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Abstract: Nuclear epidermal growth factor receptor (EGFR) has been shown to be correlated with drug resistance 
and a poor prognosis in patients with cancer. Previously, we have identified a tripartite nuclear localization signal 
(NLS) within EGFR. To comprehensively determine the functions and underlying mechanism of nuclear EGFR and 
its clinical implications, we aimed to explore the nuclear export signal (NES) sequence of EGFR that is responsible 
for interacting with the exportins. We combined in silico prediction with site-directed mutagenesis approaches and 
identified a putative NES motif of EGFR, which is located in amino acid residues 736-749. Mutation at leucine 747 
(L747) in the EGFR NES led to increased nuclear accumulation of the protein via a less efficient release of the ex-
portin CRM1. Interestingly, L747 with serine (L747S) and with proline (L747P) mutations were found in both tyrosine 
kinase inhibitor (TKI)-treated and -naïve patients with lung cancer who had acquired or de novo TKI resistance 
and a poor outcome. Reconstituted expression of the single NES mutant EGFRL747P or EGFRL747S, but not the dual 
mutant along with the internalization-defective or NLS mutation, in lung cancer cells promoted malignant pheno-
types, including cell migration, invasiveness, TKI resistance, and tumor initiation, supporting an oncogenic role of 
nuclear EGFR. Intriguingly, cells with germline expression of the NES L747 mutant developed into B cell lymphoma. 
Mechanistically, nuclear EGFR signaling is required for sustaining nuclear activated STAT3, but not for Erk. These 
findings suggest that EGFR functions are compartmentalized and that nuclear EGFR signaling plays a crucial role in 
tumor malignant phenotypes, leading to tumorigenesis in human cancer.

Keywords: EGFR, nuclear translocation, activating mutations, NES, NLS, CRM1, exportin, internalization, non-small 
cell lung cancer

Introduction

A large number of receptor tyrosine kinases, 
including EGFR/ErbB family members, FGFR, 

IGFR, TrkA, c-Met, and VEGFR, in the form of 
holoreceptors or C-terminal fragments, have 
now been reported to be trafficked from the cell 
surface to the nucleus [1-7]. Nuclear localiza-
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tion of EGFR has been observed for more than 
three decades since nuclear EGFR was first 
detected in regenerating hepatocytes and pri-
mary adrenocortical carcinomas [8, 9]. Nuclear 
EGFR was further detected in developing 
mouse embryos, as well as the uterus, placen-
ta, thyroid, and some immortalized epithelial 
cells derived from ovaries and kidneys [10]. A 
growing body of evidence has emerged that 
nuclear EGFR plays an important role in tissue 
regeneration, cancer progression, survival, and 
radiotherapy and chemotherapy response [11-
14]. Higher nuclear levels of EGFR were found 
in a variety of cancers (e.g. breast, oral cavity, 
ovary, skin, bladder, cervix, adrenocortex, lung, 
brain, and thyroid), and nuclear EGFR can serve 
as an indicator of invasiveness and poor clini-
cal outcomes in cancer patients [15-22]. In 
addition, nuclear EGFR signaling is involved in 
resistance to cetuxiumab in lung and triple-neg-
ative breast cancers [23, 24]. Mechanistically, 
accumulating evidence supports the model in 
which nuclear EGFR functions as a transcrip-
tional cofactor to regulate target genes such as 
cyclin D1, iNOS, B-Myb, Aurora A, c-Myc, cyclo-
oxygenase-2, and breast cancer-resistant pro-
tein [25-31]. In addition, nuclear EGFR interacts 
with RNA helicase A, proliferating cell nuclear 
antigen, and DNA-PK to affect cell proliferation, 
DNA repair, cisplatin resistance, radioprotec-
tion, and radioresistance [32-36]. Interestingly, 
the results of our and other studies uncovered 
the connection between nuclear EGFR and the 
STAT3 signaling pathway that contributes to 
tumor malignancy [29, 30, 37, 38].

Transport of macromolecules in and out of  
the nucleus through nuclear pore complexes 
(NPCs) is mediated by importins and exportins 
via the nuclear localization signal (NLS) and 
nuclear export signal (NES), respectively [39]. 
Importins bind to their substrates in the cyto-
plasm and release them in the nucleus upon 
RanGTP binding; by contrast, exportins-for 
example, CRM1 (chromosomal maintenance 1, 
also known as exportin 1)-bind cooperatively to 
RanGTPs and their cargos, assembling a trimer-
ic export complex in the nucleus and dissociat-
ing in the cytoplasm through the NPC [40, 41]. 
CRM1 is one of the well-characterized expor-
tins that has the broadest-known substrate 
range and all CRM1 cargos share a short, 
hydrophobic, leucine-rich NES [42, 43]. Unlike 
other exportin-cargo complexes, the affinity of 
such NES for binding to CRM1 is usually rela-

tively low [41]. Notably, Engelsma et al. demon-
strated that the increased affinity of NES for 
binding to CRM1 impaired the efficient release 
of the NES-CRM1 complex from the NPC, lead-
ing to sequestration of CRM1 at the nuclear rim 
and in the cytoplasm; as a result, the recycling 
of CRM1 was reduced and cargo accumulated 
in the nucleus [44]. Our previous findings 
showed that addition of leptomycin B, a specific 
CRM1 inhibitor, enhances the nuclear accumu-
lation of EGFR, suggesting that EGFR is export-
ed out of the nucleus via a CRM1-dependent 
mechanism [39].

Non-small cell lung cancer is the leading cause 
of cancer death in the USA [45]. Targeted ther-
apy of EGFR with tyrosine kinase inhibitors 
(TKIs), such as gefitinib and erlotinib, or the 
ATP-competitive anilinoquinazoline inhibitors 
shows promise in the treatment of metastatic 
non-small cell lung cancer [46]. Clinical data 
revealed that responsiveness to these drugs is 
dependent on somatic EGFR gene mutations; 
in most patients who are highly responsive to 
EGFR TKIs, tumors harbor the two most preva-
lent EGFR mutations, i.e. short-in-frame dele-
tion of exon 19 (Δ746-750) and a point muta-
tion in exon 21 (L858R) [47-49]. However, pro-
longed TKI treatment induces secondary muta-
tions such as T790M on EGFR, resulting in 
acquired resistance to TKI therapy [50, 51]. 
Recently, other minor secondary mutations-
L747P, L747S, and C797S-were also found in 
EGFR TKI-treated and -naïve lung cancers [52-
59]. Clinical data showed that EGFR L747P and 
L747S mutations were not sensitive to first-  
and third-generation EGFR-TKIs and were asso-
ciated with poor prognosis [60-69]. In particu-
lar, a case report showed that EGFR L747P 
mutation was resistant to the third-generation 
TKI osimertinib [62]. However, other reports 
demonstrated that the irreversible inhibitor  
afatinib was effective and resulted in improve-
ments in the patient progression-free with 
EGFR L747P or L747S mutation [63, 64]. 
Therefore, the identification of EGFR L747P or 
L747S mutation would provide helpful guidance 
for the effective treatment of these patients. 
Interestingly, compared to wild-type (WT) EGFR, 
the L858R mutant protein is exclusively local-
ized in the cytosol after exposure to cisplatin  
or ionizing radiation [70]. It remains unclear 
whether these minor activating mutations on 
EGFR change its subcellular localization and 
function. 
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A tripartite NLS within EGFR has been identified 
[71], whereas the NES sequence of EGFR that 
is responsible for interacting with the exportins 
has not been well clarified. In this report, using 
an in silico analysis combined with site-direct-
ed mutagenesis and confocal imaging, we 
found that the amino acid 736-749 region of 
EGFR is a putative NES sequence that is highly 
conserved among ErbB family members and all 
vertebrates. The replacement of L747 with ala-
nine (L747A), proline (L747P), or serine (L747S) 
led to the increased accumulation of EGFR  
in the nuclei. The L747 mutation also greatly 
enhanced cell mobility, invasive potential, TKI 
resistance, and tumorsphere formation in vitro 
and promoted tumorigenesis in vivo. Impor- 
tantly, the increased malignant properties of 
these cancer cells were mainly determined by 
EGFR nuclear signaling but not canonical mem-
brane-bound signaling, and cells with germline 
EGFR NES mutant expression by the CRISPR/
Cas9-mediated approach developed into he- 
matopoietic tumors. These findings suggest 
that EGFR NES mutation that leads to enhan- 
ced nuclear signaling plays a crucial role in 
tumor initiation, invasiveness, and TKI resis-
tance and might be a critical factor in tumori-
genesis, disease progression, and poor progno-
sis in patients with lung cancer. 

Materials and methods

Cell culture, transfection conditions, and sta-
ble cell line establishment

All cell lines were maintained in Dulbecco’s 
modified Eagle’s medium/F-12 with 10% fetal 
calf serum and 100 μg/mL penicillin and strep-
tomycin. To observe the effect of EGF, the cells 
were serum-starved for 20-24 h and then stim-
ulated with EGF in various concentrations for 
different times. Transient transfection was per-
formed with the homemade cationic liposome. 
To establish stable cell lines expressing WT  
and mutant EGFR, the H1299 and MD-MB-231 
lung and breast cancer cell lines with EGFR 
knockdown by lentiviral infection were trans-
fected and selected in the presence of both 
G418 and puromycin. The resultant colonies 
were further sorted on the basis of GFP.

Plasmid constructs

All of the EGFR expression plasmids were 
cloned in pcDNA6-EGFR or pCMV-EGFR-GFP as 

previously described [71]. To generate NES 
EGFR mutants, specific alanine mutations were 
constructed by site-directed mutagenesis us- 
ing either pcDNA6A-EGFR or pCMV-EGFR-GFP 
plasmids with a site-directed mutagenesis kit 
(Stratagene, Santa Clara, CA) according to the 
manufacturer’s instructions. The EGFR mutan- 
ts were constructed by PCR with the following 
primers: (1) L747A: Forward 5’-cc gtc gct atc 
aag gaa gca aga gaa gca aca tct ccg, Reverse 
5’-cgg aga tgt tgc ttc tct tgc ttc ctt gat agc gac 
gg; (2) L747S: Forward 5’-cc gtc gct atc aag gaa 
tca aga gaa gca aca tct ccg, Reverse 5’-cgg aga 
tgt tgc ttc tct tga ttc ctt gat agc gac gg; (3) 
L747P: Forward 5’-cc gtc gct atc aag gaa cca 
aga gaa gca aca tct ccg, Reverse 5’-cgg aga tgt 
tgc ttc tct tgg ttc ctt gat agc gac gg; and (4) 
LL1010-1011AA: Forward 5’-tcc acg tca cgg act 
ccc gcc gcg agc tct ctg agt gca acc, Reverse 
5’-ggt tgc act cag aga gct cgc ggc ggg agt ccg 
tga cgt gga. All mutant constructs were con-
firmed via nucleotide sequencing by the DNA 
Core Facility at The University of Texas MD 
Anderson Cancer Center (Houston, TX). 

Cellular fractionation, co-immunoprecipitation, 
and Western blot analysis

Cellular fractionation was performed as des- 
cribed previously [72]. In brief, cells were 
washed with ice-cold phosphate-buffered sa- 
line, harvested by scraping with a rubber police-
man. Nuclear extracts were prepared from 
these cells using an NP-40 lysis method. In 
brief, 1 × 107 cells were resuspended in 200 μl 
buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 
0.1 mM EDTA, and 1 mM DTT) and incubated 
on ice for 25 min before adding 5 μl of 10% 
NP-40. The cytosolic fraction and nuclei were 
collected by centrifugation at 1,500 g for 5 min, 
and the resultant nuclear pellets were extract-
ed by vortexing vigorously in 50 μl of buffer C 
(10 mM HEPES [pH 7.9], 400 mM NaCl, 1 mM 
EDTA, and 1 mM DTT). The nuclear extracts 
were obtained by collecting the supernatants 
after centrifugation at 16,100 g for 30 min.  
The protein concentration of each fraction was 
measured using the BCA reagents from Pierce 
(Rockford, IL). Samples were subjected to SDS-
PAGE on 8% polyacrylamide gels, and the pro-
teins were transferred to nitrocellulose mem-
branes. Prestained molecular mass standards 
for electrophoresis were obtained from Bio-Rad 
(Hercules, CA). Membranes were probed with 
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monoclonal or polyclonal antibodies, followed 
by horseradish peroxidase-labeled secondary 
antibodies. The proteins in the samples were 
detected with an enhanced chemilumines-
cence reagent (Pierce or Amersham Bio- 
sciences, Piscataway, NJ). For the co-immuno-
precipitation assays, cells were lysed in a lysis 
buffer (150 mM NaCl, 0.1 mM EDTA, 10% glyc-
erol, 0.5% NP-40, 1 mM dithiothreitol, 20 mM 
NaF, 1 mM Na3VO4, and a cocktail of protease 
inhibitors). The supernatants obtained after 
centrifugation were pre-cleared with protein-
A+G agarose beads. Three micrograms of anti-
bodies were incubated with the supernatants 
for 4 h or overnight at 4°C. The precipitates 
were collected by being incubated with pro- 
tein-A+G agarose beads, followed by washing 
three times with the lysis buffer. The precipi-
tates bound to the beads were analyzed by 
Western blot analysis with appropriate 
antibodies.

Antibodies

We used the following antibodies in this study: 
anti-EGFR (Santa Cruz Biotechnology [Santa 
Cruz, CA] and Thermo Fisher Scientific Lab 
Vision [Kalamazoo, MI]), anti-EGFR-pY1068 
(Cell Signaling Technology, Danvers, MA), anti-
lamin B (Calbiochem, Billerica, MA), anti-α-
tubulin (Sigma-Aldrich, St. Louis, MO), anti-actin 
(Sigma-Aldrich), anti-c-Myc (Roche Applied Sci- 
ence, Madison, WI), and anti-GFP (Santa Cruz). 
Anti-pStat3 and anti-Stat3 were purchased 
from Epitomics (Burlingame, CA) and Cell 
Signaling Technology (Danvers, MA), respec-
tively. All secondary antibodies were obtained 
from Vector Laboratories (Burlingame, CA) and 
Jackson ImmunoResearch Laboratories (West 
Grove, PA). 

Confocal imaging assay and IHC staining

GFP-EGFR-expressing cells grown on chamber 
slides (Nalge Nunc International, Rochester, 
NY) were fixed in 3.5% paraformaldehyde for 
30 min at ambient temperature, permeabilized 
with 4% NP-40, and mounted with ProLong 
Gold antifade reagent with DAPI (Invitrogen, 
Eugene, OR). Serial confocal images 1 µm apart 
along the Z axis were obtained using a LSM710 
fluorescence confocal microscope (Carl Zeiss, 
Germany) under a 63× oil immersion lens. To 
quantify the fraction of EGFR inside the nucle-

us, we chose the confocal slice at the center of 
the nucleus. Fractions of EGFR that were co-
localized with DAPI (inside the nucleus) pixels 
vs. total EGFR pixels at the confocal plane were 
calculated using LSM710 software. Data were 
compiled from three independent experiments. 
Images were processed using Adobe Photo- 
shop software (Adobe Systems, San Jose, CA). 
IHC staining of paraformaldehyde-fixed tumor 
tissues was performed using specific Brilliant 
Violet 510™ anti-mouse CD19 (Biolegend) and 
NucRed Dead 647 (ThermoFisher).

Three dimension (3D) modeling

The 3D model of the kinase domain of human 
EGFR L747 mutants was constructed using 
1M17 as the template for homology modeling 
using the program (PS)2 [73]. The figures were 
produced by PyMOL (Schrödinger, Cambridge, 
MA) [74] and the matchmaker tool of UCSF 
Chimera [75]. 

FACS analysis

The monolayer-cultured stable cell lines ex- 
pressing EGFR/WT and mutants were trypsin-
ized into single cells and put on petri dishes for 
2 h. The cell suspension was blocked with 5% 
fetal bovine solution in Hank’s Balanced Salt 
Solution (Life Technologies, Grand Island, NY) 
for 30 min. The cells were stained with a mono-
clonal cocktail solution of anti-CD44-APC and 
anti-EpCAM-Pacific Blue stem cell markers for 
20 min. The cells were washed and fixed with 
1% paraformaldehyde before FACS.

Tumorsphere formation assay

All stable cells expressing EGFR/WT, L747 and 
L1010LL/AA, and L858R mutants were derived 
from the H1299 and MD-MB-231 cells with 
endogenous EGFR knocked-down. We cultured 
2.5 × 104 or 1 × 105 cells/well in serum-free 
stem cell culture medium with supplements 
(Stemcell Technologies, Vancouver, BC, Cana- 
da) for the indicated times. The tumor spher-
oids larger than 100 μM in diameter were 
counted. To observe the inhibitory effect of 
TKIs on tumor spheroid formation, 1 × 105 cells 
were re-suspended in the stem cell culture 
medium containing either 2.5 μM erlotinib or 
vehicle DMSO; the media was refreshed every 
other day.
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3D cell culture and time-lapse imaging

Matrigel was used to perform 3D cultures of 
the stable cell lines reconstituted with EGFR/
WT and L747 mutants according to the assay 
instructions of the product. In brief, 2 × 104 
cells were mixed with 0.4 ml of the chilled col-
lagen solution; the mixtures were immediately 
transferred into a 12-well plate. After incubat-
ing these cell mixtures at 37°C in the cell cul-
ture incubator for 1 h, the wells were covered 
with regular culture medium. The cells and 
spheroids were visualized using ZESS Cell 
Observer Microscopy. The random migration of 
cells in Matrigel 3D culture was recorded using 
automated time-lapse video microscopy. The 
time-lapse imaging interval was 30 min.

Limiting-dilution transplantation assay

The endogenous EGFR knocked-down H1299 
cells were reconstituted with EGFR WT, WT/
LL1010-1011AA; L747P(S), and L747P(S)/
LL1010-1011AA. The stable cell lines were 
transplanted into mice at different dilutions 
mixed with Matrigel by being subcutaneously 
injected into flanks. Tumor formation was exam-
ined every 3 days. The mice were euthanized 2 
months after injection.

Microarray analysis of transcriptome 

Transcriptome analysis by cDNA array. Total 
RNAs were isolated from the stable cell lines 
using the RNeasy® Mini Kit (QIAGEN). The 
microassay analyses were then performed 
(Arraystar Inc.).

Generation of CRISPR-Cas9-mediated L749 
and LL1012-1013 mutant knock-in mice

To generate knock-in mice of EGFR L749P  
or L749S (equivalent to human L747) and 
LL1012-1013AA (equivalent to human LL1010-
1011AA), we used a CRISPR/Cas9-mediated 
genome editing approach by performing pronu-
clear injection with the sgRNAs, donor L749P 
and L749S donor oligos, and Cas9 mRNAs (PNA 
Bio, Inc.) in the MD Anderson genetically engi-
neered mouse core facility. The genotypings 
were carried out by genomic high-fidelity PCR, 
followed by DNA sequencing. sgRNA-L749 se- 
quence: 5’-TGAGAAAGTAAAAATCCCGGTGG-3; 
and sgRNA-L1010-1011s sequence: 5’-GG- 
CATACCAGAGAACTCAAGAGG-3’. L749 mutant 

PCR was performed under the following condi-
tion: 94°C 3’, 94°C 30”, 58°C 1’, and 72°C 1’, 
35 cycles; PCR primers: Forward 5’-ctctgat- 
atgggatggtatttgt; Reverse 5’-cctcctcccacgtcc- 
ctataa; the PCR products were purified and se- 
quenced with sequencing primer: gtaatgtaga 
gcccttgagg actccggtcc. LL1012-1013 mutant 
PCR was performed under the following condi-
tion: 94°C 3’, 94°C 30”, 55°C 1’ and 72°C 1’, 
35 cycles; genotyping PCR primers: Forward 
5’-agatggaaaagggacata; Reverse 5’-cttggaga-
gaagaatttttgtct and sequencing primer: ACCGA 
GCCCTGATGG ATGAAGAGGA CATGG. The donor 
oligo sequences are as follows: (1) L749P:  
gccctcttaatctcagGGTCTCTGGATCCCAGAAGGTG- 
AGAAAGTAAAAATCCCGGTcGCCATCAAGGAGc- 
ctcGAGAAGCCACATCTCCAAAAGCCAACAAAGA- 
AATCCTTGACgtga. (2) L749S: gccctcttaatctca- 
gGGTCTCTGGATCCCAGAAGGTGAGAAAGTAAAA- 
ATCCCGGTcGCCATCAAGGAGTctAGAGAAGCC- 
ACATCTCCAAAAGCCAACAAAGAAATCCTTGACg- 
tga. (3) LL1012/1013AA: CTGATGAGTATCTTA- 
TCCCACAGCAAGGCTTCTTCAACAGCCCGTCCA- 
CGTCGAGGACTCCCgcggcGAGTTCTCTGgtatg- 
ccccccctcttgatttaaattgatttactttcc.

Results

Mapping putative NES of EGFR

The results of our previous studies demonstrat-
ed that nuclear-cytoplasmic transport of EGFR 
involves receptor endocytosis, importin β1, and 
CRM1 [39], and we have identified tripartite 
NLS on EGFR [71]; however, the NES that con-
trols EGFR export from the nucleus to the cyto-
sol remains elusive. To identify the putative 
NES on EGFR, an in silico approach was used to 
analyze the human EGFR protein sequence 
using the NESbase 1.0 database. On the basis 
of prediction and sequence conservation com-
parisons, we identified four putative NES motifs 
throughout EGFR (Figure 1A; M1-M4). To evalu-
ate the functional NES, we generated five EGFR 
mutants with leucine or isoleucine replaced by 
alanine using site-directed mutagenesis (Figure 
1A). To determine whether the disruption of 
EGFR NES affects its nuclear localization, 
HEK293T cells were transiently transfected 
with myc-tagged WT or mutant (M1, M2, M3a, 
M3b, and M4) EGFR. The transfected cells were 
then serum-starved for 20 h, followed by stimu-
lation with 50 ng/mL of EGF for 30 min. The cell 
fractionations were created and analyzed using 



NES L747 mutation of EGFR drives tumorigenesis

1214 Am J Cancer Res 2023;13(4):1209-1239

Western blot analysis. As shown in Figure 1B, 
among the five mutants, only EGFRL747A in the 
M4 region had increased nuclear localization 
compared with EGFRWT, suggesting that the  
M4 mutant (hereafter referred to as EGFRL747A) 
is a functional NES sequence of EGFR. In addi-
tion to HEK293T cells, the increased nuclear 
localization of EGFRL747A was further confirmed 
in HeLa cervical cancer and MDA-MB-231 
breast cancer cells (Figure S1A and S1B). In 
addition, we used confocal microscopy to verify 
nuclear localization of EGFRWT- and EGFRL747A-
green fluorescent protein (GFP) fusion proteins 
in response to EGF in HEK293T cells (Figure 
S1C). Upon EGF stimulation for 60 min, 
EGFRL747A likely exhibited greater nuclear accu-

mulation than did EGFRWT. Interestingly, even in 
the absence of EGF, some EGFRL747A mutant 
proteins were found in the nucleus (Figure S1C, 
right upper panel). 

Because functional NES is usually associated 
with CRM1, we tested the physical interaction 
between EGFR and CRM1 using a co-immuno-
precipitation assay (Figure 1C). The results 
showed that the full-length, kinase-dead (KD), 
and intracellular domain (ICD) of EGFR had 
strong interactions with CRM1, and there was 
weak binding of the transmembrane-juxta-
membrane (TMJ) mutant. No interaction be- 
tween CRM1 and the extracellular domain 
(ECD) was observed in the immunoprecipitates. 

Figure 1. Characterization of the putative NES on EGFR. (A) Diagram of the putative NES on EGFR in an in silico 
analysis. The human EGFR amino acid sequence was analyzed using the NESbase 1.0 database. The predicted NES 
sequences are referred to as M1, M2, M3, and M4. The red highlighted amino acid residue is replaced by alanine to 
generate NES mutants. (B) The putative NES regions were point-mutated with site-directed mutagenesis. The cyto-
solic and nuclear fractions were immunoblotted with anti-myc (EGFR). Lamin B and α-Tubulin were used as nuclear 
and cytosolic protein markers. (C) Myc-tagged deletion mutants of EGFR plasmids were transiently transfected into 
HEK293T cells. Whole cell lysates of the transfected cells were immunoprecipitated with anti-CRM1 antibodies. The 
precipitates were separated on SDS-polyacrylamide gel and immunoblotted with anti-myc and anti-CRM1. (D and 
E) The putative NES region sequence (M4) alignment of EGFR among four members of the ErbB family (D) and ver-
tebrates (E). (F) Amino acid sequence similarity of EGFR and protein kinase inhibitor (PKI)-type NES. WT, wild-type; 
ECD, extracellular domain; ICD, intracellular domain; TM, transmembrane domain; JM, juxtamembrane domain; KD, 
kinase-dead.
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Consistent with our in silico prediction, the ICD 
of EGFR which contains one putative NES 
sequence within the M4 region is responsible 
for the receptor interacting with CRM1 (Figure 
1C). 

A sequence alignment showed that the M4 
region (amino acids 736-749) was highly con-
served in the ErbB family (Figure 1D). The con-
served sequence also broadly existed among 
vertebrates (Figure 1E). Amino acid sequence 
alignments of the identified leucine/isoleucine-
rich NES from protein kinase inhibitor (PKI) and 
EGFR indicated that the critical hydrophobic 
residues (highlighted in red) in the M4 motif of 
EGFR had a highly conserved consensus NES 
sequence (Figure 1F). Taken together, these 
findings suggest that the M4 motif is a putative 
NES sequence on EGFR. 

NES mutation of EGFR leads to constitutive 
activation of tyrosine kinase 

Because the M4 NES motif is located in the 
EGFR kinase domain (Figure 1A), we deter-
mined whether disruption of the EGFR NES 
affected EGFR kinase activity. To test this  
possibility, we examined the kinase activity of 
the NES mutant, as indicated by autophosphor-
ylation or transphosphorylation of EGFR pro-
teins after EGF stimulation. HEK293T cells 
were transiently transfected with myc-tagged 
EGFRWT, EGFRL747A mutant, and the EGFR KD- 
expressing plasmids. The transfected HEK- 
293T cells were serum-starved overnight and 
stimulated with or without EGF for 30 min. The 
phosphorylated EGFR and its mutants in the 
immunoprecipitates were probed with anti-
phosphotyrosine antibodies (4G10). As indicat-
ed in Figure 2A, in the absence of EGF, the 
L747A mutant protein in the precipitates was 
strongly phosphorylated (lane 4); EGF stimula-
tion only slightly increased the phosphorylated 
form of this protein (lane 8). Moreover, the 
L747A mutant activated the EGFR canonical 
downstream target STAT3 in the absence of 
EGF, as demonstrated by the occurrence of 
phospho-STAT3 (Figure 2B, lane 3). These 
results suggest that the EGFRL747A mutant is a 
constitutively activating mutation.

Enhanced kinase activity of EGFR does not 
contribute to its nuclear localization 

The point mutation in the NES region of EGFR 
resulted in the constitutive activation of kinase 

activity, leading us to determine whether the 
enhanced nuclear accumulation of mutated 
EGFR is due to its higher kinase activity. To  
this end, serum-starved EGFRWT and EGFRL747A 
mutant-expressing stable cell lines were pre-
treated with EGFR TKI erlotinib (10 μM) for 30 
min, followed by EGF stimulation for an addi-
tional 30 min. The results of the biochemical 
analysis showed that the inhibition of EGFR  
and NES mutant kinase activity did not block 
EGF-induced nuclear localization (Figure 2C, 
lane 2 vs. lane 3, lane 5 vs. lane 6). Moreover, 
increased nuclear localization of the well-
defined EGFR KD was also observed in the 
presence of EGF, suggesting that kinase activi-
ty is not necessary for the ligand-triggered 
nuclear translocation of EGFR (Figure 2D, lane 
9 vs. lane 10). 

In addition, in confocal imaging of EGRFWT and 
EGFRL747A mutant-expressing H1299 lung can-
cer stable cell lines in which the endogenous 
EGFR had been depleted, we found that the  
TKI pretreatment did not change the nuclear 
localization following EGF stimulation (Figure 
2E and 2F). It is worth noting that the EG- 
FRL858R mutant, a well-identified TKI-sensitizing 
mutant, was predominantly localized in the  
cytoplasm, even after EGF stimulation; pre-
treatment of TKI resulted in a mild increase  
in nuclear accumulation in the EGFRL858R-
expressing cells upon EGF stimulation (Figure 
2E and 2F). It is possible that TKI binding to the 
kinase domain of EGFRL858R mutant leads to 
conformational change, which in turn affects 
the NLS or NES interfaces to interact with their 
partners, importin β1 and CRM1. 

NES mutation of EGFR affects its interaction 
with CRM1

In our previous study, we demonstrated that 
there is a dynamic balance between EGFR bind-
ing to importin β1 and CRM1 during cytoplas-
mic-nuclear transport and that EGFR binding  
to CRM1 is time-dependent following EGF stim-
ulation, reaching a maximal peak at 45 min 
[39]. To understand how the L747A mutant of 
EGFR increased EGFR nuclear accumulation, 
we examined the interactions among EGFRWT, 
mutated EGFR protein, importin β1, and CRM1. 
First, we determined whether the EGFR L747 
mutant protein binds to importin β1 with higher 
affinity and in turn increases EGFR mutant 
translocation into the nucleus. Interestingly,  
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no significant increase was found in EGFRL747A 
mutant protein and importin β1 compared with 
the EGFRWT-importin β1 interaction in the co-
immunoprecipitation assay (Figure 3A). These 
results suggest that the nuclear import efficien-
cy of the mutant protein does not contribute to 

increased nuclear localization. Next, we deter-
mined whether the EGFRL747A mutant protein 
has lower export efficiency because of its 
decreased affinity to bind to CRM1. As shown in 
Figure 3B, CRM1 was co-immunoprecipitated 
with both EGFRWT and EGFRL747A following stimu-

Figure 2. Influence of NES mutation on EGFR kinase activity and nuclear translocalization. (A) Transfection of EGFR 
WT and mutants was performed and the transfected cells were serum-starved for 20 h and stimulated with 50 ng/
ml EGF for 30 min. The precipitates with anti-myc antibodies were immunoblotted with anti-phospho-tyrosine anti-
bodies (4G10) and anti-EGFR. (B) HEK293T cells were transfected with EGFRWT and EGFRL747A mutant, starved for 20 
h, and then treated with or without EGF for 30 min. A Western blot analysis was performed with specific antibodies 
against myc (EGFR), phospho-STAT3 (p-STAT3), and STAT3. (C) HEK293T cells were transfected with the indicated 
plasmids. The transfected cells were starved for 20 h and pretreated with the EGFR inhibitor erlotinib at 10 µM for 
30 min, followed by EGF stimulation for 30 min. The cell fractions were separated and immunoblotted with the in-
dicated antibodies. (D) HEK293T cells were transiently transfected with the indicated plasmids. EGF treatment and 
analysis were performed as described in (C). (E) H1299 cells with endogenous knockdown EGFR were reconstituted 
with EGFR WT, L747, and L858R mutants. The stable cell lines were starved for 16 h and stimulated with 100 ng/
ml EGF, with or without pretreatment with erlotinib (10 µM) for 45 min. Images were obtained using confocal micros-
copy. Bar, 10 µm. (F) Semi-quantitative analysis of confocal images. Fractions of EGFR co-localized with DAPI (inside 
the nucleus) pixels vs. total EGFR pixels at the confocal plane were calculated using LSM710 software. Data were 
compiled from three independent experiments. Nuclear EGFR is represented as the ratio of nuclear vs. total EGFR 
intensities. ns, not significant, *P < 0.05.
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lation with EGF for 45 min. Unexpectedly, com-
pared with EGFRWT, EGFRL747A mutant protein 
pulled down more CRM1 proteins, suggesting 
that it has a higher affinity to bind CRM1; as a 
result, the recycling of CRM1 was reduced [44]. 

These findings indicate that increased nuclear 
localization of EGFR NES mutant is due to the 
impaired release of CRM1 from the export com-
plexes, leading to less effective export of nucle-
ar EGFR. 

Figure 3. Expression of EGFR NES mutants increases the interaction with CRM1. (A) HEK293T cells were transfect-
ed with myc-tagged EGFR plasmids. The immunoprecipitates of anti-myc antibodies from the transfected HEK293T 
cells were analyzed with anti-myc (EGFR) and anti-importin β1. (B) GFP-fused or myc-tagged EGFR WT and L747A 
mutant expressed in HEK293T cells were immunoprecipitated with anti-EGFR or anti-myc antibodies. The precipi-
tates were immunoblotted with anti-GFP or anti-myc and anti-CRM1 antibodies. (C) The nuclear extract and cytosolic 
fractions of H1299 stable cell lines expressing EGFR WT and L747 mutants were immunoblotted with the indicated 
antibodies. (D) The immunoprecipitates of anti-EGFR or anti-HPC4 (negative control) from H1299 stable cell lines 
expressing EGFR WT and L747 mutants were immunoblotted with the indicated antibodies. (E) Representative con-
focal images of H1299 cancer cells stably expressing GFP-fused EGFR WT and L747 mutants. The stable cell lines 
were serum-starved overnight and treated with 60 ng/ml EGF for 50 min. The treated cells were fixed and permea-
bilized with 4% NP-40 and then mounted with ProLong Gold antifade reagent with DAPI. The images were obtained 
using a LSM710 fluorescence confocal microscope. Bar, 10 µm. (F) Expression levels of EGFR WT and NES L747 
mutants were immunoblotted with anti-EGFR antibodies. Tubulin was used as a loading control. (G) Quantitative 
analyses of the nuclear EGFR WT and NES L747 mutants in the stable cell lines in (C). *P < 0.05, **P < 0.01, ***P < 
0.001. (H) Whole cell lysates of HEK293T cells transfected with EGFR WT and NES mutants were immunoblotted 
with antibodies against phospho-EGFR (pY1068) and total EGFR. 
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L747 mutation of EGFR presents in patients 
with lung cancer 

We searched the Catalogue of Somatic Mu- 
tations in Cancer EGFR mutation database 
(COSMIC); L747 mutations were reported in 
lung cancer patients with little or no response 
to TKI therapy and poor outcomes [61-69]. 
L747 was replaced with serine or proline in both 
TKI-naïve and -treated patients with lung can-
cer, suggesting that these mutants are primary 
or secondary mutations in lung cancer. To 
determine whether L747S and L747P mutants 
change their nuclear localization, we first 
knocked down the endogenous EGFR in the 
H1299 lung cancer cell line with lentiviral shR-
NAs targeting either the coding region or the 
3’-UTR region; the EGFR knock-down (EGFRkd) 
stable clone pool was selected by puromycin. 
The endogenous EGFR of the lung cancer  
cells was effectively depleted by both shRNAs 
(Figure S2A). The EGFRkd stable cell line with 
shRNA targeting 3’-UTR regions was chosen to 
re-express EGFRWT, EGFRL747A, EGFRL747P, or 
EGFRL747S-GFP-fused proteins, and the cytosolic 
and nuclear extracts from these stable cell 
lines were immunoblotted with specific anti-
bodies. As indicated in Figure 3C, the Western 
blot analysis results showed that the EGFR  
NES mutants, including L747A, L747S, and 
L747P, had a higher protein level in the nuclear 
extracts than did EGFRWT. Moreover, like 
EGFRL747A, both EGFRL747S and EGFRL747P mutants 
also exhibited a higher affinity to bind CRM1, 
leading to reduced exporting efficacy from the 
nucleus (Figure 3D). 

In addition, a confocal imaging analysis of the 
EGFR L747 mutant-expressing stable cells dis-
played a subcellular distribution similar to that 
of EGFRL747A mutant, namely much higher accu-
mulation in the nuclei than EGFRWT (Figure 3E), 
although their expression levels were similar to 
those of EGFRWT (Figure 3F). To verify whether 
EGFR WT and L747 mutants localize within the 
nucleus, confocal Z-stack scanning of H1299 
cells expressing GFP fused EGFRWT and EGFR 
L747 mutants was performed using a LSM710 
fluorescence confocal microscope. We obtain- 
ed serial confocal images 1 µm apart along the 
Z axis. The image data demonstrated that 
EGFRWT and NES mutant EGFRL747A, EGFRL747P, 
and EGFRL747S were indeed localized in the 
nuclei (Figure S2B). A quantitative analysis 
showed that these L747 mutations in the NES 

region significantly enhanced the nuclear trans-
location of EGFR following EGF stimulation 
(Figure 3G). We further demonstrated that, like 
EGFRL747A, both EGFRL747P and EGFRL747S mutants 
were also constitutively kinase active, as indi-
cated by highly tyrosine-phosphorylated EGFR, 
with or without EGF stimulation (Figure 3H). 
These results indicate that L747 mutations of 
EGFR found in patients with lung cancer, i.e. 
EGFRL747P and EGFRL747S, increase EGFR accu-
mulation in the nucleus. 

NES mutation of EGFR enhances cell migra-
tion, invasion, and TKI resistance

It has been shown that nuclear EGFR contrib-
utes to drug resistance and poor outcomes in 
lung cancer patients [19, 23]. Therefore, we 
asked whether the cells expressing EGFR L747 
mutants that nuclear EGFR is increased pro-
mote malignant phenotypes, such as cell 
migration, invasion, and EGFR TKI resistance. 
To test this hypothesis, we first determined 
whether EGFR NES mutant expression alters 
cancer cell migration and invasion. A wound-
healing assay was used to determine the effect 
of EGFR NES mutant on cancer cell migration. 
We found that reconstituted expression of 
EGFRWT in the H1299 cells with endogenous 
EGFRkd accelerated wound healing ability,  
as expected, and re-expression of the NES 
mutant (L747A, L747P, and L747S) increased 
cell migration even more (Figure 4A). A cell 
invasion in vitro assay showed that stable  
cells expressing EGFR L747 mutants pos-
sessed much higher invasive potential than  
did vector control and EGFRWT cells (Figure 4B 
and 4C). These data suggest that NES muta-
tion of EGFR confers higher migration and inva-
sive potential on the tumor cells. 

Next, to determine whether EGFR NES muta-
tion confers more resistance to TKI, the EGFRkd 
H1299 cells were stably reconstituted with 
EGFRWT or EGFR NES L747 mutants, treated 
with erlotinib at various concentrations for 72 
h. The cell viability assays showed that the cell 
lines expressing EGFR L747 mutants had high-
er resistance to erlotinib, in particular within 
the concentration range of 0.1-1 μM, than  
did those expressing EGFRWT and EGFRL858R 
mutant, known as an TKI-sensitizing mutation 
(Figure 4D). We further validate the results 
using a 3D Matrigel culture assay, which bet- 
ter recapitulates the extracellular matrix of  
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Figure 4. Expression of EGFR NES mutants enhances migration, invasion, and TKI resistance. (A) Cells expressing 
the indicated plasmids were seeded in a 6-well plate. Live microimaging of wound healing was performed using 
Cell Observer Microscopy (ZEISS). Bar, 100 µm. (B) H1299 cells (1 × 104) expressing the indicated plasmids in 
culture medium without serum were seeded into the invasion chambers coated with Matrigel. The chambers were 
inserted into 24-well plates filled with 10% fetal calf serum-containing medium. The cells were cultured for 48 h 
before fixation and staining with crystal violet. Bar, 200 µm. (C) Quantitative analysis of the invasive potential of the 
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cancer cells in vivo [76]. Compared to vector, 
EGFRWT, and EGFRL858R-expressing cells, EGFR 
NES mutant-expressing cells formed more 
tumorspheres in the absence of erlotinib 
(Figure 4E and 4F), likely because of the 
increased phospho-EGFR Y1068 status, which 
is indicative of kinase activation (Figure 4G). 
Interestingly, in the presence of erlotinib, the 
difference in the number and size of tumor-
spheres among EGFR WT and NES mutants 
was more obvious (Figure 4E and 4F), yet  
phospho-EGFR Y1068 signals in different cells 
were barely detectable (Figure 4G), indicating 
that EGFR kinase activity was suppressed with 
erlotinib treatment. Thus, the significant differ-
ence in tumorsphere formation among EGFR 
WT, L858R, and L747 mutants cannot be due 
to differential kinase activity; it might be as a 
result of the difference in nuclear accumula-
tion, as EGFR L747 mutation gave rise to inten-
sified nuclear signaling. Taken together, these 
data support that cancer cells expressing EGFR 
NES mutants are predisposed to TKI resis-
tance. This phenotype is not attributed to 
increased kinase activity; rather, it is highly 
related to escalated nuclear accumulation of 
the mutated EGFR protein. 

L747 mutation of EGFR does not significantly 
affect the overall structure

Because the putative NES sequence is located 
on the surface of N-Lobe and is close to the 
αC-helix, which regulates the kinase active and 
inactive switch [77, 78], we determined wheth-
er L747 mutation changes the conformation of 
the kinase domain by constructing a 3D model 
of the kinase domain of human EGFR L747 
mutants using 1M17 as the template for homol-
ogy modeling and the program (PS)2 [73] and 
the figures were produced by PyMOL [74]. 
Surprisingly, we found no significant conforma-
tional changes between the WT and L747 
mutants (Figure S3A). Notably, WT L747 forms 
a hydrophobic interaction with A755, while 
L747A and L747P weaken this hydrophobic 

interaction because the distances between 
L747A and A755 and between L747P and A755 
are greater than those between WT L747 and 
A755. L747S does not have such a hydrophobic 
interaction. However, the hydrophobic interac-
tion is quite weak compared with the hydrogen 
bond and charge-charge interaction. Moreover, 
L747 is located in the loop, which is a more flex-
ible structure; thus, the L747 mutants should 
not significantly affect the overall structure of 
the molecules (Figure S3A). In contrast, the 
well-identified mutant L858R, which is sensi-
tive to TKI, had significant conformational 
change (Figure S3B). The major change in 
EGFRL858R was the interaction between L858R 
and D837. In EGFRWT protein, there was no 
interaction between L858 and D837, but when 
L858 mutated to R858, two hydrogen bonds 
formed between R858 nitrogen and D837 oxy-
gen (Figure S3B). Therefore, L858R mutation 
may increase its kinase activity or facilitate TKI 
inhibition. 

To determine whether L747 mutation of EGFR 
affects the interaction between erlotinib and 
the kinase domain, we performed a superimpo-
sition of the inhibitor binding sites of WT and 
mutated EGFR; the L747 residue of EGFR is 
located at the more flexible loop region, far 
from the inhibitor-binding site, and is thus not 
directly involved in the formation of the TKI/
ATP-binding pocket. Therefore, replacement of 
L747 with alanine, proline, or serine did not 
affect erlotinib binding to the ATP pocket (Figure 
S3C). These data suggest that the mechanism 
of EGFR L747 mutants’ resistance to TKI might 
differ from that of the EGFR T790M mutant in 
which threonine is replaced by methionine, 
resulting in alterations of the topology of the 
ATP-binding pocket and ATP affinity [77-79].

NES mutation of EGFR increases CSC-like 
properties in vitro and in vivo 

It is well-documented that cancer stem cells 
(CSCs), also known as tumor-initiating cells 

lung cancer cells expressing EGFR WT and NES mutants. Bar graphs were presented as the mean value ± SD of 
four independent experiments. (D) Cells expressing the indicated plasmids were seeded in 96-well plates at 3,000 
cells/well and allowed to grow overnight. Erlotinib at the indicated concentrations was added and was replaced with 
new medium containing erlotinib at 36 h. The viable cells were determined by Trypan Blue staining. Each point was 
triplicated. The curve data represented were the mean values from at least two independent experiments. (E) A tu-
mor spheroid formation assay was performed in H1299 cells expressing the indicated plasmids in the presence of 
erlotinib (2.5 μM) or vehicle DMSO for 12 days. Bar, 100 μM. (F) Bar graphs of tumorsphere numbers are presented 
as the mean value ± SE of three independent experiments. (G) Whole lysates of the tumorspheres in the presence 
and absence of 2.5 μM erlotinib, isolated from the Matrigel 3D sphere cultures (E), were immunoblotted with the 
indicated antibodies. ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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(TICs), contribute to TKI resistance in chronic 
myeloid leukemia and lung cancer cells [80-
82]. Therefore, we tested whether EGFR muta-
tion in the NES region, which enhances TKI 
resistance, alters the CSC population. We per-
formed a fluorescent-activation cell sorting 
(FACS) analysis of H1299 cells that stably 
expressed EGFRWT and EGFR L747 mutants  
and used CD44hi and EpCAM- as promising bio-
markers for lung CSCs because CD44 popula-
tion is enriched for CSC-like properties in vitro 
and in vivo [83] and epithelial cell adhesion 
molecule (EpCAM), one of the well-identified 
CSC markers, is also used for epithelial cell-
derived lung CSCs [84, 85]. Results from the 
FACS analyses showed that, compared with 
EGFRWT-expressing cells, EGFR L747 mutant-
expressing cells had higher populations of 
CD44hiEpCAM-, suggesting that the CSC popu-
lation was enriched in the EGFR L747 mutants 
(Figure 5A, upper panel). In addition, the medi-
an values of cell fluorescence intensity for total 
surface CD44 on the cells expressing EGFR 
L747 mutants were greater than those on 
EGFRWT and vector control cells (Figure 5A,  
bottom panel). Interestingly, compared with 
EGFRWT, the expression of EGFRL858R, which is 
nuclear translocation-deficient but has higher 
kinase activity, resulted in a less population of 
CD44hiEpCAM- with a lower density of surface 
CD44 (Figure 5A), suggesting that the increas- 
ed kinase activity is not sufficient to increase 
the CSC population. 

An in vitro tumorsphere formation-based func-
tional assay for CSCs was used to further deter-
mine whether the EGFR L747 mutants enhance 
the CSC population and promote self-renewal 
capacity. We found that stable expression of 
EGFR NES mutants significantly increased the 
primary tumorsphere numbers to a greater 
degree than vector or EGFRWT cells, suggesting 
that the L747 mutants expended the CSC popu-
lation, which may lead to drug resistance and 
other malignant phenotypes (Figure 5B and 
5C). Similar results were also observed when 
the EGFR L747 mutants were expressed in the 
MDA-MB-231 breast cancer cell line (Figure 
S4A and S4B). Next, we tested whether the 
expression of EGFR L747-mutated proteins in 
lung cancer cells enhanced the self-renewal 
capacity of lung CSCs. We collected and tryp-
sinized the primary tumorspheres derived from 
the stable cell lines expressing EGFRWT, 
EGFRL747P or L747S, and EGFRL858R, as well as vec-

tor control, and then cultured these cells in the 
serum-free stem cell culture medium to ob- 
serve secondary tumorsphere formation. The 
results revealed that the expression of EGFR 
L747-mutated protein significantly increased 
the number and diameter of secondary tumor-
spheres, compared with that in cells ex- 
pressing EGFRWT, suggesting that EGFR NES 
mutants promote the self-renewal capacity of 
lung cancer cells (Figure 5D and 5E). It is well-
known that patients with lung cancer with the 
EGFRL858R mutant are TKI-sensitive and have a 
good prognosis. Consistently, compared with 
the L747 mutation, the EGFRL858R-activating 
mutation had fewer CSCs, as indicated by a 
smaller number of tumorspheres in the primary 
and secondary tumorsphere formation assays 
(Figure 5C and 5E). 

To further evaluate the above in vitro findings, 
we performed a limiting-dilution transplanta-
tion assay subcutaneously injected H1299 
cells that stably express EGFR WT and EGFR 
L747 mutants at serial dilutions into NOD/SCID 
mice. The palpable tumors were examined and 
measured every 3 days and the mice were 
euthanized 2 months after transplantation. As 
shown in Figure 5F, the tumor formation fre-
quency of EGFR L747 mutant-expressing cells 
was much higher than that of EGFRWT cells (n = 
4 or 6) (Table 1 and Figure 5F), suggesting  
that the CSC population was enriched in trans-
planted lung cancer cells expressing EGFRL747P 
and EGFRL747S mutants but not in the cells 
expressing EGFRWT.

Transcriptome analysis of cells expressing 
EGFRWT, EGFRL747S, and EGFRL858R reveals dif-
ferent expression profiles 

To further determine the distinct effects of 
increased nuclear localization but not kinase 
activity of EGFR mutants on the malignant phe-
notypes, we analyzed the transcriptomes of the 
lung cancer cell line H1299 reconstitutively 
expressing EGFRWT, pro-nuclear NES mutant 
EGFRL747S, and nuclear-deficient but TKI-sen- 
sitizing mutant EGFRL858R. Indeed, phospho-
EGFR levels in whole cell lysates from the 
EGFRL747S and EGFRL858R-expressing cell lines 
were much higher than those from the EGFRWT-
expressing cells in the presence or absence  
of EGF stimulation, demonstrating that both 
EGFRL747S and EGFRL858R are activating mutants 
with the same kinase activity levels (Figure 
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Figure 5. Expression of EGFR NES mutants increases CSC-like properties. (A) FACS analysis of the EGFR WT- and 
L747 mutant-expressing cells. The monolayer-cultured cells were trypsinized into single cells and recovered in petri 
dishes for 2 h before staining. Cells (0.5 × 106) were stained in an aliquot of the cocktail solution of conjugated 
monoclonal antibody CD44-APC and EpCAM-Pacific Blue (PacBl). An FACS analysis was carried out using a BD FACS 
Aria II sorter. Bottom, the median values of cell fluorescence intensity for total surface CD44 on the cells expressing 
EGFR WT and L747 mutants. (B) H1299 cells (1 × 105) with EGFR knocked down and stably re-expressing EGFR WT 
and L747 mutants were plated onto low-attachment plates and cultured in serum-free stem cell culture medium 
plus supplements. Half of the culture medium volume was refreshed every 3 days. The tumor spheroid number (> 
100 μM in diameter) was counted at 12 to 14 days. Bar, 100 µm. (C) Bar graphs of primary tumorsphere numbers in 
(B) are presented as the mean value ± SE of three independent experiments. (D) Increased numbers of secondary 
tumor spheroids in lung cancer cells expressing EGFR L747 mutants. The cells were harvested from primary spheres 
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S5A, left panel). In line with the above results, 
EGFRL747S-expressing cells acquired stronger 
invasive potential than did those expressing 
EGFRWT and EGFRL858R-expressing cells (Figure 
S5B). 

Compared with EGFRWT, heat maps showed 
that the protein coding and non-coding gene 
expression profiles in EGFRL747S and EGFRL858R-
expressing cell lines were very different, but 
they indeed shared some target genes, which 
may have resulted from the enhanced kinase 
activities (Figure S5C-E and Table S1). Both 
EGFRL747S and EGFRL858R are activating mutants 
with intact membrane-bound and cytosolic  
signaling pathways; thus, the distinct pheno-
types may be at least partially attributed to  
the different magnitude of nuclear transloca-
tions. Interestingly, compared with EGFRL858R, 
EGFRL747S expression in lung cancer cells had 
significantly up-regulated oncogenes such as 
IKBKB (IKK2) and FOXM1 but down-regulated 
tumor suppressor genes such as PTPN12 and 
14 (Figure S5D). Notably, ATP-binding cassette 
transport protein A3 (ABCA3) gene was spe- 
cifically up-regulated in EGFRL747S-expressing 
cells; this gene is associated with multi-drug 
resistance [86-89]. Unlike EGFRL858R, L747 mut- 
ation in the kinase domain does not affect ATP 
pocket conformation (Figure S3B and S3C). 
Therefore, the altered sensitivity of EGFR L747 

mutants to TKI is not related to the conforma-
tional change in the kinase domain but may be 
due to altered subcellular localization, which in 
turn regulates the downstream pathways. In 
addition, microassay data revealed that non-
coding RNA profiles of EGFRL747S-expressing 
cells were significantly different from those of 
EGFRL858R cells; for instance, Lnc-LIF-AS was 
specifically up-regulated in EGFRL747S but not 
EGFRL858R-expressing cells (Figure S5E). Lnc-
LIT-AS, an LIF natural antisense lncRNA, stabi-
lizes LIF mRNA by overlapping a 3’-UTR of LIF 
mRNA and thus inhibits LIF mRNA degradation 
that is mediated by other RNAs [90, 91]; LIF is 
the cytokine leukemia inhibitory factor that 
activates the JAK-STAT signaling pathway and is 
a key factor in stem cell self-renewal and main-
tenance [92-94]. Consequently, the observed 
gene expression profiles are highly consistent 
with the functional roles of the cancer cells har-
boring EGFR NES mutations.

Internalization-deficient and NES dual muta-
tions of EGFR results in less malignant pheno-
types than the NES singal mutant

To gain further mechanistic insights into the 
role of EGFR NES mutants, we generated EGFR 
double mutations at NES L747 along with 
LL1010-1011 that is deficient in internalization 
of the receptor induced by ligand binding [95, 
96]. Our previous findings demonstrated that 
nuclear translocation of full-length EGFR is an 
internalization-dependent process [39]; as a 
result, the EGFR internalization-deficient mu- 
tant is expected to reduce the nuclear translo-
cation but not change the membrane-bound 
signaling. We found that the autophosphoryla-
tion levels of membrane-bound forms of  
double mutant EGFRL747A/LL1010-1011AA, EGFRL747P/

LL1010-1011AA, or EGFRL747S/LL1010-1011AA did not sig-
nificantly change in the presence of EGF, indi-
cating that adding LL1010-1011AA mutation  
to EGFR NES mutants did not result in a signifi-
cant reduction in their kinase activity (Figure 
6A). However, a subcellular fraction analysis 
showed that the LL1010-1011AA mutation 
together with EGFR WT or L747 mutants signifi-

and trypsinized into single cells. Cells (4 × 104 per plate) were seeded and cultured as described in (B). Bar, 200 µm. 
(E) Bar graphs of secondary tumorsphere numbers (D) are presented as the mean value ± SE of three independent 
experiments. (F) In vivo limiting-dilution assay of the lung cancer cells harboring EGFR NES mutation. H1299 cells 
expressing EGFR WT and NES mutants were subcutaneously transplanted into NOD/SCID mice and tumor forma-
tion of the transplants was observed for 2 months. n = 6. Bar, 100 mm. *P < 0.05, **P < 0.01, ***P < 0.001.

Table 1. Limiting dilution transplantation as-
say of the cancer cells expressing EGFR WT 
or NES mutants

Cell line Cell dilution Mouse 
number 

Tumor formation 
rate (%)

WT 1 × 105 6 3/6 (50)
5 × 104 6 0/6 (0)
1 × 104 6 0/6 (0)

L747P 1 × 105 6 5/6 (83.3)
5 × 104 6 4/6 (66.7)
1 × 104 6 4/6 (66.7)

L747S 1 × 105 4 4/4 (100)
5 × 104 6 5/6 (83.3)
1 × 104 6 0/6 (0)

http://www.ajcr.us/files/ajcr0149323suppltab1.xlsx
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cantly reduced the nuclear EGFR levels (Figure 
6B). A confocal image analysis also showed 
that these membrane-bound EGFR mutants 
had reduced nuclear localization compared 
with their corresponding parental proteins 
(Figure 6C). 

We performed a 3D Matrigel culture assay and 
found that while EGFRWT cells displayed smooth 
and round solid spheres, the cells that stably 
expressed EGFR NES mutant alone (L747A, 
L747P, and L747S) gave rise to more tumor-
spheres and the morphologies of these tumor-
spheres were of a more aggressive phenotype 
to be mass and stellate in shape [97, 98] 
(Figure 6D, upper panel, and Figure 6E). In con-
trast, the cells expressing EGFRWT/LL1010-1011AA  
or EGFRL747A(P,S)/LL1010-1011AA compound mutants 
formed fewer spheres and their morphologies 
were round with less aggressiveness, support-
ing the notion that decreased nuclear EGFR 
attenuated their malignant potential (Figure 
6D, bottom panel, and Figure 6E). Moreover, 
the cells expressing membrane-bound EGFR 
L747 mutants displayed significantly slower 
migration in a wound-healing assay (Figure 6F). 
To determine whether a reduction in nuclear 
EGFR signaling in collaboration with the 
EGFRLL1010-1011AA membrane-bound form sensi-
tizes cancer cells to TKI, we performed a cell 
viability assay in the presence of erlotinib at dif-
ferent concentrations for 72 h. All cells express-
ing the membrane-bound EGFR L747 mutants 
had a greater decrease in resistance to TKI 
compared to the corresponding L747 single 
mutants, suggesting that increased nuclear 
EGFR signaling contributes at least partially  
to TKI resistance in these cells (Figure 6G). 
Furthermore, a tumorsphere formation assay  
in serum-free stem cell suspension cultures 
showed that the expression of the membrane-
bound EGFR WT or L747 mutants produced sig-
nificantly fewer tumorspheres, both in the pres-
ence and absence of erlotinib, suggesting that 
nuclear EGFR signaling is indeed required for 
the CSC expansion (Figure 6H). We then per-
formed an in vivo transplantation assay to clar-
ify whether nuclear EGFR signaling but not 
canonical membrane-bound EGFR signaling 
leads to the enrichment of CSC population. 
H1299 lung cancer cells (5 × 104 and 1 ×  
105) with endogenous EGFRkd and stably re- 
constituted with EGFRWT, EGFRL747P(S), or their 
compound mutants EGFRWT/LL1010-1011AA and 
EGFRL747P(S)/LL1010-1011AA were subcutaneously 

injected into the right and left flanks of NOD/
SCID mice, respectively. The palpable tumors 
were examined and measured every 3 days. 
The mice were euthanized 2 months after injec-
tion. As shown in Table S2, in comparison with 
EGFRWT, EGFRL747P(S)-expressing cells were more 
likely to form tumors, suggesting that there 
were more CSCs within the cell line. Adding 
LL1010-1011AA mutation to the L747P(S) 
mutant resulted in a significant decrease in 
tumor formation frequency and a concomitant 
reduction in tumor size (Figure 6I and Table 
S2), suggesting that nuclear EGFR is a key up-
regulator CSCs in tumorigenesis. It should be 
noted that membrane-bound EGFRL747P(S) still 
has a higher tendency to grow tumors than 
does the WT counterpart (Table S2), suggesting 
that constitutive activation of the membrane-
bound EGFR signaling pathway also plays a 
minor role in tumor initiation and growth. 

NLS and NES dual mutations of EGFR compro-
mised the malignant phenotypes mediated by 
the NES singal mutant

To exclude the possibility that the higher malig-
nant potential of the cancer cells harboring 
EGFR NES mutants may be due to their cyto-
plasmic function, the key cofactor for EGFR 
translocating from the cytoplasm into the 
nucleus, Sec61β was knocked down using siR-
NAs (Figure S6A). Since deletion of Sec61β in 
the EGFRWT and L747 mutant-expressing cells 
supposedly led to sequestration of EGFR in the 
cytoplasm [99], we found that the cytoplasmic 
sequestration of EGFR NES-mutated proteins 
by knocked-down Sec61β significantly sensi-
tized the cells to TKI compared with the control 
cells (Figure S6B). These results further sup-
port the notion that nuclear EGFR signaling 
contributes to TKI resistance.

To further assess the nuclear function of EGFR 
in malignant phenotypes, we generated the 
NLS deletion mutant of EGFR that lack nuclear 
translocation ability but possess normal mem-
brane-bound and cytoplasmic signaling activi-
ties. The results of previous reports and our 
current data revealed that deletion of the EGFR 
NLS motif abolishes EGFR kinase activity [36] 
(Figure S7). Such NLS motif-deleted EGFR 
mutant is difficult to exclude the possibility of a 
putative kinase-dead effect on the malignant 
phenotype. To clarify the cause-effect of nucle-
ar EGFR, we further generated point mutations 
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Figure 6. Internalization-deficient and NES dual mutations of EGFR results in less malignant phenotypes than the 
NES singal mutant. (A) Whole cell lysates from HEK293T cells expressing EGFR/WT and L747 mutants, minus or 
plus LL1010-1011AA mutation, were used for the immunoblotting assay. The autophosphorylation of EGFR proteins 
was probed with anti-EGFR-pY1068 antibodies. (B) Nuclear extracts and cytosolic fractions of cells expressing the 
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at the NLS domain instead of deletion and 
determined which had nuclear translocation 
deficiency with maximal remaining kinase activ-
ity. As shown in Figure 7A, we generated four 
types of mutation combination at the NLS 
domain. A Western blot analysis indicated that 
compared to EGFRWT, all NLS mutants display- 
ed a much lower level of nuclear EGFR protein 
accumulation; of four types of NLS mutation, 
the NLSm mutant had barely accumulated in 
the nuclei (Figure 7B). To determine whether 
cells expressing NLSm affected EGFR kinase 
activity, HEK293T cells were transiently trans-
fected with NLSm combined with EGFR L747 
mutants. Interestingly, the kinase activities of 
the NLS-NES compound EGFR mutants were 
not significantly reduced compared to those of 
the L747 single mutant (Figure 7C), indicating 
that NES mutation-increased kinase activity is 
dominant in the kinase activity of the com-
pound mutations. However, the accumulation 
of NLS-NES compound EGFR mutants was sig-
nificantly reduced in the nucleus after EGF 
treatment (Figure 7D), suggesting that NLS 
mutation is predominant in directing cyto- 
plasmic location. These NES-NLS compound 
EGFR mutants are optimal candidates to cla- 
rify the nuclear roles of EGFR in malignant 
phenotypes. 

To determine whether the NES-NLS compound 
mutations of EGFR affect their biological func-
tions, we examined the tumorsphere formation 
and motility of the cancer cells expressing 
EGFR L747 mutants, with or without NLS muta-
tion, in 3D Matrigel cultures. As shown in Figure 
7E, the lung cancer cells expressing EGFR NLS-
NES dual mutants grew as a monolayer and dis-
played different morphologies from those of 
L747 single mutants, which formed spheres in 

3D cultures. As the p-EGFR levels of NLS-NES 
compound mutants and NES single mutants 
were similar (Figure 7C), the reduction in the 
nuclear accumulation of EGFR predominantly 
contributed to a loss of potency to generate 
tumorspheres, suggesting that a desirable 
level of nuclear EGFR is required for the mainte-
nance of stemness of tumor cells (Figure 7E). 
Furthermore, using long-term time-lapse imag-
ing of living cells, we monitored the motility of 
the lung cancer cells that expressed EGFRWT 
and EGFRL747 mutant, with or without NLS muta-
tion. The time-lapse imaging unveiled that in 
contrast to EGFRWT, EGFRL747P-expressing can-
cer cells were prone to form spheres and  
barely built monolayers at the interface of 3D 
Matrigel (Movie S1A and S1B). The addition of 
NLS mutations to EGFRWT and EGFRL747P in 3D 
gel biasedly exhibited horizontal migration on 
the gel interface and rapidly formed monolay-
ers with a few spheres (Movie S1C and S1D). 
These observations that the NLS mutant of 
EGFRL747P-expressing cancer cells compromised 
the observed unique motility of EGFRL747P-
expressing cells clearly indicate that nuclear 
EGFR plays a crucial role in controlling cell 
motion and sphere morphology. 

Next, we determined whether NLS mutation of 
EGFR affects the NES mutant-mediated tumori-
genesis and tumor growth in vivo. To this end, 
H1299 cells with endogenous EGFRkd were sta-
bly reconstituted with EGFRWT, EGFRL747P(S), and 
their NLS-NES compound mutants. The stable 
cell lines were subcutaneously injected in par-
allel into the left and right flanks of Nude/Nude 
mice and the palpable tumors were regularly 
examined and measured every 3 days for 2 
months. The NLS mutation in the EGFR NES 
mutants led to a significantly lower tumor for-

indicated plasmids were immunoblotted with indicated antibodies. (C) H1299 cells knocked down with shRNAs 
against endogenous EGFR were reconstituted with EGFR WT, NES mutant, or NES combined with internalization-
defective double mutants and used for the confocal imaging analysis. Bar, 10 µm. (D) H1299 cells (2 × 104) ex-
pressing EGFR and their mutants were mixed with collagen gel and 3D cultures were visualized using ZESS Cell 
Observer Microscopy. The photos were obtained at day 7. Bar, 10 µm. (E) Bar graphs are presented as tumorsphere 
in (D) mean values ± SE of at least 10 fields. (F) The cell migration ability of H1299 cells expressing the indicated 
plasmids, along with their parental molecules, was determined using a wound-healing assay. The photos are rep-
resentatives of time-lapse microscopy recording at 0 and 24 h. Bar, 200 µm. (G) H1299 cells expressing EGFR WT 
and L747 single mutants, along with their double mutants, were treated with various concentrations of erlotinib for 
3 days. Viability curves were generated from two independent experiments in triplicate. (H) Tumorsphere numbers 
of H1299 cells expressing EGFR WT and LL1010-1011AA mutants were counted 7 days after treatment with 2.5 µM 
of erlotinib or vehicle DMSO. Bar graphs are presented as the mean value ± SE. (I) H1299 cells (1 × 106) express-
ing EGFR WT and L747P and their internalization-deficient mutants (LL1010-1011AA) were mixed with Matrigel and 
subcutaneously injected into NOD/SCID mice (n = 6). The palpable tumors were examined every 3 days and mice 
were euthanized 2 months after injection. *P < 0.05, **P < 0.01, ***P < 0.001.

http://www.ajcr.us/files/ajcr0149323supplmov1A.mp4
http://www.ajcr.us/files/ajcr0149323supplmov1B.mp4
http://www.ajcr.us/files/ajcr0149323supplmov1C.mp4
http://www.ajcr.us/files/ajcr0149323supplmov1D.mp4
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mation incidence and smaller tumor size (Table 
2 and Figure 7F). The in vivo findings provided 
additional evidence that nuclear EGFR plays a 
more crucial role than cytosolic EGFR in tumori-
genic potential and tumor growth. 

Taken together, compared with EGFRWT, EGFR 
NES mutants have two unique characteristics: 
higher kinase activity and enhanced nuclear 
accumulation. Our in vitro and in vivo findings 
greatly support the theory that the increased 

nuclear accumulation but not kinase activity of 
the EGFR NES mutants plays a predominant 
role in promoting tumorigenesis and the malig-
nant phenotypes of cancer cells (Table 3).

Germline expression of pro-nuclear EGFR NES 
mutant drives tumorigenesis

Previous studies’ findings and our in vitro, in 
vivo, and ex vivo findings demonstrated that 
EGFR function is cellularly compartmentalized 

Figure 7. NLS and NES dual mutations of EGFR compromised the malignant phenotypes mediated by the NES singal 
mutant. A. Schematic diagram of the NLS mutation of EGFR. B. The cytosolic and nuclear fractions of the H1299 
cells expressing EGFR WT, NLS point mutations, and NLS deletion (ΔNLS) were immunoblotted with the indicated 
antibodies. C. The phosphorylated EGFR at Y1068 in whole cell lysates, with or without EGF treatment, was im-
munoblotted with specific anti-EGFR pY1068 antibodies. D. The cytosolic and nuclear fractions of the H1299 cells 
expressing EGFR WT, NES mutants, and NES and NLS double mutants were immunoblotted with the indicated anti-
bodies. E. Tumorsphere formation of cells expressing the indicated plasmids in 3D Matrigel culture was performed. 
Bar, 10 µm. F. H1299 cells (1 × 106) expressing the indicated plasmids were subcutaneously injected into Nude/
Nude mice (n = 6). Bar graphs are presented as the tumor volume mean values ± SE. **P < 0.01, ***P < 0.001.
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[1, 100, 101]. It is imperative to assess these 
phenotypes using genetically engineered mo- 
use models. To this end, the CRISPR-Cas9-
mediated genome editing approach was used 
to generate three types of EGFR mutant kno- 
ck-in mice: internalization-deficient mutation 
(membrane-bound), pro-nuclear (NES) muta-
tion, and dual mutation (Figure 8A). The oligos 
of LL1012-1013AA, L749P(S), and their sgRNAs 
were co-injected with Cas9 mRNA into early-
stage embryos using microinjection. Genotyping 
was performed using DNA sequencing with 
specific primers and a Western blot analysis. To 
verify the germline expression of L749P(S)  
and LL1012-1013AA mutants in F1 offspring, 
nuclear fraction from primary cultures of hepa-
tocytes from the knock-in and its littermate 
control mice were used for the Western blot 
analysis. We found that upon EGF stimulation, 
nuclear EGFR accumulation increased in 
EGFRL749P heterozygous mouse hepatocytes; 
conversely, a significant reduction in nuclear 
EGFR was observed in EGFTRLL1012-1013AA homo-
zygous mouse hepatocytes (Figure 8B). 

The EGFR knock-in founders were back-crossed 
with WT C57BL/6 mice to obtain F1 offspring. 

As shown in Table S3, genotyping results of  
F1 EGFRL749P(S) knock-in mice indicated that 
5.7% of the offspring were heterozygous 
(EGFRL749/P749) and thus did not significantly  
follow predictable inheritance rules (< 25%) 
according to Mendel’s principle of segrega- 
tion, suggesting that germline expression of 
EGFRL749P(S) gave rise to a deficiency in breed-
ing. In contrast, EGFRLL1012-1013AA mutant mice 
displayed no gross abnormalities, even in 
homozygous offspring (Table S4), suggesting 
that the depletion of nuclear EGFR has no sig-
nificant phenotype. To generate homozygotes 
of EGFR NES mutant mice, F1 heterozygous 
females were crossed with heterozygous male 
or vice versa. All offspring of these mating pairs 
were WT. F1 heterozygous EGFRL749 mutant 
mice crossed with WT C57BL/6 also failed to 
produce offspring with the genotype of 
EGFRL749P(S) mutation. Alternatively, the oligos of 
L749P and their sgRNAs were co-injected with 
Cas9 mRNA into early-stage embryos of homo-
zygous EGFRLL1012-1013AA mice. The resultant 
founders also exclusively failed to produce F1 
offspring with the L749P and LL1012-1013AA 
double mutation genotype. These findings sug-
gest that EGFR NES mutant is embryonic lethal 

Table 2. Tumor incidence of WT or EGFR NES mutants, with or without NLS mutation
Genotype Tumor incidence (%) Genotype Tumor incidence (%)
WT 2/7 (28.6) WT/NLSm 2/7 (28.6)
L747S 6/8 (75.0) L747S/NLSm 3/8 (37.5)
L747P 7/8 (87.5) L747P/NLSm 3/8 (37.5)

Table 3. Summary of the characterizations of EGFR

Mutation Nuclearlo-
calization 

Kinase 
activity Migration TKI  

resistance Stemness Tumorigenic 
potential

Signaling
Ma Ca Na

WT ++ ++ ++ ++ ++ ++ ++ ++ ++
L747A ++++ ++++ ++++ ++++ ++++ ++++ +++ +++ +++
L747P ++++ ++++ ++++ ++++ ++++ ++++ +++ +++ +++
L747S ++++ ++++ ++++ ++++ ++++ ++++ +++ +++ +++
L858R - +++ n/a - + + +++ +++ -
LL1010-1011AA +/- ++ + + + + ++ - -
WT-LL1010-1011AA +/- ++ + + +/- + ++ - -
L747A-LL1010-1011AA + ++++ + + +/- + +++ - -
L747P-LL1010-1011AA + ++++ + + - + +++ - -
L747S-LL1010-1011AA + ++++ + + - + +++ - -
WT-NLSm - + n/a n/a - +/- ++ ++ -
L747P-NLSm + ++++ n/a n/a - + +++ +++ -
L747S-NLSm + ++++ n/a n/a - + +++ +++ -
aM, membrane-bound; C, cytosolic; N, nuclear.
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or infertile. The causal effect of EGFR L749 
mutant on the impaired breeding phenotype in 
knock-in mice remains unknown. 

Of note, the female and male founders and F1 
EGFRL749P mice developed tumors in major 
organs, including the stomach, pancreas, liver, 
and prostate gland, with no gender difference 

(Figure 8C and 8D). Compared with littermat- 
es, EGFRL749(S) mice had enlarged spleens with 
numerous white clusters of the tumor colonies, 
indicating that clonal expansions of lymphoma 
cells occurred (Figure 8C). H & E staining 
revealed that along with the normal histologic 
structures of the examined organ tissues, many 
infiltrating lymphocytes were present that 

Figure 8. Cells with germline expression of EGFR NES mutant develope B cell lymphoma. A. Diagram of EGFR allele-
specific genome editing using a CRISPR/Cas9 editing approach. B. Western blot analysis of primary hepatocytes 
from EGFR WT and NES knock-in mice. The primary cultures of the hepatocytes were serum-starved and treated 
with 60 ng/ml EGF for 30 min. Subcellular fractions were immunoblotted with the indicated antibodies. C. Gross 
phenotypes of EGFR L749P(S) knock-in mice. Representative photos of major abdominal organs. D. H & E staining 
of major tumor tissues from EGFR NES knock-in mice.
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always formed clusters in the homing organ tis-
sues (Figure 8D). To further identify the sub-
population of lymphocytes, the tumor tissues 
were stained with specific antibodies against B 
cell marker CD19. The IHC staining results indi-
cated that the infiltrating lymphocytes were B 
cells; we did not find tumor cells in blood 
smears or bone marrow (data not shown), sug-
gesting that the tumor type was B cell lympho-
ma (Figure S8). Lymphoma cells were found in 
the stomach, liver, pancreas, and kidneys, but 
not in the lungs (Figure 8D). The latency of 
tumor development was 17 to 23 months,  
and the tumor incidence in F1 offspring of 
EGFRL749P(S) knock-in mice was 10 of 15 (67%). 
These findings indicate that a single allele 
mutation in EGFR NES domain is capable of 
driving hematopoietic tumorigenesis. In other 
words, the EGFR NES mutant possesses strong 
oncogenic activity. 

Figure 6A, the addition of LL1010-1011AA 
mutation to EGFRWT and L747 mutants did not 
significantly change the protein kinase activi-
ties. Presumably, the expression of a single or 
compound EGFR mutation has equal potential 
to activate STAT3 in the cytoplasm; thus, 
enhanced nuclear p-STAT3 may specifically 
result from an increased nuclear interaction 
between EGFR and STAT3, which stabilizes 
p-STAT3 (Figure 9B). Taken together, cells 
expressing the NES mutation of EGFR resulted 
in subcellular specific regulation of the down-
stream target signaling pathways; as a result, 
these cells displayed distinct gene expression 
profiles (Figure S5 and Table S1).

Discussion

In this report, we identified a putative NES in 
the kinase domain (amino acid residue 736-

Figure 9. Nuclear EGFR is required to sustain the activated STAT3 in the 
nucleus. A. Cell fractions from transfected cells with the indicated EGFR and 
their mutant plasmids were immunoblotted with the indicated antibodies. 
B. Working model for canonical and non-canonical EGFR signaling. Ligand-
triggered EGFR membrane-bound signaling activates Erk and STAT3, and 
nuclear EGFR is required for sustaining activated STAT3 via EGFR/STAT3 in-
teraction.

Nuclear EGFR biasedly regu-
lates downstream signaling 
pathways

It has been reported that 
STAT3 interacts with nuclear 
EGFR [29, 30, 37, 38], and 
therefore we examined the 
activation of the representa-
tive downstream targets,  
e.g. STAT3 and Erk, in cells 
expressing EGFRWT and L747 
mutants. As shown in Figure 
9A, phospho-STAT3 (p-STAT3) 
in the nuclear extracts from 
EGFRL747 mutant-expressing 
cells was much higher than 
that from EGFRWT-expressing 
cells. However, the addition  
of a secondary mutation at 
LL1010-1011 to L747 mu- 
tants resulted in a significant 
reduction in nuclear p-STAT3 
levels compared with a L747 
single mutation. By contrast, 
there were no significantly  
differences in Erk activation 
by EGF stimulation, suggest-
ing that different subcellular 
localizations of EGFR can be 
attributed to differential re- 
gulation of the downstream 
targeted signaling pathways 
(Figure 9A). As indicated in 

http://www.ajcr.us/files/ajcr0149323suppltab1.xlsx
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749) of EGFR. The putative NES sequence is 
highly conserved among ErbB family members 
and vertebrates. A mutation analysis of the 
NES sequence of EGFR demonstrated that 
replacement of L747A resulted in significantly 
increased nuclear translocation compared with 
that in EGFRWT. Moreover, the L747A mutant of 
EGFR is constitutively active, as indicated by 
the autophosphorylation and activation of the 
downstream target STAT3 in the absence of 
EGF. However, the enhanced kinase activity did 
not contribute to the increased nuclear translo-
cation of EGFR because TKI treatment and  
KD mutation were not able to significantly to 
reduce nuclear EGFR. In particular, ectopically 
expressed EGFR KD was also capable of trans-
locating into the nucleus in response to EGF 
stimulation. These findings suggest that nu- 
clear accumulation of EGFR is not kinase activ-
ity-dependent. We also observed that the 
EGFRL858R mutant, which is a well-identified TKI-
sensitive EGFR mutation, was predominantly 
localized in the cytoplasm. Taken together, 
these data suggest that the nuclear transloca-
tion of EGFR is not dependent on its tyrosine 
kinase activity but on ligand-induced dimeriza-
tion and internalization. 

It is known that cell surface EGFR is trafficked 
to the inner nuclear membrane through the 
NPC mediated by importin β1 and the mem-
brane-bound EGFR is then released from the 
inner nuclear membrane to the nucleus [99, 
102]. Our previous studies characterized tripar-
tite NLS in the EGFR family and provided evi-
dence that the dynamic interaction between 
EGFR/importin β1 in the cytoplasm and EGFR/
CRM1 in the nucleus is ligand- and time-depen-
dent [39, 71]. Therefore, the nuclear protein 
level of EGFR is dependent on the balance 
between import and export efficiency. Our cur-
rent data indicate that L747 mutation in the 
putative NES region did not affect the interac-
tion between the proteins and importin β1 but 
increased the binding affinity of the mutant  
proteins to CRM1. Previous reports revealed 
that most leucine-rich NES sequences bind to 
CRM1 with relatively low affinity and that high-
affinity NES binding to CRM1 impairs the effi-
cient release of CRM1 from the NES export 
complex at the NPC and cytosol [41, 44]. 
Therefore, L747 mutation of EGFR that leads to 
increased nuclear retention may result from 
reduced CRM1 recycling for dynamic EGFR/
CRM1 complex assembly. 

The identified NES region is found on the sur-
face of the EGFR N-Lobe, located between 
αC-Helix and the nucleotide phosphate binding 
loop (P-Loop) [77]. Therefore, replacement of 
L747 by the amino acid with a different side 
chain will affect the interaction between the 
kinase and CRM1. The electron density of resi-
dues 721-722 and 747-749 cannot be observed 
from the crystal structure of the WT EGFR/
AMPPNP complex (3VJO) [78], demonstrating 
its flexible properties in WT EGFR. The flexible 
loop usually has important functions, such as 
protein-protein interaction. However, the con-
formation of these two regions was obtained at 
the EGFR L858R/AMPPNP complex structure 
(2ITV) [103]; the crystal structure shows that 
the side chain carbon atoms of L747 provide an 
important hydrophobic interaction with F723, 
K745, and A755 to stabilize the conformations 
of α-helix C and the P-Loop. K745 is a con-
served residue that forms a salt bridge to E762 
that interact with the α- and β-phosphates 
when ATP or a close homologue is present 
[104]. Therefore, the observed mutations at 
L747 may affect the side chain orientation of 
K745 and the conformation of the P-Loop  
(residues 721-724) and may play a key role in 
the interaction between EGFR and CRM1 by 
affecting the local environment of the CRM1 
binding site on EGFR, leading to increased bind-
ing affinity between EGFR and CRM1. 

It is worth mentioning that Gururaj et al. report-
ed another putative NES motif for EGFR, and 
identified its location in the transmembrane 
domain at I640 residue [105]. Since EGFR I640 
is required for the transmembrane domain 
dimerization motif, mutation of this amino acid 
may affect clustering- and ligand-induced  
endocytosis/internalization of the receptors, 
leading to altered receptor trafficking [106]. In 
addition, the hydrophobic motif of the putative 
NES in the transmembrane region is involved  
in transmembrane domain dimerization so that 
the interface for interacting with CRM1 suppos-
edly is occupied after the receptor is activated 
[39, 106]. Further study of the protein-protein 
interaction between EGFR and CRM1 is 
required to clarify the detailed interaction. 

Interestingly, somatic L747 mutations were 
found in patients with lung cancer with poor 
outcomes. L747S mutation was first detected 
in a patient with EGFRL858R mutation who expe-
rienced a prolonged response to single-agent 



NES L747 mutation of EGFR drives tumorigenesis

1232 Am J Cancer Res 2023;13(4):1209-1239

gefitinib before detection of the L747S second-
ary mutation [59, 60]. The L747S-L858R dou-
ble mutation is more resistant to TKIs, although 
it is not as strongly resistant as the L790M-
L858R double mutation [59]. More recently, a 
L747S or a L747P single mutation was also 
detected in patients with TKI-naïve lung cancer 
[107]. van der Wekken et al. observed stable 
disease upon EGFR-TKI treatment in a patient 
with a lung adenocarcinoma that harbored a 
L747P point mutation in exon 19 [108]. Taken 
together, the tumors harboring L747S and 
L747P mutations did not show a response to 
gefitinib and therefore had a poor prognosis. 
Our experimental data revealed that all L747 
mutants have increased nuclear retention and 
consequently possessed higher TKI drug-resis-
tant potential, mobility, and invasiveness than 
did EGFRWT-expressing cells. Furthermore, we 
provided evidence that reconstituted expres-
sion of EGFR L747 mutants, but not L858R and 
WT, in EGFR-depleted lung and breast cancer 
cells promoted primary and secondary tumor 
spheroid formation, suggesting that these cell 
lines have expanded CSC populations and that 
EGFR L747 mutant expression is capable of 
maintaining CSC self-renewal. In contrast, 
EGFRL858R mutant-expressing cells, which lack 
of nuclear localization, were very sensitive to 
TKI; thus, few tumorspheres were observed in 
the presence of erlotinib. This finding is consis-
tent with clinical observations of patients with 
lung cancer [59, 60]. EGFRL858R mutant affects 
its kinase confirmation, leading to TKI sensitiv-
ity. However, EGFRL747P and EGFRL747S mutation 
in patients with lung cancer did not change 
their kinase domain conformation; therefore, 
L858R mutant is not the best control. 

To precisely determine the role of EGFR sig- 
naling in the nucleus, we generated membra- 
ne-bound EGFR double mutants at L747P(S) 
and LL1010-1011AA. C-terminal LL1010-1011 
(LL1012-1013 in mice) is required for EGFR 
internalization triggered by ligand. Replacement 
of LL1010-1011 with AA abolished this inter-
nalization; as a result, the mutated protein 
became a membrane-bound receptor [95, 96]. 
The in vitro experimental data showed that  
the cells expressing membrane-bound EGFR 
mutants significantly reduced their nuclear 
localization and concomitantly attenuated the 
malignant potential of cancer cells. Impor- 
tantly, a limiting-dilution transplantation assay 
revealed that the cancer cells with reconstitut-

ed expression of EGFRL747P(S) mutant gave rise 
to a much higher frequency of tumors than did 
those with EGFRWT, suggesting that there are 
more TICs in EGFRL747P(S)-expressing cells. 
Moreover, the cancer cells expressing the 
membrane-bound forms of EGFRWT/LL1010-1011AA 
and EGFRL747P(S)/LL1010-1011AA mutants significantly 
lost their tumor initiation ability and slowed 
down tumor growth in NOD/SCID mice in com-
parison with their parental molecule-express-
ing cells. These results strongly support the 
hypothesis that nuclear EGFR signaling is nec-
essary for the maintenance or expansion of  
the CSC population. Of note, cells expressing 
EGFRLL1010-1011AA-NESm compound mutants still 
possessed a higher potential to develop into 
palpable tumors than did WT cells. This result 
implies that constitutive activation of canonical 
membrane-bound EGFR signaling also plays a 
partial role in driving tumorigenesis. 

Previous studies demonstrated that transgenic 
mouse models with targeted overexpression  
of human EGFR mutants, including L858R, 
T790M, DelE746-A750, or double-point mu- 
tants of EGFR, developed lung cancers [109-
112]. Notably, EGFR was overexpressed in all 
conventional and inducible transgenic mouse 
models reported; mutated EGFRs are activating 
forms that drive the development of tumors 
with oncogene addition [109-112]. However, 
hotspot mutations of EGFR gene in cancer 
patients are frequently heterozygous (Cosmic 
database, https://cancer.sanger.ac.uk/cosmic) 
[47]. The results of a previous study revealed 
that familial lung cancers have concurrent 
somatic EGFR mutations, along with EGFR 
T790M or germline mutation [113]; a statistical 
analysis showed that germline EGFR V843I 
mutation predispose patients to lung cancer 
[114]. Here, we demonstrated that one allele 
mutation at the NES domain confers EGFR 
oncogenic activity in a genetically engineered 
mouse model. The phenotypes of the geneti-
cally engineered mouse model demonstrated 
that the EGFR NES mutant is a tumor driver that 
has a profound effect on reproductive function. 
Interestingly, by searching the database of 
EGFR mutations in human tumors (Cosmic 
database, https://cancer.sanger.ac.uk/cos-
mic), we found that among the somatic muta-
tions in EGFR gene, gene amplification repre-
sents only a small part of the gene alternations 
in human cancers and that the majority of 
human B lymphocyte-originated tumors harbor-
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ing EGFR NES mutation are heterozygot- 
es (Table S5). Therefore, the phenotype of 
EGFR NES knock-in mice reported here reca-
pitulated human plasma cell myeloma (Table 
S5). Noticeably, somatic mutations of EGFR at 
L747 were found in patients with lung cancer; 
mice with germline expression of this type of 
EGFR mutant could develop lung cancer. 
However, no pathological features of lung can-
cer were observed in EGFR NES knock-in mice 
until the mice were euthanized because of 
tumor progression. It is possible that lung can-
cer development driven by EGFR NES mutant 
has a longer latency than does lymphoma.

Notably, activation of the downstream signaling 
pathways by EGFR was subcellular location-
specific. We found no significant difference 
between nuclear translocation-deficient or 
membrane-bound EGFR and pro-nuclear EGFR 
mutants in activating canonical EGFR mem-
brane-bound signaling, such as Erk. However, 
pro-nuclear EGFR L747 single mutants have 
strong potential to activate and sustain high 
levels of nuclear STAT3 signaling via EGFR/
STAT3 interaction (Figure 9). It has been well-
documented that activation of STAT3 signaling 
is necessary for the proliferation and survival of 
tumor-initiating cells and drug resistance and 
becomes a novel molecular target for cancer 
prevention [115-117]. Our findings demonstrat-
ed that pro-nuclear EGFR NES mutants led to 
the constitutive activation and sustaining of  
the STAT3 signaling pathway, thereby increas-
ing the tumor-initiating cell population, and con-
ferring more malignant properties to tumor 
cells. In accord with these phenotypes, the 
gene expression profiles of EGFRWT-, EGFRL747S-, 
and EGFRL858R-expressing cell lines in microar-
ray analyses were significantly different and 
some identified STAT3 target genes were spe-
cifically up-regulated in EGFRL747S-expressing 
cells (Figure S5 and Table S1).

It must be pointed out that the L747S mutated 
protein had the highest nuclear level among 
EGFR WT and other L747 mutants, but auto-
phosphorylation of L747S proteins is similar to 
that of WT proteins, followed by EGF stimula-
tion, suggesting again that the nuclear translo-
cation of EGFR is not correlated with its kinase 
activity. These data indicate that the altered 
phenotypes driven by EGFR-mutated proteins 
were predominantly associated with the nucle-
ar protein levels and that an increased CSC 

population contributes, at least partially, to TKI 
resistance and poor prognosis in lung cancer 
patients harboring EGFRL747P and EGFRL747S 
mutation [60-69]. In addition, a homologous 
analysis revealed that mutations within the 
highly conserved putative NES motif also occur 
in other kinases, such as ErbB2, ErbB4, ABL1, 
and BRAF [118-121]. An in silico analysis 
showed that these mutation regions met the 
required NES score and that mutations in the 
NES-like sequences of the above-mentioned 
well-known kinases are highly associated with 
tumor progression and drug resistance, indicat-
ing that NES mutation of kinases might be criti-
cal contributors to tumorigenesis, invasion, de 
novo or acquired drug resistance development, 
and cancer recurrence. Whether NES-like muta-
tions in these tyrosine kinases enhance their 
nuclear localization is unknown and requires 
further experimentation. Thus, a better under-
standing of the nuclear roles of tyrosine kinas-
es and kinase receptors will provide new 
insights into tumorigenesis and tumor-targeted 
therapies.
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Figure S1. Mutation of EGFR at L747 increases its nuclear accumulation in human cancer cells. (A and B) Myc-
tagged EGFR mutant-expressing plasmids were transient transfected into HeLa (A), MDA-MB-231 (B), and HEK293T 
(B) cells. The nuclear extract and cytosol were immunoblotted with the indicated antibodies. (C) HEK293T cells 
expressing GFP-fusion protein of EGFR WT and NES mutant (EGFR L747A) were starved overnight, and then stimu-
lated with or without EGF (50 ng/ml) for 60 min. The cells were fixed and observed under confocal microscopy and 
representative images of nuclear localization were shown in insets. WT, wild-type. Bar, 10 μm.
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Figure S2. Confocal Z-stack scanning shows EGFR localization of H1299 cells expressing EGFR WT and L747 mu-
tants in the nuclei. A. Knock-down of EGFR in H1299 cells with scrambled and shRNA EGFR-A and -B. B. H1299 cells 
expressing GFP-fused EGFR wild-type and L747 mutants were serum starved for 12 hours and stimulated with 60 
ng/ml EGF for 30 min. The cells were fixed and permeabilized. The cell nuclei were visualized with DAPI. Confocal 
Z-stack scanning of the slides was performed using a LSM710 fluorescence confoca confocal microscope. Serial 
confocal images 1 μm apart along the Z axis were obtained. Bar, 10 μm.
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Figure S3. NES mutation of EGFR does not significantly affect 3D conformation of the kinase domain and ATP in-
hibitor binding site. A. The 3D model of the kinase domain of human EGFR L747 mutants were constructed using 
1M17 as the template for homology modeling using the program (PS)2. The figures were produced by PyMOL. B. 
The inhibitor binding site of human EGFR L858R mutant kinase domain (PDB code 2ITV). C. The residue of L747 is 
colored purple; the key residues interacting with L747 or AMPPNP are colored green. The loop where L747 locates 
and P loop are shown in red ribbons. The AMPPNP molecule is displayed as the stick model with yellow C atoms. The 
figure was produced by using matchmaker tool of UCSF Chimera.
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Figure S4. EGFR NES mutants significantly increase tumorsphere numbers in MDA-MB-231 cells. (A) MDA-MB-231 
cells stably re-expressing EGFR WT and L747 mutants were performed in tumorsphere formation assay. Bar, 100 
µm. (B) Bar graphs of tumorsphere numbers in (A) are presented as the mean value ± SE. *p < 0.05, **p < 0.01, 
***p < 0.001.
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Figure S5. Transcriptome profiles of H1299 cells expressing EGFRWT, EGFRL747S, and EGFRL858R. (A) Phosphorylated 
and total EGFR protein levels of the reconstituted expression of the WT and L747S and L858R mutants of EGFR 
were determined using immunoblotting analyses with indicated antibodies. (B) Invasive potential of the cell lines 
were determined using Boyden chamber assay. Bar, 200 µm. (C-E) Two sets of RNA samples from each stable cell 
line were used for statistical analysis. Total RNAs isolated from two sets of these stable cell lines were used for Mi-
croarray analyses. Heat maps of gene expression profiles (C), protein coding gene profiles (D), and long non-coding 
RNA (LncRNA) profiles (E) in the cell lines expressing EGFRWT, EGFRL747S and EGFRL858R.

Table S2. Limiting-dilution transplantation assay of cancer cells expressing EGFR NES mutant and its 
nuclear translocation-deficient mutant
Cell line Cell dilution Mouse number Tumor formation rate (%)
WT 1 × 105 6 3/6 (50)

5 × 104 6 0/6 (0)
WT/AA 1 × 105 6 1/6 (16.7)

5 × 104 6 0/6 (0)
L747P 1 × 105 6 5/6 (83.3)

5 × 104 6 4/6 (66.7)
L747P/AA 1 × 105 6 2/6 (33.3)

5 × 104 6 2/6 (33.3)
L747S 1 × 105 4 4/4 (100)

5 × 104 6 5/6 (83.3)
L747S/AA 1 × 105 6 2/6 (33.3)

5 × 104 6 2/6 (33.3)
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Figure S6. Blockade of nuclear translocation of EGFR sensitizes cancer cells to TKI. A. H1299 cells reconstituted ex-
pression of the indicated plasmids were transfected with siRNA-D and J against Sec61β and control siRNA (Themo 
Scientific Dhamacon), respectively. The cell lysates were immunoblotted with anti-Sec61β and anti-Tubulin. B. Viabil-
ity assay of the H1299 cells reconstituted expression of EGFR WT and L747 mutants were incubated with erlotinib 
at different concentration for 72 h after knocking down Sec61β.

Figure S7. Deletion of the EGFR NLS motif abolishes EGFR kinase activity. Cells expressing the indicated plasmids, 
with or without EGF treatment, were immunoblotted with the indicated antibodies.
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Table S3. Germline expression of EGFR NES mutant displays defect in breeding
F0: L749P or L749S founders (transmitted to F1)
• F1

+/- × F1
+/- No pups (cannot get homozygotes)

• F0 × WT F1 offspring# Predicted heterozygote#
Total: 263 65.7 (25% probability)

F1
+/- (Heterozygotes) pup 15 (5.7%)

X2 = 39.1 p > 19.58 = 0.0001
Pathological phenotype: defect in breeding, hematopoietic tumor (B cell).

Table S4. Germline expression of membrane-bound EGFR mutant does not affect breeding
F0: LL1012-1013 founders

F0
+/- × WT F1 offsprings 21

Heterozygote 4
WT 17

F1
+/- × F1

+/- F2 offsprings 24
Heterozygote 11
Homozygote 9

WT 4
p > 0.05, NS

Pathological phenotype: normal in breeding, no tumor.
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Figure S8. Germline expression of EGFR L749 mutant develops hematopoietic B cell lymphoma. Confocal images of 
B cell lineage marker staining of normal and tumor tissues. Normal and tumor tissues were fixed with paraformalde-
hyde and permeabilized with 4% NP-40, followed by 2.5% BSA blocking, and stained with Brilliant Violet 510™ anti-
mouse CD19 and NucRedDead 647. Representative images were obtained using a LSM710 fluorescence confocal 
microscope. Bar, 50 μm.

Table S5. Somatic mutations of EGFR NES found in human B lymphocyte originated tumor (COSMIC 
database)
Sample 
ID

AA  
mutation

CDS  
mutation Primary Tissue Histology Histology subtype (Zygosity)

1998470 T751I C2252C > T Hematopoietic and lymphoid Lymphoid neoplasm Plasma cell myeloma (Heterozygous)
1092628 T751I C2252C > T Hematopoietic and lymphoid Lymphoid neoplasm Plasma cell myeloma (Heterozygous)
1998476 P753S C2357C > T Hematopoietic and lymphoid Lymphoid neoplasm Hairy cell leukemia (Homozygous)
2426650 A750P C? Hematopoietic and lymphoid Lymphoid neoplasm Plasma cell myeloma (Heterozygous)


