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A B S T R A C T   

It has become clear that lipid rafts functions as signaling hotspots connecting cell surface receptors to intra-
cellular signaling pathways. However, the exact involvement of lipid rafts in receptor tyrosine kinase signaling is 
still poorly understood. In this study, we have analyzed platelet-derived growth factor (PDGF) receptor β 
(PDGFR-β) signaling in two different cell lines depleted of cholesterol, and as a consequence, disruption of lipid 
rafts. Cholesterol depletion of BJ-hTERT fibroblasts using methyl-β-cyclodextrin (MβCD) did not affect PDGFR-β 
activation as measured by its tyrosine phosphorylation. However, we did observe a small reduction in AKT 
phosphorylation and a more robust decrease of ERK1/2 activation. In contrast, in the osteosarcoma cell line 
U2OS, we noticed a deficient receptor activation. Interestingly, in U2OS cells, the ERK1/2 pathway was unaf-
fected, but instead AKT and SRC signaling was reduced. These results suggest that cell type specific wiring of 
signaling pathways can lead to differential sensitivity to cholesterol depletion. Furthermore, MβCD treatment 
had a much more pronounced morphological effect on U2OS compared to BJ-hTERT cells. This is consistent with 
a previous report claiming that cancer cells are more sensitive to cholesterol depletion than normal cells. Our 
data supports the possibility that cholesterol lowering drugs may impede tumor growth.   

1. Introduction 

Lipid rafts, also called membrane rafts, are dynamic membrane 
microdomains enriched in sphingolipids and cholesterol [1], which are 
signaling hotspots that harbors a plethora of signaling proteins and re-
ceptors, among them members of the receptor tyrosine kinase (RTK) 
family [2]. There are different kinds of lipid rafts with different shapes, 
such as bottle-shaped invaginations “caveolae” characterized by 
caveolin-1 coating and sometimes the presence of flotillin-1/− 2, and flat 
membrane domains containing flotillin-1 but not caveolin-1 [3,4]. Since 
lipid rafts are dynamic in their composition there are no universal 
markers, but the glycosphingolipid GM1 is commonly used to visualize 
lipid rafts [5,6]. The estimated size of lipid rafts varies between 10 and 
200 nm [7]. The mechanism for enrichment of some proteins into lipid 
rafts is still not fully understood, but post-translational modifications 
(PTMs), such as glycosylphosphatidylinositol (GPI) anchors, N-myr-
istoylation or S-palmitoylation, and the length of the transmembrane 
domains have been shown to be important for lipid raft localization [8]. 

Furthermore, it has been shown that the plasma membrane of cancer 
cells usually has elevated levels of cholesterol and lipid rafts and, at least 
for some cancers, epidemiological studies have shown that longtime use 
of cholesterol lowering drugs, such as HMG-CoA reductase inhibitors, 
has been associated with decreased cancer-related mortality [9]. 

In this study, we have investigated the impact of lipid rafts on 
platelet-derived growth factor (PDGF) signaling. The PDGF receptor 
(PDGFR) family consists of two RTK receptor isoforms, namely PDGFR-α 
and PDGFR-β, which bind homo- or hetero-dimers of 4 polypeptide 
chains, namely PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD and PDGF-AB 
[10]. Ligand binding causes dimerization of PDGF receptors, bringing 
the receptors together and allowing autophosphorylation of the re-
ceptors on specific tyrosine residues in their intracellular regions. The 
phosphorylated tyrosine residues function as binding sites for SH2- 
domain-containing signal transduction proteins, which activate 
different signal transduction pathways inside the cell, such as phos-
phatidylinositol- 3′-kinase (PI3K)/AKT, the tyrosine kinase SRC, phos-
pholipase C-γ (PLCγ) and ERK1/2 MAP-kinase [11], regulating, e.g., 

Abbreviations: PDGF, Platelet-derived growth factor; PDGFR, Platelet-derived growth factor receptor; MβCD, methyl-β-cyclodextrin; PI3K, phosphatidylinositol- 
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survival, proliferation and differentiation. 
PDGF signaling plays important roles during embryonic develop-

ment, and in the adult, PDGF has been associated with wound healing, 
blood vessel function and regulation of the interstitial fluid pressure 
[10]. Excessive PDGF signaling has been linked to pathologies, such as 
fibrosis, atherosclerosis and malignant disease [10]. In the context of 
cancer, activation of PDGF receptors has been shown to be important in 
the tumor microenvironment through the recruitment of pericytes to 
vessels during tumor angiogenesis, as well as recruitment of cancer 
associated fibroblasts (CAF). CAFs are instrumental in the regulation of 
the interstitial fluid pressure, which affects the uptake of anti-tumor 
drugs in tumor cells [10]. Overactivity of PDGFRs has also been 
shown to directly drive certain malignancies, such as glioblastoma and 
dermatofibrosarcoma [10]. Furthermore, it has also been reported that 
epithelial cancer cells undergoing epithelial-mesenchymal transition 
can upregulate PDGFRs, which makes them susceptible to PDGF stim-
ulation [11]. 

In the present study, we have investigated the importance of lipid 
rafts for signaling induced by PDGF-BB stimulation. 

2. Material & methods 

2.1. Cell culture 

The immortalized human foreskin fibroblasts BJ-hTERT, human os-
teosarcoma U2OS (kind gifts from professor Carl-Henrik Heldin, 
Uppsala University), human glioblastoma multiforme T98G (kind gift 
from associate professor Maria Norlin, Uppsala University), and primary 
human lung fibroblasts HFL1 (kind gift from professor Pär Gerwins, 
Uppsala University) were cultured at 37 ◦C and 5% CO2 in Dulbecco's 
Modified Eagle medium + GlutaMAX (DMEM+GlutaMAX) supple-
mented with 10% fetal bovine serum (FBS), all acquired from Thermo 
Fisher Scientific. 

2.2. Western blotting 

Western blotting was done essentially as previously described [12]. 
Briefly, cells were seeded at a confluence of 50,000 cell/cm2 (BJ-hTERT) 
or 100,000 cell/cm2 (U2OS), left to adhere overnight, and then serum- 
starved for 24 h at 37 ◦C and 5% CO2 in DMEM+GlutaMAX supple-
mented with 0.2% fatty acid free bovine serum albumin (BSA, A7030, 
Sigma). MβCD was freshly dissolved in starvation medium before each 
experiment. Cells were incubated in 5 mM MβCD for 3 h (BJ-hTERT) or 
1 h and 15 min (U2OS) and stimulated with 5 or 20 ng/mL PDGF-BB for 
the last 0, 15, 30, 45 and 60 min. The stimulation was terminated by 
washing in ice-cold PBS and subsequently cells were lysed in 1.5 ×
NuPAGE™ LDS Sample Buffer, supplemented with a protease and 
phosphatase inhibitor cocktail (PhosSTOP, 4,906,837,001 and cOm-
plete, 4,693,159,001, Sigma) and 20 mM dithiothreitol (DTT). Samples 
were denatured at 95 ◦C for 5min before being subjected to SDS- 
polyacrylamide gel electrophoresis and subsequently transferred to a 
PVDF-FL membrane. Chameleon Duo Pre-stained Protein Ladder (LI- 
COR Biosciences) was used for size reference. After the transfer, the 
membranes were quickly washed in TBS, and blocked for 2 h at room 
temperature in Intercept blocking buffer (LI-COR Biosciences, diluted 
1:3 in TBS). Then the membranes were incubated at 4 ◦C over-night with 
primary antibodies (Supplementary Table 1). The membranes were then 
washed 3 × 10 minutes with 0.05% Tween-20 in TBS, followed by a 1-h 
incubation with secondary antibodies (Alexa680 or IRDye800) diluted 
in Intercept Blocking Buffer, and subsequently washed 3 × 10 minutes 
with 0.05% Tween-20 in TBS. The membranes were scanned and 
quantified using an Odyssey Scanner and ImageStudio v5.2.5 software 
(both from LI-COR Biosciences). 

2.3. Dimerization assay 

After stimulation with 20 ng/mL PDGF-BB for 3, 7 and 15 min at 
37 ◦C, BJ-hTERT cells were washed three times with ice-cold PBS, and 
then incubated with 2 mM bis-sulfosuccinimidyl suberate (BS3, Thermo 
Fisher Scientific, 21,580) in ice-cold PBS for 60 min. The crosslinking 
was terminated by washing three times 5 min in ice-cold TBS (pH 7.6). 
Thereafter, the cells were lysed and subjected to SDS-polyacrylamide gel 
electrophoresis, followed by transfer of proteins to PVDF-FL membranes 
and Western blotting, as described above. 

2.4. Plasma membrane lipid raft fractionation 

Lipid rafts and associated proteins were isolated essentially as pre-
viously described by Fang and coworkers [13]. Briefly, the cells were 
seeded, starved and treated with MβCD, as described above. The cells 
were subsequently stimulated with either 0, 5 or 20 ng/mL PDGF-BB for 
15 min and thereafter washed in ice-cold PBS and lysed with Triton lysis 
buffer (0.5% Triton X-100, 150 mM NaCl, 20 mM Tris-HCl, pH 7.5) 
supplemented with a phosphatase and protease inhibitor cocktail 
(PhosSTOP, 4,906,837,001 and cOmplete, 4,693,159,001, Sigma). The 
lysates were incubated on ice for 30 min, and then harvested and 
centrifuged at 20,000 ×g for 30 min at 4 ◦C. Supernatants were collected 
and mixed with 1.5 x NuPAGE™ LDS Sample Buffer supplemented with 
20 mM DTT (cytosolic and non-raft membrane fraction) and denatured 
at 95 ◦C for 5 min. Thereafter, the pellet was resuspended in Triton lysis 
buffer supplemented with phosphatase and protease inhibitor cocktail, 
2 mM DTT and 0.5% SDS. The resuspended samples were vortexed and 
sonicated at 4 ◦C for 10 min. After centrifugation, at 20,000 ×g for 30 
min at 4 ◦C, the supernatants were collected and mixed with 1.5 x 
NuPAGE™ LDS Sample Buffer supplemented with 20 mM DTT (lipid raft 
enriched protein fraction) and denatured at 95 ◦C for 5 min. The samples 
were then analyzed by Western blotting, as described above. The 
transferred samples were normalized to total protein stain, preceding 
Western blot analysis, with the Revert™ 700 Total Protein Stain kit 
(926–11,015, LI-COR Biosciences), according to the manufacturer's 
recommendations. 

2.5. Cholesterol determination 

To determine cholesterol levels, the Amplex Red kit (Invitrogen) was 
used. The cells were treated as described above and lysed using IP lysis 
buffer (20 mM Tris-HCl, pH 8, 137 mM NaCl, 1% NP-40, 2 mM EDTA 
and 0.1% SDS) supplemented with protease and phosphatase inhibitors 
(PhosSTOP, 4,906,837,001 and cOmplete, 4,693,159,001, Sigma). 40 μL 
of crude cell lysate was mixed with 10 μL Reaction buffer (pH 7.4, 0.5 M 
potassium phosphate, 0.25 NaCl, 25 mM cholic acid, 0.5% Triton X-100) 
in a 96-well assay plate; thereafter 50 μL of 300 μM Amplex Red reagent 
mixture containing 2 U/L HRP, 2 U/L cholesterol oxidase, and 0.2 U/L 
cholesterol esterase in reaction buffer, was added to the sample, and 
samples were then incubated for 30 min in 37 ◦C and protected from 
light. 5 μM H2O2 solution was used as a positive control (data not 
shown). Reaction buffer was used as a negative control, and subtracted 
from the signal of the samples. Fluorescence was measured at 544 nm 
excitation and 590 nm emission detection with a FLUO STAR Omega 
microplate reader (BMG LABTECH). A cholesterol reference was used to 
establish a standard curve, and determine the cholesterol concentration. 
The total protein amount was determined using BCA Pierce analysis (sc- 
202,389, Santa Cruz Biotechnology), according to the manufacturer's 
recommendation, and BSA was used to establish a standard curve and 
determine the total protein concentration. 

2.6. MβCD sensitivity assay 

The cells were seeded at a confluence of 50,000 cell/cm2 (BJ-hTERT 
and HFL1) or 100,000 cell/cm2 (U2OS and T98G), left to adhere 
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Fig. 1. Lipid raft disruption does not have a major impact on PDGFR-β phosphorylation in BJ-hTERT cells. BJ-hTERT cells were treated with 5 mM MβCD for 0, 1, 2 
and 3 h, and thereafter the cellular cholesterol was measured (A, n = 3). BJ-hTERT cells were treated with 5 mM MβCD for 3 h and stimulated or not with 5 or 20 ng/ 
mL PDGF-BB for the last 15, 30, 45 and 60 min (B–K). Thereafter, cell lysates were subjected to SDS-PAGE, transferred to PVDF membrane and blotted with an-
tibodies targeting total and specific phosphorylation sites of PDGFR-β (B and G). Quantification of PDGFR-β phosphorylation at Tyr579 (C and H), Tyr751 (D and I), 
Tyr857 (E and J) and Tyr1021 (F and K), are shown for 20 ng/mL or 5 ng/mL PDGF-BB stimulation, respectively. Error bars represent standard error of the mean. The 
phosphorylation stain has been normalized against its respective total protein stain and the mean of all 0 min without MβCD has been used to calculate fold difference 
(C and H–K, n = 4; D–F, n = 5), * = p < 0.05, **** = p < 0.0001. 
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overnight, and then serum-starved for 24 h in DMEM+GlutaMAX, sup-
plemented with 0.2% low fatty acid bovine serum albumin (BSA). MβCD 
was freshly dissolved in starvation medium before each experiment and 
the cells were treated with MβCD for 3 h with pictures acquired before 
experiment start and after 15, 30, 60, 120 and 180 min. 

2.7. Proximity ligation assay (PLA) 

Proximity ligation assay was done to assess co-localization of 
PDGFR-β and GRB2, PI3K or clathrin. For this purpose, NaveniFlex MR 
(Navinci Diagnostics) was used, which is a more efficient version of in 
situ PLA [14]. BJ-hTERT cells were seeded in 8-well chamber slides, let 
to adhere overnight, starved and treated with MβCD, as described above. 
The cells were stimulated with 5 or 20 ng/mL PDGF-BB for 0, 5, 15 and 
45 min, and thereafter briefly washed with ice-cold PBS on ice, and 
subsequently fixed with 3.7% formaldehyde solution in PBS for 15 min. 
The slides were then washed 3 × 5 min in PBS, after which the slides 
were dried and then permeabilized with 0.2% Triton-X100 in TBS for 10 
min. The kit was thereafter used according to manufacturer's recom-
mendations, except that secondary antibodies were diluted 1:160. Pri-
mary antibodies used are described in Supplementary Table 1. 

2.8. Image analysis 

Pictures were taken at least in triplicates per experimental condition, 
using a Zeiss imager M2 microscope and controlled with Zen 2 (blue 

edition) software. A 40×/1.4 oil objective was used, and pictures were 
acquired with a Hamamatsu C11440 camera. Excitation of samples was 
done with an HXP 120 V light source (90% light intensity) and imaged 
using filter cubes sets 49 and 31 from Zeiss, which are suitable for the 
fluorescence wavelengths of Hoechst and TexasRed. PLA product (RCPs) 
signal strength has in the figures been enhanced for visualization pur-
poses; however, image analysis has been performed on original images. 
Image analysis and quantification were done using the CellProfiler 
software version 3.1.9 [15]. 

2.9. Statistical analysis 

All experiments were repeated at least three times, independently. 
GraphPad Prism 9 was used for statistical analysis. Shapiro-Wilks test 
was used to determine if the data was normal distributed. Non para-
metric statistical analysis (Mann-Whitney or Kruskal-Wallis with a 
Dunn's post-hoc test) was employed for Western blots and parametric 
statistical analysis (Two-tailed unpaired t-test (Welch's t-test) or one- 
way ANOVA with a Tukey post-hoc test) was employed for PLA and 
cholesterol measurements. 

2.10. Mycoplasma 

Cells were checked for mycoplasma infection by PCR every 6 
months. 

Fig. 2. Lipid raft disruption abolishes ERK1/2 phosphorylation in BJ-hTERT cells. BJ-hTERT cells were treated with 5 mM MβCD for 3 h and stimulated or not with 
20 ng/mL PDGF-BB for the last 15, 30, 45 and 60 min (A-E). Thereafter, cell lysates were subjected to SDS-PAGE, transferred to PVDF membrane and blotted with 
antibodies targeting total and specific phosphorylation sites of AKT, ERK1/2, STAT3, SRC and PLCγ (A). Quantification of pS473-AKT (B), pT202/pY204-ERK1/2 (C), 
pY783-PLCγ (D), pY705-STAT3 (E) and pY416-SRC (F), are shown. Error bars represent standard error of the mean. The phosphorylation stain has been normalized 
against its respective total protein stain and the mean of all 0 min without MβCD has been used to calculate fold difference. (B–C, n = 6; D-E, n = 5; F, n = 7), * = p <
0.05, ** = p < 0.01. 
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3. Results 

3.1. Disruption of lipid rafts does not have a major effect on PDGFR-β 
phosphorylation in BJ-hTERT fibroblasts 

In order to investigate how cholesterol-depletion of lipid rafts affects 
PDGFR-β activation and downstream signaling, we used the cholesterol 
scavenger methyl-β-cyclodextrin (MβCD). Treatment of BJ-hTERT fi-
broblasts with this compound for 3 h decreased the cholesterol content 
by 71% (Fig. 1A). This treatment thus enabled us to investigate how 
lipid rafts influences PDGFR-β signaling. 

It has been shown that different concentrations of epidermal growth 
factor (EGF) triggers internalization via different internalization path-
ways, suggesting that ligand concentration affects lipid domain locali-
zation of the EGF receptor [16]. We therefore stimulated cells with both 
a high (20 ng/mL) and a low (5 ng/mL) concentration of PDGF-BB, to 
investigate if the auto-phosphorylation of different residues was selec-
tively affected by disruption of lipid rafts. Using phospho-specific anti-
bodies, four different phosphorylation sites in PDGFR-β were 
investigated, i.e., Y579 in the juxtamembrane part, Y751 in the kinase 
insert, Y857 in the activation loop, and Y1021 in the C-terminal tail of 
the receptor. Using the higher (20 ng/mL) PDGF-BB concentration, 
treatment with MβCD did not give any striking difference in phosphor-
ylation of any of the residues, compared to untreated control cells 
(Fig. 1B-F). Upon stimulation with a low concentration of PDGF-BB (5 
ng/mL), no major differences could be detected for the phosphorylation 

sites in PDGFR-β due to MβCD treatment, except for slower kinetics of 
phosphorylation of Y1021 in cells treated with MβCD (Fig. 1G-K). In 
addition, no reproducible effect on ligand-induced dimerization of 
PDGFR-β by MβCD treatment, was seen (Suppl. Fig. 1). In conclusion, 
cholesterol depletion did not have any major effects on PDGFR-β 
activation. 

3.2. ERK1/2 MAP-kinase activation is abolished by disruption of lipid 
rafts in BJ-hTERT fibroblasts 

Since depletion of cholesterol might have larger effects on the ability 
of proteins to interact with phosphorylated receptors, rather than 
affecting receptor dimerization and autophosphorylation, we investi-
gated if signaling downstream of PDGFR-β was affected by MβCD 
treatment. The activation of AKT, after stimulation with 20 ng/mL 
PDGF-BB, as measured by phosphorylation of serine residue 473 (pS473- 
AKT), was modestly but significantly decreased after MβCD treatment 
(Fig. 2A, B), whereas ERK1/2 MAP-kinase activation, as measured by 
phosphorylation of threonine residue 202 and tyrosine residue 204 
(pT202/pY204-ERK1/2), was greatly impaired (Fig. 2A, C). In contrast, 
activation of STAT3, SRC and PLCγ, as determined by phosphorylation 
of tyrosine residues 705 (pY705-STAT3), 416 (pY416-SRC) and 783 
(pY783-PLCγ), respectively, after stimulation with 20 ng/mL PDGF-BB, 
was unaffected by MβCD treatment (Fig. 2A, D-F). Using the lower 
concentration of PDGF-BB, a significant decrease of pS473-AKT (Fig. 3A- 
B), which was greater than the reduction seen at 20 ng/mL PDGF-BB, 

Fig. 3. Lipid raft disruption abolishes ERK1/2 phosphorylation in BJ-hTERT cells. BJ-hTERT cells were treated with 5 mM MβCD for 3 h and stimulated or not with 5 
ng/mL PDGF-BB for the last 15, 30, 45 and 60 min (A-E). Thereafter subjected to SDS-PAGE, transferred to PVDF membrane and blotted with antibodies targeting 
total and specific phosphorylation sites of AKT, ERK1/2, STAT3 and PLCγ (A). Quantification of pS473-AKT (B), pT202/pY204-ERK1/2 (C), pY783-PLCγ (D), pY705- 
STAT3 (E) and pY416-SRC (F), are shown. Error bars represent standard error of the mean. The phosphorylation stain has been normalized against its respective total 
protein stain and the mean of all 0 min without MβCD has been used to calculate fold difference. (n = 4 for all), * = p < 0.05, ** = p < 0.01. 
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Fig. 4. Lipid raft disruption decreases clathrin and PI3K recruitment to PDGFR-β in BJ-hTERT cells. BJ-hTERT cells were treated with 5 mM MβCD for 3 h and 
stimulated or not with 5 ng/mL or 20 ng/mL PDGF-BB for the last 5, 15 and 45 min (A-D), thereafter the PDGFR-β recruitment to clathrin coated pits was investigated 
by PLA. PI3K and GRB2 recruitment to PDGFR-β was investigated after stimulation or not with 20 ng/mL for the last 5 min during MβCD treatment (E-H). PDGFR-β 
recruitment to clathrin-coated pits in response to 5 ng/mL PDGF-BB (A; quantified in B) or 20 ng/mL PDGF-BB (C; quantified in D) was visualized by antibodies 
against clathrin and PDGFR-β. PI3K recruitment to PDGFR-β was visualized by antibodies against PI3K and PDGFR-β (E; quantified in F) and GRB2 recruitment to 
PDGFR-β was visualized by antibodies against GRB2 and PDGFR-β (G; quantified in H). Error bars represent standard error of the mean. The mean of all 0 min 
without MβCD has been used to calculate fold difference. (A-B and E-F, n = 4; C–D and G-H, n = 3), Scale bar = 10 μm, * = p < 0.05, ** = p < 0.01. 
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was observed, and pT202/pY204-ERK1/2 MAP-kinase was almost 
completely abolished (Fig. 3A, C). As for stimulation with the higher 
concentration of PDGF-BB, no significant effect of MβCD treatment on 
pY783-PLCγ or pY416-SRC in response 5 ng/mL PDGF-BB was observed 
(Fig. 3A, E, F), however, pY703-STAT3 was generally increased in 
response to lipid raft disruption (Fig. 3A, D). In summary, cholesterol 
depletion strongly inhibits PDGF-BB-induced ERK1/2 MAP-kinase 
activation. 

3.3. Cholesterol depletion impedes recruitment of clathrin and PI3K to 
PDGFR-β 

To investigate the effect of lipid raft disruption on PDGFR-β inter-
nalization via clathrin coated pits, we used an improved version of 
proximity ligation assay [14], called NaviFlex, which only gives signal, 
rolling circle amplification products (RCPs), if the antibodies bind 
within 10–40 nm from each other. A significant reduction of PDGF-BB- 
induced (5 and 20 ng/mL) recruitment of PDGFR-β to clathrin coated 
pits was observed upon cholesterol depletion (Fig. 4A-D), suggesting 
that even though clathrin is not enriched in lipid rafts, cholesterol 
depletion affects PDGFR-β recruitment to clathrin-coated pits. The 
recruitment of PI3K to the PDGFR-β in response to 20 ng/mL PDGF-BB 
was impaired in response to cholesterol depletion (Fig. 4E, F), which 
is consistent with the observed reduction of the downstream pS473-AKT 
(Fig. 2). However, MβCD treatment did not affect the recruitment to 
PDGFR-β of GRB2 which is upstream of ERK1/2 MAP-kinase, in response 
to 20 ng/mL PDGF-BB (Fig. 4G, H). 

3.4. MβCD treatment deprives lipid rafts of SRC and RAS 

Next, we investigated which proteins in the affected signaling cas-
cades that were localized in lipid rafts. To separate lipid rafts from the 
rest of the plasma membrane, we utilized a series of centrifugation steps, 

yielding one fraction enriched for lipid rafts and another containing non- 
lipid raft plasma membrane and cytosol. It should be noted that we 
cannot distinguish whether proteins leaving the raft-enriched fraction 
become localized to other non-raft membrane domains or are released 
into the cytosol. To verify the purity of the fractions, we blotted for 
α-tubulin, which is a cytosolic marker, and flottilin-2 and caveolin-1, 
which are markers for lipid rafts (Fig. 5A). Before ligand-stimulation, 
PDGFR-β was mainly localized in the non-lipid raft/cytosolic fraction, 
even though a small portion of the receptor was found in lipid rafts 
(Fig. 5A); PI3K and GRB2 were only found in the non-raft/cytosolic 
fraction, whereas SRC and RAS, that have been shown to be depen-
dent on lipid rafts for their activation by PDGF-BB [17,18], were found 
in both fractions (Fig. 5A). 

After cholesterol depletion by MβCD treatment, we detected a slight 
reduction of flotillin-2 levels in the raft fraction (Fig. 5B, C). Both SRC 
(Fig. 5B, D) and RAS (Fig. 5B, E) were significantly depleted from the 
lipid raft fraction upon treatment with MβCD, and PDGFR-β activation 
did not significantly affect the localization of either protein to lipid rafts. 

3.5. U2OS cells are more sensitive to cholesterol depletion than fibroblasts 

It has been reported that cancer cells are more sensitive to lipid raft 
disruption than normal cells [9]. Consistent with this notion, we 
observed that the osteosarcoma cell line U2OS and the glioblastoma cell 
line T98G were morphologically affected already after 1 h of MβCD 
treatment and showed a severe phenotype after 2 h, in contrast to the 
fibroblast cell lines BJ-hTERT and HFL1 that where visually unaffected 
after 3 h of MβCD treatment (Fig. 6). A similar result was obtained when 
the experiment was repeated with atorvastatin, which is a clinically used 
cholesterol lowering drug (Suppl. Fig. 2). There was also a significant 
difference in total cholesterol levels between BJ-hTERT and U2OS cells 
(Suppl. Fig. 2), which could explain the more efficient cholesterol 
depletion caused by a 1 h MβCD treatment in U2OS cells (81%) than in 

Fig. 5. Cholesterol depletion deprives lipid rafts from SRC and RAS. BJ-hTERT cells were treated with 5 mM MβCD for 3 h and thereafter the plasma membrane and 
cytosol were fractionated into lipid rafts (R) and non-raft plasma membrane + cytosol (C + M). The membrane fractions were then subjected to SDS PAGE, 
transferred to PVDF membrane and blotted with antibodies against PDGFR-β, p85α-PI3K, SRC, flotillin-2, α-tubulin, GRB2, caveolin-1 and pan-RAS (A). Fractionation 
was also performed on cells that had been stimulated or not with 5 ng/mL or 20 ng/mL PDGF-BB for 5 min. The lipid raft membrane fractions were thereafter 
subjected to SDS PAGE, transferred to PVDF membrane and blotted with antibodies targeting SRC, flotillin-2 and pan-RAS (B). Quantification of flotillin-2 (C), SRC 
(D) and pan-RAS (E), are shown. Error bars represent standard error of the mean. The total protein stain has been used for normalization and the mean of all 0 min 
without MβCD has been used to calculate fold difference. (A and C, n = 4; D-E, n = 6), * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 
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BJ-hTERT cells (71%) after 3 h (Fig. 1A and 7A), while not showing any 
signs of apoptosis in either cell type, as measured by caspase-3 cleavage 
(Suppl. Fig. 3). The strong morphological effect seen for U2OS cells after 
3 h of MβCD treatment prompted us to investigate signaling in U2OS 
cells after 1 h and 15 min MβCD treatment, instead of 3 h as used for BJ- 
hTERT cells. 

3.6. Cholesterol depletion inhibits AKT and SRC signaling in U2OS cells 

We investigated how lipid raft disruption affected PDGFR-β signaling 
in U2OS cells after treatment with 5 ng/mL or 20 ng/mL PDGF-BB. 
Contrary to our finding in BJ-hTERT cells, we found that lipid raft 
depletion robustly and significantly decreased pY751-PDGFR-β after 
treatment with 5 ng/mL or 20 ng/mL PDGF-BB for 15 min (Fig. 7B, C). 
Furthermore, activation of downstream signaling was also differently 
affected by lipid raft disruption. In line with the decreased pY751, which 
is a known docking site for PI3K in PDGFR-β, we saw a decreased 
phosphorylation of its downstream target AKT at S473 (Fig. 7B, D). In 
contrast, the ERK1/2 MAP-kinase pathway was unaffected by MβCD 
treatment in U2OS, as illustrated by the lack of effect on ERK1/2 
phosphorylation (Fig. 7B, E). However, activation of SRC, as monitored 
by pY416-SRC, was significantly reduced by lipid raft disruption in 
response to PDGF-BB stimulation (Fig. 7B, F). Moreover, in U2OS, like in 
BJ-hTERT cells, we saw an approximately 40% decrease in PDGF-BB- 
induced recruitment of PI3K to PDGFR-β (Fig. 7G, H). 

Using plasma membrane fractionation, we investigated if the dif-
ferences in downstream signaling could be explained by a different lipid 

raft localization of key proteins in U2OS. As in BJ-hTERT cells, PDGFR-β, 
PI3K, and GRB2 were mainly localized in the non-raft/cytosolic fraction 
(Fig. 7I). SRC was enriched in the non-raft/cytosolic fraction, but could 
be detected in the lipid raft fraction as well. Notably, RAS was only 
present in the non-raft/cytosolic fraction consistent with a raft inde-
pendent signaling through the ERK1/2 pathway in these cells (Fig. 7I). 
Treatment with MβCD and stimulation with PDGF-BB did not signifi-
cantly affect flotillin-2 localization to the lipid rafts (Fig. 7J, K). How-
ever, SRC localization was almost completely abolished and was not 
affected by PDGF-BB stimulation (Fig. 7J, L). Independently of MβCD 
treatment and PDGF-BB stimulation, we were unable to detect any RAS 
in the lipid raft fraction, suggesting that RAS signaling is independent of 
lipid rafts in U2OS, which is consistent with our finding that lipid raft 
disruption did not affect ERK1/2 MAP-kinase phosphorylation (Fig. 7J). 

4. Discussion 

In this study, we have used the well-established water-soluble 
cholesterol scavenger methyl-β-cyclodextrin (MβCD) to deplete the 
plasma membrane from cholesterol, in order to affect signaling depen-
dent on lipid rafts. However, it is likely that cholesterol will also be 
depleted in other membrane domains due to subsequent redistribution 
of the cholesterol pool. We were unable to detect clear effects of MβCD 
treatment on PDGFR-β auto-phosphorylation or receptor dimerization in 
response to high or low concentration of PDGF-BB in BJ-hTERT cells. 
Thus, functional lipid rafts are not essential for PDGFR-β activation in 
BJ-hTERT cells or that remaining rafts are sufficient (Fig. 1B-K). 

Fig. 6. U2OS and T98G cells are more sensitive to cholesterol depletion than BJ-hTERT and HFL1 cells. BJ-hTERT, HFL1, U2OS and T98G cells were starved 
overnight and treated with 5 mM MβCD for 3 h and morphology changes were investigated after 0, 15, 30, 60, 120, and 180 min (n = 3 for all). 
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Notably, Liu and co-workers, reported that PDGFR-β mainly is localized 
in caveolin coated lipid rafts [19], whereas Seong and co-workers re-
ported that PDGFR-β is activated equally inside and outside of lipid rafts 
[20]. The differences in the results might be due to use of different cell 
types or methodologies used in these studies. In another study by 
Yamamoto et al [21], it was showed that PDGFR-β localizes in both 
plasma membrane domains, with the majority in non-raft domains and 
that Caveolin in lipid rafts inhibits PDGFR-β activation. This is in 
concordance with our data, where we see the receptor in both fractions, 
however, we do not see any increased signaling due to the disruption of 
the lipid rafts, which probably also disrupted the interaction milieu for 
PDGFR-β and Caveolin. This is probably due to that PDGFR-β is not 
activated without binding of its ligand, which seems to mainly occur in 
non-raft membrane domains. 

Interestingly, whereas no effect of MβCD treatment on the auto- 
phosphorylation of PDGFR-β was observed in BJ-hTERT cells, a signifi-
cant reduction in pY751-PDGFR-β was evident in U2OS cells (Fig. 7B, C 
and Table 1), which may be linked to our finding that MβCD treatment 
removed 82% of the cholesterol in U2OS (Fig. 7A), as compared to 71% 
in BJ-hTERT after 1 and 3 h of treatment, respectively. (Fig. 1A). 
However, the difference in cholesterol depletion is only 11% and cannot 
entirely explain the activation differences. It is possible that the answer 
lies in differential lipid raft and cholesterol content of the plasma 
membrane in the two cell lines. 

In BJ-hTERT cells PDGF-BB-induced ERK1/2 MAP-kinase phos-
phorylation was almost completely abolished after MβCD treatment 
(Fig. 2A, C, and 3A, C), whereas ERK1/2 phosphorylation in U2OS cells 
was not affected by cholesterol depletion (Fig. 7B, E and Table 1). The 
reason for this difference may be linked to the fact that cancer cells often 
possess aberrant RAS signaling, which is upstream of the ERK1/2 MAPK 
pathway. RAS is activated by PDGF-BB stimulation by binding of the 
GRB2/SOS complex to PDGFR-β. GRB2 is mainly localized in the non- 
raft/cytosolic fraction (Fig. 5A) and its localization was not signifi-
cantly affected by lipid raft depletion in BJ-hTERT cells (Fig. 4G, H), 
which suggests that the lipid raft sensitive step is further downstream in 
the signaling pathway. By scavenging cholesterol from the plasma 
membrane of BJ-hTERT cells, we found that RAS was depleted from lipid 
rafts which may have prevented its interaction with proteins in the 
ERK1/2 signaling pathway (Fig. 5B, E). In contrast, RAS was exclusively 

located in the non-raft/cytosolic fraction in U2OS cells (Fig. 7I) and its 
location was not altered by MβCD treatment or PDGF-BB stimulation 
(Fig. 7J), which suggests that RAS activation is independent of lipid rafts 
in U2OS cells, consistent with our observation that ERK1/2 signaling 
was not affected by lipid raft disruption. This implies that changes in the 
cellular environment caused by events such as transformation may alter 
the molecular requirements for activation of signaling proteins. 

Previous observations have suggested that lipid rafts are important 
for AKT signaling [2] and it has been suggested that targeting of lipid 
rafts could be a potential target for treating of mantle cell lymphoma 
[22]. However, we saw only a small decrease in PDGF-BB-induced AKT 
phosphorylation after lipid raft disruption with MβCD (Figs. 2A, B and 
3A, B). In contrast, PDGF-BB-induced AKT phosphorylation was greatly 
reduced in U2OS cells in response to MβCD treatment (Fig. 7B, D and 
Table 1). AKT is activated downstream of PI3K, which is allosterically 
activated by binding to phosphorylated Y740 and Y751 in PDGFR-β. In 
both BJ-hTERT and U2OS cells, lipid raft disruption decreased the 
recruitment of PI3K to lipid rafts by approximately 40% (Fig. 4E, F and 
7G, H), which is consistent with the decreased signaling seen for AKT in 
both cell types, but does not entirely explain the differences in the de-
gree of the responses seen between the cells. PI3K and PDGFR-β are 
mainly situated in the non-raft/cytosolic fraction in both cell types, 
which suggests that PI3K activation occurs outside or at the edge of lipid 
rafts (Fig. 5A and 7I). One possible explanation for the more pronounced 
inhibition of PI3K activation in U2OS cells after MβCD treatment, could 
be that the greater cholesterol depletion seen in U2OS to a higher degree 
disturbed activation, clustering and localization of other kinases located 
in lipid rafts, such as SRC, which has been shown to contribute to PI3K/ 
AKT activation [23,24].This is supported by a study by Nieto-Miguel et 
al, which showed that Hsp90 binds and stabilizes the activation of JNK 
in lipid rafts [25]. In accordance with this possibility, we saw both a 
significant inhibition of SRC activation and SRC localization to lipid rafts 
in response to lipid raft disruption in U2OS cells (Fig. 7B, F, J, L), 
concomitant with the decreased AKT activation seen after lipid raft 
disruption (Fig. 7B, D). Notably, only a minor decrease in AKT activation 
was observed after lipid raft disruption in BJ-hTERT cells, where no 
significant effects on SRC activation was seen (Fig. 2A, F and 3A, F). 

5. Conclusions 

Our finding that lipid raft disruption has different effects on PDGFR-β 
signaling in BJ-hTERT and U2OS cells, suggests that the signaling 
pathways may be rewired during the transformation process. This may 
provide an opportunity for selective therapeutic targeting of tumor cells, 
which is supported by the observations that cholesterol lowering drugs 
improve the prognosis of certain cancer types [9,22]. This warrants 
further investigation. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.cellsig.2022.110356. 

Fig. 7. AKT and SRC signaling is greatly impaired in response to PDGF-BB stimulation in response to lipid raft disruption in U2OS. U2OS cells were treated with 5 
mM MβCD for 0, 1, 2 and 3 h and, and thereafter the cellular cholesterol was measured (A, n = 3). U2OS was treated as above and stimulated or not with 5 or 20 ng/ 
mL PDGF-BB for the last 15 min (B-FF). Thereafter, cell lysates were subjected to SDS-PAGE, transferred to PVDF membranes and blotted for pY751-PDGFR-β, total 
PDGFR-β, pS473-AKT, total AKT, pT202/pY204-ERK1/2, total ERK1/2, pY416-SRC, SRC and α-tubulin (B). Quantification of PDGFR-β phosphorylation at Tyr751 (C, 
n = 4), AKT phosphorylation at Ser473 (D, n = 5), ERK1/2 phosphorylation at Thr202 and Tyr204 (E, n = 4) and SRC phosphorylation at Tyr416 (F, n = 4), are 
shown. U2OS cells were treated with 5 mM MβCD as described above and stimulated or not with 20 ng/mL PDGF-BB for the last 5 min, after which recruitment of 
PI3K to PDGFR-β was investigated by PLA, using antibodies against PI3K and PDGFR-β (G; quantified in H, n = 4). U2OS cells were treated with 5 mM MβCD as 
described above, and thereafter the plasma membrane and cytosol were fractionated into lipid rafts (R) and non-raft plasma membrane + cytosol (C + M). The 
membrane fractions were thereafter subjected to SDS-PAGE, transferred to PVDF membrane and blotted with antibodies targeting PDGFR-β, p85α-PI3K, SRC, 
flotillin-2, α-tubulin, GRB2 and pan-RAS (I, n = 3). Fractionation was also performed on cells that had been stimulated or not with 5 ng/mL or 20 ng/mL PDGF-BB for 
5 min. The lipid raft membrane fractions were thereafter subjected to SDS PAGE electrophoresis, transferred to PVDF membrane and blotted with antibodies tar-
geting SRC, flotillin-2 and pan-RAS (J, n = 4). Quantification of Flotillin-2 (K) and SRC (L) are shown. Error bars represent standard error of the mean. The 
phosphorylation stain has been normalized against its respective total protein stain and the mean of all 0 min without MβCD has been used to calculate fold dif-
ference., * = p < 0.05, ** = p < 0.01, **** = p < 0.0001. 

Table 1 
Summary of the effects of cholesterol depletion on PDGF-BB-induced signaling 
in BJ-hTERT and U2OS cells (− = no effect, (↓) = minor effect, ↓ = major effect).   

BJ-hTERT 
5 ng/mL 
PDGF-BB 

BJ-hTERT 
20 ng/mL 
PDGF-BB 

U2OS 
5 ng/mL 
PDGF-BB 

U2OS 
20 ng/mL 
PDGF-BB 

pY-PDGFR-β – – ↓ ↓ 
pS473-AKT (↓) (↓) ↓ ↓ 
pT202/Y204- 

ERK1/2 ↓ ↓ – – 

pY416-SRC – – ↓ ↓  
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