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Abstract

Background: Mammalian target of rapamycin (mTOR) inhibitors are associated with dermatological adverse events.
The chief aim of this study was to examine the relation between the signal transducer and activator of transcription
3 (STAT3) protein and the dermatological adverse events associated with the mTOR inhibitor everolimus.

Methods: We evaluated the effects of STAT3 activity and related signal transduction activities on everolimus-
induced cell growth inhibition in the human keratinocyte HaCaT cell line via a WST-8 assay, and on signal
transduction mechanisms involved in everolimus treatments via a western blot analysis. Apoptosis was evaluated
using an imaging cytometric assay.

Results: The cell growth inhibitory effects of everolimus were enhanced by stattic or STA-21, which are selective
inhibitors of STAT3, treatment in HaCaT cells, although such effects were not observed in Caki-1 and HepG2 cells.
Phosphorylation at tyrosine 705 of STAT3 was decreased by treatment with everolimus in a dose-dependent
manner in HaCaT cells; in contrast, phosphorylation at serine 727 was not decreased by everolimus, but slightly
increased. Furthermore, we found that pretreatment of p38 MAPK inhibitor and transfection with constitutively
active form of STAT3 in HaCaT cells resisted the cytostatic activity of everolimus.

Conclusions: These findings suggest that STAT3 activity may be a biomarker of everolimus-induced dermatological
toxicity.
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Background
Cancer chemotherapy made dramatic progress with the
advent of molecular target drugs. Development of these
molecules for the treatment of various types of cancer is
expected in the future. However, serious adverse events
were observed with continuous treatment of cancer by
molecular target drugs that are considered as more safe
therapeutic options. In particular, dermatological adverse
events, sometimes termed as “hand–foot skin reaction”,
occur at an exceptionally high frequency during the use of
specific drugs thus leading to interruption of therapy or
depression in quality of life [1-4]. These dermatological
side effects are differentiated from dermatitis resulting
from cytotoxic anticancer agents, e.g., 5-fluorouracil and
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drugs in the taxane group, and they exhibit a characteristic
pathological model [3]. Furthermore, clinicopathological
findings have shown that these dermatological side effects
are due to deficiency in epidermal cell growth [5]. In
addition, these effects are present in a localized area of the
body [5]. Moreover, these side effects are correlated with
therapeutic effects [3-5]. Although they pose a critical
issue for patients receiving targeted molecular therapy, the
pathogenic mechanisms underlying these side effects re-
main unclear.
Mammalian target of rapamycin (mTOR) inhibitors

(rapamycin, everolimus, and temsirolimus) are a new
class of anticancer drugs with a novel mechanism of ac-
tion. These compounds inhibit the proliferation and
growth of a wide spectrum of tumor cell lines by inhibit-
ing signal transduction from the phosphatidylinositol 3-
kinase (PI3K)/protein kinase B (Akt)/mTOR pathway
[6]. The potential benefits of mTOR inhibitors have not
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Figure 1 Chemical structure of everolimus.
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been fully realized because of the various side effects of
these drugs. The incidence of dermatitis in sirolimus-
treated patients is in the range of 13–46% in different
studies [7-9]. An effective breakthrough regarding the
cutaneous side effects of treatment with mTOR inhibi-
tors remains crucial.
The signal transducer and activator of transcription

(STAT) signaling pathways are activated in response to cy-
tokines and growth factors [e.g., epidermal growth factor
(EGF) and vascular endothelial growth factor (VEGF)]
[10,11]. STAT3 exerts widespread effects via the transcrip-
tional upregulation of genes encoding proteins involved in
cell survival, cell–cycle progression, and homeostasis
[12,13]. Moreover, transcription mediated by phosphory-
lated STAT3 (pSTAT3) controls several genes of the apop-
totic pathway, including the bcl family and inhibitors of
apoptosis family of genes [14]. A recent study reported
that STAT3 is the main factor in the molecular control of
cutaneous homeostasis [15]. Inhibition of STAT3 (as an
important factor in the formation of skin lesions) has the
potential to be one of the pathogenic mechanisms under-
lying the dermatological side effects induced by treatment
with molecular target drugs.
In the present study, we investigated the effects of

STAT3 and related mechanisms on everolimus-mediated
cell growth inhibition in human epidermal keratinocyte
cell lines. Our findings suggest that STAT3 activity in
keratinocytes may be a biomarker of everolimus-induced
dermatological events.

Materials and methods
Chemicals
Everolimus (Figure 1), a derivative of sirolimus and an
mTOR inhibitor, was purchased from Sigma-Aldrich
Chemical, Co. (St Louis, MO, USA). Stattic, a small-
molecule inhibitor of STAT3 activation [16], was purchased
from Enzo Life Sciences, Inc. (Farmingdale, NY, USA).
STA-21, a STAT3 inhibitor [17], was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Z3, an
inhibitor of the autophosphorylation of Janus kinase 2
(JAK2) [18], was obtained from Calbiochem (Darmstadt,
Germany). SB203580, a specific blocker of p38 mitogen-
activated protein kinase (MAPK) activity, and SP600125,
a selective and reversible inhibitor of the c-Jun N-terminal
kinase 1 (JNK1), JNK2, and JNK3, were obtained from
Cayman Chemical Company (Ann Arbor, MI, USA).
U0126, a selective inhibitor of mitogen-induced extracel-
lular kinase 1 (MEK1) and MEK2, was purchase from Cell
Signaling Technology, Inc. (Boston, MA, USA).

Antibodies
Rabbit anti-phosphorylated (anti-phospho)-STAT3 at
tyrosine 705 (Tyr705) and serine 727 (Ser727), mouse anti-
STAT3 antibodies, rabbit anti-phospho-extracellular signal-
regulated kinase (Erk) 1/2, rabbit anti-Erk 1/2 antibodies,
rabbit anti-phospho-p38 MAPK, rabbit anti-p38 antibodies,
anti-phospho-S6 kinase (Thr389) and anti-p70 S6 kinase
antibodies were purchased from Cell Signaling Technology.
Mouse anti-phospho-JNK and rabbit anti-JNK antibodies,
as well as anti-mouse HRP-conjugated IgG, anti-rabbit
HRP-conjugated IgG, and anti-rabbit FITC-conjugate IgG,
were purchased from Santa Cruz Biotechnology. A rabbit
anti-β-actin antibody was obtained from Sigma-Aldrich.

Cells and cell culture
HaCaT cells, the human immortalized keratinocyte cell
lines, were kindly provided by Professor Norbert Fusenig
(German Cancer Research Centre, Heidelberg, Germany)
[19]. HepG2 cells, the human hepatocarcinoma cell lines,
were purchased from JCRB (Osaka, Japan). HaCaT and
HepG2 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM; Sigma-Aldrich) supplemented
with 10% heat-inactivated fetal bovine serum (lot. No.
9866 J; MP Biomedicals, Solon, OH, USA), 100 units/
mL of penicillin, and 100 μg/mL streptomycin (Life
Technologies, Carlsbad, CA, USA). Caki-1 cells, the
human renal cell carcinoma cell lines, were purchased
from JCRB. Caki-1 cells were maintained in Eagle’s
Minimum Essential Medium (EMEM; Sigma-Aldrich)
supplemented with 10% heat-inactivated fetal bovine
serum, 100 units/mL of penicillin, and 100 μg/mL
streptomycin, similar to the HaCaT culture medium.
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Each cell line was seeded into culture flasks, grown in a
humidified atmosphere of 5% CO2 and 95% air at 37°C,
and subcultured with 0.05% trypsin/0.02% EDTA (Life
Technologies).

WST-8 colorimetric assay
The effects of various signal transduction inhibitors and
transfection with expression plasmids on the everolimus-
mediated cell growth inhibition in HaCaTcells were evalu-
ated via the WST-8 assay using the Cell Counting Kit-8
(Dojindo Laboratories, Kumamoto, Japan) as described
previously [20-22]. Cells (2 × 103/well) were seeded onto
96-well plates and precultured for 24 h. The medium was
exchanged for medium containing everolimus at various
concentrations after pretreatment with signal transduction
inhibitors at several concentrations, for appropriate term,
followed by incubation for 48 h at 37°C. The culture
medium was replaced with a medium containing a WST-8
reagent for 3 h and the absorbance in the well was deter-
mined at 450 nm with a reference wavelength of 630 nm
using a microplate reader (FLUOstar OPTIMA, BMG
LABTECH, Ltd., Germany).

Apoptosis assay
Apoptosis-mediated cell death was examined in HaCaT
cells by a double-staining method using a FITC-labeled
Annexin V/propidium iodide (PI) apoptosis detection kit
(BD Biosciences, San Jose, CA, USA) according to the man-
ufacturer’s instructions. In brief, control, everolimus-treated,
and stattic-treated cells were washed in phosphate-buffered
saline (PBS) twice and incubated with PBS containing FITC-
conjugated Annexin V and PI dyes for 30 min at 37°C.
After cells were washed in PBS twice, they were incubated
with PBS containing 10 μM Hoechst 33258 and 4% para-
formaldehyde for 30 min at 37°C. The externalization
of phosphatidylserine and the permeability to PI were
evaluated using an IN Cell Analyzer 2000 (GE Healthcare
UK Ltd, Buckinghamshire, UK). Cells in early stages of
apoptosis were positively stained with Annexin V, whereas
cells in late apoptosis were positively stained with both
Annexin V and PI.

Western blotting
Western blotting was performed as described previously
[6]. Proteins in the total cell lysate were extracted from
cells treating to each buffer with Cell Lysis Buffer (Cell
Signaling Technology) in addition to 1 mM dithiothrei-
tol, 1 mM phenylmethylsulfonyl fluoride, and 5 μg/mL
leupeptin. Proteins were separated using 7.5 or 12%
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE)
electrophoresis and electrotransferred to a polyvinylidene
difluoride membrane (Hybond-P membrane; GE Health-
care). Subsequently, the blot was blocked in a solution
of wash buffer (10 mM Tris, pH 7.5, 150 mM NaCl,
and 0.05% Tween-20) containing 5% skim milk. The
membrane was soused in wash buffer containing specific
primary antibodies overnight, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies
for 1 h. Antibody-bound proteins were visualized by treat-
ing the membrane with the enhanced ECLTM Prime
Western Blotting Detection Reagent (GE Healthcare) pre-
pared immediately before detection. Finally, blot im-
ages were acquired using ChemiStage 16-CC (KURABO
Industries Ltd., Osaka, Japan). Wherever indicated,
the membranes were stripped and reprobed with another
antibody.

Plasmid construction
Constitutively active STAT3 (STAT3C) mammalian ex-
pression plasmids were kindly provided by Professor
Miyajima (University of Tokyo, Tokyo, Japan) [23]. Tyro-
sine 705 deficient STAT3 (STAT3-Y705F) mammalian
expression plasmids were kindly provided by Darnell
(Addgene plasmid #8709) [24]. STAT3C and STAT3-Y705F
constructs were transformed into DH-5α competent cells
and plasmid DNA was extracted using the QIAGEN® Plas-
mid Midi Kit (QIAGEN K.K, Tokyo, Japan). Extracted plas-
mids were purified to a grade appropriate for cell culture
using phenol and chloroform and stocked at 1 μg/μL in a
freezer until experimental use.

Transient transfection
Transient transfection of cell lines with expression vec-
tors was performed using the Lipofectamine LTX trans-
fection reagent (Life Technologies) according to the
manufacturer’s protocol. In brief, cells were grown in
96-well culture plates until they reached ~90% conflu-
ence. The culture medium was replaced with serum-free
Opti-MEM (Life Technologies) and cells were trans-
fected with the DNA–lipofectamine complex. HaCaT
cells were transiently transfected with 0.1 μg/well of
plasmid in 96-well plates.

Immunofluorescence imaging and cytometric analysis
Transfected HaCaT cells were fixed with 4% paraformal-
dehyde for 15 min at room temperature and blocked
in 5% BSA. And the cells were incubated with an
anti-STAT3 antibody, followed by incubation with FITC-
conjugated anti-rabbit IgG (Santa Cruz) and PI for stain-
ing nuclei. Visualized on an IN Cell Analyzer 2000, image
acquisition was configured to yield at least 1,000 cells
per replicate well. Cytometric analysis performed with
IN Cell Analyzer Workstation version 3.2. STAT3 nu-
clear entry was determined by measuring the nucleus/
cytoplasm intensity ratio of green fluorescence with
the Nuclear Translocation analysis module. Represen-
tatives of STAT3 nuclear translocation were shown as
means ± SD.
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Statistical analysis
Statistical analysis was performed using a nonrepeated
one-way analysis of variance followed by the Dunnett test
for multiple comparisons. p values < 0.01 (two-tailed) were
considered significant.

Results
Effects of stattic on everolimus-induced cell growth
inhibition in various cell lines
Figure 2 shows the everolimus-induced cell growth in-
hibition in HaCaT, Caki-1, and HepG2 cells in the ab-
sence or presence of the STAT3 inhibitor stattic. We
found that the everolimus-induced cell growth inhibition
in HaCaT cells was enhanced by pretreatment with stat-
tic. In contrast, the everolimus-induced cell growth in-
hibition in Caki-1 and HepG2 cells was unaffected by
stattic treatment. There was no significant difference on
absorbance values with cell toxicity of control and stattic
as not including everolimus in these cells.

Effects of STAT3 inhibitors on apoptotic effects in HaCaT
cells
To confirm that the apoptotic effects of everolimus were
enhanced by pretreatment with stattic, we performed an
apoptosis assay (Figure 3A). Imaging cytometric analysis
of apoptotic cells by Annexin V/PI staining showed that
apoptosis in HaCaT cells was increased after everolimus
treatment in a dose-dependent manner. Moreover, the
percentage of apoptotic cells was enhanced by stattic
pretreatment. These results indicate that stattic pretreat-
ment enhances the apoptotic effects of everolimus in
HaCaT cells.

Effects of various JAK/STAT pathway inhibitors on
everolimus-induced cell growth inhibition in HaCaT cells
In the presence of another STAT3 inhibitor (STA-21),
the everolimus-induced cell growth inhibition observed
HaCaT cells
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Figure 2 Effects of a STAT3 inhibitor on the everolimus-induced cell g
and HepG2 cells were incubated in medium containing everolimus at the
or DMSO (a solvent of stattic) for 20 min. Cell viability was determined by W
control (DMSO). There was no significant difference in cell toxicity in the D
in HaCaT cells was also enhanced, whereas a JAK2 in-
hibitor (Z3) did not affect the everolimus-induced cell
growth inhibition (Figure 3). This synergistic cell growth
inhibition effect was not due to coincubation with IL-6.

Effects of everolimus and STAT3 inhibitors on signal
transduction in HaCaT cells
Signal transduction in the presence of everolimus and
pretreatment with stattic in HaCaT cells is shown in
Figure 4. Phosphorylation of Tyr705 of STAT3 was
decreased after treatment with everolimus for 2 h in
a dose-dependent manner in HaCaT cells. In contrast,
phosphorylation of Ser727 of STAT3 was unaffected by
everolimus treatment in HaCaT cells in the absence of
stattic; however, it increased slightly in the presence of
stattic. Tyr705 phosphorylation was decreased by treat-
ment with everolimus in the presence of pretreatment
with stattic. Moreover, to clarify how STAT3 and mTOR
regulate cell toxicity whether in a parallel manner or in a
downstream regulation, we examined if STAT3 activity
varies in a time-dependent manner with treatment of
everolimus (Figure 4B). Phosphorylation of STAT3 was
decreased in short-term but increased in long-term incu-
bated with low-dose everolimus. Phosphorylation of p70
S6K which is direct downstream of mTORC1 showed
inhibition in a time-dependent manner based on the
mechanism of action of everolimus. This results show that
STAT3 phosphorylation can be regulated indirectly by
mTOR.

Effects of everolimus on MAPKs activity in HaCaT cells
and effects of MAPK inhibitors on everolimus-induced cell
growth inhibition in HaCaT cells
Previous studies demonstrated that the PI3K/Akt/mTOR
and MAPK pathways represent a cross-linked signal net-
work in various cell lines, and that STAT3 is an import-
ant downstream signaling factor of these pathways
HepG2 cells
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rowth inhibition in HaCaT, Caki-1, and HepG2 cells. HaCaT, Caki-1,
indicated concentrations for 48 h after pretreatment with 10 μM stattic
ST-8 colorimetric assay. *p < 0.01 Student’s t test compared with

MSO, stattic, and 0 μM everolimus conditions for each cell line.



A B

Figure 3 Effects of various STAT3 pathway inhibitors on everolimus-mediated apoptotic effects and cell growth inhibition in HaCaT
cells. (A) HaCaT cells were incubated in medium containing everolimus at the indicated concentrations for 48 h after pretreatment with 10 μM
stattic or DMSO for 20 min. Subsequently, apoptotic cells were detected using FITC-labeled Annexin V/PI staining on an IN Cell Analyzer 2000 for
Imaging cytometric analysis. (B) Effects of JAK/STAT pathway inhibitors and IL-6 on the cell growth inhibition induced by everolimus. HaCaT cells
were incubated in medium containing 30 μM everolimus for 48 h after pretreatment with 10 μM stattic for 20 min or coincubation with everolimus
and 25 μM Z3 (a selective inhibitor of JAK2), 20 μM STA-21, 100 ng/mL IL-6, or DMSO (solvent of these inhibitors). Cell viability was determined by
WST-8 colorimetric assay.
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[25-27]. Therefore, we confirmed the differences in the
phosphorylation of JNK, Erk1/2, and p38 MAPK after
treatment with everolimus in HaCaT cells (Figure 5A).
The phosphorylation of Erk1/2 and p38 MAPK was
increased after treatment with everolimus in a dose-
dependent manner in HaCaT cells. Moreover, the phos-
phorylation of p38 MAPK was particularly increased in
the presence of pretreatment with stattic. Figure 5B
shows the everolimus-induced cell growth inhibition
in HaCaT cells in the absence or presence of a MEK1/2
inhibitor (U0126), a p38 MAPK inhibitor (SB203580) or
a JNK inhibitor (SP600125). Treatment with the p38
MAPK inhibitor reduced the efficacy of cell growth
inhibition by everolimus in HaCaT cells. A MEK1/2
0 10 20 50

HaCaT cells

(1) DMSO (2) stattic (10 µM) (3) STA-21Inhibitor
Everolimus (µM)
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A

Figure 4 Effects of various STAT3 inhibitors on everolimus-mediated
of STAT3. HaCaT cells were incubated in medium containing everolimus at th
stattic for 20 min or (2): coincubation with everolimus and 10 μM STA-21 or (3
HaCaT cells were incubated in medium containing 10 μM everolimus at the i
electrotransferred to PVDF membranes. Various proteins and phosphorylation
inhibitor also affect the everolimus-induced cell
growth inhibition in HaCaT cells, slightly. Moreover,
we examined a possibility that MAPKs inhibitors rescue
the inhibition of phosphorylation of STAT3 by everolimus
(Figure 5C). In the pretreatment of SB203580, STAT3
Tyr705 phosphorylation was enhanced comparing from
treatment of everolimus alone.

Effects of STAT3 Y705F and STAT3C transfection on
everolimus-induced cell growth inhibition in HaCaT cells
STAT3C is a constitutively active STAT3 that dimerizes
constantly by substituting cysteine residues for specific
amino acids within the C-terminal loop of the STAT3
molecule [23], which resulted in the assembly of STAT3
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Figure 5 Effects of everolimus on MAPKs activation in HaCaT and effects of MAPK inhibitors on everolimus-induced cell growth
inhibition and signal transduction. (A) Alterations in the signal transduction of MAPKs. HaCaT cells were incubated in medium containing
everolimus at the indicated concentrations for 2 h after pretreatment with 10 μM stattic or DMSO. Total cell lysates were separated by SDS-PAGE
and electrotransferred to PVDF membranes. Various proteins and phosphorylation levels were evaluated by immunoblotting assay with specific
antibodies. (B) Effects of MAPK inhibitors on everolimus-induced cell growth inhibition. HaCaT cells were incubated with medium containing
everolimus at the indicated concentrations for 48 h after pretreatment with U0126 (a MEK1/2 inhibitor, 10 μM) for 2 h, SB203580 (a p38 MAPK
inhibitor, 10 μM) for 1 h, SP600125 (a JNK inhibitor, 20 μM) for 30 min, or DMSO (their solvent) for 2 h. Cell viability was determined by WST-8
colorimetric assay. *p < 0.01 Student’s t test compared with control (DMSO). Each bar represents the mean ± SD (n = 4). (C) Alterations in the
signal transduction of STAT3 in the presence of MAPKs inhibitor. HaCaT cells were incubated in medium containing 30 μM everolimus for 2 h
after pretreatment with 10 μM stattic for 20 min (st), 10 μM U0126 for 2 h (U), 10 μM SB203580 for 1 h (SB), 20 μM SP600125 for 30 min (SP) or
DMSO (D). Total cell lysates were separated by SDS-PAGE and electrotransferred to PVDF membranes. Various proteins and phosphorylation levels
were evaluated by immunoblotting assay with specific antibodies.
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in the nucleus of transfected cells (Figure 6B and C).
Transfection of cells with STAT3 Y705F had a tendency
to enhance the cellular toxicity of everolimus compared
with transfection with an empty vector, but STAT3C had
a tendency to relieve, as shown in Figure 6A.

Discussion
A recent study reported that common cutaneous derma-
tological side effects develop after treatment with EGF
receptor (EGFR) inhibitors (e.g., cetuximab, panitumu-
mab, and erlotinib), mTOR inhibitors (e.g., everolimus
and temsirolimus), and multikinase inhibitors (e.g., so-
rafenib and sunitinib) [1-5,7-9,28-30]. These drugs exert
a beneficial effect by inhibiting a close line of signal
transduction; therefore, we thought that the key factor
involved in the dermatological events observed may be a
downstream factor converging from PI3K and MAPK
pathways. STAT3 is activated by stimulation from PI3K,
MAPK, and JAK2 pathways; thus, we hypothesized that
STAT3 is a candidate factor for regulating dermato-
logical events induced by molecular target drugs.
Cell growth inhibition by everolimus in HaCaT cells

was enhanced by pretreatment with STAT3 inhibitors
(stattic and STA-21), but not by pretreatment with a
JAK2 inhibitor (Figures 2 and 3B). We interpreted this
phenomenon in the following manner: the everolimus-
induced cell growth inhibition involved in STAT3 in ker-
atinocytes, depends on signaling from growth factors,
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Figure 6 Effects of dominant negative and constitutively active STAT3 on everolimus-induced cell growth inhibition in HaCaT cells.
(A) Effects of STAT3 Y705F and STAT3C transfection on everolimus-induced cell growth inhibition. HaCaT cells transiently transfected with STAT3
Y705F, STAT3C or each empty vector were incubated in medium containing everolimus at the indicated concentrations for 48 h after preincubation
for 24 h. Cell viability was determined by WST-8 colorimetric assay. *p < 0.01 Student’s t test compared with control (DMSO). There was no significant
difference in the cell toxicity between the empty vector and STAT3C transfection. (B) Immunostaining images. HaCaT cells transiently transfected with
STAT3C or empty vector were fixed and incubated with an anti-Stat3 antibody, followed by incubation with FITC-conjugated anti-rabbit IgG (green)
and visualization on an IN Cell Analyzer 2000. (C) STAT3 nuclear entry was determined by measuring the nucleus/cytoplasm intensity ratio of green
fluorescence (n = 3). *p < 0.05 Student’s t test compared with control.
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i.e., PI3/Akt or MAPK pathways, and not on the IL-6/
JAK2 pathway. Everolimus and STAT3 inhibitors inhibited
cell growth synergistically and increased the number of
apoptotic cells (Figure 3A), but there was a little difference
between the survival data and the apoptosis data. A cause
of this difference considered that treatment time between
cell survival analysis and apoptosis analysis was differed.
In the cell survival analysis, each cell was treated with
everolimus for 48 h, but in the apoptosis analysis, HaCaT
cells were incubated with everolimus for 24 h, because it
was necessary that cell spacing be got at the point of
measurement to evaluate apoptosis marker appropriately
in imaging cytometric analysis. Incubating for 48 h in con-
trol cells could not get adequate cell spacing. Moreover,
STAT3 activation is suggested to differ between human
immortalized keratinocyte HaCaT cells and normal hu-
man keratinocytes [31]. We confirmed that everolimus-
induced cell growth inhibition was enhanced by STAT3
inhibition in normal human epidermal keratinocyte
NHEK cells (data not shown). Because similar results were
obtained in our study using NHEK cells, we suggest that
the same phenomenon may occur in normal keratinocyte
cells characterized of having less STAT3 activity. In
addition, our study showed that cell survival differed in
each cell type in the presence of STAT3 inhibitors. This
suggests that stattic behaved similarly in each cell line, but
may differ greatly depending on cell types that contribut-
ing rate of STAT3 in the cell survival.
Another recent study reported that cooperation of the

two phosphorylated residues is necessary for the full ac-
tivation of STAT3 [31-34]. In our study, Tyr705 phos-
phorylation was decreased by treatment with everolimus
in a dose dependent manner in short-term treatment,
however in long-term for 12–24 h, Tyr705 phosphoryl-
ation increase by treatment with low-concentration
everolimus in HaCaT cells. Ser727 phosphorylation was not
decreased, rather, it was slightly increased in short-term
treatment, but in long-term for 12–24 h, Ser727 phosphor-
ylation decrease by treatment with low-concentration
everolimus (Figure 4). Stattic inhibits Tyr705 phosphoryl-
ation and the dimerization of STAT3 molecules, and
Ser727 phosphorylation should not be affected by stattic
[16]. This results show that Tyr705 phosphorylation can be
regulated indirectly by mTOR. It is known that a mTOR in-
hibitor cause compensatory activation of MAPKs signal
[35,36]. And, It is also known that MAPKs regulate STAT3
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activity, therefore, we considered that the inhibition of
phosphorylation of STAT3 by everolimus mediate MAPKs
pathway.
It is well known that the STAT3 Ser727 residue is

phosphorylated mainly by Erk1/2, p38 MAPK, JNK and
mTOR [37-40]. Our results showed that everolimus acti-
vated Erk and p38 MAPK and phosphorylated STAT3 at
Ser727, which SB203580 inhibited phosphorylation of
STAT3 at Ser727 (Figures 4 and 5). A negative effect of
Ser727 phosphorylation on Tyr705 phosphorylation in
STAT3 has also been suggested [41]. These results sup-
port those of previous reports showing that activated
Erk and p38 may synergistically regulate STAT3 activity
in a negative manner. In addition, although JNK did not
affect everolimus-mediated cell growth inhibition, the
p38 MAPK inhibitor depressed everolimus-induced cell
growth inhibition in HaCaT cells (Figure 5). The phos-
phorylation of p38 MAPK was increased by exposure to
everolimus, and inhibition of phosphorylation of STAT3
Tyr705 by everolimus rescued by pretreatment of
SB203580. mTOR inhibition by everolimus results in in-
hibition of de novo protein synthesis, and results in p38
MAPK activation due to sense cellular stress, moreover
they may result in STAT3 inhibition [35]. We considered
that p38 MAPK may be largely involved in the everolimus-
induced inhibition of STAT3 activity in keratinocytes. So,
Erk phosphorylation was also activated by everolimus and
U0126 depressed everolimus-induced cell growth inhib-
ition slightly in HaCaT cells. It is well known that Erk
regulate STAT3 activity negatively [38]. Erk activity
may partially contribute to everolimus-induced cell growth
inhibition in keratinocyte. p38 MAPK pathways are known
as stress response signals and interact with the PI3K/Akt/
mTOR pathway [36]. Recently, it was reported that kera-
tinocyte apoptosis induced by gefitinib, which is a selective
EGFR tyrosine kinase inhibitor, is mediated by the JNK
activation pathway [42]. This study did not reproduce the
results of that report; therefore, the mechanisms under-
lying everolimus-induced keratinocyte apoptosis may differ
from those underlying gefitinib-induced apoptosis. Alter-
natively, they may be one of the gefitinib-induced mecha-
nisms because the gefitinib target signal lies upstream
from the target of everolimus.
In addition, because STAT3 Y705F enhanced cell toxicity

in HaCaT cells and STAT3C relived, the survival of this
type of keratinocytes may depend largely on STAT3
(Figure 6). For comparison, we considered that an active
form of STAT3 subtly rescued everolimus-induced toxicity
because cell temporary transfection efficiency of pcDNA3
STAT3C with lipofection method in HaCaT cells was not
higher as a result of confirming STAT3 expressions with
western blotting assay. To corroborate this effects of rescue
by STAT3C, it’s necessary in the future to conduct an
experiments with HaCaT cells stably expressed STAT3C.
Previous reports have suggested that STAT3 inhibition
in cutaneous squamous cell carcinoma induces senescence
and not apoptosis [43]. Though apoptosis suppressing
genes (e.g., bcl-2) and senescence factors (e.g., AP-1) were
not evaluated in our study, both apoptotic and senescent
effects may have affected the cell growth inhibition in-
duced by everolimus and the STAT3 inhibitor. In addition,
the apoptotic effects observed in our study may have been
enhanced by interaction with the effects of mTOR and
STAT3 inhibition.
Everolimus is distributed by P-glycoproteins and me-

tabolized by CYP3A4 [44,45]. Although the pharmacoki-
netic profiles of stattic have not been clarified, there is
no denying that the interactions between everolimus and
stattic are due to pharmacokinetic actions. We have pre-
viously demonstrated that calcium antagonists and α-
adrenoceptor antagonists enhanced cellular sensitivity to
SN-38, an active metabolite of irinotecan, by increasing
the concentration of SN-38 in cells [21,22]. It is difficult
to assume that a similar phenomenon caused the effects
observed in this study; however, the involvement of
STAT3 may be the greater part of this interaction be-
cause a similar phenomenon was caused by STA-21,
which has a chemical structure that is different from
that of stattic, and STAT3C transfection moderated
everolimus-induced cell growth inhibition.
In clinical practice, it is known that the efficacy of mo-

lecular target drugs is correlated with their toxicity. It
has been reported that inhibition of STAT3 by sunitinib
contributes to the induction of apoptosis in renal cell
carcinoma [46]. Moreover, STAT3 is known to have
functional single nucleotide polymorphisms (SNPs).
These SNPs have been reported to be predictive tools
for the efficacy of IFN treatment against metastatic renal
cell carcinoma [47]. Based on these reports and the
present study, we hypothesized that STAT3 would be a
critical factor for the treatment of renal cell carcinoma
and toxicity to skin tissue, and that responsibility of
STAT3 depend on functional SNPs. However, it remains
unclear that the everolimus-induced cell growth inhib-
ition in Caki-1 and HepG2 cells was unaffected by stattic
treatment. SNPs genotyping analysis of STAT3 in vari-
ous cells is required to address these issues in the future.
In addition, through our research, patients carrying a
high risk of dermatological toxicity by molecular target
drugs could be identified by testing for STAT3 polymor-
phisms. And, ultraviolet (UV) irradiation increases the
potential of dermatological side effects induced by mo-
lecular target drugs in clinical reports [48]. STAT3 rep-
resents a critical regulator of keratinocytes in response
to UVB irradiation [49]. After UVB irradiation, STAT3 is
rapidly downregulated in keratinocytes, which leads to
decreased cell cycle progression and increased sensitivity
to UVB-induced apoptosis. It has also been reported that
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UV specifically decreases the DNA binding activity of
STAT3 [50]. Furthermore, UV triggers the activation of
members of the MAPK family, including Erk1/2, JNK, and
p38 MAPK [50]. UV irradiation can enhance MAPK activ-
ity and lead to a greater phosphorylation of STAT3 at
Ser727 in the presence of everolimus [26,51]. These re-
sults suggest that the dermatological side effects induced
by molecular target drugs can be increased potentially by
UV irradiation, with repression of STAT3 activity mediat-
ing greater phosphorylation of Ser727. However, add-
itional studies are necessary to clarify this potency.

Conclusions
In conclusion, STAT3 activation may be a key factor
in everolimus-induced keratinocyte cytotoxicity. More-
over, p38 MAPK and Erk mediated between mTOR
signaling and STAT3 signaling may also play an im-
portant role of everolimus-induced dermatological side
effects. Skin reactions caused by everolimus or other
molecular target drugs may cause significant physical
discomfort, thus decreasing the quality of life of pa-
tients or leading to the discontinuation of drug ther-
apy. Therefore, a mechanism-based approach, and not
just clinical experience-based treatment strategies, to
assess dermatological toxicity should be proposed to
overcome this uncomfortable reaction. We advocate
that cutaneous localized treatment aimed at the main-
tenance of the homeostasis of STAT3 activity may be
an effective strategy.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
KY carried out the molecular genetic studies and drafted the manuscript.
AU and AM performed the statistical analysis. KY, TH, MK, HM and TB
participated in its design and coordination. TB, CN, MH helped to draft the
manuscript. All authors read and approved the final manuscript.

Acknowledgments
We thank Dr Kenta Hara (Division of General Medicine, Kobe University
Graduate School of Medicine) for helpful comments, technical advices and
reviewing an earlier version of the manuscript. This work was supported in
part by a research grant from The Nakatomi Foundation and JSPS KAKENHI
Grant Number 24790156.

Author details
1Department of Pharmacy, Kobe University Hospital, 7-5-2 Kusunoki-cho,
Chuo-ku, Kobe 650-0017, Japan. 2Division of Dermatology, Department of
Internal Related, Kobe University Graduate School of Medicine, 7-5-2
Kusunoki-cho, Chuo-ku, Kobe 650-0017, Japan. 3Division of Pharmacokinetics,
Department of Biochemistry and Molecular Biology, Kobe University
Graduate School of Medicine, 7-5-2 Kusunoki-cho, Chuo-ku, Kobe 650-0017,
Japan.

Received: 30 August 2013 Accepted: 21 October 2013
Published: 25 October 2013

References
1. Yang CH, Chuang CK, Hsieh JJ, Chang JW: Targeted therapy and hand-foot

skin reaction in advanced renal cell carcinoma. Expert Opin Drug Saf 2010,
9:459–470.
2. Lacouture ME, Mitchell EP, Piperdi B, Pillai MV, Shearer H, Iannotti N, Xu F,
Yassine M: Skin toxicity evaluation protocol with panitumumab (STEPP),
a phase II, open-label, randomized trial evaluating the impact of a pre-
emptive skin treatment regimen on skin toxicities and quality of life in
patients with metastatic colorectal cancer. J Clin Oncol 2010,
28:1351–1357.

3. Degen A, Alter M, Schenck F, Satzger I, Völker B, Kapp A, Gutzmer R: The
hand-foot-syndrome associated with medical tumor therapy -
classification and management. J Dtsch Dermatol Ges 2010, 8:652–661.

4. Campistol JM, de Fijter JW, Flechner SM, Langone A, Morelon E, Stockfleth
E: mTOR inhibitor-associated dermatologic and mucosal problems. Clin
Transplant 2010, 24:149–156.

5. Heidary N, Naik H, Burgin S: Chemotherapeutic agents and the skin: an
update. J Am Acad Dermatol 2008, 58:545–570.

6. Nakamura A, Hara K, Yamamoto K, Yasuda H, Moriyama H, Hirai M, Nagata
M, Yokono K: Role of the mTOR complex 1 pathway in the in vivo
maintenance of the intestinal mucosa by oral intake of amino acids.
Geriatr Gerontol Int 2012, 12:131–139.

7. Kahan BD: Efficacy of sirolimus compared with azathioprine for reduction
of acute renal allograft rejection: a randomised multicentre study. The
Rapamune US Study Group. Lancet 2000, 356:194–202.

8. Reitamo S, Spuls P, Sassolas B, Lahfa M, Claudy A, Griffiths CE, Sirolimus
European Psoriasis Study Group: Efficacy of sirolimus (rapamycin)
administered concomitantly with a subtherapeutic dose of cyclosporin
in the treatment of severe psoriasis: a randomized controlled trial.
Br J Dermatol 2001, 2001(145):438–445.

9. Mahé E, Morelon E, Lechaton S, Sang KH, Mansouri R, Ducasse MF, Mamzer-
Bruneel MF, de Prost Y, Kreis H, Bodemer C: Cutaneous adverse events in
renal transplant recipients receiving sirolimus-based therapy.
Transplantation 2005, 79:476–482.

10. Darnell JE Jr: STATs and gene regulation. Science 1997, 277:1630–1635.
11. Levy DE, Darnell JE Jr: Stats: transcriptional control and biological impact.

Nat Rev Mol Cell Biol 2002, 3:651–662.
12. Jarnicki A, Putoczki T, Ernst M: Stat3: linking inflammation to epithelial

cancer - more than a “gut” feeling? Cell Div 2010, 5:14.
13. Akira S: Functional roles of STAT family proteins: lessons from knockout

mice. Stem Cells 1999, 17:138–146.
14. Aoki Y, Feldman GM, Tosato G: Inhibition of STAT3 signaling induces

apoptosis and decreases survivin expression in primary effusion
lymphoma. Blood 2003, 101:1535–1542.

15. Sen N, Che X, Rajamani J, Zerboni L, Sung P, Ptacek J, Arvin AM: Signal
transducer and activator of transcription 3 (STAT3) and survivin
induction by varicella-zoster virus promote replication and skin
pathogenesis. Proc Natl Acad Sci U S A 2012, 109:600–605.

16. Schust J, Sperl B, Hollis A, Mayer TU, Berg T: Stattic: a small-molecule inhibitor
of STAT3 activation and dimerization. Chem Biol 2006, 13:1235–1242.

17. Song H, Wang R, Wang S, Lin J: A low-molecular-weight compound
discovered through virtual database screening inhibits Stat3 function in
breast cancer cells. Proc Natl Acad Sci U S A 2005, 102:4700–4705.

18. Sayyah J, Magis A, Ostrov DA, Allan RW, Braylan RC, Sayeski PP: Z3, a novel
Jak2 tyrosine kinase small-molecule inhibitor that suppresses Jak2-
mediated pathologic cell growth. Mol Cancer Ther 2008, 7:2308–2318.

19. Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, Fusenig
NE: Normal keratinization in a spontaneously immortalized aneuploid
human keratinocyte cell line. J Cell Biol 1988, 106:761–771.

20. Takara K, Kitada N, Yoshikawa E, Yamamoto K, Horibe S, Sakaeda T,
Nishiguchi K, Ohnishi N, Yokoyama T: Molecular changes to HeLa cells on
continuous exposure to SN-38, an active metabolite of irinotecan
hydrochloride. Cancer Lett 2009, 278:88–96.

21. Takara K, Matsubara M, Yamamoto K, Minegaki T, Takegami S, Takahashi M,
Yokoyama T, Okumura K: Differential effects of calcium antagonists on
ABCG2/BCRP-mediated drug resistance and transport in SN-38-resistant
HeLa cells. Mol Med Report 2012, 5:603–609.

22. Takara K, Yamamoto K, Matsubara M, Minegaki T, Takahashi M, Yokoyama T,
Okumura K: Effects of α-Adrenoceptor Antagonists on ABCG2/BCRP-
Mediated Resistance and Transport. PLoS One 2012, 7:e30697.

23. Bromberg JF, Wrzeszczynska MH, Devgan G, Zhao Y, Pestell RG, Albanese C,
Darnell JE Jr: Stat3 as an Oncogene. Cell 1999, 98:295–303.

24. Wen Z, Darnell JE Jr: Mapping of Stat3 serine phosphorylation to a single
residue (727) and evidence that serine phosphorylation has no influence
on DNA binding of Stat1 and Stat3. Nucleic Acids Res 1997, 25:2062–2067.



Yamamoto et al. Journal of Experimental & Clinical Cancer Research 2013, 32:83 Page 10 of 10
http://www.jeccr.com/content/32/1/83
25. Takaoka M, Smith CE, Mashiba MK, Okawa T, Andl CD, El-Deiry WS,
Nakagawa H: EGF-mediated regulation of IGFBP-3 determines
esophageal epithelial cellular response to IGF-I. Am J Physiol Gastrointest
Liver Physiol 2006, 290:404–416.

26. Cao C, Lu S, Jiang Q, Wang WJ, Song X, Kivlin R, Wallin B, Bagdasarian A,
Tamakloe T, Chu WM, Marshall J, Kouttab N, Xu A, Wan Y: EGFR activation
confers protections against UV-induced apoptosis in cultured mouse
skin dendritic cells. Cell Signal 2008, 20:1830–1838.

27. Liang D, Yang M, Guo B, Cao J, Yang L, Guo X, Li Y, Gao Z: Zinc inhibits H
(2)O(2)-induced MC3T3-E1 cells apoptosis via MAPK and PI3K/AKT
pathways. Biol Trace Elem Res 2012, 148:420–429.

28. Hu JC, Sadeghi P, Pinter-Brown LC, Yashar S, Chiu MW: Cutaneous side effects
of epidermal growth factor receptor inhibitors: clinical presentation,
pathogenesis, and management. J Am Acad Dermatol 2007, 56:317–326.

29. McLellan B, Kerr H: Cutaneous toxicities of the multikinase inhibitors
sorafenib and sunitinib. Dermatol Ther 2012, 24:396–400.

30. Ogasawara S, Kanai F, Obi S, Sato S, Yamaguchi T, Azemoto R, Mizumoto H,
Koushima Y, Morimoto N, Hirata N, Toriyabe T, Shinozaki Y, Ooka Y, Mikata
R, Chiba T, Okabe S, Imazeki F, Yoshikawa M, Yokosuka O: Safety and
tolerance of sorafenib in Japanese patients with advanced
hepatocellular carcinoma. Hepatol Int 2011, 5:850–856.

31. Quadros MR, Peruzzi F, Kari C, Rodeck U: Complex regulation of signal
transducers and activators of transcription 3 activation in normal and
malignant keratinocytes. Cancer Res 2004, 64:3934–3939.

32. Barré B, Vigneron A, Perkins N, Roninson IB, Gamelin E, Coqueret O: The
STAT3 oncogene as a predictive marker of drug resistance. Trends Mol
Med 2007, 13:4–11.

33. Aggarwal BB, Kunnumakkara AB, Harikumar KB, Gupta SR, Tharakan ST, Koca
C, Dey S, Sung B: Signal transducer and activator of transcription-3,
inflammation, and cancer: how intimate is the relationship? Ann N Y Acad
Sci 2009, 1171:59–76.

34. Lufei C, Koh TH, Uchida T, Cao X: Pin1 is required for the Ser727
phosphorylation-dependent Stat3 activity. Oncogene 2007, 26:7656–7664.

35. Martinet W, Verheye S, De Meyer I, Timmermans JP, Schrijvers DM, Van
Brussel I, Bult H, De Meyer GR: Everolimus triggers cytokine release by
macrophages: rationale for stents eluting everolimus and a
glucocorticoid. Arterioscler Thromb Vasc Biol 2012, 32:1228–1235.

36. Aksamitiene E, Kiyatkin A, Kholodenko BN: Cross-talk between mitogenic
Ras/MAPK and survival PI3K/Akt pathways: a fine balance. Biochem Soc
Trans 2012, 40:139–146.

37. Coppo P, Flamant S, De Mas V, Jarrier P, Guillier M, Bonnet ML, Lacout C,
Guilhot F, Vainchenker W, Turhan AG: BCR-ABL activates STAT3 via JAK
and MEK pathways in human cells. Br J Haematol 2006, 134:171–179.

38. Lo RK, Cheung H, Wong YH: Constitutively active Galpha16 stimulates
STAT3 via a c-Src/JAK- and ERK-dependent mechanism. J Biol Chem 2003,
278:52154–52165.

39. Turkson J, Bowman T, Adnane J, Zhang Y, Djeu JY, Sekharam M, Frank DA,
Holzman LB, Wu J, Sebti S, Jove R: Requirement for Ras/Rac1-mediated
p38 and c-Jun N-terminal kinase signaling in Stat3 transcriptional
activity induced by the Src oncoprotein. Mol Cell Biol 1999, 19:7519–7528.

40. Yang F, Zhang W, Li D, Zhan Q: Gadd45a suppresses tumor angiogenesis
via inhibition of the mTOR/STAT3 protein pathway. J Biol Chem 2013,
288:6552–6560.

41. Lim CP, Cao X: Serine phosphorylation and negative regulation of Stat3
by JNK. J Biol Chem 1999, 274:31055–31061.

42. Lu PH, Kuo TC, Chang KC, Chang CH, Chu CY: Gefitinib-induced epidermal
growth factor receptor-independent keratinocyte apoptosis is mediated
by the JNK activation pathway. Br J Dermatol 2011, 164:38–46.

43. Sumita N, Bito T, Nakajima K, Nishigori C: Stat3 activation is required for cell
proliferation and tumorigenesis but not for cell viability in cutaneous
squamous cell carcinoma cell lines. Exp Dermatol 2006, 15:291–299.

44. Pea F, Baccarani U, Tavio M, Cojutti P, Adani GL, Londero A, Baraldo M,
Franceschi L, Furlanut M, Viale P: Pharmacokinetic interaction between
everolimus and antifungal triazoles in a liver transplant patient.
Ann Pharmacother 2008, 42:1711–1716.

45. Crowe A, Lemaire M: In vitro and in situ absorption of SDZ-RAD using a
human intestinal cell line (Caco-2) and a single pass perfusion model in
rats: comparison with rapamycin. Pharm Res 1998, 15:1666–1672.

46. Xin H, Zhang C, Herrmann A, Du Y, Figlin R, Yu H: Sunitinib inhibition of
Stat3 induces renal cell carcinoma tumor cell apoptosis and reduces
immunosuppressive cells. Cancer Res 2009, 69:2506–2513.
47. Ito N, Eto M, Nakamura E, Takahashi A, Tsukamoto T, Toma H, Nakazawa H,
Hirao Y, Uemura H, Kagawa S, Kanayama H, Nose Y, Kinukawa N, Nakamura
T, Jinnai N, Seki T, Takamatsu M, Masui Y, Naito S, Ogawa O: STAT3
polymorphism predicts interferon-alfa response in patients with
metastatic renal cell carcinoma. J Clin Oncol 2007, 25:2785–2791.

48. Lacouture ME, Laabs SM, Koehler M, Sweetman RW, Preston AJ, Di Leo A,
Gomez HL, Salazar VM, Byrne JA, Koch KM, Blackwell KL: Analysis of
dermatologic events in patients with cancer treated with lapatinib.
Breast Cancer Res Treat 2009, 114:485–493.

49. Sano S, Chan KS, Kira M, Kataoka K, Takagi S, Tarutani M, Itami S, Kiguchi K, Yokoi
M, Sugasawa K, Mori T, Hanaoka F, Takeda J, DiGiovanni J: Signal transducer
and activator of transcription 3 is a key regulator of keratinocyte survival
and proliferation following UV irradiation. Cancer Res 2005, 65:5720–5729.

50. Bode AM, Dong Z: Mitogen-activated protein kinase activation in UV-
induced signal transduction. Sci STKE 2003, 2003:RE2.

51. Cao C, Lu S, Kivlin R, Wallin B, Card E, Bagdasarian A, Tamakloe T, Chu WM,
Guan KL, Wan Y: AMP-activated protein kinase contributes to UV- and
H2O2-induced apoptosis in human skin keratinocytes. J Biol Chem 2008,
283:28897–28908.

doi:10.1186/1756-9966-32-83
Cite this article as: Yamamoto et al.: Everolimus-induced human
keratinocytes toxicity is mediated by STAT3 inhibition. Journal of
Experimental & Clinical Cancer Research 2013 32:83.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Chemicals
	Antibodies
	Cells and cell culture
	WST-8 colorimetric assay
	Apoptosis assay
	Western blotting
	Plasmid construction
	Transient transfection
	Immunofluorescence imaging and cytometric analysis
	Statistical analysis

	Results
	Effects of stattic on everolimus-induced cell growth inhibition in various cell lines
	Effects of STAT3 inhibitors on apoptotic effects in HaCaT cells
	Effects of various JAK/STAT pathway inhibitors on everolimus-induced cell growth inhibition in HaCaT cells
	Effects of everolimus and STAT3 inhibitors on signal transduction in HaCaT cells
	Effects of everolimus on MAPKs activity in HaCaT cells and effects of MAPK inhibitors on everolimus-induced cell growth inhibition in HaCaT cells
	Effects of STAT3 Y705F and STAT3C transfection on everolimus-induced cell growth inhibition in HaCaT cells

	Discussion
	Conclusions
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

