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Abstract
Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) are effective against non-small cell lung cancer
(NSCLC) with EGFR-activating mutations. The mechanisms underlying EGFR-TKI resistance are not fully understood.
This study aimed to analyze the effects of seven EGFR ligands on EGFR-TKI sensitivity in NSCLC cells and patients. Cells
with EGFR E746-A750del mutation were treated with recombinant EGFR ligands, and analyzed for cell viability,
proliferation, and apoptosis. shRNA knockdown of endogenous Epiregulin (EREG) or overexpression of exogenous
EREG and immunofluorescence experiments were carried out. Public gene expression datasets were used for tumor
microenvironment and clinical assessment. Among the EGFR ligands, EREG significantly diminished cellular sensitivity to
TKIs and was associated with decreased response to erlotinib in NSCLC patients. EREG induced AKT phosphorylation and
attenuated TKI-induced cellular apoptosis in an ErbB2-dependent manner. EREG induced the formation of the EGFR/ErbB2
heterodimer regardless of gefitinib treatment. However, overexpression or knockdown of EREG in cancer cells had little
impact on TKI sensitivity. Single-cell RNA sequencing data revealed that EREG was predominantly expressed in
macrophages in the tumor microenvironment. In addition, EREG-enriched macrophage conditional medium induced EGFR-
TKI resistance. These findings shed new light on the mechanism underlying EGFR-TKI resistance, and suggest macrophage-
produced intratumoral EREG as a novel regulator and biomarker for EGFR-TKI therapy in NSCLC.

Introduction

Mutations of the epidermal growth factor receptor (EGFR)
are frequent genetic alterations in non-small cell lung cancer
(NSCLC). They occur in approximately 11–16% of lung
adenocarcinoma patients in Caucasians, and in up to 50% of
East Asian populations [1]. The most prevalent EGFR
mutations (>90%) are exon 19 deletions and the L858R
mutation in exon 21 within the kinase domain, resulting in
uncontrolled activation of EGFR [2]. First-generation EGFR
tyrosine kinase inhibitors (TKIs), including gefitinib and
erlotinib, are generally recommended for the treatment of
advanced NSCLC harboring EGFR mutations. Furthermore,
the third-generation TKI osimertinib has been recommended
as a first-line drug, because of its better clinical efficacy and
fewer adverse effects [3]. However, intrinsic resistance or
acquired resistance after a period of initial response remains
a problem in the field of EGFR-TKI therapy [2, 4, 5].

Several mechanisms have been elucidated for EGFR-
TKI resistance. The most common mechanism of acquired
resistance to first- and second-generation TKIs is EGFR

* Jinyi Lang
langjy610@163.com

* Bangrong Cao
caobangrong@uestc.edu.cn

1 Radiation Oncology Key Laboratory of Sichuan Province, Sichuan
Cancer Hospital & Institute, Sichuan Cancer Center, School of
Medicine, University of Electronic Science and Technology of
China, Chengdu, China

2 Department of Thoracic Surgery, Sichuan Cancer Hospital &
Institute, Sichuan Cancer Center, School of Medicine, University
of Electronic Science and Technology of China, Chengdu, China

3 Department of Biobank, Sichuan Cancer Hospital & Institute,
Sichuan Cancer Center, School of Medicine, University of
Electronic Science and Technology of China, Chengdu, China

Supplementary information The online version contains
supplementary material available at https://doi.org/10.1038/s41388-
021-01734-4.

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-021-01734-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-021-01734-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41388-021-01734-4&domain=pdf
http://orcid.org/0000-0002-2673-9749
http://orcid.org/0000-0002-2673-9749
http://orcid.org/0000-0002-2673-9749
http://orcid.org/0000-0002-2673-9749
http://orcid.org/0000-0002-2673-9749
http://orcid.org/0000-0002-5406-8671
http://orcid.org/0000-0002-5406-8671
http://orcid.org/0000-0002-5406-8671
http://orcid.org/0000-0002-5406-8671
http://orcid.org/0000-0002-5406-8671
http://orcid.org/0000-0002-3865-3563
http://orcid.org/0000-0002-3865-3563
http://orcid.org/0000-0002-3865-3563
http://orcid.org/0000-0002-3865-3563
http://orcid.org/0000-0002-3865-3563
mailto:langjy610@163.com
mailto:caobangrong@uestc.edu.cn
https://doi.org/10.1038/s41388-021-01734-4
https://doi.org/10.1038/s41388-021-01734-4


T790M mutation alone or in combination with EGFR
amplification, which is present in nearly 50–60% of cases
[5]. However, tumors with the T790M mutation are sensi-
tive to the third-generation TKI osimertinib. Other
mechanisms of acquired resistance include small cell his-
tology transformation (10%), HER2 amplification (12%),
MET amplification (5%), and mutations in PI3K, BRAF, or
KRAS genes (<5%) [2, 5]. Unlike acquired resistance, the
mechanism of intrinsic resistance is not well understood.
Amplification or rare mutations in EGFR and activation of
the by-pass parallel receptor tyrosine kinase (e.g., HER2,
MET, ALK, FGFR) may contribute to a poor response to
TKIs [4]. Nevertheless, other novel mechanisms underlying
EGFR-TKI resistance remain to be explored.

Ligand-dependent activation of the EGFR signaling
pathway is a putative mechanism for EGFR-TKI resistance.
There are seven EGFR ligands that activate EGFR by
inducing the formation of EGFR homodimers, or hetero-
dimers with other ErbB family members [6, 7]. Upon
activation, EGFR stimulates the downstream MEK/ERK
and PI3K/AKT pathways, thereby promoting cellular pro-
liferation and survival [8]. Kakiuchi et al. [9] reported that
amphiregulin (AREG) and TGFα were overexpressed in
non-responders compared to responders to gefitinib. Further
studies confirmed that elevated serum levels of TGFα were
associated with lower therapeutic response and poor out-
come in patients following gefitinib treatment [10, 11]. In
addition, EGF expression was upregulated in EGFR T790M
tumors that developed resistance to osimertinib [12].
However, the effect of other EGFR ligands on EGFR-TKI
sensitivity, such as Epiregulin (EREG), Epigen (EPGN),
Betacellulin (BTC), and Heparin-binding EGF (HB-EGF),
remains unclear. Systematic analysis of the effects of seven
EGFR ligands on TKI sensitivity would uncover the
mechanism(s) of TKI resistance.

Although several EGFR ligands have been implicated in
TKI resistance, the cellular origins of these ligands have not
been investigated. Previous evidence suggests that EGFR
and its ligands mediate vital processes within the tumor
microenvironment via autocrine and paracrine circuits [13].
Several ligands of EGFR, such as EGF, TGFα, AREG, and
EREG, can be secreted by lung cancer cells [9]. However,
these ligands may also derive from other cells within the
tumor microenvironment, such as fibroblasts and macro-
phages [14–16]. The cellular origin of EGFR ligands that
influence TKI sensitivity has not been clearly characterized,
which limits our understanding of the resistance mechanism.

In this study, we assessed the response of EGFR-mutant
cells to EGFR-TKIs in the presence of different EGFR
ligands. In addition to the ligands already reported, EREG
was found to be dominantly involved in EGFR-TKI resis-
tance. High expression of EREG was correlated with low
clinical response and poor progression-free survival (PFS)

in NSCLC patients receiving TKI treatment. Further results
revealed that EREG induced TKI resistance by preventing
apoptosis possibly through the EGFR/ErbB2 heterodimer.
Finally, EREG expressed by macrophages rather than can-
cer cells may contribute to resistance. Our results suggest
that EREG produced by non-tumor cells in the tumor
microenvironment may be part of a novel mechanism for
EGFR-TKI resistance.

Results

EREG confers EGFR-TKI resistance in NSCLC cells and
patients

Two cell lines harboring the EGFR E746-A750del mutation
(PC9 and HCC827) were chosen to analyze the impact of
seven EGFR ligands on EGFR-TKI sensitivity. The cell
counting kit-8 (CCK-8) assay revealed that PC9 and
HCC827 cells became more resistant to TKIs when treated
with recombinant EGF and TGFα. In particular, the effect
on gefitinib sensitivity was much more pronounced
(Fig. 1A, B). Surprisingly, we found that the sensitivities of
the two cells to TKIs were significantly reduced in the
presence of recombinant EREG (Fig. 1C). The IC50 of the
inhibitory effect on the sensitivity to gefitinib and erlotinib
increased by more than two times in the EREG group
compared with the control group. The addition of Epigen to
the medium also increased to a certain degree of the resis-
tance to TKIs, but it did not affect the sensitivity of
HCC827 cells to erlotinib (Fig. 1D). In contrast, treatment
with the other ligands, including amphiregulin, betacellulin,
and HB-EGF, resulted in no remarkable change in the
sensitivity to TKIs (Supplementary Fig. S1). Furthermore,
the effect of EREG on the sensitivity of the third-generation
TKI osimertinib was also confirmed (Fig. 1E).

Next, we analyzed the correlation between EREG
expression in tumor tissues and erlotinib response in
NSCLC patients (Fig. 1F). The results showed that EREG
expression was positively correlated with disease progres-
sion following erlotinib treatment. The 8-week disease
control rate was 23.1% in the EREG-high subgroup and
69.2% in the EREG-low subgroup. Accordingly, higher
expression of EREG indicated a significantly shorter PFS of
patients. However, the expression levels of the other six
EGFR ligands were not correlated with erlotinib response or
PFS of patients (Supplementary Fig. S2).

EREG induces EGFR-TKI resistance by enhancing
anti-apoptosis rather than proliferation

We next investigated whether EREG-induced TKI resis-
tance was associated with cell proliferation. The CCK-8
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Fig. 1 EREG confers EGFR-TKI resistance in NSCLC cells and
patients. A–D HCC827 and PC9 cells were seeded in 96-well plates in
medium containing 1% FBS. After overnight incubation, the cells
were treated with EGFR ligands (50 ng/mL) and different doses of
gefitinib or erlotinib for 48 h. The viability of cells was determined
using the CCK-8 assay. The OD value at 450 nm was measured with
an iMark microplate reader. Results are expressed as mean ± SEM
from three independent experiments (n= 3). E The sensitivity of
HCC827 (left) and PC9 (right) cells to Osimertinib was assayed by the

above method. F Association of EREG expression with erlotinib
response in NSCLC. EREG expression levels in tumors were com-
pared between patients with different responses to erlotinib (left
panel). p value was calculated by using Wilcoxon test. The 8-week
disease control (DC) rate (middle panel) and PFS (right panel) of
patients with high- and low-expression of EREG are presented. Sta-
tistical significance for differences in DC rate and PFS was calculated
by Fisher’s exact test and log-rank test, respectively.
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assay was performed to examine the effects of EREG on the
growth of PC9 and HCC827 cells. The results showed that
EREG did not promote the growth of these cells, either in
the presence or absence of TKI (Supplementary Fig. S3A,
B). In addition, as shown by immunoblotting experiments,
the phosphorylation levels of the extracellular signal-
regulated kinase (ERK) in PC9 and HCC827 were com-
parable between the EREG treatment and control groups
(Supplementary Fig. S3C, D).

We hypothesized that EREG might affect cellular
apoptosis induced by EGFR-TKIs. Therefore, we analyzed

apoptosis in PC9 cells treated with TKIs alone, EREG
alone, or their combination. Flow cytometric analysis
revealed that EREG prevented gefitinib-induced apoptosis
in a dose-dependent manner (Fig. 2A, B). In particular, the
percentage of apoptotic cells induced by 15 nM gefitinib
was 44.3%, compared to 25.7% in the gefitinib plus EREG
group. Similarly, the percentage of apoptosis induced by
15 nM erlotinib was reduced from 15.3 to 9.2% after
treatment with EREG. Furthermore, we examined the
effects of EREG on the levels of proteins associated with
apoptosis. Western blot analysis showed that gefitinib and

Fig. 2 EREG induces EGFR-TKI resistance by preventing apop-
tosis. A PC9 cells were seeded in 6-well plates in medium containing
1% FBS. After overnight incubation, the cells were treated with 0, 5,
15 nM gefitinib/erlotinib and/or 50 ng/mL recombinant EREG for
24 h. Cells were stained with Annexin V-FITC and PI according to a
standard protocol, and analyzed using flow cytometry. B The apoptotic
rate is presented as a histogram by GraphPad Prism 7. Results are
expressed as mean ± SEM from three independent experiments

(n= 3). C, D PC9 and HCC827 cells were seeded in 6-well plates in
medium containing 1% FBS. After overnight incubation, the cells
were treated with gefitinib/erlotinib and/or 50 ng/mL recombinant
EREG for 24 h, and then washed with PBS and lysed in loading buffer.
The expressions of cleaved caspase 9 in PC9 cells and cleaved caspase
3 and cleaved caspase 8 in HCC827 cells were assessed by western
blot analysis, GAPDH or β-actin was used as protein level control.
*p < 0.05; **p < 0.01; NS not significant.
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erlotinib enhanced cleaved caspase 9 levels compared with
the control group, which was not observed after the addition
of EREG (Fig. 2C). We observed similar results for the
apoptotic markers cleaved caspase 8 and cleaved caspase 3
in HCC827 cells (Fig. 2D). When cells were pretreated with
the pan-caspase inhibitor Z-VAD-FMK, the differences in
apoptosis rates between the EREG and control groups were
diminished (Supplementary Fig. S4A). The same was true
for apoptotic protein levels (Supplementary Fig. S4B, C).
Taken together, these results suggest that EREG-induced
TKI resistance is more likely associated with prevention of
apoptosis rather than fostering proliferation in NSCLC cells.

EREG-conferred EGFR-TKI resistance depends on
ErbB2

EREG induces homodimerization of EGFR and ErbB4, and
ErbB family members. Therefore, we sought to analyze the
role of the ErbB family. PC9 cells were transfected with
shRNAs targeting ErbB2, ErbB3, and ErbB4, or with
scrambled control shRNA. CCK-8 assay revealed that
knockdown of ErbB2 using two different shRNAs atte-
nuated the EREG-induced resistance to TKIs, as compared
with the scrambled control (Fig. 3A, B). However, knock-
down of ErbB3 or ErbB4 had no effect on the EREG-
induced resistance (Supplementary Fig. S5A–C). ErbB2
knockdown also attenuated the inhibitory effect of EREG
on apoptosis, by increasing the percentage of apoptotic cells
and cleaved caspase 9 expression (Fig. 3C, D). The same
was true for HCC827 cells (Fig. 3E–G).

Next we analyzed the requirement of ErbB2 for TKI
resistance using patient’s data. Patients were divided into
ErbB2-high and -low subgroups according to their gene
expression levels. The results showed that the correlation
between EREG expression and patient response to erlotinib
was statistically significant in the ErbB2-high subgroup, but
not in the ErbB2-low subgroup (Fig. 3H, I).

We further investigated the molecular mechanism
underlying EREG-induced TKI resistance. Immuno-
fluorescence assays showed a strong colocalization
between EGFR and ErbB2 in the presence of EREG,
which was maintained after gefitinib treatment (Fig. 4A).
The downstream signaling pathways were detected fol-
lowing EREG treatment in the presence or absence of
gefitinib. EREG recovered the phosphorylation level of
ERK that were reduced by gefitinib, in cells expressing
ErbB2 or being knockout for ErbB2. Although the pAKT
levels were recovered by EREG in scrambled shRNA
transfected cells, the recovery was attenuated when
ErbB2 was knocked down (Fig. 4B, C). These results
suggest that EREG-induced EGFR-TKI resistance may
depend on the EGFR/ErbB2 heterodimer and the down-
stream PI3K/AKT pathway.

Cancer cell-derived EREG does not affect EGFR-TKI
sensitivity

We have examined the role of extracellular addition of
recombinant EREG on TKI resistance. We further assessed
whether EREG expression in EGFR-mutant cell lines has an
impact on EGFR-TKI resistance. First, we examined the
expression of EREG in NSCLC cells that were sensitive
(PC9 and HCC827) or resistant (H1650 and H1975) to
EGFR-TKIs. Western blot results showed that HCC827
cells expressed the highest levels of EREG, while the other
three cells expressed low levels of EREG. Determination of
the EREG mRNA levels in the four cell lines by qPCR
showed similar results (Fig. 5A). Next, we extracted mRNA
and proteins from HCC827GR and PC9GR cells with
acquired resistance to gefitinib. Although the expression of
EREG in HCC827GR cells was significantly higher than
that in parental HCC827 cells, there was no significant
difference between PC9GR and PC9 cells (Fig. 5B).

Meanwhile, we knocked down EREG expression in
HCC827 cells by shRNA lentivirus and introduced EREG
cDNA into PC9 cells. The CCK-8 assay revealed that
neither depletion nor overexpression of EREG had a sig-
nificant effect on the sensitivity of gefitinib (Fig. 5C).
EREG expression has been reported to be EGFR depen-
dent and attenuated by specific inhibitors of EGFR.
Consistently, western blot analysis showed that gefitinib
could inhibit the expression of EREG in HCC827 and
PC9-EREG-overexpression cells (Fig. 5D), indicating that
EREG may originate from other cells in the tumor
microenvironment.

Macrophages are potential source of EREG that
confers EGFR-TKI resistance

By reanalyzing the single-cell RNA sequencing data of
the tumor microenvironment of NSCLCs (GSE127465), we
found that EREG was highly expressed in the macrophage
population (Fig. 6A, B). We induced the differentiation of
THP-1 cells to macrophages (M0) with PMA and then
polarized the macrophages with LPS/IFN-γ and IL-4/IL-13,
respectively. The expression of EREG protein in macro-
phages was significantly higher than that in control cells.
Unlike in cancer cells, gefitinib did not inhibit the expres-
sion of EREG in macrophages (Fig. 6C). After treatment
with conditioned medium (CM) from macrophages,
NSCLC cells pronounced resistance to gefitinib (Fig. 6D).
Similar results were obtained in the case of PBMCs dif-
ferentiated into macrophages by M-CSF (Supplementary
Fig. S6A, B). Collectively, these results indicate that para-
crine secretion of EREG by macrophages in the tumor
microenvironment may promote resistance to EGFR-TKIs
in EGFR-mutant NSCLC cells (Fig. 6E).
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Fig. 3 EREG-conferred EGFR-TKI resistance depends on ErbB2.
PC9 and HCC827 cells were transfected with shRNAs (scramble,
HER2 shRNA sequences 1–2). A, E PC9 and HCC827 cells were
harvested, and mRNA and proteins were extracted. Quantitative real-
time RT-PCR was performed as described in the Methods (left panel),
and the expression of ErbB2 was assayed by western blot analysis,
GAPDH was used as protein level control (right panel). B, F PC9 and
HCC827 cells were seeded in 96-well plates in medium containing 1%
FBS. After overnight incubation, the cells were treated with different
doses of gefitinib and/or 50 ng/mL recombinant EREG for 48 h. The
viability of cells was determined using the CCK-8 assay. Results are
expressed as mean ± SD (n= 3). C PC9 cells were harvested and
incubated in 6-well plates in medium containing 1% FBS. After
overnight incubation, the cells were treated with 50 ng/mL recombi-
nant EREG and/or 0, 5, 15 nM gefitinib for 24 h. Cells were stained

with Annexin V-FITC and PI according to a standard protocol, and
analyzed using flow cytometry. The apoptotic rate is presented as a
histogram by GraphPad Prism 7. Results are expressed as mean ±
SEM from three independent experiments (n= 3). D, G The expres-
sions of cleaved caspase 9 in PC9 cells and cleaved caspase 3 and
cleaved caspase 8 in HCC827 cells were assayed by western blot
analysis, GAPDH was used as protein level control. H, I Predictive
value of EREG for erlotinib therapy in patient subgroups stratified by
ErbB2 expression levels. Patients were grouped by the median value
of ErbB2 expression. The association of EREG with 8-week disease
control (DC) and PFS following erlotinib therapy was analyzed in the
ErbB2-high (H) and ErbB2-low (I) subgroups, respectively. Wilcoxon
test, Fisher’s exact test, and log-rank test were used to estimate the
significance of differences in EREG expression, DC rate, and PFS,
respectively. *p < 0.05; **p < 0.01; NS not significant.
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Discussion

This study systemically analyzed the seven ligands of
EGFR (EGF, TGFα, AREG, EREG, EPGN, BTC, and
HB-EGF) that affect the sensitivity of NSCLC cells to

EGFR-TKIs in vitro. Consistent with previous studies, our
results showed that EGF and TGFα were associated with
reduced sensitivity to gefitinib or erlotinib in EGFR-
mutant cells. The predictive value of serum amphiregulin
for the response of patients with advanced NSCLC to

Fig. 4 The mechanism of ErbB2 affecting EREG-mediated TKI
resistance. A Imaging analysis of EGFR-ErbB2 heterodimer: PC9
cells were seeded on 14-mm glass coverslips in 24-well plates, after
serum starved overnight, 50 ng/mL EREG, 10 nM gefitinib, and EREG
plus gefitinib were added to cells for 30 min. Cells were stained for
immunofluorescence. Pictures were taken by Nikon A1 laser scanning
confocal microscope with a 100× oil lens. The blue color represents
DAPI, the green color represents ErbB2, and the red color represents

EGFR. B PC9 cells were transfected with scramble or ErbB2 shRNA.
Then the cells were harvested and incubated in 6-well plates. After
serum starved overnight, the cells were treated with 2 nM gefitinib
and/or different concentrations of recombinant EREG for 15 min. The
expression of pEGFR, pAKT, and pERK was assayed by western blot
analysis, GAPDH was used as protein level control. C Quantification
of fold expression of ERK and AKT phosphorylation over GAPDH
and normalization to DMSO control.

2602 S. Ma et al.



EGFR-TKI treatment is controversial [10, 11]. We
revealed that amphiregulin treatment of NSCLC cells did
not influence the sensitivity to EGFR-TKIs, suggesting
that the role of amphiregulin needs further investigation.
HB-EGF and BTC, two ligands that promote lysosome
degradation rather than membrane recycling of EGFR

[17], were found to have little effect on TKI sensitivity
according to our data. Surprisingly, we found that EREG
and EPGN induced cellular resistance to EGFR-TKIs,
with the exception of the effect of EPGN on erlotinib
resistance in HCC827 cells. EREG and EPGN have been
reported to interact with EGFR with relatively low

Fig. 5 Cancer cell-derived EREG does not affect EGFR-TKI
sensitivity. A PC9, HCC827, H1650, and H1975 cells were seeded in
6-well plates overnight, then mRNA and proteins were extracted.
Quantitative real-time RT-PCR was performed as described in the
Methods (top panel), and the expression of EREG was assayed by
western blot analysis, GAPDH was used as protein level control
(bottom panel). B HCC827, HCC827GR and PC9, PC9GR cells were
seeded in 6-well plates overnight, and mRNA and proteins were
extracted. Quantitative real-time RT-PCR was performed as described
in the Methods (left), and the expression of EREG was assayed by
western blot analysis, GAPDH was used as protein level control

(right). C HCC827 cells were transfected with shRNAs (scramble,
EREG shRNA) and PC9 cells were transfected with EREG cDNAs
using lentivirus vectors for 24 h, cell lysates were prepared, and the
expression of EREG was assayed by western blot analysis, GAPDH
was used as protein levels control (left), The viability of cells was
determined using the CCK-8 assay. The OD value at 450 nm was
measured with an iMark microplate reader. Results are expressed as
mean ± SEM from three independent experiments (n= 3) (right).
D PC9, PC9-expEREG, and HCC827 cell extracts were prepared. The
expression of pAKT, pERK, and EREG was assayed by western blot
analysis. GAPDH was used as protein level control.
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affinity, but induced more sustained EGFR signaling than
EGF and TGFα [6]. These results suggest that different
EGFR ligands have distinct effects on EGFR-TKI sensi-
tivity, which may depend on the mechanism of action of
EGFR and subsequent cellular responses.

Dysregulation of EREG may contribute to the pro-
gression of various types of human malignancies,
including lung cancer [18–20]. However, the effect of
EREG on the sensitivity of NSCLC cells to EGFR-TKIs
remains unclear. In this study, we revealed that soluble

EREG induces resistance to EGFR-TKIs in EGFR-
mutant cells by inhibiting cellular apoptosis. In contrast,
we found that EREG stimulation did not directly promote
proliferation of these cells. This might be explained by
the fact that EREG induced sustained EGFR signaling
and preferentially induced cellular differentiation but not
proliferation [6]. In agreement with a previous report [6],
we found that sustained downstream AKT activation
after EREG stimulation may contribute to anti-apoptosis
and cell survival.

Fig. 6 Impact of EREG on EGFR-TKI sensitivity is based on a
paracrine effect. A The single-cell landscape of tumor micro-
environment components visualized by t-distributed stochastic neigh-
bor embedding (t-SNE) plot. Each dot represents a single cell that is
colored according to EREG expression level. B Percentage of EREG+

cells in cell populations in (A). Data of seven individual patients are
presented. The patient-specific populations were excluded because
there were only presented in one patient. p value was calculated by
Kruskal–Wallis rank sum test. C THP-1 cells were treated with PMA
to produce macrophages (M0) and then polarized with LPS/IFN-γ for
24 h to produce macrophages (M1) and IL-4/IL-13 for 72 h to produce
macrophages (M2). The M1 and M2 macrophages were cultured in
10 mL serum-free RPMI 1640 medium for 48 h. Then, the conditioned
medium (CM) were harvested, and cell lysates of M0, M1, and M2

macrophages were prepared. The expression of EREG was assayed by
western blot analysis. GAPDH was used as protein levels control (left
panel). The M2 macrophages were treated with 2 nM gefitinib for 24 h,
M2 macrophage proteins were extracted. The expression of EREG was
assayed by western blot analysis. GAPDH was used as protein level
control (right panel). D PC9 cells were seeded in 96-well plates in the
CM. The next day, the cells were treated with different doses of
gefitinib for another 48 h. The viability of cells was determined using
the CCK-8 assay. The OD value at 450 nm was measured with an
iMark microplate reader. Results are expressed as mean ± SEM from
three independent experiments (n= 3). E Schematic cartoon illustrates
that EREG secreted by macrophages promote EGFR-TKI resistance in
an EGFR/ErbB2-AKT-axis-dependent manner.
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EREG binds to EGFR and ErbB4 to stimulate homo-
dimerization of the two receptors or their heterodimeriza-
tion, thereby activating downstream pathways [19, 21]. It is
necessary to determine whether EREG-induced EGFR-TKI
resistance depends on other ErbB family members. By
inhibiting the expression of ErbB-2, 3, and 4 using shRNAs
targeting these genes, we found that only ErbB2 is required
for EREG-induced cellular resistance to EGFR-TKIs.
EREG stimulated subcellular colocalization of EGFR and
ErbB2 in EGFR-mutant cells, suggesting the formation of
heterodimers. Previous studies have demonstrated that
ErbB2 genetic amplification [22] and mutation [23] con-
tribute to EGFR-TKI resistance in NSCLC. Our data pro-
vided evidence that dysregulation of ErbB2 function by
EREG may also affect TKI sensitivity. These results sug-
gest that EREG-stimulated EGFR/ErbB2 signaling is a
promising novel mechanism for TKI resistance.

The expression of EREG was elevated along with the
activation of EGFR or downstream KRAS and BRAF,
indicating a positive feedback loop of EREG and EGFR
signaling [20, 21]. However, we found that the expression
of EREG in cancer cells was not associated with either
intrinsic or acquired resistance to EGFR-TKIs. This is
partially explained by the fact that EGFR-TKIs could
inhibit the endogenous expression of EREG, as seen in our
results and previous reports [20]. Our results showed that
expression of exogenous EREG in PC9 cells was also
decreased in the presence of gefitinib. These results col-
lectively suggest that EREG expression in cancer cells is
inhibited by EGFR-TKIs and, therefore, is not associated
with EGFR-TKI sensitivity.

Thus, it is necessary to explore the role of EREG in the
tumor microenvironment which is composed of macro-
phages, fibroblasts, endothelial cells, and lymphocytes
[24]. By reanalyzing previously published single-cell RNA
sequencing data from NSCLC tumor tissues [25], we found
that EREG was highly expressed macrophages/monocytes.
These findings are supported by previous studies that have
reported that monocytes and macrophages express EREG
[16]. We also demonstrated that NSCLC cells became
resistant to EGFR-TKIs when co-cultured with EREG-
enriched macrophage conditional medium in vitro. Unlike
in cancer cells, gefitinib did not inhibit EREG expression in
macrophages, which may be regulated in an EGFR-
independent manner. In fact, Massip-Copiz et al. [26]
reported that EREG expression could be induced by the
pro-inflammatory IL-1β/NFκB pathway. Recent evidence
has shown that the peripheral inflammatory index,
neutrophil-to-lymphocyte ratio, was inversely correlated
with EGFR-TKI treatment response and clinical prognosis
in NSCLC patients [27]. EREG has been implicated in
inflammatory responses under both physiological and
pathological conditions [19]. Taken together with our

results, it is proposed that the macrophage-derived EREG
may be involved in the mechanism of EGFR-TKI tolerance
induced by inflammation.

In addition to EGFR mutations, there are few biomarkers
that can effectively predict EGFR-TKI sensitivity in
advanced NSCLC. Previous studies revealed that the
objective response rates of the first-, second-, and third-
generation TKIs were 62–83%, 56–75%, and 71–80%,
respectively [1, 3]. These results indicate that a certain
proportion of EGFR-mutant NSCLCs are intrinsically
resistant to EGFR-TKIs. Meanwhile, a subgroup of patients
with wild-type or unknown EGFR status may benefit from
EGFR-TKI therapy [28, 29]. Therefore, it would be helpful
to explore novel biomarkers for EGFR-TKI treatment. Our
results suggested that the expression of EREG in tumors can
predict the response and PFS of patients receiving EGFR-
TKIs. The predictive value of EREG was dependent on
ErbB2 expression, which was consistent with results from
in vitro experiments showing that ErbB2 is required for
EREG-induced EGFR-TKI resistance. One limitation of our
study is the relatively small sample size of the clinical
dataset. Therefore, validation of the results in a larger pro-
spective cohort is warranted. Nevertheless, our findings
suggest a trend toward the predictive value of EREG for
EGFR-TKI therapy in advanced NSCLC.

In summary, we systemically assessed the effects of
seven EGFR ligands on NSCLC cells in response to EGFR-
TKIs. EREG induced cellular resistance to EGFR-TKIs by
preventing apoptosis in an ErbB2-dependent manner. A
paracrine effect of EREG secreted by macrophages in the
tumor microenvironment has been proposed. High expres-
sion of EREG in tumor tissues is associated with EGFR-
TKI resistance in patients with advanced NSCLC. These
results suggest that high expression of intratumoral EREG
may be a novel mechanism of resistance to EGFR-TKIs in
NSCLC patients.

Materials and methods

Materials

EGF (cat. no. AF-100-15), TGFα (cat. no. 100-16A), epir-
egulin (cat. no. 100-04), Epigen (cat. no. 100-51), amphir-
egulin (cat. no. 200-55B), betacellulin (cat. no. 100-50), and
HB-EGF (cat. no. 100-47) were purchased from PeproTech
(Rocky Hill, NJ, USA). CCK-8 (cat. no. FXP132-1000) was
purchased from 4A Biotech (Beijing, China). Gefitinib (cat.
no. HY50895) and erlotinib (cat. no. HY50896) were pur-
chased from MCE (Shanghai, China). Antibodies against
epiregulin (cat. no. 12048), anti-phospho-AKT (cat. no.
4060), anti-phospho-ERK1/2 (cat. no. 9101), anti-ErbB2
(cat. no. 2165), anti-ErbB3 (cat. no. 12708), anti-ErbB4
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(cat. no. 4795), anti-cleaved caspase 3 (cat. no. 9661), anti-
caspase 8 (cat. no. 9746), anti-cleaved caspase 9 (cat. no.
9501) and anti-rabbit IgG (H+L), F(ab’) 2Fragment (Alexa
Fluor 488) (cat. no. 4412) were purchased from Cell Sig-
naling Technology (Danvers, MA, USA). Anti-EGFR
antibodies (cat. no. ab52894) and anti-mouse IgG H&L
conjugated to Alexa Fluor 647 (cat. no. ab150115) were
purchased from Abcam (Cambridge, MA, USA). Anti-
bodies against GAPDH (cat. no. EM1101) and the sec-
ondary antibody of anti-rabbit lgG (cat. no. HA1001) were
purchased from HUA BIO (Hangzhou, China). 4’,6-Dia-
midino-2-phenylindole dihydrochloride (DAPI) (cat. no.
28718–90-3) and puromycin (cat. no. P8833) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The
anti-fluorescent quencher was purchased from Biosharp
(cat. no. BL701A) (Hefei, China). Annexin V-FITC
Apoptosis Detection Kit (cat.no. KGA108) was purchased
from KeyGene BioTech (Nanjing, China).

Lentiviral-based shRNA constructs targeting human
EREG and nonspecific control shRNAs were synthesized by
GeneChem Biotech (Shanghai, China). The sequences of
shRNAs targeting EREG were 5′-TCGGTTCCACATATTA
TTT-3′ and 5′-TGTGGCTCAAGTGTCAATA-3′, and the
control shRNA sequence was 5′-TTCTCCGAACGTGTC
ACGT-3′. Lentiviral-based shRNA constructs targeting
human ErbB2 and nonspecific control shRNAs were syn-
thesized by Tsingke Biotechnology Co. (Beijing, China).
The sequences of shRNAs targeting ErbB2 were 5′-GC
CATCAAAGTGTTGAGGGAA-3′ and 5′-CCCTGTTCTC
CGATGTGTA-3′, and control shRNA sequence was
5′-ccggUUCUCCGAACGUGUCACGUctcgagACGUGAC
ACGUUCGGAGAAttttt-3′. RNeasy Mini Kit (cat. no.
74104), Gel Extraction Kit (cat. no. 28706), and Plasmid
Maxi kit (cat. no. 12162) were purchased from Qiagen
(Hilden, Germany). iTaq Universal SYBR Green One-Step
Kit was purchased from Bio-Rad Laboratories (Hercules,
CA, USA). OPTI-MEM (cat. no. 31985-062) was purchased
from Gibco (Grand Island, NY, USA). The X-treme GENE
HP DNA transfection reagent (cat. no. 06366236001) was
purchased from Roche (Mannheim, Germany). The PCR
Mycoplasma Test Kit (cat. no.K0103) was purchased from
HUA BIO.

Cell culture

All cell lines were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA) and the cell
bank of the Chinese Academy of Sciences (Shanghai,
China), and were maintained in RPMI 1640 medium
(Gibco) supplemented with 10% fetal bovine serum (BI,
Kibbutz Beit-Haemek, Israel) at 37 °C in 5% CO2. All cell
lines were tested for mycoplasma infection using the PCR
Mycoplasma Test Kit (HUA BIO).

CCK-8 assay

HCC827 and PC9 cells were seeded in 96-well plates at a
density of 5000 cells/well in medium containing 1% FBS
or macrophage CM. After overnight incubation, the cells
were treated with different reagents at various con-
centrations. Cell viability was determined using the CCK-
8 assay. Ten microliters of CCK-8 solution was added to
each well. The plates were incubated for 2 h at 37 °C, and
the OD values at 450 nm were measured using the Bio-
Rad microplate reader. Each CCK-8 assay was repeated
three times.

Real-time PCR

Total RNA was extracted using RNeasy Mini Kit. RNA
concentration was determined using a NanoDrop 2000 spec-
trophotometer. The iTaq Universal SYBR Green One-Step
Kit was used for quantitative real-time reverse transcriptase-
PCR with 50 ng RNA on the CFX-Connect real-time PCR
detection system. Relative gene expression at the mRNA level
was calculated using 2cq value of GAPDH – cq value of the target gene.
GAPDH was used as an internal control. Each qPCR assay
was repeated three times. The primer sequences used were
as follows:

EREG forward primer 5′-TGGACATGAGTCAAAAC
TACT-3′,

EREG reverse primer 5′-GAAGTGTTCACATCGGAC
ACC-3′,

ErbB2 forward primer 5′-TCAGTGACCTGTTTTGGA
CCG-3′,

ErbB2 reverse primer 5′-CGGGCCACGCAGAAGGGA
GGG-3′,

GAPDH forward primer 5′-ACCCAGAAGACTGTGG
ATGG-3′,

GAPDH reverse primer 5′-TTCAGCTCAGGGATGAC
CTT-3′.

Apoptosis assays

PC9 and HCC827 cells were grown in 6-well plates at a
density of 3 × 105 cells/well in a medium containing 1%
FBS overnight. Cells were treated with 0, 5, or 15 nM
gefitinib/erlotinib and/or 50 ng/mL recombinant EREG
for 24 h, and DMSO was used as a control. Cells were
harvested by exposure to trypsin without EDTA, washed
with PBS, and centrifuged at 500 g for 5 min. Then,
the cells were suspended in binding buffer at a con-
centration of 1 × 106 cells/mL. FITC-conjugated annexin
V and PI (5 μL) were added to 500 μL of cell suspension.
The samples were then analyzed using BD FACS Canto
II flow cytometer. The experiments were repeated
three times.
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Western blot

Cells were treated with different reagents for various times,
washed with PBS, and lysed in loading buffer. The samples
were then subjected to SDS-PAGE. After blocking, the
membranes were incubated with primary antibodies. If
necessary, the membranes were stripped and re-probed with
another antibody. The results were analyzed using Tanon
5200 chemiluminescence imager.

Lentiviral production and virus transduction

The lentiviruses were packaged by mixing 3 μg lentiviral
vector with 2.7 μg of helper plasmid pCMV-dR8.91 and
0.3 μg envelope plasmid (vesicular stomatitis virus-G) for
5 min. Then, 582 μL of serum-free Opti-MEM and 18 μL
XtremeGene HP were added. The tubes were incubated at
room temperature for 15 min. The mixture was added
dropwise to 10 cm dishes containing 293T cells. After 10 h,
the medium was replaced with 10 mL growth medium
containing 20% serum for virus production. The cells were
incubated for another 24 h, and the lentivirus-containing
medium was collected.

When the cells were approximately 35% confluent in a
10-cm dish, the growth medium was replaced with 10mL fresh
medium containing 2mL virus and 8 μg/mL polybrene. After
24 h, the medium was replaced with 10mL fresh growth
medium containing 2 μg/mL puromycin. The cells were incu-
bated for 48 h under puromycin selection. Cells were harvested
and divided into three parts according to standard procedures
for western blotting, cell proliferation, and apoptosis assays.

Immunofluorescence assay

PC9 cells were grown on 14-mm glass coverslips in 24-well
plates. After overnight serum starvation, 50 ng/mL EREG
and 10 nM gefitinib were added to the cells for 30 min. The
cells were washed three times with ice-cold PBS and fixed
with 4% paraformaldehyde at room temperature for 15 min.
The cells were permeabilized with ice-cold PBS containing
0.25% Triton-X100 for 5 min after being washed three
times with PBS. The cells were then incubated with 10%
bovine serum albumin for 1 h at 37 °C. Anti-EGFR and
anti-ErbB2 antibodies were incubated with the cells at 4 °C
overnight. The cells were washed three times and incubated
with Alexa488-conjugated anti-rabbit secondary antibody
and Alexa Fluor 647-conjugated anti-mouse secondary
antibody for 1 h at room temperature. The cells were then
washed three times with PBS. After the nuclei were stained
with 5 μg/mL DAPI for 5 min, the cells were washed three
times with PBS, and the coverslips were removed and
placed on slides with an anti-fluorescent quencher. Pictures

were taken by Nikon A1 laser scanning confocal micro-
scope with a 100× oil lens.

Polarization of M1 and M2 macrophages

In all, 1 × 107 THP-1 cells growing in a 10 cm dish were
incubated in 10 mL complete medium containing 200 ng/mL
PMA for 24 h and subsequently further incubated in 10 mL
fresh complete medium for another 24 h to produce THP-1
macrophages (M0). For M1 polarization, the M0 macro-
phages were then cultured for another 24 h in 10 mL fresh
complete medium containing 100 ng/mL LPS and 20 ng/mL
IFN-γ. For M2 polarization, the M0 macrophages were
cultured in 10 mL fresh complete medium with 20 ng/mL
IL-4 and 20 ng/mL IL-13 for 72 h. After polarization, M1
and M2 macrophages were cultured in 10 mL of serum-free
RPMI 1640 medium for 48 h. Then, the CM was harvested
by centrifugation at 524 g for 5 min, and the supernatant was
stored at ~80 °C for subsequent use.

Public datasets

The single-cell transcriptomics of tumor tissues from seven
patients with NSCLC were obtained from a previous study
[25]. Normalized single-cell RNA sequencing data and the
cell population annotation file were downloaded from the
Gene Expression Omnibus (GEO, GSE127465). There
were four women and three men in this cohort, with a
median age of 74 years (range, 61–83 years). Most of the
patients (5/7, 71.4%) were histologically diagnosed with
adenocarcinoma.

Gene expression profiles of NSCLC were previously
obtained from biopsy tissues in the Biomarker-Integrated
Approaches of Targeted Therapy for Lung Cancer Elim-
ination (BATTLE) trial [29, 30]. Normalized gene expres-
sion data and corresponding clinical information were
downloaded from GEO (GSE33072). A sub-cohort of 26
patients who received erlotinib therapy was enrolled for the
analysis in this study.

Statistical analysis

The sigmoid dose-response curve and median inhibition
concentration (IC50) for gefitinib or erlotinib were calcu-
lated by using GraphPad Prism 7 software. Unpaired Stu-
dent’s t-test was used to estimate the statistical significance
of the flow cytometry data and qPCR data. Gene expres-
sions of EREG and other EGFR ligands were compared
between patient subgroups using Student’s t-test or Wil-
coxon test if the data followed a normal distribution. PFS of
patients was analyzed using the Kaplan–Meier curve and
log-rank test. The single-cell transcriptomic atlas was
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visualized using a t-distributed stochastic neighbor embed-
ding plot, with EREG expression levels labeled for cells.
The percentage of EREG+ cells in each cell population was
calculated for each patient. The differences in EREG+ rates
among different cell populations were compared by using
the Kruskal–Wallis rank sum test. Except for specified,
statistical analyses were performed using the R software
(v3.5.1, https://www.r-project.org/). Statistical significance
was defined as a two-sided p value < 0.05.
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