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Cutaneous side effects are often observed in patients treated with
chemotherapeutic agents, including those treated with epidermal
growth factor receptor (EGFR) inhibitors. These side effects are
not fatal but often require dose reduction of chemotherapies.
The mechanisms of epidermal growth factor receptor inhibition-
related dermatologic toxicities are unclear, and prophylactic
approaches are not well-established. To explore the mechanisms
of the cutaneous side effects induced by epidermal growth
factor receptor inhibition, we analyzed the metabolome using
human keratinocyte cells. We first demonstrated that afatinib
and lapatinib induced apoptosis in HaCaT cells. Using liquid
chromatography-mass spectrometry, we detected 676 and 482
metabolites and compounds in the cells and media, respectively.
We observed diverse metabolic alterations, including glycolysis,
TCA metabolism, and polyamine metabolism, and also found a
change in glutathione metabolites after epidermal growth factor
receptor inhibition, which led to the accumulation of reactive
oxygen species. Supplementation of N-acetyl cysteine partly
rescued the afatinib-induced apoptosis, suggesting that reactive
oxygen species are involved in the cytotoxicity of skin cells. We
observed epidermal growth factor receptor inhibitor-associated
comprehensive metabolic changes in human keratinocyte cells,
suggesting that oxidative stress evokes cutaneous side effects
induced by EGFR inhibition.

Key Words: EGFR inhibitor, cutaneous side effect, metabolomics,
reactive oxygen species, apoptosis

he epidermal growth factor receptor (EGFR) is a tyrosine
kinase receptor belonging to the ErbB family, known to
be involved in several signaling pathways such as the RAF/
MEK, JAK/STAT, and PI3K/Akt pathways.(? Those pathways
are responsible for cell proliferation, survival, and migration.3
Mutations or overexpression of EGFR have been observed
in 40-80% of lung cancer, 14-91% of breast cancer, 33—
74% of stomach cancer, 25-77% of colon cancer, 35-50% of
pancreatic cancer, 40-80% of prostate cancer, 50-90% of kidney
cancer, 35-70% of ovarian cancer, and 36-100% of head and
neck cancer cases.“® Moreover, overexpression of EGFR is
considered to be related to poor prognosis.” Thus, EGFR is
a favorable target for suppressing cancer growth, with EGFR-
targeting agents including tyrosine kinase receptor inhibitors
and monoclonal antibodies. Although anti-EGFR agents have
shown beneficial effects in many patients with cancer,* these
patients often experience adverse effects, which may preclude the
treatment process.
Among the most common adverse effects of administration
of EGFR inhibitors are cutaneous toxicities.® The major
cutaneous toxicities are inflammatory papulopustular rash (60—
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90%), bacterial infections (38—70%), and dry and itchy skin (12—
16%).%19 These symptoms are not fatal or irreversible but they
affect and impair the quality of life of patients. Importantly,
dermatologic toxicities, the grade of which has been positively
correlated with the efficacies of EGFR inhibitors,®!"1? are dose-
limiting factors of EGFR inhibitors. Therefore, management
of the EGFR inhibitor-related cutaneous adverse effects is
indispensable for ensuring treatment quality. However, palliative
approaches, including steroid or moisturizing ointments, are the
only choices for alleviating skin inflammation.

The mechanisms of the EGFR inhibition-related dermatologic
toxicities are not fully understood. Among the components of
the skin cell architecture, keratinocyte cells in the basal cell
layer express higher levels of EGFR compared to cells in the
suprabasal cell layer. For instance, in mice in which epidermal
EGFR expression was knocked down in keratinocyte cells, skin
damages similar to that in patients treated with EGFR inhibitors
was observed.>'Y Hence, keratinocyte cells were considered
as responsible for these skin symptoms.® Once keratinocyte
proliferation is disturbed, the cell structure of the normal skin
collapses. Eventually, the important skin cell barrier function is
lost, accompanied by loss of body fluids and susceptibility to
infection. Damaged keratinocyte cells also release chemokines
and cytokines, some of which induce local inflammation in the
skin.>19 To better understand cytotoxicity in EGFR inhibitor-
treated skin cells, we performed metabolome analysis. Inhibition
of EGFR was found to induce various metabolic perturbations
in human keratinocytes HaCaT cells. We focused on alterations
in glutathione metabolites, which suggested promotion of the
induction of reactive oxygen species (ROS) and suppression
of ROS scavenging after treatment with an EGFR inhibitor.
We confirmed that EGFR inhibition led to the accumulation
of ROS in keratinocyte cells, which was partly responsible for
apoptosis in skin cells. Our findings revealed that oxidative stress
was at least partially involved in apoptosis induced by EGFR
inhibitors in skin cells, which may lead to new approaches for
managing and preventing this cutaneous side effect by using
ROS scavengers.

Materials and Methods

Cell culture and reagents. Human skin immortalized
keratinocyte HaCaT cells (Cell Lines Service GmbH, Eppelneim,
Germany) were cultured in Dulbecco’s Modified Eagle
Medium containing L-glutamine (Nacalai Tesque, Kyoto, Japan)
supplemented with 10% fetal bovine serum (Biowest, Nuaille,
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France) and antibiotics (100 U/ml penicillin-streptomycin and
5 ng/ml amphotericin B) (Nacalai Tesque). The cells were
incubated at 37°C in a humidified atmosphere of 5% CO,.
Afatinib was purchased from Selleck Chemicals (Houston, TX),
and lapatinib was obtained from Sigma-Aldrich (St. Louis, MO).
These agents were dissolved in dimethyl sulfoxide (Nacalai
Tesque).

Cell growth assay. Cells were seeded into 96-well plates
at a density of 2,000 cells per well. Varying concentrations of
afatinib and lapatinib were added to cells at 24 h after plating
and the cells were further incubated for 72 h, followed by
the Cell Counting Kit-8 assay (CCKS8; Dojindo, Kumamoto,
Japan). After an additional 4 h of incubation with the CCK-8
reagent, the absorbance of samples at 450 nm was measured with
a microplate reader (Multiskan FC; Thermo Fisher Scientific,
Waltham, MA).

Analysis of apoptosis. Apoptosis was evaluated by flow
cytometry using a FACSCalibur system (BD Biosciences,
Franklin Lakes, NJ) as previously described.!” Briefly, cells
were seeded at a density of 1 x 10° cells per well into 6-well
plates and incubated for 24 h, and then treated with the indicated
agents for 72 h. We used 0.1% Triton X-100 (Nacalai Tesque)
and 25 pg/ml propidium iodide (Sigma-Aldrich) to stain the
cells. A total of 1 x 10* cells was counted in each experiment.
DNA fragmentation was quantified by measuring the percentage
of cells with hypodiploid DNA as the sub-G1 population. These
data were analyzed using Cell Quest and Modifit LT software
(BD Biosciences).

Western blotting. Cells were harvested and lysed in
Laemmli buffer (62.5 mM Tris-HCI, 2% sodium dodecyl sulfate,
25% glycerol, 0.01% bromophenol blue). The cell lysates were
sonicated and centrifuged at 20,400 g for 20 min at 4°C, and
the supernatant was collected. Equal amounts of the protein
extract were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on 10% precast polyacrylamide gels
(Bio-Rad, Hercules, CA) and transferred to a polyvinylidene
fluoride membrane (Millipore, Billerica, MA). The following
primary antibodies were used: rabbit polyclonal anti-poly (ADP-
ribose) polymerase (PARP; 1:1,000, Cell Signaling Technology,
Danvers, MA) and mouse mono-clonal anti-B-actin (1:1,000,
Sigma-Aldrich). Signals were detected with a Chemi-Lumi One
L (Nacalai Tesque).

Metabolome analysis. Metabolome analysis was performed
by Metabolon, Inc. (Durham, NC). Cells were grown under
the indicated culture conditions and treated with afatinib and
lapatinib (10 uM) for 6 and 18 h. Next, 100 pl packed cell
pellets and 200 pl culture supernatants were harvested separately,
flash-frozen in liquid nitrogen, and stored at —80°C. Each sample
was accessioned into the Metabolon Laboratory Information
Management System (LIMS) and assigned a unique identifier,
which was only associated with the original source identifier.
This identifier was used to track all sample handling, tasks,
results, and other steps. Samples were tracked by the LIMS
system. All portions of any sample were automatically assigned
unique identifiers by the LIMS when a new task was created; the
relationship of these samples was also tracked. All samples were
maintained at —80°C until processing.

Samples were prepared using the automated MicroLab STAR
system from Hamilton Company (Salt Lake City, UT). Recovery
standards were added prior to the first step in the extraction
process for quality control purposes. To remove proteins, small
molecules bound to protein or trapped in the precipitated
protein matrix were dissociated; to recover chemically diverse
metabolites, proteins were precipitated with methanol under
vigorous shaking for 2 min followed by centrifugation.
The resulting extract was divided into 5 fractions: 2 for
analysis using 2 separate reverse phase/ultra-performance liquid
chromatography (UPLC)-tandem mass spectrometry (MS/MS)
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methods with positive ion mode electrospray ionization, 1 for
analysis using reverse phase/UPLC-MS/MS with negative ion
mode electrospray ionization, 1 for analysis using hydrophilic
interaction/UPLC-MS/MS with negative ion mode electrospray
ionization, and 1 sample was reserved as a backup. Samples
were placed briefly on a TurboVap® (Zymark, Palo Alto, CA)
to remove the organic solvent. Sample extracts were stored
overnight under nitrogen before preparation for analysis.

Data extraction from the raw mass spectrometry data files
yielded information that could be loaded into a relational
database. Once in the database, the information was examined
and appropriate quality control limits were imposed. Peaks
were identified using proprietary peak integration software
from Metabolon. Compounds were identified by comparison to
library entries of purified standards or recurrent unknown
entities. Identification of known chemical entities was based on
comparison with metabolomic library entries of purified standards.

Pathway enrichment analysis. Pathway enrichment analysis
was performed using the metabolon system to visualize the
number of statistically significantly different compounds relative
to all detected compounds in a sub-pathway, compared to the
total number of significantly different compounds relative to
all detected compounds in the study. A pathway enrichment
value greater than one indicates that the pathway contains more
significantly changed compounds relative to the study overall,
suggesting that the pathway is a target of interest and should
be further investigated. The pathway enrichment value was
calculated as follows:

Enrichment value = (k/m)/((n — k)/(N — m))

where m is the number of metabolites in the pathway, k is the
number of significant metabolites in the pathway, n is the total
number of significant metabolites, and N is the total number of
metabolites.

Oxidized glutathione (GSSG)/reduced glutathione (GSH)
quantification analysis. We quantified intracellular GSH and
GSSG using a GSSG/GSH quantification kit (Dojindo). After
co-incubation with afatinib or lapatinib (0.1, 1 puM) for 18
h, the cells were collected and processed according to the
manufacturer’s protocol. Briefly, the cells were washed and
centrifuged at 200 g for 5 min at 4°C. The cell pellets were
mixed with 80 ul HCI (10 mM) and homogenized by freezing
and thawing twice. After centrifugation at 8,000 g for 10 min
at 4°C, the samples were diluted with 5-sulfosalicylic acid and
incubated with the kit buffer solution at 37°C. After a further 10-
min incubation with the kit working solution, the absorbance of
the samples at 415 nm was measured using a microplate reader.

Analysis of accumulation of ROS.  As reported previously,®
the cells were seeded at a density of 4 x 10° cells per well in
6-well plates and cultured for 2 days. Cells were subsequently
incubated for 6 h in Dulbecco’s Modified Eagle Medium
containing 10 pM afatinib or lapatinib. After incubation, the
cells were immersed in fresh culture medium with 10 uM CM-
H2DCFDA (Thermo Fisher Scientific) at 37°C for 30 min. The
cells were harvested by trypsinization, centrifuged at 500 x g
for 5 m, washed twice with PBS (Nacalai Tesque), and mixed
with fresh PBS. Flow cytometry analysis was carried out with
a FACSCalibur. A total of 1 x 10* cells was counted in each
experiment. These data were analyzed with Cell Quest and
Modifit LT software.

Statistical analysis. The results are presented as the mean
+ SD. In metabolome analysis, analysis of variance and Welch’s
two-sample ¢ test were used to identify biochemicals that differed
significantly between experimental groups, with p values less
than 0.10 considered as statistically significant. Unless otherwise
specified, the statistical difference of means between 2 groups
was assessed by unpaired Student’s ¢ test, and p values less than
0.05 were considered as statistically significant.
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Results

EGFR inhibitors inhibited cell growth in human
keratinocyte HaCaT cells. To investigate the cytotoxicity of
EGFR inhibitors towards skin cells, we treated keratinocyte
HaCaT cells with two types of EGFR inhibitors, the irreversible
inhibitor afatinib (Fig. 1A) and reversible inhibitor lapatinib
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Fig. 1.

(Fig. 1B), for 72 h. Cell growth assays showed that EGFR
inhibition dose-dependently inhibited cell growth. The half
maximal inhibitory concentrations of afatinib and lapatinib were
0.2 nM and 0.2 pM, respectively.

EGFR inhibitors induced apoptosis in HaCaT cells. To
clarify the mechanisms of EGFR inhibitor-induced suppression
of cell growth, we performed flow cytometric analysis.
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EGFR inhibitors suppress cell growth of human keratinocytes. Growth inhibitory effect of afatinib or lapatinib on HaCaT cells. Cells were

treated with afatinib (A) or lapatinib (B) at the indicated concentrations for 72 h, and cell viability was measured in a Cell Counting Kit-8 assay.
Each data point obtained with dimethyl sulfoxide considered as 100%. Columns, means of triplicate data; bars, SD; *p<0.05, **p<0.01.
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Fig. 2. EGFR inhibitors induce apoptosis in HaCaT cells. (A, B) Sub-G1 populations after treatment with afatinib or lapatinib. Cells were treated

with 0.1, 1, or 10 yM afatinib (A) and 0.1, 1, or 10 pM lapatinib (B) for 72 h. The DNA content of cells was analyzed by flow cytometry. (C) Cleaved
PARP after treatment with afatinib and lapatinib. Cells were treated with 10 uM afatinib or 10 uM lapatinib for 48 h, and cleaved PARP was
analyzed by western blotting. B-Actin was used as a loading control. Columns, means of triplicate data; bars, SD; **p<0.01.
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Fig. 3. EGFR inhibition induces metabolic changes in HaCaT cells and their supernatant. (A) Signal enrichment analysis of the metabolites
detected in this study. The sub-pathway groups were ranked according to their enrichment scores. Top 20 sub-pathways are on the list. HaCaT cells

were treated with 10 pM afatinib and lapatinib for the

indicated times. (B) Heatmap of significant biochemicals profiled in this study. HaCaT cells

were treated with 10 pM afatinib and lapatinib for the indicated times. The red- and green-shaded cells indicate p<0.05 (red and green indicate

that the mean values are significantly higher and lower,

respectively, compared to the control). The light red- and light green-shaded cells indicate

0.05<p<0.10 (light red and light green indicate that the mean values trend higher and lower, respectively, compared to the control). Non-colored
cells did not significantly differ in this comparison, and missing values are imputed with the minimum. (C) Schematic images of cell metabolic
pathways for energy production: glycolysis, lipolysis, B-oxidation, TCA cycle, and ketogenesis. See color figure in the on-line version.

Treatment with afatinib (Fig. 2A) and lapatinib (Fig. 2B)  in HaCaT cells.
resulted in almost dose-dependent increases in the sub-Gl Metabolome analysis revealed escalation of oxidative

populations. Furthermore, in western blotting

analysis, we  stress in EGFR inhibitor-treated cells. To explore the detailed

observed cleavage of PARP in the EGFR inhibitor-treated HaCaT ~ mechanisms of the cytotoxicity induced by EGFR inhibitors,
cells (Fig. 2C). Accordingly, EGFR inhibitors induced apoptosis ~ we next performed metabolomics analysis. After treatment with
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afatinib or lapatinib for 6 or 18 h, HaCaT cells and supernatants
were separately collected and analyzed by Metabolon, Inc.
Consequently, 676 metabolites and compounds in cells and 482
in the supernatants were detected (Supplemental Table 1*). In
intracellular pathway enrichment analysis (Fig. 3A), TCA cycle
and acylcarnitines are listed up on the high order of both
afatinib and lapatinib ranking. These terms are related to energy
production in cells (Fig. 3B and C). Although acetyl-CoA, a
starting metabolome of the TCA cycle, was not determined in
this study, pyruvate was increased (Fig. 3B left panel). Pyruvate
is one of the end products of glycolysis and the main input of
the TCA cycle. The other metabolites related to the TCA cycle
were somewhat increased (Fig. 3B left panel), indicating that the
TCA cycle was activated and mitochondrial respiratory chain
was up-regulated in EGFR-inhibited HaCaT cells. Moreover, the
levels of acylcarnitines and carnitines, which transport fatty acids
into the mitochondria and mediate f-oxidation, were significantly
higher in cells treated with EGFR inhibitors compared to
in control cells (Fig. 3B, right panel). The end product of f-
oxidation, 3-hydroxybutyrate, was significantly increased (Fig.
3B, bottom right panel). The behaviors of these metabolites
suggested that B-oxidation was increased in EGFR inhibitor-
treated skin cells. Acceleration of the TCA cycle and -oxidation
would have resulted in increased mitochondrial ROS production.
In contrast, the pentose phosphate pathway, which plays an
important role in scavenging ROS, was significantly reduced
by EGFR inhibition at 18 h (Fig. 3B, left panel), suggesting
that detoxification of ROS was impeded. Consequently, the
accumulation of mitochondrial ROS was predicted in EGFR

*See online. https://doi.org/10.3164/jcbn.20-112
M. Morita et al.

inhibitor-treated skin cells.

We then focused on changes in glutathione, which is
known to exist in reduced (GSH) and oxidized (GSSG)
states, and the ratio of GSSG to GSH is used to evaluate
ROS accumulation. In metabolomics analysis, although EGFR
inhibitors significantly decreased the intracellular levels of
GSH in HaCaT cells (Fig. 4A), increased levels of GSSG
were observed in the supernatant (Fig. 4B). The intracellular
GSSG/GSH ratio tended to be increased after treatment with
afatinib and lapatinib (Supplemental Fig. 1*). Accordingly, we
additionally carried out intracellular GSSG/GSH quantification
analysis after metabolomics analysis. Our results confirmed the
almost dose-dependent increase in the GSSG/GSH ratio in EGFR
inhibitor-treated HaCaT cells (Fig. 4C).

Accumulation of ROS was partly involved in afatinib-
induced apoptosis. We next evaluated the contribution of
ROS to EGFR inhibition-induced apoptosis in HaCaT cells. We
first detected accumulation of ROS using H2DCFDA, an ROS
indicator. The relative levels of ROS were significantly increased
after treatment with afatinib (Fig. 5A) and lapatinib (Fig. 5B).
To clarify the contribution of ROS to afatinib-induced apoptosis,
we treated HaCaT cells with afatinib in the absence or presence
of NAC, an ROS scavenger. Supplementation with NAC partly
but significantly rescued cells from afatinib-induced apoptosis
(Fig. 5C). Taken together, apoptosis of skin cells induced by
EGFR inhibition was at least partly dependent on the increase in
oxidative stress.
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Fig. 5. ROS is partly involved in afatinib-associated apoptosis of HaCaT cells. (A, B) Intracellular levels of ROS in cells treated with or without EGFR
inhibitors. HaCaT cells were treated with 10 pM afatinib (A) or lapatinib (B) for 6 h, and then stained with CM-H2DCFDA prior to flow cytometric
analysis. (C) Sub-G1 population after treatment with afatinib with or without NAC. Cells were treated with 10 pM afatinib in the presence or
absence of 5 mM NAC for 72 h. Columns, means of triplicate data; bars, SD; **p<0.01.

Discussion

We observed that EGFR inhibition triggered perturbed
metabolism in keratinocyte cells, including an increase in the
GSSG/GSH ratio, indicating the accumulation of ROS. Our
study suggests that the mechanism of the cutaneous side effects
associated with administration of EGFR inhibitors can be partly
explained by induction of ROS-mediated apoptosis.

ROS levels are known to be balanced by their generation
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and detoxification. Our data suggest that the TCA cycle and
B-oxidation were increased and the pentose phosphate pathway
was suppressed. The TCA cycle is the main component of the
mitochondrial respiratory chains, which produce ROS during
energy production. B-Oxidation is also a major source of ROS
production in cells.!® The pentose phosphate pathway plays
an important role in scavenging ROS not only in cancer ?*
but also in skin cells.?? Thus, EGFR inhibition may lead to
both production of de nmovo ROS and suppression of ROS
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scavenging, resulting in the accumulation of oxidative stress.
Notably, ROS-dependent apoptosis was involved in skin cell
damage by EGFR inhibitors, which was further demonstrated
by add-back experiments in which NAC inhibited apoptosis
induced by afatinib (Fig. 5C). As to the difference in the IC50
values between afatinib and lapatinib, ROS might have played
an important role. Namely, considering that afatinib covalently
binds to cysteine number 797 of the EGFR, there is a possibility
that afatinib also directly bound to GSH and inhibited its ability
of anti-oxidation. Indeed, afatinib almost eliminated GSH in
HaCaT cells (Fig. 4A), and the GSSG/GSH ratio was higher
in the afatinib treated HaCaT cells comparing to that of the
lapatinib (Fig. 4C).

The present study obtained some other interesting findings
on metabolomic alterations in skin cells treated with EGFR
inhibitors. EGFR inhibitor-treated cells showed significantly
higher levels of kynurenine and kynurenate following exposure
to lapatinib or afatinib (Supplemental Fig. 2B¥), suggesting
activation of the tryptophan-kynurenine pathway. In keratinocyte
cells, kynurenine is known to be generated from tryptophan
through the action of indoleamine 2,3-dioxygenase.?? Briefly,
this enzyme is activated by stimulation with UV or inflammatory
cytokines, such as interleukin-1, interleukin-6, interleukin-8,
interferon-y, and tumor necrosis factor a.?? As HaCaT cells
were not co-incubated with immune cells in our study, we
considered that HaCaT cells themselves secreted inflammatory
cytokines, inducing inflammatory-like reactions in cells. Indeed,
keratinocyte cells are known to secrete these inflammatory
molecules.®*29 These autocrine or paracrine mechanisms may
also be involved in severe skin inflammatory reactions under
physiological conditions during treatment with EGFR inhibitors.

In conclusion, our results not only improve the understanding
of EGFR inhibition-induced accumulation of ROS and skin cell
toxicity, but also provide a therapeutic avenue for managing
EGFR-inhibition associated cutaneous side effects. Detoxifying
ROS may be an effective approach for treating cutaneous
side effects; however, ROS play an important role in cancer
treatment.?” EGFR inhibitor-associated ROS production in
cancer cells is related to delayed drug resistance, prevention
of epithelial-mesenchymal transition, and apoptosis.?® Thus,
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