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ABSTRACT

The epidermal growth factor receptor (EGFR) is a growth and survival signalling receptor that 
is commonly overexpressed in cancer. Anti-cancer therapies that target EGFR are widely used 
in the clinic, and many are under development. We show here that ALPs, unconventional 
chemotherapeutic drugs, can reduce the presence of EGFR on the plasma membrane of 
cells that overexpress the receptor. Moreover, Perifosine can inhibit the activation of EGFR 
by its natural ligand EGF and enhance its degradation. Using super-resolution microscopy 
we show that EGFR is pre-clustered in the membrane on cells that overexpress it, but not 
in cells with low expression levels. We propose that the differential effect of Perifosine in 
cells with high and low expression of EGFR is due to the different state of the receptor in the 
plasma membrane. 
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INTRODUCTION

The epidermal growth factor receptor (EGFR) is a tyrosine kinase receptor whose signalling 
modulates cell growth, differentiation, survival, adhesion and migration 178. The dysregulation 
of EGFR signalling leads to tumorigenesis 5,24. EGFR is found both overexpressed and/or 
mutated in a variety of human cancers 5,24,179. Regulation of EGFR signalling can be achieved 
via internalization of the receptor or inhibition of its tyrosine kinase activity 1,24,28. Several 
anti-EGFR therapies using monoclonal antibodies and tyrosine kinase inhibitors have been 
developed, and are either in use or in clinical trials 6,11. 
Ligand induced endocytosis of EGFR is a well understood process. Upon ligand binding EGFR 
undergoes a conformational change that induces its dimerization. The dimerized receptor 
gets auto-phosphorylated due to its intrinsic kinase activity, allowing the recruitment of 
signalling proteins and adaptor proteins involved in its internalization 24. Phosphorylated 
EGFR is also ubiquitinated by the E3 ubiquitin ligase Cbl, a step that is also necessary for its 
endocytosis 24 and that targets the receptor for degradation 30. 
Alkylphospholipids and alkyl-lysophospholipids (ALPs) are synthetic analogues of 
lysophosphatidylcholine (LysoPC) that were synthesized for the first time in the 1960s 180. 
ALPs are promising anti-cancer agents as they inhibit cell proliferation in a tumour specific 
manner 181, they are metabolically stable and they have shown clinical efficacy in a variety of 
tumours 181. ALPs exert their effect by inserting into cell membranes leading to disturbance 
of their biophysical and biochemical properties. This leads to aberrant phospholipid 
metabolism and cholesterol homeostasis 182, inhibition of survival pathways 183, activation of 
apoptosis 184-186 and membrane micro-domain disruption 187,188. ALPs are translocated from 
the outer to the inner leaflet of the plasma membrane via a transmembrane phospholipid 
flippase 189-191 or are internalized by dynamin-dependent endocytosis 186,192. As anti-cancer 
therapy, ALPs are frequently combined with radiotherapy, and other anti-cancer agents that 
inhibit signalling pathways.
Perifosine (D-21266) is a third generation ALP 193 that lacks the choline moiety and contains 
instead a cyclic aliphatic piperidyl group. It is not metabolized and shows slow elimination 
and high concentration in tumour cells 181,183 where it targets signal transduction pathways 
at the plasma membrane 183,194,195. Perifosine blocks AKT signalling by binding to its PH 
domain, which impedes AKT recruitment to the plasma membrane and its subsequent  
phosphorylation. It has been tested in a large number of clinical studies and it is frequently 
used in combination with other chemotherapeutic agents 181,194,196,197. In vitro, Perifosine 
shows anti-tumour effects against melanoma, lung, prostate, colon and breast cancer 
models 194 and it is already in clinical Phase 1, 2 and 3 trials for several types of cancer.
In previous studies, we observed that internalization of EGFR in A431 cells can be 
triggered by ether-linked alkyl-lysophospholipids (ALPs) via an unknown mechanism that is 
independent of receptor activation 198. We here focus on Perifosine and show that it induces 
internalization of EGFR particularly in cells that overexpress the receptor. Moreover, we 
show that Perifosine reduces EGFR activation by its ligand but not its degradation. Finally, 
we explore the effect of Perifosine on EGFR micro-clustering in the plasma membrane by 
using super-resolution microscopy.
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RESULTS

Perifosine induces EGFR internalization. 
We have previously described that ALPs can induce the endocytosis of EGFR in A431 
epidermoid carcinoma cells 198, which highly overexpress this receptor 199. We here focus 
on Perifosine, a modern ALP that is commonly used for its AKT inhibiting properties 194,195. 
Perifosine induced EGFR internalization in A431 epidermoid carcinoma cells already at low 
doses (Figure 1a, d). Interestingly, Perifosine also induced the internalization of EGFR in 
MDA MB 468 (Figure 1b, d), triple negative breast cancer cells which also overexpress EGFR 
200, albeit not as highly as A431 cells. In contrast, we did not observe internalization of the 
receptor upon Perifosine stimulation in cells that do not overexpress the receptor, such 
as HeLa 201 (Figure 1c) and HEK cells (data not shown). These results show that Perifosine 
induces internalization of EGFR in cells that highly express the receptor.
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Figure 1. Perifosine induces 
EGFR internalization in cells 
that overexpress the receptor 
(a) Perifosine induces EGFR 
internalization in A431 cells. 
Representative confocal images 
of EGFR in A431 cells. A431 cells 
were left untreated (NT), treated 
with EGF (100 ng/ml) or Perifosine 
(0,5 µM and 5 µM as indicated) 
for 5 minutes, then fixed and 
stained with anti-EGFR antibodies 
as indicated in the Methods. Scale 
bar, 10 µm. (b) Perifosine induces 
EGFR internalization in MDA MB 
468 cells. MDA MB 468 cells were 
treated as in (a). Scale bar, 10 µm. 
(c) Perifosine does not induce 
EGFR internalization in HeLa cells. 
Representative confocal images of 
EGFR in HeLa cells. HeLa cells were 
treated as in (a). Scale bar, 10 µm, 
two independent experiments. (d) 
Bar graph shows the normalized 
membrane EGFR level in A431 and 
MDA MD 468 cells as measured 
by FACS analysis (see Materials 
and Methods). A431 cells: four 
independent experiments; MDA 
MB 468 cells: two independent 
experiments. Mean +/- SEM, * p 
< 0.05, ** p < 0.01, *** p < 0.001,  
**** p < 0.0001, ANOVA. 
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Perifosine does not induce activation of EGFR. 
Following activation of EGFR by its ligand, signalling is rapidly attenuated by endocytosis 
1,28. Internalized EGFR may then be targeted for degradation or recycled back to the 
plasma membrane 30. Thus, conventional endocytosis and degradation of EGFR are a direct 
consequence of its activation, and they depend directly on its kinase activity 8,202. Therefore, 
therapeutic use of antibodies against EGFR that induce its endocytosis also commonly 
induces its activation 203,204.  Remarkably, Perifosine did not induce phosphorylation or 
ubiquitination of EGFR in A431 cells (Figure 2a, 2b) or MDA MB 468 cells (Supplementary 
Figure 1a, 1b). This result suggests that Perifosine-induced EGFR internalization occurs via 
an unconventional mechanism that is not dependent on activation of its kinase domain.

Figure 2. EGFR internalization induced by Perifosine does not depend on phosphorylation. (a) Perifosine does 
not induce phosphorylation of EGFR. Western blot analysis of phosphorylated EGFR (in Tyrosine 1086) in A431 
cells after stimulation with 100 ng/ml EGF, 0.5 µM and 5 µM Perifosine for 5 and 15 minutes. Total cell lysates 
were compared using the indicated antibodies. One of three experiments that were performed with similar results 
is shown (b) Perifosine does not induce ubiquitination of EGFR. Immunoprecipitation of EGFR and western blot 
analysis of Ubiquitin in A431 cells after stimulation with 100 ng/ml EGF, 0.5 µM and 5 µM Perifosine for 2 and 15 
minutes. EGFR was immunoprecipitated from 200 µg of total cell lysates and the product was compared using the 
indicated antibodies. One of three experiments that were performed with similar results is shown.

Perifosine inhibits the activation of EGFR by EGF. 
We hypothesized that the reduced availability of EGFR on the plasma membrane induced 
by Perifosine would translate into a reduced phosphorylation of the receptor after 
activation by its ligand. Indeed, in A431 cells pre-incubated with Perifosine for 30 minutes, 
phosphorylation of EGFR was highly inhibited, especially at higher concentrations of the 
ALP. For these experiments, EGFR activation was assayed by determining total tyrosine 
phosphorylation of the receptor using a specific monoclonal antibody, PY20 (Figure 3a, b). 
These results show that Perifosine inhibits EGFR activation and are in agreement with the 
inhibition of the EGFR signalling pathway in Mesothelioma cells by Perifosine 205. 
After internalization, activated receptors can be recycled to the plasma membrane or 
targeted for degradation 1,30. We found that in A431 cells, roughly half of the receptors were 
degraded after 5 minutes of stimulation with EGF (Figure 3a, b). Remarkably, in cells pre-
treated with Perifosine, where much less EGFR was activated, still half of the receptors were 
degraded after 5 minutes of stimulation with EGF (Figure 3a, b). This result indicates that 
after treatment with Perifosine, while less receptors are activated, the same amount gets 
routed for degradation.
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5 EGFR detection by super-resolution microscopy. 
We have shown that Perifosine induces EGFR internalization only in cells with high receptor 
expression (Figure 1). On the plasma membrane of cells, EGFR may be present in a monomeric 
or dimeric state 206. In cells that overexpress EGFR the equilibrium between these two forms 
is shifted towards the dimeric state 206. We hypothesized that oligomerization of EGFR at the 
plasma membrane might explain, at least in part, the selective effect of Perifosine on cells 
overexpressing the receptor.  

Figure 4. EGFR exhibits different conformational states in the membrane of cells with low and high expression. 
(a) EGFR is randomly distributed in the plasma membrane of HeLa cells. Representative super-resolution images of 
EGFR in unstimulated HeLa cells. Cells were fixed and stained with Alexa Fluor 647 labelled monoclonal anti-EGFR 
antibodies as indicated in the Methods. Scale bar, 1 µm. Graph shows the pair autocorrelation function of EGFR 
distribution on the membrane. Experimental data can be fitted with a Cauchy distribution based random model of 
the distribution of proteins (cyan). Three independent experiments, mean +/- SEM, n = 30 analysed regions from 15 
individual cells. (b) EGFR is pre-clustered in the plasma membrane of A431 cells. Representative super-resolution 
images of EGFR in unstimulated A431 cells. Cells were treated as in (a). Scale bar, 1 µm. Graph shows the pair 
autocorrelation function of EGFR distribution on the membrane of unstimulated A431 cells. Cauchy distribution 
based- random model (cyan) fails to represent the data while clustered model (pink) can be successfully fitted. 
Three independent experiments, mean +/- SEM, n = 40 analysed regions from 20 individual cells. 
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Figure 3. Perifosine inhibits the activation of EGFR 
by EGF but not its degradation. (a) Perifosine 
inhibits EGFR activation by EGF and enhances 
degradation of activated receptor. A431 cells were 
serum starved overnight and stimulated with 100 
ng/ml EGF for 5 minutes; with or without 30 minute 
pre-incubation with Perifosine (0.5 µM and 5 µM). 
Western blot analysis shows total phosphorylated 
tyrosine (PY20) at the level of EGFR. Total cell lysates 
were compared using the indicated antibodies. 
One of three experiments that were performed 
with similar results is shown. (b) Bar graph shows 
relative amount of EGFR activation (blue, total 
phosphorylated tyrosine signal) and the relative 
amount of total EGFR (red). Shown are mean +/- 
SEM from two independent experiments;  * p < 
0.05, ANOVA.
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To explore this possibility we used the single molecule localization super-resolution 
microscopy (SMLM) technique GSDIM 77 to obtain images of EGFR on the membrane of 
HeLa and A431 cells. The high resolution that can be achieved with GSDIM allows studying 
the distribution of proteins on the plasma membrane in much more detail. In conventional 
fluorescence microscopy, images of individual fluorophores overlap due to the diffraction-
limited resolution of the light microscope. To avoid this overlap, in GSDIM fluorescent labels 
are switched between bright “on” and dark “off” states in time. In each time frame, only 
a few labels will be on and their localization can be determined with very high precision 
by computer algorithms. In time, the bright labels will turn off and other labels will be 
turned on randomly . This process of fluorophore switching, image acquisition and precise 
localization is repeated until the super-resolution image is build up from the  coordinates 
of all the localized fluorophores 72,77. However, this is a stochastic process and in the final 
image each fluorophore, and therefore each molecule on the membrane is detected several 
times and thus it will be represented by a small cluster of dots. We call this effect “intrinsic 
clustering”, and it challenges the interpretation of SMLM images  when studying protein 
distribution. Indeed, visual inspection of EGFR images on A431 and HeLa cells revealed 
no clear distribution pattern of EGFR beyond a clear difference in receptor density at the 
plasma membrane (Figure 4a, b). 

Cluster analysis reveals that EGFR is pre-clustered in the plasma membrane of A431. 
To be able to assess receptor clustering from super resolution data, several clustering analysis 
methods have been developed that aim to discriminate receptor clustering from intrinsic 
fluorophore clustering  96,98,103,207,208. To analyse EGFR distribution from images of A431 and 
HeLa cells obtained with GSDIM, we used a method published by Sengupta and colleagues 103 
that uses pair correlation analysis to estimate clusters in spatial data, but takes into account 
the intrinsic clustering component of SMLM. We applied a slight modification to the method 
that more reliably describes the distribution of the intrinsic clustering component we found 
in our experimental data (Supplementary Figure 1). The distribution of distances obtained 
from experimental data can then be described with one of two models, namely, a random 
distribution model and a model in which clusters are (additionally) present. We found that 
in unstimulated HeLa cells the distribution of EGFR on the membrane was well-described by 
the random model (Figure 4a). In contrast, EGFR molecules appeared already pre-clustered 
in unstimulated A431 cells (Figure 4b). These results show that EGFR oligomerization differs 
between cells with high and low receptor expression level, as has been suggested before 206. 
We also explored the effect of Perifosine on receptor oligomerization, for which we analysed 
clusters in cells treated with EGF or Perifosine. In both cases, EGFR was clustered on the 
membrane. Although in both cases clusters of EGFR seemed to become smaller (data not 
shown), the variability encountered in our preliminary data made it challenging to arrive 
at a conclusion. More analysis is necessary to determine if Perifosine can affect cluster 
conformation of EGFR on the plasma membrane of cells.
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DISCUSSION

We show here that internalization of EGFR can be induced by the synthetic lipid Perifosine 
independently of activation or ubiquitination of the receptor, and we present preliminary 
data that suggest that receptor pre-clustering in cells with overexpression of the receptor 
might play a role in this process. Two different hypothesis may explain the intracellular 
accumulation of EGFR induced by Perifosine. 
1. Perifosine triggers internalization. 
Perifosine could be inducing the internalization of EGFR in an unconventional manner, 
disrupting the lipid environment in which EGFR is contained in the plasma membrane. 
Although the effect of the interaction of EGFR with membrane lipids is still largely unknown 
209, it has been proposed that the lipid environment of the cellular membrane can affect 
EGFR’s oligomerization state. In fact, depletion of cholesterol (which disrupts putative rafts) 
increases the percentage of oligomers of EGFR 210 Furthermore, Phosphatidic acid (PA), a 
product of the hydrolysis of phosphatidylcholine by Phospholipase D2 in the membrane, can 
regulate EGFR clustering 211 and PIP2 depletion has been found to impair cluster formation 209. 
We have shown that EGFR is pre-clustered in A431 cells, in accordance with previous studies 
206,212,213 but randomly distributed in HeLa cells. The effect on lipid composition in a EGFR 
pre-clustered environment in high expressing cells could be the trigger for an internalization 
of the receptor that occurs independently of the induction of a conformational change 
associated with auto-phosphorylation.  
2. Perifosine interferes with recycling of EGFR to the plasma membrane. 
Alternatively, the activity-independent accumulation of EGFR inside the cells could result from 
impaired recycling. It is known that even EGFR that are not bound to EGF are continuously 
internalized and recycled, a process that occurs with most plasma membrane proteins 
called tonic or constitutive recycling. In steady state, unstimulated EGFR are internalized 
slowly via clathrin-coated pits and rapidly recycled to the plasma membrane 214. It has 
been estimated that 1-2% of the total EGFR is internalized per minute 215, although the rate 
depends on the level of EGFR expression and cell type 216. It is possible that Perifosine acts 
to inhibit the normal fusion of the recycling vesicles with the membrane, thereby inducing 
accumulation of inactive EGFR in the cell. This hypothesis could explain the enhancement 
of stimulated EGFR degradation after incubation with Perifosine, where with the recycling 
route blocked, activated EGFR would predominantly follow the degradation route. The 
accumulation of small EGFR-containing vesicles apposed to the plasma membrane might 
explain the appearance of small sized clusters after Perifosine treatment, although more 
study is needed to confirm this preliminary finding.. 
EGFR and other members of the tyrosine kinase receptor family play various roles in the 
progression of cancer and therefore they are important candidates as targets for therapy 
5,6,24. Many strategies have been developed during the last years to inhibit EGFR signalling 
in cancer cells, however resistance to these therapies is not uncommon and their efficacy 
as mono therapy agents is low 5,6,11. Our results with APLs suggest an alternative approach 
for EGFR signalling inhibition, in line with previous studies showing the enhancement 
of Cetuximab effectiveness with Perifosine 197 and the inhibition of the EGFR pathway in 
malignant pleural mesothelioma 205. A molecular understanding of ALP action may lead 
to new therapeutic strategies, and help to identify patients who may benefit from ALP 
treatment. 
Finally, we have used an improved clustering analysis method for super-resolution data 
that can be applied to the study of clusters of any type of protein in the membrane of 
cells. In the last few years several studies applying different methods for such analysis have 
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been published 99,100,217-221. One commonly used method is Ripley’s K-function 222, but the 
intrinsic clustering of single molecule localization microscopy (SMLM) data, that is, multiple 
localizations per molecule, cannot be properly controlled for with this method, leading to 
e.g. masking of small clusters or propagation of clusters towards longer distances. Using 
pair correlation analysis the intrinsic clustering component of SMLM can be estimated and 
factored out, allowing the detection of small protein clusters without the masking effect 
of multiple localizations per protein 102,103,207. We show here that the multiple localizations 
that arise from the same molecule, the intrinsic clustering component, follow a Chauchy 
distribution, as it was reported by Chu and colleagues 97, rather than the Gauss distribution 
used by Sengupta and colleagues. Moreover, we show that use of  the Gaussian distribution 
assumption in the pair correlation analysis model can give rise to erroneous results, over-
estimating clustering (Supplementary Figure 1).  With the corrected method we confirm 
previous literature that reported that EGFR can be found on the plasma membrane of cells 
both as monomers or dimers, and that when its expression is high, the clustered state is 
dominant. Based on our preliminary data, we hypothesize that Perifosine might only induce 
endocytosis on cells with pre-clustered EGFR.  
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MATERIALS AND METHODS

Chemical and reagents 
High-glucose DMEM supplemented with pyruvate and GlutaMax® was from Invitrogen. 
Protease inhibitor EDTA-free cocktail, X-tremeGene 9 were from Roche. Perifosine, Glucose 
Oxidase Type VII from Aspergillus niger, Catalase from Aspergillus niger, Tris, EGTA, EDTA, 
MES, DMSO, NaCl, KCl, Sodium deoxycholate (NaDoc), SDS, NP40, Sodium borohydride and 
all other chemicals if not otherwise specified were from Sigma-Aldrich. Fetal bovine serum 
was from APS. EGF was from Invitrogen. LPC was from Avanti. Cysteamine hydrochloride 
– MEA was from Fluka. PIPES was from Fisher scientific. Paraformaldehyde, Magnesium 
chloride hexahydrate, Triton X-100 were from Merck. Albumin bovine Fraction V, pH 7.0 
was from Serva. Alexa Fluor 647 Monoclonal Antibody labelling kit (A-20186) was from 
Molecular Probes.

Cell culture and antibodies 
HeLa, A431, MDA MB 468 cells were cultured in DMEM GlutaMax® supplemented with 
10% FCS. Antibodies were as follows: mouse anti-β-actin (AC-15), mouse anti-EGFR (Ab-
1 528 Calbiochem), rabbit anti-EGFR (sc-03 Santa Cruz Biotechnology), mouse anti-
phosphotyrosine (BD Transduction), mouse anti-ubiquitin (P4D1 Santa Cruz Biotechnology), 
rabbit anti-pEGFR 1086 (Cell Signaling), mouse anti-pEGFR 1068 (1H12 Cell Signaling) , rabbit 
anti-pEGFR 1045 (Cell Signaling), rabbit anti-pEGFR 845 (Cell Signaling). Alexa Fluor 488 and 
Alexa Fluor 647 conjugated goat anti-mouse and anti-rabbit IgG (H+L) antibodies were from 
Invitrogen.

Biochemical assays
For western blot cells were cultured in 6-well plates in DMEM with 10% FBS, serum starved 
overnight and treated with Perifosine, EGF, LPC in concentration indicated in each figure. 
Whole-cell lysates were prepared by scraping PBS-washed cells in denaturing conditions 
in modified RIPA lysis buffer (50mM Tris–HCl, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 
1% NaDoc, 1% SDS, 1%NP40) supplemented with protease inhibitor cocktail (Roche). 
Membranes were blocked in BSA 5% in TBS supplemented with Tween-X20 0.2% and 
incubated with primary antibodies, followed by HRP conjugated secondary antibodies. 
For IP experiments cells were cultures in 10cm dishes in DMEM with 10% FBS, serum starved 
overnight and treated with Perifosine or EGF at concentrations indicated in each figure. 
Whole-cell lysates were prepared by scraping PBS-washed cells in denaturing conditions in 
modified RIPA lysis buffer (50mM Tris–HCl, 150mM NaCl, 1mM EDTA, 1% Triton X-100, 1% 
NaDoc, 1% SDS, 1%NP40) supplemented with protease inhibitor cocktail (Roche). IP assays 
were performed using 200 µg of lysate. Immunoblot was performed as described above.

Immunofluorescence analysis and confocal imaging
Cells were seeded on glass uncoated coverslips (24mm, #1.5) in DMEM with 10% FBS for 
24h, serum starved overnight, stimulated with Perifosine or EGF at concentrations indicated 
in each figure, washed with PBS, fixed with 4% paraformaldehyde in PEM buffer and 
permeabilized and blocked as previously described 159 and stained for endogenous EGFR. 
Cells were imaged using a TCS SP8 confocal from Leica Microsystems.

Flow cytometry
For surface EGFR analysis, cells were seeded in 10cm dishes in DMEM with 10% FBS. At 
24 h after plating, cells were trypsinized and washed three times with cold PBS and blocked 
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in PBS with 5% BSA. Cells were incubated with anti-EGFR (Ab-1) antibody in washing 
buffer for 30 min on ice, washed twice, incubated with secondary antibody (Alexa Fluor 
488-conjugated anti-mouse-IgG antibody) for 30 min on ice and washed twice again. 
Fluorescence measurements and data analysis were performed using BD FACSCalibur and 
CD CellQuest Pro software, respectively.

GSDIM Super-Resolution Imaging 
HeLa and A431 cells were seeded on uncoated 24 mm coverslips (#1.5). Cells were serum 
starved overnight, stimulated with EGF or Perifosine at the concentrations indicated in the 
each figure for 2 minutes and washed briefly with DPBS and fixed as described before 159. 
Briefly, cells were fixed in 4% PFA in PEM buffer, extracted in 0.5% Triton/PBS and blocked 
in 5% BSA/PBS. Inmunofluorescence was performed at room temperature with anti-
EGFR antibody coupled with Alexa Fluor 647, home labeled with a kit (Alexa Fluor 647 
Monoclonal Antibody labelling kit, A-20186 from Invitrogen). Imaging was carried out on 
a Leica SR-GSD 3D microscope. Images were taken in TIRF mode at 100 frames per second 
and 10,000 frames were collected. Images were taken in a buffer containing an oxygen 
scavenging system (10% Glucose, 0.5 mg/ml Glucose Oxidase, 40 μg/ml Catalase) and 100 
mM MEA. Data obtained this way was corrected for structured background 144 and events 
were localized, drift corrected, filtered for events with uncertainty between 2 to 12 nm, 
merged (events closer than 50nm and up to one frame of separation were merged) with the 
Thunderstorm 137 plugin for ImageJ. Images were rendered with 20 nm pixel size, using the 
Histogram visualization option. 

Clustering Analysis
We used Python (x,y) 2.7.6.0 was used with following libraries: matplotlib 1.3.1-4, numpy 
1.9.0-5, scipy 0.13.3-6, scikit-learn 0.17.1 and spyder 2.2.5-10 development environment.
Images of EGFR antibody labeled with Alexa Fluor 647 and sparsely immobilized on a surface 
of a coverslip were analyzed with Density-Based Spatial Clustering Applications with Noise  
(DBSCAN) clustering algorithm as implemented with scikit-learn 223 . Minimal number of 
event within a cluster was 3 and maximum distance to the core sample was 50 nm. Clusters 
were aligned by their respective centres of mass and Gauss or Cauchy distributions were 
fitted to x and y positions of all analyzed events. 
For a Gauss distribution:

22
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where σ is standard deviation.
For a Cauchy distribution:

      (2)

where γ is the scale parameter which equals half-width at half maximum (HWHM).
Calculation of autocorrelation functions and fitting of models
The pair autocorrelation functions (g(r)) were calculated using Fast Fourier Transform (FFT) 
as described before 102. For data of antibodies immobilized on the coverslip, 9 square regions 
(4 µm) were selected for analysis within each image. For HeLa and A431 data 2 regions (3-4 
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µm wide) were manually defined at the edge of each imaged cell. 
Pair autocorrelation functions report the probability of finding another event at a distance r 
from a given even in the form of:

   (3)

where: * denotes a two dimensional convolution, g(r)PSF is a superresolved point-spread 
function, g(r)peaks is the pair auto-correlation function of detected events, g(r>0) represents 
the contribution to the correlation function of the distribution of molecules of interest 
(EGFR) and g(r=0) is a delta function with an amplitude related to the density of molecules 
of interest (ρ) :

ρ/1)0( ==rg         (4)

Therefore, by combining eq.3 with eq.4:

PSFPSFpeaks rgrgrgrg )(*)0(/)()( >+= ρ      (5)

In case of random distribution of events, the autocorrelation function is:

 1/)()( += ρPSFpeaks rgrg       (6)

While in the presence of clustering, the pair autocorrelation function of the distribution of 
molecules of interest can be approximated by an exponent:

     (7)

where A is proportional to the density of molecules of interest within clusters and ξ is 
proportional to the cluster size.
Distribution of localization events of a single protein was described as a 2D Gaussian 103,224 
or Cauchy 97,225  surface.  Therefore two forms of g(r)PSF were compared.  For the Gauss 
distribution:
  
  (8)

where σ is the standard deviation of the distribution. 
For the Cauchy distribution:
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      (9)

where γ is the scale parameter (HWHM).
Pair autocorrelation functions were calculated for each analyzed region and averaged. 
Models were fitted using standard deviation of averaged points as weights of individual 
points.
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Statistical analysis
For determination of statistical significance, unpaired Student’s t-tests were performed 
using GraphPad Prism6 software. The indicated significance values are compared to control 
conditions. Box plots show median and 25th and 75th percentiles. P-values are indicated as 
follows: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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SUPPLEMENTARY MATERIAL

Supplementary Figure 1. EGFR internalization induced by Perifosine does not depend on phosphorylation in MDA 
MB 468 cells. (a) Perifosine does not induce phosphorylation of EGFR. Western blot analysis of phosphorylated 
EGFR in MDA MB 468 cells after stimulation with 100 ng/ml EGF, 0.5 µM and 5 µM Perifosine for 5 and 15 minutes. 
Total cell lysates were compared using the indicated antibodies. One of three experiments that were performed 
with similar results is shown (b) Perifosine does not induce ubiquitination of EGFR. Immunoprecipitation of EGFR 
and western blot analysis of Ubiquitin in MDA MB 468 cells after stimulation with 100 ng/ml EGF, 0.5 µM and 5 
µM Perifosine for 2 minutes. EGFR was immunoprecipitated from 200 µg of total cell lysates and the product was 
compared using the indicated antibodies. One of three experiments that were performed with similar results is 
shown.
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Supplementary Figure 2. Pair correlation analysis of SR data to determine clustering in the plasma membrane 
of cells (a) Multiple localizations of each fluorophore and antibody can be grouped. Example output of DBSCAN 
clustering of sparse sample (primary EGFR antibody labelled with Alexa Fluor 647 was immobilized on a surface 
of a coverslip). Localization points belonging to a single cluster (as identified by DBSCAN clustering algorithm) 
were visualized with circles of the same colour. Points that do not belong to any cluster (noise) were visualized 
as small black dots. Scale bar, 200nm. (b) Blinking points within identified clusters of a single molecule exhibit 
Cauchy distribution. 4097 clusters containing at least 3 blinking events were aligned by their respective centre 
of mass and plotted together (38461 points in total). Gaussian (red) and Cauchy (green) distribution were fitted 
to the distribution of the position of individual blinks on the x and y axis. (c) Sparsely distributed EGFR antibody 
localizations form clusters that fit a Cauchy model better than a Gauss model. Averaged autocorrelation function 
(black +/- SEM, n=18 analysed regions from 2 independent experiments) of sparsely distributed EGFR antibody (as 
in a) with fits based on Gauss (red) or Cauchy (green) distribution of blinks and random distribution of antibodies 
on the surface. (d-e) Importance of the selection of the right model of the distribution of blinks. Autocorrelation 
functions of EGFR (primary labelled antibody) distribution on the membrane of HeLa cells with fitted models 
random (solid line) or clustered (dashed line) distribution of molecules and Gauss distribution of individual blinks. 
Both models fail to correctly represent the experimental data. (e) Cauchy distribution-based random model 
correctly represents distribution of EGFR on the membrane of unstimulated HeLa cells (as shown in Figure 4). (f) 
Detection of clustering of EGFR upon EGF stimulation (2 min) in HeLa cells. In stimulated cells random model (solid 
line) fails to represent the data correctly, while the clustered model (dashed line) can be successfully fitted.  

r [nm]

101 102 103

101

102

100

γ  =   8.1 nm
σ = 13.6 nm

g(
r)

sparse antibody
on a coverslip

x [nm] count

co
un

t

- 100 - 50 0 50 100

- 100

- 50

0

50

100

y 
[n

m
]

0.040.00

0.04

0.00

γx =   8.3 nm
σx = 23.3 nm

γy =   8.8 nm
σy= 25.0 nm

Cauchy
Gauss

distribution

101

102

100

g(
r)

r [nm]

101 102

random
clustered model

HeLa unstimulated
Cauchy �ts

101

102

100

g(
r)

r [nm]

101 102

random
clustered model

HeLa unstimulated
Gauss �ts

101

102

100

g(
r)

r [nm]

101 102

random
clustered model

HeLa +  EGF
Cauchy �ts

a. b.

c. d.

e. f.


