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Abstract

The epidermal growth factor receptor (EGFR) is activated through binding to specific ligands and
generates signals for proliferation, differentiation, migration, and cell survival. Recent data show
the role of nuclear EGFR in tumors. Although many EGFR ligands are upregulated in cancers,
little is known about their effects on EGFR nuclear translocation. We have compared the effects of
six EGFR ligands (EGF, HB-EGF, TGF-a, B-Cellulin, amphiregulin, and epiregulin) on nuclear
translocation of EGFR, receptor phosphorylation, migration, and proliferation. Cell fractionation
and confocal immunofluorescence detected EGFR in the nucleus after EGF, HB-EGF, TGF-a and
B-Cellulin stimulation in a dose-dependent manner. In contrast, amphiregulin and epiregulin did
not generate nuclear translocation of EGFR. EGF, HB-EGF, TGF-a and B-Cellulin showed
correlations between a higher rate of wound closure and increased phosphorylation of residues in
the carboxy-terminus of EGFR, compared to amphiregulin and epiregulin. The data indicate that
EGFR is translocated to the nucleus after stimulation with EGF, HB-EGF, TGF-a and p-Cellulin,
and that these ligands are related to increased phosphorylation of EGFR tyrosine residues,
inducing migration of SkHep-1 cells.
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1. Introduction

The epidermal growth factor receptor (EGFR) is one of four members of the HER family of
receptor tyrosine kinases [1]. Eight members of the epidermal growth factor (EGF) family
ligands have been described: epidermal growth factor (EGF), heparin-binding EGF-like
growth factor (HB-EGF), transforming growth factor alpha (TGF-a.), betacellulin,
amphiregulin, epiregulin, epigen and neuregulin 2 beta (NRG2p) [2]. Endogenously, these
ligands are found in the form of transmembrane pro-ligands, which are proteolytically
cleaved to release the mature soluble form that interacts with EGF receptors [3]. In several in
vitro and animal model systems, distinct EGF family ligands can promote divergent
biological outcomes from EGFR activation [2, 4]. Ligand-mediated EGFR activation is
achieved by a conformational change in the extracellular domain of the receptor upon ligand
binding, resulting in receptor dimerization and internalization [5]. Active EGFR dimers
undergo autophosphorylation of tyrosine residues in the cytoplasmic tail of the receptor
(carboxy-terminal), recruiting phosphotyrosine-binding proteins and activating multiple
signal transduction pathways.

Apart from the prominent role in signal transduction, EGFR also has some non-canonical
functions, such as transcriptional regulation, DNA synthesis, and DNA repair in the nucleus
[6-8]. Nuclear translocation of EGFR is mediated by a number of ligands, but little is known
about their individual roles. Here, we have investigated the effects of six ligands on of EGFR
nuclear translocation and SKHep-1 cell migration.

2. Materials and Methods

2.1. Cell culture and EGFR ligand stimulation

SkHep-1, a human liver cancer cell line (ATCC, VA, USA), was cultured at 37°C in 5% CO,
in Dulbecco’s modified Eagle’s medium (Life Technologies, NY, USA) containing 10%
fetal bovine serum, 1 mM sodium pyruvate, 50 units/ml penicillin, and 50 g/ml streptomycin
(Life Technologies). For stimulation, EGFR ligands (1, 5, 10, 50 and 100 ng/ml) were
incubated to previously serum-starved (12-16 hours) cells. The EGFR ligands used were a
human recombinant epidermal growth factor (EGF, Life Technologies), Heparin-binding
EGF-like growth factor (HB-EGF, R&D Systems, MN, USA), Transforming growth factor-
a (TGF-a, R&D Systems), Betacellulin (BTC, R&D Systems), Epiregulin (EPR, R&D
Systems), Ampiregulin (AR, R&D Systems).

2.2. Subcellular fractionation

Subcellular fractionation was performed as described previously [9, 10]. Briefly, cells were
harvested by scraping, and lysed in a lysis buffer. The homogenate was centrifuged at 1,500¢g
for 5 min to sediment the nuclei. The supernatant was centrifuged at 16,100¢g for 20 min, and
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the resulting supernatant formed the non-nuclear fraction. The nuclear pellet was
resuspended in NETN buffer to extract nuclear proteins. Nuclear lysates were collected after
centrifugation at 16,100¢g for 20 min at 4°C. Protease and phosphatase inhibitors were added
to all buffers. Protein concentrations were quantified by Bradford assay. All reagents were
purchased from Sigma-Aldrich, MO, USA.

2.3. Western blot

Western blotting was performed and detected as described previously [9, 11]. Primary
antibodies used were polyclonal anti-EGFR (Santa Cruz Biotechnology, TX, USA),
monoclonal anti-a-tubulin (Sigma-Aldrich), anti-Lamin B1 (Abcam, MA, USA), Histone
H3 (Sigma-Aldrich), p-Histone H3 (S10) (Milipore, MA, USA), Erk1/2, p-Erk1/2 (T202/
Y204), AKT, p-AKT (T308), p-EGFR (T669), p-EGFR (Y845), p-EGFR (Y992), p-EGFR
(Y998), p-EGFR (Y1045), p-EGFR (S1046/1047), p-EGFR (Y1086), p-EGFR ('Y1148), p-
EGFR (Y1173) (Cell Signaling Technology, MA, USA). The PDVF membranes were
developed using enhanced chemiluminescence (ECL Plus; GE Healthcare Life Sciences, NJ,
USA). Subsequently, the films were scanned and analyzed using Image J software (http://
rsbweb.nih.gov/ij/).

2.4. Confocal fluorescence microscopy

Cells were double-labeled with mouse monoclonal anti-EGFR (Millipore) and a rabbit
polyclonal antibody against the nuclear membrane marker Lamin-B1 (Abcam, MA, USA),
and then incubated with secondary antibodies conjugated to anti-mouse Alexa 555 or anti-
rabbit Alexa 488 (Life Technologies), respectively. Hoechst 33342 (Life Technologies) was
used as marker for the nuclear compartment. Images were collected using a Zeiss LSM 880
with Airyscan with a 63X, 1.4 NA objective lens.

2.5. Proliferation assays

Serum starved cells were stimulated with EGFR ligands (100ng/ml) for 24, 48 and 72 hours.
Over time, cells were trypsinized, stained by trypan blue to mark unviable cells. Only viable
cells were counted. The percentage of DNA-synthesizing cells were analyzed after 24 h of
ligand stimulation using Click-iT® Edu Alexa Fluor® 488 Imaging Kit (Life Technologies)
according to the manufacturer’s instructions. The images were obtained and analyzed using
Cytatyon™ 5 Cell Imaging Multi-Mode Reader managed by Gen5™ software (BioTek, VT,
USA). The proportion of Edu (5-ethynyl-2”-deoxyuridine)-positive cells was quantified
related to nuclear marker Hoechst. Three independent experiments and nine fields were
counted per treatment.

2.6. Measurement of Histone 3 phosphorylation by flow cytometry

The percentage of cells positive for phospho-Histone H3 (Ser10) were determined by flow
cytometry. After ice-cold 70% ethanol fixation, cells were incubated in blocking solution
(1% BSA in PBS) and with Alexa Fluor 488-conjugated with phospho-H3 (S10) antibody
(Cell Signaling Technology) at a 1:100 dilution for 1 hour. Quantification of phospho-H3-
positive cells were performed in a Guava Easycyte 6L flow cytometer (Millipore) and data
was analyzed using FlowJo software (version 7.2.5) (FlowJo, OR, USA)
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2.7. Scratch assay

Cell migration was assessed using a wound healing assay. Previously, cells were serum
starved for 24 hours and then a “wound” was made by displacing cells using a 1 mL pipette
tip (Axygene, CA, USA). After wounding, cells were washed with PBS and incubated with
growth media supplemented with EGFR ligands (100ng/ml) described above. The wounded
area was imaged using a 10X Objective and a QIClick camera (QImaging, BC, Canada)
installed on 1X70 Olympus inverted microscope (Olympus, Japan) via Image-Pro Plus
software (Media Cybernetics, MD, USA) immediately after wounding (0 hour), 12, 24 and
36 hours later. Quantification of cell migration was determined by calculating the coverage
of the wounded area with cells after 36 hours with or without ligands using ImageJ software
(http://rsbweb.nih.gov/ij/).

2.8. Data and statistical analysis

Semi-log plots were generated using densitometric data from nuclear EGFR accumulation
upon ligand stimulation. The EC50 were estimates for nuclear EGFR detection using the
nonlinear regression fit by the software Prism 6 (GraphPad software, CA, USA).
Significance of changes in treatment groups was determined by Student’s t test or one-way
analysis of variance and Bonferroni’s multiple comparison test, using Prism 6 software. Data
are represented as mean + S.E.

3. Results
3.1. Only EGF, HB-EGF, TGF-a and p-Cellulin mediate EGFR nuclear translocation

Previous live cell studies using SKHep-1 cells showed that EGFR could be found within the
nucleus after 2.5 minutes, reaching a peak within 10 minutes after stimulation with100
ng/ml of EGF [10]. To test the effects of different ligands (EGF, HB-EGF, TGF-a, BTC, AR
and EPR) on EGFR nuclear translocation, we stimulated SkHep-1 cells for 10 minutes at
increasing ligand concentrations (1, 5, 10, 50 and 100 ng/ml). Nuclear and non-nuclear
fractions from non-stimulated (0) and ligand-stimulated cells were analyzed by western blot
(Figure 1). Lamin B1 and a-tubulin distributions verified correct fraction separation. In
addition to EGF, we found that HB-EGF, TGF-a, and pB-Cellulin are able to induce EGFR
nuclear translocation in a dose ligand-dependent manner (Figure 1A, C, E and G). In
contrast, even at higher concentrations, amphiregulin and epiregulin stimulation, EGFR was
not detected in the nucleus (Figure 11, J).

The median effective concentration (EC50 values) was interpolated from the dose response
curves of EGFR nuclear quantification (Figure 1B, D, F and H). The EC50 value of HB-
EGF, TGF-a, EGF and BTC was 3.4 £0.2,5.6 + 0.4, 7.1 £ 0.6, and 7.2 + 0.4 ng/ml,
respectively. The results indicate differences in the potency of the different ligands in
mediating nuclear accumulation of EGFR.

Corroborating with cell fractionation experiments, three-dimensional reconstruction of serial
confocal immunofluorescence showed that EGFR localized to the plasma membrane in AR
and EPR stimulated cells, and in non-stimulated SKHep-1 cells (serum free). On the other
hand, the receptor was localized in the nucleus after 10 minutes of exposure to EGF, HB-
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EGF, TGF-a and BTC (Figure 1K). In summary, the results show that EGFR translocates to
the nucleus upon 10 minutes of stimulation with EGF, HB-EGF, TGF-a, B-Cellulin, but not
with AR and EPR.

3.2. Differential phosphorylation profile upon EGFR stimulation

We hypothesized that different EGFR ligands stimulate EGFR phosphorylation on distinct
tyrosine or serine residues. SkHep-1 lysates were subjected to western blot analysis with
phosphosite-specific antibodies to determine whether there was differential phosphorylation
after stimulation with different EGFR ligands. EGF, HB-EGF, TGF-a, and BTC stimulation
phosphorylated more sites than AR, EPR, and control groups (Figure 2). Specifically, EGF,
HB-EGF, TGF-a and B-Cellulin stimulated phosphorylation of Tyr845, Tyr 998, Tyr1045,
Tyrl086, Tyr1148, and Tyr1173 more efficiently than amphiregulin and epiregulin. Thr669,
Tyr992 and Ser1046/47 showed similar phosphorylation levels upon stimulation with the
different ligands (Figure 2).

EGFR activation by phosphorylation leads to activation of several downstream intracellular
signaling, extracellular-related kinase (ERK) and phosphoinositide 3-kinase (PI13K)-AKT
pathways, responsible for a variety of effects [12]. We analyzed the role of EGFR ligands in
the activation AKT, an important kinase for cell survival and motility [13]. EGF, HB-EGF,
TGF-a, B-Cellulin in SkHep-1 cells showed greater levels of phospho-AKT than AR and
EPR. With the exception of amphiregulin, EGFR ligands stimulation resulted in increased
phosphorylation of p-ERK 1/2. Our data suggest that specific phosphorylation sites could be
involved with the EGFR nuclear translocation. Together, these findings demonstrate that
EGFR ligands that mediate nuclear EGFR translocation showed more phosphorylated
markers than ligands that did not induce nuclear accumulation.

3.2. Effects of different ligands on SkHep-1 cell migration and proliferation

We next investigated the effects of the ligands on SKHep-1 cell migration and proliferation.
The six EGFR ligands alone did not show induction of SkHep-1 cells proliferation (Figure
3A). Similar results were obtained using Cell Titer Blue reagent (data not shown).
Furthermore, cell proliferation was assessed by EdU incorporation in a population of EGFR
ligand-stimulated cells that showed no difference between stimulated and serum free treated
cells (Figure 3B). We also tested the capacity of the ligands to induce the Histone H3
phosphorylation occurring at Ser10 that is tightly correlated with chromosome condensation
and segregation during mitosis [14]. The fraction of cells in mitosis was determined by
quantification of this marker by flow cytometry and Western blot (Figure 3C and D).
Similarly, to the other proliferation analysis, the amount of phospho-H3 marker in ligand-
stimulated cells was similar to the control group (serum free cells). Migration of untreated
and cells treated with EGFR ligands were compared by wound healing assay. SkHep-1 cells
were previously cultured in serum free medium to minimize the cell proliferation effects.
Representative images were taken at time points of 0, 12, 24 and 36 hours of the identical
locations (Figure 4A). Quantification of the results are shown in Figure 4B. A significant
enhancement in wound closure was detected in cells exposed to EGF, HB-EGF, TGF-a and
B-Cellulin compared with serum free cells (p <0.0001). In addition, epiregulin showed
higher wound closure induction than serum free group (p<0.01). In contrast, amphiregulin
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failed to mimic the effect of others EGFR ligands on wound closure, showing no difference
compared to control cells. Together, the results show that EGF, HB-EGF, TGF-a and f-
Cellulin mediated migration, but not proliferation of SKHep-1 cells.

4. Discussion

Similar to hepatocyte growth factor receptor (HGFR, c-Met) and insulin receptor, EGF/
EGFR complexes translocate to the nucleus [10, 11, 15]. Nuclear translocation of EGFR
family promotes cell survival, and is associated with enhanced resistance to radiation,
chemotherapy and anti-EGFR therapies [16]. Even so, little is known about which ligands
and phosphorylation patterns modulate the nuclear translocation process. Here, we show that
six different EGFR ligands differ in their effects on receptor phosphorylation sites, nuclear
translocation and cell migration behavior.

The current work suggests that EGFR ligands, HB-EGF, TGF-a, B-Cellulin are involved in
the EGFR nuclear translocation (Figure 1). Screening of phosphorylation sites showed a
strong correlation between ligands promoting nuclear receptor accumulation and certain
tyrosine-phosphorylation markers (Figure 2). Specific residues in the EGFR have been
implicated in the regulation of its trafficking. For example, mutation of Tyr998 residue
rendered receptors defective for endocytosis and interaction with AP-2, a clathrin-associated
protein complex [17, 18]. Interestingly, clathrin knockdown is involved in EGFR nuclear
translocation [10]. In HEp2 cells, EGFR ligands differentially affect EGFR endocytosis,
recycling, and stimulation of the EGFR phosphorylation profile. EGF, p-Cellulin and HB-
EGF are the most efficient at stimulating persistent EGFR phosphorylation. The low
phosphorylation levels observed after TGF-a, amphiregulin, and epiregulin stimulation was
due to limiting ligand concentrations [19].

Corroborating our data, in 32D/EGFR cells, EGF stimulates phosphorylation of EGFR
Tyrl045 considerably more than amphiregulin. On the other hand, both ligands lead to
similar phosphorylation of Tyr992 [4]. Amphiregulin also stimulated less phosphorylation
than EGF, TGF-a or B-Cellulin at many sites on the EGF receptor from CHO cells, and
correlate with smaller biological effects [20]. A link between EGFR activation and nuclear
localization may be attributed to tyrosine phosphorylation sites; site-specific mutagenesis
could identify key phosphorylation residues, and adaptor proteins involved directly in the
nuclear translocation of EGF receptor.

Several of the ligands are co-expressed and found in increased concentrations in a large
number of breast cancers, where they are involved in tumor progression [21]. Upon EGF
stimulation, EGFR translocates to the nucleus where it binds to the proximal region of the
cyclin D1 promoter, stimulating its expression, resulting in cell proliferation [22]. EGFR
ligands (at concentration of 100ng/ml) did not affect SkHep-1 proliferation, showing no
difference in number of cells, DNA synthesis, and mitotic markers compared to the control
group (non-stimulated cells) (Figure 3). Specific signaling events in response to high EGF
concentrations induce negative effects on proliferation in some cell models [23]. Moreover,
in non-small cell lung cancer, EGFR activation by EGF resulted in cell migration stimulation
but it did not promote cell proliferation [24]. Our results indicate that single ligand
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stimulation of serum starved SkHep-1 cells fails to trigger proliferation, while promoting
migration. These effects are interesting to evaluate the migration by wound healing assay of
these cells after stimulation of different EGFR ligands without the interference of cell
proliferation.

In the present study, we have established a role for EGF, HB-EGF, TGF-a and p-Cellulin in
promoting migration of SkHep-1, consistent with others cell models [25, 26]. In addiction,
epiregulin induced /n vitro wound closure, as reported in normal human epidermal
keratinocytes and A431 cells [27]. Gefitinib (ZD1839, Iressa) specifically inhibits tyrosine
kinase activity and downstream survival signals of EGFR [28]. Interestingly, elevated
accumulation of EGFR was observed in the nucleus of gefitinib-resistant cell line and
gefitinib treated cells [29, 30]. Furthermore, the EGFR phosphorylation at Ser229 by AKT is
critical for EGFR nuclear translocation and gefitinib resistance [30]. In our study, AKT
activity (pAKT) was elevated by all four ligands (EGF, HB-EGF, TGF-a and BTC) that
mediate EGFR nuclear accumulation (Figure 1, 2). EGF/EGFR-driven cell migration is
dependent on AKT activation [31], and the current findings positively correlate EGFR
ligands and cell migration effects (Figure 4).

Nuclear expression of EGFR is correlated with poor prognosis in many cancer types,
including breast and ovarian [32, 33]. Moreover, resistance of cancer to radiotherapy is
frequently correlated with elevated EGFR expression and nuclear translocation [8, 16].
EGFR ligands are also correlated with clinical-pathological features. High expression of
TGF-a and HB-EGF are associated with large tumor and diameter and high histoprognostic
grading, while EGF and amphiregulin are associated with small tumor diameter and low
histoprognostic grade [21]. Cancer patients with tumors expressing high levels of
amphiregulin and epiregulin are more likely to have disease control, with cetuximab
showing longer progression-free survival than patients with low expression [34].
Interestingly, EGFR ligands associated with better drug-responses are the ones that do not
stimulate EGFR nuclear localization. It is possible that tumors expressing EGFR ligands that
do not induce EGFR nuclear translocation will be more sensitive to EGFR targeted
treatment. The current work highlights the differential roles of EGFR ligands in mediating
nuclear receptor accumulation, corroborating the importance of nuclear signaling in cancer
progression.
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Highlights

. EGF, HB-EGF, TGF-a, B-Cellulin are involved in the EGFR nuclear
translocation

. Amphiregulin and epiregulin did not promote nuclear translocation of
EGFR

. EGF, HB-EGF, TGF-a and p-Cellulin have a role in SkHep-1 cells
migration.

. EGFR ligands associated with better prognosis don’t stimulate EGFR

translocation.
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Figure 1. EGF, HB-EGF, TGF-a, B-Cellulin induce EGFR nuclear translocation in a dose-
dependent manner in SkHep-1 cells while amphiregulin and epiregulin do not

A, C, E, G, I, J, Western blot analysis of total EGFR in non-nuclear and nuclear fractions
isolated from resting (0) or EGFR ligands stimulated cells (1, 5,10, 50 and 100 ng/ml) for 10
minutes. a-tubulin and Lamin B1 were used as purity control for nuclear and non-nuclear
fractions, respectively. Bands corresponding to EGFR in the nuclear fractions are detected in
EGF, HB-EGF, TGF-a, B-Cellulin-stimulated groups (A, C, E, G). EGFR bands are not
observed in amphiregulin and epiregulin nuclear fractions (I, J). EGFR Blots are
representative of what was observed in three separate experiments. B, D, F, H, EC50 curves
from densitometrics analysis confirms the dose-dependent EGFR nuclear translocation upon
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EGF, HB-EGF, TGF-a, B-Cellulin stimulation. The nuclear detection of EGFR was
expressed as percent of EGFR expression in resting cells. Line through EGFR expression is
the nonlinear regression fit with Hill equation of ligand dose response. Data are represented
as mean * S.E (N=3). K, confocal images of non-stimulated SkHep-1 cells (serum free) and
upon 10 min EGFR ligands stimulation (100ng/ml). Lamin B1, the nuclear membrane
marker is showed in green, EGFR in red and the nuclear staining hoechst in blue. Serial
optical sections were collected for three-dimensional reconstruction; x—z sections are shown
at the top, and y-z sections are shown at the right of each image (bar = 10 um).

Biochem Biophys Res Commun. Author manuscript; available in PMC 2017 September 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Faria et al.

Page 13

p- EGFR (T669)

H |

p- EGFR (Y845)

p- EGFR (Y992)

p- EGFR (Y998)

p- EGFR (Y1045)

p- EGFR (S1046/1047)
p- EGFR (Y1086)

p- EGFR (Y1148)

p- EGFR (Y1173)
EGFR

p-AKT (T308)

AKT
p-ERK 1/2 (T202/Y204)

ERK1/2

o-tubulin

B
&
I

Figure 2. Ligands trigger differential phosphorylation profile in the carboxy-terminal tails of
EGFR

Western blot analysis of whole-cell extracts from non stimulated cells (serum free) and
treated with EGFR ligands (100ng/ml) for 10 minutes. The extracts were separated in 10%
SDS-PAGE and immunoblotted with p-EGFR (T669), p-EGFR (Y845), p-EGFR (Y992), p-
EGFR (Y998), p-EGFR (Y1045), p-EGFR (S1046/1047), p-EGFR (Y1086), p-EGFR
(Y1148), p-EGFR (Y1173), EGFR, p-AKT (T308), AKT, p-Erk1/2 (T202/Y204), Erk1/2
antibodies. a-tubulin was used as loading control.
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Figure 3. EGFR ligands are unable to trigger cell proliferation in SkHep-1
Serum starved cells were stimulated with EGF, HB-EGF, TGF-a,, p-Cellulin, amphiregulin

and epiregulin (100ng/ml) for 24 hours A, growth curve of controls (serum free and
10%FBS) and cells treated with EGFR ligands. The cell count data were determined by
counting cells on a standard grid-patterned hemocytometer every 24 hours. N=3,
***n<0.001. B, Quantification of EdU-positives numbers cells after 24 hour of EGFR
ligands treatment. The average number of EdU-positive cells was quantified as a ratio of the
total number of nucleus (hoechst stain) as described in materials and methods. N=3 *p<0.05.
C, Quantification of SkHep-1 cells stained with Alexa Fluor 488-conjugated phosphorylated
H3 (Ser10) antibody by flow cytometry. N=3, ****p<0.0001. D, western blot of whole cell
lysates were probed against antibodies for phosphorylated histone H3 (top) and total histone
H3 (bottom). Histone H3 was used as internal control.
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Figure 4. EGF, HB-EGF, TGF-a, p-Cellulin and epiregulin induce cell migration while
amphiregulin does not

A, serum starved cells were wounded and then stimulated with EGFR ligands (100ng/ml).
Representative phase-contrast images of the cell monolayer were acquired using 1X70
inverted microscope (Olympus America) fitted with a 4X objective. The bar in the upper
image indicates 200um. B, Cell migration rates quantification. Wound areas were measured
using ImageJ software, and the percentage wound closure was calculated and expressed
related to serum free group (N=3, *p<0.05, **p<0.01, ****p<0.0001).
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