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Abstract

Transforming growth factor-p (TGF-B) signaling plays an important and complex role in renal
fibrogenesis. The seemingly simple TGF-f/Smad cascade is intensively regulated at several levels,
including crosstalk with other signaling pathways. Epidermal growth factor (EGF) is a potent
mitogen for epithelial cells and is elevated in diseased kidneys. In this study, we examined its
effect on TGF-B-induced fibrotic changes in human proximal tubular epithelial cells. Simultaneous
treatment with EGF specifically inhibited basal and yTGF-B-induced type-I collagen and a-
smooth muscle actin (aSMA) expression at both mRNA and protein levels. These effects were
prevented by inhibition of either the EGF receptor kinase or its downstream MEK kinase but not
by blockade of either the INK or PI3K pathway. Overexpression of a constitutively active MEK1
construct mimicked the inhibitory effect of EGF. Further, EGF suppressed Smad transcriptional
activities, as shown by reduced activation of ARE-luc and SBE-luc. Both reductions were
prevented by MEK inhibition. However, EGF did not block Smad2 or Smad3 phosphorylation by
TGF-B, or Smad2/3 nuclear import. Finally EGF induced the phosphorylation and expression of
TGIF, a known TGF-f/Smad repressor. Both the phosphorylation and the induction were blocked
by a MEK inhibitor. Overexpression of TGIF abolished TGF-B-induced aSMA promoter activity.
Together these results suggest that EGF inhibits two TGF-f-stimulated markers of EMT through
EGF receptor tyrosine kinase and downstream ERK activation, but not through PI3K or JNK. The
inhibition results from effector mechanisms downstream of Smads, and most likely involves the
transcriptional repressor, TGIF.
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1. Introduction

Kidney fibrosis is a primary process by which chronic kidney damage progresses to end-
stage renal disease, resulting in significant morbidity and mortality. It is characterized by the
excessive deposition of extracellular matrix (ECM) proteins and the replacement of normal
tissue with non-functional scar. Type Il epithelial-mesenchymal transition (EMT) has been
suggested to contribute to kidney tubulointerstitial fibrosis [1], wherein tubular epithelial
cells differentiate into mesenchymal-like cells upon fibrotic stimuli, expressing
myofibroblast markers such as type | collagen (COL1) and a-smooth muscle actin (aSMA).

Transforming growth factor-p (TGF-f is a well-studied fibrotic cytokine that plays a key
role in renal fibrogenesis and it has been shown to stimulate the differentiation of epithelial
cells to myofibroblasts by inducing the synthesis of collagen and aSMA. Intracellular
signaling by TGF-f is initiated by TGF-f ligand-binding and activation of TGF-f receptors
(TPR). Activated TPR kinase phosphorylates downstream regulatory Smad proteins (Smad?2
and Smad3), which then oligomerize with the co-Smad (Smad4) and translocate into the
nucleus. Once in the nucleus, Smad proteins regulate target gene transcription by binding to
the promoter region and interacting with various co-activators or repressors. Both COL1 and
aSMA have a Smad-binding sequence in their promoter regions and TGF-f has been shown
to induce both in a Smad3-dependent manner [2, 3].

Epidermal growth factor (EGF) plays an important role in regulating cell growth,
proliferation and differentiation. It has been implicated in multiple pathological conditions,
such as wound healing [4] and cancer cell metastasis and invasion [5, 6]. EGF stimulates
multiple biological responses through activation of EGF receptor (EGFR), which is
expressed in a variety of mammalian tissues. Activated EGFR phosphorylates and triggers a
number of important signaling pathways, including phospholipase C-y (PLC-a), Ras-Raf-
MAPK, phosphatidylinositol-3 kinase (PI3K)-AKT and STATS, which together are
considered as the traditional downstream effectors of EGF/EGFR [7]. Crosstalk between
EGF and TGF-f signaling has been discussed in multiple publications and the outcome
varies depending on the cell type and experiment conditions. EGF synergizes with TGF-f to
decrease cell-junction protein expression [8]. On the other hand, EGF has been shown to
inhibit BMP/TGF-f signaling through blockade of the nuclear translocation of Smad1 [9] or
Smad2/3 [10] via EGFR/Ras/MEK/ERK-mediated phosphorylation of the linker region of
Smad?2/3. EGF may also antagonize the TGF-$ pathway by stabilizing the Smad co-
repressor TGIF [11, 12].

In human kidney tissue, both EGF mRNA and protein have been detected in the collecting
duct [13] and EGF has been shown to be a potent mitogen for renal tubular epithelial cells
[14]. Previous reports have shown that EGF attenuates obstructive nephropathy in neonatal
rats [15]. However, the mechanism of the effect of EGF on TGF-B-induced fibrotic changes
in human kidney cells is still unclear. In this study, we investigated the effect of EGF on
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TGF-B-induced fibrogenic markers (COL1 and aSMA) in human tubular epithelial cells. We
report that EGF abrogates the expression of these markers in an ERK-dependent manner.

2. Material and Methods
2.1 Cell Culture

A transformed human proximal tubular epithelial cell line (HKC) was kindly provided by
Dr. L. Racusen [16] and cultured in Dulbecco's modified eagle medium/F12 supplemented
with 10% heat-inactivated fetal bovine serum, L-glutamine, penicillin-streptomycin,
amphotericin B and HEPES buffer.

2.2 Materials and Reagents

TGF-B (R&D systems, Minneapolis, MN) was reconstituted in 4mM HCI with 1 mg/ml
bovine serum albumin to make a 4 pug/ml stock. Kinase inhibitors AG1478 and wortmannin
were purchased from Sigma (St. Louis, MO). SP600125 was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA) and PD0325901 from Selleck Chemicals (Houston, TX).
The following antibodies were purchased from the indicated vendors: aSMA, B-actin from
Sigma (St. Louis, MO), type | collagen from Southern Biotech (Birmingham, AL), E-
Cadherin from BD Biosciences (San Jose, CA), phospho-EGFR (Y1172) and EGFR from
Abgent (San Diego, CA), Smad3, phosphor-Smad3 (S423/425), phospho-Smad2 (S465/467)
(Ser245/250/255), AKT, phospho-AKT(S473), phospho-p44/42 (T202/Y204), Histone H3
from Cell Signaling technology (Danvers, MA), ERK1, ERK2, phospho-c-Jun, c-Jun,
Smad1/2/3, p-tubulin, TGIF, goat anti-mouse 1gG-horseradish peroxidase (HRP), mouse
anti-goat 1gG-HRP antibodies from Santa Cruz Biotechnology (Santa Cruz, CA) and goat
anti-rabbit IgG-HRP from Promega (Madison, WI).

2.3 Quantitative PCR

Total RNA was extracted from HKCs using the PrepEase RNA spin kit (Affymetrix, Santa
Clara, CA) according to the manufacturer's direction. RNA concentration was measured
with Quant-it RiboGreen assay (Invitrogen). 1 ug of RNA was reverse-transcribed to cDNA
using iScript cDNA synthesis kit (Bio-Rad). Real-time PCR was then performed using the
iQ SYBR Green Supermix (Bio-Rad) with the iCycler iQ real-time PCR detection system
(Bio-Rad). Real-time data were collected for 40 cycles of 95 °C, 10 s; 57 °C, 45 s; and 75
°C, 30s. Primers are designed with software provided by Invitrogen and synthesized by
Integrated DNA Technology (Coralville, CA). Relative expression of the gene of interest
was estimated by the AACt method using 2-microglobulin as a reference gene. Samples
were analyzed in triplicate, and experiments were repeated at least three times. Primers used
were as follows: aSMA, 5’-AGCAGGCCAAGGGGCTATATAA-3’ (forward) and 5’-
CGTAGCTGTCTTTTTGTCCCATT-3’ (reverse); COL1A1L, 5’-
CAATGCTGCCCTTTCTGCTCCTTT-3’ (forward) and 5’-
CACTTGGGTGTTTGAGCATTGCCT-3’ (reverse); TGIF, 5’-
TAGAGGAGACCCCATTTCATTCC-3’ (forward) and 5’-
GGGGATGACGGCTTAGGAGA-3’ (reverse); f2-microglobulin, 5'-
TGTCTGGGTTTCATCCATCCGACA-3 (forward) and 5’-
TCACACGGCAGGCATACTCATCTT-3 (reverse).
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2.4 Whole Cell lysate preparation

Cell fractionation and Western blot Cells were washed twice with ice-cold PBS and whole
cell lysate was made in RIPA buffer (50 mM Tris-HCL, pH 7.5; 150 mM NaCl; 1% Nonidet
P-40; 0.5% deoxycholate; 0.1% SDS; 1 mM EDTA) containing protease and phosphatase
inhibitors (Sigma). For the cellular fractionation studies, cells were first lysed in a hypotonic
buffer (20 mM Tris-HCL, pH 7.5; 0.5 mM EDTA; 0.5 mM EGTA,; 10 mM -
mercaptoethanol) and a dounce homogenizer was used to disrupt the cell membrane. After
low-speed centrifugation, supernatant was saved as cytosolic lysate, and nuclei pellet was
lysed in RIPA buffer for nuclear lysate. Protein samples were subjected to immunoblotting
for target proteins, and immunoreactive bands were visualized using a chemiluminescence
reagent according to the manufacturer's protocol (Santa Cruz Biotechnology, Santa Cruz,
CA). Each experiment has been repeated at least three times. Quantitative densitometry was
analyzed with Image J. Representative figures were shown.

2.5 Transient transfection and luciferase assay

Cells were cultured on 6-well plates at 2.0 x 10 cells/well 18-24h before transfection.
Indicated plasmids were co-transfected with a 3-galactosidase expression vector as a control
for transfection efficiency. 0.5 pg/well of each DNA was transfected in serum-free medium
using FUGENE 6 (2 p1/1 pg of DNA; Roche Applied Science) according to the
manufacturer's instructions. TGF-B or vehicle (BSA) and/or EGF were added to cultures 5
hours after the transfection. In selected experiments, inhibitors were added 1 h prior to TGF-
B/EGF treatment. After a 24-hour incubation, the cells were harvested in reporter lysis buffer
(Promega, Madison, WI). Luciferase and -galactosidase activities were measured as
described previously [17]. Each condition was tested in triplicate, and experiments were
repeated at least three times for statistical analyses. The aSMA promoter-luciferase reporter
construct was a generous gift from Dr. Robert Schwartz (Baylor College of Medicine) [18].
The SBE-luc reporter was obtained from B. VVogelstein (Howard Hughes Medical Institute/
Johns Hopkins University) [19]. EIk-Gal, Gal-Luc and CA-MEKZ1 plasmids were part of
PathDetect in vivo pathway reporting system purchased from Stratagene (La Jolla, CA).
Wild type TGIF plasmid was kindly provided by Dr. David Wotton (University of Virginia)
[11].

2.6 Statistics

Each experiment was repeated three times. The representative figures are shown as means +
SE. Fold induction by TGF-f (labeled on top of bars) or percentage inhibition of the fold
induction by EGF between groups from three independent experiments was compared using
student’s t-test. Statistical significance was considered at p values of less than 0.05.

3. Results

3.1 EGF inhibits TGF-B-induced collagen | and a SMA expression in human tubular
epithelial cells

We first examined the effect of increasing doses of EGF (1-25 ng/ml) on TGF-f induced
type I collagen (COL1) and aSMA expression in human tubular epithelial cells (HKCs).
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When treated with 1 ng/ml TGF-B, COL1 and aSMA protein expression in HKCs was
markedly increased after 3 days of incubation (Figure 1A). Simultaneous addition of EGF
dose-dependently decreased TGF-B-induced COL1 and aSMA protein expression, with their
inductions largely abolished at 25 ng/ml. Similar results were observed with COL1 and
aSMA mRNA expression as the fold induction by TGF- was significantly reduced by EGF.
These results indicate that the inhibitory effect is, at least partly, at the mRNA level (Figure
1B). Furthermore, treatment with EGF (25 ng/ml) alone inhibited basal COL1 and aSMA
expression. Interestingly, under the same experimental condition, EGF did not prevent TGF-
B-induced down-regulation of E-cadherin (E-Cad) but did decrease basal E-cad expression at
all doses (Figure 1A), which is consistent with previous reports [8, 20].

3.2 EGF inhibits EMT marker expression through EGFR-ERK activation

Using the EGFR tyrosine kinase-specific inhibitor, AG1478, we then tested whether EGF
exerts its inhibitory effects on EMT marker expression by activating EGFR. As shown in
Figure 2A, EGF activated and phosphorylated EGFR in HKCs as early as 5 minutes after
treatment and the phosphorylation was sustained for at least 7 hours. Pre-treatment with
AG1478 (5 pM) for 1 hour completely inhibited EGFR phosphorylation by EGF
(Supplemental Figure 1A). Blocking EGFR activation did not alter TGF-f induction of
COL1 and aSMA expression, but it prevented their downregulation by EGF at both mMRNA
(Figure 2B) and protein (Figure 2C) levels, suggesting that the inhibitory effect of EGF is
EGFR dependent.

To identify the downstream signaling pathways from EGFR that might mediate the
inhibitory effect of EGF, we first examined the signaling cascades that are specifically
activated by EGF in HKCs. As shown in Figure 3, ERK, AKT and c-Jun phosphorylation
was rapidly induced by EGF as early as 5 minutes. We did not detect any significant
increase of phosphorylated STAT1 or STAT3, which have been shown to be part of the EGF
signaling network [21], suggesting that EGF activates varying signaling pathways in a cell
type-specific manner. Next, we utilized small molecule inhibitors to further examine which
of the activated signaling pathways is responsible for inhibiting TGF-B-induced COL1 and
aSMA expression. Experiments were performed with specific inhibitors of PI3K
(wortmannin), JINK (SP600125) or MEK (PD0325901) (Supplemental Figure 1B-1D). As
shown in Figure 4A, when EGF-activated PISBK/AKT pathway activity was blocked by
wortmannin, EGF was still able to inhibit TGF-p-stimulated COL1 and aSMA mRNA and
protein expression. Similar results were observed where the JINK pathway was blocked by
SP600125 (Figure 4B). However, in the presence of a MEK inhibitor, PD0325901, that
blocks EGF-activated ERK phosphorylation, the percentage inhibition of TGF-B-induced
COL1 and aSMA expression by EGF was significantly abrogated, indicating a necessary
role of MEK/ERK activation (Figure 4C). To be noted, the inhibitor PD0325901 also had an
enhancing effect on basal and TGF-B-induced aSMA expression. Altogether, the data
suggest that EGF inhibits TGF-B-induced collagen and aSMA expression through the
EGFR/MEK/ERK signaling cascade.
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3.3 EGF inhibits TGF-B-induced Smad2/3 transcriptional activity through ERK activation

It has been shown that TGF-3 induces collagen and aSMA expression through its canonical
Smad pathway [22]. To determine whether EGF represses EMT marker induction by
inhibiting the TGF-/Smad pathway, we first tested the effect of EGF on the transcriptional
activity of TGF-f/Smad-responsive promoters. As shown in Figure 5A, EGF treatment
suppressed the Smad3/4-specific transcriptional response to TGF-§ of the SBE-Luc
promoter-reporter construct. EGF also reduced the absolute transcriptional activity of a
Smad2-dependent promoter, ARE-Luc, although the TGF-p fold induction was increased
due to extremely low baseline activity after EGF treatment.

To confirm that the MEK/ERK pathway plays an essential role in mediating the inhibitory
effect of EGF, we tested the effect of EGF on SBE-Luc/ARE-Luc in presence of
PD0325901 (MEK1 inhibitor). Consistent with our previous results, blocking ERK signaling
abolished EGF action, thus leading to the restoration of ARE-Luc and TGF-B-induced SBE-
Luc activities (Figure 5B). To further investigate whether the ERK pathway is sufficient for
mediating the inhibitory effect of EGF, we sought to determine whether overexpressing
constitutively active MEK1 (CA-MEKJ1) has the same effect as treatment with EGF. Figure
5C shows that CA-MEK1 overexpression robustly activated ERK as measured by an Elk-
Gal-Luc reporter, which is a specific read-out for ERK functional activity. Moreover
constitutive activation of ERK mimicked EGF action by repressing TGF-B-induced
transcriptional activity of SBE-Luc, ARE-Luc and the aSMA promoter-Luc (aSMA-Luc).
These results indicate that ERK activity is not only necessary but also sufficient for
mediating the inhibitory effects by EGF.

3.4 EGF treatment does not affect Smad phosphorylation or trafficking

To investigate the mechanism by which EGF modulates Smad transcriptional activity, we
first examined whether EGF affects the phosphorylation status of Smad 2/3. Smad activity is
initiated by its phosphorylation at C-terminal serine residues. As shown in Figure 6A and
6B, simultaneous incubation with EGF had no effect on the C-terminal phosphorylation of
Smad?2 or Smad3 in HKCs stimulated by TGF- for 1 hour or 3 hours. Similar results were
observed with longer TGF- treatment (Supplemental Figure S2). In some cell types, ERK
modifies cell function by phosphorylating serine/threonine residues in the Smad2/3 linker
regions [23]. However, EGF did not change the phosphorylation of specific linker-region
sites in HKC (data not shown). It has been suggested that EGF can inhibit TGF-f signaling
by blocking the nuclear accumulation of R Smads [10]. Therefore we tested whether EGF
treatment of HKCs interferes with TGF-B-induced Smad2/3 nuclear translocation. As shown
in Figure 6C, TGF-p treatment increased Smad2/3 nuclear concentrations and decreased
their cytosolic levels after 1-hour or 3-hour incubation. The nuclear level of total and
phosphorylated Smad2/3 remained unchanged with EGF treatment (Figure 6D). Together
these results demonstrate that even though EGF attenuates Smad2/3-dependent
transcriptional response, it does not affect the extent and kinetics of TGF-B-activated
phosphorylation of Smad2/3, nor does it affect the TGF-B-induced nuclear translocation of
Smad?2/3 protein.
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To further investigate the mechanisms regulating Smad activity, we varied the time points of
adding EGF relative to TGF-f treatment. As shown in Figure 6E and 6F, EGF inhibited
TGF-B-induced COL1 and aSMA protein and mRNA expression even when it was added 8
hours after TGF- treatment. This observation is consistent with the previous results (Figure
6A, 6B) suggesting EGF does not inhibit TGF-B responses during the initial activation of
TGF-p/Smad signaling.

3.5 EGF induces the expression and phosphorylation of TGIF, a Smad corepressor

In addition to phosphorylation and nuclear translocation, Smad protein activity can also be
regulated by co-activators or co-repressors with which it interacts at the transcriptional
complex. EGF previously has been shown to stabilize TGIF, a short-lived Smad repressor,
via ERK-mediated phosphorylation at its C-terminus [11]. We therefore assessed whether
EGF could influence TGIF expression or phosphorylation in HKCs. Figure 7A shows a
double-band, with the upper one corresponding to the phosphorylated form of TGIF [12].
EGF induced TGIF phosphorylation after 30 minutes of incubation (Figure 7B). The
induction was blocked by the EGFR inhibitor AG1478, or by the MEK inhibitor
PD0325901, but not by PI3K inhibitor wortmannin or JNK inhibitor SP600125 (Figure 7C,
7D). We then examined if EGF also induces TGIF expression. After 72 hours of exposure to
EGF, total TGIF protein expression level was markedly increased (Figure 7E, 7F), whereas
TGIF mRNA was unchanged (Figure 7G). These data are consistent with a previous report
that showed that EGF increases TGIF expression at the post-translational level [11]. To
confirm the role of TGIF as a TGF-$ signaling antagonist, we first overexpressed TGIF in
HKCs. As seen in Figure 7H, TGIF overexpression blocked TGF-B-induced transcriptional
activity of SMA-Luc. We then reasoned that, if EGF-induced TGIF expression contributes
to the antagonism against TGF-f, the induction of TGIF should be absent when EGF action
is blocked. As shown in Figure 71 and 7J, this is indeed the case. Pretreatment with MEK
inhibitor PD0325901 abolished EGF-induced TGIF under the same conditions that blocked
EGF repression of TGF-B-stimulated collagen 1 and aSMA (Figure 4C). Together these data
support the notion that TGIF plays a role in mediating the inhibitory effects of EGF.

4. Discussion

The phenotypic transition of tubular epithelial cell to mesenchymal cells contributes to the
generation of matrix-producing myofibroblasts, which are the key pathogenic cells in all
fibrotic diseases including renal fibrosis. Given the central role of TGF-f in promoting this
transition by inducing the expression of collagen and aSMA, interrupting the TGF-p
pathway has become a key target for the current therapeutic intervention in renal fibrosis. In
this study we have demonstrated that in human tubular epithelial cells EGF inhibits both
basal and TGF-B-induced collagen and aSMA expression.

Our results show that EGF activates the MEK/ERK, JNK and PI3K/AKT signaling
pathways through EGFR activation in HKCs. We further demonstrate that the
EGFR/MEK/ERK signaling axis is required and sufficient to repress TGF-p-induced
collagen and aSMA expression in HKC. MEK/ERK activation has been shown previously
to attenuate TGF- signaling through multiple mechanisms [24, 25]. It has been reported
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that ERK MAP kinase activated by Ras causes cytoplasmic retention of Smad protein via
linker region phosphorylation [10]. Although we ([23, 26]), and others ([27, 28]) previously
have implicated Smad linker region phosphorylation in regulating Smad function, we did not
observe any change in linker region phosphorylation with EGF treatment in HKC with
current, commercially available antibodies. Furthermore in our studies EGF did not block
Smad C-terminal phosphorylation or nuclear translocation. Although the nuclear content of
Smad was not altered, Smad transcriptional activity was significantly decreased by EGF as
measured by ARE-Luc or SBE-Luc. This finding suggests that the suppression does not
occur at the level of Smad protein phosphorylation or nuclear translocation, but rather
further downstream in the nucleus where the Smad complex transactivates target genes after
associating with numerous other cofactors. These cofactors, including histone modifiers, and
chromatin remodelers, interact with activated Smad proteins and regulate Smad
transcriptional outcomes positively or negatively depending on cellular context [29, 30]. For
example, in a different kidney epithelial cell line (HK-2), a Smad transcriptional co-
repressor, SnoN, is upregulated by HGF to suppress TGF-Bsignaling by interacting with
activated Smad2 and sequestering it from transactivation of its target genes [31]. However,
in HKC, SnoN protein expression did not change after EGF treatment (Supplemental Figure
S3). Instead, another Smad transcriptional co-repressor, TGIF, is phosphorylated and
stabilized by EGF via EGFR/ERK activation. TGIF has been shown to interact with Smad4
and overexpression of TGIF suppresses TGF-B-induced aSMA gene expression in kidney
mesangial cells [32]. Our results suggest a role for TGIF in mediating the inhibitory effect of
EGF via EGFR/MEK/ERK pathway.

In contrast to the inhibitory role of EGF in TGF-B/Smad signaling in HKC, we found that
the same EGF treatment does not prevent, and may enhance, TGF-B-induced collagen and
aSMA expression in human mesangial cells, in spite of ERK activation (Supplemental
Figure S4). This observation is consistent with our previous work which has shown that
ERK MAP kinase enhances TGF-B- dependent collagen induction in human mesangial cells
[26], suggesting a different, perhaps opposite effect of ERK signaling in epithelial cells
versus mesenchymal cells. It indicates that the crosstalk between the MEK/ERK and TGF-p/
Smad pathways is cell-type specific and the interaction between ERK and Smad could alter
the signaling outcomes either positively or negatively.

Extensive research in cancer cells has strongly suggested a role of EGF/EGFR in promoting
type I1l EMT, mostly through down-regulating cell-junction proteins such as the cadherins.
Synergistic activities between TGF-p and EGF have been identified in several studies [8,
33]. Consistently we have seen a similar additive effect of TGF-p and EGF on E-cadherin
disappearance in HKC. However, under the same experimental conditions, we also have
observed that EGF blocks TGF-B-induced collagen | and aSMA expression. Thus, it is
likely that the mechanism regulating E-cadherin expression is distinct from that regulating
collagen | and aSMA. Others have shown in tubular epithelial cells that BMP7 opposes
TGF-B-induced aSMA expression yet simultaneously synergizes with TGF-f in
downregulating E-cadherin [34]. Given that E-cadherin disappearance and aSMA activation
are both widely accepted EMT markers, it suggests that loss of E-cadherin may not always
lead to a complete phenotypic transition to mesenchymal cells. Thus, the events involved in
EMT are complex and likely to be regulated through multiple, independent mechanisms.

Cell Signal. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Liuetal.

Page 9

5. Conclusion

In summary, we have shown that EGF suppresses basal and TGF-p-induced collagen and
aSMA expression through EGFR/MEK/ERK activation in human tubular epithelial cells.
The antagonistic effect of EGF is independent of Smad phosphorylation and
nucleocytoplasmic dynamics, but most likely results from the induction of a Smad co-
repressor, TGIF. The cell type-specific, inhibitory role of ERK activation may provide
additional therapeutic strategies for renal tubular interstitial fibrosis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Epidermal growth factor (EGF) inhibits basal and TGF-B-induced collagen | and a-smooth

muscle actin (aSMA) mRNA and protein expression in human tubular epithelial cells
(HKCs). (A) Subconfluent HKCs were serum starved for 24 hours before incubation with or
without TGF-$ (1 ng/ml) and/or EGF (1, 10 or 25 ng/ml) for 3 days. Whole cell lysates were
immunoblotted with antibodies against E-cad, aSMA, type-I collagen and B-actin,
respectively. B-actin was used as a loading control. (B) Cells were treated with TGF-§ (1
ng/ml) and/or EGF (25 ng/ml) for 24 hours. Quantitative PCR was performed to assess the
mRNA abundance of COL1A1 and aSMA. #p<0.05 comparing baseline activities (no TGF-
B) with or without EGF, *p<0.05 fold induction by TGF-p comparing with and without EGF
treatment (n=3).
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EGF represses TGF-p-induced collagen and aSMA expression through EGFR. (A) HKCs

were treated with EGF (25 ng/ml) for various times as indicated. Phospho-EGFR was

examined by western blot. B-actin was used as a loading control. (B) Cells were pretreated
with DMSO or EGFR tyrosine kinase inhibitor AG1478 (5 uM) for 1 hour, followed by
incubation with TGF-B (1 ng/ml) and/or EGF (25 ng/ml) for 24 hours. COL1Al and aSMA

MRNA levels were examined by quantitative PCR. *p<0.05 fold induction by TGF-f

comparing with and without EGF treatment (n=3). (C) Cells were treated as above but for 72
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hours. COL1A1 and aSMA protein levels were examined by western blot. p-actin was used
as a loading control.
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Figure 3.
EGF activates multiple signaling pathways in HKC. (A) Cells were incubated with EGF (25

ng/ml) for the indicated intervals. Total cell lysates were analyzed by western blot using
specific antibodies against phosphorylated forms of STAT1, STAT3, ERK, c-Jun, AKT
(pSTATL, pSTATS3, pERK, p-c-Jun, pAKT) and their corresponding non-phosphorylated
forms. B-actin was used as a loading control. (B) Densitometric analysis of pPSTAT1,
pPSTATS, pERK, p-c-Jun and pAKT was normalized to p-actin and expressed as fold change
over vehicle alone. *p<0.05, **p<0.005 comparing with vehicle control (n=3).
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Figure 4.

EGF requires the ERK pathway, but not PI3K or JNK, for its inhibitory effects. HKCs were
pretreated with DMSO or (A) PI3K inhibitor wortmannin (50 nM), (B) JNK inhibitor
SP600125 (20 uM) or (C) MEK inhibitor PD0325901 (100 nM) for 1 hour, then incubated
with TGF-$ (1 ng/ml) and/or EGF (25 ng/ml) for 24 hours or 72 hours. COL1A1 and aSMA
mRNA levels were examined by quantitative PCR after 24-hour treatment. COL1A1 and
aSMA protein expression after 72-hour treatment was examined by western blot. p-actin
was used as a loading control. The vertical line in the middle of the blot in (C) indicates the
removal of irrelevant lanes within the same blot. *p<0.05 fold induction by TGF-3
comparing with and without EGF treatment. n.s. or 1p<0.05 comparing percentage inhibition
of TGF-B fold induction by EGF between DMSO and the inhibitor group (n=3).
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Figure 5.

EGF decreases Smad2 and Smad3 transcriptional activities via ERK activation. (A) Cells
were transfected with either ARE-Luc plus FAST-1 or SBELuc reporter constructs to detect
the transcriptional activity of Smad2 and Smad3, respectively. 24 hours after transfection,
cells were exposed to 1 ng/ml TGF-$ with or without EGF (25 ng/ml) for another 24 hours.
*p<0.05 fold induction by TGF-B comparing with and without EGF treatment. #p<0.05
comparing absolute activities induced by TGF-f in the presence or absence of EGF
treatment (n=3). (B) Transfected cells were pretreated with DMSO or PD0325901 (100 nM)
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for 1 hour before incubation with TGF- and/or EGF for 24 hours. *p<0.05 fold induction
by TGF-B comparing with and without EGF treatment. #p<0.05 comparing absolute
activities induced by TGFp in the presence or absence of EGF treatment (n=3). (C) A
constitutively active MEK1 construct (CA-MEKZ1, 0.5 pg) or its empty vector (EV) was
overexpressed in HKCs along with ARE/SBE-Luc or aSMA promoter reporter construct
(SMA-Luc). Elk-Gal-Luc was used to determine the ERK functional activity. *p<0.05 fold
induction by TGF-p compared with EV group. In all experiments, the luciferase activity
assayed in triplicates was normalized to 3-galactosidase (-gal) to control transfection
efficiency.
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Figure 6.

EGF does not block TGF-p-induced Smad2/3 C-terminal phosphorylation or nuclear
translocation. Cells were treated with TGF-f (1 ng/ml) in the absence or presence of EGF
(25 ng/ml) for 1 or 3 hours. Whole cell lysates (A, B) or subcellular fractionated extracts (C,
D) were analyzed by western blot with antibodies against phospho-Smad2 (Ser465/467),
total Smad2, Smad4, phospho-Smad3 (Ser423/425) or total Smad3. -actin was used as
loading control of whole cell lysate. Histone H3 and tubulin served as markers for nuclear
and cytosol separation. (B, D) Densitometric analysis of phospho-/total Smad2/Smad3 was
normalized to B-actin or Histone H3 and expressed as fold change over TGF-f alone. (E)
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EGF inhibits TGF-B-induced collagen | and aSMA expression when it is added 8 hour after
TGF-B. HKCs were treated with TGF (1 ng/ml) for 3 days. EGF (25 ng/ml) was added
simultaneously or 8 hours after TGF-f treatment. Whole cell lysates were examined for
collagen I and aSMA expression by western blot. Tubulin was used as a loading control.
The vertical line in the middle of the blot indicates the removal of irrelevant lanes within the
same blot. (F) HKCs were treated as above for 24 hours. COL1A1 and aSMA mRNA levels
were examined by quantitative PCR. *p<0.05 fold induction by TGF-f§ comparing with and
without EGF treatment (n=3).
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Figure 7.
EGF induces the phosphorylation and expression of TGIF. (A) HKCs were treated with EGF

(25 ng/ml) for indicated periods of time. Whole cell lysates were examined for TGIF using
an antibody that recognizes total TGIF. -actin was used as a loading control. (B)
Densitometric analysis of pTGIF was normalized to -actin and expressed as fold change
over control. *p<0.05 compared with control (n=3). (C) Cells were pretreated with the
inhibitors, wortmannin (W, 50 nM), AG1478 (AG, 5 pM), SP600125 (SP, 20 pM) and
PD0325901 (PD, 100 nM) for 1 hour before 30 min treatment with EGF (25 ng/ml). Whole
cell lysates were examined for TGIF by western blot. 3-actin was used as a loading control.
(D) Densitometric analysis of pTGIF was normalized to -actin and expressed as fold
change over DMSO control. *p<0.05 compared with DMSO control (n=3). (E) Cells were
treated with EGF (25 ng/ml) for 3 days. Whole cell lysates were examined for total TGIF.
Tubulin was used as a loading control. The vertical line in the middle of the blot indicates
the removal of irrelevant lanes within the same blot. (F) Densitometric analysis of total
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TGIF was normalized to tubulin and expressed as fold change over control. *p<0.05
compared with control (n=3). (G) Cells were treated with TGF-f (1 ng/ml) and/or EGF (25
ng/ml) for 24 hours. Quantitative PCR was performed to assess the mRNA level of TGIF.
(H) A wild type TGIF construct (wt TGIF) was overexpressed in HKCs along with aSMA
promoter reporter construct (SMALuc). 3 hours after transfection, cells were exposed to 1
ng/ml TGF-f for another 24 hours. The luciferase activity assayed in triplicates was
normalized to -galactosidase (-gal) to control transfection efficiency. * p<0.05 compared
with vehicle control (n=3). Western blots confirmed the overexpression of TGIF. (1) HKCs
were pretreated with DMSO or PD0325901 (100 nM) for 1 hour, then incubated with EGF
(25 ng/ml) for 72 hours. TGIF protein expression was examined by western blot. B-actin was
used as a loading control. (J) Densitometric analysis of total TGIF was normalized to $-actin
and expressed as fold change over DMSO control. *p<0.05 compared with non-EGF-treated
control (n=3).
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