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The abnormal activation of epidermal growth factor receptor (EGFR) is strongly associated with a variety of 
human cancers but the underlying molecular mechanism is not fully understood. By using direct stochastic optical 
reconstruction microscopy (dSTORM), we find that EGFR proteins form nanoclusters in the cell membrane of both 
normal lung epithelial cells and lung cancer cells, but the number and size of clusters significantly increase in lung 
cancer cells. The formation of EGFR clusters is mediated by the ionic interaction between the anionic lipid phos-
phatidylinositol-4,5-bisphosphate (PIP2) in the plasma membrane and the juxtamembrane (JM) region of EGFR. 
Disruption of EGFR clustering by PIP2 depletion or JM region mutation impairs EGFR activation and downstream 
signaling. Furthermore, JM region mutation in constitutively active EGFR mutant attenuates its capability of cell 
transformation. Collectively, our findings highlight the key roles of anionic phospholipids in EGFR signaling and 
function, and reveal a novel mechanism to explain the aberrant activation of EGFR in cancers.
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Introduction

The epidermal growth factor receptor (EGFR) is a re-
ceptor tyrosine kinase of the ErbB family that regulates 
a variety of important biological events including cell 
growth, proliferation, differentiation and migration [1, 
2]. The ligation of EGFR with its ligands such as epi-
dermal growth factor (EGF) induces the dimerization of 
EGFR extracellular domain, the N-terminal interaction 
of the transmembrane helice and the dimerization of the 

juxtamembrane (JM) region, which promotes the forma-
tion of an asymmetric active dimer of EGFR kinase core 
and thus activates downstream signaling [3-7]. Genetic 
alterations including gene amplification, kinase domain 
mutations and in-frame deletions often lead to over-
expression or constitutive activation of EGFR protein, 
which is frequently observed in different types of tumors 
and effectively drives cancer development [8]. Given its 
strong association with malignant progression in differ-
ent epithelial carcinoma types, EGFR has received much 
attention and is considered as a valuable therapeutic tar-
get. Small-molecule inhibitors gefitinib and erlotinib that 
specifically target the tyrosine kinase activity of EGFR 
have been proven effective towards lung cancer patients 
with EGFR mutations [9]. 

The plasma membrane is an important defense sys-
tem with asymmetric lipid bilayer and regulates many 
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fundamental physiological processes [10, 11]. As an 
integral membrane protein, EGFR is surrounded by 
the lipid environment of the cellular membrane, and is 
potentially modulated by its niche. However, how the 
lipid components in the plasma membrane regulate the 
activity of EGFR remains largely unknown. Recent stud-
ies have reported that the anionic phospholipids, which 
are minor lipid species present in the inner-leaflet of the 
plasma membrane, can ionically interact with proteins 
carrying polybasic sequences and regulate their spatial 
distribution, structure and function [12]. The protein list 
is quickly growing, now including membrane receptors, 
ion channels, small GTPases, kinases and others. For 
example, our previous study shows that the tyrosine resi-
dues of T-cell antigen receptor (TCR) can be sequestered 
in the membrane bilayer by the dynamic interaction be-
tween TCR tyrosine motifs and anionic phospholipids in 
the plasma membrane [13, 14]. The SNAP (Soluble NSF 
(N-ethylmaleimide Sensitive Fusion protein) Attachment 
Protein) receptor protein syntaxin-1A forms microclus-
ters in the plasma membrane via the ionic interaction be-
tween its polybasic JM region and the strong anionic lip-
id phosphatidylinositol-4,5-bisphosphate (PIP2), which 
is essential for the vesicle docking and membrane fusion 
during neuronal exocytosis [15]. As a critical co-fac-
tor, PIP2 can also induce big conformational change in 
inward-rectifier K+ (Kir) 2.2 channel through the ionic 
interaction with polybasic amino acids at the interface of 
transmembrane domain and cytoplasmic domain [16]. 
Previous studies with Ras superfamily members show 
that PIP2 and PIP3 can target small GTPases to the plas-
ma membrane via ionic interactions [17]. All these data 
highlight the importance of ionic protein-lipid interac-
tions in regulating various cellular events.

Although studies of the different structural domains 
of EGFR itself provide considerable insight into its ac-
tivation mechanism [3-7], few works have been done 
in terms of the relationship between EGFR and its lipid 
niche. Previous study using near-field scanning optical 
microscopy (NSOM) suggested that EGFR might be 
organized in aggregates with distinct diameters in the 
membrane of paraformaldehyde-fixed Hela cells [18]. 
However, the detailed information of EGFR distribution 
on cell surface, especially on living cell surface, still 
remains largely elusive. Moreover, the mechanisms in-
volved in regulating EGFR spatial distribution have not 
been brought to light yet. Therefore, further study using 
improved imaging technology is necessary and timely 
urgent. The recent development of super-resolution fluo-
rescence microscopy techniques, such as stochastic opti-
cal reconstruction microscopy (STORM) [19, 20], direct 
STORM (dSTORM) [21], photoactivated localization 

microscopy (PALM) [22] and stimulated-emission deple-
tion (STED) microscopy [15], has broken the diffraction 
limit of light and provided super-resolution imaging (tens 
of nanometers) at a single-molecule level in living cells. 

Therefore, we used dSTORM to study the distribution 
pattern of EGFR on the surface of cells from malignant 
tumors and paired normal tissues. Our data uncovered the 
clustering pattern of EGFR in the plasma membrane of 
lung cancer cells and normal lung epithelial cells. More-
over, we have identified an important contribution of 
the ionic interaction between anionic phospholipids and 
EGFR JM domain in regulating the unique membrane 
spatial distribution of EGFR as well as its activation and 
function.

Results

EGFR forms clusters in the plasma membrane of both 
normal lung epithelial cells and lung cancer cells

To investigate the spatial distribution pattern of EGFR 
under both physiological and pathological conditions, we 
freshly isolated both human lung cancer cells and paired 
pathologically normal lung epithelial cells, which are 
indicated by positive staining of epithelial cell marker 
EpCAM (epithelial cell adhesion molecule; Supplemen-
tary information, Figure S1A and S1B) [23, 24]. We then 
used these epithelial cells for dSTORM analyses via the 
labeling of Alexa647-conjugated Cetuximab (Supple-
mentary information, Figure S1B), an anti-EGFR anti-
body known to compete for the binding of EGFR ligands 
and inhibit EGFR activation [25]. Interestingly, we found 
that the majority of EGFR proteins formed clusters with 
sizes ranging from 70 to 660 nm in the plasma mem-
brane of lung cancer cells, with an average of 293 ± 124 
nm (SD) (Figure 1A and 1B). In contrast, fewer EGFR 
clusters were visible in the plasma membrane of normal 
lung epithelial cells; these clusters were smaller in size, 
ranging from 60 to 460 nm, with an average of 207 ± 69 
nm (SD) (Figure 1A and 1C). Consistently, statistic anal-
yses showed that the cell surface density of EGFR clus-
ters was much higher in lung cancer cells in comparison 
with normal lung epithelial cells (Figure 1D).

We further found that about 65.6% of EGFR on lung 
cancer cell surface were assembled as the form of clus-
ters whereas this percentage dropped to about 35.4% on 
normal lung epithelial cell surface (Figure 1E). To ana-
lyze the size difference of EGFR clusters, we semiquanti-
fied the number of EGFR proteins within each cluster by 
the number of bound Alexa647-conjugated Cetuximab, 
and defined it as “fluorescence intensity unit”. This value 
is calculated through dividing the total Alexa647 number 
inside a cluster by the number of Alexa647 carried by 
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Figure 1 EGFR forms more clusters with bigger size in the plasma membrane of lung cancer cells compared with normal 
lung epithelial cells. (A) Reconstructed dSTORM images of Alexa647-Cetuximab-labeled EGFR in the plasma membrane of 
lung cancer cells (LC) and normal lung epithelial cells (NL). Scale bar, 10 µm. (B, C) Size distribution of EGFR clusters on 
cell surface of LC (B) and NL (C). (D) Surface density of EGFR clusters for LC and NL. (E) Percentage of EGFR proteins in 
cluster on cell surface of LC and NL. (F) Average number of clusters containing different fluorescence intensity unit of EGFR 
proteins on cell surface of LC and NL. All the cells were labeled with Alexa647-Cetuximab for dSTORM analyses. All error 
bars denote SD. ***P < 0.001, two-tailed unpaired t-test.
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each Cetuximab molecule. We hereafter refer the fluores-
cence intensity unit to the relative EGFR protein number. 
We found that these clusters were composed of different 
numbers of EGFR proteins, ranging from 3 to over 30 
(Figure 1F). Interestingly, most of the EGFR proteins 
existed as relatively moderate-sized clusters containing 
7-14 EGFR proteins on the surface of lung cancer cells, 
while the clusters of normal lung epithelial cells were 
much smaller, mainly containing 3-5 proteins (Figure 
1F). Lung cancer cells contained significantly more mod-
erate- and big-sized clusters with variant protein amounts 
from 6 to over 30 than normal lung epithelial cells, but 
there was no obvious difference for small clusters with 
3-5 proteins (Figure 1F). Meanwhile, clusters containing 
more than 15 EGFR proteins could be readily observed 
on lung cancer cell surface, but are almost absent on the 
surface of normal lung epithelial cells (Figure 1F). A 
high proportion of EGFR proteins tend to stay in clusters 
rather than to be sporadically distributed on lung cancer 
cell surface, which might be important for EGFR activa-
tion. Indeed, these lung cancer cells displayed a strong 
activation of EGFR signaling (Supplementary informa-
tion, Figure S1C). Using Alexa647-conjugated EGF as 
an additional probe, we obtained similar findings in both 
normal lung epithelial cells and lung cancer cells (Sup-
plementary information, Figure S1D-S1I). Moreover, 
similar observations that EGFR clusters mainly con-
tained 3-8 proteins were obtained in COS-7 cells, which 
are frequently used for the study of EGFR activation [4] 
(Figure 2B and 2E).

PIP2 depletion in the plasma membrane impairs the 
EGFR cluster formation

We then studied the molecular mechanisms involved 
in the EGFR cluster formation. Previous studies have 
shown that the high accumulation of PIP2 is required 
for receptor protein syntaxin-1A clustering [15]. To test 
whether PIP2 was involved in the EGFR clustering, we 
labeled PIP2 in COS-7 cell membrane with a PIP2 probe 
consisting of the Pleckstrin homology (PH) domain [26] 
of phospholipase C delta fused to a photoactivatable flu-
orescent protein mEos3.2 [27] (PH-PLCδ-mEos3.2) and 
analyzed the spatial distribution of PIP2 and EGFR using 
PALM and dSTORM, respectively. Our data showed that 
PIP2, similar to EGFR protein, also formed clusters in 
the cell membrane (Figure 2A). Interestingly, from mag-
nified images, we could clearly observe the overlap be-
tween these two different types of clusters (Figure 2A). 
Measurement of Mander’s colocalization coefficients 
[28] showed that about 60% of EGFR clusters were co-
localized with PIP2 clusters, highlighting the potential 
contribution of PIP2 in EGFR cluster formation. Consid-

ering the potential influence of the membrane mobility 
of living cells, we performed imaging in fixed cells and 
obtained consistent results showing that about 58.6% 
of EGFR clusters were colocalized with PIP2 clusters 
(Supplementary information, Figure S2A). To further 
test the role of PIP2, we transfected COS-7 cells with 
an inositol-polyphosphate 5-phosphatase Synaptojanin 
2 (SJ2) that can dephosphorylate the D5 position phos-
phate from PIP2. Our data showed that the total amount 
as well as the surface density of EGFR clusters dramat-
ically decreased on COS-7 cell surface after ectopic SJ2 
expression (Figure 2B and 2C). The percentage of EGFR 
proteins in clusters dropped from 57.1% to 31.1% after 
PIP2 depletion (Figure 2D). Furthermore, statistic anal-
yses showed that the clusters containing different num-
ber of EGFR proteins were significantly reduced after 
PIP2 depletion; and those large clusters with more than 
11 proteins inside were hardly detectable on the surface 
of cells expressing SJ2 (Figure 2E). These data suggest 
that EGFR could not form large-sized clusters without 
PIP2, further supporting the important role of PIP2 in the 
EGFR cluster formation.

To avoid potential artifacts caused by the constitutive 
PIP2 depletion by SJ2, we established an inducible PIP2 
depletion system to modify PIP2 level in the plasma 
membrane [29]. We transfected COS-7 cells with two 
constructs: Lyn-FKBP12 and mCitrine-FRB-SJ2. FKBP12 
fusion protein is targeted to the plasma membrane by its 
N-terminal myristoylation and palmitoylation sequence 
of human GAP43 protein (Lyn), whereas the PIP2 phos-
phatase SJ2 fused with a fluorescent protein mCitrine and 
a FRB domain localizes in cytosol under normal condi-
tion. Rapamycin treatment triggers the heterodimeriza-
tion of FRB and FKBP12 domains and thus targets SJ2 to 
the plasma membrane for PIP2 depletion (Figure 3A and 
3B). To monitor the PIP2 level in the plasma membrane, 
we used a PIP2 probe with the PH domain of PLCδ fused 
to a red fluorescence protein mCherry, and the depletion 
of PIP2 would result in the dissociation of the PH-PLCδ-
mCherry from the plasma membrane (Figure 3A and 
3B). Our data showed that PIP2 depletion induced by 
rapamycin treatment resulted in a significant reduction of 
EGFR clusters in the plasma membrane (Figure 3C and 
Supplementary information, Figure S2B). Consistently, 
the surface density of EGFR clusters, the percentage of 
EGFR in clusters and the number of clusters containing 
different amount of EGFR dramatically decreased after 
rapamycin treatment (Figure 3D-3F and Supplementary 
information, Figure S2C-S2E), similar to the observation 
from the cells with constitutive SJ2 expression. In con-
trast, rapamycin treatment in control cells did not cause 
significant change of EGFR distribution pattern (Supple-
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Figure 2 Constitutive PIP2 depletion disrupts the EGFR clustering in the plasma membrane. (A) Two-color dSTORM and 
PALM images of EGFR labeled with Alexa647-Cetuximab (red, left) or Alexa647-EGF (red, right) and PIP2 labeled with PH-
PLCδ-mEos3.2 (green) in COS-7 cells. Scale bar, 10 µm. Inset 1 and 2 show the complete and partial overlap of EGFR 
clusters and PIP2 clusters, respectively. Scale bar, 200 nm. (B) Reconstructed dSTORM images of control COS-7 cells (Ctrl) 
and SJ2-mCitrine-expressing COS-7 cells (SJ2) labeled with Alexa647-Cetuximab. Scale bar, 10 µm. (C) Surface density of 
EGFR clusters in Ctrl and SJ2 COS-7 cells. (D) Percentage of EGFR proteins in cluster on the surface of Ctrl and SJ2 COS-
7 cells. (E) Average number of clusters containing different amount of EGFR proteins on the surface of Ctrl and SJ2 COS-
7 cells. (F) The number of EGFR clusters on the surface of Ctrl and SJ2 COS-7 cells, which is normalized by corresponding 
total amount of surface EGFR protein. All error bars denote SD. ***P < 0.001, two-tailed unpaired t-test.
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Figure 3 Inducible depletion of PIP2 significantly impairs the EGFR clustering in the plasma membrane. (A) Schematic dia-
gram of the components (left) and principle (right) of inducible PIP2 depletion system. (B) Validation of the system in COS-
7 cells visualized by laser scanning confocal microscope. Scale bar, 20 µm. (C) dSTORM images of COS-7 cells transfected 
with the inducible PIP2 depletion system before (Rapa−) and after (Rapa+) rapamycin treatment. Scale bar, 10 µm. (D) 
Surface density of EGFR clusters in COS-7 cells before (Rapa−) and after (Rapa+) rapamycin treatment. (E) Percentage of 
EGFR proteins clustering on the surface of COS-7 cells before (Rapa−) and after (Rapa+) rapamycin treatment. (F) Average 
number of clusters containing different amount of EGFR proteins on the surface of COS-7 cells before (Rapa−) and after 
(Rapa+) rapamycin treatment. (G) The number of EGFR clusters on the surface of COS-7 cells before (Rapa−) and after 
(Rapa+) rapamycin treatment, which is normalized by corresponding total amount of surface EGFR protein. All the cells were 
labeled with Alexa647-Cetuximab for dSTORM analyses. All error bars denote SD. ***P < 0.001, two-tailed unpaired t-test.
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mentary information, Figure S3A-S3F).
Our data showed that PIP2 depletion did not affect 

the total amount of surface EGFR (Supplementary infor-
mation, Table S1). We also did the normalization of the 
EGFR cluster number by total surface EGFR amount and 
found that the cluster number was still much less after 
constitutive or inducible PIP2 depletion (Figures 2F and 
3G and Supplementary information, Figure S2F). To-
gether, these data demonstrated that PIP2 played an im-
portant role in EGFR clustering in the plasma membrane.

The JM region of EGFR ionically binds to PIP2
Next, we studied how PIP2 regulates the membrane 

distribution of EGFR. The N-terminus of EGFR JM re-
gion contains a highly conserved stretch including nine 
positively charged residues (645RRRHIVRKRTLRR657). 
Previous in vitro studies showed that the N-terminus of 
JM peptide (residues 645-660) binds strongly to the an-
ionic phospholipid-containing vesicles [30, 31]. As two 
major anionic phospholipids in the plasma membrane, 
phosphatidylserine (PS) and PIP2 have a net charge of 
−1 and −4, respectively. To further characterize the inter-
action between EGFR JM region and anionic phospho-
lipids, we labeled the full-length JM peptide (residues 
645-682) with Alexa488 and measured its binding affin-
ity to lipid bicelles containing either PS or PIP2 by fluo-
rescence polarization assay. We found that the full-length 
JM peptide showed a stronger binding affinity to bicelles 
containing 10% PIP2 than to bicelles containing 50% PS 
despite of more negative charges on the PS bicelles (Fig-
ure 4A), suggesting a specific binding between PIP2 and 
the JM peptide. JM peptide did not bind to bicelles com-
posed of zwitterionic phosphatidylcholine (PC). Consis-
tent with previous studies [4], the JM peptide adopted 
α-helix folding after binding to PIP2-containing bicelles, 
as measured by circular dichroism (CD; Figure 4B).

To test whether the JM-PIP2 interaction is physiologi-
cally relevant, we first developed a method to directly vi-
sualize the binding of the JM region to the plasma mem-
brane in living cells. We designed a construct in which 
the JM peptide was fused to an N-terminal myristoyla-
tion site and a C-terminal mCherry fluorescence protein. 
This fusion protein mainly localized at the plasma mem-
brane when it was exogenously expressed in 293T cells 
that do not have endogenous EGFR expression (Figure 
4D, left and Supplementary information, Figure S4A). 
To confirm the specificity of this binding, a JM mutant, 
named JM-PM, in which the eight conserved basic resi-
dues were mutated to serines (Figure 4C), was analyzed 
in parallel. As expected, the JM-PM mutant lost the spe-
cific binding to the plasma membrane (Figure 4D, right). 
To test whether PIP2 is involved in this ionic binding be-

tween the JM region and the plasma membrane, we fused 
the N-terminus of EGFR JM region (JM-N, residues 645-
664) to an N-terminal mCherry protein and a C-terminal 
K-Ras4b prenylation motif CVIM [17]. This fusion pro-
tein (mCherry-JM-N-CVIM) was exogenously expressed 
in 293T cells together with the inducible PIP2 depletion 
system. After the rapamycin-induced PIP2 depletion, we 
found an obvious dissociation of the JM region from the 
plasma membrane (Figure 4E).

We further applied a fluorescence resonance energy 
transfer (FRET)-based assay to confirm the ionic JM-
PIP2 interaction [14]. As previously described [13], we 
generated a KIR2DL3-JM region-mTFP1 chimera to 
study the FRET signal between the JM region and the 
plasma membrane. The cytoplasmic tail of an irrelevant 
monomeric membrane protein KIR2DL3 was replaced 
by the EGFR JM region (residues 645-682) followed by 
a C-terminal mTFP1 fluorescence protein. The mTFP1 
acted as a FRET donor while an octadecyl rhodamine B 
(R18) dye that can be incorporated into the plasma mem-
brane was used as a FRET acceptor. The mTFP1 and R18 
can generate FRET signal only when mTFP1 is in close 
proximity to the plasma membrane, e.g., when the EGFR 
JM region binds to the membrane. To roughly translate 
the FRET efficiency to distance information, we used 
three control constructs in which the JM region sequence 
was replaced by flexible linkers with different lengths (3 
a.a., 25 a.a., 50 a.a.). We exogenously expressed these 
FRET constructs in Jurkat cells and sorted the transfec-
tants with comparable chimera expression levels. A do-
nor dequenching method was used to measure the FRET 
efficiency between mTFP1 and R18 (Figure 5A-5C). The 
short linker construct (3 a.a.) showed a high FRET effi-
ciency (38.8%, Figure 5A), while the 25 a.a. and 50 a.a. 
linker constructs exhibited relatively low values (20.5% 
and 12.3%, respectively, Figure 5A). A relatively high 
FRET efficiency was detected from the EGFR-JM con-
struct (29.3%, Figure 5A), which was significantly higher 
than that of the 25 a.a. construct, suggesting that most of 
the EGFR JM region (38 a.a.) should largely bind to the 
plasma membrane. However, we observed a significantly 
reduced FRET efficiency for the JM-PM mutant (19.0%, 
Figure 5A), confirming the importance of basic residues 
in regulating the membrane binding of the JM region. 
Then we introduced the inducible PIP2 depletion system 
into the Jurkat transfectants with JM-mTFP1 expression, 
and found that the FRET efficiency of JM region signifi-
cantly decreased after rapamycin treatment, indicating 
that PIP2 is the primary binding partner of the JM region 
at the plasma membrane (Figure 5B). Collectively, these 
cellular and biochemical data showed that the JM region 
of EGFR could ionically bind to PIP2 in the plasma 
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Figure 4 The JM region of EGFR ionically binds to the anionic phospholipid PIP2 in vitro and in vivo. (A) Analysis of the 
association of JM peptide with the membrane bilayer by fluorescence polarization (FP) technique. The FP value increased 
gradually with the increase of lipid concentration. (B) Analysis of the secondary structural change of JM peptide by a far UV 
CD experiment. Free JM displayed as an unstructured flexible peptide in solution, while the presence of 50% POPS/POPC or 
10% DOPIP2/DOPC bicelles induced partial helical folding of JM. (C) Schematic diagram of two EGFR JM region mutations. 
JM-PM, point mutation; JM-DM, deletion mutation. (D) Cellular localization of N-myristoyl JM peptide or JM-PM peptide fused 
with mCherry protein in 293T cells visualized by laser scanning confocal microscopy. Scale bar, 10 µm. (E) The location of 
mCherry-JM-N-CVIM fusion protein and mCitrine-FRB-SJ2 were scanned by confocal microscopy in 293T cells transiently 
transfected with corresponding constructs before and after loading rapamycin and incubating at 37 °C for 1 h (left). The flu-
orescence intensity distributions along the white lines were shown on the right before and after rapamycin treatment. Scale 
bar, 10 µm.
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Figure 5 The JM region binds to PIP2 in the plasma membrane via ionic interaction. (A, B) FRET efficiencies were measured 
between mTFP1 and the membrane dye R18 by dequenching approach in living Jurkat cells. 3a.a.-mTFP1, 25a.a.-mTFP1 
and 50a.a.-mTFP1 served as control constructs. The measured FRET efficiencies were compared between wild-type JM 
(JM-mTFP1) and mutated JM (JM-PM-mTFP1) in A, or between the conditions before and after PIP2 depletion in B. (C) 
R18-labeled cells were imaged in both channels and the acceptor R18 was then photobleached to release the quenched flu-
orescence. BP, before photobleaching; AP, after photobleaching. Scale bar, 5 µm. The FRET efficiencies were measured for 
16-18 cells per condition. Each dot represents the FRET value from one individual cell. Unpaired two tailed Student’s t-test 
was used for the statistical analysis.
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membrane.
Previous studies showed that the ionic interaction 

between PIP2 and syntaxin-1A could glue the protein 
molecules together and also remove the charge-charge 
repulsion between protein molecules, thus mediating 
syntaxin-1A clustering [15]. Our finding of the JM-PIP2 
interaction suggests that EGFR clustering might be regu-
lated by PIP2 via the same mechanism.

The JM-PIP2 interaction is important for EGFR cluster 
formation

We further tested whether EGFR clustering is depen-
dent on the ionic JM-PIP2 interaction. We expressed 
either wild-type full-length EGFR (EGFR-WT) or EGFR 
mutants (either EGFR-PM with the basic residue mu-
tation or EGFR-DM with the deletion of the polybasic 
stretch (residue 645-657); Figure 4C) in 293T cells and 
analyzed their distribution patterns on the cell surface 

through dSTORM. Consistently, exogenous EGFR-WT 
proteins formed clusters in the 293T cell membrane (Fig-
ure 6A and Supplementary information, Figure S4B). 
However, we observed a significant decrease of the clus-
ter numbers and sizes of the two mutants (Figure 6A and 
Supplementary information, Figure S4B), as well as dra-
matically reduced cluster density, cluster number normal-
ized by total surface EGFR protein and the percentage 
of EGFR proteins in clusters (Figure 6B-6D and Supple-
mentary information, Figure S4C-S4E). Moreover, mu-
tation or deletion of the JM region resulted in a decrease 
of the number of clusters containing different amount 
of EGFR protein, and the clusters with more than eight 
EGFR proteins were hardly observed in the cell mem-
brane compared to EGFR-WT, especially for EGFR-DM 
(Figure 6E and Supplementary information, Figure S4F). 
Collectively, these data further supported the notion that 
JM-PIP2 interaction is important for EGFR clustering in 

Figure 6 The JM region regulates the EGFR clustering in the plasma membrane. (A) dSTORM images of 293T cells ex-
pressing comparable levels of exogenous full-length EGFR-WT, PM or DM. Scale bar, 10 µm. (B) Surface density of EGFR 
clusters in 293T cells expressing EGFR-WT, PM or DM. (C) The number of EGFR clusters on the surface of 293T cells ex-
pressing EGFR-WT, PM or DM, which is normalized by corresponding total amount of surface EGFR protein. (D) Percentage 
of EGFR proteins clustering on cell surface of 293T expressing EGFR-WT, PM or DM. (E) Average number of clusters con-
taining different amount of EGFR proteins on cell surface of 293T expressing EGFR-WT, PM or DM. All the cells were labeled 
with Alexa647-Cetuximab for dSTORM analyses. All error bars denote SD. *P < 0.05, ***P < 0.001, two-tailed unpaired t-test.
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the plasma membrane.

The JM-PIP2 interaction regulates EGFR activity and 
function

We further asked whether the JM-PIP2 interaction-de-
pendent EGFR clustering on the cell surface was im-
portant for EGFR activity. Growth factor receptor-bound 
protein 2 (Grb2) is a classic receptor tyrosine kinase-re-
lated adaptor protein well known for its ability to link 
EGFR tyrosine kinase to the activation of Ras and its 
downstream kinases, such as Erk1/2 [32, 33]. Consider-
ing the fact that the binding of Grb2 to the tyrosine phos-
phorylated C-terminus of EGFR through its SH2 domain 
is an indication of EGFR activation [32], we used the 
SH2 domain of human Grb2 protein with an N-terminal 
mEos3.2 (mEos3.2-Grb2/SH2) as a probe for the detec-
tion of EGFR activation in COS-7 cells [34]. After EGF 
stimulation, the mEos3.2-Grb2/SH2 probe translocated 
to the plasma membrane as expected but started to be 
internalized after 20 min, which should be caused by the 
EGFR receptor internalization (Figure 7A). To avoid the 
influence of the receptor internalization, we fixed the 
cells after 10 min of EGF stimulation and then visualized 
the spatial distribution of EGFR and mEos3.2-Grb2/
SH2 in the plasma membrane with or without persistent 
SJ2 expression through dSTORM and PALM, respec-
tively. Our data consistently showed that the mEos3.2-
Grb2/SH2 formed clusters on the plasma membrane and 
significantly colocalized with EGFR clusters after EGF 
stimulation (Figure 7B), indicative of the activation of 
EGFR. Conversely, in resting cells labeled with Cetux-
imab or cells stimulated with EGF at 4 °C, few mEos3.2-
Grb2/SH2 clusters were formed on the plasma membrane 
(Supplementary information, Figure S5A-S5C), and the 
percentage of the colocalization with EGFR clusters was 
nearly ten times lower than that in activated cells (Sup-
plementary information, Figure S5D). Importantly, PIP2 
depletion resulted in a significant decrease of the colocal-

ization of mEos3.2-Grb2/SH2 and EGFR clusters after 
EGF stimulation, from 62.7% to 18.8% (Figure 7B and 
7C), highlighting the involvement of PIP2 in regulating 
EGFR activation. Consistently, western blot data showed 
that either inducible or constitutive PIP2 depletion inhib-
ited EGFR phosphorylation and the activation of down-
stream PI3K-Akt and MAPK pathways (Figure 7D and 
7E).

We also studied EGFR signaling in 293T cells sta-
bly expressing either EGFR-WT, or EGFR-PM or EG-
FR-DM. We found that EGFR phosphorylation level 
dramatically decreased after the mutation of basic res-
idues and this effect was even more severe when the 
whole positively charged stretch (residues 645-657) in 
JM region was deleted (Figure 7F). Interestingly, the 
phosphorylation level of Erk1/2 did not show obvious 
downregulation after 5 min of EGF stimulation, but de-
creased rapidly after 15 and 30 min of treatment (Figure 
7F), indicating a temporal hysteresis of the downstream 
signaling. PI3K-Akt pathway was not dramatically af-
fected by JM region mutations (Figure 7F). Similar re-
sults were observed in 293T cells transiently transfected 
with EGFR-WT, EGFR-PM or EGFR-DM (Figure 7G). 
To further test the biological consequence of disrupting 
EGFR clustering by the JM region mutation or deletion 
in EGFR, we took advantage of the Ba/F3 cell transfor-
mation assay, which is commonly used for testing the 
function of oncogenes including kinase domain-mu-
tated EGFR gene and RET gene fusions [35-38]. The 
transformation of Ba/F3 cells results in the cell growth 
independent of interleukin-3 (IL-3) [35-38]. Consistent-
ly, the constitutively activated mutant of EGFR, named 
EGFR-L858R, was capable of transforming Ba/F3 cells 
to IL-3-independent cell growth whereas this growth was 
attenuated when the JM region was either mutated or de-
leted (L858R-PM and L858R-DM, Figure 7H). Together, 
these data demonstrated that the PIP2-dependent EGFR 
clustering played an essential role in EGFR signaling.

Figure 7 The JM-PIP2 interaction regulates the EGFR activation, signaling and biological function. (A) Cellular location of 
mEos3.2-Grb2/SH2 (green) in COS-7 cells after different time of EGF treatment visualized by laser scanning confocal mi-
croscopy. Scale bar, 10 µm. (B) Two-color PALM and dSTORM images of exogenous mEos3.2-Grb2/SH2 (green) and en-
dogenous EGFR labeled with Alexa647-EGF (red) in COS-7 cells with (SJ2) or without (Ctrl) SJ2 expression after 10 min of 
Alexa647-EGF treatment at 37 °C. Scale bar, 10 µm. (C) Percentage of colocalized mEos3.2-Grb2/SH2 clusters and EGFR 
clusters at the plasma membrane of COS-7-Ctrl or COS-7-SJ2 cells. Error bars denote SD. ***P < 0.001, two-tailed unpaired 
t-test. (D) Western blot analysis of EGFR activation and its downstream signal transduction in COS-7 cells stably expressing 
Lyn-FKBP12-T2A-mCitrine-FRB-SJ2 in response to EGF stimulation (50 ng/ml) before (Rapa−) or after (Rapa+) rapamycin 
treatment. (E) Western blot analysis of the effect of SJ2 constitutive expression on the activation of endogenous EGFR and 
its downstream signaling in COS-7 cells. (F, G) Western blot analyses of EGFR activation and its downstream signal trans-
duction in 293T cells stably (F) or transiently (G) expressing exogenous wild-type (WT) or mutated full-length EGFR (EGFR-PM, 
EGFR-DM). (H) Cell proliferation of Ba/F3 cells stably expressing EGFR-L858R or EGFR-L858R with mutated JM region 
(L858R-PM or L858R-DM) in the absence of IL-3 was analyzed. Error bars denote SD.
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Discussion

In summary, we have uncovered the unique pattern of 
EGFR spatial distribution on the surface of living cells 
through super-resolution imaging: EGFR are found to 
form nanoclusters comprised of a variable number of 
proteins in the plasma membrane (Figure 8A). More im-
portantly, there are much bigger and more EGFR clusters 
present in the plasma membrane of cancer cells com-
pared to normal cells (Figure 1), suggesting that more 
EGFR clustering might lead to higher EGFR activity in 
cancer cells. Moreover, we find that either the depletion 
of PIP2 or the mutation of EGFR JM region results in 
the significant decrease of EGFR clustering. Since both 
modulations do not affect the total EGFR level on cell 
surface, these data highlight the importance of the ionic 
interaction between anionic PIP2 in plasma membrane 
and the JM region of EGFR in essentially regulating the 
unique distribution pattern of EGFR (Figure 8A and 8B). 
The EGFR clustering plays an important role in EGFR 
activation and its downstream signaling (Figure 8C) and 
thus might contribute to human tumor malignancy pro-
gression. 

Our work, for the first time, depicts the EGFR mem-
brane distributions in living cells at single-molecule level 
with a resolution up to ~20 nm, and uncovers the un-
derlying mechanism for receptor clustering. Besides its 
critical functions in many physiological processes such 
as ion channel activation, second messenger production 
and cytoskeletal attachment [11], the anionic lipid PIP2, 
in our work, is given prominence for its role in regulat-
ing EGFR clustering via the interaction with the basic 
JM region of EGFR. This ionic protein-lipid interaction 
between EGFR and its “niche” regulates its distribution, 
and finally affects its activation and biological func-
tion. Currently, we still do not fully understand how the 
EGFR cluster formation is initiated though PIP2 seems 
to participate in this process. In consideration of spatially 
confined PIP2 clusters or pools on the plasma membrane 
[39-42], it is possible that EGFR proteins might follow 
the track of PIP2 on membrane to aggregate and form 
clusters in PIP2-enriched region. Therefore, depletion of 
PIP2 can disassemble the EGFR clusters into relatively 
small clusters or even sporadic distribution (Figures 8A 
and 3C-3F). Nevertheless, it is also possible that EGFR 
clusters first and subsequently recruits PIP2 to stabilize 
the cluster structure. A better explanation may be that 
clustering of PIP2 and EGFR in the cell membrane is 
mutually supportive. Furthermore, our data show that 
about 40% of EGFR clusters are not colocalized with 
PIP2 clusters (Figure 2A). This indicates that other 
mechanisms could exist besides the JM region-PIP2 in-

teraction, e.g., protein-protein interaction or cholesterol 
involvement in the regulation of EGFR clustering. Future 
work will provide more detailed mechanisms.

Large EGFR clusters containing a high amount of re-
ceptors should endow the cells with enhanced capability 
of EGFR signaling activation (Figure 7B and 7D-7G), 
because those receptors within the cluster are easier to 
aggregate and get activated after EGF stimulation, which 
might play an important role in tumor development. 
Previous studies have indicated that EGFR might exist 
as preformed dimers in the absence of ligands [43-45]. 
From our data analyses, we also find that EGFR form 
clusters without ligand engagement (Figures 1A and 3C) 
and the clusters contain from a few to a dozen of EGFR 
proteins (Figures 1F and 3F). Although we are not clear 
how these EGFR proteins exactly assemble inside the 
clusters, we reason that they might form dimers or te-
tramers.

Although non-small cell lung cancer (NSCLC) pa-
tients with specific EGFR mutations respond dramati-
cally to gefitinib or erlotinib treatment, the emergence 
of newly acquired drug resistance greatly limits the drug 
effects [46]. Considering the inhibitory effect of JM re-
gion mutation and deletion on the constitutively active 
EGFR-L858R-promoted cell proliferation (Figure 7H), 
our work provides a hint that disrupting EGFR cluster 
formation in drug-resistant cancers would be a promising 
approach to fight with cancers.

Materials and Methods

Antibody or ligand labeling
Cetuximab (Merck) or EGF (Sigma-Aldrich) was labeled with 

Alexa647 (Invitrogen) in an appropriate concentration. The NHS 
group of the dyes can react with the amino group of the protein. 
100 µg/ml Cetuximab or EGF was stained by 0.2 µl Alexa647 (1 
mg/ml, dissolved in DMSO) in dark and vortexed for 2 h at room 
temperature. After reacting completely, the solution was filtered 
by gel filtration using Illustra NAP-5 columns (GE Healthcare) 
to remove excess dye. The Alexa647 labeling efficiency of either 
Cetuximab or EGF was determined to be 0.7-1 dye/protein by ab-
sorption spectroscopy assay.

Cell culture
HEK-293T cells were purchased from ATCC (American Type 

Culture Collection). COS-7 cells were generously provided by Dr 
Xinyuan Liu. Ba/F3 cells were generously provided by Dr Liang 
Chen. HEK-293T and COS-7 cells were cultured in Dulbecco’s 
modified Eagle’s medium (Hyclone, Thermo Scientific, USA) 
supplemented with 8% fetal bovine serum (FBS; Biochrom AG, 
Germany) and antibiotics (100 U/ml streptomycin and 100 µg/ml 
penicillin; Invitrogen, USA). Jurkat cells were cultured in RPMI-
1640 medium (Hyclone, Thermo Scientific, USA) with 8% FBS 
and antibiotics. Ba/F3 cells were cultured in RPMI-1640 medium 
with 8% FBS, 10% WEHI conditional medium and antibiotics. 
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Figure 8 A schematic illustration of ionic protein-lipid interaction-mediated EGFR membrane clustering model. (A) On the 
cell surface, EGFR can form clusters comprised of 3-5 proteins, partially overlapping with the PIP2 clusters in the plasma 
membrane, or distributes sporadically. (B) The N-terminus of the JM region of EGFR binds to the anionic PIP2 clusters in the 
inner-leaflet of the plasma membrane through ionic interaction, which facilitates EGFR aggregation and cluster formation. 
(C) This special distribution pattern makes EGFR ready for a quick response to ligand stimulation and a strong activation of 
downstream signaling.

The cells were maintained at 37 °C in a humidified atmosphere 
with 5% CO2 and passaged every 2 days.

Plasmids and reagents
Constructs (with the backbone of pHAGE-fEF1ap) expressing 

mCitrine-SJ2, PH-PLCδ-mEos3.2 (a gift from Prof Pingyong 
Xu and Prof Tao Xu), myristoyl JM-mCherry, myristoyl JM-
PM-mCherry, Lyn-FKBP12-T2A-mCitrine-FRB-SJ2, KIR2DL3-
3aa/25aa/50aa/JM/JM-PM-mTFP1 and constructs (with the back-
bone of pCDH-CMV-EF1-Puro) expressing EGFR-WT-mCherry, 
EGFR-PM-mCherry, EGFR-DM-mCherry, mEos3.2-Grb2/SH2, 
were used to package lentiviruses for establishing stable cell lines.

Western blot analyses were done with the following primary 
antibodies: anti-EGFR (Santa Cruz, sc-03), anti-p-EGFR (Y1173) 
(Cell Signaling, #4407), anti-Akt (Cell Signaling, #9272), anti-p-
Akt (S473) (Cell Signaling, #4060), anti-Erk1/2 (Cell Signaling, 
#9102), anti-p-Erk1/2 (T202/Y204) (Cell Signaling, #9106), an-
ti-actin (Sigma, A2228). Peroxidase-conjugated donkey anti-goat 
IgG, goat anti-rabbit IgG or goat anti-mouse IgG (Santa Cruz) was 
used as the secondary antibodies.

Lentiviral packaging and establishment of stable cell lines
Lentiviruses were produced by transfecting HEK293T cells 

with plasmids and the helper plasmids (pMD2.G and psPAX for 
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pHAGE-fEF1ap; pCMV-∆8.2 and pCMV-VSVG for pCDH-CMV-
EF1-Puro). The cell supernatants were harvested 48 h after trans-
fection and used for infection during 1 week. COS-7 cells, 293T 
cells and Jurkat cells were infected by corresponding lentiviruses 
for ~24 h and then cultured with normal medium. The cells were 
sorted by FACS to acquire stable cell lines with persistent fluores-
cent protein expression.

Human specimen, primary cell isolation and pretreatment
This study was approved by the ethics review board at the Sec-

ond Hospital of Jilin University and the clinical specimens includ-
ing lung cancer and paired pathologically normal lung specimens 
were collected with written informed consents from all patients. 
Lung cancer cells and normal lung epithelial cells were freshly 
isolated from the lung cancer specimens and paired pathological-
ly normal lungs and subjected to dSTORM analyses. Briefly, the 
human clinical samples were rinsed with 1× PBS for 3-5 times 
and then divided into several pieces with one for dSTORM im-
aging and one fixed in 4% PFA for immunohistochemistry and 
H&E analyses. For imaging, the lung cancer specimens were fully 
minced and homogenized in 1 ml ACL4 medium with 5% FBS [47]; 
the normal lung tissues were incubated with Collagenase III (In-
vitrogen, final concentration of 1 mg/ml) at 37 °C for 1-h shaking. 
These tissues in solution were then passed through a 60-80 µm2 
filter, and the cell suspension was centrifuged at 1 500 rpm for 4 
min and resuspended in 1× PBS with 3% bovine serum albumin 
(BSA) for labeling with FITC anti-human CD326 (EpCAM; Bio-
legend; diluted at 1:40 ratio by PBS) by shaking at 4 °C in dark for 
20 min. The cells were then washed with PBS twice and incubated 
with Alexa647-conjugated Cetuximab or EGF at 4 °C in dark for 
20 min. After washing with PBS, the pretreated cells were dropped 
onto precleaned glass slides and kept at 4 °C for adhesion. Before 
imaging, oxygen scavenging solution was replaced with an im-
aging buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM NaCl, 
10% (w/v) glucose, 0.5 mg/ml glucose oxidase (Sigma-Aldrich), 
40 µg/ml catalase (Sigma-Aldrich) and 1% (v/v) β-mercaptoetha-
nol [48]. For the fixed samples, H&E staining was performed for 
detection of histology; Immunostaining of phosphorylated EGFR 
(pY1173, diluted at 1:70 ratio by 3% BSA) was done as previously 
described [49].

The stable cell lines were seeded onto the glass slides at an 
appropriate density and cultured overnight for adhesion. After the 
cell density reached ~80%, the slides were picked up and blocked 
by 0.1% BSA, and then incubated with Alexa647-conjugated 
Cetuximab or EGF at 4 °C in dark for 10 min for imaging anal-
yses. Three constructs expressing Lyn-FKBP12, mCitrine-FRB-
SJ2 and PH-PLCδ-mCherry were transfected together into COS-
7 cells by X-tremeGENE HP (Roche) reagent for establishing 
inducible PIP2 hydrolysis system. After labeling with Cetuximab 
or EGF, COS-7 cells were treated with 1 µM rapamycin and those 
with location change of mCitrine and mCherry were subjected to 
dSTORM analyses. 293T cells expressing comparable level of 
myristoyl JM/JM-PM-mCherry protein were imaged by laser scan-
ning confocal microscopy (Zeiss confocal LSM710, Zeiss, Germa-
ny).

dSTORM, PALM imaging and data analyses
dSTORM or PALM imaging was performed on a Ti-E micro-

scope with a 100 × 1.49 NA TIRF lens (Nikon, Japan) using a 

405 nm laser (20 mw), 561 nm laser (200 mw) and 640 nm laser 
(100 mw). Fluorescence images were recorded at rates of 25 Hz 
in laser-excitation widefield. For single-color dSTORM imaging 
of EGFR, the sample stained with Alexa647-Cetuximab or Al-
exa647-EGF was excited by 640 nm laser power of 30 mW (at 
the sample) only. For two-color dSTORM and PALM imaging, a 
stable cell line expressing photoactivatable protein mEos3.2 was 
stained with Alexa647-Cetuximab or Alexa647-EGF. The sample 
was first excited by 640 nm laser power of 30 mW (at the sample) 
to obtain EGFR imaging. To record fluorescence from mEos3.2, 
periodical short pulses of 405 nm illumination were controlled 
by an acousto-optic tunable filter (AOTFnC-400.650, A-A Op-
to-Electronic, Orsay Cedex, France) and used for photoactivation. 
The 405 nm laser intensity was adjusted between 10-20 µW at 
the sample according to the protein expression levels. The 561 
nm laser was adjusted to 20 mw and continuously applied to pho-
toswitch and localization of mEos3.2 molecules. The system was 
equipped with one dichroic filter which reflects 405 nm, 561 nm 
and 647 nm, and widened by a telescope consisting of the ach-
romatic doublet lenses before injection into the microscope. The 
fluorescence was filtered with emission filters and imaged on an 
EMCCD camera (Photometrics, Cascade II). We initially captured 
20 000 frames of EGFR clusters in the COS-7 cell membrane, and 
reconstructed two super-resolution images from the first 5 000 
frames and all the frames, respectively (Supplementary informa-
tion, Figure S6). These two images had no significant differences 
in cluster morphology, and the number of localization spots was 
43 627 from 5 000 frames and 44 329 from 20 000 frames. In the 
following imaging process, we recorded a time series of 5 000 
frames per cell for the reconstruction of the super-resolution im-
aging, and the time is long enough to exhaust a great majority of 
the fluorescent molecules. Obtaining a single dSTORM or dual 
color super-resolution image usually took less than 8 min. During 
this short acquisition time, the z-drift was eliminated by the means 
of a focus lock, and 150-nm diameter fluorescent beads were em-
bedded as a fiducial marker to correct the x-y drift of the sample. 
The optical registration for dual color imaging was characterized 
via TetraSpeck microspheres (Invitrogen), and the average devia-
tion between Alexa647 and mEOS3.2 channels was 8-12 nm. To 
avoid any possible EGFR endocytosis induced by Alexa647-EGF 
labeling, all imaging processes were executed at low temperature 
(0-4 °C), whereas Cetuximab-labeled EGFR was imaged at room 
temperature.

For imaging process and data analyses, we used a public plug-
in for Image J named QuickPALM and Matlab to analyze raw 
images. Image TIFF stacks were first preprocessed via background 
subtraction. For each frame, particles corresponding to single pho-
toemission events were identified with a minimum SNR of 2-4. 
Then fluorescence peaks were identified in each frame and fitted 
a least-squares fit with an elliptical Gaussian function. Individual 
least-squares fit estimates were performed by a threshold of the 
peak height and the peak widths in the two lateral dimensions. 
After rejecting the poor fit and asymmetric PSFs, the centroid po-
sitions of peaks were determined by selected fit. STORM images 
were reconstructed using the precise localization data of single 
fluorescent molecules obtained from the fits.

To detect the resolution in our set-up instrument, single-mole-
cule localization precision was measured [50]. Adequately diluted 
Alexa647-Cetuximab/EGF molecules (≈10 nM) were added onto 
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an APTES-coverslip, incubated for 40 min and imaged. Repetitive-
ly switching fluorophores allowed us to determine the localization 
precision to be 28 nm for Alexa647-conjugated Cetuximab and 
24 nm for Alexa647-conjugated EGF by measuring the full-width 
at half-maximum (FWHM) of the localization distribution of in-
dividual fluorophores (Supplementary information, Figure S7A-
S7B). Similar localization precision (30 nm for Alexa647-conju-
gated Cetuximab and 27 nm for Alexa647-conjugated EGF) were 
observed when we performed the labeling of living COS-7 cells by 
adequately diluted Alexa647-Cetuximab/EGF molecules (≈10 nM) 
(Supplementary information, Figure S7C-S7D).

To analyze spatial EGFR clusters on the plasma membrane, we 
used Ripley’s K function to analyze the characteristic parameters 
of the clusters. Supplementary information, Figure S8A showed a 
reconstructed dSTORM image of EGFR on the surface of a lung 
cancer cell. The examined region with an area of 4 × 4 µm2 in the 
reconstructed image was selected, which was boxed by a white 
rectangle. Then Ripley’s K function was calculated to measure the 
deviation of the observed distribution from a random distribution 
as previously stated [51-53]. The average diameter of clusters in 
the chosen region was the value of rmax corresponding to the max-
imum of L(r) – r (Supplementary information, Figure S8B). The 
values of L(r) generated by each particle were used to produce a 
cluster map by interpolating a surface plot with L(r) as the z-axis 
(Supplementary information, Figure S8C). After that, a binary 
cluster map was generated through an appropriate L(r) threshold 
(Supplementary information, Figure S8D). Finally the information 
of clustering was extracted from the binary map, such as the num-
ber and the size of the clusters. All calculations and image process-
ing were performed with Matlab.

The size (diameter) of EGFR clusters was extracted from the 
binary cluster map obtained through Ripley’s K function analysis. 
Two-dimension diameters (the longest and the shortest diameter) 
of each cluster were measured, and the size of each cluster was 
the average of the two values. Eight regions from each cell were 
selected for analysis. The surface density of clusters was calculat-
ed via dividing the total number of clusters from every cell by the 
individual surface area of those cells. The percentage of EGFRs in 
clusters was calculated via dividing the number of EGFR proteins 
in clusters by total surface number of EGFR proteins. The num-
ber of EGFR in clusters was normalized by the number of bound 
single Cetuximab or EGF. The average number of localized spots 
in a single Alexa647-labeled Cetuximab and EGF was 28.2 ± 5.1 
(SD) and 23.5 ± 4.8 (SD) (100 dyes analyzed), respectively. Using 
the statistical method and keeping the experimental conditions as 
same as possible, we could semiquantitatively estimate the fluores-
cence intensity unit (relative protein amount) of EGFR in clusters 
via dividing the total number of localized spots in the cluster by 
the average localized spot number of a single Cetuximab or EGF 
molecule on glass.

Mander’s colocalization coefficients [28] M1 and M2 were used 
to measure the degrees of spatial association between EGFR and 
mEos3.2-Grb2/SH2 clusters. The colocalization coefficients rep-
resent the amount of fluorescence of the colocalized area relative 
to the fluorescence of total area covered by each component. Since 
the areas of EGFR and mEos3.2-Grb2/SH2 clusters were usually 
different, M1 and M2 were not equal. The two kinds of clusters 
were defined as colocalization if they exhibited an M1 or M2 value 
> 0.33. Detail information could be found in [23].

Preparation of bicelles
Bicelles (q = 0.8) were prepared by mixing appropriate amount 

of long-chain phospholipids POPS, POPC, DOPIP2 or DOPC 
(Avanti) powder with the short-chain phospholipid DHPC (Di-
hexanoyl-phosphatidylcholine) in 20 mM Tris-HCl, pH 7.4 at a 
mole ratio of 0.8:1. The mixture was subjected to five freeze-thaw 
cycles with pipetting and vortexing until the lipids were dissolved. 
In 50% POPS/POPC bicelles, the molar ratio between POPS and 
POPC is 1:1, while in 10% DOPIP2/DOPC bicelles, the molar ra-
tio between DOPIP2 and DOPC is 1:9.

JM peptide expression, purification and labeling
JM peptide was expressed as a GST fusion protein in Esche-

richia coli, separated from GST tag by tobacco etch virus protease 
cleavage and purified by reverse-phase HPLC. For fluorescence 
polarization experiment, peptides were expressed with an addi-
tional N-terminal cysteine and labeled by an Alexa488-maleimide 
derivative (Invitrogen). For CD spectroscopy, the JM peptide was 
directly used for detection of its secondary structure.

Fluorescence polarization assay
To measure the binding kinetics of JM peptide to phospholip-

id-containing bicelles, an Alexa488-labeled JM peptide was incu-
bated with 50% POPS/POPC bicelles (q = 0.8) or 10% DOPIP2/
DOPC bicelles (q = 0.8) at a wide range of concentration (0, 1, 2.5, 
5, 10, 25, 50, 100, 250 µM) in a 384-well plate for 20 min at 25 °C. 
The final concentration of peptide in reaction solution is 200 nM. 
The sample buffer was 20 mM Tris-HCl, pH 7.4, 150 mM NaCl. 
Fluorescence polarization values were measured using a Tecan In-
finite M1000Pro Microplate Reader.

CD spectroscopy
Far ultraviolet (UV) CD spectra of JM peptide alone, JM pep-

tide with POPC bicelles (q = 0.8), DOPC bicelles (q = 0.8), 50% 
POPS/POPC bicelles (q = 0.8) or 10% DOPIP2/DOPC bicelles (q 
= 0.8) in solution of 20 mM Tris-HCl, pH 7.4, 150 mM NaF were 
recorded on a JASCO J-715 spectropolarimeter at 25 °C. 20 M 
peptide and 0 or 1 mM mixture bicelles were present in the solu-
tion.

FRET measurements
Constructs were delivered into human Jurkat cells by lentiviral 

infection and pools of stable cells with similar mTFP1 fluores-
cence were isolated by FACS. Lyn-FKBP12-T2A-BFP-FRB-SJ2 
plasmid was used for inducible PIP2 depletion. To induce SJ2 
translocation and PIP2 depletion, 1 µM rapamycin was added into 
the dish, which was then incubated at room temperature for ad-
ditional 5 min. After labeling the plasma membrane with 2.5 µg/
ml octadecyl rhodamine B (R18) (Invitrogen, USA), the dish was 
then mounted onto a Leica TCS SP5 Confocal microscope (Leica, 
Germany) for imaging. FRET efficiency between the C-terminal 
mTFP1 domain and the membrane dye R18 was measured using 
a donor dequenching approach in which mTFP1 fluorescence was 
measured before and after photobleaching of the R18 acceptor. 
mTFP1 was excited with the Argon 458 nm laser line and visual-
ized using detection window at 470-560 nm. R18 was excited with 
the Helium/Neon 561 nm laser line, visualized using detection 
window at 590-650 nm. The dequenching FRET efficiency was 
calculated as E = ((DQ-Q)/DQ) × 100%, where DQ and Q are de-
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quenched and quenched donor fluorescence. Unpaired two-tailed 
Student’s t-test was used for the statistical analysis of all FRET 
data.

Cell-based signaling analysis
Cells underwent serum starvation after reaching proper con-

fluence. COS-7 cells were starved for 24 h, while 293T cells were 
starved for 12 h. Ligand stimulation was performed by using 50 
ng/ml EGF at 37 °C afterwards. Besides stable cells, for 293T 
cells, 1.5 µg constructs expressing full-length EGFR-WT, PM or 
DM were transfected per 35-mm dish by calcium phosphate trans-
fection assay when the cell confluence reaches 50%-60%. The 
cells were starved and stimulated with EGF as above. For induc-
ible PIP2 hydrolysis system, after being starved for 24 h, COS-7-
Lyn-FKBP12-T2A-mCitrine-FRB-SJ2 stable cells underwent 1 µM 
rapamycin treatment at 37 °C for 15 min and then 50 ng/ml EGF 
stimulation at 37 °C. The cells were washed with ice-cold 1× PBS 
after EGF stimulation and then scraped and lysed in sample buffer 
(0.125 M Tris-HCl, 3.1% SDS, 10% glycerol, 5% β-mercaptoeth-
anol). The concentration of the proteins was measured by BCA 
Protein Assay Reagent (Beyotime). Appropriate micrograms of 
protein were separated on 7.5% or 10% SDS-polyacrylamide gels 
and electrophoretically transferred to PVDF membranes (PALL). 
After being blocked in 5% skim milk for 3 h, the membranes were 
incubated in sequence with primary antibodies diluted in 5% BSA 
and secondary antibodies diluted in TBS-T with 5% skim milk. 
The blot signals were developed by enhanced chemiluminescence.

Ba/F3 cell transformation assay
pCDH-CMV-EF1-Puro vector containing EGFR-L858R, 

L858R-PM or L858R-DM and the empty pCDH were used to 
package lentiviruses. Ba/F3 cells were infected with correspond-
ing viruses for 48 h and then selected by 2 µg/ml puromycin for 
2 days to establish stable cells. IL-3 was removed from Ba/F3 
cells 48 h before seeding. IL-3-independent cell proliferation was 
analyzed by MTS assay (G3580, Promega, Wisconsin, USA) for 5 
days according to the manufacturer’s recommendation. A total of 
1 500 cells were plated in each well of a 96-well plate with 200 µl 
of medium.
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