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GPCR-mediated EGFR transactivation ameliorates skin
toxicities induced by afatinib
Le-ying Chen1, Qing You1, Da-zhao Lv1, Shuai-hu Li1 and Shi-yi Zhang1

Many G-protein-coupled receptor (GPCR) agonists have been studied for transactivating epidermal growth factor receptor (EGFR)
signaling through extracellular or intracellular pathways. Accumulated evidence has confirmed that GPCR transactivation
participates in various diseases. However, the clinical application of GPCR transactivation has not been explored, and more
translational studies are needed to develop therapies to target GPCR-mediated EGFR transactivation. In cancer patients treated with
EGFR inhibitors (EGFRi), especially afatinib, a unique acneiform rash is frequently developed. In this study, we first established the
connection between GPCR transactivation and EGFRi-induced skin disease. We examined the ability of three different GPCR
agonists to reverse signaling inhibition and ameliorate rash induced by EGFRi. The activation of different agonists follows unique
time and kinase patterns. Rats treated with EGFRi show a similar skin phenotype, with rash occurring in the clinic; correspondingly,
treatment with GPCR agonists reduced keratinocyte apoptosis, growth retardation and infiltration of inflammatory cytokines by
transactivation. This phenomenon demonstrates that EGFR inhibition in keratinocytes regulates key factors associated with rash.
Our findings indicate that maintaining EGFR signaling by GPCR agonists might provide a possible therapy for EGFR inhibitor-
induced skin toxicities. Our study provides the first example of the translational application of GPCR transactivation in treating
diseases.
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INTRODUCTION
The capacity of G-protein-coupled receptor (GPCR) agonists to
stimulate the signaling activity of epidermal growth factor
receptor (EGFR) and its downstream effector kinase extracellular
signal–regulated kinase (ERK) has been well described. EGFR
transactivation has been verified in various cell types [1–5]. The
major route of EGFR transactivation is through the MMP-mediated
shedding of heparin binding-EGF (HB-EGF) from its membrane-
spanning precursor, at which point cleaved EGF-like ligands are
released to the extracellular space and stimulate EGFR [1, 5, 6].
Activation of EGFR by its ligands HB-EGF has been shown to
regulate normal keratinocyte proliferation, differentiation, migra-
tion and survival [6]. In some situations, EGFR transactivation has
been identified independent of HB-EGF [1, 7], suggesting an
intracellular pathway through the activation of tyrosine kinases.
The ligand-independent mechanisms focus on Src kinase, which
has been proposed to directly phosphorylate and activate EGFR
through the formation of a multimeric protein complex [8, 9].
Most of the research in the field of EGFR transactivation has

reported the identification of transactivation progress by a GPCR,
such as newly recognized GPCR ligands [10–12], additional
molecular mechanisms underlying the transactivation [13–15], or
demonstration of the role in various diseases [16–20]. However,
there is a need to explore the clinical relevance and to develop
therapies based on targeting GPCR-mediated EGFR transactiva-
tion. Since GPCR agonists have the potential to stimulate EGFR

signaling, we speculate their therapeutic potential to rescue EGFR-
retardant diseases.
Upregulation of EGFR is common in many solid tumors, causing

cancer cells to proliferate in an uncontrolled manner, therefore
inspiring a number of EGFR inhibitors to be developed for
anticancer therapies. A specific adverse effect common to these
agents is papulopustular rash. Little is known about the etiology of
rash induced by EGFRi, and the current clinical management is not
very effective. Broad-spectrum antibiotics and corticosteroids are
most widely used as symptomatic treatments, which can only
alleviate some of the symptoms and do not serve as a
prophylactic treatment based on the cause of this disease. Among
clinical trials aimed at treating rash, several agents showing clinical
benefit were verified to reverse EGFR inhibition, such as
cyclosporine [21] and vitamin K3 [22]. In addition, genetic ablation
of epidermal EGFR in mice demonstrated abnormal keratinocytes,
follicular differentiation and local inflammation, similar to the
clinical symptoms [23–26]. Taken together, these data indicate a
central pathogenic role of keratinocyte-leading impairment in skin
homeostasis caused by EGFR inhibition; thus, restoring the
phosphorylated expression of EGFR in the epidermis may be
essential for maintaining skin homeostasis and may be prevention
for rash. Therefore, we propose a hypothesis that transactivation
of EGFR and its downregulation pathway might complement the
damage to cell functions, promote further tissue regeneration and
ultimately ameliorate EGFRi-induced rash.
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We selected three GPCR agonists to test our hypothesis based
on several principles: (1) the stimulation of well-described GPCR
receptors that have been reported to transactivate EGFR or ERK,
such as angiotensin receptor, adrenergic receptor and lysopho-
spholipid receptor; (2) they have relatively small molecule weights
to aid skin penetration when applied as topical ointment; and (3)
they are in the advanced stage of clinical development for general
safety profiles. One of the first GPCR agonists identified to crosstalk
with EGFR is lysophosphatidic acid; [4] its receptor belongs to
the lysophospholipid receptor family, which also contains the
sphingosine-1-phosphate (S1P) receptor. Currently, many selective
S1P receptor modulators are under development, and
the representative drug ozanimod (OZ) has shown clinical
remission in several autoimmune diseases [27, 28]. The angiotensin
II (ANG) and ANG receptor axes interact primarily with Gq/11
proteins, leading to increases in Ca2+ [29], ROS [30] or EGFR ligand
[1, 31] and involving c-Src [8], c-Abl [32] or MMP [1, 31], depending
on the cell type. The effect of β-adrenergic receptor-mediated
EGFR transactivation has also been shown in cardiomyocytes and
noncardiac cells. Isoproterenol (ISO), an agonist of the β-adrenergic
receptor, was shown to be independent of EGFR activation [7].
Here, we used keratinocytes and a rat model treated with EGFRi

to unravel the mechanism by which ISO/ANG/OZ activates EGFR
signaling and to examine the effect on the relief of EGFRi-induced
skin toxicities. We found that the activations induced by ANG and
OZ both require c-Src, whereas ANG is also sensitive to
metalloproteinase (MMP). Interestingly, ISO activates in a more
elusive way that shows no response to either MMP or Src inhibitor.
Our study demonstrates that compensating EGFR signaling is
essential and effective for maintaining the cellular functions of
keratinocytes, and treatment with ISO/ANG/OZ reduced keratino-
cyte apoptosis, growth retardation and infiltration of inflammatory
cytokines by transactivation. Consistent with the in vitro results,
restored EGFR signal transduction by topical application of GPCR
agonists ameliorated abnormal skin phenotypes caused by EGFRi.

MATERIALS AND METHODS
Agents
Afatinib, erlotinib and ozanimod were purchased from Shanghai
Goyic Pharmaceutical & Chemical Co., Ltd. Isoprenaline hydrochlor-
ide was from Sigma. Angiotensin II was purchased from Hangzhou
Taijia Biotech Co. Ltd. PEG400, PEG3350, lanolin were obtained from
Xi’an Tianzheng Medicinal Materials Co. Ltd. Anti-phospho-EGFR
(Y1068), anti-phospho-AKT (Ser473), anti-phospho-ERK1/2 (Thr202/
Tyr204), anti-EGFR, anti-AKT, anti-ERK1/2 antibodies were from Cell
Signaling Technology Inc. Anti-phospho-c-Src antibody was from
Abcam. Anti-GAPDH antibody was from Proteintech. Secondary
antibodies conjugated to horseradish peroxidase were from
Beyotime Biotechnology. Pertussis toxin was from List Biologicals.

Cell culture
HaCaT, A431 and PC9 cells were grown in DMEM/high glucose,
HUVEC cells was grown in EBM-2, all supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin in an incubator
under a humidified atmosphere of 5% CO2 at 37 °C. HaCaT cells
were pretreated with 100 ng/mL PTX in serum-free DMEM for 16 h
prior to stimulations for immunoblotting.

Cell counting Kit-8 assay
Cells were cultured in 96-well plate and treated with different
agents. Twenty-four hours after treatments, cells were counted
using Cell Counting Kit-8 (Beyotime).

EdU proliferation assay
EdU staining was performed using a EdU Cell Proliferation Assay
(Beyotime) according to the manafacturer’s protocol. Briefly, cells
were stimulated with Afa or GPCR agonists and then incubated

with 10 mM EdU for 2 h before fixation, permeabilization, and EdU
staining. The nuclei were stained with DAPI Fluoromount-G
(Yeasen). The proportion of nucleated cells incorporating EdU
was determined by fluorescence microscopy.

Cell migration assay
HaCaT and HUVEC migration assay was performed using transwell
chamber with 8 μm pore size (Falcon) for 24-well plates. A total of
500 μL of cultured medium containing 10% FBS was loaded in the
lower chamber. Cell suspension in a volume of 20 μL in medium
containing 1% FBS was added to the upper chamber. Then, test
compounds were added to the upper chamber and incubated at
37 °C for 24 h or 48 h in a CO2 incubator. The membranes were
fixed with methanol for 10 min at room temperature and then
stained with crystal violet for another 10 min. The number of
migratory cells was counted in five random fields of microscope.

Measurement of MMP activity
MMP activity was measured by incubation of cells with fluorescent
MMP substrate following the manufacturer’s instructions (AATbio,
USA). Briefly, HaCaT cells were grown in 96-well plates and
stimulated with ISO/ANG/OZ with or without GM6001, then 50 μL
of MMP GreenTM substrate working solution was added to each
well of the assay plate. The fluorescence intensities were
monitored with a fluorescence plate reader at Ex/Em= 490/525
nm. In separate experiments, the amount of HB-EGF shed after
ISO/ANG/OZ stimulation was measured by a ELISA kit following
the manufacturer’s instructions (Mlbio, China).

Immunoblotting
Cells lysates containing equivalent amounts of proteins were
electrophoresed on SDS-PAGE (8%–12%) gradient gel and
transferred to polyvinylidine difluoride membranes. The mem-
branes were blocked by 5% nonfat dry milk in TBST followed by
overnight incubation at 4℃ with primary antibodies and washed
three times with TBST before probing with secondary antibody for
1 h at room temperature. Following three 10-min washes,
membranes were then visualized with ECL Western blotting
substrate (ThermoFisher). In some cases, blots were stripped and
reprobed with other antibodies.

Generation of c-Src knockdown HaCaT cells
For lenti-virus production, HEK293FT cells were transfected with
10 µg lentiviral vectors along with delta 8.91, VSVG vectors. After
24 h, the viral supernatants were collected and filtered. Following
infection of the cells with high-titration lentivirus, stable cell lines
derived from HaCaT cells were cultured in selection medium
containing 2 μg/mL puromycin. Successful knockdown of the
target was verified by immunoblotting.

Colony formation assay
A431 and PC9 cells were seeded into 6-well plate with seeding
density of 1000 cells/well. After culture for 7 days, the cells were
treated with Afa or GPCR agonists for 2 days and then stained with
crystal purple.

Animal study
Female 7–8 weeks old SD rats were obtained from SLAC,
Shanghai. The animals were housed and maintained within the
animal center at Shanghai Jiao Tong University, in accordance
with the Guidelines for Animal Experimentation of Shanghai Jiao
Tong University, China. The hair on the back was removed gentle
with a shaver before the experiment. Rats were randomly divided
in to different groups: (1) Control animals received no EGFRi and
ointment; (2) Vehicle group received vehicle ointment; (3) GPCR
agonists group recived 0.1% ISO, 0.1% ANG or 1% OZ. Each group
(except control group) received 40mg/kg afatinib per os daily for
7 days to develop rash model, after gavage, rats were applied with
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different ointment on their back and fixed in a cylinder, after 4 h,
rats were freed and wiped residual ointment with a soft tissue
paper. Body weight was recorded every day and photographs
were taken under inhalational anesthesia with isoflurane.

Rash grade
Grade 0: normal.
Grade1: papules and/or pustules covering <10% surface area of

shaved-back skin.
Grade2: papules and/or pustules covering 10%–30% surface

area of shaved-back skin.
Grade3: papules and/or pustules covering a 30% surface area of

shaved-back skin.

Scratching behavior
A scratching movement by the hind paw that was directed toward
the rash-appearing site was defined as a scratching bout. The total
number of scratching bouts was counted during 30min.

Immunohistochemical staining
Back skin tissues of rash were fixed in 4% neutral buffered formalin
and embedded in paraffin. Five-micrometer sections were depar-
affinized and rehydrated, and then antigen unmasking was
performed by heating the slides for 3min in citrate antigen retrieval
solution. Sections were treated with 3% hydrogen peroxide for 25
min and blocked with 3% BSA solution for 30min. Primary anti-
phospho-EGFR, anti-phospho-ERK and Ki67 (Servicebio) antibodies
were stained at 4 °C overnight and were detected using a biotin-
conjugated secondary antibody. Slides were then incubated for 15
min at room temperature with a DAB kit (DAKO). Nuclei was
counterstained using a solution of hematoxylin. Finally the sections
were mounted and image analysis was performed using an Aperio
ScanScope (Leica Biosystems).

TUNEL staining
TUNEL staining was performed using an Apoptosis Kit (Beyotime)
according to the manafacturer’s protocol. Briefly, pre-stimulated
HaCaT cells were fixed, permeabilized, and stained with TUNEL
working solution, sections prepared as described above were
treated with proteinase K (Beyotime) and then stained with TUNEL
working solution. Cell nucleus were stained with DAPI
Fluoromount-G (Yeasen). The proportion of TUNEL-positive cells
was determined by fluorescence microscopy.

Cytokine ELISA of rat samples
Rat IL-4, IL-10, IL-6, IL-1β and TNFα cytokine assays (Boster, China)
were performed according to the manufacturer’s instructions with
supernatants collected from total skin lysates.

Statistics analysis
Values are expressed as means ± SEM. Two-tailed Student’s t test
was used to evaluate the differences between two groups. One-
way ANOVA analysis was applied when there are more than two
groups in the independent variable. Kaplan–Meier analysis was
performed for rash incidence analysis, and significance was
determined by a log rank test. P < 0.05 was considered to be
statistically significant.

RESULTS
Different GPCR agonists transactivate EGFR signaling pathway in
diverse time patterns
Based on the literature, GPCR agonists induce ERK phosphoryla-
tion in a rapid, transient period within 3–10min in different cell
lines [1, 7]. To investigate whether GPCR agonists share the same
response in keratinocytes, HaCaT cells were treated with ISO, ANG
and OZ for 3 min. ISO and ANG treatment of HaCaT cells induces
phosphorylation of ERK in a rapid manner over a broad range of

doses (Supplementary Fig. 1a). As the induced phosphotyrosine
signal was relatively weaker under basal conditions, EGFR and AKT
activation could not be distinguished, and the maximal induction
concentration was not determined. OZ-mediated signal transduc-
tion did not show any transactivation effect in this setting.
Some studies have suggested that ERK activation by isoproterenol

occurs independently of EGFR phosphorylation in HEK293 cells [7],
whereas the activation effect of other GPCR agonists was significantly
suppressed by AG1478, a specific EGFR inhibitor [1, 4]. To dissect the
requirement of EGFR in HaCaT cells, we treated HaCaT cells with the
second-generation EGFR kinase inhibitor afatinib (Afa). Pretreatment
of cells with Afa did not block ANG-induced activation of AKT and
ERK or even EGFR (Fig. 1a). Interestingly, although ISO cannot
activate obvious EGFR phosphorylation in the presence of Afa, it still
activated AKT and ERK (Fig. 1a).
Considering the long circulation time of Afa after oral

administration and an inhibitory activity analysis of Afa in A431
cellular assays showing an ability to inhibit EGFR phosphorylation
for >8 h [33], EGFR inhibition on keratinocytes should last for
hours. Therefore, we wondered whether the transactivation
response could be sustained in a long-term pattern. We extended
the treatment time of Afa to 12 h and tested several time points
from 3min to 12 h. Surprisingly, OZ showed immense activation of
all three proteins after 6 h (Fig. 1b, c). For ISO, activation of AKT
and ERK was not synchronous, and the time course experiments
revealed rapid and simultaneous tyrosine phosphorylation by
ANG, though it was maintained for only ~1 h (Fig. 1b, c). The
transactivating signals of ISO and ANG were inhibited by pertussis
toxin (PTX), an inhibitor of α subunits of Gi/o protein, indicating
that the ISO/ANG-mediated EGFR transactivation in HaCaT is
dependent upon PTX-sensitive G proteins (Supplementary Fig. 1b).
Whereas OZ-mediated activation utilized a PTX-insensitive path-
way to transactivate AKT (Supplementary Fig. 1b). Taken together,
ISO/ANG/OZ elicited the activation of EGFR and its downstream
pathway during EGFR inhibition caused by EGFRi. The different
time courses of ISO/ANG/OZ functions might point to different
pathophysiological mechanisms, and we speculate that competi-
tive binding and activation to the receptor might contribute to the
EGFR-independent phenomenon.

Complicated intracellular and extracellular pathways are involved
in ISO/ANG/OZ transactivation
The canonical cascade of EGFR transactivation suggested a major
role for the MMP in mediating extracellular HB-EGF-induced EGFR
transactivation and Src family kinases in modulating direct
intracellular activation (Fig. 2a). The released EGF-like ligands
stimulate EGFR directly, while Src kinase mediates the phosphor-
ylation of EGFR. To further elucidate the mechanism by which
intracellular or extracellular effects were involved in ISO/ANG/OZ-
induced EGFR transactivation, we employed the specific MMP
antagonist GM6001 and the Src inhibitor PP1. In the present study,
we could not interfere with the transactivation of ISO by either
GM6001 or PP1 (Fig. 2b), suggesting its weak stimulation of EGFR
and the ability of GPCRs to transactivate other receptor tyrosine
kinases (RTKs) [5]. It can be hypothesized that this process occurs
via a feedback loop that involves other RTKs, such as platelet-
derived growth factor receptor (PDGFR) [34] or fibroblast growth
factor receptor (FGFR) [35]. As expected, Afa inhibited the
phosphorylation of c-Src; correspondingly, we detected a sig-
nificant activation of c-Src following cellular stimulation with ANG
and OZ (Fig. 2c, d). In the presence of PP1, inhibition of ANG/OZ-
induced Src phosphorylation and EGFR pathway signaling was
observed (Fig. 2c, d). Furthermore, ANG but not OZ also showed a
response to GM6001 (Fig. 2c, Supplementary Fig. 1c). To examine
whether transactivated effect depends on Src kinase activity, a
lentriviral vector to knock down Src expression was created.
HaCaT cells were transduced with scramble or shRNA-SRC by
lentiviral infection (Supplementary Fig. 1d). Consistent with the
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previous results of pharmacological Src inhibitor PP1, knockdown
of Src kinase blocked the activation by ANG and OZ, while did not
interfere with the effect of ISO (Fig. 2e, Supplementary Fig. 1e).
Together, these data suggest that different GPCR agonists
transactivate EGFR signaling pathway via different work patterns
and that, in addition to classical modes of action, alternative
pathways may also participate in this process.
To evaluate the roles of MMP and HB-EGF in ISO/ANG/OZ-

induced transactivation more deeply, we measured the MMP
activity and HB-EGF concentration in cell culture supernatants.
ANG and OZ stimulated enzyme activity and their effects were
reduced by GM6001 (Fig. 2f). Consistent with the Western blot
analysis (Fig. 2b), ISO had no effect on MMP activity or HB-EGF
release (Fig. 2f, g). In addition, ANG significantly released HB-EGF
after Afa treatment, while OZ represented a different response
with or without EGFR inhibition (Fig. 2g). These data indicate that
among these three GPCR agonists, ANG might have a single MMP-
HB-EGF activation axis with direct Src-mediated phosphorylation.
Furthermore, although OZ enhanced MMP activity when added
alone, EGFR inhibition probably disturbed the MMP activation
induced by OZ when it was treated with Afa. Moreover, ISO is
likely to act downstream of EGFR kinase or an alternative signaling
pathway, in view of its relatively weak transactivation effect and
separate stimulation of ERK and AKT (Fig. 1b) and the independent
mechanisms of MMP and Src (Fig. 2f, g).

GPCR agonists restore cell functions
Activation of EGFR has been shown to regulate keratinocyte
proliferation, differentiation, migration and survival. Previous study
have reported that treatment of normal human keratinocytes with

EGFRi induces apoptosis and growth arrest [36, 37], suggesting
growth arrest and apoptosis might play a more crucial role in rash
caused by EGFRi. Single GPCR agonist stimulation for proliferation
was significant for ISO at different concentrations, while ANG and
OZ did not stimulate proliferation (Fig. 3a). To investigate whether
this enhanced proliferation will be blocked by EGFRi, we pretreated
HaCaT cells with Afa and another EGFR inhibitor, erlotinib. The
results showed that ISO significantly rescued cell viability in a dose-
dependent manner (Fig. 3a, Supplementary Fig. 2a). By adding
GM6001 or PP1, the enhanced proliferation was impaired, similar to
the immunoblot signal (Fig. 3b). We next detected DNA synthesis of
proliferating cells, based on the incorporation of 5-ethynyl-2′-
deoxyuridine (EdU). Very few EdU-incorporated cells existed in the
Afa group, all three GPCR agonists recovered DNA synthesis in
different degrees (Fig. 3c, d), correspondingly, the effects of ANG
and OZ were interfered by GM6001 and PP1 (Supplementary Fig. 3b,
c). Treatment of HaCaT cells with Afa also induced apoptosis, which
destroyed the skin structure and stimulated rash development,
addition of ISO, ANG, and OZ decreased cell death (Fig. 3e, f). The
remissions caused by ANG and OZ were blocked by PP1,
unexpectedly, GM6001 increased apoptosis in all groups (Supple-
mentary Fig. 3d, e). Taken together, these results indicate that
inhibition of proliferation and induction of apoptosis caused by
EGFR blockade could be rescued through GPCR agonist stimulation.
In addition to proliferation and apoptosis, stimulation by ANG/OZ

dramatically enhanced the migration of HaCaT cells, and cells
treated with ANG had roughly twice the capacity of migration
compared to control cells (Supplementary Fig. 3a, b). However, ANG/
OZ-stimulated HaCaT migration was attenuated by Afa treatment
after incubation for both 24 and 48 h (Supplementary Fig. 3c, d).

Fig. 1 Diverse time courses of EGFR transactivation by ISO/ANG/OZ. a HaCaT cells were pretreated with 100 nM Afa for 20min and then
stimulated with increasing concentrations of ISO/ANG/OZ for 3min. The concentrations of ISO were 1, 10, and 100 µM, those of ANG were
100 nM, 1 and 10 µM, and those of OZ were 100 nM and 1 µM. Western blotting was conducted on cell lysates. b Time courses from 3min to
12 h following 10 μM ISO, 1 μM ANG and 100 nM OZ stimulation in the presence of 100 nM Afa. c Relative protein levels compared with
GAPDH are shown as line graphs. The results shown are obtained from three independent experiments and are presented as the mean ± SEM
(n= 3).
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Some research has reported that stimulation by GPCR agonists could
promote migration in smooth muscle cells and endothelial cells,
which perform major migration functions in angiogenesis for tissue
remodeling and healing [6]. To investigate whether transactivation
could reverse EGFR inhibition on the migration of endothelial cells,
we performed a migration assay on HUVECs. Stimulation by ISO/
ANG enhanced the migration of HUVECs after Afa treatment (Fig. 3g,
h). Thus, improved migration of HUVECs by EGFR transactivation
may partly contribute to rash remission. In summary, these results
show that EGFR transactivation by ISO/ANG/OZ can further improve

keratinocyte and endothelial cell functions upon EGFR inhibition and
might have the potential to maintain skin homeostasis in EGFR
inhibitor-induced rash.
Considering the improved cell functions by EGFR transactivation

might have an effect on tumor cells, we performed cell viability
and colony assays to evaluate whether GPCR agonists interfere
with the anti-tumor effect of Afa. EGFR-overexpressed skin
squamous cell carcinoma cell line A431 and EGFR-mutated lung
carcinoma cell line PC9 were chosen for investigation. The PC9 cell
line was more sensitive to Afa, the IC50 for cell viability was 10 nM.

Fig. 2 MMP or c-Src kinase is involved in ISO/ANG/OZ-induced transactivation. a Schematic diagram of the canonical cascade of EGFR
transactivation. b, c, d Transactivated HaCaT cells were treated with GM6001 for 20 min or PP1 for 3 min. Concentrations in (b) for GM6001 and
PP1 were 0.1, 1, and 10 µM. The final concentration for GM6001 and PP1 was 1 µM. e Effects of ANG or OZ on scramble or shSRC infected
HaCaT cells. f Effects of ISO/ANG/OZ and GM6001 on MMP activity in HaCaT cells as measured by cleavage of fluorescent MMP substrate
(n= 3). g HB-EGF shedding by stimulation with ISO/ANG/OZ and GM6001. HaCaT cells were stimulated for 12 h, 20min and 6 h for ISO, ANG
and OZ, respectively. Then, MMP activity was measured, and cell supernatants were collected for HB-EGF ELISA detection (n= 3). *P < 0.05,
**P < 0.01, ***P < 0.001.
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Addition of OZ did not influence the effect of Afa in two cell lines,
although ANG showed a slight proliferation tendency in A431 at a
narrow dose range, the concentration we used having no
interfering effect (Supplementary Fig. 4a, b). ISO seemed
promoting cell viability in PC9 but without significant difference
(Supplementary Fig. 4b), and the colony formation abilities
decreased by Afa of both two cell lines were not disturbed by
ISO (Supplementary Fig. 4c, d). In addition, neither ANG nor OZ
affects the colony formation ability (Supplementary Fig. 4c, d).
Together these data showed that GPCR agonists had no effect on
the anti-tumor effect of Afa.

GPCR agonists are effective at reducing EGFRi-induced rash
Following the results seen in vitro, which showed that EGFRi
suppressed proliferation, survival, and migration while GPCR
agonists enhanced them, we used a rat model of rash to confirm

the properties of GPCR agonists in vivo, as data from clinical trials
showed that above 80% of Afa-treated patients developed rash
[38, 39]. To develop a rat model to study rash, we repeated oral
gavage of Afa once daily for seven days. Rats treated with Afa
replicated similar skin features as clinical patients, including wavy
and rough fur, hair loss, scaly skin, and swollen and encrusted
muzzle (Fig. 4a). Then, we carried out a prophylactic experiment. In
this setting, all three GPCR agonists decreased the rash occurrence
and severity grade (Fig. 4a–c). ANG and OZ significantly delayed
the occurrence of rash, with median time of 5 and 6 days
compared with 3 days in the vehicle control, while ISO showed no
efficiency in delaying occurrence (Fig. 4c). The incidence of grade
≥2 rash declined in all three groups, with barely any occurrence
with treatment with ANG or OZ (Fig. 4c). In addition, histopatho-
logical observations revealed neutrophilic pustules, dilated blood
vessel, and abnormal differentiated hair follicles occurred in vehicle

Fig. 3 ISO/ANG/OZ enhanced cell proliferation during EGFR inhibition. a, b Effects of Afa, ISO/ANG/OZ and GM6001/PP1 on HaCaT cell
proliferation (n= 5). c Representative images of EdU staining. Scale bar: 130 μm. d Quantitative results of EdU-positive cells per filed (n= 5). e
Representative images of TUNEL staining. f Quantitative results of TUNEL-positive cells per field (n= 5). Scale bar: 130 μm. g Representative
images of the migration assay showing the stimulatory effects of ISO/ANG/OZ on HUVECs treated with 30 nM Afa for 24 h. Scale bar: 30 μm. h
Quantitative results of migrating HUVECs. The results are shown as the mean ± SEM, n= 3. *P < 0.05, **P < 0.01, ***P < 0.001 vs Con.
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group, while after ISO, ANG, or OZ ointment treatments, only small
amounts of infiltration of inflammatory cells and normal differ-
entiated hair follicles and basal keratinocytes were
observed (Fig. 4d). As pruritus was also accompanied by rash, we
observed the scratching behavior of rats. The mean scratching
bonuses decreased in the ISO/ANG/OZ treatment groups com-
pared to the vehicle group (Fig. 4e).
In addition to the pathological improvement in skin rash, the

number of TUNEL-positive cells decreased in the epidermis and
hair follicle (Fig. 5a, b, Supplementary Fig. 5a) treated with ISO/
ANG/OZ. In line with the enhanced proliferation effect in vitro
(Fig. 3a), more Ki67 + cells appeared in the epidermal basal layer
(Fig. 5c, d, Supplementary Fig. 5b) in GPCR agonists treament
groups. As expected, the reduced expression levels of phospho-
EGFR and phospho-ERK were reversed in skin treated with GPCR
agonists compared to vehicle controls (Fig. 5e–g, Supplementary
Fig. 5c, d), consistent with the transactivation ability verified by
Western blot (Fig. 1a). Furthermore, the inflammatory cytokines IL-
1β, IL-6 and TNFα, which were confirmed to be elevated in EGFRi-
induced rash, were normalized or reduced in ISO/ANG/OZ-treated
animals, with no changes in the anti-inflammatory cytokines IL-4
and IL-10 (Fig. 5h). Taken together, these results showed that

GPCR agonists have the potential to ameliorate EGFRi-induced
rash by transactivating the EGFR pathway and subsequently
improving cell proliferation, migration, apoptosis and
inflammation.

DISCUSSION
Agents that target EGFR have shown promise for various
malignancies, inhibiting pathways that are crucial for cancer cell
survival and proliferation. Although treatment with EGFRi agents
has fewer systemic toxicities than chemotherapy and radio-
therapy, a specific dermatologic adverse effect rash occurs
instead. This kind of dermatologic adverse event significantly
impairs the process of treatment and quality of life, leading to
dose interruption or even discontinuation.
Currently, no clinical management offers a targeted approach

for EGFRi-induced rash due to the lack of understanding of the
etiology. It is widely believed that the EGFR system plays a
significant role in the epidermis by clinical histopathological
analysis and genetic research in murine models. EGFR is primarily
expressed in basal keratinocytes and hair follicles, and inhibition
of EGFR signaling pathways induces growth arrest, decreasing

Fig. 4 Preventative treatment with ISO/ANG/OZ alleviates rash occurrence and symptoms induced by Afa. Afa (40mg/kg) was orally
administered daily to rats for 7 days to induce an experimental rash model. Vehicle, ISO, ANG, or OZ ointment was applied to the shaved backs
of the rats for 4 h daily. a Representative images of back rash on day 7. b Rash grade assessment. c Kaplan–Meier analysis of time to first rash
and grade ≥2 rash in rats. Log-rank P (ISO/ANG/OZ)= ns/ns/0.0446 (left) and 0.0124/0.0048/0.0193 (right) vs vehicle. d Representative
micrographs and partially enlarged details of H&E-stained sections of skin tissues. Neutrophilic pustules (white asterisks) and dilated blood
vessels (black asterisks) are highlighted. Scale bar: 300 and 200 μm (from top to bottom). e Pruritus analysis by counting scratching bonuses.
Data are expressed as the mean ± SEM (n= 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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migration, inflammation and apoptosis in keratinocytes
[36, 37, 40]. Epidermal EGFR genetic mice recapitulate the skin
phenotype of EGFRi-treated patients with keratin plugs, leukocyte
infiltration, abnormal hair follicles and sebaceous glands [23, 41].
Cancer patients treated with EGFR inhibitors show early inflam-
matory infiltration dominated by dendritic cells, macrophages,
granulocytes, mast cells, and T cells. EGFRi induced the expression
of various cytokines and chemokines, such as IL-6, IL-1β, CCL2, and
CCL5 in epidermal keratinocytes [23, 24]. As a result, EGFR
downregulation in the epidermis was thought to be the major
reason for EGFRi-induced rash, and EGFR signaling in keratino-
cytes has been thought of as regulating key factors involved in
skin inflammation [24]. Therefore, finding a complementary way to

upregulate EGFR signaling may be an effective intervention
for rash.
GPCR agonists have been validated to activate tyrosine kinases

in many cell lines. In addition, some of them are independent of
EGFR. Recent clinical progress supports the role of GPCR-mediated
EGFR transactivation in various diseases. For example, the
prostanoid receptor regulates the induction of cyclooxygenase-2
and its downstream metabolite prostaglandin E2, and this
induction appears to be an early event in colorectal cancer [18].
In additionally, lysophosphatidic acid is involved in stimulating
migration in oral carcinoma cells through EGFR transactivation
[20]. Moreover, some studies investigating EGFR transactivation
have proven to be both harmful and beneficial in cardiovascular
diseases. Therapeutic blockade of EGFR is protective in ANG-

Fig. 5 ISO/ANG/OZ reduces cell apoptosis and infiltration of inflammatory cytokines by restoring EGFR signaling. a Representative images
of TUNEL-stained skin sections in each group. Scale bar: 130 μm. b Quantification of TUNEL-positive cells. Representative images of c Ki67-,
e p-EGFR- and f p-ERK-immunostained skin sections. Scale bar: 100 μm. d Quantification of Ki67 intensity. g Quantification of pEGFR/pERK
intensity. h Levels of IL-1β, IL-6, TNFα, IL-4 and IL-10 in skin homogenates. Scale bar, 100 μm. Data are expressed as the mean ± SEM (n= 5). *P
< 0.05, **P < 0.01, ***P < 0.001.

GPCR agonists attenuate rash by transactivation
LY Chen et al.

1541

Acta Pharmacologica Sinica (2022) 43:1534 – 1543



induced cardiac hypertrophy [42], whereas β-arrestin-mediated
cardiac EGFR activation offers a cardioprotective effect [43]. As
EGFR activation can be both protective and detrimental, it could
be proposed that, at least in some pathological systems, such as
ablation or blockade of EGFR, transactivation may be an option for
treatment. Moreover, the clinical application of GPCR-mediated
transactivation was not explored, and further translational studies
are needed to develop therapies for GPCR-mediated EGFR
transactivation.
EGFR expression is lost in EGFRi-induced cutaneous toxicities,

and the importance of EGFR signaling in epidermal function and
inflammation modulation is highlighted in genetic mice that have
decreased EGFR activity [23, 24, 26]. Thus, we hypothesized that
using GPCR agonists might ameliorate EGFRi-induced rash. In this
study, we first investigated this hypothesis in vitro. We demon-
strated that Afa decreased the phosphorylation of EGFR and ERK
and that GPCR agonists were able to attenuate this decrease in a
dose- and time-dependent manner. However, this cross-
communication between GPCRs and EGFR is not a universal
process. Although the reasons for these differential stimulation
patterns are obscure, the present findings indicate that both
induction of MMP-HB-EGF and activation of c-Src are necessary for
ANG, while for OZ, c-Src plays a more dominant role. In contrast to
classical GPCR transactivation signals that are transmitted via EGFR
kinase, our data suggest that ISO-mediated activation of the AKT
and ERK cascades is independent of EGFR. A further point that
requires investigation is the possible activation of other latent
RTKs, PDGFR [34] and FGFR [35]. In addition, more work is required
to study the effect of ISO on EGFR downstream proteins and the
interplay of EGFR transactivation and parallel signaling tracks. In
addition to its effect on signal transduction, ISO, ANG and OZ also
promote cell migration and proliferation, which are thought to be
useful for healing and tissue regeneration [6]. Regarding migra-
tion, although transactivation has a stimulatory effect on
HaCaT cells, it cannot attenuate the inhibitory effect caused by
Afa but is available to circumvent EGFR inhibition in HUVECs. This
phenomenon indicates that the beneficial effects of EGFR
transactivation can contribute to other types of cells and cell-
cell interactions.
Given this evidence, we then determined whether GPCR

agonists were effective for Afa-induced rash in the rat model.
Consistent with the in vitro observations, GPCR agonists showed a
significant preventive effect on rash progression. Moreover,
considering the synchronous time pattern of ANG/OZ with their
more effective treatment in vivo, we speculated that transactivat-
ing AKT and ERK simultaneously may be a more efficient
treatment system for rash. Further studies need to be tailored to
explore the relationship between the transactivation time pattern
and treatment efficacy. In addition, among these three GPCR
agonists, OZ is the most powerful agent in activating EGFR and its
downstream signaling pathway and also shows the best remission
of EGFRi-induced skin toxicities. This evidence confirms the
therapeutic concept based on compensating EGFR signaling.
One major limitation of application of GPCR agonists is that

besides EGFR transactivation effect in common, these agents have
other special pharmacologic actions. This additional pharmacolo-
gical role raises the concern of whether transactivation indeed
dominates in EGFRi-induced skin toxicity. The S1P is a sphingolipid
whose major physiological functions focuses on controlling
lymphocyte trafficking and vascular tone. Agonists of S1P
receptors induce internalization and degradation of the recptors,
rendering lymphocytes from secondary lymphoid organs [44]. The
modulators of S1P have been widely used in immune-related
diseases, such as ulcerative colitis, relapsing multiple sclerosis, and
atherosclerosis [27, 28]. They also play an active role in vascular
maturation, angiogenesis and endothelial cell migration [45]. It
therefore seems that the additional pharmacological actions of OZ
provide positive additive effects on skin inflammation. As for ANG,

histopathological examination showed obvious vasodilation in
either patients or rodents receiving EGFRi, it is reasonable that a
vasoconstrictor might have some potential therapeutic effects.
The adrenergic receptors are critical regulators of cardiac
functions, topical application excludes the physiological outcome
from cardiac tissues. Hence, we propose OZ as the most ideal
therapeutic agent for prevention of skin toxicity caused by EGFR
inhibiton, in view of its immense activation of EGFR signaling and
anti-inflammatory potential.
In conclusion, our work discovered the advantages of EGFR

transactivation in a specific disease without effective management
and transferred this potential for pharmacological targeting. We
confirmed that reversing EGFR signaling in keratinocytes by GPCR-
mediated EGFR transactivation is a feasible prevention method for
EGFRi-induced rash, thus providing further preclinical evidence for
the potential prophylactic use of GPCR agonists in the treatment
of EGFRi-induced skin toxicities. Our findings may also provide
insights into extracutaneous adverse effects caused by EGFR
inhibitors, such as gastrointestinal (diarrhea, vomiting, nausea)
and oral-nasal responses (oral mucositis, cheilitis, epistaxis). These
side effects also account for a large proportion of EGFRi-associated
complications. Moreover, a syndrome characterized by neonatal
inflammatory skin and bowel lesions has been linked to ADAM17
deletion, an EGFR ligand sheddase [46]. Thus, in addition to
suggesting potential adjuvant drugs for improving the quality of
life of EGFRi patients, our study may also provide targets for other
EGFR-inhibited diseases.
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