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Abstract: The overactivation of epidermal growth factor (EGF) receptor (EGFR) is implicated in
various cancers. Endocytosis plays an important role in EGFR-mediated cell signaling. We previously
found that EGFR endocytosis during mitosis is mediated differently from interphase. While the
regulation of EGFR endocytosis in interphase is well understood, little is known regarding the
regulation of EGFR endocytosis during mitosis. Here, we found that contrary to interphase cells,
mitotic EGFR endocytosis is more reliant on the activation of the E3 ligase CBL. By transfecting HeLa,
MCF-7, and 293T cells with CBL siRNA or dominant-negative 70z-CBL, we found that at high EGF
doses, CBL is required for EGFR endocytosis in mitotic cells, but not in interphase cells. In addition,
the endocytosis of mutant EGFR Y1045F-YFP (mutation at the direct CBL binding site) is strongly
delayed. The endocytosis of truncated EGFR ∆1044-YFP that does not bind to CBL is completely
inhibited in mitosis. Moreover, EGF induces stronger ubiquitination of mitotic EGFR than interphase
EGFR, and mitotic EGFR is trafficked to lysosomes for degradation. Furthermore, we showed
that, different from interphase, low doses of EGF still stimulate EGFR endocytosis by non-clathrin
mediated endocytosis (NCE) in mitosis. Contrary to interphase, CBL and the CBL-binding regions of
EGFR are required for mitotic EGFR endocytosis at low doses. This is due to the mitotic ubiquitination
of the EGFR even at low EGF doses. We conclude that mitotic EGFR endocytosis exclusively proceeds
through CBL-mediated NCE.
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1. Introduction

The epidermal growth factor (EGF) receptor (EGFR), like other receptor tyrosine kinases (RTKs),
regulates key events in cell growth, differentiation, survival and migration [1–3]. Aberrant signaling
from EGFR has been implicated in many diseases [2,4]. EGFR is historically the prototypical RTK.
It was the first of this large family of transmembrane receptors to be cloned, and the first for which
a clear connection between aberrant receptor function and cancer could be drawn [2]. The binding
of EGF to EGFR at the cell surface induces dimerization of EGFR, which results in the activation of
EGFR tyrosine kinase and EGFR trans-autophosphorylation [5–10]. EGFR activation stimulates various
signaling pathways that regulate multiple cell functions [1–3]. EGF stimulates cell proliferation by
driving the cell cycle that is comprised of four phases: G1, S, G2 and M [11,12]. Binding of EGF also
stimulates the rapid internalization of EGFR [13]. EGFR endocytosis and EGFR-mediated cell signaling
are mutually regulated [14,15].

In spite of significant advances in our understanding of EGFR signaling and trafficking,
some critical knowledge is still lacking. Our current knowledge of EGFR signaling and EGFR
endocytosis comes mostly from the studies of cells in G1 phase of the cell cycle. Very little is known
regarding EGFR-mediated signaling and endocytosis in mitosis.
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Mitosis represents a period where the needs and requirements of the cell differ vastly from
interphase cells. EGFR signaling has been shown to be regulated differently between interphase and
mitotic cells. We and others previously found that the EGFR of mitotic cells (at times referred here as
“mitotic EGFR” for simplicity) can still be activated during mitosis, but that the signal transduction
pathways are regulated differently compared to interphase cells [16,17]. We also previously found
that EGFR endocytosis of mitotic cells is regulated differently, in that EGFR is endocytosed at a slower
rate [18]. At that time, we did not fully decipher the molecular mechanisms behind the differential
kinetics. Therefore, in this report, we further studied this phenomenon.

Endocytosis of the EGFR can lead to two distinct fates for the receptor: recycling back to the
plasma membrane or lysosomal degradation [13,19–21]. As such, the route taken directly influences
the total number of receptors available for a subsequent signal transduction response. EGFR recycling
has been shown to be predominantly mediated by clathrin-mediated endocytosis (CME), whereas
non-clathrin-mediated endocytosis (NCE) targets receptors for lysosomal degradation [22–24].

CME is a mechanism of internalization that is dependent on the recruitment of clathrin to the
receptor. While this notion has been disputed by some studies [25–27], most data support the theory
that CME is inhibited in mitosis [28–37]. The mechanisms underlying CME inhibition are still unknown,
however, several mechanisms have been proposed and partially tested. These mechanisms include
the “moonlighting” hypothesis [35,36], the phosphorylation of endocytic proteins [38,39], and the
unavailability of actin for CME [40]. In agreement with this, we previously found that mitotic EGFR
endocytosis was clathrin-independent as siRNA depletion of clathrin heavy chain did not affect
mitotic EGFR endocytosis [18]. We therefore hypothesized that mitotic EGFR proceeded exclusively
through NCE.

NCE has been described as having potential tumor suppressive characteristics [41]. NCE has
also been described as initiating more slowly than CME [13,22,42–44], which fits with our observed
delay in mitotic EGFR endocytosis [14]. Molecularly, EGFR NCE has been described as only activated
by physiologically high doses of EGF [22–24], which is likely a mechanism evolved to compensate
when the CME pathway is saturated and to prevent excessive EGFR signaling [38]. EGFR NCE
has been shown to be mediated by ubiquitination of the receptor, and this ubiquitination has been
shown to be limited by the activity of the E3 ligase c-CBL [22–24]. Therefore, c-CBL (henceforth CBL)
provides a critical negative regulatory control of the EGFR, as it targets the EGFR for endocytosis and
degradation. The activation of CBL depends on its binding to the activated EGFR, either by direct
interaction with pY1045, or by indirect interaction through the adaptor GRB2, which binds to pY1068
or pY1086 [23,24,36,37,39,40,45,46].

In this report, we found that EGF-stimulated EGFR endocytosis proceeds exclusively by NCE
during mitosis. We found that contrary to interphase cells, mitotic EGFR endocytosis is more reliant on
the activation of CBL. Since CME is shut down, CBL has a more crucial role in mediating mitotic EGFR
endocytosis. By transfecting HeLa, MCF-7, and 293T cells with CBL siRNA or dominant-negative
70z-CBL, we found that at high EGF doses, CBL is required for EGFR endocytosis of mitotic cells,
and not interphase cells. Moreover, the endocytosis of truncated EGFR ∆1044-YFP, which does not bind
to CBL, is completely inhibited. EGF induces stronger ubiquitination of mitotic EGFR than interphase
EGFR and mitotic EGFR is trafficked to lysosomes for degradation. Furthermore, we found that during
mitosis, low doses of EGF also stimulate EGFR endocytosis by NCE. Contrary to interphase, CBL and
the CBL-binding regions of EGFR are required for mitotic EGFR endocytosis at low doses. This is due
to the mitotic ubiquitination of the EGFR even at low EGF doses.

2. Materials and Methods

2.1. Antibodies and Chemicals

Antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA), including: mouse
anti-EGFR (sc-373746), anti-pY99 (sc-7020), anti-CBL (sc-170), anti-Ubiquitin (sc-8017), anti-Cyclin
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B1 (sc-245), and anti-β-Tubulin (sc-5274), rabbit anti-GRB2 (sc-8034) and anti-SHC (sc-967), and goat
anti pY1068 (sc-16804) and pY1086 (sc-16804). LAMP-2 (AF6228) antibody was from R&D Biosystems
(Minneapolis, MN, USA). The horseradish peroxidase (HRP)-conjugated secondary antibodies were
from Bio-Rad Laboratories (Hercules, CA, USA) and the fluorescence-conjugated secondary antibodies
were from Jackson ImmunoResearch (West Grove, PA, USA). Goat anti-mouse immunoglobulin G
(IgG) conjugated with agarose was from Sigma-Aldrich (St. Louis, MO, USA). EGF was from Upstate
Biotechnology, Inc. (Lake Placid, NY, USA).

2.2. Plasmid Construction

The EGFR-YFP, EGFR-Y1045F-YFP, EGFR-∆991-YFP, and EGFR-∆1044-YFP constructs were
described previously [47]. The c-CBL-YFP and 70z-CBL-YFP constructs were generous gifts from the
Sorkin Lab (Department of Cell Biology, University of Pittsburgh School of Medicine).

2.3. Cell Culture, Transfection, and Treatment

HeLa, 293T, and MCF-7 cells were growth at 37 ◦C in Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum and antibiotic/antimycotic solution maintained at 5% CO2 atmosphere.
For transfection, MCF-7 cells in 24-well plates were transfected using LipofectAMINE 2000 reagent
(Invitrogen, Carlsbad, CA, USA) as per the manufacturer’s protocol, and 293T cells in 24-well
plates were transfected using calcium phosphate precipitation with BES (N,N-bis(2-hydroxyethyl)
-2-aminoethanesulfonic acid) buffer. MCF-7 and 293T cells were chosen due to their low levels of
endogenous EGFR [48,49]. Small interfering RNA-mediated silencing transfections were done using
CBL siRNA (sc-29241; Santa Cruz Biotechnology, Santa Cruz, CA, USA) in HeLa cells as per the
manufacturer’s protocol.

Mitotic cells were collected by gentle mitotic shake-off as previously described [17]. Briefly, cells
were arrested in prometaphase by treating cells with nocodazole (200 ng/mL) in serum-free media for
16 h. The nocodazole-arrested cells were treated with EGF (2 ng/mL or 50 ng/mL) for 5, 30, and 45 min,
or not treated with EGF (0 min). The EGF-containing media was then removed and serum-free media
was added. Cells were placed on ice and dislodged by gently tapping the plates for 5 min. The mitotic
cell-containing media was centrifuged at 1000 rpm for 5 min. The obtained mitotic cells were then lysed
with cold Mammalian Protein Extraction Reagent (M-Per) (Thermo Fisher Scientific Inc, Rockford, IL,
USA) buffer in the presence of phosphatase and protease inhibitors including 100 mm NaF, 5 mM
MgCl2, 0.5 mM Na3VO4, 0.02% NaN3, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride, 10 µg/mL
aprotinin, and 1 µM pepstatin A. To collect lysates for interphase cells, cells were serum-starved for
16 h. Cells were then treated with EGFR for 5, 30, and 45 min. To ensure consistency with the mitotic
treatment, the cells were also tapped on ice for 5 min to remove mitotic cells and then left on ice for
5 min. The remaining interphase cells were collected by scraping on ice in cold M-Per in the presence
of phosphatase and protease inhibitors. For both interphase and mitotic cells, after lysing, the samples
were centrifuged at 21,000× g and the supernatant was collected for immunoblotting.

2.4. Immunoprecipitation and Immunoblotting

Immunoprecipitation (IP) experiments were carried out as described previously [47] Interphase
or mitotic cells were lysed with IP buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1% NP40, 0.1% sodium
deoxycholate, 100 mM NaF, 0.5 mM Na3VO4, 0.02% NaN3, 0.1 mM 4-(2-aminoethyl)-benzenesulfonyl
fluoride, 10 µg/mL aprotinin, and 1 µM pepstatin A) for 15 min at 4 ◦C. Cell lysates were then
centrifuged at 21,000× g. The supernatant, containing 1 mg of total protein, was incubated with 0.8 µg
of mouse monoclonal anti-EGFR antibody A-10 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for
2 h at 4 ◦C with gentle mixing by inversion. Goat anti-mouse IgG conjugated with agarose was added
to each fraction and incubated for 2 h at 4 ◦C with gentle mixing by inversion. Next, the agarose beads
were centrifuged, washed three times with IP buffer, and 2× loading buffer was added. The samples
were boiled for 5 min at 95 ◦C and loaded for SDS-PAGE for subsequent immunoblotting.
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Immunoblotting was performed as previously described [50]. Briefly, protein samples were
separated by SDS-PAGE and were transferred to nitrocellulose. The membranes were blocked
for non-specific binding and incubated with primary antibody overnight. The membranes were
then probed with HRP-conjugated secondary antibody followed by detection with enhanced
chemiluminescence solution (Pierce Chemical, Rockford, IL, USA) and light detection on Fuji Super
RX Film (Tokyo, Japan).

2.5. Indirect Immunofluorescence

Indirect immunofluorescence was performed as previously described [18]. Cells were grown on
glass coverslips and serum-starved for 16 h. After treatment without or with nocodazole (200 ng/mL
for 16 h) and without or with EGF for various indicated times, the cells were fixed with ice-cold
methanol for 10 min. The cells were then permeabilized with 0.2% Triton X-100 for 10 min on ice.
Next, cells were blocked with 1% BSA for 1 h on ice. Cells were then incubated with primary antibody
overnight at 4 ◦C. Primary antibody anti-CBL was used at 1:50 dilution, and anti-pEGFR-Y1086 and
anti-EGFR were used at 1:200 dilutions. Cells were then washed three times with PBS and incubated
with rhodamine- or FITC-labeled secondary antibody for 1 h at 4 ◦C. Cells were then washed three times
with PBS, followed by nuclear staining with DAPI (4′6-diamidino-2-phenylindole) (300 nM). Finally,
cells were washed three times and mounted. Images were taken with the DeltaVision deconvolution
microscopy system (GE Healthcare Life Sciences, Buckinghamshire, UK) or Axiovert 200 inverted
microscopy system (Carl Zeiss, Oberkochen, Germany)

Quantification of EGFR internalization was performed using ImageJ as previously described [18].
Briefly, the cells were visualized by differential interference contrast (DIC). For each image, a large
polygon (VL) was drawn along the outer edge of the cell membrane to represent the entire area of
the cell. In addition, a small polygon (VS) was drawn along the inner edge of the cell membrane to
represent the cell interior. The VL and VS values were calculated for either stains of EGFR, pEGFR, or
for YFP (for EGFR-YFP mutants), and membrane EGFR percentage was obtained by the Equation (1):

Membrane EGFR percentage =
VL −VS

VL
(1)

The membrane EGFR percentage was calculated and plotted for at least 10 cells in at least two
independent experiments. Standard errors of the mean (SEM) are displayed for each data point.
Statistics were performed by two-tailed Student’s t-test (** indicates p < 0.01 and * indicates p < 0.05).

3. Results

3.1. CBL Interaction with EGFR during Mitosis

EGFR expression at the plasma membrane does not change from interphase to mitosis [17,18,51].
Previously, we found that similar to interphase, stimulation of nocodazole-arrested mitotic HeLa cells
with high doses of EGF (50 ng/mL) induces the phosphorylation of the EGFR at all major tyrosine
residues, including Y992, Y1045, Y1068, Y1086, and Y1173 [17]. Moreover, this also phosphorylates
CBL to similar levels [17].

It has been well shown that EGF stimulates CBL E3-ligase activity [52,53]. Phosphorylated
EGFR creates docking sites for CBL to translocate from the cytoplasm to the plasma membrane and
ubiquitinate EGFR. Therefore, to confirm mitotic CBL activation by EGF stimulation, we first observed
CBL localization in mitotic HeLa cells by immunofluorescence microscopy. Immunofluorescence
costaining using anti-EGFR and anti-CBL antibodies revealed that CBL colocalizes with EGFR upon
5 min of 50 ng/mL EGF treatment in both interphase and mitotic cells (Figure 1A). Furthermore, IP of
EGFR using a monoclonal anti-EGFR antibody of both interphase and mitotic cell lysates showed that
mitotic cells stimulated with EGF for 5 min not only co-immunoprecipitated CBL, but also had higher
IPs of CBL with EGFR than interphase cells (Figure 1B). Interestingly, CBL co-immunoprecipitation
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(co-IP) with EGFR decreased at 30 min after EGF treatment in mitotic cells, whereas it increased for
interphase cells, and continued increasing at 45 min after EGF treatment. Most surprising, however,
is that ubiquitination of the EGFR was enhanced at all time points studied during mitosis compared
to interphase (Figure 1B). Since CBL also binds EGFR indirectly through the EGFR adaptor GRB2,
we also immunoblotted EGFR co-immunoprecipitates for GRB2 and SHC. The results showed that
during mitosis, GRB2 and SHC also bind to EGFR following EGF stimulation (Figure 1B).
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antibodies. Mitotic EGFR is more strongly ubiquitinated than interphase. Total cell lysates (TCLs, or 
input) are also shown. Results are representative of at least two biological replicates. IB: Immunoblot. 
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containing. IP: Immunoprecipitate. I-ph: Interphase/ M-ph: Mitosis phase. 

Figure 1. CBL is activated by EGF stimulation during mitosis. (A) Direct immunofluorescence images
of HeLa cells stained with CBL (green), EGFR pY1086 (red), and DAPI (blue). Cells were untreated
or treated with EGF (50 ng/mL) for 5 min. * represents interphase cells and # represents mitotic cells.
Arrows point to sites of CBL colocalization to EGFR in mitotic cells. (B) Co-immunoprecipitation of
EGFR from asynchronous (interphase) or nocodazole-arrested (mitosis) HeLa cells. EGF (50 ng/mL)
was used to treat cells for the indicated times. Immunoblotting was performed with the specified
antibodies. Mitotic EGFR is more strongly ubiquitinated than interphase. Total cell lysates (TCLs,
or input) are also shown. Results are representative of at least two biological replicates. IB: Immunoblot.
Ub: Ubiquitin. GRB2: Growth factor receptor-bound protein 2. SHC: Src homology 2 domain containing.
IP: Immunoprecipitate. I-ph: Interphase/M-ph: Mitosis phase.

In summary, double indirect immunofluorescence revealed that both EGFR and CBL co-localize
after EGF stimulation during mitosis. Co-IP experiments also showed that EGF stimulates the
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interaction between EGFR and CBL. In addition, EGFR is more strongly ubiquitinated by EGF
stimulation during mitosis.

3.2. Effects of Altering CBL Expression and Activity during Mitosis

CME has been shown to be inhibited during mitosis [37,39,40]. Therefore, we sought to discover
whether altering CBL activity, the major mediator of NCE, would inhibit EGFR endocytosis. We first
silenced CBL in HeLa cells by siRNA transfection and found that transfected mitotic cells had
much less EGFR endocytosis following 45 min of EGF (50 ng/mL) stimulation, as observed by
immunofluorescence (IF) staining of activated EGFR (Figure 2A). In comparison, siRNA-transfected
interphase cells were little affected. To further confirm the effects of CBL knockdown without
the use of immunofluorescence staining, MCF-7 cells were transiently transfected with EGFR-YFP,
and YFP localization was monitored. MCF-7 cells were selected due to their low level of endogenous
EGFR expression [54]. Similarly, knockdown of CBL by siRNA in MCF-7 cells also inhibited mitotic
endocytosis of EGFR-YFP following 45 min of EGF (50 ng/mL) stimulation (Figure 2B).
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To further verify the role of CBL, we used the dominant-negative 70Z-CBL-YFP mutant, which 
has a deletion of 17 amino acids that disrupts the RING finger structure, making it unable to interact 

Figure 2. siRNA downregulation CBL inhibits mitotic endocytosis. Indirect immunofluorescence to
observe EGFR endocytosis in cells treated with CBL siRNA or with scramble siRNA in: (A) HeLa
cells stained for DAPI (blue), CBL (green) and phosphorylated EGFR (pY1086) (red) and treated with
EGF (50 ng/mL) for 45 min; and (B) MCF-7 cells transfected with EGFR-YFP and treated with EGF
(50 ng/mL) for 45 min. MCF-7 cells were treated with nocodazole (200 ng/mL) for 16 h. * represents
interphase cells and # represents mitotic cells.

To further verify the role of CBL, we used the dominant-negative 70Z-CBL-YFP mutant, which has
a deletion of 17 amino acids that disrupts the RING finger structure, making it unable to interact
properly with ubiquitin-conjugating enzymes (E2 ligases) [53,55]. The 70Z-CBL-YFP protein can still
bind to the cytoplasmic tail of activated EGFR [55–58]. Transfection with 70Z-CBL-YFP showed
that 70Z-CBL-YFP became localized to EGFR following EGF stimulation (50 ng/mL), and that
this significantly inhibited EGF-induced EGFR endocytosis during mitosis, but not in interphase,
where 70Z-CBL-YFP transfection did not change EGF-induced endocytosis (Figure 3A). Quantification
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of the data from Figure 3A showed that mitotic cells transfected with 70Z-CBL-YFP retained EGFR at
the plasma membrane when compared with non-transfected cells, even after 60 min of EGF treatment
(50 ng/mL) (Figure 3B). Taken together, inhibiting CBL activity decreased EGFR endocytosis in
mitosis, but not in interphase. Therefore, CBL activity appears more important during mitotic EGFR
endocytosis than during interphase.
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transfection of CBL, the cells were treated with nocodazole (200 ng/mL) for 16 h. The cells were then
treated with EGF (50 ng/mL) for the indicated times and were stained for pY1086 (red), and DAPI (blue).
The transfected cells were green. (A) EGFR endocytosis in cells transfected with 70z-YFP. * represents
interphase cells, # represents mitotic cells, and ’ represents transfected cells. (B) Quantification of
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is the average of at least 10 mitotic cells. Control are mitotic cells treated with EGF (50 ng/mL) for
2 min and with fully plasma membrane-localized EGFR. The error bars are the standard errors of the
mean (SEMs).
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We next sought to see whether CBL overexpression could increase the rate of endocytosis during
mitosis. CBL-YFP overexpression in HeLa cells did not induce any observable endocytosis at earlier
time points, nor increase the rate of EGFR internalization, when we observed EGFR endocytosis of
these cells at 2, 5, 7, 10, or 15 min (Figure 4). EGFR endocytosis of CBL-YFP-transfected cells at 30, 45,
and 60 min also progressed similarly to non-transfected cells (Figure S1, Supplementary Materials).
This is similar to previous reports in interphase cells, where it was observed that overexpression of
CBL did not increase the rate of EGFR internalization [57,59].
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Figure 4. Overexpression of CBL does not accelerate endocytosis. Indirect immunofluorescence to
observe EGFR endocytosis in HeLa cells transfected with CBL (CBL-YFP). Following the transfection
of CBL, the cells were treated with nocodazole (200 ng/mL) for 16 h. The cells were then treated
with EGF (50 ng/mL) for the indicated times and were stained for pY1086 (red), and DAPI (blue).
The transfected cells were green. The endocytosis of EGFR in the cells transfected with wild type
c-CBL-YFP. * represents interphase cells, # represents mitotic cells, and ’ represents transfected cells.

3.3. Role of EGFR C-Terminal Domains for Mitotic Endocytosis

We previously showed that mitotic EGFR endocytosis requires EGFR kinase activity [18].
Treatment with the EGFR-tyrosine kinase antagonist AG1478 inhibited mitotic EGFR endocytosis,
and washed away AG1478-restored endocytosis [18]. In contrast, interphase EGFR could still undergo
endocytosis in the presence of AG1478 [18]. To further explore the role of EGFR kinase activity in the
activation of CBL, we blocked EGFR activation with AG1478 for 1 h prior to EGF (50 ng/mL) treatment.
As before, this treatment prevented EGFR endocytosis during mitosis as visualized by IF [18] (data not
shown). We next examined CBL phosphorylation by immunoblotting with antibody to p-CBL and
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showed that treatment with AG1478 inhibited EGF-induced CBL tyrosine phosphorylation in mitotic
cells (Figure 5A). Therefore, EGFR kinase activity is required for CBL activation.
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Figure 5. The role of EGFR kinase activation in EGFR endocytosis. (A) The effects of AG1478 on EGFR
and CBL phosphorylation. Asynchronous (I-phase) and nocodazole-arrested (M-phase) HeLa cells
were pre-treated with AG1478 1 h prior to EGF treatment, and then treated with EGF (50 ng/mL) for
the indicated times. Western blots of TCL are shown to study the role of EGFR C-terminal domains,
and 293T cells were transfected with (B) EGFR-YFP (positive control), (C) EGFR-Y1045F-YFP (no
direct CBL binding), (D) EGFR-∆1044-YFP (no CBL binding), and (E) EGFR-∆991-YFP (negative
control). Cells were treated with EGF (50 ng/mL) for the specified times and observed by indirect
immunofluorescence. Cell cycle phase of cells were determined by DNA morphology (not shown).
Cells were treated with nocodazole (200 ng/mL) for 16 h.
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We next sought to investigate which EGFR domains were important for mitotic endocytosis.
We made use of previously constructed and characterized YFP-tagged EGFR mutants including EGFR
with Y1045F substitution (Y1045F-YFP, no direct CBL binding), EGFR truncated at 1045 (∆1044-YFP,
no CBL binding), EGFR truncated at 992 (∆991-YFP, no internalization), and WT (EGFR-YFP)
(Figure 6F) [47,55,60–62]. We transfected these constructs into HEK 293T or MCF-7 cells, since they
express low amounts of endogenous EGFR, and then observed the effects of EGF treatment on their
plasma membrane localization using indirect immunofluorescence (Figure 5B–E and Figure 6A–E).Cells 2018, 7, x FOR PEER REVIEW  12 of 27 
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Figure 6. Necessity of EGFR’s CBL-binding domains for EGFR endocytosis. MCF-7 cells were
transfected with (A) EGFR-YFP (positive control), (B) EGFR-Y1045F-YFP (no direct CBL binding),
(C) EGFR-∆1044-YFP (no CBL binding), and (D) EGFR-∆991-YFP (negative control). Cells were treated
with nocodazole (200 ng/mL) for 16 h and with EGF (50 ng/mL) for the specified times and observed
by indirect immunofluorescence. Cell cycle phases of cells were determined by DNA morphology (not
shown). (E) Quantification of plasma membrane retainment of YFP for (A–C) for at least 10 cells (see
Materials and Methods). The error bars are the SEMs. (F) Illustration of EGFR mutants used and their
ability to bind CBL.
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In non-EGF-treated MCF-7 cells, all mutants exhibited high plasma membrane localization and
low cytoplasmic localization during both interphase and mitosis (Figure 6A–E). For the cells in the
interphase, treatments of EGF (50 ng/mL) for 30, 45, or 60 min significantly increased the internalization
of EGFR-YFP, Y1045F-YFP, and ∆1044-YFP, but not ∆991-YFP which is endocytosis deficient due to the
lack of any internalization motifs. The internalization levels of EGFR-YFP, Y1045F-YFP, and ∆1044-YFP
during interphase at all three time points were all similar. In contrast, these mutants responded
to EGF treatment differently from each other when cells were in mitosis. For the cells in mitosis,
EGF stimulated strong endocytosis of EGFR-YFP, and approximately two-thirds of EGFR-YFP was
internalized following 30 min of EGF treatment, with more EGFR-YFP becoming internalized at 45 and
60 min. The internalization of both Y1045F-YFP and ∆1044-YFP, however, were impaired in mitosis.
In mitosis, no endocytosis of Y1045F-YFP mutants was observed following addition of EGF for 30 min,
with only a very low level of endocytosis at 45 min. Interestingly, a high proportion of them eventually
became endocytosed at 60 min. However, no EGF-induced endocytosis of ∆1044-YFP mutants was
observed even at 60 min following EGF addition (Figure 6). Similar results were observed when the
experiments were repeated in 293T cells (Figure 5B–E).

Taken together, this data shows that the CBL-binding domains of the EGFR are more important
for mitotic EGFR endocytosis than interphase. These results also suggested that GRB2 cooperation for
indirect CBL-binding to EGFR dramatically increases mitotic EGFR endocytosis.

3.4. Endocytic Trafficking of EGFR in Mitosis

The endocytic pathway that the EGFR takes has been shown to influence the fate of the EGFR.
CME has been shown to lead predominantly to EGFR recycling, whereas NCE targets receptors for
lysosomal degradation [23,24]. Since we observed that EGFR endocytosis during mitosis proceeds
exclusively in CBL-mediated NCE, we hypothesized that EGFR endocytosis during mitosis should
lead exclusively to lysosomal trafficking. To test this, we examined the colocalization of endocytic
route markers with EGFR by fluorescence microscopy. The EGFR of both mitotic and interphase cells
showed strong colocalization with EEA-1 and RAB5 after 30 min of EGF treatment, indicating that the
EGFR is trafficked to early endosomes (Figure 7). EEA-1 and RAB5 did not colocalize with any EGFR
at the plasma membrane of either mitotic or interphase cells. Staining with the late endosomal markers
LAMP-2 showed that EGFR and LAMP-2 colocalized after EGF stimulation for 60 min. These data
indicated that EGFR was targeted to lysosomes through NCE during mitosis.
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Figure 7. Mitotic EGFR is sorted to early endosomes and lysosomes. HeLa cells were treated with
nocodazole (200 ng/mL) and EGF (50 ng/mL) for 30 min and EGFR colocalization with early endosome
markers and lysosomal markers were observed by indirect immunofluorescence. Cells were stained
with EGFR (green), DAPI (blue) and either: (A) RAB5 (red), (B) EEA-1 (red), or (C) LAMP-2 (red).
Arrowheads highlight areas of colocalization.

3.5. Low EGF Doses Activate Mitotic EGFR NCE

The above experiments were all performed using high concentrations of EGF (50 ng/mL).
During interphase, low doses of EGF only activates CME, whereas high doses activate both CME
and NCE [22–24]. If this finding is also applied to mitosis, low doses of EGF should not induce
EGFR endocytosis in mitosis as CME is inhibited in mitosis and only high doses of EGF activate NCE.
However, we previously observed that low doses of Texas Red-conjugated EGF (TR-EGF) (2 ng/mL)
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could still lead to their internalization in mitotic HeLa and CHO cells in a similar pattern as high doses
of EGF [14,18]. We therefore decided to address this discrepancy.

We hypothesized that similar to high-dose EGF, low-dose EGF is still able to stimulate EGFR
endocytose through NCE in mitosis. To test this hypothesis, we first repeated experiments described
in Figures 3–6 with a low dose of EGF (2 ng/mL), and we indeed obtained similar results
(Figures 8 and 9). As shown in Figure 8, in MCF-7 cells transfected with EGFR-YFP, EGF at the
low dose (2 ng/mL) induced EGFR endocytosis in both interphase and mitotic cells (Figure 8).
The endocytosis of EGFR-Y1045F-YFP was only observed at 60 min following EGF addition in mitosis,
and EGFR-∆1044-YFP was deficient in endocytosis during mitosis (Figure 8). These data suggest that
at low-dose EGF, mitotic EGFR endocytosis requires its interaction with CBL. To further determine
the involvement of CBL in low-dose EGF-stimulated EGFR endocytosis in mitosis, we transfected
Hela cells with non-functional 70z-CBL-YFP (Figure 9). As in high-dose EGF conditions, expression of
70z-CBL-YFP inhibited EGFR endocytosis in response to low-dose EGF (Figure 9A–B). Together,
these data suggest that EGFR endocytosis induced by low-dose EGF is also mediated by CBL.
On the other hand, overexpression of CBL-YFP again did not affect EGFR endocytosis in mitosis
in response to low-dose EGF (Figure 9C), with endocytosis beginning around 15 min for transfected
and non-transfected cells.

We next sought to uncover why low-dose EGF is able to stimulate EGFR endocytosis through
CBL-mediated NCE in mitosis, but not in interphase. We therefore examined whether this is due
to CBL-mediated ubiquitination of EGFR. To this end, we treated Hela cells with EGF at 2 ng/mL
or 50 ng/mL for 45 min and examined the ubiquitination of EGFR in both interphase and mitosis
(Figure 10A). Co-IP of EGFR and immunoblotting for ubiquitin revealed that as before, high-dose EGF
(50 ng/mL) induced higher EGFR ubiquitination in mitosis more than in interphase. Low-dose EGF
(2 ng/mL) did not induce the ubiquitination of EGFR in interphase, as previously reported [22–24].
However, low-dose EGF stimulation caused significant EGFR ubiquitination in mitotic cells. Moreover,
the binding of CBL to EGFR followed the same pattern as ubiquitination, with CBL again binding to
EGFR at low doses during mitosis, but not during interphase.

We also performed similar experiments with different times of EGF stimulation, at 5, 30,
and 45 min (Figure 10B). The phosphotyrosine-specific antibody pY99 was used to confirm EGFR
phosphorylation. Blotting for ubiquitin revealed that during mitosis ubiquitination of EGFR occurred
at 5 min and was sustained through to 45 mins in response to low-dose EGF stimulation. In contrast,
in interphase, EGFR ubiquitination only occurred briefly at 5 min, and ubiquitination was very weak at
later time points. In addition, CBL and SHC were pulled-down with EGFR during both interphase and
mitotic. Therefore, it appears that low-dose EGF stimulation has different effects on EGFR ubiquitinates
in mitosis from interphase.

Since mitotic EGFR is strongly ubiquitinated at low doses of EGF, and ubiquitination has
been associated with EGFR degradation, we hypothesized that low EGF doses could lead to EGFR
degradation during mitosis. Total cell lysates of interphase and mitotic cells treated with low doses
of and total EGFR levels were assayed by the western blot. Whereas interphase EGFR levels remain
constant throughout 45 min of low-dose EGF treatment, we found that mitotic EGFR levels drop
drastically with time (Figure 10C). Taken together, these results suggested that, unlike interphase,
low doses of EGF activate CBL-mediated EGFR degradation in mitotic cells. Interestingly, by the
western blot, the CBL band appears smaller in mitotic samples than in interphase samples.
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Figure 8. Effects of low EGF dose on mitotic EGFR endocytosis. Cells were treated with EGF (2 ng/mL)
to only activate CME (clathrin-mediated endocytosis) for the specified times and observed by indirect
immunofluorescence. Cell cycle phases of cells were determined by DNA morphology (not shown).
MCF-7 cells were transfected with (A) EGFR-YFP (positive control), (B) EGFR-Y1045F-YFP (no direct
CBL binding), (C) EGFR-∆1044-YFP (no CBL binding), and (D) EGFR-∆991-YFP (negative control).
Cells were treated with nocodazole (200 ng/mL) for 16 h. (E) Quantification of plasma membrane
retainment of YFP for (A–C) for at least 10 cells (see Materials and Methods). The error bars are
the SEMs.
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Figure 9. Effects of low EGF dose on endocytosis in cells with CBL alterations. (A) HeLa cells were
transfected with dominant-negative CBL (70z-YFP) and treated with nocodazole (200 ng/mL) for 16 h.
Cells were then treated with low-dose EGF (2 ng/mL) for the indicated times. Cells were stained
with EGFR pY1086 (red) and DAPI (blue). * represents interphase cells, # represents mitotic cells, and
’ represents transfected cells. (B) Quantification of plasma membrane retainment of YFP for (A) for
at least 10 cells (see Materials and Methods). The error bars are the SEMs. (C) Cells transfected with
CBL-YFP were used as control.
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Figure 10. Ubiquitination and CBL-binding of EGFR with low EGF doses. Co-immunoprecipitation
of EGFR from asynchronous (interphase) or nocodazole-arrested (mitosis) HeLa cells. (A) Cells were
treated with EGF for 45 min using low- and high-dose EGF (2 and 50 ng/mL). (B) Cells were treated
with low-dose EGF (2 ng/mL) for 0, 5, 30, or 45 min. High-dose EGF treatments for 45 min are included
for reference. (C) Immunoblotting of TCL with the specified antibodies. Results are representative of at
least two biological replicates.

4. Discussion

Our results showed that EGF-induced EGFR endocytosis during mitosis proceeds exclusively by
CBL-dependent NCE (Figure 11). NCE plays a major role in the regulation of EGFR fate by targeting
it to lysosomes for degradation. Our research has uncovered a temporal period during which the
cell likely exclusively targets EGFR for degradation. This bypasses the receptor recycling pathway
that is undesirable if the goal is EGFR attenuation, or if it is to deliver and keep a pharmacological
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agent into a cell [63]. Targeting mitotic cells is feasible for EGFR-overexpressing cancer cells, as these
cells intrinsically undergo more cell proliferation. In addition, the population of mitotic cells can
be increased by treatment with anti-mitotic drugs, such as the commonly used taxanes and vinca
alkaloids. Therefore, mitotic cells of EGFR-overexpressing cells can be targeted more directly. Moreover,
the FDA-approved EGFR antibody cetuximab has been shown to initiate receptor endocytosis [64].
Whether mitotic EGFR treated with EGFR antibodies is also internalized by NCE remains to be
investigated. However, if it does, nano-conjugation of EGFR antibodies to pharmacological agents
may provide a targeted approach to treating these cancers.
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Figure 11. Model of EGFR endocytosis during mitosis. In interphase cells, low EGF doses (>2 ng/mL)
only activate clathrin-mediated endocytosis (CME), leading to receptor recycling. High EGF doses
(>20 ng/mL) also activate CME, but can also activate non-clathrin-mediated endocytosis (NCE) due to
the dose-dependent activation of CBL and EGFR ubiquitination. NCE leads to lysosomal degradation
of EGFR. In mitotic cells, CME is shut off. Therefore, EGFR endocytosis must proceed by NCE. Both low
and high concentrations of EGF activate NCE during mitosis, and this may be because contrary to
interphase cells, low EGF concentrations can activate CBL and EGFR ubiquitination. Therefore, mitotic
EGFR endocytosis likely leads exclusively to lysosomal degradation.

The study of EGFR NCE, thus far, has relied on the inhibition of clathrin, as well as the use of high
doses of EGF to activate NCE. Our results indicated that mitotic EGFR endocytosis is exclusive through
NCE. Thus, mitotic cells offer an alternate system for studying the NCE of the EGFR, regardless of
EGF dosage. In general, NCE is much more complicated and very little understood. It is no surprising
that very little is known regarding the regulation of mitotic NCE of EGFR. Our findings that mitotic
EGFR endocytosis is mediated by CBL through NCE at both high and low doses of EGF advances our
understanding on both EGFR endocytosis and NCE in general.
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Low doses of EGF have been shown to only activate CME, while also causing CBL to bind EGFR.
The CBL bound to the EGFR is also able to ubiquitinate EGFR. How is it that this does not induce NCE?
The answer is that with low EGF doses, the EGFR is not ubiquitinated sufficiently to undergo NCE.
A rather exquisite model to explain how CME and NCE are regulated by EGF dosage threshold has
been put forward [23]. According to the experimentally validated model of Sigismund and colleagues,
low doses of EGF around 1 ng/mL scarcely phosphorylate the EGFR, causing a low probability that
CBL alone or CBL/GRB2 complex can bind the receptor, and as such translating into low EGFR
ubiquitination. Low EGFR ubiquitination does not activate NCE, and endocytosis proceeds by CME.
However, as EGF doses increase, the phosphorylation of each of the three EGFR tyrosine residues
increases gradually. Then, for example, if the EGF dosage only catalyzes the phosphorylation of
pY1045, and not pY1068 or pY1086, a rather unstable CBL binding occurs to the EGFR, leading to some
but low ubiquitination of the EGFR. However, if all three tyrosine sites are phosphorylated, a highly
stable GRB2/CBL binding can form on the EGFR, thus strongly ubiquitinating the EGFR. The kinetics
involved in the probability of the CBL/GRB2 complex binding to each combination of pY site predicts
a sharp rise over a narrow range of EGF dose, effectively causing EGFR ubiquitination to rise sharply
once a certain dosage of EGF is applied.

The theory that EGFR ubiquitination is absolutely necessary for endocytosis has been a subject of
controversy [56,61,65,66]. Our research supports the notion that ubiquitination by CBL is important for
NCE [22,23]. Furthermore, our research provides strong support for the requirement of CBL and GRB2
binding to the EGFR in order to cause its ubiquitination [23,24]. Our results argue that GRB2-mediated
CBL binding is more important than direct CBL-binding during mitosis, as the internalization of
the ∆1044 mutant is significantly inhibited, whereas the internalization of the Y1045F mutant is only
slightly inhibited. Overexpression of CBL did not accelerate nor enhance mitotic EGFR endocytosis in
response to EGF. This has also been recently reported in vivo [67]. NCE has been reported to initiate
more slowly than CME [13,22,42,44,55,68], and it therefore appears that CBL overexpression is not the
limiting factor in the speed of EGFR NCE. Other important mediators of NCE, such as EPS15, EPS15R,
and EPSIN [22], or endoplasmic reticulum (ER)-resident protein reticulon 3 (RTN3) and CD147 [41],
may warrant investigation. More importantly, the exact mechanism by which the ubiquitination of
the EGFR induces internalization is still unknown, and studies to elucidate the precise molecular
mechanism would be extremely impactful.

The inactivation of CBL has been shown to display pro-oncogenic features [69–73]. Moreover,
common pro-oncogenic EGFR mutations L858R and L858R/T790M have impaired CBL-binding, slower
endocytosis, and impaired degradation [74]. EGFRvIII, the most common variant in gliomas, also has
a reduced interaction with CBL and thus impaired ubiquitination owing to hypophosphorylation of
pY1045 [75,76]. Here, we showed that CBL activity during mitosis is even more important, and its
activity is enhanced compared to interphase cells. Evolutionarily, since mitotic cells do not have active
CME [37,39], the activation of NCE may have been even more critical during mitosis to suppress EGFR
overactivation. A loss of CBL activity, whether by inactivating mutations to CBL or EGFR CBL-binding,
would therefore have a more pronounced effect during mitosis, as the EGFR would continue to signal
excessively. The functional role of mitotic EGFR activation is still not well known. It is unclear how
abnormally sustained EGFR signaling during mitosis affects cellular processes, however, it does appear
to help mitotic cancer cells resist nocodazole-mediated cell death [17].

We showed that the EGFR is more strongly ubiquitinated during mitosis at both low and high
doses of EGF, suggesting that CBL activity is enhanced during mitosis. How can CBL be better primed
to induce endocytosis, even at low concentrations of EGF during mitosis? It has been shown that CBL
also acts as an adaptor in the CME pathway. Since CME is no longer active during mitosis, a possible
explanation may that due to increased CBL protein availability, the cellular pool of CBL no longer needs
to divide its time between CME and NCE. Another explanation may be that CBL is modified during
mitosis to be better primed for its E3 ligase activity. Interestingly, probing with the CBL antibody
revealed that the mitotic CBL band appears less prominent compared to interphase (Figure 9), and IF
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CBL staining appears weaker in mitotic cells as well (Figure 1A), although the exact significance is
unknown. Another alternative possibility may revolve around the DUBs (deubiquitinating enzymes)
that deubiquitinate EGFR. Fifteen DUBs have been reported to impact EGFR fate, although some may
be deubiquitinating non-EGFR component, such as EPS15 [77]. These DUBs could be shut off during
mitosis, causing ubiquitination to persist longer than during the interphase.

Mitosis represents a phase of tremendous transition to the cell. It is a critical moment of the
cell’s life where its genetic material is precisely separated into two daughter cells. To ensure proper
chromosome segregation, the mitotic environment must be carefully controlled, as improper mitosis
results in chromosome bridging, lagging, or aggregation, and ultimately aneuploidy [78]. To achieve
this, mitotic cells undergo mitotic cell rounding, which is the dramatic transformation of cells from
well spread and flattened to spherical and rigid. The mitotic shape is thought to confer cells with a
predictable and defined geometry, regardless of its external environment, so as to facilitate chromosome
capture and the symmetric segregation of contents [79–81]. The spherical shape and rigid cell cortex,
however, present the EGFR with changes in conditions during mitosis. For example, it is likely that the
inhibition of CME during mitosis is due to the unavailability of actin in participating in endocytosis,
as it must form the rigid mitotic cell cortex [40]. Furthermore, mitosis changes the amount of space in
the cell, so that they reach a minimal volume during metaphase [82]. It is possible that the molecular
interactions necessary for NCE may become facilitated by a smaller cell volume. The more compacted
volume does not appear to aid in EGFR activation, as the phosphorylation of the EGFR upon EGF
addition is similar between interphase cells and mitotic cells. Therefore, in this situation, the smaller
cell volume may aid CBL or GRB2 binding to the EGFR.

Another change to normal interphase EGFR signaling during mitosis is the global phosphorylation
of mitotic proteins by mitotic kinases. For example, studies have shown the mitotic phosphorylation
of over 1000–6027 proteins, including 14,000–50,000 phosphorylation events depending on the
study [83–85]. Interestingly, many phospho-sites overlap between EGF-stimulated cells and mitotic
cells [85]. Indeed, various components of the EGFR signaling and endocytic pathways appear to play
different roles in mitosis, a phenomenon known as moonlighting [38,86]. This includes important
members of EGFR CME, such as clathrin, dynamin, and AP-2 [38,87–90]. Since these proteins and
many others are moonlighting in mitosis-related processes, their availability to participate in EGFR
endocytosis during mitosis may be compromised. This may also affect EGFR signaling. It has been
shown that EGF-induced AKT activation requires EGFR residence in clathrin-coated pits, but not
internalization [91,92]. We previously showed that only AKT2, and not AKT1, becomes activated
following EGF stimulation during mitosis [17]. Since CME is shut down during mitosis, it can be
speculated that the differential activation of AKT during mitosis is a consequence of the inability of
clathrin to be involved in mitotic EGFR endocytosis. Therefore, the changes imparted by global mitotic
phosphorylation and mitotic cell rounding cannot be discounted to EGFR signaling, and likely of other
signaling receptors as well.

In our study, we made use of the microtubule depolymerizer nocodazole to arrest cells in mitosis.
So far, nocodazole has still been the most widely used drug for arresting cells in mitosis [85,93–95].
We decided to use nocodazole in our research in order to obtain synchrony between our western blots,
co-IPs, and immunofluorescence experiments, as it has been shown that the sub-stage of mitosis can
influence the kinetics of endocytosis [18]. Previous research has shown that factors, such as serum
starvation, nocodazole, and other mitotic inhibitors, could inhibit CME [96]. However, it should be
noted that the researchers were evaluating transferrin receptors, which is endocytosed by constitutive
endocytosis rather than the ligand-induced mechanism used by EGFR. Furthermore, our previous
study that showed that clathrin downregulation by siRNA has no effect on mitotic EGFR endocytosis
performed without the use of nocodazole [18]. We have also previously shown that 16 h nocodazole
treatment does not lead to significant cell apoptosis [17].

However, nocodazole is a microtubule depolymerizer, and it is possible that it may interfere
with components of the endocytic pathway. It has been reported that nocodazole blocks the transport
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from early to late endosomes, as this trafficking may involve microtubules. Transport of material
from early to late endosomes was shown to be inhibited by nocodazole for fluid-phase endocytosis
of dextran and constitutive endocytosis of transferrin in HeLa cells [97,98]. Moreover, in MEK cells,
nocodazole reduces the percentage of EGFR colocalizing to LAMP-2-containing vesicles [99]. It may
therefore be possible that the stronger ubiquitination seen on the EGFR is due to some inability of
ubiquitinated EGFR to be trafficked to lysosomes for degradation. However, our results showed that
the EGFR of nocodazole-arrested mitotic cells can colocalize with LAMP-2 after 60 min of high-dose
EGF treatment (Figure 7C). The microtubule stabilizer paclitaxel promotes EGFR degradation to
lysosomes in A549 cells, apparently due to a spatially shorter route for the EGFR to lysosomes [100].
Additionally, nocodazole treatment does not change the distribution of lysosomal membranes [101].
Regardless, our results may be more representative of drug-arrested mitosis.

The EGFR uses various signaling pathways to achieve numerous pro-oncogenic cellular outcomes.
Endocytosis downregulates EGFR signaling from the cell surface, but initiates intracellular signaling
from endosomes [102]. In this way, endocytosis controls EGFR signaling, spatially and temporally,
making it an indispensable part of receptor signaling. Therefore, the interplay between EGFR signaling
and endocytosis critically determines cellular outcome.

5. Conclusions

In conclusion, our research further showed that mitotic EGFR endocytosis proceeds through
CBL-mediated NCE, which supports the notion that mitotic endocytosis is not completely inhibited,
but proceeds through NCE. The unique property of mitotic EGFR endocytosis offers an important
opportunity for developing cancer therapy that targets both EGFR and mitosis.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/7/12/257/s1,
Figure S1: The effects of overexpression of CBL.

Author Contributions: P.W. performed all of the experiments and participated in the design and analysis of the
data, and the writing of the manuscript. Z.W. participated in the design and analysis of the data, and the writing
of the manuscript.

Funding: This work was supported in part by grants from the Canadian Institutes of Health Research (Grant
Number: RES0030993). Ping Wee is supported in part by a scholarship from the Natural Sciences and Engineering
Research Council.

Acknowledgments: We thank A. Sorkin for generously providing us with the c-CBL-YFP and 70z-CBL-YFP
constructs (Department of Cell Biology, University of Pittsburgh School of Medicine). The authors would like to
acknowledge Xinmei Chen for technical expertise related to this project.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Citri, A.; Yarden, Y. EGF-ERBB signalling: Towards the systems level. Nat. Rev. Mol. Cell Biol. 2006,
7, 505–516. [CrossRef] [PubMed]

2. Ferguson, K.M. Structure-based view of epidermal growth factor receptor regulation. Annu. Rev. Biophys.
2008, 37, 353–373. [CrossRef] [PubMed]

3. Mitsudomi, T.; Yatabe, Y. Epidermal growth factor receptor in relation to tumor development: Egfr gene and
cancer. FEBS J. 2010, 277, 301–308. [CrossRef] [PubMed]

4. Wang, Z. Erbb receptors and cancer. Methods Mol. Biol 2017, 1652, 3–35. [PubMed]
5. Carpenter, G. Receptors for epidermal growth factor and other polypeptide mitogens. Annu. Rev. Biochem.

1987, 56, 881–914. [CrossRef] [PubMed]
6. Schlessinger, J.; Ullrich, A. Growth factor signaling by receptor tyrosine kinases. Neuron 1992, 9, 383–391.

[CrossRef]
7. Moriki, T.; Maruyama, H.; Maruyama, I.N. Activation of preformed egf receptor dimers by ligand-induced

rotation of the transmembrane domain. J. Mol. Biol. 2001, 311, 1011–1026. [CrossRef] [PubMed]
8. Maruyama, I.N. Mechanisms of activation of receptor tyrosine kinases: Monomers or dimers. Cells 2014,

3, 304–330. [CrossRef] [PubMed]

http://www.mdpi.com/2073-4409/7/12/257/s1
http://dx.doi.org/10.1038/nrm1962
http://www.ncbi.nlm.nih.gov/pubmed/16829981
http://dx.doi.org/10.1146/annurev.biophys.37.032807.125829
http://www.ncbi.nlm.nih.gov/pubmed/18573086
http://dx.doi.org/10.1111/j.1742-4658.2009.07448.x
http://www.ncbi.nlm.nih.gov/pubmed/19922469
http://www.ncbi.nlm.nih.gov/pubmed/28791631
http://dx.doi.org/10.1146/annurev.bi.56.070187.004313
http://www.ncbi.nlm.nih.gov/pubmed/3039909
http://dx.doi.org/10.1016/0896-6273(92)90177-F
http://dx.doi.org/10.1006/jmbi.2001.4923
http://www.ncbi.nlm.nih.gov/pubmed/11531336
http://dx.doi.org/10.3390/cells3020304
http://www.ncbi.nlm.nih.gov/pubmed/24758840


Cells 2018, 7, 257 21 of 25

9. Maruyama, I.N. Activation of transmembrane cell-surface receptors via a common mechanism? The “rotation
model”. Bioessays 2015, 37, 959–967. [CrossRef]

10. Purba, E.R.; Saita, E.I.; Maruyama, I.N. Activation of the egf receptor by ligand binding and oncogenic
mutations: The ”rotation model”. Cells 2017, 6. [CrossRef]

11. Jones, S.M.; Kazlauskas, A. Growth-factor-dependent mitogenesis requires two distinct phases of signalling.
Nat. Cell Biol. 2001, 3, 165–172. [CrossRef] [PubMed]

12. Massague, J. G1 cell-cycle control and cancer. Nature 2004, 432, 298–306. [CrossRef] [PubMed]
13. Sorkin, A.; Goh, L.K. Endocytosis and intracellular trafficking of erbbs. Exp. Cell Res. 2009, 315, 683–696.

[CrossRef] [PubMed]
14. Murphy, J.E.; Padilla, B.E.; Hasdemir, B.; Cottrell, G.S.; Bunnett, N.W. Endosomes: A legitimate platform for

the signaling train. Proc. Natl. Acad. Sci. USA 2009, 106, 17615–17622. [CrossRef] [PubMed]
15. Wang, Z. Mutual regulation of receptor-mediated cell signalling and endocytosis: Egf receptor system as an

example. InTech 2012. [CrossRef]
16. Dangi, S.; Shapiro, P. Cdc2-mediated inhibition of epidermal growth factor activation of the extracellular

signal-regulated kinase pathway during mitosis. J. Biol. Chem. 2005, 280, 24524–24531. [CrossRef]
17. Wee, P.; Shi, H.; Jiang, J.; Wang, Y.; Wang, Z. Egf stimulates the activation of egf receptors and the selective

activation of major signaling pathways during mitosis. Cell. Signal. 2015, 27, 638–651. [CrossRef]
18. Liu, L.; Shi, H.; Chen, X.; Wang, Z. Regulation of egf-stimulated egf receptor endocytosis during m phase.

Traffic 2011, 12, 201–217. [CrossRef]
19. Gruenberg, J.; Maxfield, F.R. Membrane transport in the endocytic pathway. Curr. Opin. Cell Biol. 1995,

7, 552–563. [CrossRef]
20. Goh, L.K.; Sorkin, A. Endocytosis of receptor tyrosine kinases. Cold Spring Harb. Perspect. Biol. 2013, 5.

[CrossRef]
21. Schmidt, M.; Rohe, A.; Platzer, C.; Najjar, A.; Erdmann, F.; Sippl, W. Regulation of g2/m transition by

inhibition of wee1 and pkmyt1 kinases. Molecules 2017, 22. [CrossRef]
22. Sigismund, S.; Woelk, T.; Puri, C.; Maspero, E.; Tacchetti, C.; Transidico, P.; Di Fiore, P.P.; Polo, S.

Clathrin-independent endocytosis of ubiquitinated cargos. Proc. Natl. Acad. Sci. USA 2005, 102, 2760–2765.
[CrossRef] [PubMed]

23. Sigismund, S.; Algisi, V.; Nappo, G.; Conte, A.; Pascolutti, R.; Cuomo, A.; Bonaldi, T.; Argenzio, E.;
Verhoef, L.G.; Maspero, E.; et al. Threshold-controlled ubiquitination of the egfr directs receptor fate.
EMBO J. 2013, 32, 2140–2157. [CrossRef] [PubMed]

24. Capuani, F.; Conte, A.; Argenzio, E.; Marchetti, L.; Priami, C.; Polo, S.; Di Fiore, P.P.; Sigismund, S.;
Ciliberto, A. Quantitative analysis reveals how egfr activation and downregulation are coupled in normal
but not in cancer cells. Nature Commun. 2015, 6. [CrossRef]

25. Devenport, D.; Oristian, D.; Heller, E.; Fuchs, E. Mitotic internalization of planar cell polarity proteins
preserves tissue polarity. Nature Cell Biol. 2011, 13, 893–902. [CrossRef]

26. Shrestha, R.; Little, K.A.; Tamayo, J.V.; Li, W.; Perlman, D.H.; Devenport, D. Mitotic control of planar cell
polarity by polo-like kinase 1. Dev. Cell 2015, 33, 522–534. [CrossRef]

27. Heck, B.W.; Devenport, D. Trans-endocytosis of planar cell polarity complexes during cell division. Curr. Biol.
2017, 27, 3725–3733. [CrossRef]

28. Fawcett, D.W. Surface specializations of absorbing cells. J. Histochem. Cytochem. 1965, 13, 75–91. [CrossRef]
29. Berlin, R.D.; Oliver, J.M.; Walter, R.J. Surface functions during mitosis i: Phagocytosis, pinocytosis and

mobility of surface-bound con a. Cell 1978, 15, 327–341. [CrossRef]
30. Berlin, R.D.; Oliver, J.M. Surface functions during mitosis. Ii. Quantitation of pinocytosis and kinetic

characterization of the mitotic cycle with a new fluorescence technique. J. Cell Biol. 1980, 85, 660–671.
[CrossRef]

31. Warren, G.; Featherstone, C.; Griffiths, G.; Burke, B. Newly synthesized g protein of vesicular stomatitis virus
is not transported to the cell surface during mitosis. J. Cell Biol. 1983, 97, 1623–1628. [CrossRef] [PubMed]

32. Pypaert, M.; Lucocq, J.M.; Warren, G. Coated pits in interphase and mitotic a431 cells. Eur. J. Cell Biol. 1987,
45, 23–29. [PubMed]

33. Tuomikoski, T.; Felix, M.A.; Doree, M.; Gruenberg, J. Inhibition of endocytic vesicle fusion in vitro by the
cell-cycle control protein kinase cdc2. Nature 1989, 342, 942–945. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/bies.201500041
http://dx.doi.org/10.3390/cells6020013
http://dx.doi.org/10.1038/35055073
http://www.ncbi.nlm.nih.gov/pubmed/11175749
http://dx.doi.org/10.1038/nature03094
http://www.ncbi.nlm.nih.gov/pubmed/15549091
http://dx.doi.org/10.1016/j.yexcr.2008.07.029
http://www.ncbi.nlm.nih.gov/pubmed/19278030
http://dx.doi.org/10.1073/pnas.0906541106
http://www.ncbi.nlm.nih.gov/pubmed/19822761
http://dx.doi.org/10.5772/48623
http://dx.doi.org/10.1074/jbc.M414079200
http://dx.doi.org/10.1016/j.cellsig.2014.11.030
http://dx.doi.org/10.1111/j.1600-0854.2010.01141.x
http://dx.doi.org/10.1016/0955-0674(95)80013-1
http://dx.doi.org/10.1101/cshperspect.a017459
http://dx.doi.org/10.3390/molecules22122045
http://dx.doi.org/10.1073/pnas.0409817102
http://www.ncbi.nlm.nih.gov/pubmed/15701692
http://dx.doi.org/10.1038/emboj.2013.149
http://www.ncbi.nlm.nih.gov/pubmed/23799367
http://dx.doi.org/10.1038/ncomms8999
http://dx.doi.org/10.1038/ncb2284
http://dx.doi.org/10.1016/j.devcel.2015.03.024
http://dx.doi.org/10.1016/j.cub.2017.10.053
http://dx.doi.org/10.1177/13.2.75
http://dx.doi.org/10.1016/0092-8674(78)90002-8
http://dx.doi.org/10.1083/jcb.85.3.660
http://dx.doi.org/10.1083/jcb.97.5.1623
http://www.ncbi.nlm.nih.gov/pubmed/6355124
http://www.ncbi.nlm.nih.gov/pubmed/2894988
http://dx.doi.org/10.1038/342942a0
http://www.ncbi.nlm.nih.gov/pubmed/2556645


Cells 2018, 7, 257 22 of 25

34. Raucher, D.; Sheetz, M.P. Membrane expansion increases endocytosis rate during mitosis. J. Cell Biol. 1999,
144, 497–506. [CrossRef] [PubMed]

35. Mills, I.G. The interplay between clathrin-coated vesicles and cell signalling. Semin. Cell Dev. Biol. 2007,
18, 459–470. [CrossRef] [PubMed]

36. Lanzetti, L.; Di Fiore, P.P. Endocytosis and cancer: An ‘insider’ network with dangerous liaisons. Traffic 2008,
9, 2011–2021. [CrossRef]

37. Fielding, A.B.; Willox, A.K.; Okeke, E.; Royle, S.J. Clathrin-mediated endocytosis is inhibited during mitosis.
Proc. Natl. Sci. U S A 2012, 109, 6572–6577. [CrossRef]

38. Royle, S.J. Protein adaptation: Mitotic functions for membrane trafficking proteins. Nat. Rev. Mol. Cell Biol.
2013, 14, 592–599. [CrossRef]

39. Fielding, A.B.; Royle, S.J. Mitotic inhibition of clathrin-mediated endocytosis. Cell Mol. Life Sci. 2013,
70, 3423–3433. [CrossRef]

40. Kaur, S.; Fielding, A.B.; Gassner, G.; Carter, N.J.; Royle, S.J. An unmet actin requirement explains the mitotic
inhibition of clathrin-mediated endocytosis. Elife 2014, 3. [CrossRef]

41. Caldieri, G.; Barbieri, E.; Nappo, G.; Raimondi, A.; Bonora, M.; Conte, A.; Verhoef, L.; Confalonieri, S.;
Malabarba, M.G.; Bianchi, F.; et al. Reticulon 3-dependent er-pm contact sites control egfr nonclathrin
endocytosis. Science 2017, 356, 617–624. [CrossRef] [PubMed]

42. Wiley, H.S. Anomalous binding of epidermal growth factor to a431 cells is due to the effect of high receptor
densities and a saturable endocytic system. J. Cell Biol. 1988, 107, 801–810. [CrossRef] [PubMed]

43. Huang, F.; Jiang, X.; Sorkin, A. Tyrosine phosphorylation of the beta2 subunit of clathrin adaptor complex
ap-2 reveals the role of a di-leucine motif in the epidermal growth factor receptor trafficking. J. Biol.Chem.
2003, 278, 43411–43417. [CrossRef] [PubMed]

44. Tomas, A.; Futter, C.E.; Eden, E.R. Egf receptor trafficking: Consequences for signaling and cancer. Trends
Cell Biol. 2014, 24, 26–34. [CrossRef] [PubMed]

45. Fukazawa, T.; Miyake, S.; Band, V.; Band, H. Tyrosine phosphorylation of cbl upon epidermal growth factor
(egf) stimulation and its association with egf receptor and downstream signaling proteins. J. Biol. Chem.
1996, 271, 14554–14559. [CrossRef] [PubMed]

46. Huang, F.; Sorkin, A. Growth factor receptor binding protein 2-mediated recruitment of the ring domain
of cbl to the epidermal growth factor receptor is essential and sufficient to support receptor endocytosis.
Mol. Biol. Cell. 2005, 16, 1268–1281. [CrossRef] [PubMed]

47. Pennock, S.; Wang, Z. A tale of two cbls: Interplay of c-cbl and cbl-b in epidermal growth factor receptor
downregulation. Mol. Cell Biol. 2008, 28, 3020–3037. [CrossRef] [PubMed]

48. Uchida, A.; Hirano, S.; Kitao, H.; Ogino, A.; Rai, K.; Toyooka, S.; Takigawa, N.; Tabata, M.; Takata, M.;
Kiura, K.; et al. Activation of downstream epidermal growth factor receptor (egfr) signaling provides
gefitinib-resistance in cells carrying egfr mutation. Cancer Sci. 2007, 98, 357–363. [CrossRef] [PubMed]

49. Subik, K.; Lee, J.F.; Baxter, L.; Strzepek, T.; Costello, D.; Crowley, P.; Xing, L.; Hung, M.C.; Bonfiglio, T.;
Hicks, D.G.; et al. The expression patterns of er, pr, her2, ck5/6, egfr, ki-67 and ar by immunohistochemical
analysis in breast cancer cell lines. Breast Cancer 2010, 4, 35–41. [CrossRef] [PubMed]

50. Wu, P.; Wee, P.; Jiang, J.; Chen, X.; Wang, Z. Differential regulation of transcription factors by location-specific
egf receptor signaling via a spatio-temporal interplay of erk activation. PLoS One 2012, 7. [CrossRef]

51. Ozlu, N.; Qureshi, M.H.; Toyoda, Y.; Renard, B.Y.; Mollaoglu, G.; Ozkan, N.E.; Bulbul, S.; Poser, I.; Timm, W.;
Hyman, A.A.; et al. Quantitative comparison of a human cancer cell surface proteome between interphase
and mitosis. EMBO J. 2015, 34, 251–265. [CrossRef] [PubMed]

52. Galisteo, M.L.; Dikic, I.; Batzer, A.G.; Langdon, W.Y.; Schlessinger, J. Tyrosine phosphorylation of the c-cbl
proto-oncogene protein product and association with epidermal growth factor (egf) receptor upon egf
stimulation. J. Biol. Chem. 1995, 270, 20242–20245. [CrossRef] [PubMed]

53. Yokouchi, M.; Kondo, T.; Houghton, A.; Bartkiewicz, M.; Horne, W.C.; Zhang, H.; Yoshimura, A.; Baron, R.
Ligand-induced ubiquitination of the epidermal growth factor receptor involves the interaction of the c-cbl
ring finger and ubch7. J. Biol. Chem. 1999, 274, 31707–31712. [CrossRef] [PubMed]

54. Davidson, N.E.; Gelmann, E.P.; Lippman, M.E.; Dickson, R.B. Epidermal growth factor receptor gene
expression in estrogen receptor-positive and negative human breast cancer cell lines. Mol. Endocrinol. 1987,
1, 216–223. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.144.3.497
http://www.ncbi.nlm.nih.gov/pubmed/9971744
http://dx.doi.org/10.1016/j.semcdb.2007.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17692542
http://dx.doi.org/10.1111/j.1600-0854.2008.00816.x
http://dx.doi.org/10.1073/pnas.1117401109
http://dx.doi.org/10.1038/nrm3641
http://dx.doi.org/10.1007/s00018-012-1250-8
http://dx.doi.org/10.7554/eLife.00829
http://dx.doi.org/10.1126/science.aah6152
http://www.ncbi.nlm.nih.gov/pubmed/28495747
http://dx.doi.org/10.1083/jcb.107.2.801
http://www.ncbi.nlm.nih.gov/pubmed/3262110
http://dx.doi.org/10.1074/jbc.M306072200
http://www.ncbi.nlm.nih.gov/pubmed/12900408
http://dx.doi.org/10.1016/j.tcb.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/24295852
http://dx.doi.org/10.1074/jbc.271.24.14554
http://www.ncbi.nlm.nih.gov/pubmed/8662998
http://dx.doi.org/10.1091/mbc.e04-09-0832
http://www.ncbi.nlm.nih.gov/pubmed/15635092
http://dx.doi.org/10.1128/MCB.01809-07
http://www.ncbi.nlm.nih.gov/pubmed/18316398
http://dx.doi.org/10.1111/j.1349-7006.2007.00387.x
http://www.ncbi.nlm.nih.gov/pubmed/17270025
http://dx.doi.org/10.1177/117822341000400004
http://www.ncbi.nlm.nih.gov/pubmed/20697531
http://dx.doi.org/10.1371/journal.pone.0041354
http://dx.doi.org/10.15252/embj.201385162
http://www.ncbi.nlm.nih.gov/pubmed/25476450
http://dx.doi.org/10.1074/jbc.270.35.20242
http://www.ncbi.nlm.nih.gov/pubmed/7657591
http://dx.doi.org/10.1074/jbc.274.44.31707
http://www.ncbi.nlm.nih.gov/pubmed/10531381
http://dx.doi.org/10.1210/mend-1-3-216
http://www.ncbi.nlm.nih.gov/pubmed/3502607


Cells 2018, 7, 257 23 of 25

55. Jiang, X.; Huang, F.; Marusyk, A.; Sorkin, A. Grb2 regulates internalization of egf receptors through
clathrin-coated pits. Mol. Biol. Cell 2003, 14, 858–870. [CrossRef] [PubMed]

56. De Melker, A.A.; van der, H.G.; Borst, J. C-cbl directs egf receptors into an endocytic pathway that involves
the ubiquitin-interacting motif of eps15. J. Cell Sci. 2004, 117, 5001–5012. [CrossRef]

57. Levkowitz, G.; Waterman, H.; Zamir, E.; Kam, Z.; Oved, S.; Langdon, W.Y.; Beguinot, L.; Geiger, B.; Yarden, Y.
C-cbl/sli-1 regulates endocytic sorting and ubiquitination of the epidermal growth factor receptor. Genes Dev.
1998, 12, 3663–3674. [CrossRef]

58. Waterman, H.; Katz, M.; Rubin, C.; Shtiegman, K.; Lavi, S.; Elson, A.; Jovin, T.; Yarden, Y. A mutant
egf-receptor defective in ubiquitylation and endocytosis unveils a role for grb2 in negative signaling.
EMBO J. 2002, 21, 303–313. [CrossRef]

59. Thien, C.B.F.; Langdon, W.Y. Cbl: Many adaptations to regulate protein tyrosine kinases. Nat. Rev. Mol.
Cell Biol. 2001, 2, 294–305. [CrossRef]

60. Jiang, X.; Sorkin, A. Epidermal growth factor receptor internalization through clathrin-coated pits requires cbl
ring finger and proline-rich domains but not receptor polyubiquitylation. Traffic 2003, 4, 529–543. [CrossRef]

61. Madshus, I.H.; Stang, E. Internalization and intracellular sorting of the egf receptor: A model for
understanding the mechanisms of receptor trafficking. J. Cell Sci. 2009, 122, 3433–3439. [CrossRef] [PubMed]

62. Waterman, H.; Alroy, I.; Strano, S.; Seger, R.; Yarden, Y. The c-terminus of the kinase-defective neuregulin
receptor erbb-3 confers mitogenic superiority and dictates endocytic routing. EMBO J. 1999, 18, 3348–3358.
[CrossRef] [PubMed]

63. Raja, S.M.; Desale, S.S.; Mohapatra, B.; Luan, H.; Soni, K.; Zhang, J.; Storck, M.A.; Feng, D.; Bielecki, T.A.;
Band, V.; et al. Marked enhancement of lysosomal targeting and efficacy of erbb2-targeted drug delivery by
hsp90 inhibition. Oncotarget 2016, 7, 10522–10535. [CrossRef] [PubMed]

64. Carpenter, G.; Liao, H.J. Trafficking of receptor tyrosine kinases to the nucleus. Exp. Cell Res. 2009,
315, 1556–1566. [CrossRef] [PubMed]

65. Goh, L.K.; Huang, F.; Kim, W.; Gygi, S.; Sorkin, A. Multiple mechanisms collectively regulate
clathrin-mediated endocytosis of the epidermal growth factor receptor. J. Cell Biol. 2010, 189, 871–883.
[CrossRef] [PubMed]

66. Stang, E.; Blystad, F.D.; Kazazic, M.; Bertelsen, V.; Brodahl, T.; Raiborg, C.; Stenmark, H.; Madshus, I.H.
Cbl-dependent ubiquitination is required for progression of egf receptors into clathrin-coated pits.
Mol. Biol. Cell 2004, 15, 3591–3604. [CrossRef] [PubMed]

67. Pinilla-Macua, I.; Grassart, A.; Duvvuri, U.; Watkins, S.C.; Sorkin, A. Egf receptor signaling, phosphorylation,
ubiquitylation and endocytosis in tumors in vivo. Elife 2017, 6. [CrossRef] [PubMed]

68. Orlichenko, L.; Huang, B.; Krueger, E.; McNiven, M.A. Epithelial growth factor-induced phosphorylation of
caveolin 1 at tyrosine 14 stimulates caveolae formation in epithelial cells. J. Biol. Chem. 2006, 281, 4570–4579.
[CrossRef]

69. Chung, B.M.; Tom, E.; Zutshi, N.; Bielecki, T.A.; Band, V.; Band, H. Nexus of signaling and endocytosis
in oncogenesis driven by non-small cell lung cancer-associated epidermal growth factor receptor mutants.
World J. Clin. Oncol. 2014, 5, 806–823. [CrossRef]

70. Lo, F.Y.; Tan, Y.H.; Cheng, H.C.; Salgia, R.; Wang, Y.C. An e3 ubiquitin ligase: C-cbl: A new therapeutic target
of lung cancer. Cancer 2011, 117, 5344–5350. [CrossRef]

71. Mohapatra, B.; Ahmad, G.; Nadeau, S.; Zutshi, N.; An, W.; Scheffe, S.; Dong, L.; Feng, D.; Goetz, B.; Arya, P.;
et al. Protein tyrosine kinase regulation by ubiquitination: Critical roles of cbl-family ubiquitin ligases.
Biochim. Biophys. Acta 2013, 1833, 122–139. [CrossRef] [PubMed]

72. Seong, M.W.; Ka, S.H.; Park, J.H.; Park, J.H.; Yoo, H.M.; Yang, S.W.; Park, J.M.; Park, D.; Lee, S.T.; Seol, J.H.;
et al. Deleterious c-cbl exon skipping contributes to human glioma. Neoplasia 2015, 17, 518–524. [CrossRef]
[PubMed]

73. Tan, Y.H.; Krishnaswamy, S.; Nandi, S.; Kanteti, R.; Vora, S.; Onel, K.; Hasina, R.; Lo, F.Y.; El-Hashani, E.;
Cervantes, G.; et al. Cbl is frequently altered in lung cancers: Its relationship to mutations in met and egfr
tyrosine kinases. PloS One 2010, 5. [CrossRef] [PubMed]

74. Shtiegman, K.; Kochupurakkal, B.S.; Zwang, Y.; Pines, G.; Starr, A.; Vexler, A.; Citri, A.; Katz, M.; Lavi, S.;
Ben-Basat, Y.; et al. Defective ubiquitinylation of egfr mutants of lung cancer confers prolonged signaling.
Oncogene 2007, 26, 6968–6978. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.e02-08-0532
http://www.ncbi.nlm.nih.gov/pubmed/12631709
http://dx.doi.org/10.1242/jcs.01354
http://dx.doi.org/10.1101/gad.12.23.3663
http://dx.doi.org/10.1093/emboj/21.3.303
http://dx.doi.org/10.1038/35067100
http://dx.doi.org/10.1034/j.1600-0854.2003.t01-1-00109.x
http://dx.doi.org/10.1242/jcs.050260
http://www.ncbi.nlm.nih.gov/pubmed/19759283
http://dx.doi.org/10.1093/emboj/18.12.3348
http://www.ncbi.nlm.nih.gov/pubmed/10369675
http://dx.doi.org/10.18632/oncotarget.7231
http://www.ncbi.nlm.nih.gov/pubmed/26859680
http://dx.doi.org/10.1016/j.yexcr.2008.09.027
http://www.ncbi.nlm.nih.gov/pubmed/18951890
http://dx.doi.org/10.1083/jcb.201001008
http://www.ncbi.nlm.nih.gov/pubmed/20513767
http://dx.doi.org/10.1091/mbc.e04-01-0041
http://www.ncbi.nlm.nih.gov/pubmed/15194809
http://dx.doi.org/10.7554/eLife.31993
http://www.ncbi.nlm.nih.gov/pubmed/29268862
http://dx.doi.org/10.1074/jbc.M512088200
http://dx.doi.org/10.5306/wjco.v5.i5.806
http://dx.doi.org/10.1002/cncr.26153
http://dx.doi.org/10.1016/j.bbamcr.2012.10.010
http://www.ncbi.nlm.nih.gov/pubmed/23085373
http://dx.doi.org/10.1016/j.neo.2015.06.003
http://www.ncbi.nlm.nih.gov/pubmed/26152360
http://dx.doi.org/10.1371/journal.pone.0008972
http://www.ncbi.nlm.nih.gov/pubmed/20126411
http://dx.doi.org/10.1038/sj.onc.1210503
http://www.ncbi.nlm.nih.gov/pubmed/17486068


Cells 2018, 7, 257 24 of 25

75. Grandal, M.V.; Zandi, R.; Pedersen, M.W.; Willumsen, B.M.; van, D.B.; Poulsen, H.S. Egfrviii escapes
down-regulation due to impaired internalization and sorting to lysosomes. Carcinogenesis 2007, 28, 1408–1417.
[CrossRef] [PubMed]

76. Han, W.; Zhang, T.; Yu, H.; Foulke, J.G.; Tang, C.K. Hypophosphorylation of residue y1045 leads to defective
downregulation of egfrviii. Cancer Biol. Ther. 2006, 5, 1361–1368. [CrossRef] [PubMed]

77. Savio, M.G.; Wollscheid, N.; Cavallaro, E.; Algisi, V.; Di Fiore, P.P.; Sigismund, S.; Maspero, E.; Polo, S. Usp9x
controls egfr fate by deubiquitinating the endocytic adaptor eps15. Curr. Biol. 2016, 26, 173–183. [CrossRef]
[PubMed]

78. Mardin, B.R.; Isokane, M.; Cosenza, M.R.; Kramer, A.; Ellenberg, J.; Fry, A.M.; Schiebel, E. Egf-induced
centrosome separation promotes mitotic progression and cell survival. Dev. Cell 2013, 25, 229–240. [CrossRef]
[PubMed]

79. Lancaster, O.M.; Le Berre, M.; Dimitracopoulos, A.; Bonazzi, D.; Zlotek-Zlotkiewicz, E.; Picone, R.; Duke, T.;
Piel, M.; Baum, B. Mitotic rounding alters cell geometry to ensure efficient bipolar spindle formation. Dev. Cell
2013, 25, 270–283. [CrossRef] [PubMed]

80. Rosenblatt, J. Mitosis: Moesin and the importance of being round. Curr. Biol. 2008, 18, R292–293. [CrossRef]
81. Stewart, M.P.; Helenius, J.; Toyoda, Y.; Ramanathan, S.P.; Muller, D.J.; Hyman, A.A. Hydrostatic pressure

and the actomyosin cortex drive mitotic cell rounding. Nature 2011, 469, 226–230. [CrossRef] [PubMed]
82. Boucrot, E.; Kirchhausen, T. Mammalian cells change volume during mitosis. PloS one 2008, 3. [CrossRef]

[PubMed]
83. Dephoure, N.; Zhou, C.; Villen, J.; Beausoleil, S.A.; Bakalarski, C.E.; Elledge, S.J.; Gygi, S.P. A quantitative

atlas of mitotic phosphorylation. Proc. Natl. Acad. Sci. USA 2008, 105, 10762–10767. [CrossRef] [PubMed]
84. Olsen, J.V.; Vermeulen, M.; Santamaria, A.; Kumar, C.; Miller, M.L.; Jensen, L.J.; Gnad, F.; Cox, J.; Jensen, T.S.;

Nigg, E.A.; et al. Quantitative phosphoproteomics reveals widespread full phosphorylation site occupancy
during mitosis. Sci. Signal. 2010, 3. [CrossRef] [PubMed]

85. Sharma, K.; D’Souza, R.C.; Tyanova, S.; Schaab, C.; Wisniewski, J.R.; Cox, J.; Mann, M. Ultradeep human
phosphoproteome reveals a distinct regulatory nature of tyr and ser/thr-based signaling. Cell. Rep. 2014,
8, 1583–1594. [CrossRef] [PubMed]

86. Jeffery, C.J. Moonlighting proteins. Trends Biochem. Sci. 1999, 24, 8–11. [CrossRef]
87. Cayrol, C.; Cougoule, C.; Wright, M. The beta2-adaptin clathrin adaptor interacts with the mitotic checkpoint

kinase bubr1. Biochem. Biophys. Res. Commun. 2002, 298, 720–730. [CrossRef]
88. Okamoto, C.T.; McKinney, J.; Jeng, Y.Y. Clathrin in mitotic spindles. Am. J. Physiol. Cell Physiol. 2000,

279, C369–C374. [CrossRef]
89. Royle, S.J. Mitotic moonlighting functions for membrane trafficking proteins. Traffic 2011, 12, 791–798.

[CrossRef] [PubMed]
90. Thompson, H.M.; Cao, H.; Chen, J.; Euteneuer, U.; McNiven, M.A. Dynamin 2 binds gamma-tubulin and

participates in centrosome cohesion. Nat. Cell Biol. 2004, 6, 335–342. [CrossRef]
91. Garay, C.; Judge, G.; Lucarelli, S.; Bautista, S.; Pandey, R.; Singh, T.; Antonescu, C.N. Epidermal growth

factor-stimulated akt phosphorylation requires clathrin or erbb2 but not receptor endocytosis. Mol. Biol. Cell
2015, 26, 3504–3519. [CrossRef] [PubMed]

92. Lucarelli, S.; Pandey, R.; Judge, G.; Antonescu, C.N. Similar requirement for clathrin in egf- and hgf-
stimulated akt phosphorylation. Commun. Integr. Biol. 2016, 9. [CrossRef] [PubMed]

93. Harper, J.V. Synchronization of cell populations in g1/s and g2/m phases of the cell cycle. Methods Mol. Biol.
2005, 296, 157–166. [PubMed]

94. Jansen-Durr, P.; Meichle, A.; Steiner, P.; Pagano, M.; Finke, K.; Botz, J.; Wessbecher, J.; Draetta, G.; Eilers, M.
Differential modulation of cyclin gene expression by myc. Proc. Natl. Acad. Sci. USA 1993, 90, 3685–3689.
[CrossRef] [PubMed]

95. Matsui, Y.; Nakayama, Y.; Okamoto, M.; Fukumoto, Y.; Yamaguchi, N. Enrichment of cell populations in
metaphase, anaphase, and telophase by synchronization using nocodazole and blebbistatin: A novel method
suitable for examining dynamic changes in proteins during mitotic progression. Eur. J. Cell. Biol. 2012,
91, 413–419. [CrossRef] [PubMed]

96. Tacheva-Grigorova, S.K.; Santos, A.J.; Boucrot, E.; Kirchhausen, T. Clathrin-mediated endocytosis persists
during unperturbed mitosis. Cell Rep. 2013, 4, 659–668. [CrossRef]

http://dx.doi.org/10.1093/carcin/bgm058
http://www.ncbi.nlm.nih.gov/pubmed/17372273
http://dx.doi.org/10.4161/cbt.5.10.3226
http://www.ncbi.nlm.nih.gov/pubmed/16969069
http://dx.doi.org/10.1016/j.cub.2015.11.050
http://www.ncbi.nlm.nih.gov/pubmed/26748853
http://dx.doi.org/10.1016/j.devcel.2013.03.012
http://www.ncbi.nlm.nih.gov/pubmed/23643362
http://dx.doi.org/10.1016/j.devcel.2013.03.014
http://www.ncbi.nlm.nih.gov/pubmed/23623611
http://dx.doi.org/10.1016/j.cub.2008.02.013
http://dx.doi.org/10.1038/nature09642
http://www.ncbi.nlm.nih.gov/pubmed/21196934
http://dx.doi.org/10.1371/journal.pone.0001477
http://www.ncbi.nlm.nih.gov/pubmed/18213385
http://dx.doi.org/10.1073/pnas.0805139105
http://www.ncbi.nlm.nih.gov/pubmed/18669648
http://dx.doi.org/10.1126/scisignal.2000475
http://www.ncbi.nlm.nih.gov/pubmed/20068231
http://dx.doi.org/10.1016/j.celrep.2014.07.036
http://www.ncbi.nlm.nih.gov/pubmed/25159151
http://dx.doi.org/10.1016/S0968-0004(98)01335-8
http://dx.doi.org/10.1016/S0006-291X(02)02522-6
http://dx.doi.org/10.1152/ajpcell.2000.279.2.C369
http://dx.doi.org/10.1111/j.1600-0854.2011.01184.x
http://www.ncbi.nlm.nih.gov/pubmed/21564450
http://dx.doi.org/10.1038/ncb1112
http://dx.doi.org/10.1091/mbc.E14-09-1412
http://www.ncbi.nlm.nih.gov/pubmed/26246598
http://dx.doi.org/10.1080/19420889.2016.1175696
http://www.ncbi.nlm.nih.gov/pubmed/27489582
http://www.ncbi.nlm.nih.gov/pubmed/15576930
http://dx.doi.org/10.1073/pnas.90.8.3685
http://www.ncbi.nlm.nih.gov/pubmed/8386381
http://dx.doi.org/10.1016/j.ejcb.2011.12.008
http://www.ncbi.nlm.nih.gov/pubmed/22365812
http://dx.doi.org/10.1016/j.celrep.2013.07.017


Cells 2018, 7, 257 25 of 25

97. Baravalle, G.; Schober, D.; Huber, M.; Bayer, N.; Murphy, R.F.; Fuchs, R. Transferrin recycling and
dextran transport to lysosomes is differentially affected by bafilomycin, nocodazole, and low temperature.
Cell Tissue Res. 2005, 320, 99–113. [CrossRef]

98. Bayer, N.; Schober, D.; Prchla, E.; Murphy, R.F.; Blaas, D.; Fuchs, R. Effect of bafilomycin a1 and nocodazole on
endocytic transport in hela cells: Implications for viral uncoating and infection. J. Virol. 1998, 72, 9645–9655.

99. Liu, W.; Fan, L.X.; Zhou, X.; Sweeney, W.E., Jr.; Avner, E.D.; Li, X. Hdac6 regulates epidermal growth factor
receptor (egfr) endocytic trafficking and degradation in renal epithelial cells. PloS One 2012, 7. [CrossRef]

100. Li, H.; Duan, Z.W.; Xie, P.; Liu, Y.R.; Wang, W.C.; Dou, S.X.; Wang, P.Y. Effects of paclitaxel on egfr endocytic
trafficking revealed using quantum dot tracking in single cells. PloS One 2012, 7. [CrossRef]

101. Hamm-Alvarez, S.F.; Sonee, M.; Loran-Goss, K.; Shen, W.C. Paclitaxel and nocodazole differentially alter
endocytosis in cultured cells. Pharm. Res. 1996, 13, 1647–1656. [CrossRef] [PubMed]

102. Wang, Y.; Pennock, S.D.; Chen, X.; Kazlauskas, A.; Wang, Z. Platelet-derived growth factor receptor-mediated
signal transduction from endosomes. J. Biol.Chem. 2004, 279, 8038–8046. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00441-004-1060-x
http://dx.doi.org/10.1371/journal.pone.0049418
http://dx.doi.org/10.1371/journal.pone.0045465
http://dx.doi.org/10.1023/A:1016432505275
http://www.ncbi.nlm.nih.gov/pubmed/8956329
http://dx.doi.org/10.1074/jbc.M311494200
http://www.ncbi.nlm.nih.gov/pubmed/14660565
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Antibodies and Chemicals 
	Plasmid Construction 
	Cell Culture, Transfection, and Treatment 
	Immunoprecipitation and Immunoblotting 
	Indirect Immunofluorescence 

	Results 
	CBL Interaction with EGFR during Mitosis 
	Effects of Altering CBL Expression and Activity during Mitosis 
	Role of EGFR C-Terminal Domains for Mitotic Endocytosis 
	Endocytic Trafficking of EGFR in Mitosis 
	Low EGF Doses Activate Mitotic EGFR NCE 

	Discussion 
	Conclusions 
	References

