure 1: EGF deficiency leads to highly increased BUN levels in a subset of adult mice.
A. Mendelian ratios in 4-weeks old offspring from indicated crosses. Absolute numbers and

percentiles are shown. Parentheses show expected Mendelian ratios. The deficiency of Egf
or Tgfadoes not affect the viability of these mice.

B. BUN serum levels were measured in different age groups (up to 12 months of age)

in WT, Egf~~ mice, Egf~TgfaWT mice, and Tgfa~'~ mice derived from the same
intercrosses of Egf"WTTgfaWT mice. Every measurement represents a different mouse
(not serial measurements on the same mice). A subset of Egf~/~ mice and Egf/"Tgfa /WT
mice show increased BUN levels relative to their age-matched WT or Tgfa™~ control mice
(circles with red margin). BUN levels in Tgfa™~ mice were within the same normal range
as seen in WT mice. An increased BUN value was defined as being higher than the highest
BUN value in the age-matched WT and Tgfa™~ group. For each column of Egf~/~ mice and
Egf7/~Tgfa”WT mice, the percentile of mice with an increased BUN is shown (%), as well
as the total numbers of mice with an increased BUN of the total numbers of mice in that
group (number of mice with increased BUN/total number of mice). Graph shows mean +
SEM. Below the graph, the summary indicates for Egf~~ mice and Egf/"Tgfa”WT mice
across all age groups the percentile and the total number of mice with an increased BUN
relative to the total number of mice of these groups.
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C. Graph shows BUN values (mg/dl) in black and urinary microalbumin concentrations
(mAlb in mg/l) in blue. For the Egf '~ mouse group the percentile of mice with increased
urinary microalbumin is shown (%), as well as the total numbers of mice with increased
urinary microalbumin of the total numbers of mice in that group (number of mice with
increased urinary microalbumin/total number of mice). An increased value was defined
to be higher than the highest value in the WT and Tgfa™~ group. A relative increase

in urinary microalbumin is present in Egf~/~ mice with normal BUN serum levels. Age-
matched Tgfa™~ mice derived from the same intercrosses do not show increased urinary
microalbumin compared to WT controls. All mice are ~10-13 months of age. P-values are
shown for microalbumin measurements compared to the WT group (Mann-Whitney test).
Graph shows mean + SEM.
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Figure 2: Azotemic EGF-deficient mice show loss of DCT and PT differentiation markers and
increased renal B-catenin/mTOR signaling activity.

Western blotting of whole kidney lysates from the following mice: WT mice with normal
kidney function (1-, 2- and 11-months-old), 1 months-old Egf~/~ mice with normal kidney
function, 4 months-old Egf~~ mouse with renal failure and fibrosis (BUN 497; shown in
Figures 2 and 3), 11-months-old Egf~~ mouse with a moderate increase in BUN (56) and
no renal fibrosis, 2-months-old Egf"WT mouse (BUN 29) and 4-months-old Egf"WTTgfa™/
mouse with normal kidney function (BUN 34). The 4 months-old Egf /= mouse kidney

with renal failure and fibrosis shows diminished protein levels of NCC and Slc3al (but not
of NKCC?2), increased active p-catenin levels and mTOR activation, with an increase in
phosphorylation of 4E-BP1 at Thr37/46, p70 S6 kinase and TFEB. In contrast, the kidney of
the 11-months-old Egf~~ mouse with a moderate increase in BUN (56) and no renal fibrosis
did not show these changes. Black arrowheads indicate protein size (based on protein ladder,
indicated in kDa). Values show densitometric values for Western blot bands normalized to
[B-actin.
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Figure 3: Crescentic glomerulonephritis, renal fibrosis, and dilatation of PTs and distal nephron
segments in azotemic ng‘/' mice.

A. H&E, PAS, and Trichrome stained kidney sections from a 6-months-old WT mouse, a
4-months-old Egf~~ mouse with renal failure (BUN 497), a 6-months-old Egf~/~TgfaWT
mouse with renal failure (BUN 224), and a 6-months-old Tgfa™'~ mouse that has normal
kidney function (BUN 19). Lack of EGF leads to dilatation of distal nephron segments in the
renal cortex with protein casts (green arrows), as well as atrophic tubular structures with a
diminished lumen (black arrows) in Egf~/~ and Egf~"Tgfa™WT mice. Glomeruli in kidneys
of azotemic Egf~/~ mice or Egf~/"Tgfa~"WT mice show cellular crescents in Bowman’s space
(red arrows). Trichrome staining shows areas of tubulointerstitial cortical fibrosis (blue;
yellow arrows) and glomerulosclerosis (blue; blue arrow) in Egf~~ and Egf/~Tgfa/WT
mice as well. These changes are not seen in WT or Tgfa™~ mice. Scale bars 100 pm.
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B. Lower magnification H&E images of same Egf~~ mouse kidney as shown in (A).
Wedge-shaped cortical areas with atrophic tubules that have a diminished lumen are seen
(black arrows), as well as dilated tubular segments (green arrow). Scale bar 500 pm (middle)
and 250 um (right).

C. Higher magnification images of glomeruli of kidneys stained with PAS of WT, Egf~~ and
Egf7/~Tgfa”WT mice shown in (A). EGF deficiency is associated with lobulated glomeruli
and the formation of cellular crescents in Bowman’s space (green arrow). PAS* material is
also seen in glomerular capillaries in these mice (black arrows). Scale bars 50 pm.

D. Toluidine blue staining of semithin plastic-embedded kidneys of WT mice and Egf~/~
mice with azotemia. Dilated distal nephron tubules are seen in Egf~'~ mice (red arrow).

PTs show dilatation and a diminished apical brush border membrane in Egf~/~ mice as well
(black arrow), which is not seen in WT littermates (orange arrow). Scale bars 50 pm.
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Figure 4: Crescentic glomerulonephritis associated with HB-EGF/EGFR hyperactivation in
azotemic EGF-deficient mice.

A. Left: Co-immunolabeling for smooth muscle actin (SMA) and the endothelial cell
marker CD31 (left panel) shows glomerulosclerosis (yellow arrow) and cellular crescents
with strongly SMA* parietal Bowman’s capsule in azotemic Egf~/~Tgfa™WT mice (white
arrow). Bowman’s capsule does not show SMA immunoreactivity in age-matched WT mice.
Right: F4/80* macrophages strongly accumulate at sites of periglomerular fibrosis and the
tubulointerstitial space in these mice as well, whereas this macrophage accumulation is not
seen in the kidneys of WT mice (NCC in green labels DCTSs).

B. Left: C3 immunolabeling (green; yellow arrow) is detected in dilated glomerular
capillaries in azotemic Egf~~Tgfa~"WT mice but not in WT mice. Right: Glomerular 1gG
deposits (yellow arrows) are seen in azotemic Egf/"Tgfa™WT mice.
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C. CD45 immunolabeling shows an extensive leukocytic cellular infiltrate in the
tubulointerstitial space, the periglomerular area and also within glomeruli in azotemic Egf~/~
mice and Egf~/~Tgfa™WT mice but not in WT controls (yellow arrows).

D. Left: CD3* T-cells (yellow arrows) are seen in glomeruli of azotemic Egf~/~Tgfa WT
mice but not in glomeruli of WT mice. Right: No cleaved caspase 3* cells (apoptosis
marker) are observed in glomeruli of WT or Egf/~Tgfa™WT mice.

E. Left: HB-EGF immunolabeling shows increased HB-EGF in glomerular cells adjacent to
crescents (yellow arrows) in EGF-deficient mice. Right: An antibody against phosphorylated
EGFR (Tyr1068) that is associated with activation of EGFR signaling activity shows
strongly increased EGFR activation in crescents of glomeruli in EGF-deficient mice

(yellow arrows). WT controls do not show this increase in HB-EGF and EGFR (Tyr1068)
phosphorylation.

Scale bars 50 um. Kidney sections from a 6-months-old WT mouse, a 4-months-old Egf~/~
mouse with renal failure (BUN 497), and a 6-months-old Egf/"Tgfa™WT mouse with renal
failure (BUN 224), as shown in Figure 2.
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Figure 5: EGF-deficient mice with renal insufficiency show PT and DCT defects.
A. Lotus Tetragonolobus Lectin (LTL, in green) and phalloidin (in white) label the apical

brush border membrane of PTs (red arrow). Dilatation of PTs and an attenuation of the brush
border membrane are observed in azotemic EGF-deficient mice (yellow arrows). Scale bars
50 pm.

B. Immunolabeling of the 4 months-old Egf~~ mouse kidney with renal failure and fibrosis
(shown in A and B) demonstrates increased cytoplasmic TFEB labeling in distal nephron
segments (yellow arrow) compared to EGF-expressing distal nephron segments (white
arrow) in WT littermates. Scale bars 50 pum.
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Figure 6: EGF-deficient mice with renal insufficiency show dilatation of DCTs and CTs and
periglomerular fibrosis.

Immunolabeling of a 4 months-old Egf~~ mouse kidney with renal failure and fibrosis
shows dilated DCTs (Pvalb*NCC™) (yellow arrows) and CTs/cortical CDs (Agp2*) (blue
arrow), increased macrophage infiltration (F4/80%), and fibrosis with SMA* myofibroblasts
particularly in a periglomerular distribution (orange arrows), whereas TALs (NKCC2") are
not dilated (red arrow). These changes are not seen in a WT age-matched littermate. PNA
(rhodamine-conjugated peanut agglutinin) labels distal nephron epithelial cells, whereas
contiguous red labeling is seen in PTs. Scale bars 100 pm.
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