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The Protein ERp57 Contributes to EGF Receptor Signaling
and Internalization in MDA-MB-468 Breast Cancer Cells
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ABSTRACT

The disulfide isomerase ERp57 is a soluble protein mainly located in the endoplasmic reticulum, where it acts in the quality control of newly
synthesized glycoproteins, in association with calreticulin and calnexin. It has been also detected in other cell compartments, such as the cytosol,
the plasma membrane and the nucleus. In these locations it is implicated in various processes, participating in the rapid response to calcitriol,
modulating the activity of STAT3 and being requested for the pre-apoptotic exposure of calreticulin on the plasma membrane. In the present
work, the involvement of ERp57 in the activity of the EGF receptor was evaluated for the first time. EGFR is a tyrosine kinase receptor, which is
able to activate numerous signaling cascades, leading to cell proliferation and inhibition of apoptosis. In the MDA-MB-468 breast
adenocarcinoma cells, which overexpress EGFR, ERp57 expression has been knocked down by siRNA and the effects on EGFR have been studied.
ERp57 silencing did not affect EGFR protein expression, cell membrane exposure or EGF binding, whereas the internalization and the
phosphorylation of the receptor were impaired. The implication of ERp57 in the activity of EGFR, whose upregulation is known to be associated

with tumors, could be relevant for cancer therapy. J. Cell. Biochem. 114: 2461-2470, 2013.
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T he epidermal growth factor receptor (EGFR or ErbB1) belongs to
the superfamily of receptor tyrosine kinases (RTK), which are
characterized by an extracellular ligand binding domain, a single
chain transmembrane domain, an intracellular tyrosine kinase
domain and a carboxyl tail devoid of kinase activity. The other
members of the EGFR group of RTK are ErbB2 (which lacks the ligand
binding domain), ErbB3 (which lacks the kinase domain) and ErbB4.

The EGF receptor can bind numerous molecules: EGF, amphir-
egulin, betacellulin, transforming growth factor « (TGFa), heparin-
binding EGF-like growth factor (HB-EGF), epigen and epiregulin. The
ligands are often present as transmembrane inactive precursors,
which are then cleaved by a metallopeptidase, such as those
belonging to the ADAM (a disintegrin and metalloproteinase) family,
releasing the extracellular moiety which acts as a soluble ligand
[reviewed in Sanderson et al., 2006]. The interaction with the ligand
induces a conformational change in the receptor molecule, which
discloses an otherwise hidden dimerization domain [Ferguson
et al., 2003]. The activated kinase domain of one monomer

phosphorylates several tyrosine, serine or threonine residues of the
carboxyl tail of the other monomer, leading to the activation of
downstream signaling molecules, typically containing Src homology
2 (SH2) or phosphotyrosine binding (PTB) domains, which mediate
mainly pro-survival and anti-apoptotic cellular responses. The major
signaling pathways include Ras-MEK-ERK, PI3K-Akt, as well as
PLCy-PKC [Jorissen et al., 2003]. Also STAT family proteins can be
activated by EGFR [Park et al., 1996]. Negative regulation is also
possible, by binding to molecules which trigger EGFR dephosphory-
lation or degradation [Wilson et al., 2009].

In addition to receptor clustering, EGFR may undergo internaliza-
tion, in clathrin-coated pits or in caveolae. A hypothesis has been
made about the mechanism of endocytosis according to the
abundance of ligand [Sigismund et al., 2008]. Once internalized, it
can be recycled to the cell surface, through slow or fast routes
[Gaborik and Hunyady, 2004], degraded in lysosomes or even
translocated to the nucleus [Lo et al., 2005]. Signaling can proceed
also from the endosomal compartment. Adaptor proteins, like Shc
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and Grb2, and all of the Ras-MAPK pathway components have been
found to reside also on endosomes, interacting with the activated
EGFR [Pol et al., 1998; Jiang and Sorkin, 2002]. It has been
hypothesized that the internalization pathway of receptors and their
intracellular trafficking via distinct endocytic structures could
control the duration and strength of signals and enable the
interaction of the receptors with different molecules [Polo and Di
Fiore, 2006].

The de-regulation of EGFR signaling is often correlated to cancer
[reviewed in Zandi et al., 2007]. In the past, EGFR was believed to play
aminor role in breast malignancies. Emerging evidences highlight, on
the contrary, a possible important role.

In the present work, evidences have been provided about the
implication of the protein ERp57 in the signaling and internalization
of EGFR. ERp57 is a member of the disulfide isomerase family and
resides mainly in the endoplasmic reticulum, as a soluble protein. In
this location it interacts with the lectins calreticulin and calnexin,
taking part to the quality control of newly synthesized glycoproteins,
and in the assembly of the major histocompatibility complex class I
(MHCT) [reviewed in Turano et al., 2011]. A role has been also recently
elucidated in the entry of viruses in the cell [Schelhaas et al., 2007;
Walczak and Tsai, 2011].

ERp57 has been nonetheless detected in other cell compartments.
Recently, cytoplasmic ERp57 has been demonstrated to translocate to
the nucleus after tumor necrosis factor-a treatment [Grindel
et al., 2011]. Concerning the membrane, ERp57 has been found on
the acrosome-reacted sperm, consistently with a role in the egg-
sperm fusion [Ellerman et al., 2006]. Together with calreticulin,
ERp57 has been detected on the surface of cells that are treated with
immunogenic cell death inducers [Obeid et al., 2007]. Furthermore,
ERp57 (also called MARRS, which stands for membrane-associated
rapid response steroid binding protein) has been proposed as the
membrane receptor of 1,25-dihidroxyvitamin D5, responsible for the
rapid, transcription-independent responses to the hormone [Nemere
et al., 2004]. Particularly important is the interaction with the signal
transducer and transcription factor STAT3, which has been detected
in the cytosol [Ndubuisi et al., 1999], in the lipid raft fraction of the
cell membrane [Guo et al., 2002], as well as in the nucleus [Eufemi
et al., 2004].

The study here presented has been conducted in MDA-MB-468
breast cancer cells. The expression of the protein ERp57 has been
knocked down by means of RNA interference and the influence on the
activity of EGFR has been investigated. In particular, the phosphory-
lation of the receptor and its internalization, as well as the effect on
the downstream pathways have been explored.

MATERIALS

Reagents for cell culture were from PAA. EGF (epidermal growth
factor) and biotin were from Sigma. The anti-ERp57 antibody was
prepared as a rabbit antiserum by Eurogentec (Seraing, Belgium),
using as antigen the human recombinant protein prepared in our
laboratory [Altieri et al., 1993], and partially purified on immobilized
protein G (Sigma). Its specificity has been verified, as previously
reported [Coppari et al., 2002]. For some experiments a commercial

mouse monoclonal antibody was employed (Santa Cruz, sc 23886).
The rabbit polyclonal anti-EGFR antibody was obtained from Santa
Cruz, while the rabbit anti-pY1173 and anti-pY1068 were from
Abcam. Mouse monoclonal anti-intracellular (activated) EGFR was
from Millipore (clone 74). The antibody for STAT3 phosphorylated on
tyrosine 705 was from Cell Signaling and anti-Actin from Sigma. For
the downstream signaling pathway, antibodies from a Cell Signaling
kit (Phospho-EGF Receptor Pathway Antibody Sampler Kit, #9789)
were used. Secondary antibodies for Western blotting and immuno-
fluorescence were from Jackson Immunoresearch.

The immunofluorescence images have been processed similarly
with the image processing program ImageJ 1.37v (LSC_lite Software).
In synthesis, the merged RGB images were split into three grayscale
images containing the red, blue and green components. The red and
green components are shown in the figures.

CELL CULTURE

Human breast adenocarcinoma cells (MDA-MB-468) and human
cervical adenocarcinoma (HeLa) were obtained from ATCC and grown
to 60-70% confluence in Dulbecco’s minimal essential medium
(DMEM) supplemented with 10% foetal bovine serum (FBS), 1% w/v
sodium pyruvate, 2 mM glutamine, 100 U/ml penicillin and 100 p.g/
ml streptomycin at 37°C in 5% CO,. For EGF stimulation, the cells
were serum-starved o.n., and then treated with EGF at a final
concentration of 100 ng/ml.

SIRNA KNOCKDOWN OF ERp57

The silencing of the protein ERp57 was obtained by administration of
specific small interfering RNA (Hs_GRP58_6_HP validated siRNA,
QIAGEN). The day before transfection, cells were seeded in complete
culture medium. The siRNA was used at 10 nM final concentration with
INTERFERin (Polyplus transfection) transfection reagent. The trans-
fection was carried out according to the manufacturer’s instructions.
The cells were incubated with the transfection complexes for 96 h
(MDA-MB-468) or 48 h (HeLa) under their normal growth conditions.
Cells treated with scrambled, non-specific siRNA duplex (Negative
control siRNA, QIAGEN) were used as control reference.

REAL-TIME PCR

Total RNA was isolated with TRIzol (Invitrogen) following the
manufacturer’s instructions. The reverse transcription was carried out
with SideStep™ I QPCR cDNA Synthesis Kit (Stratagene) and ERp57
expression was evaluated by Real Time PCR, using a MJ MiniOpticon
Detection System (BioRad) with SensiMix Plus SYBR (Quantace). The
protocol used was: denaturation (95°C for 5min), amplification
repeated 40x (95°C for 30s, 55°C for 30's, 72°C for 30s). RPS27A and
GAPDH were used as reference genes for normalization and the
relative quantification was analyzed using the Gene Expression
Analysis for iCycler iQ Real Time PCR Detection System Software,
Version 1.10 (BioRad Laboratories, Ltd). All the primers were from
QIAGEN.

BIOTINYLATION OF PLASMA MEMBRANE PROTEINS

The biotinylation of plasma membrane proteins of MDA-MB-468
cells was performed according to the procedure described in Xiao
et al. [1999], modified where necessary. siRNA- (Sil) or scrambled
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RNA-treated (Scr) cells were washed three times with cold PBS, pH 8,
and resuspended at a concentration of 10%/mlin 1 mg/ml Sulfo-NHS-
SS-biotin (Pierce) in PBS, pH 8. The reaction was carried out at r.t. for
15 min in gentle rotation. Cells were then washed with 50 mM glycine
in PBS, pH 8, to inactivate the unreacted biotinylating reagent, then
three times with cold PBS, pH 8. Sil and Scr cell pellets were
resuspended in 50 pl resuspension buffer (10 mM Tris, pH 8, 150 mM
NaCl, 1% SDS) and diluted to 500 p.l with solubilization buffer (SB:
10mM Tris, pH 8, 150mM NaCl, 0.5% Triton-X100 and proteases
inhibitors). The samples were sonicated (3 x 30s strokes, Labsonic M,
Sartorius) and centrifuged at 5,000¢ for 10 min at 4°C; 1/10 of the
recovered supernatant was retained as Input. A 50% slurry of
streptavidin (Ultralink Streptavidin Plus, Pierce) was washed twice
with SB containing 0.1% SDS and then added to the Sil or Scr lysate,
after protein quantification with the BioRad protein assay. The
mixture was incubated o.n. at 4°C with rotation. The supernatant of
the resin was collected and the resin washed three times with SB
containing 0.1% SDS, three times with 0.5 M NaCl containing 0.5% v/
v Triton X-100, and twice with 10mM Tris, pH 8. The bound
biotinylated proteins were eluted with 0.5 ml of 50 mM dithiothreitol
(DTT) in 10 mM Tris, pH 8, for at least 4 h at r.t. Sil and Scr Inputs and
eluates were analyzed by SDS-PAGE followed by Western blotting
for the analysis of the EGFR distribution.

EGF-ALEXA555 BINDING EXPERIMENTS

Experiments of EGF binding on the cell surface receptor were
performed according to Kharchenko et al. [2007] and Bild et al.
[2002]. MDA-MB-468 cells on glass coverslips were treated with
siRNA (Sil) or scrambled RNA (Scr), as previously described, or left
untreated (C). After an o.n. serum starvation, cells were washed twice
with cold working medium (WM: DMEM supplemented with 20 mM
Hepes, pH 8, 1% w/v bovine serum albumin (BSA)), then placed on ice
and added with 0.5pg/ml EGF conjugated with the fluorophor
AlexaFluor® 555 (EGF-Alexa555, Molecular Probes, Invitrogen) for
50 min. Unbound EGF-Alexa555 was then washed out by three rinses
with cold WM. The endocytosis of pre-bound EGF was stimulated by
shifting the temperature to 37°C for 20 min. After washing with PBS,
cells were fixed with freshly prepared 4% formaldehyde for 20 min
and washed again with PBS. Glass coverslips were mounted with
Vectashield Mounting Medium (Vector Laboratories) and analyzed by
a Leica DM-IRE2 confocal microscope.

IMMUNOFLUORESCENCE

Sil or Scr MDA-MB-468 cells on glass coverslips were treated with
100 ng/ml EGF for 50 min at 4°C. The unbound EGF was then washed
out by three rinses with cold DMEM. Endocytosis of pre-bound EGF
was stimulated by shifting the temperature to 37°C for 40 min. For
double immunostaining, the cells were fixed with 4% formaldehyde
for 20 min, washed twice with PBS, and permeabilized with 0.1%
Triton X-100 for 15 min. After 1h blocking with 1% w/v BSA, cells
were immunostained with anti-EGFR or anti-intracellular (activated)
EGFR and anti-ERp57 for 1h. After washing three times with PBS,
cells were incubated with TRITC- and FITC-conjugated secondary
antibodies for 1 h, then washed again three times with PBS. The glass
microscope slides, mounted with Vectashield (Vector Laboratories),
were examined by a Leica DM5000B fluorescence microscope.

BIOTINYLATION-BASED INTERNALIZATION ASSAY

The internalization assays were performed according to Grampp et al.
[2007], modifying the procedure where necessary. The biotinylation
step was performed as described in the Biotinylation of plasma
membrane proteins paragraph. After the labeling step, the cells were
washed once with 50 mM glycine to quench the reaction, then twice
with serum-free DMEM to eliminate the unreacted biotin. Half of the
biotin-labeled cells were stimulated with 100 ng/ml EGF for 30 min at
r.t., and half were left untreated as a control. The cell surface biotin
was cleaved off with a glutathione solution (75mM reduced
glutathione, 75 mM NaCl, 10 mM EDTA, 1% BSA), twice for 15 min
on ice. The cells were then resuspended in 50 pl of 10 mM Tris, pH 8,
150 mM NaCl, supplemented with 1% SDS, and the homogenate was
diluted to 500 w1 with solubilization buffer (10 mM Tris, pH 8, 150 mM
NaCl, 0,5% Triton X-100, proteases inhibitors). Samples were
sonicated (3 x 30s strokes) and centrifuged at 5,000g for 10 min at
4°C. In order to recover the biotinylated proteins, the samples were
incubated with a monomeric avidin resin (Pierce), prepared according
to the manufacturer’s instructions. The eluted proteins were subjected
to SDS-PAGE and Western blotting.

ERp57 SIRNA SILENCING
To study the involvement of the protein ERp57 in the endocytosis of
EGFR, experiments were performed on MDA-MB-468 breast cancer
cells, in which the ERp57 protein content was decreased by means of
RNA interference. A whole cell lysate from silenced cells was prepared
after 24, 48, and 72h of incubation with the specific siRNA and
analyzed by Western blotting with anti-ERp57. The amount of ERp57
in silenced cells was compared with that of untreated cells. As shown
in Figure 1A, ERp57 was already diminished after 48 h of treatment
with siRNA and remained at a low level after 72 h. We have checked
the knockdown also at a longer incubation time. The decrease of
ERp57 was even more marked after 96 h of treatment (Fig. 1B). Thus,
all subsequent experiments which needed ERp57 silencing were
performed after at least 90 h of treatment with the specific siRNA, to
ensure the highest depletion.

The ERp57 expression was also checked by Real Time PCR. After
96 h of silencing the ERp57 mRNA was demonstrated to be very low
(Fig. 10).

EGFR EXPRESSION AND EXPOSURE ON THE CELL MEMBRANE

To assess the expression of EGFR in silenced cells, as well its exposure
on the cell membrane, the biotinylation of plasma membrane proteins
of silenced (Sil) and scrambled (Scr) MDA-MB-468 cells was
performed. After treatment with the specific siRNA or with scrambled
RNA, cells were recovered and incubated with the biotinylating agent
Sulfo-NHS-SS-biotin, which labels only the proteins exposed on the
plasma membrane. After washing to remove the unspecific labeling,
cells were lysed and total proteins in Sil and Scr samples were
quantified with the BioRad protein assay. An equal amount of
proteins from the two samples was then incubated with a streptavidin
resin, to accomplish the binding of biotinylated membrane proteins.
A 1/10 aliquot (Input) was instead retained for subsequent analyses.
After incubating o.n. at 4°C, the unbound fractions, corresponding to
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Fig. 1. MDA-MB-468 cells were incubated with specific ERp57 siRNA or left
untreated. SDS-PAGE and Western blotting with anti-ERp57 were performed
on total cell lysate recovered after 24, 48 and 72 h (A), or 72 and 96 h (B) of
treatment. Actin was detected as a loading control. (C) Graphical display of the
Real time PCR expression profile of the ERp57 gene in scrambled (Scr) or silenced
(Sil) cells after 96 h incubation. For normalization, the expression of the
reference genes GADPH and RSP27A in the same sample was used. The relative
expression in the Scr sample is given as 1.

internal, unlabeled proteins, were recovered and, after washing, the
biotinylated streptavidin-bound proteins were eluted with the
reducing agent DTT. Sil and Scr inputs and eluates were analyzed
by SDS-PAGE and Western blotting for the EGFR distribution. As
shown in Figure 2, no difference in EGFR total content and only a
slight increase in its membrane exposure, but not statistically
significant, could be detected in Sil compared to Scr. The difference
between input and eluate band intensities can be explained
considering that the input volume loaded for electrophoresis was
about 1/18 of the total volume incubated with the streptavidin resin.

EGF BINDING
The possible ligand binding impairment of EGFR in silenced cells was
explored by means of EGF conjugated with the fluorophor

Input Bound
Sil Scr Sil Scr

M e EGFR

PS—

Fig. 2. Sil and Scr cells were labeled with Sulfo-NHS-SS-biotin and lysed. An
equal protein amount from Sil and Scr samples was incubated with a
streptavidin resin and biotinylated proteins were eluted. SDS-PAGE and
Western blotting with anti-EGFR was performed on Input and Eluate (Bound)
fractions from Sil and Scr samples.

AlexaFluor555. In these experiments, Sil, Scr or control (C) MDA-
MB-468 cells, grown on glass microscope coverslips, were treated
with EGF-Alexa555 at 0°C, a condition which allows the binding of
the growth factor to the cell surface receptor, but which is non
permissive for internalization. Then, the temperature was switched to
37°C to induce the ligand-receptor complex internalization. In
Figure 3A, the fluorescence of EGF-Alexa555 is shown. To visualize
the fluorescence on the cell surface before endocytosis, cells were
fixed immediately after the pre-binding on ice, without stimulating
the internalization. At 0°C, EGF-Alexa555 is bound to the cell surface
EGFR in Sil as well as in Scr and C. After 30 min at 37°C, the
distribution of EGF-Alexa555 inside the cell is noticeably different.
Apparently, both in C and Scr the fluorescent EGF is concentrated in
sickle-shaped structures, while in most of Sil it is distributed in a
punctate manner near the cell surface. As a control of the ERp57
depletion, Sil, Scr and C samples remained in the 6-well plate after the
removal of coverslips, were collected and lysed. Figure 3B reports the
Western blotting analysis of the distribution of EGFR and ERp57 in
the six samples. ERp57 is decreased in Sil, while the EGFR total
amount is unaffected.

EGFR AND ERp57 INTERNALIZATION

In double immunostaining experiments, cells grown on glass
microscope coverslips and treated with the specific siRNA orscrambled
RNA as previously described, were stimulated with 100 ng/ml EGF for
50min at 4°C to allow the binding to the surface receptor or left
untreated as a control. To visualize EGFR on the cell membrane, the
cells were immediately fixed with formaldehyde, or alternatively
endocytosis was stimulated by shifting the temperature to 37°C, and
then the cells were fixed. After incubation with anti-EGFR and anti-
ERp57, and with FITC- and TRITC-conjugated secondary antibodies,
untreated cells and cells incubated at 37°C were analyzed by means of
immunofluorescence microscopy to observe the distribution of both
proteins in the cells (Fig. 4). In the upper panel, the images of untreated
Scr or Sil are shown. After incubation with EGF at 37°C, in Sil cells,
EGFR seems to reside into small vesicles located in proximity to the cell
membrane, whereasin Scrincubated at 37°C the fluorescenceislocated
inside the cell, referring to EGFR internalization.

The involvement of ERp57 in EGF pathway was also analyzed by
means of a biotinylation-based internalization assay. MDA-MB-468
cells were incubated with the biotinylation reagent Sulfo-NHS-SS-
biotin to label covalently the cell membrane proteins. Then, the cell
suspension was split in two equal aliquots, which were either
stimulated with EGF for 30 min or left unstimulated. Therefore, the
internalization of external membrane proteins gave rise to a pool of
biotin-labeled proteins inside the cell. To distinguish between cell
surface and internalized biotinylated molecules, the cells were
incubated with the reducing agent glutathione, which could remove
the label only from the membrane proteins, by reducing the disulfide
bridge present in the spacer arm of the biotinylation reagent. On the
contrary, internalized proteins were inaccessible to its reducing
activity. The cells were then subjected to lysis with SDS and the
homogenate was applied to a monomeric avidin resin for the specific
binding of biotin-labeled proteins. The eluted proteins were
electrophoretically separated and analyzed by Western blotting. As
shown in Figure 5, EGFR is internalized following EGF treatment, as
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Fig. 3. A:Visualization of EGF-Alexa555 in control (C), Sil and Scr cells. The cells had been either stimulated for 50 min at 0°C and immediately fixed, or incubated for additional
30 min at 37°C and then fixed with 4% formaldehyde. B: Western blotting of the same cell samples used for confocal microscopy, performed with anti-EGFR, anti-ERp57 and anti-

+EGF
37°C

Fig. 4. Sil or Scr cells on glass coverslips were untreated or treated with EGF for 40 min at 37°C, after a pre-binding step of 50 min at 4°C, and then fixed with 4% formaldehyde.
Double immunostaining was performed with anti-EGFR and anti-ERp57 as primary antibodies and TRITC or FITC-conjugated (respectively) secondary antibodies.
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Fig. 5. The cells were labeled with Sulfo-NHS-SS-biotin and stimulated with
100 ng/ml EGF for 30 min at 37°C. Cell surface biotin was cleaved off with
glutathione, then the cells were lysed and the lysate was applied to an avidin
resin. SDS-PAGE and Western blotting were performed with anti-ERp57 and
EGFR on the biotinylated bound (i.e., internalized) fractions of EGF-stimulated
or unstimulated samples.

expected. Of note, the treatment with EGF induces also the ERp57
endocytosis.

The internalization assay has then been performed on Scr and Sil
cells. As reported in Figure 6A, the band intensity of internalized
EGEFR in Scr cells following stimulation with EGF is in lower amount
than in unstimulated cells. It can be hypothesized that the stimulation
with EGF induces the downregulation of the receptor. To confirm such
hypothesis, the biotinylation-internalization assay has been also
performed at r.t. halving the incubation time with EGF (Fig. 6B). In
this case, it is possible to note the increase of internalized EGFR after
EGF stimulation. Significantly, EGFR is only negligibly present in the
bound (internalized) fractions of silenced cells.

EGFR PHOSPHORYLATION AND ACTIVATION OF DOWNSTREAM
SIGNALING PATHWAYS

The effect of ERp57 on the activation of EGFR, which consists in the
phosphorylation of several tyrosine residues, was subsequently
investigated.

A Unbound Bound
Scr Sil Scr _Sil

- + - + - + - + EGF
e e 'EGFR
-t W ERp57
=_———  |Actin
B Input Bound
Sil Scr Sil Scr
- + - + -+ - + EGF
W O 7 o

Fig. 6. A:The biotinylation-internalization assay was performed on Sil and Scr
cells. Unbound and bound fractions of EGF-stimulated or unstimulated Sil or Scr
cells were subjected to Western blotting for EGFR and ERp57. Actin was used as
a reference to normalize the amount of protein loaded. B: The stimulation with
EGF was conducted for 15min at r.t. Input and bound fractions of EGF-
stimulated or unstimulated Sil or Scr cells were subjected to Western blotting
with anti-EGFR.

Immunofluorescence experiments were performed on Sil or Scr
MDA-MB-468 cells, stimulated with EGF at 4°C, a condition non
permissive for internalization, or at 37°C for 40 min, to induce the
ligand-receptor complex endocytosis. In Figure 7 the double
immunofluorescence images of the cells, treated as just described,
are shown to visualize both ERp57 and phospho-EGFR. An antibody
against the intracellular activated EGFR was used. At 4°C, the
treatment with EGF induces the EGFR phosphorylation, both in
scrambled and in silenced cells. After a 40-min incubation at 37°C,
phospho-EGFR is completely internalized in Scr, as expected, while in
Sil the fluorescence is drastically diminished.

Subsequently, we focused on the phosphorylation status of two
specific EGFR tyrosine residues, which are implicated in the
activation of downstream signaling pathways: tyrosine 1173 and
tyrosine 1068. Sil or Scr cells were stimulated with EGF for 5 or 30 min
or left unstimulated. The cells were then harvested in a buffer
containing the phosphatase inhibitor sodium orthovanadate and
subjected to lysis. The cell lysates were then electrophoretically
separated and analyzed by Western blotting for their amount of
phospho-Y1173 or phospho-Y1068, as shown in Figure 8. In both
cases the most noticeable difference is between the silenced and
scrambled unstimulated samples, since the constitutive phosphory-
lation of the receptor is only visible in Scr. Furthermore, a difference
in the time course of Y1068 phosphorylation may be noticed, as it
occurs in 5min in Scr but in 30 min in Sil. ERp57 knockdown in the
silenced cells was also checked and resulted almost complete.

To investigate the downstream signaling pathways activated by
EGFR, a Western blotting analysis was also performed with specific
antibodies. As shown in Figure 8, in the case of Sil, the
phosphorylation of ERK and Akt is increased after 5min of

0°C

37°C

Fig. 7. Sil and Scr cells on glass coverslips were incubated with 100 ng/ml EGF
for 50 min at 0°C and immediately fixed, or incubated for 40 min at 37°C after
the pre-binding step and then fixed with 4% formaldehyde. Double
immunostaining was performed with anti-intracellular (activated) EGFR and
anti-ERp57 as primary antibodies and FITC or TRITC-conjugated (respectively)
secondary antibodies.
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Fig. 8. Sil or Scr cells were stimulated with 100 ng/m| EGF for 5 or 30 min, or
unstimulated, lysed and subjected to SDS-PAGE and Western blotting for the
detection of phosphoTyr1068-EGFR (pY1068), phosphoTyr1173-EGFR (pY1173),
phosphoThr202/phosphoTyr204-ERK (pT202/pY204ERK), phosphoSer473-Akt
(pS473), phosphoTyr783-PLCy1  (pY783PLCy1), phosphoTyr705-STAT3
(pY705STAT3), ERp57 and Actin as loading control.

stimulation, while it decreases after 30 min. In Scr the phosphoryla-
tion of Akt increases after 30 min of incubation with EGF, while ERK
is phosphorylated after 5 min and is unchanged after 30 min. On the
contrary, STAT3 and PLCvy1 are less phosphorylated in Sil than in Scr.

The functions of the protein ERp57 inside its canonical compartment,
the ER, are well established. It is involved in the folding and quality
control of neo-synthesized glycoproteins [Oliver et al., 1997] and in
the assembly of MHC class I [Lindquist et al., 1998].

Recently, additional unconventional activities have come out, in
different cell compartments [reviewed in Turano et al., 2011], and a
considerable bunch of evidences outline its involvement in signal
transduction. Early works described its association with vasopressin
[Aiyar et al., 1989] and angiotensin receptors [Mah et al., 1992].
Particularly relevant is the participation in the pathway involving
STAT3, which is a member of the STAT family of signal transducers
and transcription factors. At first, cytosolic multiprotein complexes
containing both STAT3 and ERp57 were found [Ndubuisi et al., 1999].
Subsequently, the association has been found also in plasma
membrane rafts [Guo et al., 2002; Sehgal et al., 2002] as well as in
the nucleus, where the two proteins bind to the same DNA sequence
[Eufemi et al., 2004]. In addition, ERp57 has been demonstrated to
participate in the phosphorylation reaction and in the DNA binding
activity of STAT3 [Chichiarelli et al., 2010]. Furthermore, in an article
by Ramirez-Rangel et al. [2011], ERp57 has been demonstrated to

positively regulate the activity of the mammalian target of rapamycin
complex 1 (mTORC1), being involved in the assembly of cytosolic or
ER-associated multiprotein complexes.

ERp57 itself has been identified as the membrane receptor of 1,25-
dihydroxyvitamin D; [Nemere et al., 2004] and has been also
demonstrated to activate protein kinase C alpha and beta [Tunsophon
and Nemere, 2010]. In this context, ERp57 has been found to mediate
the growth inhibitory effect of vitamin D in breast cancer cells,
influencing the hormone induced apoptosis and differentiation
[Richard et al., 2010].

In the present work, we aimed to investigate the role of ERp57 in
the EGFR signaling pathway in MDA-MB-468 cells, a human basal-
like breast cancer cell line, also defined as triple negative, due to the
lack of oestrogen receptor, progesterone receptor and ErbB2
[Oliveras-Ferraros et al., 2008]. The ERp57 expression has been
knocked down by means of specific siRNA. The ERp57 protein and
mRNA levels after the treatment, checked by Western blotting or RT-
PCR, were found to be very low after 96 h (Fig. 1). Then, the effect of
silencing on the activity of EGFR has been studied.

First of all, considering that in the ER ERp57 is involved in the
quality control of glycoproteins destined to the cell membrane or to be
secreted, the EGFR expression and exposure on the plasma membrane
of silenced cells compared to control cells have been evaluated, to
check the possible impairment of EGFR expression following
treatment with siRNA, as well as its proper membrane exposure
(Fig. 2). By means of a membrane impermeable biotin reagent, only
the plasma membrane proteins of silenced or scrambled MDA-MB-
468 cells were labeled and recovered with a streptavidin resin. The
Western blotting analysis of total and membrane proteins has
demonstrated that the ERp57 knockdown does not negatively
influence the EGFR expression or exposure on the cell membrane.

For what concerns the ligand binding, silenced, scrambled and
control cells were incubated with a fluorophore-conjugated EGF and
examined by confocal microscopy (Fig. 3A). In all three samples, at 0°
C, a condition which impairs endocytosis, the fluorescence is located
around the cells, corresponding to EGF bound to EGFR on the cell
surface. Increasing the temperature at 37°C for 20 min, in scrambled
and control cells EGF accumulates in internal perinuclear structures
resembling sickles, while in the majority of silenced cells this
localization is not detectable.

In the double immunofluorescence (Fig. 4), EGFR has been taken
into account, instead of the ligand. In untreated cells the receptor is
located at the plasma membrane level. After stimulation with EGF, in
scrambled cells the receptor is internalized and accumulates in
perinuclear vesicles or is partially degraded (compare “A” and “B” in
the higher magnification images in Fig. 4). In silenced cells, EGFR
remains confined near the plasma membrane. Figures 5 and 6 report
the biotinylation internalization assays. In scrambled cells, intracel-
lular EGFR, which is present in the avidin-bound fraction, increases
after stimulation with EGF, while in silenced cells it does not (Fig. 6A).
This effect can be explained by the prevention of EGFR internaliza-
tion, as well as with the recycling of the activated receptor back on the
cell membrane, where the biotin label would be removed by treatment
with glutathione (see Material and Methods). Surprisingly, ERp57
itself is internalized in response to EGF stimulation (Fig. 5). It can be
speculated that the two proteins are sorted into different endosomal
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compartments, because in scrambled cells, after treatment with EGF,
intracellular EGFR is partially degraded, while the increase in
internalized ERp57 is still marked (Fig. 6A).

Cell fractionation studies have also been conducted to follow the
redistribution of EGFR inside the cell. By means of a subcellular
protein fractionation kit (see Supplementary data), cytoplasmic and
membrane extracts have been prepared from Sil and Scr cells. In Scr
cells (Fig. 1S, Supplementary data), EGF treatment induces the
decrease of EGFR in the cytoplasmic content and the increase in the
membranes fraction, which includes plasma membrane, mitochon-
dria and ER/Golgi. Such redistribution does not occur in Sil cells.

The effect of ERp57 silencing on EGFR redistribution was also
studied in HeLa cells, a human cervical adenocarcinoma cell line, not
overexpressing EGFR. The same pattern observed in MDA-MB-468
cells occurs also in HeLa cells, even more evidently (Fig. 2S,
Supplementary data).

The influence of the ERp57 downregulation on the autophosphor-
ylation reaction of EGFR was analyzed by a double immunofluores-
cence experiment, where both ERp57 and phospho-EGFR were
visualized. An antibody specific for the intracellular activated EGFR
was used, which recognizes several internal phosphorylation sites, in
the phosphorylated form, characteristic of the activated receptor.
After stimulation with EGF at 0°C and at 37°C, the EGFR
phosphorylation is decreased in silenced cells compared to scrambled
cells (Fig. 7). A Western blotting analysis has been also performed to
check the phosphorylation status of two specific sites: Tyr 1068 and
Tyr 1173, which are known to be essential for the activation of
downstream molecules. It is interesting to notice that the constitutive
phosphorylation appears particularly affected (Fig. 8). In the case of
Tyr1068-EGFR after EGF stimulation, also a delay in the phosphory-
lation reaction is evident. The impairment of EGFR phosphorylation
after ERp57 silencing occurs also in HeLa cells, as shown in Figure 3S
(Supplementary data). In this context, the work by Mathea et al.
[2011] has described the inhibitory activity of the peptidyl prolyl
isomerase FKBP12 in the EGFR autophosphorylation process.
According to our experiments, instead, ERp57 should have an
activating role. The main EGFR downstream pathways were also
investigated. The four proteins analyzed can be divided in two groups:
PLCy1 and STAT3 are less activated while ERK and Akt are more
activated in silenced cells compared to scrambled cells after
stimulation with EGF for 5 min (Fig. 8).

Therefore, the ERp57 knockdown negatively influences the EGFR
trafficking and autophosphorylation, whereas the EGFR expression,
exposure on the plasma membrane and ligand binding are not
significantly affected. A hypothesis can be made about the
implication of ERp57 in the proper folding and consequently in the
activity of EGFR. A work by Jung et al. [2011] has demonstrated that
ERp57 is required for the activity of a disulfide bond-containing
myelin glycoprotein, expressed on the cell surface, and may have a
role in the pathogenesis of neuropathies. Even more intriguing is the
finding that ERp57 associates with seven-transmembrane receptors,
participating in the formation of homodimers of angiotensin receptor
1 (AT1R) or heterodimers with the B2 adrenergic receptor (b2AR/
AT1R) [Hammad and Dupré, 2010]. Therefore, this would be the first
evidence of the involvement of ERp57 in the function of a receptor
tyrosine kinase.

The effect of ERp57 silencing on EGFR trafficking and autophos-
phorylation suggests that ERp57 could be necessary for the
accomplishment of a conformation suitable for such two activities,
while it seems to be disposable for the ligand binding. Considering
that the ligand-receptor complex endocytosis and endosomal sorting
are composite mechanisms, which require numerous accessory
proteins, an indirect involvement of ERp57 cannot be excluded. On
the other hand, the effect on EGFR autophosphorylation necessarily
implies that the molecule directly affected is EGFR. At present, no
information about a direct interaction between the two proteins or the
location of such hypothetical interaction is available.

An impairment of endosomal trafficking of EGFR could be
hypothesized. In fact, as shown in Figure 3A, EGF-containing vesicles
appear more dispersed in Sil cells, compared to Scr cells, meaning that
the clustering of early endosomes could be involved. Intriguingly, very
recently an interaction of ERp57 with the small GTPase RalA, which is
involved in the regulation of vesicle trafficking, has come out [Brymora
et al., 2012]. The process, anyway, remains to be fully characterized.

It has been demonstrated that EGFR degradation, which occurs via
sorting into late endosomes and their fusion with lysosomes, is
reduced after impairment of receptor endocytosis [Brankatschk
et al.,, 2012] and that a Rab protein, key molecules for recycling,
increases the internalization of EGFR and consequently its degrada-
tion [Yang et al., 2012]. The increased EGFR stability could potentially
prolong receptor signaling. A recent work by Sousa et al. [2012] has
shown that the Akt and MAPK pathways are more stimulated after the
suppression of EGFR endocytosis, leading to the conclusion that in
these cases the signaling proceeds from EGFR located in the cell
membrane. In Figure 8 the over-activation of ERK and Akt in Sil cells
after 5min of stimulation with EGF could be explained by an
increased number of EGFR molecules in the plasma membrane or
early endosomes at the steady state compared to scrambled, as
suggested by Figures 3 and 4.

Currently, targeted therapies in breast cancer include monoclonal
antibodies or inhibitors against growth factors receptors or the
downstream activated signaling molecules [Alvarez et al., 2010].
Chaperones are as well appealing targets, as described in a review
[McLaughlin and Vandenbroeck, 2011]. For instance, the heat shock
protein Hsp90 has been found to regulate the activity of many
oncoproteins, such as EGFR or ErbB2, and specific inhibitors are now in
trials [Porter et al., 2010]. ERp57, participating in the unfolded protein
response, has been reported to be over-expressed in many conditions of
cellular stress and in neoplastic transformation [Lee, 2001]. Recently, a
multimeric protein complex associated with ERp57 has been
characterized in the nucleus of ovarian cancer cells, connected to the
resistance to the chemotherapeutic paclitaxel [Cicchillitti et al., 2010].
Considering the involvement in the EGFR signaling activity herein
described, both in MDA-MB-468 cells and in HeLa cells, ERp57 could
become a promising target in combination therapy.
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Fig. 1S. Silenced (Sil) and scrambled (Scr) MDA-MB-468 cells,
stimulated with EGF or untreated, were subjected to fractionation.
The membranes and the cytosolic extracts were analyzed by
SDSPAGE and Western blotting with anti-EGFR and anti-ERp57.

Fig. 2S. Silenced (Sil) and scrambled (Scr) HeLa cells, stimulated with
EGF or untreated, were subjected to fractionation. The membranes
and the cytosolic extracts were analyzed by SDS-PAGE and Western
blotting with anti-EGFR and anti-ERp57.

Fig. 3S. Sil or Scr HeLa cells were stimulated with 100 ng/ml EGF for 5
or 30 min, or unstimulated, lysed and subjected to SDS-PAGE and
Western blotting for the detection of phosphoTyr1068-EGFR
(pY1068), phosphoTyr1173-EGFR (pY1173), ERp57 and Actin as
loading control.
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