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Identification of Keratinocyte Cytoprotectants
against Toxicity by the Multikinase Inhibitor
Sorafenib Using Drug Repositioning

Yayoi Kamata'~?, Rui Kato'’, Mitsutoshi Tominaga'”, Sumika Toyama', Eriko Komiya', Jun Utsumi',

Takahide Kaneko’, Yasushi Suga™’ and Kenji Takamori'*’

Hand—foot skin reaction is the most common adverse event of multikinase inhibitors, such as sorafenib.
Although hand—foot skin reaction is not life threatening, severe cases impair quality of life because of pain and
reduced activities of daily living. However, the pathological mechanisms of hand—foot skin reaction have not
yet been elucidated in detail, and there is currently no effective treatment. We aimed to identify keratinocyte
cytoprotectants against sorafenib toxicity. The screening of cytoprotectants against sorafenib toxicity was
performed using cultured normal human epidermal keratinocytes or a reconstructed human epidermis model
and off-patent approved drugs in the Prestwick Chemical library. Among 1273 drugs in the chemical library, 8
dose-dependently increased cell viability by >200% in the presence of sorafenib. In the presence of sorafenib,
the number of proliferating cell nuclear antigen—positive cells was significantly higher in clofazimine-, cyclo-
sporin A—, and itraconazole-treated reconstructed human epidermis models than in sorafenib-treated models,
and candidate drugs suppressed sorafenib-induced apoptosis in normal human epidermal keratinocytes. In
addition, clofazimine, itraconazole, and pyrvinium pamoate significantly recovered the phosphorylation of
extracellular signal—regulated kinase 1/2 in the presence of sorafenib. Collectively, hit drugs promoted cell
viability and normalized keratinocyte proliferation in the presence of sorafenib. These candidate drugs have

potential as treatments for multikinase inhibitor—induced hand—foot skin reaction.
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INTRODUCTION

Oral multikinase inhibitors (MKI) (eg, sorafenib, sunitinib,
regorafenib, lenvatinib, pazopanib, and vandetanib) reduce
the activation of various Y kinases and ultimately suppress
tumor growth and angiogenesis (Ancker et al, 2019;
Cabanillas et al, 2019; Grandinetti and Goldspiel, 2007;
Llovet et al, 2018). MKls are associated with cutaneous
toxicity, such as hand—foot skin reaction (HFSR), skin erup-
tions, and desquamation (Autier et al, 2008; Grothey et al,
2013; Lacouture et al, 2008; Lipworth et al, 2009;
MclLellan et al, 2015). Sorafenib is an MKI that is approved
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for the treatment of metastatic and unresectable renal cell
carcinoma, hepatocellular carcinoma, and refractory differ-
entiated thyroid cancer (Cabanillas et al, 2019; Carlomagno
et al, 2006; Lipworth et al, 2009). It inhibits the protein ki-
nase activity of C-RAF, B-RAF, VEGFR2 and 3, PDGFRp,
c-KIT, FLT3, and RET, which play important roles in tumor
progression and angiogenesis (Adnane et al, 2006;
Carlomagno et al, 2006; Grandinetti and Goldspiel, 2007).
Phases Il and Ill trials reported that the incidence of HFSR by
sorafenib was 10—62%, and symptoms appeared within 2—6
weeks of treatment (Autier et al, 2008; Lacouture et al, 2008;
Lipworth et al, 2009). Other MKIs, such as sunitinib, regor-
afenib, and lenvatinib, also caused HFSR as an adverse event
in at least 50% of patients (Ancker et al, 2019;
Krishnamoorthy et al, 2015; Lipworth et al, 2009).

A prodromal symptom of HFSR is characterized by initial
dysesthesia, such as tingling, burning, and painful sensations,
on the palms and soles (Autier et al, 2008; Lipworth et al,
2009). Typical symptoms of MKIl-associated HFSR are ten-
der blisters, cracks, and erythematous and edematous lesions,
particularly in areas of friction or pressure, such as the palms
and soles (Autier et al, 2008; Lacouture et al, 2008; Lipworth
et al, 2009). Painful callus-like hyperkeratotic plaques are
common in patients with MKI-induced HFSR (Autier et al,
2008). Because sorafenib targets the protein kinases
involved in angiogenesis (eg, VEGFR, PDGFR, and c-KIT) and
tumor growth signaling (eg, C-RAF and B-RAF), it may
directly affect dermal blood vessels and epidermal basal
cells. MKl-related HFSR of grade >2 has been identified as a

© 2024 The Authors. Published by Elsevier Inc. on behalf of the Society for Investigative Dermatology. This is an open
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Figure 1. Screening of cytoprotectants against the cytotoxicity of sorafenib in NHEKs. (a) NHEKs were incubated at 37 °C overnight with each concentration of
sorafenib before CCK-8 assay. Data were evaluated by a 1-way ANOVA followed by Dunnett’s test; ™"P < .0001 and "P < .05. (b) NHEKs were incubated
at 37 °C overnight with 7 pM sorafenib and 1 uM each off-patent approved drugs before the CCK-8 assay. The black dotted line represents 100% cell
viability after a single treatment with 7 pM sorafenib. The red dotted line shows the threshold (150% cell viability) for positive hit drugs. All results are presented
as the mean =+ SD of triplicate wells in the single plate. CCK-8, Cell Counting Kit-8; NHEK, normal human epidermal keratinocyte.

treatment discontinuation or dose reductions. The management
of MKI-induced HFSR involves various palliative treatments,
such as emollients; keratolytics (eg, 20—40% urea and 5—10%
salicylic acid); corticosteroids; retinoids (eg, tazarotene);

clinical marker of the efficacy of MKI in patients (Kobayashi
et al, 2019; Wang et al, 2019). Although HFSR is not life
threatening, severe cases impair QOL because of pain, infec-
tion, and reduced activities of daily living and may lead to

Table 1. Cell Viability of 15 Hit Compounds in Primary Screening

Number ID Chemical Name Therapeutic Effect Cell Viability, % P-Value'
1 02E02 Bromocriptine mesylate Antiparkinsonian 166.0 = 7.0 < .0007#¥*
2 03E06 Tolfenamic acid Analgesic 158.4 + 7.8 .0002™"
3 05B09 N6-methyladenosine Antineoplastic 161.3 + 32.2 .016*

4 05B10 Guanfacine hydrochloride Antihypertensive 188.1 &+ 46.5 .037*

5 05F07 Clofazimine Antibacterial 1713 £ 2.4 < .0007***
6 06C06 Chicago sky blue 6B — 162.6 £ 13.2 .001**

7 06D06 Cyclosporin A Immunosuppressant 205.9 £ 30.1 .004**

8 06F04 Calcipotriene Antipsoriatic 174.5 £38.7 .038*

9 06F08 Meclozine dihydrochloride Antiemetic 150.6 £ 18.1 .008**
10 08A08 Itraconazole Antifungal 209.8 £ 20.5 .007%+*
11 09B11 Avermectin Bla Antihelmintic 2444 £12.4 < .0007#H**
12 11G11 Luteolin Expectorant 203.7 £ 28.4 .003**
13 13H02 Halofantrine hydrochloride Antimalarial 177.8 £ 11.5 .0003***
14 13H11 Pyrvinium pamoate Antihelmintic 401.1 £97.3 .006%*
15 16B08 Tolcapone Antiparkinsonian 186.6 + 25.3 .004**

Abbreviation: ID, identification.
All results are presented as the mean & SD of triplicate wells in the single plate. *P < .05, **P < .01, ***P < .001, and ****P < .0001.
TStudent’s t-test (vs vehicle with 7 pM sorafenib).
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Figure 2. Hit drugs dose-dependently promote cell viability in the presence of sorafenib. NHEKs were incubated at 37 °C overnight with (a—h) each hit drug in
the presence of 7 UM sorafenib. Cell viability was assessed by the CCK-8 assay. The black dotted line represents 100% cell viability after a single treatment
with 7 pM sorafenib. The red dotted line shows the threshold (200% cell viability) for positive hit drugs. (a—h) Each graph is indicated with a plate

location number. Data were evaluated by a 1-way ANOVA followed by Dunnett’s test; ~"P < .0001, “"P < .001, “'P < .01, and P < .05. All results are
presented as the mean + SD of triplicate wells in the single plate. CCK-8, Cell Counting Kit-8.

nonsteroidal anti-inflammatory drugs (eg, celecoxib); and the
avoidance of mechanical stimuli, including hot water, de-
tergents, and tight shoes and socks (Autier etal, 2008; Cabanillas
et al, 2019; Lacouture et al, 2008; MclLellan et al, 2015;
Stanculeanu et al, 2017). However, the pathological mecha-
nisms of HFSR remain unclear, and there is currently no treat-
ment other than palliative therapy. Therefore, the development
of effective therapy for MKI-induced HFSR is awaited.

In this study, we screened 1273 off-patent and approved
drugs in the Prestwick Chemical Library and identified
several cytoprotectants against sorafenib-induced keratino-
cyte toxicity using normal human epidermal keratinocytes
(NHEKSs) and a reconstructed human epidermis (RHE) model.

RESULTS

Identification of cytoprotectants against sorafenib

cytotoxicity

Sorafenib dose-dependently decreased the viability of NHEKs
(50% cell toxicity dose, 4.2 uM) (Figure 1a). We used 7 pM

sorafenib (inhibition rate, 72.5%) to screen cytoprotectants.
We then screened the Prestwick Chemical Library consisting
of 1273 approved drugs at a final concentration of 1 pM in
the presence of 7 pM sorafenib. Cell viability indicated the
relative value to sorafenib only. Among 1273 drugs from the
Prestwick Chemical Library, 15 increased cell viability by
>150% in the presence of sorafenib (Figure 1b and Table 1).

Eight of these compounds—bromocriptine mesylate, aver-
mectin Bla, clofazimine, cyclosporin A, itraconazole,
luteolin, pyrvinium pamoate, and tolcapone—dose-depen-
dently increased cell viability by >200% in the presence of
sorafenib (Figure 2a—h). The effects of other hit drugs,
including tolfenamic acid, N6-methyladenosine, guanfacine
hydrochloride, Chicago sky blue 6B, calcipotriene, meclo-
zine dihydrochloride, and halofantrine hydrochloride, were
weaker than those of the 8 drugs (Figure 3). The cytotoxicity
of these hit drugs was negligible at a final concentration of 1
UM in the absence of sorafenib but was significant at 10 uM
(Figure 4a—o).
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Figure 3. Second screening of hit drugs against sorafenib toxicity in NHEKs. NHEKs were incubated at 37 °C overnight with (a—g) each hit drug in the
presence of 7 UM sorafenib. Cell viability was assessed by CCK-8 assay. The black dotted line represents 100% cell viability with a single treatment of 7 M
sorafenib. The red dotted line shows the threshold (200% cell viability) for positive hit drugs. Data were evaluated by a 1-way ANOVA followed by
Dunnett’s test; P < .0001, ""P < .001, "'P < .01, and P < .05. All results are presented as the means = SD of triplicate wells in the single plate. CCK-8, Cell

Counting Kit-8; NHEK, normal human epidermal keratinocyte.

Cytotoxicity of sorafenib in the RHE model

We histopathologically analyzed the cytotoxicity of sorafenib
using the RHE model. Sorafenib was added to the medium in
the RHE model and incubated for 96 hours before the
collection of epidermal sheets (Figure 5a and b). Sorafenib
dose-dependently decreased the cell viability of RHE (50%
cell toxicity dose, 37.3 uM) (Figure 5c). Therefore, we used
40 pM sorafenib (inhibition rate, 59.1%) in experiments using
the RHE model. Our preliminary study identified 4 candidate
drugs—clofazimine (cell viability, mean £ SD: 76.7 &+ 7.4%,
P < .0001), cyclosporin A (55.1 + 11.5%, ~ P < .0001),
itraconazole (73.6 + 10.0%, = P < .0001), and pyrvinium
pamoate (65.6 + 4.1%, ~ P < .0001)—which significantly
promoted keratinocyte viability compared with vehicle (29.7
+ 18.0%) in the sorafenib-treated RHE model (Figure 6).

JID Innovations (2024), Volume 4

Other hit drugs, including bromocriptine mesylate, aver-
mectin Bla, luteolin, and tolcapone, did not enhance cell
viability (Figure 6). The histopathological study of the RHE
model showed the cytoplasmic and nuclear vacuolation of
basal and suprabasal keratinocytes in the sorafenib-treated
group (Figure 5d and e). The number of vacuoles was
higher in the sorafenib-treated group (area of vacuoles, mean
4+ SD: 398.1 + 253.1 um?, ""P = .0002) than in the vehicle-
treated group (88.0 + 76.2 um?) (Figure 5f).

Influence of sorafenib and hit drugs on keratinocyte
proliferation and differentiation

Immunohistochemistry was performed to establish whether
the expression of proliferating cell nuclear antigen (PCNA) is
a marker of cell proliferation. Sorafenib and/or hit drugs were
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added to the medium in the RHE model and incubated for 96
hours, and epidermal sheets were then collected (Figure 7a
and b). The number of PCNA-positive keratinocytes was
significantly lower in the sorafenib-treated group (PCNA-
positive cells, mean 4 SD: 56.1 + 11.2%, P < .0001) than
in the vehicle-treated group (80.9 £ 7.1%) (Figure 7c and d).
In the presence of sorafenib, PCNA-positive cells significantly

increased after the addition of clofazimine (82.2 4+ 8.3%,
"P < .0001), cyclosporin A (75.6 + 9.6%, P < .0001), or
itraconazole (83.9 +7.5%, P < .0001) (Figure 7e—gand j).
Pyrvinium pamoate did not restore PCNA expression (51.5 £+
10.8%, not significant) in the presence of sorafenib (Figure 7h).
The negative control (without the primary antibody) is shown in

Figure 7i. In the absence of sorafenib, PCNA expression was
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similar in cells treated with clofazimine, cyclosporin A, or
itraconazole and the vehicle, whereas pyrvinium pamoate
reduced the number of PCNA-positive keratinocytes
(Figure 8a—f).

We examined the expression of keratin (K)10 and K14 as
differentiation and proliferation markers of keratinocytes,
respectively. In the vehicle-treated group, K14 was detected
at the stratum basale, and K10 was detected at the stratum
spinosum (Figure 9a). K10 expression was significantly
reduced (fluorescence intensity, mean + SD: 4234 + 2037
um?, P < .001), whereas K14 expression was slightly
decreased (2481 + 2416 um?, not significant) after the sor-
afenib treatment compared with that of vehicle (K10: 9445 +
4090 pm? and K14: 3658 + 2416 um?) (Figure 9b, g, and h).
Their expression was markedly increased by clofazimine
(K10: 9586 =+ 3077 um?, “P < .01 and K14: 6004 + 3465
um?, 7P < .01) and cyclosporin A (K10: 15523 + 3856 um?,

P < .0001 and K14: 7420 + 2260 pum? P < .001)

JID Innovations (2024), Volume 4

T
Sorafenib (-) Sorafenib (+)

compared with that of the vehicle in the presence of sor-
afenib (Figure 9¢, d, g, and h). The K10-positive stratum
spinosum was thinner in the sorafenib-treated group than in
the vehicle-treated group (Figure 9a and b). However, clo-
fazimine or cyclosporine A normalized the thickness of the
K10-positive  stratum spinosum more than sorafenib
(Figure 9c and d). In the absence of sorafenib, clofazimine,
cyclosporin A, and itraconazole did not affect K10 or K14
expression (Figure 10a—e). Pyrvinium pamoate significantly
decreased K10 expression (1615 + 2659 um?, “P < .01) and
slightly reduced K14 expression (1337 + 2710 pm?, not
significant) in the absence of sorafenib (K10: 9445 + 4090
um? and K14: 3658 + 2416 um?) (Figure 10f—h). In the
presence of sorafenib, pyrvinium pamoate did not change
K10 or K14 expression from that in the sorafenib-treated
group (Figure 9f—h). In addition, we checked other
epidermal differentiation markers, such as loricrin, involu-
crin, and FLG. Loricrin was expressed at stratum granulosum
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Figure 6. Preliminary screening of hit drugs against sorafenib toxicity in the RHE model. RHE was incubated for 96 h in the presence of 40 pM sorafenib and/or
10 uM of the candidate drug. Cell viability was analyzed by the MTT assay. Data were evaluated by a 1-way ANOVA followed by Tukey’s multiple
comparison test; P < .0001 (vs vehicle without sorafenib, black bar) and **"P < .0001 (vs vehicle with sorafenib, gray bar). The results are presented as the
means =+ SD of triplicate epidermis in the same experiment. h, hour; RHE, reconstructed human epidermis.

in vehicle-treated group, whereas its expression was sup-
pressed by sorafenib (Figure 11a and b). In the presence of
sorafenib, loricrin expression was not restored by any hit
drugs (Figure T1c—f and h). Involucrin was expressed at
stratum spinosum and stratum granulosum (Figurel2a), and
FLG was expressed at stratum corneum and stratum gran-
ulosum in vehicle-treated group (Figure 13a). After treatment
by sorafenib and candidate drug, involucrin and FLG ex-
pressions did not change compared with those of sorafenib-
treated group (Figures 12b—f and h and 13b—f and h). The
negative control (without primary antibody) is shown in
Figures 11g, 12g, and 13g.

Analysis of the sorafenib-induced cell death mechanism

Next, we investigated the cell toxic mechanisms of sorafenib
on keratinocytes. Annexin V—positive apoptotic cells were
significantly increased in sorafenib-treated group compared
with that in vehicle-treated group (Figure 14a and b). Almost
all annexin V—positive cells costained with ethidium
homodimer 11l (EthD-Ill), which was indicated at the late
stage of apoptosis (Figure 14b, f, and g). In the presence of
sorafenib, annexin V—positive apoptotic cells were
decreased by adding clofazimine, cyclosporin A, or itraco-
nazole compared with that in sorafenib-treated group
(Figure 14c and d—f). Our preliminary result revealed that
pyrvinium pamoate indicates autofluorescence using filters of
GFP (excitation wavelength: 470 nm, emission wavelength:
525 nm) and Texas Red (excitation wavelength: 560 nm,
emission wavelength: 630 nm) in fluorescence microscope
(Figure 15e). Therefore, we did not use FITC-conjugated
annexin V conjugate and EthD-IIl for analysis of pyrvinium
pamoate; rather it was substituted by Alexa Fluor
647—conjugated annexin V. Pyrvinium pamoate did not

indicate autofluorescence using a filter Cy5 (excitation
wavelength: 640 nm, emission wavelength: 690 nm) for
Alexa Fluor 647 (Figure 16e). On the other hand, auto-
fluorescence was not observed in the other drugs or
sorafenib-treated group (Figures 15a—d and 16a—d). In the
presence of sorafenib, pyrvinium pamoate reduced the
number of annexin V—positive cells compared with that in
sorafenib-treated group (Figure 17a—d). In the absence of
sorafenib, itraconazole was slightly increased in apoptotic
cells, whereas other drugs did not show significant changes
(Figures 18a—f and 19a—c).

Elucidation of cytoprotection mechanism by candidate
compounds

Sorafenib inhibit c-Raf, upstream of MAPK/extracellular
signal—regulated kinase (ERK) kinase/ERK1/2 pathway
(Adnane et al, 2006). This pathway participates in various
events, such as cell survival, cell proliferation, cell differen-
tiation, and cell migration (Lavoie et al, 2020). Therefore, we
examined changes in phosphorylation of ERK1/2 after incu-
bation with sorafenib and/or hit drugs. Sorafenib suppressed
ERK1/2 phosphorylation (Figure 20a), whereas coexistence of
clofazimine, itraconazole, and pyrvinium pamoate signifi-
cantly promoted the phosphorylation. In particular, clofazi-
mine and pyrvinium pamoate strongly rescued ERK1/2
phosphorylation in the presence of sorafenib (Figure 20a and
b). In the absence of sorafenib, each hit drugs significantly
promoted ERK1/2 phosphorylation (Figure 20a and c).

DISCUSSION

Drug repositioning is a drug discovery strategy that explores
alternative uses for off-patent approved drugs or failed
developing compounds. In this study, we searched for
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Figure 7. Detection of PCNA-positive g
cells in the sorafenib- and/or hit drug
—treated RHE model. (@) Schematic
illustration of the RHE model. (b)

Epidermal sheet
Experimental schedule for the P

Cell culture insert b

Culture well of plate

screening of hit drugs. (c—i)
Immunohistochemical staining of
PCNA in the RHE model. Bar = 100
um. (j) Quantification of PCNA-
positive nuclei in all nuclei. PCNA-

positive nuclei were manually
counted and indicated as a relative
value (%) of all nuclei. Relative
PCNA-positive rate were indicated by
the number of PCNA™ cells per pm of
the length of basement membrane
zone. The results are presented as the
mean =+ SD of triplicate epidermis in
the same experiment. Data were
evaluated by a 1-way ANOVA
followed by Tukey’s test; P <
.0001. S denotes sorafenib, Clof
denotes clofazimine, CyA denotes
cyclosporin A, Itra denotes
itraconazole, and PP denotes
pyrvinium pamoate. h, hour; PCNA,
proliferating cell nuclear antigen;
RHE, reconstructed human epidermis.
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keratinocyte cytoprotectants against sorafenib toxicity by
screening the Prestwick Chemical Library, consisting of 1273
compounds. We identified clofazimine, cyclosporine A,
itraconazole, and pyrvinium pamoate as cytoprotectants in
NHEKs and the RHE model.

Candidate drug 1: clofazimine

Clofazimine is a lipophilic riminophenazine antibiotic that is
used to treat mycobacterium infections, such as leprosy
(Arbiser and Moschella, 1995; Cholo et al, 2012). By
oxidizing the reduced form of clofazimine, ROS with anti-
biotic activity are produced (Arbiser and Moschella, 1995). It
also interacts with the phospholipids of membranes, resulting
in the generation of antimicrobial lysophospholipids, which
promote bacterial membrane destabilization (Cholo et al,
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2012). However, the keratinocyte proliferative and cytopro-
tective effects of clofazimine against sorafenib toxicity have
yet to be reported. The adverse effect, the orange—pink or
reddish—brown discoloration of the skin and the conjunctiva,
has been reported (Arbiser and Moschella, 1995; Cholo et al,
2012).

Candidate drug 2: cyclosporin A

Cyclosporin A is an immunosuppressant agent isolated from
Tolypocladium inflatum at Sandoz Laboratories in Basel
(Switzerland) (Azzi et al, 2013). In the cytosol, cyclosporin A
binds to cyclophilin and inhibits calcineurin, which exhibits
serine/threonine phosphatase activity. Inactivated calcineurin
fails to activate nuclear factor of activated T cells, and thus, T
cells do not produce IL-2, which is involved in the activation
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Figure 8. Detection of PCNA-positive
cells in the hit drug—treated RHE
model without sorafenib. (a—e)
Immunohistochemical staining of
PCNA in paraffin-embedded sections
of the hit drug—treated RHE model.
Bar = 100 pm. (f) Quantification of
PCNA-positive nuclei among all
nuclei. PCNA-positive nuclei were
manually counted and indicated as a
relative value (%) in all nuclei per pm
of the length of the basement
membrane zone. The results are
presented as the means + SD of
triplicate epidermis in the same
experiment. Data were evaluated by a
1-way ANOVA followed by Dunnett’s
multiple comparison test; P <
.0001. S denotes sorafenib, Clof
denotes clofazimine, CyA denotes
cyclosporin A, ltra denotes
S S itraconazole, BMZ denotes basement
=== membrane zone; and PP denotes
pyrvinium pamoate. ns, not
significant; PCNA, proliferating cell
nuclear antigen; RHE, reconstructed
human epidermis.
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and proliferation of T cells (Amor et al, 2010; Azzi et al
2013). Cyclosporin A is known to induce renal dysfunction
and hypertension as adverse effects (Ryan et al, 2010). In
addition, it is possible to increase malignancy risk because of
potent immunosuppression effects (Ryan et al, 2010).
Therefore, it may be difficult to use for treatment of MKI-
induced HFS in patients with cancer.

Candidate drug 3: itraconazole

Itraconazole is an azole antifungal drug that inhibits the
ergosterol biosynthesis of fungal cell membranes by sup-
pressing cytochrome P450 (Ahmadi et al, 2022; Saag and
Dismukes, 1988). There were many strong cytochrome 3A4
inhibitors in the Prestwick Chemical Library, including azole
antifungal drugs (eg, itraconazole, ketoconazole, and vor-
iconazole), antiviral drugs (eg, indinavir and ritonavir), and
clarithromycin. However, antiviral drugs and clarithromycin
did not markedly affect the viability of sorafenib-treated

K

NHEKs (Table 2). Therefore, cytochrome 3A4 inhibitory ef-
fects may not play a role in cytoprotectant effects against
sorafenib. Azole antifungal drugs exhibit various biological
activities without antifungal effects, such as anticancer ef-
fects, the inhibition of Gram-positive bacteria growth, and
the induction of B-defencin 3 in human keratinocytes (Kanda
et al, 2011; Sugita et al, 2010; Tsubamoto et al, 2017). The
anticancer mechanisms of itraconazole involve the inhibition
of Hedgehog signaling, protein kinase B/mechanistic target of
rapamycin, Wnt-B-catenin signaling, and VEGF2 (Tsai and
Tsai, 2019; Tsubamoto et al, 2017). Furthermore, itracona-
zole exerts anti-inflammatory effects and is effective against
palmoplantar pustulosis (Mihara et al, 1998; Tsai and Tsali,
2019; V’lckova-Laskoska et al, 2009). It has been shown to
inhibit neutrophil chemotaxis, IL-8 production, and the syn-
thesis of inflammatory metabolites (eg, 5-lipoxygenase)
(Mihara et al, 1998; Tsai and Tsai, 2019; Vuddhakul et al,
1990). Although itraconazole exerts various effects,
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Figure 9. Immunohistochemical
staining for K10 and K14 in the
sorafenib- and/or hit drug—treated
RHE model. (a—f)
Immunohistochemistry for K10 and
K14 in paraffin-embedded sections of
the RHE model. Nuclei were
counterstained with DAPI. Dual
immunofluorescence was observed
using the all-in-one fluorescence
microscope BZ-X800. Bar = 100 pm.
Red: K10, green: K14, and blue: DAPI
(nuclei). (g, h) Fluorescence intensity
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cytoprotection against sorafenib may be a new biological
function. Itraconazole is taken mainly by oral administration,
whereas other drugs, such as clotrimazole, ketoconazole,
and miconazole, are by topical application (Zhang et al,
2007). Our data showed that 1 uM of other azole agents,
such as bifonazole, clotrimazole, efinaconazole, iso-
conazole, ketoconazole, lanoconazole, luliconazole, and
sulconazole, also increased cell viability in the presence of
sorafenib (Figure 21a and b). Topical azole antifungal drug
application may be useful to treat sorafenib-induced HFSR.

Candidate drug 4: pyrvinium pamoate

Pyrvinium pamoate is an antihelminthic drug used to treat
Enterobius vermicularis (pinworm) (Turner and Johnson,
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Sorafenib (+) Sorafenib (+)

1962). It was recently shown to inhibit tumor cell prolifera-
tion in various cancer models, such as breast, colon, lung,
and prostate cancers (Momtazi-Borojeni et al, 2018;
Barbarino et al, 2018). The mechanisms underlying its anti-
cancer effects involve (i) the suppression of energy produc-
tion; (ii) inhibition of autophagy; and (iii) suppression of the
Wnt—f-catenin, hedgehog, and phosphoinositide 3-kinase
signaling pathways, which contribute to cell proliferation
and/or tumor progression (Momtazi-Borojeni et al, 2018).
Our results showed that pyrvinium pamoate markedly
enhanced the viability of cultured NHEKSs in the presence of
sorafenib (Figure 2g). In addition, pyrvinium pamoate sup-
pressed the sorafenib-induced apoptosis and ERK1/2 phos-
phorylation recovered in sorafenib-treated NHEKs. However,
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its promotion of keratinocyte proliferation in the RHE model
was weaker than those of other hit drugs (Figures 7h and 9f).

Histopathological analyses of MKI-induced HFSR revealed
parakeratosis, hyperkeratosis, spongiosis, the vacuolar
degeneration of keratinocytes, and perivascular lymphocytic
infiltration (Autier et al, 2008; Lacouture et al, 2008;
Lipworth et al, 2009; Llamas-Velasco et al, 2016). These
findings suggest the presence of dyskeratotic keratinocytes at
various stages of necrosis in the lesional skin of patients with
HFSR. In this study, the sorafenib-treated RHE model showed
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Figure 10. Immunohistochemical
staining of K10 and K14 in the hit
drug—treated RHE model without
sorafenib. (a) The section without
primary antibody (only secondary
antibody) indicated as negative
control. (b—f) Immunohistochemical
image of K10 and K14 in paraffin-
embedded sections of the RHE model.
l Nuclei were counterstained with
DAPI. Dual immunofluorescence was
i observed by the all-in-one
fluorescence microscope BZ-X800.
Bar = 100 pm. (g, h) Fluorescence
intensity was measured using an
analysis application of the BZ-X800
8 series. The results are presented as the
means + SD of triplicate epidermisin
the same experiment. Data were
evaluated by a 1-way ANOVA
followed by Dunnett’s multiple
comparison test; P < .0001, 7P <
.001, and “P < .01. S denotes
sorafenib, Clof denotes clofazimine,
CyA denotes cyclosporin A, ltra
denotes itraconazole, and PP denotes
pyrvinium pamoate. K, keratin; RHE,
reconstructed human epidermis.

Merged

K14

Sorafenib (-)

the vacuolation of the cytosol and nucleus in the basal and
spinous layers (Figure 5e). The immunohistochemical anal-
ysis of proliferation markers, such as PCNA, revealed that
sorafenib suppressed keratinocyte proliferation (Figure 7d).
Therefore, sorafenib-induced skin damage may be attributed
to the inhibition of epidermal keratinocyte growth. Mean-
while, epidermal differentiation marker, such as K10, loricrin,
involucrin, and FLG, indicated different expression pattern
after sorafenib treatment: K10 and loricrin were reduced
(Figures 9a—h and 11a—h), whereas involucrin and FLG were
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Figure 11. Immunohistochemical
staining for loricrin in the sorafenib-
and/or hit drug—treated RHE model.
(a—f) Immunohistochemistry for
loricrin in paraffin-embedded sections
of the RHE model. Nuclei were
counterstained with DAPI. Dual
immunofluorescence was observed
using the all-in-one fluorescence
microscope BZ-X800. (g) The section
without primary antibody (only
secondary antibody) indicated as
negative control. Bar = 100 pm.
Green: loricrin, blue: DAPI (nuclei).
(h) Fluorescence intensity was
measured using an analysis
application of the BZ-X800 series. The
results are presented as the means +
SD of triplicate epidermis. Data were
evaluated by a 1-way ANOVA
followed by Tukey’s test; ™"P <
.0001. S denotes sorafenib, Clof
denotes clofazimine, CyA denotes
cyclosporin A, Itra denotes
itraconazole, PP denotes pyrvinium
pamoate, and LOR denotes loricrin.
RHE, reconstructed human epidermis.
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not changed (Figures 7a—h and 8a—h). Thus, cytotoxicity of
sorafenib may be attributed to the suppression of the kerati-
nocyte proliferation rather than to differentiation. Actually,
PCNA was significantly decreased in sorafenib-treated group
for RHE model (Figure 7c, d, and j). Candidate drugs, clofa-
zimine, cyclosporin A, and itraconazole, significantly
increased the number of PCNA-positive cells in the presence
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of sorafenib (Figure7e—g and j). Meanwhile, it has been re-
ported that sunitinib treatment significantly decreased the
expression of KRT6A in immunohistochemical staining of
RHE model (Yoshida et al, 2021). However, sorafenib did not
change KRT6A expression in RHE model (Figure 22a—c). It
was possible that this discrepancy was caused by difference
in inhibitory molecules between sorafenib and sunitinib. In
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Figure 12. Immunohistochemical
staining for involucrin in the
sorafenib- and/or hit drug—treated
RHE model. (a—f)
Immunohistochemistry for involucrin
in paraffin-embedded sections of the
RHE model. Nuclei were
counterstained with DAPI. Dual
immunofluorescence was observed
using the all-in-one fluorescence
microscope BZ-X800. (g) The section
without primary antibody (only
secondary antibody) indicated as
negative control. Bar = 100 pm.
Green: involucrin, blue: DAPI
(nuclei). (h) Fluorescence intensity
was measured using an analysis
application of the BZ-X800 series. The
results are presented as the means +
SD of triplicate epidermis. Data were
evaluated by a 1-way ANOVA
followed by Tukey’s test; ™"P <
.0001. S denotes sorafenib, Clof
denotes clofazimine, CyA denotes
cyclosporin A, ltra denotes
itraconazole, PP denotes pyrvinium
pamoate, and IVL denote: involucrin.
RHE, reconstructed human epidermis.

Fluorescence intensity (um2

addition, sunitinib is reported to evoke apoptosis through Fas
and FasL in mouse epidermis (Yeh et al, 2014). Our data
revealed that sorafenib also induced apoptosis, whereas all
candidate drugs were suppressed to increase annexin
V—positive apoptotic cells (Figures 14a—g and 17a—d).
Therefore, these findings showed that sorafenib toxicity on
keratinocytes is mainly attributed to apoptosis.

The phosphorylation status of ERK1/2 is a useful marker for
assessing Raf inhibition by sorafenib (Adnane et al, 2006).
Sorafenib effectively inhibited ERK1/2 phosphorylation in

NHEKs (Figure 20a and b). Interestingly, clofazimine, itra-
conazole, and pyrvinium pamoate significantly increased
ERK1/2 phosphorylation in the presence of sorafenib. In
particular, clofazimine and pyrvinium pamoate strongly
recovered the phosphorylation. Cyclosporin A did not
recover the decreasing phosphorylation in the presence of
sorafenib (Figure 20a and b). ERK1/2 participate in cell pro-
liferation and apoptotic inhibition. Thus, it is thought that
clofazimine, itraconazole, and pyrvinium pamoate restored
the suppression of ERK phosphorylation by sorafenib and
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Figure 13. Immunohistochemical
staining for FLG in the sorafenib- and/
or hit drug—treated RHE model. (a—f)
Immunohistochemistry for FLG in
paraffin-embedded sections of the
RHE model. Nuclei were
counterstained with DAPI. Dual
immunofluorescence was observed
using the all-in-one fluorescence
microscope BZ-X800. (g) The section
without primary antibody (only
secondary antibody) indicated as
negative control. Bar = 100 pm. Red:
FLG, blue: DAPI (nuclei). (h)
Fluorescence intensity was measured
using an analysis application of the S+
BZ-X800 series. The results are
presented as the means + SD of
triplicate epidermis. Data were
evaluated by a 1-way ANOVA
followed by Tukey’s test; ™"P <
.0001. S denotes sorafenib, Clof S+
denotes clofazimine, CyA denotes
cyclosporin A, Itra denotes
itraconazole, and PP denotes
pyrvinium pamoate. RHE,
reconstructed human epidermis.
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promoted the cell proliferation in NHEKs. Different mecha-
nism may be involved in promoting cell proliferation by
cyclosporin A. However, pyrvinium pamoate did not recov-
ered PCNA and K14 expression in RHE model. In RHE
model, 3-dimensional epidermal structure may be influenced
by drug efficacy.

These results indicate that hit drugs, including clofazimine,
cyclosporin A, itraconazole, and pyrvinium pamoate,
normalize keratinocyte proliferation and protect sorafenib-
induced apoptosis. In conclusion, the present results
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suggest the potential of these hit drugs as candidates for the
treatment of MKl-induced HFSR. However, this study was
performed in vitro; therefore, there are limitation for direct
application of our findings to clinical practice. In future,
further translational researches are required in detail.

MATERIALS AND METHODS

Chemical library

The Prestwick Chemical Library was obtained from PerkinElmer and
consists of 1273 off-patent and mostly approved drugs (Food and
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Figure 14. Apoptosis assay of
sorafenib- and/or hit drug—treated
NHEK. NHEKs were incubated with
(@) DMSO (vehicle), (b) 7 pM
sorafenib, and (c) 1 pM clofazimine,
(d) cyclosporin A, or (e) itraconazole.
After overnight incubation, the cells
were stained by FITC-annexin V

E (green), EthD-III (red), and Hoechst
33342 (blue) and observed and
analyzed by fluorescence microscope
BZ-X800 and its analysis application.
Cell numbers were counted in 16

Merged

random fields of view per group. (f, g
Relative ratio (%) of (f) annexin V and
(g) EthD-lll—positive cells. The results
are presented as the mean + SD. Data
were evaluated by 1-way ANOVA
followed by Tukey’s test; ~™"P <
.0001, ""P < .001, and “P < .01. S
denotes sorafenib, Clof denotes
clofazimine, CyA denotes
cyclosporine A, and ltra denotes

N itraconazole. Bar = 100 um. EthD-III,
ethidium homodimer Ill; NHEK,
normal human epidermal
keratinocyte.
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Drug Administration, European Medicines Agency, and other
agencies). Compounds were predissolved at a concentration of 10
mM in DMSO.

Reagents

Avermectin BT1a was from Chemscene, tolfenamic acid and N6-
methyladenosine were from Namiki Shoji, bromocriptine mesylate
was from Merck, and sorafenib was from Santa Cruz Biotechnology.
Calcipotriene, Chicago sky blue 6B, clofazimine, cyclosporin A,
halofantrine hydrochloride, itraconazole, luteolin, pyrvinium
pamoate, and tolcapone were from Sigma-Aldrich. Guanfacine hy-
drochloride and meclozine dihydrochloride were from Tokyo
Chemical Industry. All other chemicals were of reagent grade.

Primary antibodies

Antiloricrin antibody, anticytokeratin 14 rabbit mAb, and anti-
involucrin antibody were obtained from Abcam. Anti-p44/42
MAPK (ERK1/2) rabbit mAb and antiphosphorylated p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) rabbit mAb were purchased from Cell
Signaling Technology. Anti-FLG antibody was from Santa Cruz
Biotechnology. Anti-K10 guinea pig polyclonal antibody was from
Progen. Cytokeratin 6A polyclonal antibody and PCNA mouse mAb
was from ProteinTech.

Monolayer cultures
NHEKs derived from an adult epidermis were cultured in KBM-
Gold containing KGM-Gold SingleQuotes (Lonza). All cells were
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Fig. 15. Detection of
autofluorescence of sorafenib and hit
drugs using DAPI, GFP, and Texas
Red filters. NHEKs were incubated
with (@) 7 UM sorafenib, (b) T uM
clofazimine, (c) cyclosporin A, (d)
itraconazole, or (c) pyrvinium
pamoate. After overnight incubation,
the cells were observed without b
staining by fluorescence microscope
BZ-X800. We used filters: DAPI (Ex
360 nm/Em 460 nm), GFP (Ex 470 nm/
Em 525 nm), and Texas Red (Ex 560
nm/Em 630 nm). No filter: bright field.
Bar = 100 um. Em, emission Cc
wavelength; Ex, excitation
wavelength; NHEK, normal human
epidermal keratinocyte.
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incubated at 37 °C with 5% carbon dioxide and used within 3
passages.

Screening of chemical library in NHEKs

Each chemical compound was added to subconfluent NHEKs. Cells
were preincubated for 1 hour at 37 °C with chemical compound,
and then both sorafenib and each drug were added to the medium
and incubated overnight before performing the cell viability assay by
Cell Counting Kit-8 (Dojindo Laboratories). Control, sorafenib alone,
and compound alone were not preincubated. After cells were
washed with PBS, Cell Counting Kit-8 solution was added to NHEKSs
and incubated at 37 °C for 3 hours. Cell viability was assessed by
measuring absorbance at 450 nm using an ARVO X4 Multi-label
Plate Reader (Perkin Elmer). In the primary screening (Figure 1),
we analyzed 7 uM sorafenib + 1 uM compound and 1 uM com-
pound alone in triplicate wells on the same plate. In the second
screening (Figure 2), we performed the measurement in triplicate
wells using the same plate and examined dose dependency (0.1, 1,
and 10 uM). Cell viability was calculated using the following for-
mula:

Cell viability (%) = (sample Abs - blank Abs)
x 100/ (control Abs - blank Abs)

Where Abs indicate absorbance; blank indicates no cells, sorafenib
(=), and compound (—); sample indicates cells (+), sorafenib (+),

JID Innovations (2024), Volume 4

Filter: GFP Filter: Texas Red

Bright field

and compound (+); and control indicates cells (+), sorafenib (—),
and compound (-).

RHE model

A 3-dimensional RHE model (EpiDerm, EPI-200) and medium (EPI-
100-ASY) were obtained from MatTek. Epiderm cultures were per-
formed according to the manufacturer’s instructions. All tissues were
incubated at 37 °C with 5% carbon dioxide. Briefly, the RHE model
were precultured at 37 °C overnight, and tissues were exposed to
medium containing both sorafenib and each candidate compound
after preincubation for 1 hour at 37 °C with candidate compound.
All drugs were exposed from the basal layer. After a 96-hour incu-
bation, the MTT assay was conducted according to the manufac-
turer’s instructions (MatTek), and the epidermal sheets were
collected. All experiments were performed in triplicate wells of RHE.
In addition, we checked for reproducibility with different experi-
ments on different day.

Briefly, MTT reagent (MatTek) was added to RHE model and
incubated at 37 °C. After 3 hours, RHE model was washed with PBS,
isopropanol was added, and formazan was extracted for 2 hours at
room temperature. After extraction, formazan extracts were moved
to 96-well microplate, and absorbance was measured at 570 nm
using an ARVO X4 Multi-label Plate Reader. Absorbance was
measured in the wells of duplicate. Cell viability was calculated
using the following formula:
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Bright field

Figure 16. Detection of autofluorescence of sorafenib and hit drugs using Cy5 filter. NHEKs were incubated with (a) 7 uM sorafenib, (b) T uM clofazimine, (c)
cyclosporin A, (d) itraconazole, or (c) pyrvinium pamoate. After overnight incubation, the cells were observed without staining by fluorescence microscope
BZ-X800. We used filters: Cy5 (Ex 640 nm/Em 690 nm). No filter: bright field. Bar = 100 pm. Em, emission wavelength; Ex, excitation wavelength; NHEK,

normal human epidermal keratinocyte.

Cell viability (%) = (sample Abs - blank Abs)
x 100/ (control Abs - blank Abs)

Where Abs is absorbance; blank indicates isopropanol, sorafenib
(=), and compound (—); sample indicates formazan extract (+),
sorafenib (+), and compound (+); and control indicates formazan
extract (+), sorafenib (=), and compound (—).

Histological analysis

The epidermis was fixed overnight in a mixture (2:1) of 4% para-
formaldehyde and Superfix KY-500 (Kurabo) and embedded in 4%
agar (high gel strength; Ina Kanten Karikorikan, Ina food Industry).
Samples were then embedded in paraffin using the Leica TP1020
Automatic Tissue Processor (Leica Microsystems GmbH) and tissue
embedding system (Ogawa Seiki). Samples were cut into 4-um-
thick paraffin sections using the retoratome REM-710 (Yamato
Kohki Industrial) and mounted onto silane-coated glass slides.
Sections were deparaffinized, rehydrated, and analyzed by H&E
staining.

Proliferating cells were detected by immunohistochemical stain-
ing for PCNA. Paraffin sections were deparaffinized and rehydrated,
followed by antigen retrieval at 110 °C for 10 minutes using antigen
retrieval buffer (citrate buffer, pH 6.0) (Abcam) and the decloaking
chamber NxGen (Biocare Medical). After washing with PBS,
endogenous peroxidase blocking was conducted at room tempera-
ture for 10 minutes using hydrogen peroxide—blocking reagent
(Abcam), followed by washing with PBS containing 0.2% Tween 20
(PBST) and incubation at room temperature for 1 hour with blocking
solution (PBS containing 2% BSA, 5% normal goat serum, and 0.2%
Triton X-100). After blocking, sections were incubated at 4 °C
overnight with a PCNA mouse mAb (1:1000 dilution). On the next
day, sections were washed with PBST and incubated at room tem-
perature for 1 hour with goat anti-mouse IgG H&L (horseradish
peroxidase polymer) (Abcam). After washing with PBST, sections
were treated using the 3,3’- diaminobenzidine substrate kit (Abcam)
at room temperature, counterstained with Mayer’s hematoxylin,
dehydrated with ethanol, cleared with xylene, and mounted.

K10 and K14 were detected by immunofluorescence staining.
Paraffin sections were deparaffinized and rehydrated, and antigen
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Figure 17. Apoptosis assay of
sorafenib- and/or pyrvinium pamoate
—treated NHEK. NHEKs were
incubated with (a) DMSO (vehicle),
(b) 7 uM sorafenib, and/or (c) T uM
pyrvinium pamoate. After overnight
incubation, the cells were stained by
Annexin V—conjugated Alexa Fluor
647 (violet) and observed and
analyzed by fluorescence microscope
BZ-X800 and its analysis application.
Annexin V—positive cell numbers
were counted in 16 random fields of
view per group. The number of whole
cells in a bright field was counted by
manual handling. (d) Relative ratio (%)
of annexin V—positive cells. The
results were presented as the mean +
SD. Data were evaluated by 1-way
ANOVA followed by Tukey’s test; ~"P
< .0001. S denotes sorafenib, and PP
denotes pyrvinium pamoate. Bar =
100 pm. NHEK, normal human
epidermal keratinocyte.
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retrieval was performed at 110 °C for 10 minutes using antigen
retrieval buffer (citrate buffer, pH 6.0) (Abcam) and the decloaking
chamber NxGen (Biocare Medical). After washing with PBST, sec-
tions were incubated at room temperature for 1 hour with blocking
solution (PBS containing 2% BSA, 5% normal donkey serum, and
0.2% Triton X-100) and then with an anti-K10 guinea pig polyclonal
antibody (1:200 dilution), anticytokeratin 14 rabbit mAb (1:2000
dilution), antiloricrin (1:500 dilution), anti-involucrin (1:150 dilu-
tion), anti-FLG (1:200 dilution), and anti-KRT6A (1:500 dilution) at 4
°C overnight. K10 and K14 were costained in the same section. On
the next day, sections were washed with PBST and incubated at room
temperature for 1 hour with a donkey anti-rabbit IgG (H+L) highly
cross-adsorbed secondary antibody conjugated with Alexa Fluor 488
(1:300 dilution, Thermo Fisher Scientific), donkey anti-guinea pig
1gG (H+L), AffiniPure F(ab’)2 Fragment—conjugated Alexa Fluor 594
(1:300 dilution, Jackson ImmunoResearch Laboratories), and/or

JID Innovations (2024), Volume 4
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donkey anti-mouse 1gG (H+L) highly cross-adsorbed secondary
antibody conjugated with Alexa Fluor 594 (1:300 dilution, Thermo
Fisher Scientific). After washing with PBST, sections were mounted
using Vectashield Mounting Medium with DAPI.

A morphological analysis by H&E staining and immunohisto-
chemistry was performed using the all-in-one fluorescence micro-
scope BZ-X800 (Keyence). PCNA-positive nuclei were manually
counted and indicated as a relative value (%) to all nuclei. The
fluorescence intensity and area of vacuoles were measured in at least
9 images from each group using an analysis application in the BZ-
X800 series (Keyence).

Apoptosis assay

Annexin V—positive apoptotic cells were detected using Apoptotic,
Necrotic and Healthy Cells Quantification Kit (Biotium). After pre-
incubation for 1 hour at 37 °C with candidate drug, sorafenib (7 pM)
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Figure 18. Apoptosis assay of hit
drugs treated NHEK. NHEKs were
incubated with (@) DMSO (vehicle),
(b) 1 uM clofazimine, (c) cyclosporin
A, or (d) itraconazole. After overnight
incubation, the cells were stained by
FITC-annexin V (green), EthD-III (red),
and Hoechst 33342 (blue) and
observed and analyzed by
fluorescence microscope BZ-X800
and its analysis application. Cell
numbers were counted in 16 random
fields of view per group. (e, f) Relative
ratio (%) of (f) annexin V— and (g)
EthD-Ill—positive cells. The results are
presented as the means + SD. Data
were evaluated by 1-way ANOVA
followed by Dunnett’s test; P <
.0001 and P < .01. Clof denotes
clofazimine, CyA denotes
cyclosporine A, and Itra denotes
itraconazole. Bar = 100 um. EthD-III,
ethidium homodimer Ill; NHEK,
normal human epidermal
keratinocyte.
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and clofazimine, cyclosporine A or itraconazole (1 pM) was added to
subconfluent keratinocytes and incubated for overnight. Cells were
washed twice with PBS and 1x binding buffer, respectively. Next, 1x
binding buffer containing FITC-annexin V, EthD-Ill, and Hoechst
33342 was added, and the cells were incubated at room temperature
in the dark for 15 minutes. Then, the cells were washed twice with 1x
binding buffer, covered with a cover glass, and imaged by BZ-X800
fluorescence microscope (Keyence). The numbers of stained cell
were counted by BZ-X analyzer (Keyence). Relative ratio of annexin
V— and EthD-Ill—positive cells were calculated using the following
formulae:

For relative ratio (%) of annexin V—positive cells : annexin V* cells
x 100/Hoechst 333427 cells.

For relative ratio(%)of EthD-lll—positive cells : EthD-1II" cells
x 100/Hoechst 333427 cells

As other methods, annexin V—positive cells were detected using
Alexa Fluor 647—conjugated annexin V (Thermo Fisher Scientific).
After preincubation for 1 hour at 37 °C with pyrvinium pamoate,

1
Clof CyA Itra

sorafenib (7 uM) and/or pyrvinium pamoate (1 uM) was added to
subconfluent keratinocytes and incubated for overnight. Cells
were washed twice with PBS and binding buffer (10 mM 4-[2-
hydroxyethyl]-1-piperazineethanesulfonic acid, 0.14 M sodium
chloride, and 2.5 mM calcium chloride, pH 7.4). Next, binding
buffer containing Alexa Fluor 647—conjugated annexin V was
added, and the cells were incubated at room temperature in the dark
for 15 minutes. Then, the cells were washed twice with binding
buffer, covered with a cover glass, and imaged by BZ-X800 fluo-
rescence microscope (Keyence). The numbers of annexin V—positive
cell were counted by BZ-X analyzer (Keyence), and the numbers of
whole cell in bright field were counting by manual handling. Rela-
tive ratio of annexin V—positive cells were calculated using the
following formula:

For relative ratio (%) of annexin V—positive cells, annexin V* cells
x 100/whole cell numbers

Autofluorescence of each drugs was validated in the absence of
annexin V, EthD-1ll, and Hoechst 33342. Filters used DAPI (excita-
tion wavelength 360 nm/emission wavelength 460 nm, for
Hoechst33342), GFP (excitation wavelength 470 nm/emission
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Figure 19. Apoptosis assay of
pyrvinium pamoate treated NHEK.

NHEKs were incubated with (a) a
DMSO (vehicle) and (b) 1T uM

pyrvinium pamoate. After overnight

incubation, the cells were stained by

annexin V—conjugated Alexa Fluor Vehicle

647 (violet) and observed and

analyzed by fluorescence microscope

BZ-X800 and its analysis application.

Annexin V—positive cell numbers

were counted in 16 random fields of

view per group. The number of whole b
cells in a bright field was counted by

manual handling. (f) Relative ratio (%)

of annexin V—positive cells. The

results are presented as the means + Pyrvinium
SD. Data were evaluated by 1-way Pamoate
ANOVA followed by Dunnett’s test. S
denotes sorafenib, and PP denotes
pyrvinium pamoate. Bar = 100 um.
NHEK, normal human epidermal
keratinocyte.
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wavelength 525 nm, for FITC-Annexin V), Texas Red (excitation
wavelength 560 nm/emission wavelength 630 nm, for EthD-III), and
Cy5 (excitation wavelength 640 nm/emission wavelength 690 nm,
for Annexin V—conjugated Alexa Fluor 647) (Keyence).

Western blotting

After preincubation for 1 hour at 37 °C with 1 uM candidate com-
pound, NHEKs were incubated for 1 hour at 37 °C with DMSO
(vehicle); 7 uM sorafenib; and 1 uM clofazimine, cyclosporin A,
itraconazole, or pyrvinium pamoate. The cell lysates were prepared
using M-PER mammalian protein extraction reagent (Thermo Fisher
Scientific) containing Halt protease inhibitor cocktail and Halt
phosphatase inhibitor cocktail (Thermo Fisher Scientific).

Equal amounts of total protein (5 pg) of cell lysate were applied to
e-PAGEL 10% (ATTO) and electrophoresed for 70 minutes at 20 mA/
gel. After electrophoresis, proteins were transferred onto an
Immobilon-P PVDF membrane (Millipore) by Powered Blot (ATTO).
The membrane was blocked with EzBlock Chemi (ATTO) at room
temperature for 1 hour and then incubated with primary antibody
(anti-ERK1/2  [1:2000 dilution] or antiphosphorylated ERK1/2
[1:1000 dilution]) overnight at 4 °C. The next day, the membranes
were washed three times with Tris-buffered saline with Tween 20
and then incubated with horseradish peroxidase—conjugated goat
anti-rabbit 1gG (H+L), superclonal recombinant secondary antibody

JID Innovations (2024), Volume 4
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(1:10,000 dilution) for 1 hour at room temperature. After washing
three times with Tris-buffered saline with Tween 20, bands were
detected with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher Scientific) using Amersham Imager 600 (GE
Healthcare). Anti—p-actin (1:5000 dilution) (ProteinTech) was used
as an internal control. Relative densities of bands were analyzed by
National Institutes of Health Image) program.

Statistical analysis

We used a 1-way ANOVA with Dunnett’s or Tukey’s multiple com-
parison tests. All statistical analyses were performed using GraphPad
Prism 9 (GraphPad Software).
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Figure 20. Western blot analysis of ERK1/2 phosphorylation in NHEKs. NHEKs were incubated with DMSO (vehicle), 7 UM sorafenib, 1 pM clofazimine,
cyclosporin A, itraconazole, or pyrvinium pamoate. After preincubation for 1 h, the cell lysates were prepared, and western blotting was performed. (a) Western
blot images of the p-ERK1/2, ERK1/2, and B-actin (internal control). Protein contents of all samples were set at 5 pg/lane. (b, ¢) Bands were semiquantified by
Image). Data were indicated as a relative ratio of p-ERK/ERK. The results are presented as the mean + SD of separately triplicate experiments. Data were
evaluated by 1-way ANOVA followed by Tukey’s test; P < .0001, 7P < .001, P < .01, and "P < .05. S denotes sorafenib, Clof denotes clofazimine, CyA
denotes cyclosporin A, and PP denotes pyrvinium pamoate. ERK, extracellular signal—regulated kinase; h, hour; NHEK, normal human epidermal keratinocyte;

p-ERK, phosphorylated extracellular signal—regulated kinase.
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Table 2. Cell Viability in the Presence of 1 pM of CYP3A4 Inhibitors with 7 uM Sorafenib

ID Chemical Name Therapeutic Effect Cell Viability (%) P-Value'
Strong CYP3A4 inhibitors

08A08 Itraconazole Antifungal 209.8 £ 20.5 .0007***
04F10 Mifepristone Abortifacient 128.5 £ 22.0 n.s
05G10 Ketoconazole Antifungal 123.0 + 75.1 n.s
16F03 Indinavir Antiviral 114.8 £ 19.7 n.s
16F11 Ritonavir Antiviral 114.8 £+ 20.6 n.s
15E09 Clarithromycin Antibacterial 106.2 £+ 6.4 n.s
08C06 Voriconazole Antifungal 959 £11.9 n.s
16A02 Nelfinavir Antiviral 90.6 £ 10.3 n.s
14HO05 Saquinavir Antiviral 87.7 £10.6 n.s

Abbreviations: ID, identification; n.s, not significant.
All results are presented as the mean + SD of triplicate wells in the single plate. ***P < .001.
'Student’s t-test (vs vehicle with 7 uM sorafenib).
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Figure 21. Effect of azole antifungal drugs against sorafenib toxicity in NHEKs. NHEKs were incubated at 37 °C overnight with (@) T pM or (b) 10 uM azole
antifungal agent in the presence of 7 pM sorafenib. Cell viability was assessed by CCK-8 assay. The dashed lines indicate 17% cell viability with a single
treatment of 7 LM sorafenib. Data were evaluated using 1-way ANOVA followed by Tukey’s test; P < .0001 (vs vehicle without sorafenib) and ***"P < .0001,
P < .01, and *P < .05 (vs vehicle in the presence of 7 uM sorafenib). All results are presented as the means & SD of triplicate experiments. CCK-8, Cell
Counting Kit-8; NHEK, normal human epidermal keratinocyte; ns, not significant.
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Figure 22. Immunohistochemical
staining for K6A in sorafenib-treated
RHE model. (a, b)
Immunohistochemistry for K6A in
paraffin-embedded sections of the
RHE model. Nuclei were
counterstained with DAPI. Dual
immunofluorescence was observed
using the all-in-one fluorescence
microscope BZ-X800. Bar = 100 pum.
Green: K6A, blue: DAPI (nuclei). (c)
Fluorescence intensity was measured
using an analysis application of the
BZ-X800 series. The results are
presented as the means + SD of
triplicate epidermis. Data were
evaluated by a 1-way ANOVA
followed by Student’s t-test. K6A,
keratin 6A; RHE, reconstructed human
epidermis.
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