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Abstract

Nephrotic syndrome is associated with up-regulation of the heparin-binding epidermal growth factor (HB-EGF). Erlotinib
blocks the activation of the epidermal growth factor receptor (EGFR) in response to HB-EGF. This study investigates the
effect of Erlotinib on the progression of proteinuria, renal dysfunction, and salt retention in doxorubicin treated nephrotic
rats. Male rats were divided into 3 pair-fed groups (n=13/group) as follows: Control rats (Ctrl); rats receiving intravenous
doxorubicin (Dox); and rats receiving intravenous doxorubicin followed by daily oral Erlotinib (Dox + Erl). Upon
establishment of high grade proteinuria, urine sodium and creatinine clearance were measured. Kidney tissue was dissected
and analyzed for y-epithelial sodium channel (yENaC), sodium-potassium -chloride co-transporter 2 (NKCC2), sodium
chloride co-transporter (NCC), aquaporin 2 (AQP2), and EGFR abundances using western blot. Creatinine clearance was
preserved in the Dox + Erl rats as compared to the Dox group (in ml/min: Ctrl: 5.2=x.5, Dox: 1.9%0.3, Dox + Erl: 3.6=0.5).
Despite a minimal effect on the degree of proteinuria, Erlotinib prevented salt retention (Urinary Na in mEqg/d: Ctrl: 2.2*0.2,
Dox: 1.8+0.3, Dox + Erl: 2.2+0.2). The cleaved/uncleaved yENaC ratio was increased by 41*16% in the Dox group but
unchanged in the Dox + Erl group when compared to Ctrl. The phosphorylated EGFR/total EGFR ratio was reduced by
74x7% in the Dox group and by 77+4% in the Dox + Erl group. In conclusion, Erlotinib preserved renal function and
prevented salt retention in nephrotic rats. The observed effects do not appear to be mediated by direct blockade of EGFR.
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Introduction

Focal segmental glomerulosclerosis (FSGS) accounts for 3.3% of
all incident end-stage renal disease (ESRD) cases in the United
States (reviewed in [1]). Currently available treatment options are
scarce and generally disappointing as only 20% of the treated
patients achieve a satisfactory remission [2].

Up-regulation of the heparin-binding epidermal growth factor-
like growth factor (HB-EGF), a member of the EGF family, in
glomerular epithelial cells has been documented in animal models
of nephrotic syndrome [3,4], streptozotocin-induced diabetes [5],
and rapidly progressive glomerulonephritis (RPGN) [6,7]. The
role HB-EGY plays in the development of glomerulosclerosis and
renal failure in those diseases remains unclear. However, HB-EGF
appears to promote renal epithelial cell repair, proliferation, and
regeneration in the early stages of recovery after acute renal injury
[8]. It also plays a role in the acute regulation of the glomerular
filtration rate [7] and the immune-inflammatory reaction associ-
ated with RPGN [6]. Podocyte specific deletion of the epidermal
growth factor receptor (EGFR) gene in mice prevents the
development of crescentic glomerulonephritis and renal failure [6].

Erlotinib is a selective reversible inhibitor of the EGFR tyrosine
kinase [9]. It inhibits autophosphorylation through binding to the
adenosine triphosphate binding site of the receptor [9] and
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subsequently induces cytotoxicity in cancer cells through induction
of reactive oxygen species [10]. It is FDA approved in the United
States for the treatment of advanced non-small cell lung cancer
and pancreatic cancer [11,12]. Adverse effects are usually mild
and include skin rash, diarrhea, fatigue, and rarely, interstitial
pneumonitis [13,14]. Erlotinib showed promise in the treatment of
RPGN in early animal studies. It improves the course of RPGN,
even when started 4 days after the induction of a mouse model of
the disease [6]. In addition, other EGFR inhibitors were shown to
reduce kidney enlargement [15], attenuate albuminuria and
preserve podocyte structure in diabetic rats [16]. Interestingly,
a monoclonal antibody against HB-EGF increases early albumin-
uria in the puromycin rat model of nephrotic syndrome [4].

Doxorubicin nephropathy in rats is an established model
utilized to study the underlying pathophysiology of progressive
FSGS [17]. As opposed to the reversible podocyte injury inflicted
by puromycin, doxorubicin exerts a more severe initial cytotoxic
podocyte injury followed by a delayed self-perpetuating pro-
gressive phase [18]. One advantage of this model is the ability to
precisely control the timing of the initial glomerular injury,
allowing the introduction of targeted therapy at a previously
specified time period following the initial injury [18]. This also
allows monitoring the progression of renal disease over a relatively
longer duration after the initial injury (several weeks).
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Figure 1. Doxorubicin-induced increases in water intake and urine output are reversed by Erlotinib treatment. Shown are the changes
in weight (A), urine output (B), and water intake (C) plotted over time in control rats (solid line), doxorubicin (Dox) treated rats (dotted line), and
doxorubicin + Erlotinib (Dox + Erl) treated rats (dashed line). Data are expressed as means = SE (n=13, * p<<0.05 for Dox or Dox+Erl vs. control at

same time point, and for Dox or Dox+Erl vs. Dox or Dox+Erl at time 0).

doi:10.1371/journal.pone.0054738.g001

Experimental evidence suggests a major role of the epithelial
sodium channel (ENaC) in the development of nephrotic
syndrome associated salt and water retention [19-21]. In response
to the activation of ENaC, we and others have observed
a compensatory decrease in the abundance of the ascending limb
and distal convoluted tubule sodium transporters, possibly
mediated by reduced glomerular filtration rate [22]. As a result,
conventional diuretics, which act primarily by inhibiting sodium
transporters in the thick ascending limb of loop of Henle and distal
convoluted tubules, are generally ineffective in nephrotic syn-
drome associated salt retention [23].

ENaC is regulated by various epidermal growth factors.
Chronic treatment with TGIF-o or EGF inhibits ENaC by
decreasing the number of channels in the membrane, while acute
treatment has a stimulatory effect [24]. The role, if any, which
HB-EGF plays in the regulation of ENaC is not known. It also
remains to be determined whether blockade of HB-EGF would
have a direct regulatory effect on the nephrotic syndrome driven
hyperactivity of ENaC.

We postulate that blockade of HB-EGF, through administration
of oral Erlotinib, attenuates glomerular injury, proteinuria, and
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preserves renal function in the doxorubicin-induced rat model of
nephrotic syndrome. We also postulate that Erlotinib promotes
salt excretion in nephrotic rats through reduced abundance of the
cleaved (and therefore active) form of y-ENaC. Since increased
ENaC activity has been associated with a compensatory reduction
in the abundance of other tubular sodium transporters and
aquaporin 2 (AQP2) [22], we postulate that HB-EGF blockade
also preserves the abundance of the sodium-potassium-chloride co-
transporter (NKCC2), the sodium-chloride co-transporter (NCC),
and AQP2. Accordingly, we tested the effect of oral Erlotinib on
the progression of proteinuria, renal dysfunction, and salt retention
in pair-fed rats with doxorubicin-induced nephrotic syndrome.
Changes in the tissue abundance of total EGFR, phosphorylated
EGFR, YENaC subunit, AQP2, NKCC2, and NCC were also

assessed.

Methods

Animals
The Emory University Institutional Animal Care and Use
Committee approved all the protocols used in this study (IACUC
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Figure 2. Proteinuria is apparent by 10 days after doxorubicin. maintained throughout the three week observation period.
The lines show the progression of the proteinuria plotted over time in Regular rodent diet (LabDiet® 5001, PMI nutrition) containing
control rats (solid line), doxorubicin treated rats (dotted line), and 23.4 g % protein and 0.4 g % sodium was used for all groups. Rats

doxorubicin + Erlotinib treated rats (dashed line). Data are expressed as
means = SE (n=13, * p<<0.05 for Dox or Dox+Erl vs. control at same

time point). . : . - X
doi:10.1371/journal.pone.0054738.g002 urine output. Animals were observed over a median period of

21 days (range 19-28 days) until reaching their primary endpoint.
At that time, final urine samples were collected and the animals
were killed by decapitation. Trunk blood was collected in red-top
tubes (no additives), clotted at 4°C and centrifuged at 4000 xg for
15 min. to pellet the red cells. Serum was collected and either

were placed in metabolic cages throughout the observation period
to allow for daily monitoring of food intake, water intake, and

Protocol 2001284) in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. Three cohorts of male Sprague-
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Figure 3. Erlotinib restores urine sodium excretion to control levels but only partially corrects creatinine clearance. Left: Bar graph
showing the average urine sodium excretion evaluated at the end of the observation period in control rats (Ctrl; white bar), doxorubicin treated rats
(Dox; solid black bar), and doxorubicin + Erlotinib treated rats (Dox + Erl; patterned bar). Right: Bar graph showing the average creatinine clearance
evaluated at the end of the observation period in control rats (Ctrl; white bar), doxorubicin treated rats (Dox; solid black bar), and doxorubicin +
Erlotinib treated rats (Dox + Erl; patterned bar). Bottom: Bar graph showing the average fractional excretion of water (FE Water) evaluated at the end
of the observation period in control rats (Ctrl; white bar), doxorubicin treated rats (Dox; solid black bar), and doxorubicin + Erlotinib treated rats (Dox +
Erl; patterned bar). Data are expressed as means * SE (n=13, * p<<0.05, ** p<<0.001).

doi:10.1371/journal.pone.0054738.g003
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Figure 4. The doxorubicin-induced decrease in phosphorylated EGRF/EGRF ratio is not corrected by Erlotinib. EGFR and
phosphorylated EGFR protein abundances in rat cortex tissue of control rats (Ctrl; white bars), doxorubicin treated rats (Dox; solid black bars), and
doxorubicin + Erlotinib treated rats (Dox + Erl; patterned bars). A: Representative immunoblots showing abundances of EGFR and phosphorylated
EGFR in rat cortex tissue lysates. An equal amount of total protein from a different rat tissue sample was loaded into each lane. B: Densitometric
analysis of western blots from 3 cohorts of animals. Data were normalized for the average densitometry of untreated animals in each group. Right:
Total EGFR densitometric analysis. Middle: Phosphorylated EGFR densitometric analysis. Left: The ratio of phosphorylated EGFR to total EGFR

densitometries. Data are expressed as means = SE (n=11, * p<0.05).
doi:10.1371/journal.pone.0054738.9g004

analyzed immediately or stored frozen at —80°C. Kidneys were
removed and dissected into inner medullary tip, inner medullary
base, outer medulla and cortex tissue.

Western Blot

Tissue samples of equal total protein concentration were
prepared and size separated using SDS-PAGE on 7.5%, 10%,
or 12.5% polyacrylamide gels. Proteins were then electroblotted to
polyvinylidene difluoride membranes (Immobilon, Millipore, Bed-
ford, MA), and analyzed as previously described [25]. Primary
antibodies included antibodies to EGFR and phosphorylated
EGFR (Cell Signaling, Danvers, MA), YENaC subunit [22,26],
AQP2 [25,27], and NKCC2 [25,27,28]. Bands were visualized
using infrared detection with the LICOR Odyssey protein analysis
system and densitometry was performed with the same instrument
(LICOR, Lincoln, NE). Data were normalized to the average
densitometry of untreated animals in each group. Western blots
were stained by Ponceau S to confirm equal loading of the gel.

Laboratory analysis

Urine and serum creatinine were analyzed utilizing a Nova
Biomedical blood gas analyzer. Urine sodium measurements were
obtained using a sodium selective electrode (Cole-Parmer, Illinois).
Total daily urine protein excretion was determined by Bio-Rad
DC protein assay (Hercules, CA). Protein excretion was monitored
in 24-hour urine samples every three to four days. Similarly, 24-
hour urinary excretion of sodium was calculated by multiplying
the urine sodium by urine flow rate. Pair-feeding ensured equal
dietary sodium intake for the three groups of animals throughout
the three-week observation period. Stool and sweat related sodium
losses were considered negligible and therefore excluded from the
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estimation of daily sodium excretion. Glomerular filtration rate
was estimated using creatinine clearance, calculated from the urine
creatinine concentration, serum creatinine, and urine flow rate.
Fractional excretion of water was calculated as the ratio of serum
creatinine to urine creatinine.

Statistical Analysis

A one-way ANOVA was used to analyze the differences
between the three pair-fed groups of rats when a single category
divided the observations, followed by Fisher’s least significant
difference (protected t-test), using GB Stat software (Dynamic
Microsystems, Inc). When more than one category divided the
observations, a two-way ANOVA was used. A value of p<<0.05
was considered statistically significant. Densitometry data are
presented as percentage change * standard error [22].

Results

Baseline weight, age, and protein excretion were similar
between the 3 groups analyzed. Dox rats and Dox + Erl rats
developed a similar degree of weight loss during the first week of
the experiment (Dox 12+8%, Dox + Erl 14*11%). Following this
mitial weight loss, all 3 groups of rats maintained a relatively
steady weight over the remainder of the observation period
(Figure 1A). Starting at day 15 following doxorubicin injection,
rats in the Dox group developed an increase in water intake and
urine output when compared to the Controls and Dox + Erl goups
(Figures 1B and 1C). We observed upon sacrifice that there was
a visible tissue swelling and ascites in the majority of nephrotic
animals, closely resembling the generalized edema that occurs in
human nephrotic syndrome.
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Figure 5. Cleaved YENaC subunit protein abundance is increased by doxorubincin relative to control or Erlotinib-treated animals.
Shown is the yENaC subunit in rat cortex tissue of control rats (Ctr/; white bars), doxorubicin treated rats (Dox; solid black bars), and doxorubicin +
Erlotinib treated rats (Dox + Erl; patterned bars). A: Representative immunoblots showing abundance of YENaC in rat cortex tissue lysates. Each lane
was loaded with an equal amount of total protein from a different rat. B: Densitometric analysis of western blots from 3 cohorts of animals. Data were
normalized for the average densitometry of untreated animals in each group. Separate densitometric analysis was performed for the total, cleaved,
and uncleaved yENaC. Left: Total ENaC densitometric analysis. Right: The ratio of cleaved to uncleaved YENaC densitometries. Data are expressed as
means * SE (n=11, * p<<0.05).

doi:10.1371/journal.pone.0054738.9g005
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Figure 6. NCC and NKCC2 show different responses to doxorubicin and Erlotinib. Shown are NCC and NKCC2 protein abundances in
cortex and outer medullary tissue of control rats (Ctrl; white bars), doxorubicin treated rats (Dox; solid black bars), and doxorubicin + Erlotinib treated
rats (Dox + Erl; patterned bars). A: Representative immunoblot showing abundance of NCC in cortex tissue lysates and NKCC2 in outer medullary
tissue lysates. An equal amount of total tissue lysate protein from a different rat was loaded into each lane. B: Densitometric analysis of western blots
from 3 cohorts of animals. Data were normalized for the average densitometry of untreated animals in each group. Data are expressed as means = SE
(n=11, * p<0.05).

doi:10.1371/journal.pone.0054738.g006

PLOS ONE | www.plosone.org 5 January 2013 | Volume 8 | Issue 1 | 54738



Control Doxorubicin

Erl + Dox

Erlotinib in Nephrotic Syndrome

SSkDa_--!;._—-', =

=88 } v T1ipAqr2
—

30 kDa ==

= =
36kDa—----§ﬁi§- } |MBaseAQPZ

30KDA
B AQP2 Tip AQP2 Base
¥
2.0 - * 1.5= *
> ¥
- 2 1.5+ Z _
R T gz 1o
= a 1.0- = @
E - [ =]
55 0.5 £Ep 0s-
0 0
Ctrl Dox Dox Ctrl Dox Dox
+ Erl +Erl

Figure 7. Doxorubicin decreases AQP2 in inner medulla (IM) and Erlotinib restores levels in IM tip. Shown: AQP2 protein abundance in
IM tip and base tissue of control rats (Ctrl; white bars), doxorubicin treated rats (Dox; solid black bars), and doxorubicin + Erlotinib treated rats (Dox +
Erl; patterned bars). A: Representative immunoblots showing abundance of AQP2 in IM tip and base tissue lysates. Each lane containes samples from
a different rat. B: Densitometric analysis of western blots from 3 cohorts of animals. Data were normalized for the average densitometry of untreated
animals in each group. Data are expressed as means * SE (n=11, * p<<0.05).

doi:10.1371/journal.pone.0054738.g007

Urine protein, sodium and creatinine clearance

All rats treated with doxorubicin developed a progressive
increase in urinary protein excretion starting at day 9 following
injection of doxorubicin. Urinary protein excretion was similar
between the Dox and the Dox + Erl groups of animals, with a peak
average protein excretion of 5.6 fold increase at day 16 in the Dox
+ Erl group and a peak average of 5.6 fold increase at day 19 in
the Dox group (Figure 2). Urinary sodium excretion was reduced
by 15%£8% in the Dox group of rats when compared to control
animals, but unchanged in Dox + Erl group. Creatinine clearance
was reduced by 63%£6% in the Dox group, but by only 3110% in
the Dox + Erl group of rats. The fractional excretion of water was
increased by 5.2 fold in the Dox group when compared to controls,
but by only 2.5 fold in the Dox + Erl group (Figure 3).

EGFR and Phosphorylated EGFR

Cortex tissue abundance of EGFR was increased by 2.7 fold
and 2.2 fold in the Dox and Dox + Erl group of rats, respectively.
Phosphorylated  EGFR abundance in cortex tissue was not
significantly different in the groups analyzed. The ratio of
phosphorylated EGFR to total EGFR was reduced by 74%£7%
in the Dox group and by 77*4% in the Dox + Erl group (Figure 4).

vENaC

The total cortex tissue abundance of YENaC was reduced by
4529% in the Dox group of rats when compared with controls,
whereas levels in the Dox + Erl group were not different from
control levels. The difference in the cortex tissue abundance of
YENaC between the Dox and the Dox + Erl groups of rats did not
reach statistical significance. The ratio of cleaved to uncleaved
cortex tissue abundance of YENaC was increased by 41 £16% in
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the Dox group when compared to controls, but unchanged in the
Dox + Erl group. The difference in cleaved to uncleaved YENaC
ratio between the Dox and Dox + Erl groups did not reach statistical
significance (Figure 5).

NKCC2 and NCC

NKCC2 abundance in the outer medulla was reduced by
78+8% in the Dox group and by 71 £8% in the Dox + Erl group of
animals. Cortex tissue abundance of NCC was not significantly
different in any of the groups analyzed (Figure 6).

AQP2

AQP?2 abundance was reduced by 60%12% in inner medullary
tip tissue of the Dox group of rats when compared to controls, but
remained unchanged in the Dox + Erl group. In inner medullary
base tissue, AQP2 abundance was reduced by 70%£6% and
61%=7% in the Dox and Dox + Erl groups, respectively, when
compared to controls (Figure 7).

Discussion

In rats with doxorubicin induced nephrotic syndrome, oral
Erlotinib, started at day 6 following the initial glomerular injury,
had no effect on the course of proteinuria, but resulted in
mmproved renal water handling, reversal of salt retention, and
a partial preservation of renal function. This was mediated by
conserved AQP2 abundance in the inner medullary tip of
Erlotinib treated rats as compared to their untreated nephrotic
counterparts. Erlotinib did not alter the decrease in AQP2
abundance in the inner medullary base tissue of nephrotic rats.
NKCC2 protein abundance was similarly reduced in the outer
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medulla of both Erlotinib treated and untreated nephrotic rats.
EGFR protein abundance was increased in both Erlotinib treated
and untreated nephrotic rats. NKCC2, EGFR, and phosphory-
lated EGFR abundances were unaltered by Erlotinib treatment in
nephrotic rats.

Reduced abundance of inner medullary AQP2 has been
reported in various rodent models of nephrotic syndrome
[22,29-31]. In our study, AQP2 abundance appears to be
preserved in Erlotinib treated nephrotic rats as compared to their
untreated counterparts. This effect is consistent with improved
water handling, as reflected by reduced urine output in Erlotinib
treated animals. The effect is prominent in the inner medullary tip,
but not in the inner medullary base tissue. The reasons behind this
discrepancy are unclear. One possibility is that the decrease in
AQP2 could be secondary to the disruption in the corticomedul-
lary osmotic gradient that is expected in association with
a profound reduction in the abundance of thick ascending limb
NKCC2 in nephrotic rats [22,27,30,32]. While a decrease in
NKCC2 could lead to severe salt wasting as in Bartter’s
Syndrome, in nephrotic syndrome NKCC2 reduction is secondary
to a state of salt retention. This helps explain why loop diuretics
have a minimal effect in nephrotic salt retention (as the diuretic
effect is mediated through blocking NKCC2).

The observed preservation of renal function in nephrotic rats is
consistent with a recent report in a mouse model of RPGN [6],
signifying that this benefit is not specific to RPGN or to mice, and
may be generalized to any model of severe acute glomerular
injury. Further studies are needed to evaluate the effect of
Erlotinib on other models of acute glomerular injury, such as lupus
nephritis or IgA nephropathy. In RPGN, the preservation of renal
function was attributed to reduced phosphorylation of EGFR;
however, we did not observe significant differences in the ratio of
phosphorylated EGFR to total EGFR. Although our observations
were made in whole cortical tissue lysate and thus cannot exclude
possible localized effect of EGFR on the tubules, our results
suggest that a detectable change in phosphorylated EGFR may
not be necessary to achieve the beneficial effects or that the effects
of Erlotinib are mediated through other, as yet undetermined,
mechanistic pathways.

In an earlier study, a monoclonal antibody against HB-EGIFR
increased early albuminuria in the puromycin rat model of
nephrotic syndrome [4]. The discrepancy between this result and
our current study may be explained by differences in the
underlying pathophysiology between the doxorubicin and puro-
mycin models of nephrotic syndrome. Contrary to puromycin
induced glomerular injury, the severity of the injury induced by
doxorubicin generally exceeds the threshold of irreversible damage
[18]. This leads to a steady progression to glomerulosclerosis and
advanced renal insufficiency [18]. Hence, it is not surprising that
HB-EGF blockade yields beneficial effects on the progression of
renal insufficiency in the setting of doxorubicin (but not
puromycin) induced nephrotic syndrome.

Our study is the first, to date, to evaluate the effect of Erlotinib
on renal salt handling in nephrotic syndrome. The normalization
of salt excretion in Erlotinib treated nephrotic rats cannot be
simply explained by changes in the glomerular filtration rate. In
our previous study, polyuria and polydipsia heralded salt retention
and a concurrent defect in water handling in nephrotic rats [22].
Unlike their untreated counterparts, nephrotic rats treated with
Erlotinib did not develop this phase of polyuria and polydipsia and
had an attenuated increase in the fractional excretion of water.
Direct activation of ENaC, through cleavage of the y-subunit, has
been suggested as a possible cause of nephrotic syndrome
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associated salt retention [19,21,22]. Therefore, our study tested
the hypothesis that the Erlotinib effect on sodium excretion is
mediated through reduced cleavage of YENaC. Despite a decrease
in the abundance of total YENaC in Dox rats, we observed
a significant increase in the cleaved to uncleaved proportion of
YENaC. Based on previous in-vitro studies, cleavage of the y-
subunit is expected to “lock” ENaC in the open state, promoting
avid reabsorption of sodium [19-21]. The ratio of cleaved to
uncleaved YENaC in the Erlotinib treated nephrotic animals was
not statistically decreased, although there was a tendency to
normalization. The lack of statistical significance may be due to
the animal to animal variability inherent in this type of study.
Although our results did not reach statistical significance, the
tendency towards a ratio comparable to that in control animals is
consistent with the normalization of salt excretion observed in
Erlotinib-treated nephrotic rats. As for other major transporters
involved in renal salt handling, Erlotinib treatment did not alter
the outer medullary tissue abundance of NKCC2 or the cortical
abundance of NCC in nephrotic rats.

As is often the case with animal studies, our results are limited
by the wide animal-to-animal variability, a common feature of
many rodent models of nephrotic syndrome [18]. This variability
was minimized by utilizing weight and age matched rats. To avoid
any possible confounding effect of a nutritional bias, animals were
pair fed throughout the 3-week observation period. Therefore,
equal daily dietary sodium intake between the three groups was
maintained throughout the study. We chose to use a dose of
Erlotinib that was previously shown to be effective in ameliorating
the progression of RPGN in a mouse model [6]. This dose was
generally well tolerated in our study cohort. It is possible, however,
that lower doses (1-2 mg/kg/day), similar to those used in treating
lung cancer in humans, may provide a similar beneficial effect with
a lower risk for toxicity. Further study is required to determine the
optimal effective Erlotinib dose. Considering the relatively short
half-life of doxorubicin (12-18.5 hours in humans), it appears
unlikely that doxorubicin would continue to exert a direct effect on
the tubules at the time of our analysis, 3 weeks following the initial
drug infusion. Furthermore, multiple previous studies observed
similar changes in tubular protein abundance in other rodent
models of nephrotic syndrome [30,31]. This suggests that the
detected changes in tubular transporters are likely to be disease
specific rather than model specific.

In summary, despite a minimal effect on the progression of
proteinuria, Erlotinib reversed the reduction in AQP2 abundance
in inner medullary base tissue, improved water handling as
reflected by reduced urine output, prevented salt retention, and
partially preserved renal function in doxorubicin-treated nephrotic
rats. Erlotinib effects do not appear to be mediated by blockade of
EGFR phosphorylation. Future studies are needed to test
a potentially generalizable beneficial role for Erlotinib treatment
in other forms of acute glomerular injury and to delineate the
underlying mechanism(s) of action.

Acknowledgments

We would like to thank Sasikala Selvaraj for her help with creatinine
measurements.

Author Contributions

Conceived and designed the experiments: RNBM. Performed the
experiments: RNBM JDK. Analyzed the data: RNBM JDK JMS.
Contributed reagents/materials/analysis tools: JDK JMS. Wrote the
paper: RNBM JDK JMS.

January 2013 | Volume 8 | Issue 1 | 54738



References

1.

Kitiyakara C, Kopp JB, Eggers P (2003) Trends in the epidemiology of focal

segmental glomerulosclerosis. Seminars in Nephrology 23: 172-182.

. Braun N, Schmutzler F, Lange C, Perna A, Remuzzi G, et al. (2008)

Immunosuppressive treatment for focal segmental glomerulosclerosis in adults.

Cochrane Database Syst Rev: CD003233.

. Paizis K, Kirkland G, Polihronis M, Katerelos M, Kanellis J, et al. (1998)

Heparin-binding epidermal growth factor-like growth factor in experimental
models of membranous and minimal change nephropathy. Kidney Int 53: 1162
1171.

. Khong TF, Fraser S, Katerelos M, Paizis K, Hill PA, et al. (2000) Inhibition of

heparin-binding epidermal growth factor-like growth factor increases albumin-
uria in puromycin aminonucleoside nephrosis. Kidney Int 58: 1098-1107.

. Lee YJ, Shin §J, Lin SR, Tan MS, Tsai JH (1995) Increased Expression of

Heparin Binding Epidermal-Growth Factor-like Growth Factor mRNA in the
Kidney of Streptozotocin-Induced Diabetic Rats. Biochemical and Biophysical
Research Communications 207: 216-222.

. Bollee G, Flamant M, Schordan S, Fligny C, Rumpel E, et al. (2011) Epidermal

growth factor receptor promotes glomerular injury and renal failure in rapidly
progressive crescentic glomerulonephritis. Nat Med 17: 1242-1250.

. Feng L, Garcia GE, Yang Y, Xia Y, Gabbai FB, et al. (2000) Heparin-binding

EGF-like growth factor contributes to reduced glomerular filtration rate during
glomerulonephritis in rats. The Journal of Clinical Investigation 105: 341-350.
Sakai M, Zhang M, Homma T, Garrick B, Abraham JA, et al. (1997) Production
of heparin binding epidermal growth factor-like growth factor in the early phase
of regeneration after acute renal injury. Isolation and localization of bioactive
molecules. The Journal of Clinical Investigation 99: 2128-2138.

. Raymond E, Faivre S, Armand JP (2000) Epidermal Growth Factor Receptor

Tyrosine Kinase as a Target for Anticancer Therapy. Drugs 60: 15-23.

. Orcutt KP, Parsons AD, Sibenaller ZA, Scarbrough PM, Zhu Y, et al. (2011)

Erlotinib-Mediated Inhibition of EGFR Signaling Induces Metabolic Oxidative
Stress through NOX4. Cancer Research 71: 3932-3940.

“ohen MH, Johnson JR, Chattopadhyay S, Tang S, Justice R, et al. (2010)
Approval Summary: Erlotinib Maintenance Therapy of Advanced/Metastatic
Non-Small Cell Lung Cancer (NSCLC). The Oncologist 15: 1344-1351.

. Troiani T, Martinelli E, Capasso A, Morgillo F, Orditura M, et al. (2012)

Targeting EGFR in pancreatic cancer treatment. Curr Drug Targets 13: 802
810.

. Mok TSK, Wu Y-L, Yu C-J, Zhou C, Chen Y-M, et al. (2009) Randomized,

Placebo-Controlled, Phase II Study of Sequential Erlotinib and Chemotherapy
As First-Line Treatment for Advanced Non—Small-Cell Lung Cancer. Journal of
Clinical Oncology 27: 5080-5087.

. Pérez-Soler R, Chachoua A, Hammond LA, Rowinsky EK, Huberman M, et al.

(2004) Determinants of Tumor Response and Survival With Erlotinib in Patients
With Non — Small-Cell Lung Cancer. Journal of Clinical Oncology 22: 3238~
3247.

. Wassef L, Kelly DJ, Gilbert RE (2004) Epidermal growth factor receptor

inhibition attenuates early kidney enlargement in experimental diabetes. Kidney
Int 66: 1805-1814.

. Advani A, Wiggins KJ, Cox AJ, Zhang Y, Gilbert RE, et al. (2011) Inhibition of

the epidermal growth factor receptor preserves podocytes and attenuates
albuminuria in experimental diabetic nephropathy. Nephrology 16: 573-581.

PLOS ONE | www.plosone.org

22.

23.

24.

27.

28.

30.

31.

32.

Erlotinib in Nephrotic Syndrome

Okuda S, Oh Y, Tsuruda H, Onoyama K, Fujimi S, et al. (1986) Adriamycin-
induced nephropathy as a model of chronic progressive glomerular discase.

Kidney Int 29: 502-510.

. Pippin JW, Brinkkoetter PT, Cormack-Aboud FC, Durvasula RV, Hauser PV,

et al. (2009) Inducible rodent models of acquired podocyte diseases. American
Journal of Physiology — Renal Physiology 296: F213-F229.

Svenningsen P, Bistrup C, Friis UG, Bertog M, Haerteis S, et al. (2009) Plasmin
in Nephrotic Urine Activates the Epithelial Sodium Channel. Journal of the
American Society of Nephrology 20: 299-310.

Svenningsen P, Uhrenholt TR, Palarasah Y, Skjedt K, Jensen BL, et al. (2009)
Prostasin-dependent activation of epithelial Na+ channels by low plasmin
concentrations. American Journal of Physiology — Regulatory, Integrative and
Comparative Physiology 297: R1733-R1741.

. Passero CJ, Mueller GM, Rondon-Berrios H, Tofovic SP, Hughey RP, et al.

(2008) Plasmin Activates Epithelial Na+ Channels by Cleaving the ¥ Subunit.
Journal of Biological Chemistry 283: 36586-36591.

Bou Matar RN, Malik B, Wang XH, Martin CF, Eaton DC, et al. (2012) Protein
abundance of urea transporters and aquaporin 2 change differently in nephrotic
pair-fed vs. non-pair-fed rats. Am J Physiol Renal Physiol 302: F1545-1553.
Agarwal R, Gorski JC, Sundblad K, Brater DC (2000) Urinary Protein Binding
Does Not Affect Response to Furosemide in Patients with Nephrotic Syndrome.
Journal of the American Society of Nephrology 11: 1100-1105.

Liu L, Duke BJ, Malik B, Yue Q, Eaton DC (2009) Biphasic regulation of ENaC
by TGF-o and EGF in renal epithelial cells. American Journal of Physiology —
Renal Physiology 296: F1417-F1427.

. Kim D-U, Sands JM, Klein JD (2003) Changes in renal medullary transport

proteins during uncontrolled diabetes mellitus in rats. AmJPhysiolRenal Physiol
285: F303-F309.

. Malik B, Schlanger L, Al-Khalili O, Bao H-F, Yue G, et al. (2001) ENaC

degradation in A6 cells by the ubiquitin-proteosome proteolytic pathway.
JBiolChem 276: 12903-12910.

Kim SW, Wang WD, Nielsen J, Practorius J, Kwon TH, et al. (2004) Increased
expression and apical targeting of renal ENaC subunits in puromycin
aminonucleoside-induced nephrotic syndrome in rats. American Journal of
Physiology: Renal Physiology 286: F922-1935.

Ecelbarger CA, Kim GH, Wade JB, Knepper MA (2001) Regulation of the
abundance of renal sodium transporters and channels by vasopressin.

Experimental Neurology 171: 227-234.

. Apostol E, Ecelbarger CA, Terris J, Bradford AD, Andrews P, et al. (1997)

Reduced renal medullary water channel expression in puromycin aminonucleo-
side-induced nephrotic syndrome. JAmSocNephrol 8: 15-24.
Fernandez-Llama P, Andrews P, Ecelbarger CA, Nielsen S, Knepper MA (1998)
Concentrating defect in experimental nephrotic syndrome: Altered expression of
aquaporins and thick ascending limb Na™ transporters. Kidney International 54:
170-179.

Fernandez-Llama P, Andrews P, Nielsen S, Ecelbarger CA, Knepper MA (1998)
Impaired aquaporin and urea transporter expression in rats with adriamycin-
induced nephrotic syndrome. Kidney International 53: 1244-1253.

Kim SW, de Seigneux S, Sassen MC, Lee J, Kim ], et al. (2006) Increased apical
targeting of renal ENaC subunits and decreased expression of 11pHSD2 in
HgCl2-induced nephrotic syndrome in rats. American Journal of Physiology —
Renal Physiology 290: F674-F687.

January 2013 | Volume 8 | Issue 1 | 54738



