Cancer Chemotherapy and Pharmacology (2020) 86:233-243
https://doi.org/10.1007/500280-020-04095-z

ORIGINAL ARTICLE

=

Check for
updates

Association of dry skin with intercellular lipid composition of stratum
corneum after erlotinib administration

Tomonobu Uchino™2® - Hiyori Fujino' - Daichi Kamiya' - Tomonori Suzuki' - Yasunori Miyazaki'? - Kazuhiro Asada3 -
Toshihiro Shirai® - Hiroaki Yagi* - Yuko Sano* - Mutsumi Moriki* - Hajime Mizuno® - Kenichiro Todoroki’ -
Midori Kimura® - Yoshiyuki Kagawa'-2

Received: 2 April 2020 / Accepted: 3 June 2020 / Published online: 15 July 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Purpose Erlotinib, an inhibitor of the epidermal growth factor receptor tyrosine kinase, causes skin disorders such as dry skin, which
impairs the skin barrier function. Stratum corneum (SC) lipids play an important role in skin barrier function; therefore, this study aimed
to investigate the relationship between erlotinib-related dry skin and changes in the intercellular lipid composition and structure of the SC.
Methods Overall, 21 patients with non-small lung cancer were enrolled in this study. All patients received 150 mg/day erlo-
tinib orally. A SC sample of each patient was collected from the inner forearm using the tape stripping method on days 0, 7,
14, 28, and 56 after erlotinib administration. The intercellular lipid components of ceramide (CER), free fatty acid (FFA), and
cholesterol sulfate (CS) in samples extracted from the tape were analyzed using liquid chromatography/time-of-flight/mass
spectrometry. SC samples from six healthy subjects were collected as controls on days 0, 28 and 56 and analyzed similarly.
Results Although total CER and FFA levels were not changed after erlotinib administration, the levels of CER subclasses
[AP] and [AH] and hydroxy FFA, which are structural components of CER subclass [A], decreased. In contrast, the CS
levels increased after erlotinib administration. Moreover, higher CS levels in the SC correlated with the clinical condition
of dry skin. No changes were observed in the SC lipid composition in healthy subjects.

Conclusion Erlotinib-related dry skin was associated with a higher CS level in the SC.

Keywords Erlotinib - Dry skin - Stratum corneum - Cholesterol sulfate - Ceramide - Hydroxy free fatty acid

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00280-020-04095-z) contains
supplementary material, which is available to authorized users.

Introduction

The epidermal growth factor receptor (EGFR) belongs to a

>4 Tomonobu Uchino family of tyrosine kinase receptors that regulate cell differ-
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entiation, survival, and proliferation. Abnormal EGFR func-
tion leads to tumorigenesis [1]. Abnormal EGFR signaling
can be inhibited by the monoclonal antibodies cetuximab,
panitumumab, and lapatinib, and small-molecule tyrosine
kinase inhibitors (TKIs), including erlotinib and gefitinib
[2].

Although EGFR-TKIs are widely used to treat several
kinds of cancer, skin disorders such as rash, pruritus, dry
skin, and acne are among the most common adverse condi-
tions observed in patients treated with these drugs [3]. These
conditions can worsen patients’ quality of life and lead to
dose reduction or discontinuation of treatment. Moreover,
the onset times vary among symptoms associated with
various skin disorders. An acne-like skin rash and pruritus
develop 1-2 weeks after EGFR-TKI treatment initiation,
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while dry skin condition develops after 2—3 weeks. In con-
trast, skin fissures/cracks and/or paronychia occur after
1-2 months [4, 5].

In normal healthy skin, the upper layer of the epidermis,
the stratum corneum (SC), protects against external aggres-
sions, such as pollutants, chemicals, or micro-organisms [6].
The SC is composed of corneocytes, which are terminally
differentiated keratinocytes devoid of nuclei, surrounded
by a lipid matrix, that is essential for the maintenance of
skin barrier permeability [7]. The lipids are organized in
regularly stacked lipid layers [8]. Within these layers, they
adopt dense and highly ordered lateral packing referred to
as orthorhombic organization, although a less dense lipid
subpopulation is also present in a hexagonal or liquid organi-
zation [9]. The lipid matrix is composed of cholesterol, cera-
mide (CER), and free fatty acids (FFAs) in an equimolar
ratio [10, 11]. Additionally, cholesterol sulfate (CS), the
sulfate adduct of cholesterol, is also present in intercellular
SC lipids [12].

Dry skin, a common skin disease characterized by rough,
scaly, or flaky skin, is accompanied by a loss of skin elas-
ticity and relatively frequent pruritus, compared to healthy
normal skin [13]. Changes in lipid organization and the
decrease in the levels of three CER subclasses are observed
in patients with dry skin, depending on the grade of sever-
ity [14]. Some diseases such as atopic dermatitis, lamellar
ichthyosis, and Gaucher disease also involve changes in the
skin barrier [15]. The pathological states of these diseases
are manifested by dry skin, changes in lipid composition
and packing, and a breakdown of the skin barrier function.
Smeden et al. reported that the increase in short-chain CER
and FFA levels and the decrease in ultra-long-chain CER
levels were correlated with altered lipid organization and
decreased barrier function in the SC in patients with atopic
dermatitis and Netherton syndrome [16].

Many studies have reported a relationship between the
EGFR inhibition and the development of cutaneous side
effects [17, 18]. The inhibition of EGFR-mediated signal-
ing pathways induces multiple effects in basal keratinocytes,
including growth arrest, decreased migration, increased cell
attachment, abnormal differentiation, apoptosis, and stimu-
lation of inflammatory processes, all of which cause dis-
tinctive cutaneous manifestations [18, 19]. As EGFR-TKIs
inhibits several signaling pathways, including those control-
ling skin integrity, skin treated with EGFR-TKIs may differ
from normal dry skin in terms of lipid composition. There-
fore, this study aimed to investigate changes in the compo-
sition of intercellular SC lipids after the administration of
EGFR-TKISs. Erlotinib, which is used to treat non-small-cell
lung cancer, was selected as a representative drug model of
EGFR-TKIs.
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Materials and methods
Patients and treatments

Twenty-one patients with non-small-cell lung cancer who
visited the Department of Respiratory Medicine at Shi-
zuoka General Hospital and were administrated erlotinib
from February 2016 to July 2018 were enrolled in this
study. Within seven days after the start of erlotinib treat-
ment, three patients were observed for the hepatic toxicity,
interstitial lung disease and deterioration of the general con-
dition, respectively. Eighteen patients were finally examined
since these three patients were excluded from this study.
The Institutional Review Boards of Shizuoka General Hos-
pital (approval number: SGH 14-09-35) and the University
of Shizuoka (approval number: 29-47) approved this study
protocols. All subjects signed informed consent. None of
the subjects had any known history of skin diseases before
erlotinib administration. All patients received erlotinib orally
(150 mg/day). Bevacizumab, a vascular endothelial growth
factor inhibitor, was co-administered in five patients. No
renal and hepatic toxicities were observed in any patient
during the treatment. The characteristics of the patients are
shown in Online Resource Table S1 (Online Resource 1).

The conditions of dry skin and skin rash after the initia-
tion of erlotinib administration were diagnosed by derma-
tologists according to the Common Terminology Criteria for
Adverse Events (CT-CAE) version 4.0 on days 1, 7, 14, 28,
and 56. After the diagnosis, five SC samples were collected
from the same position of the inner forearm using a com-
mercialized tape patch, D-squame (PROMOTOOL, Tokyo,
Japan), on the same day.

For the control group, five SC samples were collected
using the same method on days 0, 28, and 56 from six
healthy volunteers in their 50 and 60 s. The Institutional
Review Board of the University of Shizuoka (approval num-
ber: 28-41) approved the protocol for this study.

Stratum corneum samples collection

SC samples were obtained from the inner forearm using
the tape stripping method on days 0, 7, 14, 28, and 56
after the initiation of erlotinib. In this study, each tape was
pressed against the skin with standardized pressure for 10 s
using a standardized pressurizer (D500-D-squame® pres-
sure instrument, PROMOTOOL, Tokyo, Japan) to mini-
mize the pressure associated with sampling [20]. After
extracting the intercellular SC lipid components (CER,
FFA, and CS) with an organic solvent, the samples were
analyzed using ultraperformance liquid chromatography
combined with time-of-flight mass spectrometry (UPLC-
TOFMS). The data were evaluated comprehensively and
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compared with the clinical data. SC samples were stored
at — 80 °C until further analysis.

CER and FFA classification

This study applied the most recently introduced CER clas-
sification system proposed by Motta et al. [21], that was
extended by Masukawa et al. [22]. Figure S1 shows the basic
structure of CER and their respective fatty acid and sphingo-
sine chain subclasses. CERs consist of either a dihydrosphin-
gosine (dS), sphingosine (S), phyto-sphingosine (P), or
6-hydroxy sphingosine (H) base. This base is chemically
linked to either a non-hydroxy fatty acid (N), a-hydroxy fatty
acid (A), or an esterified w-hydroxy fatty acid (EO). There-
fore, 12 CERs subclasses exist with all possible combina-
tions between FAs and sphingosine chains, denoted as: [NS],
[NdS], [NP], [NH], [AS], [AdS], [AP], [AH], [EOS], [EOP],
[EOH], and [EOdS]. Both chains show a wide distribution
in their carbon chain length. Figure 1 shows an overview of

the molecular structures of all known CER subclasses based
on the previous reports [16, 22].

Considering the fragmentation studies on CER species in
this report, a more detailed nomenclature was used, and the
corresponding information was also presented in parenthe-
ses to indicate the number of carbon atoms for the specific
ester, fatty acid, or carbon chain. For example, CER [E(18:2)
0O(30)S(18)] corresponds to a CER species containing C18
sphingosine carbon backbone linked via an amide bond to
a aw-hydroxy triacontanoic acid, which is ester-linked to a
linoleic moiety.

Chemicals

Standards of CERs [N (16) S (18)], [N (18) S (18)], [N (22)
S (18)], [N (24) S (18)], [A (16) S (18)], [A (22) S (13)],
[A (24) S (18)], [N (16) dS (18)], and [N (24) dS (18)] were
purchased from Avanti Polar Lipids, Inc. (Alabama, USA).
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Fig.1 12 Ceramide subclasses. 12 CERs subclasses existing in all
combinations between fatty acids and sphingosine chains are denoted
as follows: non-hydroxy fatty acid/dihydrosphingosine base ceramide;
[NdS], a-hydroxy fatty acid/dihydrosphingosine base ceramide; CER
[AdS], esterified w-hydroxy fatty acid/dihydrosphingosine base cera-
mide; CER [EOdS], non-hydroxy fatty acid/sphingosine base cera-
mide; CER [NS], a-hydroxy fatty acid/sphingosine base ceramide;
CER [AS], esterified o-hydroxy fatty acid/sphingosine base cera-

mide; CER [EOS], non-hydroxy fatty acid/phytosphingosine base cer-
amide; CER [NP], a-hydroxy fatty acid/phytosphingosine base cera-
mide; CER [AP], esterified o-hydroxy fatty acid/ phytosphingosine
base ceramide; CER [EOP], non-hydroxy fatty acid/6-hydroxy-sphin-
gosine base ceramide; CER [NH], o-hydroxy fatty acid/6-hydroxy-
sphingosine base ceramide; [AH], and esterified m-hydroxy fatty acid/
6-hydroxy-sphingosine base ceramide; CER [EOH]
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CERs [N (18) dS (18)] and [A (16) dS (18)] were provided
by Takasago International Corporation (Tokyo, Japan).
CERs [N (18) P (18)], [A (18) P (18)], [E (18:2) O (27) S
(18)], [E (18:2) O (30) S (18)], [E (18:2) O (27) P (18)], and
[E (18:2) O (30) P (18)] were purchased from Evonic Japan
(Tokyo, Japan). N-omega-CD3-Octadecanoyl-p-erythro-
dihydrosphingosine [D-N (18) dS (18)] was purchased from
Matreya, LLC (State College, PA, USA). Standard fatty
acids, palmitic acid (C16:0-FFA), stearic acid (C18:0-FFA),
palmitoleic acid (C16:1-FFA), oleic acid (C18:1-FFA), lin-
oleic acid (C18:2-FFA), arachidic acid (C20:0-FFA) behenic
acid (C22:0-FFA), lignoceric acid (C24:0-FFA), cerotic acid
(C26:0-FFA), montanic acid (C28:0-FFA), and melissic acid
(C30:0-FFA) were purchased from Sigma-Aldrich Japan
(Tokyo, Japan). LC/MS-grade methanol and isopropanol for
use as the mobile phase in UPLC-TOFMS were purchased
from Kanto Chemical Co., Inc. (Tokyo, Japan). All other
chemicals used were of reagent-grade quality.

SC lipid extraction from tape-stripped samples

Each of the fifth tape-stripped tapes corresponding to each
sampling time point was cut into half using surgical scis-
sors and immersed into a tube containing 5 mL of methanol,
placed on a 3D flower Mini-Shaker (Funakoshi Co., Ltd.,
Tokyo, Japan), and sonicated for 10 min. The solvent was
dried under the flowing nitrogen gas. The residual substance
was dissolved in 500 pL of methanol/chloroform (95/5 v/v)
solution and filtered through a 0.2-pm polytetrafluoroeth-
ylene syringe-filter (EKICRODISK13CR, Nihon Pall Ltd.,
Tokyo, Japan) to remove the insoluble products.

Each filtered sample was injected into the UPLC-TOFMS
following the method described below. The remaining half
of the fifth stripped tape was used for the protein analysis as
described below.

Lipid analysis using UPLC-TOFMS

The intercellular SC lipids on the adhesive tape were ana-
lyzed using the protocols reported by t’Kindt, with some
modifications [23]. A high-resolution ultraperformance lig-
uid chromatography electrospray spray ionization tandem
mass spectrometry (UPLC-ESI-MS/MS) analysis was per-
formed using an ACQUITY UPLC I-class system (Waters,
Milford, MA, USA) connected to Xevo G2-XS Q-TOF mass
spectrometer (Waters). An ACQUITY UPLC BEH C18 col-
umn (1.7 pm, 100 mm X 2.1 mm i.d., Waters, Tokyo) was
used at a flow rate of 0.5 mL/min at 80 °C. Elution was per-
formed using a gradient of (A) 20 mM ammonium formate
pH 5 and (B) methanol, with a shift from 70% B to 100% B
over 75 min (reverse phase methodology). The flow rate was
0.5 mL/min, and the injection volume was 10 pL. The entire
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system was allowed to re-equilibrate under the starting con-
ditions for 20 min. The instrument was operated in a nega-
tive ion electrospray mode. The settings of the ESI source
and mass spectrometer were as follows: capillary voltage,
3.00 kV; sampling cone, 20 V; resolving quadrupole LM
resolution, 11.0; desolvation gas flow, 1000 L/h; cone gas
flow, 50 L/h; collision energy, 22-90 eV using charge state
recognition; source temperature, 130 °C; desolvation tem-
perature, 400 °C; detection mode, sensitive; data acquisition,
centroid mode from m/z 200 to 1300 at the scan rate of 0.5 s/
scan in the full scan.

The ceramide MS/MS data were obtained using a data-
independent acquisition program in the mass spectrometer.
The collision energy was set at 10-50 V. The mass spectrom-
eter was calibrated using a calibration solution containing
sodium formate before the analysis.

To maintain mass accuracy during the analysis, the lock
mass of leucine enkephalin (m/z 556.2771 [M + H]+) at the
concentration of 0.2 ng/mL was used by a lock spray inter-
face at the flow rate of 5 pL/min.

To visualize the UPLC-TOFMS results in intercellular
lipid, a 3D chromatogram of obtained peaks related to inter-
cellular lipid in SC was drawn with MZ mine 2 [24].

Protein analysis in stratum corneum

The amount of SC obtained using the tape methods
depended on the patient’s specific condition. Therefore, the
amounts of stratum corneum lipids (CER, FFA, and CS)
were normalized using the total protein amount in this analy-
sis. The amount of protein on the tape was measured by an
ortho-phthalaldehyde (OPA) fluorescent protein assay [25].
The remaining half of the fifth stripped tape containing
the stripped SC sample was placed into a 1.5-mL Eppendorf
tube containing 200 pLL of 8 M KOH. The tubes were tightly
sealed and heated at 100 °C for 8 h to hydrolyze the proteins
in the SC. To prepare the protein standard curve, a 10 mg/
mL bovine serum albumin (BSA) standard solution was pre-
pared and diluted to 0, 50, 100, 150, 200, and 250 pg/mL
with distilled water and 8 M KOH. The following procedure
was conducted under the same conditions. Briefly, 300 pL
of 5 M HCI were added to neutralize the samples after cool-
ing them to the room temperature. After centrifugation, the
resulting solution was transferred to a 96-well microplate,
and 50 pL of OPA reagent was added to each well. Five min-
utes after the mixing, the fluorescence (excitation, 340 nm;
emission, 450 nm) was measured with a 2030 ARVO TMX
Multilabel Reader (PerkinElmer Japan, Kanagawa, Japan).
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Statistical analysis

Tukey’s test was performed to evaluate changes in the inter-
cellular lipid levels after erlotinib administration and the
results obtained were used to compare the changes in lipid
composition before (day 0) and after erlotinib treatment. A
p value < 0.05 was considered as statistically significant.
The Pearson correlation coefficient was used to evaluate the
associations of the CER [A] and hydroxy fatty acid levels
with the dry skin condition after erlotinib administration.
Values between 0.7 and 1.0 indicated a strong positive lin-
ear relationship via the firm linear rule. The Spearman rank
correlation coefficient was used to assess the relationship
between the intercellular lipid level and CT-CAE grade after
erlotinib administration. An rs value between 0.4 and 0.7
was considered to indicate a positive correlation.

Results
Clinical data summary

Figure 2 presents the changes in the CT-CEA grades of
skin rash and dry skin after the erlotinib administration.
Notably, the CT-CAE grades of skin rash and dry skin
increased with increasing time after the initiation of erlo-
tinib administration.

Intercellular lipid analysis by UPLC-TOFMS
after erlotinib administration

UPLC-TOFMS analyses were performed to investigate the
effects of erlotinib administration on the intercellular lipid
levels in the SC. Normally, lipid extraction employed solvent
mixtures containing chloroform, as the solubility of CER
in alcohol is not considerably high. Since large amounts of
adhesive tape components were eluted with the chloroform
containing solvent and these components hinder UPLC-
TOFMS analysis, we decided to use methanol as the extrac-
tion solvent, which was chloroform-free, based on the study
by t’Kindt et al. [23]. The relative extraction percentages of
standard materials were 84.2-96.0 %.

A typical total ion current (TIC) chromatogram of inter-
cellular lipids in the SC in ESI mode is shown in Figure
S2 (Online Resources 2). The TIC chromatogram exhibited
enormous complexity. A previous report indicated that a
smooth transition was observed between the lower molecular
weight non-esterified CERs (FFAs) and the heavier esteri-
fied CERs when using reverse-phase LC methodology [23].
Extracted compound chromatograms (ECC) representing
the range of CER features present in CER [NS] (general
structure is shown in Fig. 1) with carbon atom numbers of
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Fig.2 Changes in a skin rash and b dry skin grades after the initia-
tion of erlotinib administration according to the CT-CAE ver. 4.0

32-54, and ECCs representing the range of FFA features
present in non-hydroxy FFAs with carbon atom numbers
of 16-30 are shown in Figure S3 (Online Resources 3). As
each individual CER was eluted at a fixed retention time
and distance according to differences in the number of CH,
groups, an increase in the fatty acid chain length induced
an elongation of the retention time within the same CER
subclass (CER [NS]) and fatty acid groups.

Moreover, different CER subclasses containing the
same total carbon numbers were also eluted at a fixed
retention time and distance according to differences in the
numbers and substituent positions of the OH groups. These
differences facilitated the detection of the representatives
of all CER subclasses shown. The ECCs representing CER
species containing 42 carbon atoms (C42) from different
CER subclasses are shown in Figure S4 (Online Resources
4). Although CER [NP], CER [AP] and CER [AS], and
CER [NS] and CER [AdS] were (partially) co-eluted,
these subclasses could be distinguished by their diagnos-
tic masses. The MS/MS fragmentation pattern enabled the
distinction of different isomers, although CER [NH] and
CER [AS] are structural isomers. These results are shown
in Figures S5 and S6 (Online Resources 5 and 6).

In CER [N(18)H(24)], the m/z values of fragments
that did and did not contain a C24 fatty acid chain were
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392.38 (green arrow: Fig. S5a) and 253.21 (blue arrow:
Fig. S5b), respectively. In contrast, m/z values of 408.38
(green arrow: Fig. S6a) and 237.22 (blue arrow: Fig. S6b)
were assigned to fragments that did and did not contain the
C24 fatty acid chain, respectively, in CER [A(18)S(24)].

Based on the results shown in Figures S2-S6, we
assigned a total of 249 CER and 43 FFA molecules in
this study. Subsequently, a 3D TOFMS chromatogram of
the intercellular lipid compositions from SC extracts was
constructed to visualize the results, as shown in Fig. 3.
The CERs and FFAs were eluted within 60 min and were
assigned. CS was also observed in the chromatogram at
approximately 10 min (green arrow in Fig. 3).

The nature of the tape stripping method makes it dif-
ficult to control the amount of SC on each adhesive tape
strip. Therefore, each peak within the CER and FFA areas
on each chromatogram were totaled and normalized to
the total protein level in the corresponding tape half in
this study. Figures S7 (Online Resources 7) shows the
standard curve of protein analysis using an OPA assay.
A linear correlation was observed between fluorescence
absorbance and protein concentration from 0 to 250 mg/
mL (R?=0.993).

The changes in the total CER and FFA levels in the SC
after the initiation of erlotinib administration are shown in
Figure S8 (Online Resources 8). Although both, total CER
and FFA levels tended to decrease as the duration of erlo-
tinib administration increased, no statistically significant
differences in CER and FFA levels were observed between
before and after erlotinib administration.

As skin CERs are classified into 12 subclasses, the
changes in CER levels were divided into the 12 subclasses
for the analysis; the results are shown in Fig. 4a. No sta-
tistically significant changes in the levels of CER [NdS],
[NS], [NP], [NH], [AdS], [AS], [EOdS], [EOS], [EOP], and

Fig.3 Three-dimensional time-
of-flight mass spectrometry
chromatogram of the composi-
tion of stratum corneum lipid
extracts

[EOH] were observed. Only the levels of the CER [AP] and
[AH] subclasses were changed significantly after the erlo-
tinib administration (p < 0.05).

Figure 4b, c depict the changes in different fatty acid
subclass levels after the erlotinib administration. The lev-
els in saturated FFAs, which are included in the chemical
structure of the CER [N] subclass, and the unsaturated FFA
levels were not significantly decreased after the initiation
of erlotinib administration. However, the hydroxy FFA lev-
els were lower on day 56 relative to those on days 0 and 7
(Fig 4c). Figure 4d presents the changes in CS levels after
erlotinib administration. Notably, the CS levels in the SC
increased from baseline overtime after the initiation of
erlotinib administration (Fig. 4d). In healthy subjects, these
changes in intercellular lipid levels were not observed at
56 days after the initiation of tape stripping (Fig. S9 and
S10; Online Resources 9 and 10).

Relationship between CER [A] subclass and hydroxy
fatty acid levels

The CER [A] subclass molecular structures include o-hydroxy
fatty acids. Therefore, the association between the CER[A]
subclass and hydroxy fatty acid levels after erlotinib admin-
istration was investigated. Our measurements demonstrated
an association between the CER [A] subclass level and the
hydroxy FFA level after erlotinib administration (Fig. 5).

Relationship between changes in intercellular
lipid component levels in SC and clinical symptoms
according to the CT-CAE

To investigate the associations between skin toxicity after
erlotinib administration and changes in the levels of inter-
cellular lipid components, the relationship between the CS
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CER [A] subclass and hydroxy FFA levels, no statistically
significant correlations were observed between either of
these and dry skin symptoms at any time point after erlotinib
administration (Fig. S11; Online Resource 11). Similarly,
no significant correlation was observed between either the
CS, CER [A], or hydroxy FFA levels in the SC with a skin
rash (Fig. S12 and Fig. S13; Online Resources 12 and 13).

Discussion

In this study, we investigated whether erlotinib treatment-
induced skin toxicity by affecting the intercellular lipid
composition in SC. The SC lipid composition in patients
who received erlotinib had changed. However, the SC lipid
composition had not changed within 56 days in healthy sub-
jects (Fig. S10; Online Resources 10). Their results indicated
that erlotinib induces skin toxicity owing to changes in the
composition of SC.

CER and FFA are two major intercellular lipid compo-
nents in SC. CER is a structural backbone of sphingolip-
ids and is composed of a long-chain base and an FFA. An
in vitro study reported that epidermal growth factor (EGF)
suppressed the expression of critical genes in the sphin-
golipid and ceramide biosynthetic pathway [26]. In this
study, CER[AP], [NP], [AH] and [NH] were decreased in
response to the EGF treatment. Furthermore, various fatty
acids (mostly C16—C24) can be modified into 2-hydroxy-
lated fatty acids by fatty acid 2-hydroxylase (FA2H) [27].
The FA2H level was also decreased by EGF treatment;
kinase inhibitors including erlotinib can induce unantici-
pated effects caused by the inhibition of off-target kinases
[28, 29]. Reports suggested that erlotinib almost completely
inhibited the EGFR when used in clinical doses [28].
Therefore, we can assume that erlotinib treatment-induced
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off-target effects, reducing the activity of the ceramide bio-
synthetic pathway and activity of FA2H, by altering various
signaling pathways and reducing the CER[AP] and [AH].
During the keratinization process, CS is generated by
the sulfation of cholesterol via cytosolic sulfotransferases
(SULTS) during the transition from the stratum basale to
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stratum granulosum [30]. SULT2B1b is a SULT family
enzyme, that is expressed in the epidermis and in keratino-
cytes [31]. CS is then desulfated by steroid sulfatase (SSase)
during the transition from the stratum granulosum to the SC.
Therefore, it may be speculated that the increased CS level
in the SC would be mediated by an increase in SULT2B1b
activity or decrease in SSase activity. Previously, a remark-
able increase in the CS level in SC was shown to disrupt
the skin barrier in patients with X-linked ichthyosis when
compared with healthy individuals [32, 33]. However,
no significant decrease in SSase activity was observed in
patients with X-linked ichthyosis. Lamellar phase separa-
tion and an excess of CS in the SC have been observed in
patients with X-linked ichthyosis from the results of electron
microscopy [34]. In a model lipid membrane study, Rehfeld
et al. reported that a high level of CS-induced lamellar phase
separation [35]. Furthermore, CS addition to the SC in the
healthy volunteers induced the lamellar phase separation
[36]. These findings suggest that an excess of CS acceler-
ates phase separation. In our study, the CS level in SC was
significantly increased after erlotinib administration and was
associated with the dry skin grade according to CT-CAE
ver. 4.0. However, no relationship was observed between
either the CER or FFA level and dry skin grade, indicat-
ing that only the CS level in the SC strongly affected the
dry skin condition. These results indicated that the elevated
CS levels in the SC in response to erlotinib administration
induced phase separation, which in turn caused the dry skin
condition.

Retinoic acid, which inhibits differentiation, was also
reported to inhibit cholesterol sulfotransferase activity,
whereas PPARa, PPARpB/S, PPARYy, and LXR activators,
which stimulate differentiation, enhanced increased SULT-
2BIb expression and cholesterol sulfotransferase activity
[37-39]. In a molecular dynamic simulation study, Mazum-
der reported that erlotinib may act as a ligand for PPARYy
[40]. Therefore, we assumed that PPARy was activated
by erlotinib and PPARy-mediated signaling enhanced the
expression of SULT2BIb, which in turn induced the increase
in CS in the SC.

Reports suggested that dry skin conditions (conductance,
dryness, roughness, and scaliness) strongly correlated with
the level of CER [NP], and CER [NH] [41]. Vyumvuhore
et al. reported that the CER [NS], [NdS], and [EOP] sub-
classes were decreased in the SC in healthy volunteers with
dry skin relative to those without dry skin condition [14].
Schreiner et al. also reported decreased levels in the CER
[EOS] and [EOH] ratios and increased level in CER [NS]
and [AS] in dry skin SC [42]. From the in vitro results, EGF
treatment also led to the decreased levels of CER [NP], CER
[NP] and CER [EOS] [26]. Although CER [NP] and CER
[NH] had a tendency to get significantly decreased after erlo-
tinib administration in our study, no significant differences

were observed. These results indicated that the individual
difference was large and no significant difference was
observed. In this study, decrease in the levels of other CER
subclasses ([AP] and [AH]) were observed after erlotinib
administration. Moreover, the CS level in SC was clearly
increased. Their results strongly indicate that the SC condi-
tion in erlotinib treatment-associated dry skin differed from
that in other types of dry skin.

The grade of dry skin symptoms had also been increased
after erlotinib administration in our study, which is in agree-
ment with the previous clinical study [43]. In our study, all
SC samples were collected from the inner arm. Although
skin condition in the inner arm was not a lesion part in
some of the patients, the composition of intercellular lipids
in the SC was clearly altered. Moreover, the change of SC
lipid composition at the inner arm tended to start from day
14, as was evident from the results in Fig. 4. Since orally
administrated erlotinib is distributed in the systemic body
through the blood flow, our current study suggested that the
change in the lipid composition at the inner arm reflected
the systemic dry skin symptoms. Therefore, it was strongly
suggested that SC lipid analysis with tape stripping from
inner forearm was one of the superior methods to evaluate
the dry skin symptom.

Currently, emollients and topical steroids are the main
treatment options for EGFR-TKI-induced skin toxicity,
including dry skin condition. Our results suggest that appli-
cation of topical medications, including components that
may improve the intercellular lipid levels, may be useful.

The in vitro results obtained by Tran et al. agree with the
in vivo clinical symptoms shown in our study [26]. Since
they investigated the effect of EGF treatment on the CER
biosynthetic pathway, we speculate that the results of our
current study in erlotinib can be applied to the treatment of
skin toxicity induced by other EGFR-TKIs.

In conclusion, this study investigated changes in the inter-
cellular lipid components (CER, FFA, and CS) in response
to erlotinib administration. Notably, the levels of the CER
subclasses [AP] and [AH] and hydroxy FFAs were decreased
after the initiation of erlotinib administration, whereas the
level of CS was increased. As the increase in the CS level
was associated with the dry skin grade according to the CT-
CAE, we conclude that a higher CS level in the SC caused
erlotinib-related dry skin.
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