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The interplay between membrane subregions and receptor tyrosine kinases (RTK) will influence
signaling in both normal and pathological RTK conditions. In this study, epidermal growth factor receptor
(EGFR) and platelet-derived growth factor receptor p (PDGFR-f) internalizations were investigated by
immunofluorescent microscopy following simultaneous treatment with EGF and PDGF-BB. We found
that the two receptors utilize separate routes of internalization, which merges in a common perinuclear
endosomal compartment after 45 min of stimulation. This is further strengthened when contrasting the
recruitment of either EGFR or PDGFR-B to either clathrin or caveolin-1: PDGFR-B dissociates from
caveolin-1 upon stimulation, and engages clathrin, whilst an increased recruitment of EGFR, to both
clathrin and caveolin-1, was observed upon EGF stimulation. The association between EGFR and
caveolin-1 is supported by the observation that EGFR was localized in lipid raft associated fractions,
whereas PDGFR-f was not. We also found that disruption of lipid rafts using MBCD led to an increased
EGFR dimerization and phosphorylation in response to ligand, as well as a dramatic decrease in AKT- and
a smaller but robust decrease in ERK1/2 phosphorylation. This suggest that lipid rafts may be important
to effectively connect the EGFR with downstream proteins to facilitate signaling. Our data implies that

cholesterol depletion of the plasma membrane affect the signaling of EGFR and PDGFRP differently.
© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

JAK/STAT, RAS/ERK1/2, and PI3K/AKT/mTOR pathways — promoting
cell survival, migration, differentiation, and proliferation [2,6,7].

The epidermal growth factor receptor (EGFR) is a trans-
membrane surface protein that is part of the receptor tyrosine ki-
nase (RTK) superfamily, and mediates cellular response to several
external growth factors, e.g. epidermal growth factor (EGF),
transforming-growth factor-o. (TGFa), and the neuregulins [1].
EGFR belongs to a family of four structurally similar tyrosine kinase
receptors called ErbB or HER. Namely, EGFR/HER1/ErbB1, Neu/
HER2/ErbB2, HER3/ErbB3, and HER4/ErbB4 [2]. Ligand binding to
the EGFR ectodomain will induce the receptors to homo- or het-
erodimerize, leading to increased activity of the intracellular tyro-
sine kinase domains [1,3—5]. The activation of the EGFR leads to the
activation of several intracellular downstream cascades, such as:

* Corresponding author.
E-mail address: johan.heldin@farmbio.uu.se (J. Heldin).
1 authors have contributed equally.

https://doi.org/10.1016/j.bbrc.2023.04.099

The platelet-derived growth factor receptor (PDGFR), also
belonging to the RTK superfamily, with two different isoforms, i.e.,
PDGFR-¢. and PDGFR-B [8]. Similar to EGFR, ligand-induced
dimerization of PDGFR leads to phosphorylation of intracellular
tyrosine residues [8]. These phosphorylation sites allow for docking
of signaling proteins to the activated receptor complex. Many of the
signaling pathways activated by PDGFR overlap with those acti-
vated by EGFR. We have earlier reported a potential dependence of
membrane rafts for certain PDGFR-f downstream signaling cas-
cades to properly function in human fibroblasts, i.e., PI3K/AKT and
RAS/ERK1/2 [9]. These membranal microdomains have also been
linked to RTK internalization [10].

Internalization is an integral part in regulating RTK signaling,
both temporally and spatially, and ultimately determines the re-
ceptors fate, whether it be recycled or degraded [11]. Upon acti-
vation, EGFR signaling takes place both at the plasma membrane
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and in endosomes [12]. A major internalization route of EGFR is via
clathrin-coated pits, but it can also internalizes via clathrin-
independent routes, which may be one or several pathways,
where membrane rafts are believed to play an important role
[11,13]. For instance, EGFR have previously been reported to inter-
nalize through caveolae, where the proteins caveolins have been
reported as necessary for proper receptor function [14—16]. How-
ever, the understanding of the underlying mechanisms of these
clathrin-independent routes are poor. It has been suggested that,
depending on route of internalization, EGFR can be fated for either
recycling, where internalization facilitated via clathrin-coated pits
prompt recycling, and clathrin-independent internalization favors
degradation [11]. It has also been suggested that certain signaling
pathways, such as AKT and ERK1/2, require interaction with intact
clathrin-coated pits for proper signaling, while others do not [11].
In this study we have investigated the differences in internali-
zation between EGFR and PDGFR-, and the potential implications
this holds for EGFR and PDGFR- signaling. Also, whether active
PDGFR and EGEFR sort together through endosomal compartments
has been investigated. As EGFR is often used as a model system for
endocytosis for other RTKs, it is of interest and importance to
highlight any potential difference between these receptors [17].

2. Material & methods
2.1. Cell culture

The immortalized fibroblast cell line of human foreskin BJ-
hTERT (kind gift from professor Carl-Henrik Heldin, Uppsala Uni-
versity) was cultured in Dulbecco's Modified Eagle
Medium + GlutaMAX (DMEM + GlutaMAX) supplemented with
10% fetal bovine serum (FBS), all acquired from Thermo Fisher
Scientific, at 37 °C and 5% CO,.

2.2. Western blot

Western blot analysis was performed as described in Wahlén
et al. [9]. Cells were first seeded to a confluence of 50,000 cells/cm?,
and left to adhere overnight. Thereafter serum starved for 16 h in
DMEM + GlutaMAX supplemented with 0.2% lipid free BSA (star-
vation medium). Cells were treated with 5 mM Methyl-$-Cyclo-
dextrin (MBCD) for 3 h (freshly dissolved in serum starvation
medium prior to the experiment) and stimulated with 20 ng/ml
EGF for the last 0, 15, 30, 45, 60 min of the experiment. Stimulation
was then terminated by washing the cells with ice-cold PBS on ice
and afterward lysing the cells using 1.5 x NuPAGE™ LDS Sample
Buffer supplemented with 20 mM dithiothreitol (DTT), and a pro-
tease and phosphatase inhibitor cocktail (PhosSTOP, 4906837001
and cOmplete, 4693159001, Sigma).

The lysate was boiled at 95 °C for 5 min, and then sample pro-
teins were separated on SDS-polyacrylamide gel and afterward
transferred to a PVDF-FL membrane, using Chameleon Duo Pre-
Stained Protein Ladder (LI-COR Biosciences) as size reference. The
transferred membrane was then washed in TBS, and blocked in
Intercept blocking buffer (LI-COR Biosciences, diluted 1:3 in TBS) at
room temperature for 2 h and subsequently incubated with pri-
mary antibodies at 4 °C over-night (Supplementary Table 1).
Membranes were washed 3 x 10 min in TBS supplemented with
0.05% Tween-20 (TBS-T), and then incubated with appropriate
secondary antibodies (Alexa680 or IRDye800) diluted in Intercept
Blocking Buffer. The membranes were then washed again in TBS-T
for 3 x 10 min. An Odyssey Scanner and ImageStudio v5.2.5 soft-
ware (both from LI-COR Biosciences) was used for scanning and
quantifications of the membranes.
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2.3. Dimerization assay

Cells were seeded and starved, as described above, and pre-
incubated with or without MBCD for 2 h, and then stimulated
with 20 ng/ml EGF for either O or 5 min at 37 °C. The cells were
washed in ice-cold PBS three times. 2 mM bis-sulfosuccinimidyl
suberate (BS3, Thermo Fisher Scientific, 21,580) in ice-cold PBS
was added to the cells, and they were incubated for 60 min on ice.
To terminate cross-linking, cells were washed 3 x 5 min in ice-cold
TBS. Cells were lysed and analyzed with western blot as described
above.

2.4. Immunofluorescence microscopy (IF)

Cells were seeded, as described above, and starved over-night in
DMEM + GlutaMAX supplemented with 0.2% FBS medium in an 8-
well chamber slide. BJ-hTERTs were then stimulated with 20 ng/ml
EGF and 20 ng/ml PDGF-BB, concurrently. Medium was aspirated
and cells were then washed in ice-cold PBS, and fixed in 3,7%
formaldehyde solution for 15 min on ice. Cells were washed
3 x 5 min in PBS, permeabilized with 0.2% Triton X-100 in TBS for
10 min. After blocking in Intercept blocking buffer (LI-COR Bio-
sciences, diluted 1:3 in TBS) for 1 h at 37 °C, cells were incubated
over-night at 4 °C with primary antibodies as described in
Supplementary Table 1. The slides were then washed in TBS-T for
3 x 10 min, and incubated in Hoechst 33342 (5 pg/ml), donkey anti-
rabbit (Alexa Fluor Plus 555, A32794) and donkey anti-goat (Alexa
Fluor Plus 647, A32849) for 1 h at 37 °C. Slides were washed in TBS-
T for 3 x 10 min, and mounted with SlowFade Gold antifade
mountant (Thermofisher scientific, S36936).

2.5. Proximity ligation assay (PLA)

BJ-hTERT cells were seeded, as described above, and starved
over-night in starvation medium in an 8-well chamber slide, and
stimulated with either 20 ng/ml EGF or 20 ng/ml PDGF-BB for 0, 5,
15 or 45 min, respectively. Cells were then fixed and permeabilized,
as described under the Immunofluorescens microscopy section.
Proximity ligation assay was then performed according to the
manufacturer's instructions (NaveniFlex MR, Navinci Diagnostics),
a more efficient version of in situ PLA [18]. Primary antibodies used
are described in Supplementary Table 1.

2.6. Sucrose fractionation

Cells were seeded and starved as described above, and stimu-
lated either with 20 ng/ml EGF or PDGF-BB for 15 min at 37 °C,
respectively. The enrichment for raft associated proteins was then
proceeded with as described by Gajate & Mollinedo, with minor
modifications to the protocol [19]. Medium was aspirated and cell
were washed in ice-cold PBS. Cells were then collected by scraping
in 2 ml TNEV buffer (150 mM NaCl, 5 mM EDTA, 10 mM Tris-HCl, pH
7.5) supplemented with protease inhibitor (cOmplete, 4693159001,
Sigma). The cells were pelleted at 300xg for 7 min, after which the
supernatant was aspirated and cells were washed in 10 ml ice-cold
PBS, and centrifuged at 300xg for 7 min. The wash and centrifu-
gation were repeated once more. The supernatant was aspirated
and 1.4 ml of 1% Triton X-100 in TNEV buffer was added to the
pellet, which was then re-suspended, and left to incubate for 1 h at
4 °C. Cells were homogenized with 20 strokes through a 21 G
needle, and centrifuged at 200xg for 8 min. The supernatant was
saved, whilst the pellet containing unbroken cells, cellular debris
and nuclei was discarded. 1 ml of the supernatant was mixed with
1 ml 85% sucrose (w/v) in TNEV buffer solution, and transferred to a
pre-chilled 14 x 95-mm Polypropylene round-bottom centrifuge
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tubes. 6 ml 35% (w/v) sucrose solution in TNEV buffer and then
3.5 ml 5% (w/v) sucrose solution in TNEV buffer was then carefully
overlaid the mixture, forming a discontinuous gradient. The sam-
ples were centrifuged in a SW40 Ti at 35,000 rpm (200,000 g, at
I'max) for 18 h at 4 °C. 1 ml fractions were collected from the top and
mixed with 4 x NuPAGE™ LDS Sample Buffer to a final concentra-
tion of 1.5 x NuPAGE™ LDS Sample Buffer supplemented with
20 mM dithiothreitol (DTT), and a protease and phosphatase in-
hibitor cocktail (PhosSTOP, 4906837001 and cOmplete,
4693159001, Sigma). The fractions were analyzed with western
blot, as described above.

2.7. Imagining and image analysis

With the Zeiss imager M2 microscope and Zen 2 (blue edition),
at least three, or more, pictures were acquired per experimental
condition with a 40X/1.4 or 63X/1.4 oil objective and Hamamatsu
C11440 camera. For sample excitation, the light source HXP 120 V
(90% intensity), was used. Cube filter sets 31, 43HE, 49, and 50
(Zeiss) were used, which are suitable for TexRed, Hoechst 33342,
Alexa Fluor Plus 555, Alexa Fluor Plus 647 fluorophores. All images
were deconvolved prior image analysis as described in Raykova
et al. [20]. Cell profiler 3.1.9 was used for image quantification and
analysis, on deconvolved images. Signal strength has been
enhanced for visualization purposes for IF and PLA figures.

2.8. Statistical analysis

Experiments were independently repeated at least three times
and analyzed with Graphpad Prism 9. Normal distribution of the
data was determined with Shapiro-Wilks test. Non-parametric
one-way ANOVA (Kruska-Wallis test) was used in analyzing the
PLA and IF data. Non-parametric Mann-Whitney test was used to
analyze the Western blot and Dimerization assay data.

2.9. Mycoplasma

Cells were analyzed for mycoplasma contamination twice a year
with PCR.

3. Results & discussion

In order to investigate the role of membrane rafts for EGFR-
signaling, we treated BJ-hTERT cells with MBCD to reduce levels
of cholesterol. After cholesterol extraction, BJ-hTERT cells were
analyzed with western blot for activation of EGFR and downstream
signaling (Fig. 1). We found that total levels of EGFR in BJ-hTERT
cells were unaffected by the MBCD treatment, as compared to
controls (Fig. 1A—B). The phosphorylation of tyrosine residue 1068
in the EGFR (pY1068-EGFR) was however significantly increased by
approximately 60% in cells treated with MBCD after 30 min of
stimulation with 20 ng/ml EGF (Fig. 1A and C). In addition, an
overall increase in pY1068-EGFR, however, not significant was
observed at all other time-points in cells treated with MBCD
compared to controls. The increased receptor phosphorylation may
be explained by the 2.5 times increased dimerization of EGFR after
5 min of EGF stimulation and MBCD treatment, as compared to
control (Fig. 1D—E). This observation that lipid rafts inhibit EGFR
dimerization is consistent with reports that EGFR upon stimulation
moves out of lipid rafts to become dimerized [21,22].

The increased phosphorylation and dimerization of EGFR is in
contrast to our previous data on PDGFR-f in the same cell line, where
we did not see such an effects on the receptor (Fig. 1F and [9]).

Downstream of EGFR, phosphorylation of AKT and ERK1/2 was
analyzed by western blot, after treatment with 5 mM MBCD and
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stimulation with 20 ng/ml EGF. Phosphorylation of serine residue
473 on AKT (pS473-AKT) was abolished in cells treated with MBCD
compared to the controls (Fig. 1A and G). Similarly, phosphorylation
of threonine residue 202 and tyrosine residue 204 on ERK1/2
(pT202/Y204-ERK1/2) were significantly decreased in cells treated
with MBCD, compared to the untreated control (Fig. 1A and H).
Interestingly, we found a marked effect on EGF-induced pS473-AKT
in cells treated with MBCD, while only a mild effect was observed in
PDGF-stimulated cells and vice versa for ERK1/2 (Fig. 1 and [9]). The
differences in receptor activation between EGFR and PDGFR-B, as
well as, the differences in downstream signaling implies that the
two receptors have different requirements of the cholesterol in the
membrane for initiating signal transduction.

The differences in signal transduction led us to investigate if
activated PDGFR-B3 and EGFR were internalized and sorted differ-
ently. To this end, we simultaneous stimulated cells with 20 ng/mL
of EGF and PDGF-BB for 0, 15 and 45 min and trafficking of EGFR and
PDGFR-f was observed by immunofluorescence (Fig. 2). Low levels
of co-localization was observed between EGFR and PDGFR-, either
after 0 and 15 min of stimulation (Pearson coefficient <0.5,
considered not to co-localize). The two receptors have a low level of
co-localization at the plasma membrane prior to ligand stimula-
tion. However, after stimulation the degree of co-localization be-
tween the two receptors increased to reach a Pearson coefficient
>0.5 after 45 min of stimulation (Pearson coefficient >0.5, consid-
ered co-localization), likely corresponding to their entry to peri-
nuclear compartments. It is therefore likely that upon simultaneous
activation of EGFR and PDGFR-B the two receptors are at least in
part trafficked separately into early/recycling endosomal com-
partments, and then a larger portion coalesce in late endosomes/
multivesicular bodies or lysosomal compartments. This separate
trafficking may allow for interaction with signaling proteins in a
specific manner (qualitatively or quantitatively), potentially
explaining the difference we observe in AKT and ERK1/2 phos-
phorylation in cells stimulated with PDGF-BB or EGF (Fig. 1 and [9]).

To investigate to what degree PDGFR-3 and EGFR are recruited
to different plasma membrane compartments during internaliza-
tion, such as clathrin-coated pits or caveolin-1 enriched lipid rafts,
proximity ligation assays were used to study receptor specific
recruitment to clathrin and caveolin-1. EGFR showed a rapid but
transient recruitment to clathrin-coated pits, which peaked at
5 min (Fig. 3A—B). PDGFR-B showed comparable kinetics to EGFR,
and the recruitment of PDGFR- to clathrin-coated pits peaked
between 5 and 15 min of stimulation (Fig. 3C—D). This is indicative
of both EGFR and PDGFR-f using clathrin-mediated internalization
pathways, as has also been previously shown [23].

Receptor proximity to caveolin-1 was also investigated. EGFRs
recruitment to caveolin-1 increased upon stimulation, peaking af-
ter 15 min of stimulation (Fig. 3E—F). PDGFR-f, on the other hand,
shows a clear association with Caveolin-1 in unstimulated cells but
this association decreases significantly in response to PDGF-BB
treatment (Fig. 3G—H), which is in concordance with a study
showing PDGFR-B is held inactive in caveolae [24] and thus needs
to leave the caveolae to be activated in non-raft plasma membrane.
This suggests that a fraction of the PDGFR-f population on the
membrane is held close to Caveolin-1 in unstimulated cells but
leaves them and is primarily internalized via clathrin-mediated
endocytosis in response to PDGF stimulation, whereas EGFR uti-
lizes membrane raft and caveolae-associated pathways in addition
to clathrin-mediated internalization.

To further investigate the differences between PDGFR-$ and
EGFR localization we used sucrose gradient fractionation where
membrane raft associated proteins were enriched in lower density
fractions (Fig. 4; fraction 2—4), which was validated using the
membrane raft marker proteins caveolin-1 and flotillin-2.
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Fig. 1. EGFR activation increases upon cholesterol depletion, but downstream activation of AKT and ERK1/2 is reduced. BJ-hTERT cells were incubated with or without
5 mM MBCD for 3 h, and stimulated with 20 ng/ml EGF during the last hour for either 0, 15, 30, 45 or 60 min at 37 °C, and analyzed with western blot using antibodies specific
against specific phosphorylation sites and total EGFR, AKT, ERK1/2 and B-actin (A). Quantifications of total EGFR, phosphorylation of tyrosine residue 1068 of EGFR (B, C), serine
residue 473 of AKT (G), and threonine residue 202 and tyrosine residue 204 of ERK1/2 (H) are shown, respectively. B]-hTERT cells were pre-incubated with 5 mM MBCD for 2 h, and
stimulated with 20 ng/ml EGF for 0 or 5 min at 37 °C, and then cross-linked with BS3, to determine levels of receptor dimerization. This was then analyzed with western blot with
antibodies specific against total EGFR and B-actin (D, dimerized receptor indicated with an arrow) and quantifications are shown in (E). The total EGFR stain has been normalized to
B-actin levels, and all phosphorylation stains were normalized to respective total protein stain, and fold difference was determined by dividing with the mean of all 0 min values,
excluding MBCD. Cross-linked EGFR was normalized to total EGFR levels in the dimerization assay. Error bars represents the standard error of the mean (SEM). n > 4 for all above
experiments; * = p < 0.05, ** = p < 0.01. BJ-hTERT cells were also incubated with or without 5 mM MBCD for 3 h, and stimulated with 20 ng/ml PDGF-BB at the last hour for either
0, 15, 30, 45 or 60 min at 37 °C, and analyzed with western blot with antibodies targeting specific phosphorylation sites and total PDGFR-B, AKT, ERK1/2 and B-actin (F); n = 1.

PDGFR-f was not found in the fractions corresponding to
membrane rafts, instead localized in higher density fractions,
which interestingly were also enriched in Caveolin-1 (Fig. 4; frac-
tion 6—12). This is consistent with our PLA data showing clear
proximity between PDGFR-3 and Caveolin-1 in unstimulated cells.
In response to PDGF-BB treatment, PDGFR-8 is further enriched in
the highest density fractions (Fig. 4; fraction 10—12). It is currently
unclear what cellular compartment these fractions represent, but
since they are also enriched in a-tubulin they may be cytosolic
fractions containing vesicles, some of which are rich in Caveolin-1
as well as internalized receptors. Furthermore, these heavier den-
sity fractions are also enriched in EEA1, Calreticulin and GM130,
and thus these fractions also likely correspond to early endosomal
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compartments, endoplasmic reticulum or golgi. Despite being in
fractions with similar density, our PLA data suggests that PDGFR-$
and Caveolin-1 are separated in response to PDGF-BB treatment
(Fig. 3).

EGFR was found in both lower- and higher density fractions,
suggesting a direct association with membrane rafts at steady-state
levels, but not an exclusive residence within these domains. These
variations in receptor localization may further explain the differ-
ences in their internalization, where certain internalization path-
ways have been associated to membrane rafts (Fig. 4).

Collectively, we have found that EGFR and PDGFR-f partly uses
different internalization pathways; PDGFR primarily internalizes
via clathrin coated pits, whereas EGFR in addition can be
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Fig. 2. EGFR and PDGFR deviate in internalization pathways. EGFR and PDGFR-$ localization in BJ-hTERT upon simultaneous stimulation with EGF (20 ng/ml) and PDGF-BB
(20 ng/ml) for 0, 15 or 45 min at 37 °C was investigated with immunostaining. A Pearson coefficient of >0.5 indicates co-localization (indicated in figure with a dashed line).
Nuclei are shown in blue, EGFR in green, and PDGFR-$ in magenta. Error bars represents the standard error of the mean (SEM). n = 3 for all experiment; scale bar = 5 pm;
* = p < 0.05, ** = p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. EGFR and PDGFR both internalize via clathrin coated pits, but deviate in clathrin-independent endocytosis pathways. To investigate potential differences in inter-
nalization routes of EGFR and PDGFR-, co-localization with clathrin or caveolin-1 was investigated using proximity ligation assay (PLA) after stimulation with 20 ng/ml EGF or
PDGF-BB. The co-localization between Clathrin and EGFR or PDGFR-f is shown in (A or C) and quantified in (B or D), respectively. Co-localization between Caveolin-1 and EGFR or
PDGFR- is shown in (E or G) and quantified in (F or H), respectively. Nuclei are shown in blue, and PLA rolling circle amplification product (RCP) in green. Error bars represents the
standard error of the mean (SEM). n > 4 for all experiment; scale bar = 10 um; * = p < 0.05, ** = p < 0.01. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 4. EGFR but not PDGFR is enriched in low sucrose density fractions, together with the lipid raft markers flotillin-2 and caveolin-1. Membrane raft associated proteins
have been found to be enriched in lower density sucrose fractions containing Flotillin-2 and Caveolin-1 after ultracentrifugation. BJ-hTERT cells were stimulated with either EGF or
PDGF-BB (20 ng/ml, respectively) for 0 or 15 min at 37 °C, and cell lysates ultracentrifuged in a discontinuous sucrose gradient of 5, 35 and 42.5% (w/v) sucrose in TNEV buffer
fraction, and analyzed with western blot. Lower density fractions are indicated with a lower number, and higher at a higher number, from 1 to 12. Membrane rafts associated
proteins are expected to be found between fraction 2—4, and cytosol and non-raft membrane (including ER and Golgi) between fraction 6—12. n = 3 for all experiments.

internalizes via clathrin-independent pathways, such as via cav-
eolae. This may explain the different effects on downstream
signaling that was observed upon cholesterol extraction, and sub-
sequent membrane raft disruption. It is possible that differences in
receptor internalization routes influences access to different
signaling protein complexes, which can expain the selective effects.
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