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BACKGROUND AND PURPOSE

Albuminuria is an important biomarker of renal dysfunction and is a major mediator of renal damage and fibrosis during
kidney disease. The mechanisms underlying albumin-induced renal fibrosis remain unclear. There has been significant interest
in y-secretase activity in tubular epithelial cells in recent times; however, its potential role in albumin-induced fibrosis has not
been investigated.

EXPERIMENTAL APPROACH

The primary aim of this study was to examine the role of y-secretase in albumin-induced fibrotic effects in proximal tubular
cells. The effects of increasing albumin concentrations on fibrosis indicators and mediators in the human HK-2 cell line were
examined in the presence and absence of a y-secretase inhibitor, compound E.

KEY RESULTS

Treatment with albumin resulted in a number of pro-fibrotic effects, including up-regulation of fibronectin, TGF-f1 and the
EGF-R. Interestingly, similar effects were observed in response to treatment with the y-secretase inhibitor, compound E.
Co-treatment of cells with albumin and an EGF-R inhibitor, AG-1478, resulted in significant inhibition of the observed
pro-fibrotic effects, suggesting a major role for the EGF-R in albumin-induced fibrotic events. Aloumin-induced effects on the
EGF-R appeared to be mediated through inhibition of y-secretase activity and were dependent on ERK-MAPK signalling.

CONCLUSIONS AND IMPLICATIONS

These results provide novel insights into the mechanisms of albumin-induced fibrotic effects in tubular epithelial cells,
suggesting important roles for the y-secretase and the EGF-R. These results suggest that the proposed use of y-secretase
inhibitors as anti-fibrotic agents requires further investigation.

Abbreviations
CpdE, compound E; HK-2, human kidney 2; MCTF, megalin C-terminal fragment; PTECs, proximal tubular epithelial
cells; RIP, regulated intramembrane proteolysis

Introduction stage renal failure. Severity of proteinuria predicts the rate of

decline of renal function across a range of renal diseases and
End-stage renal disease is a progressive disorder characterized is therefore widely recognized as an important prognostic
by declining renal function eventually progressing to end- indicator (Rossing et al., 1994a,b). However, several studies
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have demonstrated the direct pathogenic effects of proteinu-
ria and its potential role in the progression of renal disease
(Abbate et al., 2006; Schieppati and Remuzzi, 2003). As the
principal component of proteinuria, the pro-fibrotic effects of
serum albumin are of particular interest (Brunskill, 2004;
Diwakar et al., 2007; Baines and Brunskill, 2008; Chana et al.,
2008). Exposure of proximal tubular epithelial cells (PTECs)
to albumin has been shown to result in enhanced production
of pro-inflammatory cytokines (e.g. RANTES and monocyte
chemoattractant protein) (Zoja etal., 1998), extracellular
matrix proteins such as fibronectin, and pro-fibrotic
cytokines (e.g. TGF-B1) (Arici etal., 2002; Diwakar et al.,
2007). All of these factors contribute significantly to the pro-
gression of renal interstitial fibrosis, with TGF-B1 of particular
importance (Hills and Squires, 2011). While some cellular
effects of albumin have been shown to be dependent on
megalin-mediated endocytosis in PTECs (Slattery et al. 2011;
Wang et al., 1999; Wohlfarth et al., 2003), the induction of
TGF-B1 is not (Diwakar et al., 2007). Diwakar et al. (2007)
demonstrated that in a cell line incapable of endocytosing
albumin, TGF-B1 production was still induced by exposure to
increasing albumin concentrations. The molecular mecha-
nisms underlying albumin-induced TGF-B1 production and
other pro-fibrotic effects remain undefined.

Although albumin-induced pro-fibrotic effects occur inde-
pendently of megalin-mediated endocytosis, megalin may
play still play a role in mediating these effects by alternative
mechanisms (Baines and Brunskill, 2008). Several cell surface
receptors, including megalin, have been shown to undergo
regulated intramembrane proteolysis (RIP) (Landman and
Kim, 2004). RIP is an evolutionarily conserved process that
links proteolysis of membrane proteins with regulation of
gene expression (Biemesderfer, 2006). RIP is a multi-step
process that includes PKC-regulated ectodomain shedding
of specific receptors by metalloproteases to produce a
membrane-associated C-terminal fragment. The C-terminal
fragment is then released from the membrane by y-secretase
activity at a cleavage site within the target protein’s mem-
brane spanning domain. The C-terminal fragment is then free
to participate in the regulation of target gene transcription.
v-Secretase-mediated RIP was initially characterized in the
intramembraneous cleavage of the amyloid-B precursor
protein C-terminal fragment (Wong etal., 2005). More
recently, RIP of megalin has been shown to influence the
expression of the Na*/H* exchanger, NHE3, in PTECs (Li et al.,
2008). In the context of proteinuria, RIP has been proposed as
a potential link between albumin and growth factor receptor
signalling in epithelial cells (Baines and Brunskill, 2008;
Biemesderfer, 2006; Li et al., 2008). However, more recent
experimental data suggest that overexpression of the megalin
C-terminal fragment (MCTF) is not detrimental to normal
proximal tubule cell function in vivo (Christ et al., 2010).
v-Secretase activity is also central to Notch signalling, a devel-
opmentally critical cell-cell communication mechanism.
Emerging evidence suggests that Notch signalling may play a
role in promoting renal fibrosis during the development of
diabetic nephropathy and focal segmental glomerulosclerosis
(Murea et al., 2010) and may mediate TGF-B1-induced fibro-
genic effects including epithelial mesenchymal transition
(EMT) (Nyhan et al., 2010). In light of these observations, it
has been hypothesized that RIP may be a therapeutic target in
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renal fibrosis and y-secretase inhibition has been proposed as
a potential mechanism to achieve this. Therefore, in this
study, we investigated the effects of y-secretase inhibition on
albumin-induced pro-fibrotic effects in PTECs.

Methods

Reagents

Tissue culture grade BSA (fatty-acid free and low endotoxin),
latrunculin A, DAPT and the MTT [3-(4,5-dimethylthiazol-
2-yi)-2,5-diphenyl-tetrazolium bromide| assay kit were
obtained from Sigma. Antibodies were obtained from
Cell Signaling (EGF-R, phospho-EGF-R, ERK, phospho-ERK;
Danvers, MA, USA), BD Pharmigen (fibronectin; Oxford, UK)
and Santa Cruz Biotechnology (HES1; Santa Cruz, CA, USA).
The TGF-B1 evisa kit was obtained from R&D Systems (Minne-
apolis, MN, USA). Compound E (CpdE), DAPT, AG-1478 and
the fluorogenic y-secretase substrate were obtained from Cal-
biochem (Darmstadt, Germany). U0126 was obtained from
Cell Signaling. The LDH assay kit was obtained from Merck
(Hertfordshire, UK). Texas red (TR)-albumin and DQ-albumin
was obtained from Invitrogen (Paisley, UK). All other reagents
were of the highest available purity from commercial sources.

Cell culture and treatment

The human renal proximal tubular cell line, HK-2, was a kind
gift from Professor Carol Pollock (University of Sydney)
and maintained under serum-free conditions in DMEM con-
taining 100 U-mL™" penicillin, 100 g-mL™ streptomycin,
5 ug-mL™ insulin, 10 ng-mL™" EGF and 2 mM L-glutamine, as
previously described (Slattery etal., 2008b). Cell culture
medium was changed every 48 h. Cells maintained in 75 cm?
Costar flasks at 37°C in a humidified atmosphere containing
95% air and 5% CO.. In all experiments, cells were cultured to
confluence and allowed to differentiate for at least 3 days.
Cells were deprived of EGF for 24 h prior to treatments.
AG-1478 and UO0126 were prepared as stock solutions of
10 mmol-L™" in dimethyl sulfoxide (DMSO) and stored in
aliquots at -20°C in the dark. Cells were pre-incubated for 1 h
with the indicated concentration of inhibitor, prior to other
treatments. In experiments involving inhibitors, control cells
were also exposed to an appropriate concentration of DMSO.

Albumin uptake/degradation assay

Albumin endocytosis and proteolysis in OK and HK-2 cells
was quantified using established techniques (Hryciw et al.,
2003, 2004; Slattery et al., 2008a). Albumin endocytosis in
HK-2 cells was visualized by confocal microscopy (Zeiss LSM
510 Meta confocal microscope, Carl Zeiss, Ltd., Cambridge,
UK). Z-scan optical sections were collected at 0.2 uM inter-
vals. TR-albumin was excited at 543 nm and emission was
measured at 570 nm.

Cell viability assays

Cytotoxicity of CpdE in HK-2 cells was assessed using an
MTT-reduction assay (Mosmann, 1983) and an LDH release
assay. Both assays were performed according to the manufac-
turer’s instructions. Data were expressed as a percentage of
vehicle control (0.1% DMSO).



y-Secretase activity

v-Secretase activity was assessed using the previously
described methods (Yu etal., 2004; Kim etal., 2006).
Briefly, 1ug of cell lysate [prepared in CHAPSO buffer
(50 mM HEPES, pH 7.4, 150 mM NaCl, 2mM EDTA,
1% 3-[(3-choloamydopropyl)dimethylammonio]-2-hydroxy-
1propanesulfonate (CHAPSO)] and protease inhibitor cock-
tail (Roche Applied Sciences, Indianapolis, IN, USA) was
diluted to 150 uL using assay buffer containing 50 mM
Tris-HCI, (pH 6.8), 2 mM EDTA. 0.25% w/v CHAPSO was
plated onto an opaque 96-well microplate. A fluorogenic
y-secretase substrate containing the amyloid B, y-secretase
target sequence [NMA-GGVVIATVK(DNP)-DRDRDR-NH,]
was added for a 10 uM final concentration. The peptide is
internally quenched and contains an amino acid sequence
that is cleaved by y-secretase, resulting in enhanced fluores-
cence (excitation max.: ~355 nm; emission max.: ~440 nm).
Fluorescence was measured after 1 h in a BMG Fluostar
Optima fluorescent plate reader (BMG Lab Technologies,
Offenburg, Germany). y-Secretase activity was measured as an
increase in fluorescence, which is achieved only when the
substrate is cleaved (Farmery et al., 2003).

TGF-B1 ELIsA

TGF-B1 in HK-2 cell supernatants was quantitatively meas-
ured by the specific ELisa method according to the manufac-
turer’s instructions.

TGF-B1-Smad reporter assay

Transient transfections and Luciferase reporter assays were
performed as previously described (Martin-Martin et al.,
2011). Briefly, 90% confluent HK-2 cells were co-transfected
with 1 ug of Smad3-responsive reporter plasmid (CAGA -
courtesy of Dr. Roel Goldschmeding) and 50 ng of Renilla
luciferase plasmid (pCMV-hRL, internal control). Transfect-
ants were grown to confluency before exposure to TGF-f1
(5 ng-mL™!, R&D Systems) for 12, 24 or 48 h. Cells were lysed
in reporter lysis buffer (Promega, Southampton, UK). Firefly
and Renilla luciferase content was quantified using the Dual-
Glo assay (Promega).

Western analysis

After treatment, cells were lysed with ice-cold lysis buffer
(20 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 200 uM PMSE, 2 mM EDTA,
1 mM sodium orthovanadate, protease inhibitor cocktail and
50 mM sodium fluoride). The lysate was placed on ice for
20 min and then spun at 14 000 rpm for 10 min at 4°C to
precipitate any cell debris. Protein concentration of the
supernatant was measured with a bicinchoninic acid protein
assay kit (Pierce Thermo Scientific, Rockford, IL, USA). Equal
total protein amounts of cell lysates or concentrated super-
natants were electrophoresed using the procedure of Laemmli
(1970). For detection of EGF-R, ERK-MAPK and fibronectin,
membranes were probed with the respective antibodies. The
results shown are representative of at least three experiments
with similar results.
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Results

Albumin endocytosis in HK-2 tubular
epithelial cells

In all experiments, HK-2 cells were cultured in EGF-free
medium for 24 h prior to treatment. To determine whether
the HK-2 cell model system was a suitable model for receptor-
mediated albumin endocytosis, we investigated both
albumin uptake and degradation in these cells. The opossum
kidney (OK) proximal tubule cell line is the standard model
for receptor-mediated albumin uptake in vitro and is used as a
comparison. We first performed time-course experiments for
the uptake of TR-albumin and degradation of DQ-albumin
(50 ug mL™) in HK-2 cells (Figure 1a). The results at each
time-point were expressed as percentage of maximal albumin
uptake in HK-2 cells. Both albumin uptake and degradation
in HK-2 s increased until day 3, after which no further sig-
nificant increases in albumin processing capacity were
observed. Based on these observations, all subsequent experi-
ments were performed after a minimum of 3 days at full
confluency to ensure the albumin endocytic pathway was
well established. We have previously reported that albumin
uptake in OK cells was significantly reduced by disruption of
the actin cytoskeleton by latrunculin A treatment (Hryciw
et al., 2005; Slattery et al., 2008a). Similarly, we found that
treatment of HK-2 tubular epithelial cells with latrunculin A
(2 uM) resulted in a comparable degree of inhibition of
albumin uptake as shown by the reduction in TR-albumin
fluorescence in cell lysates (38 = 9.1%; n = 3; P < 0.01)
(Figure 1b). This suggested that albumin uptake in HK-2
tubular epithelial cells was dependent on cytoskeletal dynam-
ics and was likely receptor-mediated. Expression of the
albumin co-receptors megalin and cubilin was assessed by
Western blotting in HK-2 tubular epithelial cells and OK cells
(Figure 1c). Both megalin and cubilin were abundantly
expressed in HK-2 cells. Albumin uptake in HK-2 cells was
further characterized by confocal microscopy to visualize the
distribution of TR-albumin in HK-2 tubular epithelial cells
(Figure 1d). Cells were seeded on glass coverslips, allowed to
differentiate and exposed to TR-albumin (50 ug-mL™) for 1 h
at 37°C. Cells were fixed and then imaged (Zeiss LSM 510
Meta confocal microscope — 40x objective). TR-albumin was
distributed throughout the cells from apical surface towards
the basolateral. These results demonstrate HK-2 cell’s
endocytose albumin in a similar manner to the OK cells
and thus represent a model of receptor-mediated albumin
uptake.

Determination of appropriate working
concentration of CpdE in HK-2 cells

The y-secretase inhibitor, CpdE, has been used previously
in proximal tubule epithelial cells (Zou etfal., 2004;
Biemesderfer, 2006; Li et al., 2008; Nyhan et al., 2010). The
ICso of CpdE in the HK-2 cell model was determined using a
fluorescence-based y-secretase activity assay as described in
the Methods section (Figure 2a). The ICso of DAPT was also
determined for comparison purposes. HK-2 cells were incu-
bated with increasing amounts of CpdE or DAPT for 6 h and
the IC50 for y-secretase inhibition determined as 1.5 nM for
CpdE and 142.3 nM for DAPT. Yang et al. (2008) reported
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(50 ug-mL™") at 24, 48, 72 and 96 h after confluence, for 2 h at which time TR-albumin fluorescence in cell lysates was measured. Data are
expressed as % of maximal albumin uptake observed over the time-course. (B) OK cells and HK-2 cells cultured on 48-well plates were exposed
to TR-albumin (50 pug-mL™") in the absence and presence of latrunculin A (2 uM) for 2 h at which time TR-albumin fluorescence in cell lysates was
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significant difference compared with the control. (C) Equal amounts of whole cell lysates (OK cells and HK-2 cells) were subjected to SDS-PAGE
and probed with antibodies for megalin and cubilin. Blots shown are representative of at least three independent experiments. (D) HK-2 cells
cultured on coverslip cells were incubated with TR-albumin (50 ug-mL™") for 2 h at 37°C and then fixed. Fluorescent albumin distribution was

assessed by confocal microscopy.

dose-selective inhibition of amyloid B cleavage over Notch
cleavage in the region of two orders of magnitude and dem-
onstrated that optimal inhibition of y-secretase-mediated
notch cleavage required 100 nM CpdE. Therefore, we elected
to use 100 nM CpdE in all subsequent studies. At this con-
centration, CpdE did not affect HK-2 cellular viability as
assessed by MTT reduction and LDH release (Figure 2b).

Effects of albumin and CpdE on TGF-B1 and
fibronectin secretion from HK-2 tubular
epithelial cells

To assess the pro-fibrotic effects of albumin in the HK-2 cell
model, TGF-B1 secretion and signalling and fibronectin secre-
tion were assessed in HK-2 cells by specific ELISA, reporter assay
and Western analysis respectively, after treatment for 72 h
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(Figure 3). Exposure to 0.1 mg-mL™" albumin did not signifi-
cantly alter TGF-B1 or fibronectin secretion compared with
the control levels. In contrast, treatment with 1 mg-mL™
albumin resulted in a significant increase in fibronectin
levels. Exposure to 5 mg-mL™ resulted in a significant
increase in both TGF-B1 and fibronectin secretion, and sig-
nificant activation of Smad-dependent transcription. Impor-
tantly, treatment with the ry-secretase inhibitor CpdE
(100 nM) alone resulted in similar increases in TGF-f1 and
fibronectin release as well as Smad-dependent transcription
in PTECs. Treatment with a combination of 5 mg-mL™
albumin and 100 nM CpdE resulted in significantly elevated
TGF-B1 (Figure 3a) release, Smad-dependent transcription
(Figure 3b) and fibronectin secretion (Figure 3c) compared
with the controls. However, when CpdE was added together
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Figure 2

Determination of CpdE working concentration in HK-2 tubular epithelial cells. (A) HK-2 cells grown on 6-well culture plates were exposed to
increasing concentrations of CpdE or DAPT for 6 h. Whole cell lysates were prepared in CHAPSO and y-secretase activity in whole cell lysates was
determined using fluorescence-based assays as described in the Methods section. (B) HK-2 cells grown on 96-well culture plates were exposed to
increasing concentrations of CpdE for 72 h. Cell viability was assessed using the MTT assay and LDH assays.

with albumin, no additive effect was observed, suggesting
that both treatments were working through similar pathways.
This pro-fibrotic effect of y-secretase was unexpected, since in
other reports (Bielesz et al., 2010; Nyhan et al., 2010; Leask,
2011), y-secretase inhibition has been proposed as a potential
anti-fibrotic strategy. The molecular mechanisms underlying
these observations were further investigated.

Effects of albumin and CpdE on Notch
signalling in HK-2 tubular epithelial cells

To assess if activation of Notch signalling in this model,
expression of HESI, a Notch responsive gene in tubular epi-
thelial cells (Nyhan et al., 2010; Sumual et al., 2010), was
examined (Figure 4). Exposure to albumin (5 mg-mL™) or
CpdE (100 nM) did not result in significant up-regulation of
HES1 after 72 h. In contrast, exposure to TGF-p1 (5 ng-mL™)
for 72 h resulted in a significant increase in HES1 protein.
This effect has been reported previously (Nyhan et al., 2010).
EDTA induces ligand-independent Notch activation (Rand
et al., 2000) and was utilized as a positive control. HK-2 cells
were exposed to EDTA for 3 h, resulting in significant

up-regulation of HES1. This effect was inhibited in the pres-
ence of CpdE (100 nM). These results indicated that neither
high albumin nor CpdE exerted their pro-fibrotic effects via
the Notch pathway.

Effects of albumin on EGF-R and ERK-MAPK
signalling in HK-2 tubular epithelial cells

The EGF-R is recognized to play a central role in renal fibrosis
(Melenhorst et al., 2008) and has been shown to be regulated
by the activity of y-secretase in an ERK-dependent manner
(Kim et al., 2006). Therefore, the effects of albumin on EGF-R
and ERK-MAPK signalling were examined at time-points up
to 1 and at 72 h using Western analysis (Figures 5 and 6).
EGEF-R phosphorylation was significantly increased within
5 min of albumin exposure and increased up to 60 min
(Figure 5a). Similarly rapid, significant activation of ERK-
MAPK was also observed within 5 min of albumin treatment
(Figure 5b). Whole cell levels EGF-R and ERK-MAPK proteins
were not significantly affected over this time-course. These
results demonstrate rapid, potent activation of EGF-R and
ERK-MAPK proteins by albumin in PTECs, an observation in
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agreement with those of Reich et al. (2005) in primary human
renal epithelial cells.

In PTECs exposed to albumin for 72 h, both phospho-
and whole cell-EGF-R levels were increased in a dose-
dependent manner (Figure 6a). Treatment with 100 nM CpdE
for 72 h also resulted in significant increases in EGF-R expres-
sion and phosphorylation. These results suggest that after
prolonged exposure to high concentrations of albumin or
CpdE, basal levels of EGF-R expression and activity were
significantly elevated. The effects of albumin and CpdE treat-
ment on ERK-MAPK signalling were also examined after 72 h
(Figure 6b). HK-2 cells were exposed to albumin (0.1, 1 and
5 mg-mL™) in the presence or absence of CpdE (100 nM) for
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Figure 3

Effects of albumin on TGF-B and fibronectin in HK-2 tubular epithelial
cells. HK-2 cells grown on 6-well culture plates were treated with
control medium, albumin (0.1, 1 or 5 mg-mL™") or CpdE (100 nM)
for 72 h. Cell supernatants were collected and stored at —20°C. (A)
The levels of TGF-B1 in cell supernatants obtained were determined
by specific eusa. Each value represents the mean = SEM of three
independent experiments performed in duplicate. (B) HK-2 cells on
24 well plates were co-transfected with CAGA-luciferase and pCMV-
hRL for 18 h. Cells were treated with control medium, TGF-B1
(5 ng-mL™), albumin (5 mg-mL™") or CpdE (100 nM) for 24 or 72 h,
and harvested for assay of luciferase activity. Each value represents
the mean * SEM of three independent experiments performed in
triplicate after normalization to Renilla luciferase activity. (C) After
concentration, cell supernatants were subjected to SDS-PAGE and
probed with an antibody for fibronectin. Band intensities were quan-
tified densitometrically and are shown as mean = SEM of three
independent experiments. *Indicates statistically different to control:
*P < 0.05, **P < 0.01, ***P < 0.001.

<
<

72 h. ERK-MAPK phosphorylation was significantly increased
by exposure to 1 and 5 mg-mL™" albumin. Treatment with
CpdE also induced ERK-MAPK phosphorylation, and com-
bined treatment with albumin and CpdE resulted in a further
significant increase in ERK-MAPK phosphorylation.

Effects of EGF-R inhibition on
albumin-induced TGF-B1 and fibronectin
secretion from HK-2 tubular epithelial cells

In light of the observed increase in EGF-R signalling after 72 h
of albumin treatment, the role of the EGF-R in albumin-
induced effects in HK-2 tubular cells was examined using the
EGEF-R inhibitor, AG-1478 (250 nM). As previously observed,
treatment with 5 mg-mL™ albumin and 100 nM CpdE for
72 h resulted in significant increases in TGF-B1 and fibronec-
tin release from HK-2 cells (Figure 7). Co-treatment with
AG-1478 (250 nM) resulted in complete inhibition of these
effects in both cases.

Role of ERK-MAPK signalling in
albumin-induced effects in HK-2 tubular
epithelial cells

Considering the observed albumin-induced increase in ERK-
MAPK phosphorylation, the role that ERK-MAPK signalling
played in the long-term pro-fibrotic effects of albumin in this
model was investigated using the ERK-MAPK inhibitor,
U0126. HK-2 cells were treated with control medium or
albumin (5 mg-mL™") in the presence or absence of U0126
(10 uM) for 72 h. Whole cell lysates were analysed by Western
blotting for whole cell-EGF-R (Figure 8a). As previously
observed, albumin treatment (5 mg-mL™) significantly
increased the EGF-R protein levels. This effect was signifi-
cantly inhibited by co-treatment with U0126 (10 uM). Inter-
estingly, treatment with 10 uM UO0126 alone significantly
decreased EGF-R levels compared with the control, suggesting
that basal EGF-R protein levels are regulated by an ERK-
sensitive pathway in HK-2 cells. As the y-secretase inhibitor,
CpdE, induced similar effects on EGF-R protein levels to
albumin, the effect of albumin on 7y-secretase activity was
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Figure 4

Effects of albumin on HEST expression in HK-2 tubular epithelial cells. HK-2 were grown on 6-well culture plates. Cells were treated with control
medium, albumin (5 mg-mL™"), CpdE (100 nM) or TGF-B1 (5 ng-mL™) for 72 h, and to EDTA or EDTA + CpdE for 1 h. Whole cell lysates were
subjected to SDS-PAGE and probed with an antibody for HES1. B-Actin levels were determined for normalization. Band intensities were quantified
densitometrically and are shown as mean £ SEM of three independent experiments. *Indicates statistically different to control: ***P < 0.001.

investigated (Figure 8b). HK-2 cells were treated with control
medium, albumin (5 mg-mL™), in the presence or absence of
U0126 (10 uM), or CpdE, for 72 h. Whole cell lysates were
prepared in CHAPSO, and y-secretase activity in whole cell
lysates was determined using a fluorescence-based assay as
described in the Methods section. In the presence of CpdE
(100 nM), y-secretase substrate cleavage was significantly
reduced compared with the control cells. Importantly, treat-
ment with 5 mg-mL~" albumin for 72 h resulted in significant
reductions in y-secretase activity. This effect was reversed in
the presence of U0126 (10 uM). While treatment with U0126
alone did not have a significant effect on y-secretase activity,
a trend towards increased y-secretase activity was observed.

Discussion

The pro-fibrotic effects of albumin have been described in a
number of in vitro models. Diwakar et al. (2007) observed
increased TGF-B1 production from OK and HKC-8 PTEC lines
after albumin exposure. A number of studies have also dem-
onstrated increased fibronectin secretion in response to
albumin treatment (Stephan et al., 2004; Yang et al., 2007).

However, the precise molecular events leading to these
important, disease-relevant outcomes remain to be fully
defined. In the current study, our aim was to elucidate the
mechanisms underlying the pro-fibrotic effects of albumin on
PTEC:s in vitro, which are likely relevant to in vivo proteinuric
conditions and the development of a fibrotic environment.
In the current study, we showed that the albumin-induced
increases in TGF-B1 and fibronectin secretion from human
PTECs are mediated by the EGF-R signalling pathway. We
present novel data to show that inhibition of y-secretase
activity also activates EGF-R activated ERK-MAPK pathway,
leading to the enhanced pro-fibrotic response in PTECs.
Our interest in y-secretase arose from previous reports that
y-secretase-mediated RIP may be important in tubular uptake
mechanisms (Baines and Brunskill, 2008; Biemesderfer, 2006;
Li et al., 2008). We hypothesized that y-secretase activity may
be involved in the albumin-induced fibrotic effects observed
in the proximal tubule. We found that the y-secretase inhibi-
tor, CpdE, did not inhibit albumin-induced effects in PTECs.
This surprising finding suggested that constitutive y-secretase
activity could play an important maintenance role in differ-
entiated PTECs, a role that is intrinsically anti-fibrotic. Christ
etal. (2010) reported recently that overexpression of the
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Immediate effects of albumin on EGF-R and ERK-MAPK in HK-2
tubular epithelial cells. HK-2 were grown on 6-well culture plates.
Cells were treated with control medium or albumin (5 mg-mL™") for
3 h. Whole cell lysates prepared at 5, 10, 30 and 60 min were
subjected to SDS-PAGE and probed with an antibody for (A) p-EGF-R,
wc-EGF-R and (B) p-ERK, wc-ERK. B-Actin levels were determined
for normalization. Band intensities were quantified densitometrically
and are shown as mean + SEM of three independent experiments
(phospho levels were normalized against appropriate whole cell
protein levels). *Indicates statistically different to control: *P < 0.05,
**P < 0.01, ***P < 0.001.

MCTF was not detrimental to PTECs in vivo, lending support
to the hypothesis that y-secretase activity is not inherently
damaging to the proximal tubule. These observations led us
to investigate potential mechanisms of these effects. The
EGF-R, a receptor tyrosine kinase of the ErbB/HER family, is of
increasing interest in the pathogenesis of renal fibrosis
(Melenhorst ef al., 2008). Mice overexpressing a dominant-
negative form of the EGF-R exhibited reduced tubulointersti-
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tial fibrosis in an angiotensin II-induced model of renal
disease suggesting a role for the EGF-R in disease progression
(Lautrette ef al., 2005). It has been suggested that EGF itself
may not be responsible for these effects as a number of other
factors, including angiotensin II (Flannery and Spurney,
2006) and albumin (Lee and Han, 2008), are capable of trans-
activating and modulating the expression of the EGF-R in the
absence of direct EGF stimulation. This is in keeping with the
observations of the current study where we observed EGF-
independent activation of the EGF-R after albumin exposure.
The mechanisms underlying this effect and indeed the sig-
nificance of the effect in a pathophysiological setting have
not been previously examined.

Previous studies have demonstrated activation of several
cellular signalling pathways in PTECs by albumin over short
time courses (less than 12 h), including ERK-MAPK, EGF-R
and, to a lesser degree, PKC (Reich et al., 2005; Baines and
Brunskill, 2008; Lee and Han, 2008). In light of this, we
investigated ERK-MAPK and the EGF-R. We observed that
exposure to 5 mg-mL™" albumin over a 1 h period resulted in
a rapid and significant increases in both ERK-MAPK and
EGF-R phosphorylation without a change in whole cell levels
of the respective proteins. These observations are similar to
the findings of Lee and Han (2008) and Reich et al. (2005).
Rapid albumin-induced activation of ERK-MAPK and the
EGF-R in PTECs has been previously characterized and has
been shown to be the result of albumin-induced PKC activa-
tion, leading to EGF-R trans-activation, which, in turn, medi-
ates downstream ERK-MAPK activation (Lee and Han, 2008).
However, this signalling schema was time-restricted and was
not sustained over a longer time period (Lee and Han, 2008).
In the current study, we examined ERK-MAPK and EGF-R
phosphorylation and expression after 72 h of albumin treat-
ment to investigate any correlation with TGF-f1 and
fibronectin release. At the earlier time-points, both ERK-
MAPK and EGF-R phosphorylation were significantly
increased. Interestingly, however, in contrast to earlier time-
points, after 72 h, the enhancement of EGF-R activation in
the presence of albumin appeared to be largely due to
elevated amounts of total EGF-R protein in the cells, suggest-
ing that prolonged albumin treatment resulted in enhance-
ment of the EGF-R/ERK signalling axis. We examined the role
of the EGF-R in albumin-induced pro-fibrotic effects in
PTECs, specifically albumin-induced elevations in TGF-B1
and fibronectin levels. Inhibition of the EGF-R using AG-1478
completely inhibited these albumin-induced increases,
further supporting a central role for the EGF-R in this model.

In our model, we found that the pro-fibrotic effects were
EGF-R-dependent; however, other studies show inverse cor-
relations between y-secretase activity and the expression of
EGF-R (Kim etal., 2006; Li etal., 2007). The mechanism
underlying this negative regulation of the EGEF-R by
y-secretase appears to be largely transcriptional, although
some evidence suggests that the EGF-R protein may also be a
direct target of y-secretase-mediated proteolysis (Ni et al.,
2001; Landman and Kim, 2004). We therefore investigated
the effects of y-secretase inhibition on EGF-R activity and
expression. y-Secretase inhibition in PTECs resulted in a sig-
nificant increase in the level of EGF-R phosphorylation after
72 h. As was the case with albumin treatment, this increase
appeared to be largely due to increased levels of total EGF-R
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Sustained effects of albumin on EGF-R and ERK-MAPK in HK-2 tubular epithelial cells. (A) HK-2 were grown on 6-well culture plates. Cells were
treated with control medium, albumin (0.1, T or 5 mg-mL™") or CpdE (100 nM) for 72 h. Whole cell lysates were subjected to SDS-PAGE and
probed with an antibody for (A) p-EGF-R, wc-EGF-R and (B) p-ERK, wc-ERK. B-Actin levels were determined for normalization. Band intensities were
quantified densitometrically and are shown as mean + SEM of three independent experiments (phospho levels were normalized against
appropriate whole cell protein levels). *Indicates statistically different from the control: *P < 0.05, **P < 0.01, ***P < 0.001.

protein. We also investigated the effects of y-secretase inhibi-
tion on ERK-MAPK activity. y-Secretase inhibition resulted in
increased ERK-MAPK phosphorylation but did not affect the
total ERK-MAPK protein. These results suggest significant
overlap between the mechanisms by which albumin and
CpdE were mediating their effects via ERK-MAPK and the
EGF-R. Kim et al. (2006) demonstrated that ERK-MAPK activ-
ity was an endogenous negative regulator of y-secretase activ-
ity and that, in fact, ERK-MAPK inhibition stimulated
y-secretase activity. Consequently, the relationship between
albumin, ERK-MAPK signalling and y-secretase activity was
examined in this model. After 72 h of albumin exposure,
y-secretase activity was significantly reduced in albumin-
treated PTECs compared with the controls. This effect was
abolished in the presence of the ERK-MAPK inhibitor U0126,
suggesting that albumin-induced y-secretase activity in this
model was ERK-MAPK dependent. The presence of U0126
also inhibited the albumin-induced up-regulation of EGF-R.

Our findings clearly show that inhibition of constitutive
y-secretase activity in PTECs produces a pro-fibrotic response

via EGF-R/ERK signalling axis. This, in turn, suggests that
in the normal polarized tubular epithelium, constitutive
y-secretase activity has a protective role in the proximal
tubule as a negatively regulator of the EGF-R pathway. In the
context of renal fibrosis, this finding is relevant recent as
studies have reported that inhibition of Notch signalling by
inhibition of y-secretase could be beneficial as an anti-fibrotic
therapy (Bielesz et al., 2010; Nyhan et al., 2010; Leask, 2011).
These studies focused mainly on the TGF-f1/Jagl/Notch-
induced renal EMT. It is clear that TGF-B1 is a potent activator
of the Notch pathway in PTECs both in vivo and in vitro.
Indeed, the data in our current study show that although
TGF-B1 is a potent inducer of HES-1, the increases in EGF-R
levels produced by inhibition of y-secretase activity (either by
CpdE or high albumin) did not act through the Notch
pathway. Taken together, these data show that constitutive
y-secretase activity plays a regulatory role under normal con-
ditions and that inhibition of its activity may shift the cells
towards a more pro-fibrotic condition. During EMT, the TGF-
B1/Notch pathway becomes the predominant pathway
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Effects of EGF-R inhibition on albumin-induced TGF-B1 and fibronectin secretion from HK-2 tubular epithelial cells. HK-2 cells grown on 6-well
culture plates were treated with control medium, albumin (0.1, 1 or 5 mg-mL™") or CpdE (100 nM), in the presence or absence of the EGF-R
inhibitor, AG-1784 (250 nM), for 72 h. Cell supernatants were collected and stored at —20°C. (A) The levels of TGF-B1 in cell supernatants obtained
were determined by specific eusa. Each value represents the mean £ SEM of three independent experiments performed in duplicate. (B) After
concentration, cell supernatants were subjected to SDS-PAGE and probed with an antibody for fibronectin. Band intensities were quantified
densitometrically and are shown as mean + SEM of three independent experiments. *Indicates statistically different from the control: *P < 0.05,
**P < 0.01, ***P < 0.001.

1248 British Journal of Pharmacology (2013) 169 1239-1251



A Alb
(5 mg-mL™")
+
u0126 Alb u0126
Ctrl (10 uM) (5 mg-mL™") (10 uM)

wc-EGF-R Ll R
(175 kDa)
B-Actin
(42 kDa) e e e —
2 5 - * %

Fold change

Y

*%
2 g
1.5
4 *
0.54
0++ : . .

Ctrl uoi26 Alb Alb
(10 uM) (5 mg-mL™") (5 mg-mL™")

¥
uoi26
B = (10 uMm)
2 140+
=
[}
© 120+
2
2> 100 +
2 *
© 80-
©
§ 60’ * %
[
g 40
9
© |
g 20
£
§ o e o o
Ctrl Alb uo126 Alb CpdE
(5mgmL™")  (10uM) (5 mg-mL™")
+
uoi126
(10 uM)
Figure 8

Effects of ERK-MAPK inhibition on albumin-induced effects on EGF-R
expression and y-secretase activity. (A) HK-2 cells grown on 6-well
culture plates were treated with control medium or albumin
(5 mg-mL™") in the presence or absence of an ERK-MAPK inhibitor,
U0126 (10 uM), for 72 h. Whole cell lysates were subjected to SDS-
PAGE and probed with an antibody for wc-EGF-R. B-Actin levels were
determined for normalization. Band intensities were quantified den-
sitometrically and are shown as mean + SEM of three independent
experiments (normalized for B-actin levels). (B) HK-2 cells grown on
6-well culture plates were treated with control medium, albumin
(5 mg-mL™) in the presence or absence of U0126 (10 uM), or CpdE,
for 72 h. Whole cell lysates were prepared in CHAPSO and y-secretase
activity in whole cell lysates was determined using a fluorescence-
based assays as described in the Methods section. *Indicates statis-
tically different from the control: *P < 0.05, **P < 0.01, ***P < 0.001.

v-Secretase inhibition promotes fibrosis

driving the pro-fibrotic changes such that y-secretase inhibi-
tion can ameliorate the progression of EMT.

The premature termination of recent phase III clinical
trials of a y-secretase inhibitor (semagacestat) for Alzheimer’s
disease highlights the complexities of action of y-secretase.
Aberrant cleavage of the B-amyloid peptide by y-secretase had
been proposed as a mechanism of progression in Alzheimer’s
disease (Shen and Kelleher, 2007). However, data from the
trials showed no effect on, or even slight worsening of, cog-
nition in patients with Alzheimer’s disease (Samson, 2010).
These findings have since been interpreted as suggesting that
inhibition of y-secretase actually enhanced B-amyloid forma-
tion (Schor, 2011). A number of other unforeseen side effects
were also observed (Samson, 2010). In the context of renal
fibrosis, such unexpected outcomes, together with our dem-
onstration of a ‘maintenance’ role, indicate that y-secretase
may play a more complex role in renal tubule function and
disease progression.
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