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Abstract

Purpose:Aberrant overexpressionof SFN(stratifin)plays an
oncogenic role in lung adenocarcinoma. We have shown
previously that SKP1, an adapter component of E3 ubiquitin
ligase forming an SCF complex, is a unique SFN-binding
protein in lung adenocarcinoma cells.

Experimental Design: In silico simulation and in vitromuta-
genesis analysis were performed to identify the SFN-binding
domain on SKP1. We examined expression, localization, and
stability of SKP1 after knockdown of SFN using lung adeno-
carcinoma cells including A549. In silico library screening and
experimental validation were used for drug screening. Daily
oral administration of each candidate drugs to A549-injected
tumor-bearing mice was performed to evaluate their in vivo
antitumor efficacy.

Results: Suppression of SFN upregulated the stability of
SKP1 and accelerated its cytoplasm-to-nucleus translocation.
Consistently, IHC analysis revealed that cytoplasmic expres-

sion of SKP1 was significantly associated with SFN positivity,
tumor malignancy, and poorer patient outcome. After SFN
suppression, ubiquitination of oncoproteins, including
p-cyclin E1, p-c-Myc, p-c-Jun, and cleaved Notch 1, which are
target proteins of SCFFBW7, was strongly induced. These results
indicate that SFN–SKP1 binding results in SCFFBW7 dysfunc-
tion and allows several oncoproteins to evade ubiquitination
and subsequent degradation. Because inhibition of SFN-SKP1
binding was expected to have antitumor efficacy, we next
searched for candidate SFN inhibitors. Aprepitant and tica-
grelor were finally selected as potential SFN inhibitors that
dose dependently reduced SFN-SKP1 binding and tumor
progression in vivo.

Conclusions: As overexpression of SFN is detectable in
most adenocarcinoma, we believe that SFN inhibitors
would be novel and promising antitumor drugs for lung
adenocarcinoma.

Introduction
Lung adenocarcinoma is the most common subtype of non–

small cell lung cancer (NSCLC), accounting for about 50% of all
such cases. Although driver mutations and translocations in
EGFR, EML4–ALK, and BRAF and several other specific oncogenes
have been identified in advanced adenocarcinoma, the mecha-
nism that triggers its early progression has remained unclear.

Noguchi and colleagues have demonstrated that adenocarcinoma
in situ (AIS), which has an extremely favorable prognosis, pro-
gresses in a stepwisemanner to early but invasive adenocarcinoma
(eIA), with a 5-year survival rate of 75% (1). Previously, we
identified stratifin (SFN, 14-3-3 sigma) as a differentially
expressed gene that shows aberrant overexpression in most cases
of invasive adenocarcinoma, whereas normal lung epithelium
and AIS show negative or very low expression (2). We subse-
quently clarified that the abnormality of SFN expression was
triggered by DNA demethylation in the promoter region of
SFN (3).

14-3-3 is a highly conserved, ubiquitously expressed protein
family associated with many cellular processes. Among the 7
human 14-3-3 isoforms (beta, epsilon, eta, gamma, tau, zeta,
and sigma), 14-3-3 sigma (SFN) has a distinct function and has
been linked to cancer most directly. SFN was originally identified
as a negative regulator of the cell cycle, particularly in response to
p53-sensitive DNA damage (4, 5). Recently, it was also reported
that SFN negatively regulated the tumor-promoting metabolic
program by enhancing c-Myc ubiquitination and subsequent
degradation (6). On the other hand, many previous reports have
indicated that SFN is a positive mediator of cell proliferation. In
breast cancer, SFN induces G1/S progression by increasing the
expression of cyclin D1 (7). Moreover, its overexpression is
significantly associated with poorer prognosis in patients
with breast cancer (8), hepatocellular carcinoma (9), colorectal
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carcinoma (10), and endometrial carcinoma (11).Our in vitro and
in vivo functional analysis has also indicated that SFN regulates
cell-cycle progression in a positive manner and promotes the
progression of lung adenocarcinoma (12). Importantly, 30% of
SFN-transgenic mice with lung-specific expression of human SFN
spontaneously developed lung tumors, suggesting that SFN is a
potent oncogene. Moreover, because SFN is known to be an
anchor protein that binds to various intercellular molecules, we
previously screened SFN-specific binding partner(s) in lung ade-
nocarcinoma cells using pulldown assay and LC-MS/MS analysis
in order to clarify the molecular mechanism by which SFN
facilitates tumor progression (13). Among the listed proteins, in
the present studywe focusedon S-phase kinase-associated protein
1 (SKP1), which is an adaptor part of the SCF E3 ubiquitin ligase
complex, as our previous results had shown that suppression of
SFN reduced the S-phase subpopulation, implying an association
of SFN with S-phase of the cell cycle (12).

SCF ubiquitin ligases constitute a subset of the cullin ring ligase
family and are the largest family of E3 ubiquitin ligases in
mammals. Each individual SCF E3 ligase consists of an adaptor
protein SKP1, a scaffold protein cullin-1, an F-box protein from a
69-member family that serves as a substrate-determining com-
ponent, and Rbx1, which contains the RING (Really Interesting
New Gene) finger domain for recruitment of the E2 enzyme (14).
Combinations of these components make up a large number of
SCF E3s, including SCFFBW7, SCFSKP2, and SCFb-TrCP1, which play
crucial roles in numerous cellular processes by promoting ubi-
quitination and subsequent proteasome-mediated degradation
of diverse substrates involved in cell-cycle regulation, signal
transduction, and transcription (15). Particularly, SCFFBW7 reg-
ulates the turnover—and thereby the activity—of important cel-
lular regulatory proteins including cyclin E1 (16), c-Myc (17),
c-Jun (18), and Notch1 (19). FBW7 recognizes substrate proteins
only when they are phosphorylated (20). Additionally, the FBW7
gene is frequently mutated in a broad spectrum of human malig-
nancies (21). This is easily explained by the fact that many targets
of SCFFBW7 are oncoproteins that are expected to accumulate to
abnormal levels when expression of FBW7 is lost or reduced.

However, in lung adenocarcinoma, mutation of FBW7 seems to
be rare. On the basis of this background, we speculated that
another mechanism for inactivation of SCFFBW7 function may
exist in lung adenocarcinoma, probably in association with SFN.

The aim of the present study was to clarify the molecular
mechanism of tumor progression in lung adenocarcinoma asso-
ciatedwith SFNbinding to SKP1.Wehypothesized that SFNbinds
to SKP1 and specifically blocks SCFFBW7 function to enhance the
ubiquitination of oncoproteins such as cyclin E1, c-Myc, c-Jun,
and Notch 1. Because our previous study had shown that deple-
tion of SFN led to a significant reduction of cell growth and tumor
progression in lung adenocarcinoma, we speculated that inhibi-
tion of SFN might have potential efficacy against lung adenocar-
cinoma. Here, we revealed the molecular mechanism of SFN-
SKP1binding and showed that it is one of the key events occurring
in lung adenocarcinogenesis. Finally, using in silicodrug screening,
we identified 2 small molecules that inhibit SFN-SKP1 binding
and could have potential therapeutic application.

Materials and Methods
Cell lines and culture conditions

The A549 cell line was purchased from RIKEN Cell Bank,
HCC827 was obtained from the ATCC, and PL16T and PL16B
were established in our laboratory from human lung AIS and
human bronchial epithelium, respectively (22). A549 cells were
maintained in D-MEM/F12 (Thermo Fisher Scientific) supple-
mented with 10% fetal bovine serum (FBS; Sigma-Aldrich).
HCC827 cells were cultured with RPMI-1640 (Thermo Fisher
Scientific) with 10% FBS. PL16B and PL16T cells weremaintained
in MCDB153HAA (Wako) supplemented with 2% FBS (Sigma-
Aldrich), 0.5 ng/mL human-EGF (Toyobo), 5 mg/mL human
insulin (Wako), 72 ng/mL hydrocortisone (Wako), 40 mg/mL
human transferrin (Sigma-Aldrich), and 20 ng/mL sodium sele-
nite (Sigma-Aldrich). All cells were cultured in a 5% CO2 incu-
bator at 37�C and passaged every 3 days.

Patients and sample collection
We used all 191 specimens of human lung adenocarcinomas

that had been surgically resected at the University of Tsukuba
Hospital between 1999 and 2014. Follow-up information for all
of the corresponding patients was obtainable from the medical
records. All of the patients provided informed consent for use of
their materials. The study was approved by the institutional ethics
review committee, and the lung adenocarcinoma cases were
classified according to the UICC TNM classification of malignant
tumors (seventh edition) and the World Health Organization
classification of malignant tumors (fourth edition; refs. 23, 24).

Computational modeling of the SFN–SKP1 complex
The proposed model for the SFN–SKP1 complex was con-

structed using protein–protein docking. The X-ray structures of
SFN (Protein Data Bank ID code: 3IQU) and SKP1 (Protein Data
Bank ID code: 1FS1) were used as starting models. Both PDB
entries were refined for protein–protein docking simulations
using the Protein Preparation Wizard (25). ClusPro version
2.0 (26) was used to generate docked conformations with the
lowest docking energies and clustering properties. During the
protein–protein docking procedure, phosphorylation sites were
utilized as constraints for residues (Lys49, Arg56, Arg129, Tyr130
of SFN, and Thr131 of SKP1) involved in complex formation at

Translational Relevance

This study demonstrates SFN (stratifin, 14-3-3 sigma) as a
druggable potent oncogene that blocks the formation of E3
ubiquitin ligase SCFFBW7 and induces abnormal stabiliza-
tion of several oncoproteins, including cyclin E1 and c-Myc.
Using in silico drug screening, we identified 2 potentially
promising candidate SFN inhibitors, aprepitant and ticagre-
lor, which are already approved as antiemesis or antiplatelet
agents, respectively. Drug repositioning is an efficient
approach to develop new treatments using preexisting drugs
without the possibility to fail during preclinical trials.
Although the large numbers of early-stage adenocarcinoma,
referred to as ground glass nodules (GGN), are being
detected by low-dose CT screening and GGNs can be sur-
gically resected, this can be dangerous or sometimes impos-
sible in patients with multiple GGNs, or in those who are
elderly or complicated by chronic interstitial lung disease.
SFN inhibitors would provide a novel chemotherapeutic
strategy for early-stage lung adenocarcinoma.
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the protein–protein interaction interface. Putative druggable sites
at the interaction interface of the SFN–SKP1 complex resulting
fromprotein–protein docking were also detected and represented
by small dummy atoms with the PLB index (27) incorporated in
the SiteFinder program of MOE (Chemical Computing Group
ULC).

In silico library screening
We carried out in silico library screening based on the putative

druggable sites of SFN as well as the interaction interface with
SKP1 using molecular docking against 7,133 bioactive com-
pounds from the DrugBank database ver. 5.0 (28) and 9,101
bioactive compounds from the Namiki bioactive compound
library set (Namiki Shoji Co., Ltd).

For all compounds with molecular weights ranging from 200
Da to 800 Da, ionization and energy minimization were per-
formed by the OPLS3 force field in the LigPrep Script of Maestro
(Schr€odinger, LLC). These minimized structures were used as
input structures for docking simulations. Docking simulations
were performed using the Glide (29, 30) SP docking program
(Schr€odinger, LLC) with a grid box defined by small dummy
atoms at putative druggable sites on SFN from computational
modeling of the SFN–SKP1 complex step.

In vivo xenograft experiments
Animal experiments were carried out humanely in accordance

with the Regulations for Animal Experiments of the University of
Tsukuba and the Fundamental Guidelines for Proper Conduct of
Animal Experiments and Related Activities in Academic Research
Institutions under the jurisdiction of the Ministry of Education,
Culture, Sports, Science, and Technology of Japan and with
approval from the Institutional Animal Experiment Committee
of our university (#17-112).

First, 6-week-old female immune-deficient BALB/cAJcl-nu/nu
mice were purchased from CLEA Japan, Inc., and 2.5 � 106 A549
cells in 0.1 mL PBS were subcutaneously injected into the right
flank. From the following day (day 1), mice were treated daily
with the compounds (aprepitant, ticagrelor, ezetimibe, and chlor-
hexidine) dissolved in 5% DMSO and 95% corn oil at 80 mg/kg/
day. The control group received 200 mL of 5%DMSOþ 95% corn
oil. Tumor growth was controlled and measured daily, and mice
were checked for their vital status and weight. Tumor volume was
calculated using the formula: mm3¼ 1/2� L�W2. All mice were
sacrificed at the end of the experiment.

Secondly, 2.5 � 106 A549 cells in 0.1 mL PBS were subcuta-
neously injected into the right flank. Mice were randomized into
groups once the tumors had attained a volume of 100 mm3. The
treatment groups were treated daily with 3 doses of aprepitant or
ticagrelor solution dissolved in 5% DMSO and 95% corn oil. All
of the mice were sacrificed at the end of the experiment. Resected
tumors were partially fixed with formalin for histologic analysis
and frozen in liquid nitrogen for molecular analysis.

Results
SFN binds to SKP1 at Thr131

Our previous pulldown assay and LC-MS/MS analysis had
identified SKP1 as an SFN-binding partner in A549 lung adeno-
carcinoma cells (13). Here, we also confirmed binding of their
endogenous proteins using immunoprecipitation (IP) and West-
ern blotting (Supplementary Fig. S1A). Moreover, among 14-3-3

members, only SFN (14-3-3 sigma) showed binding to SKP1
(Supplementary Fig. S1B). To exclude the possibility that a lack of
association between other 14-3-3 members and SKP1 was due to
low expression of endogenous 14-3-3 proteins, we overexpressed
14-3-3 epsilon, zeta, or sigma and subsequently performed IP
with SKP1. As a result, even overexpressed 14-3-3 epsilon or zeta
showed nobindingwith SKP1 (Supplementary Fig. S1C). Because
binding of SFN with SKP1 has not yet been reported, we carried
out in silico docking simulation to identify the binding surface of
each protein. The results indicated that Lys49, Arg56, Arg129, and
Tyr130 in SFN and Thr131 in SKP1 were important residues for
binding (Supplementary Fig. S2A). We created a mutant SKP1
(T131V) with a Halo-tag and performed a pulldown assay using
Halo-tag and subsequent Western blotting with SFN antibodies.
Although WT SKP1 bound with SFN, T131V impaired the inter-
actionwith SFN (Supplementary Fig. S2B), indicating that Thr131
is an SFN-binding site critical for SFN–SKP1 binding. Moreover,
we detected phosphorylated SKP1 in A549 cells using antipho-
sphorylated threonine (pThr) antibodies (Supplementary
Fig. S2C), and T131V decreased expression of phosphor-SKP1
(Supplementary Fig. S2D). Phosphorylated threonine at codon
131 is supposed to be associated with SFN–SKP1 binding. We
then generated a quadruplemutant of SFN includingK49A, R56A,
R129A, and Y130A using a Flag-tag and subsequently performed
IP with anti-Flag antibodies. The quadruple mutant of SFN was
found to have lost its ability to bind with SKP1 (Supplementary
Fig. S2E). Moreover, each single mutant of SFN also showed
impaired binding with SKP1 (Supplementary Fig. S2F), suggest-
ing that the residues Lys49, Arg56, Arg129, and Tyr130 form the
surface for binding of SKP1 with SFN.

SFN alters the protein stability and subcellular localization of
SKP1

In order to investigate the influence of SFN on SKP1 protein, a
specific siRNA against SFN (siSFN) and overexpression of SFN
were used. Although both suppression and overexpression of SFN
donot show conspicuous change of SKP1mRNA (Supplementary
Fig. S3A), suppression of SFN led to an increase of SKP1 protein
expression, whereas overexpression of SFN conversely reduced it
(Supplementary Fig. S3B). The cycloheximide chase assay indi-
cated that the half-life of SKP1 protein wasmarkedly longer in the
cells transfected with siSFN than in the controls (Fig. 1A). Addi-
tionally, ubiquitination of SKP1 was upregulated by overexpres-
sion of SFN (Fig. 1B), suggesting that SFNmight regulate the half-
life or stability of SKP1. Next, various cell lines such as PL16B
(immortalized normal bronchial epithelial cells), PL16T (immor-
talized AIS cells), HCC827, and A549 (advanced lung adenocar-
cinoma cells) were subjected to immunofluorescence (IF) stain-
ing. Although PL16B showed no SFN expression and only nuclear
SKP1 expression, 3 adenocarcinoma cell lines displayed coloca-
lization of SFN and SKP1 in the cytoplasm (Supplementary Fig.
S3C). Furthermore, we found that depletion of SFN in A549 or
HCC827 cells reduced the expression of cytoplasmic SKP1 and
increased that of nuclear SKP1 (Fig. 1C, top; Supplementary Fig.
S3D). Conversely, overexpression of SFN in PL16B cells increased
the cytoplasmic expression of SKP1 (Fig. 1C, bottom). We also
performed fractionation of subcellular components and sub-
jected the fractions toWestern blotting. Consistently, transfection
with siSFN increased the expression of SKP1 in the nucleus and
reduced it in the cytoplasm (Fig. 1D). These data suggest that SFN
alters the protein stability and subcellular localization of SKP1.

SFN Blocks Ubiquitination of Oncoproteins in Lung Cancer
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Overexpression of SKP1 in the cytoplasm of human lung
adenocarcinoma

To clarify the association of SFN with SKP1 in human lung
adenocarcinoma tissue, SKP1 IHCwas performed using 191 cases
of lung adenocarcinoma. We scored nuclear and cytoplasmic
SKP1 positivity separately. Consequently, 92 cases showed high
SKP1 expression in the cytoplasm. Although SFN-negative cases
tended to show SKP1 positivity only in the nucleus, most SFN-
positive cases showedpositivity not only in the nucleus but also in
the cytoplasm (Fig. 2A). H-score for cytoplasmic SKP1 was sig-
nificantly higher in SFN-positive tumors than in those with
SFN negativity (Fig. 2B). Moreover, we found that cytoplasmic
expression of SKP1 was significantly associated with gender, the
Noguchi classification for small adenocarcinomas of the lung
(2 cm or less in diameter), pathologic subtype, pathologic stage,
lymphatic permeation, and vascular invasion (Supplementary
Table S1). Furthermore, cytoplasmic SKP1 positivity was signif-
icantly associated with a poorer outcome relative to cytoplasmic
SKP1-negative cases (P < 0.001; Fig. 2C), whereas nuclear SKP1

positivity was not (P ¼ 0.132, data not shown). We also per-
formed multivariate survival analysis using Cox proportional
hazards model using 6 factors selected on the basis of the results
of univariate analysis: sex (female vs. male), vascular invasion
(negative vs. positive), lymphatic permeation (negative vs. pos-
itive), pathologic stage (p stage I, II vs. III, IV), smoking history
(never-smoker vs. smoker), and cytoplasmic SKP1 H-score (low
vs. high). The results showed that vascular invasion, lymphatic
permeation, and pathologic stage but not cytoplasmic SKP1
expression were independent prognostic factors (Supplementary
Table S2). Taken together, although cytoplasmic SKP1 expression
was not an independent prognostic factor, our findings suggest
that cytoplasmic SKP1 expression is significantly associated with
SFN expression and malignancy of lung adenocarcinoma.

Interaction of SFN with SKP1 is competitive with FBW7
Although 69 types of F-box protein have been reported, FBW7,

SKP2, and b-TrCP1 are the best-characterized members and
therefore were studied further. We expected that the SFN-binding

Figure 1.

SFN alters the protein stability and localization of SKP1. A, Cycloheximide chase assay to examine the half-life of SKP1 protein using A549 cells. Suppression of
SFN prolonged the half-life of SKP1. We performed 3 independent experiments and quantified each band to show SKP1 expression as a line graph after
normalization of each by ACTB (b-actin). B, Ubiquitination assay for SKP1. A549 cells were transfected with siRNA-resistant pSFN for 24 hours followed by
Ub-HA for 24 hours. The cells were then treated with 10 mmol/L MG132, a proteasome inhibitor, for 6 hours at 37�C in a 5% CO2 incubator. The total protein was
extracted using IP Lysis Buffer containing 10 mmol/L N-ethylmaleimide (NEM), a deubiquitinating enzyme inhibitor. Ubiquitinated proteins in the cell lysate were
collected by co-IP and then subjected toWestern blotting. Overexpression of SFN induced ubiquitination of SKP1. C,A549 and PL16B cells transfected with siSFN
or pSFN were subjected to immunofluorescence (IF) using SKP1 or SFN antibodies. Suppression of SFN in A549 cells led to translocalization of SKP1 from the
cytoplasm to the nucleus. On the other hand, overexpression of SFN in PL16B cells induced translocalization of SKP1 from the nucleus to the cytoplasm. Scale bar,
50 mm. D,Western blotting using subcellular fractionated protein extracted from A549 cells. Consistent with the IF results, depletion of SFN increased the
nuclear expression of SKP1 and reduced the cytoplasmic expression. Lamin B was used as a nuclear protein marker, and a-tubulin as a cytoplasmic protein
marker. NU; nuclear fraction, CY; cytoplasmic fraction.
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domain might overlap with the FBW7-binding domain on the
SKP1 protein. IP with anti-SKP1 antibodies and subsequent
Western blotting indicated that suppression of SFN increased
SKP1–FBW7 binding but not SKP1–SKP2 or –b-TrCP1 binding
(Supplementary Fig. S4A), suggesting that SFNmay compete with
FBW7 for binding with SKP1. In silico docking simulation analysis
also supported this finding (Fig. 3A). In PL16B cells, which do not
express SFN, SKP1 and FBW7were colocalized only in the nucleus
(Supplementary Fig. S4B, left). However, inHCC827 cells, which
have high SFN expression, SKP1 but not FBW7 was partially
localized in the cytoplasm (Supplementary Fig. S4B, right),
implying that SFN might sequester SKP1 in the cytoplasm so
that SCFFBW7 does not form in the nucleus. SCFFBW7 specifically
degrades several phosphorylated oncoproteins that function in
cellular growth, including cyclin E1, c-Myc, c-Jun, and Notch1.
Therefore, we analyzed the expression of target proteins of
SCFFBW7, SCFSKP2, and SCFb-TrCP1 after transfection with siSFN.
The results showed that target proteins of SCFFBW7 such as
p-cyclin E1, p-c-Myc, p-c-Jun, and NICD (Notch intracellular
domain) were downregulated after suppression of SFN, whereas
p-p27 (target of SCFSKP2) and p-IkBa (target of SCFb-TrCP1) were
unaffected (Fig. 3B). Additionally, we found that suppression of
SFN clearly increased the ubiquitination of p-cyclin E1, p-c-Myc,
p-c-Jun, and NICD (Fig. 3C). These results indicate that SFN
might obstruct formation of the SCFFBW7 complex and inhibit
ubiquitination of target oncoproteins.

We had previously found that depletion of SFN decreased
cell growth in vitro and tumor progression or development
in vivo, suggesting that SFN might be a promising therapeutic

target for lung adenocarcinoma (12). Here, we revealed that
SFN enhances tumor progression through binding with SKP1
and blocking of oncoprotein ubiquitination. Thus, it is also
expected that inhibition of SFN–SKP1 binding might have
antitumor efficacy through recovery of normal ubiquitination
and degradation of oncoproteins.

Aprepitant and ticagrelor are potential SFN inhibitor
candidates

To identify potential SFN inhibitor(s), we focused on preexist-
ing low-molecular-weight drugs, because SFN is an intracellular
molecule. In silico simulation revealed a druggable pocket (PLB
score 2.86, exceeding the druggable threshold of 2.0) around the
SKP1 binding site in SFN protein (Fig. 4A). In order to identify
compounds that can specifically bind to the pocket and inhibit
SFN-SKP1 binding, we performed in silico screening using Drug-
Bank (https://www.drugbank.ca/) and theNamiki bioactive com-
pounds library (Namiki Shoji Co., Ltd). From a total of 7,133
drugs, we extracted 5,597 whose molecular weights were 200 to
800 and subjected them to in silico screening. Among 5,597 drugs,
we obtained 46 available compounds that had high ranking
(Supplementary Table S3). We then carried out experimental
validation of these 46 compounds using the WST-8 proliferation
assay and IP/Western botting to analyze SFN–SKP1 dissociation
using lung adenocarcinoma cells after treatment with each com-
pound. Among these compounds, 4 (aprepitant, ticagrelor, eze-
timibe, and chlorhexidine) reduced both cell proliferation
and SFN–SKP1 binding in a dose-dependent manner and were
therefore subjected to further analysis (Fig. 4B and C). Moreover,

Figure 2.

SKP1 shows overexpression in the cytoplasm of human lung adenocarcinoma. A, Image of SFN or SKP1 IHC for representative cases showing SFN positivity or
negativity in IHC.Whereas the SFN-negative case showed SKP1 expression only in the nucleus and not in the cytoplasm, the SFN-positive case had both nuclear
and cytoplasmic SKP1 expression in the tumor cells. B, Scatter diagram for H-score of cytoplasmic SKP1 expression. SFN-positive tumor showed significantly
higher expression of cytoplasmic SKP1 than negative tumors (P < 0.001). C,Disease-free survival depicted as Kaplan–Meier curves showing the correlation
between outcome and cytoplasmic SKP1 expression. Positive expression of cytoplasmic SKP1 was associated with a poorer outcome than the case for negative
expression (P < 0.001).
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in silico analysis indicated that the patterns of aprepitant and
ticagrelor binding to the SFN druggable pocket were similar,
broadly blocking the SKP1-binding surface on the SFN protein
(Fig. 4Da–b).However, ezetimibe lacked a polar functional group
and chlorhexidine had only few interactions with the pocket
(Fig. 4Dc–d). Therefore, we considered aprepitant and ticagrelor
to be the final SFN inhibitor candidates. Even though the original
targets of these 2 compounds are completely different, they use
common pharmacophores to link with the druggable pocket on
the SFNprotein (Fig. 4De). Additionally, these 2 compoundswere
confirmed to suppress cell growth in a dose-dependentmanner in
another 4 lung adenocarcinoma cell lines (Fig. 4E). However,
importantly, Calu-6 (large cell lung carcinoma cells) and PL16B
(immortalized bronchial epithelial cells), which have no SFN

expression, did not reduce cell number even after administration
of aprepitant or ticagrelor (Fig. 4E), indicating that their effects are
mediated by inhibition of SFN.

Next, the in vivo antitumor effect was evaluated using 2 types of
experimental schedule in a tumor-bearingmousemodel. First, we
subcutaneously injected A549 cells into nude mice (day 0) and
started daily oral administration of each compound from the
following day (day 1) to mimic the effect of adjuvant chemo-
therapy. Surprisingly, aprepitant completely blocked tumor for-
mation, and ticagrelor markedly reduced tumor progression
(Supplementary Fig. S5). These results are consistent with our
in silico data indicating that aprepitant and ticagrelor broadly
blocked SKP1 binding surface and were more appropriate candi-
dates than the others.

Figure 3.

Interaction of SFNwith SKP1 is competitive with FBW7. A, Structural models of (a) the F-box/SKP1/Cul1 complex, (b) the SFN/SKP1/Cul1 complex, and (c) an
overlapped view of the F-box/SKP1/Cul1 complex with SFN. The F-box/SKP1/Cul1 complex was constructed using heterodimer complexes from a Cul1–Rbx1–
Skp1-F boxSkp2 SCF ubiquitin ligase complex (Protein Data Bank ID code: 1LDK) and a FBW7–SKP1–Cyclin E1 complex (Protein Data Bank ID code: 2OVR) by
structural alignment with SKP1. The SFN/SKP1/Cul1 complex was constructed using a predicted model of SFN/SKP1 in this work and a Cul1–Rbx1–Skp1–F boxSkp2
SCF ubiquitin ligase complex (Protein Data Bank ID code: 1LDK). Filled yellow circle indicates the area of structural overlap between the F-box and SFN (c).
B,Western blotting using A549 cells transfected with 3 kinds of siSFN (1–3). Substrate proteins of FBW7 such as p-cyclin E1, p-c-Myc, p-c-Jun, and NICD (Notch
intracellular domain) were suppressed after knockdown of SFN, although p-p27 (substrate protein of SKP2) and p-IkBa (substrate protein of b-TrCP1) showed
no change in expression. C, Ubiquitination assay for substrate proteins of FBW7. A549 cells were transfected with siSFN for 24 hours followed by Ub-HA for 24
hours. The cells were then treated with 10 mmol/L MG132, a proteasome inhibitor, for 6 hours at 37�C in a 5% CO2 incubator. The total protein was extracted using
IP Lysis Buffer containing 10 mmol/L N-ethylmaleimide (NEM), a deubiquitinating enzyme inhibitor. Ubiquitinated proteins in the cell lysate were collected by co-
IP and then subjected toWestern blotting. Suppression of SFN induced marked ubiquitination of p-cyclin E1, p-c-Myc, p-c-Jun, and NICD.
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For the second in vivo validation procedure, we subcutane-
ously injected A549 cells into nude mice. The mice were
randomized into 7 groups when tumors had attained a volume
of 100 mm3 (day 1) and started on daily oral administration of
each compound at 3 different doses for 21 days. It was found

that both aprepitant and ticagrelor significantly suppressed
tumor progression in a dose-dependent manner (Fig. 5A
and B). Histologically, the resected tumors were poorly differ-
entiated adenocarcinomas with a medullary appearance. Nota-
bly, tumors that developed in the mice treated with ticagrelor

Figure 4.

Aprepitant and ticagrelor as candidate SFN inhibitors. A, Putative druggable sites at the interaction interface of the SFN–SKP1 complex from protein–protein
docking and small dummy atoms (red¼ hydrophilic, white¼ hydrophobic) determined using the SiteFinder program of MOE (Chemical Computing Group ULC).
The PLB score at this site was 2.86. B, IP with SFN antibodies after treatment with each compound (10 mmol/L). #1, aprepitant; #2, ticagrelor; #3, ezetimibe; #4,
chlorhexidine. All 4 compounds inhibited the binding of SFN to SKP1. As a negative control, cells treated with DMSOwere used. C,WST-8 cell proliferation assay
after treatment with each compound. As a negative control, cells treated with DMSOwere used. Semi-log graph was used to show cell viability. All 4 compounds
reduced cell growth dose-dependently. D, Predicted interactions between 4 hit ligands and the SFN druggable pocket (a)–(d) and a pharmacophore model for
aprepitant and ticagrelor on the SFN druggable pocket (e). Circles with dashed lines in (c) and (d) indicate the interaction gaps between the ligands (ezetimibe
and chlorhexidine) and key residues of the SFN druggable pocket. Three-feature pharmacophore model generated for aprepitant and ticagrelor using MOE:
hydrogen bond acceptor (cyan feature), hydrophobic region (dark green feature), and hydrophobic region or aromatic ring center (green feature; e).
E,WST-8 cell proliferation assay after treatment with aprepitant or ticagrelor. PC9, H1975, HCC827, PL16T, PL16B, and Calu-6 were used. As a negative control,
cells treated with DMSOwere used. Semi-log graph was used to show cell viability. In accordance with the previous pharmacokinetics reports on aprepitant and
ticagrelor, which indicated that their degree of plasma protein binding is 99.6% and 99.9%, respectively, we calculated the unbound drug concentration from
the loading concentration of inhibitors. Both aprepitant and ticagrelor reduced the cell growth dose-dependently in PC9, H1975, HCC827, and PL16T. However,
Calu-6 or PL16B cells, which have no SFN expression, did not reduce cell number.
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had acellular spaces, and those administered with aprepitant
also had spaces filled with lymphocytes but not tumor cells,
apparently attributable to regression of tumor cells after treat-
ment. Moreover, the tumor cells surrounding these spaces
showed lower expression of Ki67, and even SFN, in comparison
with those from mice treated with vehicle alone (Fig. 5C). This
suggested that aprepitant and ticagrelor may exert an antitumor
effect by reducing tumor cell proliferation.

Using the collected subcutaneous tumors, we extracted the
total proteins and subjected them to IP with SKP1 antibodies
and subsequent Western blotting for SFN, and vice versa. The
tumors treated with aprepitant or ticagrelor showed reduced

association of SFN with SKP1 (Supplementary Fig. S6A). Addi-
tionally, Western blotting indicated that expression of p-cyclin
E1, p-c-Jun, p-c-Myc, and NICD was lower in tumors from mice
treated with aprepitant or ticagrelor than in those from vehicle-
treated mice (Supplementary Fig. S6B), suggesting that they
may exert its antitumor effect through inhibition of SFN–SKP1
binding, leading to ubiquitination and degradation of onco-
proteins. Because those 2 compounds suppressed cell growth
even in PL16T cells (Fig. 4E), which had been established from
AIS, we considered that aprepitant and ticagrelor might show
antitumor efficacy against not only advanced, but also early-
stage lung adenocarcinoma.

Figure 5.

Aprepitant and ticagrelor suppressed tumor progression in vivo. A and B, Nude mice were given a subcutaneous injection of A549 cells and randomly divided
into groups, each comprising 8 individuals. Three different doses of aprepitant or ticagrelor dissolved into 5% DMSOþ 95% corn oil were administered orally
every day when the tumors had attained a volume of 100mm3. 5% DMSOþ 95% corn oil was administered in the vehicle group. Tumor volume was measured
with a caliper at the indicated time points. Both aprepitant and ticagrelor decreased tumor growth dose-dependently. C, HE and IHC for SFN and Ki-67 were
conducted using the collected subcutaneous tumors. Red arrows indicate spaces filled with only lymphocytes or acellular spaces inside the tumors. Green lines
indicate the tumor cells surrounded by acellular spaces. �P < 0.05, ��P < 0.01.
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Discussion
In the present study, we revealed that SFN bound with SKP1

and inhibited formationof the SCFFBW7 complex, allowing several
oncoproteins to evade ubiquitination. Our data showed that
SKP1 bound only with SFN and not with other 14-3-3 family
members (Supplementary Fig. S1B). This might be because SFN
has unique amino acids (Met202, Asp204, and His206) that may
be responsible for binding to particular ligands that are not
recognized by other 14-3-3 members (31). Because Lys49, Arg56,
Arg129, and Tyr130 in the SFN protein are reportedly residues
important for bindingwith phosphorylated binding partners, and
we confirmed that SKP1 also used the same interface for binding
with SFN (Supplementary Fig. S2E and S2F), we had speculated
that SKP1 might require phosphorylation for binding to SFN.
Based on the previous phosphoproteomics study that had
revealed phosphorylated threonine at residue 131 of SKP1 (32),
we clarified that the Thr131 residue in SKP1 protein was indeed
phosphorylated and acted as a binding site for SFN (Supplemen-
tary Fig. S2B–S2D), suggesting that the binding of SKP1 to SFN
might be phosphorylation dependent.

14-3-3 proteins are known to be anchor proteins that alter the
stability, activity, or subcellular localization of binding part-
ners (33). We also found that SFN reduced the stability of SKP1
protein and accelerated its ubiquitination (Fig. 1A and B). Based
on these data, we expected that interactionwith SFNmight induce
a conformational change in the SKP1 protein structure, leading to
rapid ubiquitination and degradation. Our data also indicated
that SFN binding to SKP1 altered the latter's subcellular locali-
zation (Fig. 1C and D; Supplementary Fig. S3D). SFN has been
reported to bind with constitutive photomorphogenic 1 (COP1),
a p53-specific E3 ubiquitin ligase involved in regulating the level
of p53 protein, resulting in redistribution of COP1 to the cyto-
plasm in colon cancer cells (34). It is assumed that SFN similarly
bindswith newly-synthesized SKP1proteins in the cytoplasm and
blocks the translocation of SKP1 to the nucleus, thus preventing
formation of the SCF complex. We expect that SFN might have
particular function to regulate the activity or subcellular locali-
zation of various E3 ubiquitin ligases.

Our present IHC analysis showed that cytoplasmic SKP1
expression was significantly associated with tumor malignancy
or poor prognosis (Supplementary Table S1; Fig. 2). Although the
physiologic locationof SKP1 is the nucleus, cytoplasmic SKP1was
shown to be more associated with tumor progression. From our
in vitro results, we speculate that SKP1 expression in the cytoplasm
might result from sequestration of SKP1by SFN. These IHC results
might allow our in vitro findings to be generalized to human
tumor tissue. As we have previously reported that expression of
SFN is related to poor prognosis (13), SKP1 expression in the
cytoplasm might also serve as a prognostic marker for lung
adenocarcinoma.

SFN appears to compete with only FBW7, and not SKP2 or
b-TrCP1, for binding with SKP1 protein (Fig. 3; Supplementary
Fig. S4). There is increasing evidence to suggest that cyclin E1, one
of the FBW7 target proteins, is physiologically activated in late G1

phase to facilitate G1/S transition, and degraded in S-phase by
SCFFBW7. On the other hand, p27, the target substrate of SKP2, is
known to be degraded in late G1 phase by SCF

SKP2. These findings
indicate that each E3 ubiquitin ligase may function at a distinct
time point in the cell cycle. Here, we showed that SFN selectively
inhibited SCFFBW7 by competing with FBW7, suggesting that SFN

might bind with SKP1 in S-phase but not in G1 phase. In support
of this, a previous report has indicated that SFN enhances G1/S
progression through upregulation of cyclin D1 in breast can-
cer (7). On the other hand, the specificity of SFN for FBW7might
also be related to the difference in localization of each F-box
protein. Although we showed that FBW7 was located in the
nucleus of lung adenocarcinoma cells (Supplementary Fig.
S4B), SKP2 and b-TrCP1 function mainly in the cytoplasm. As
mentioned above, because SFN is thought to bind with newly-
synthesized SKP1 protein in the cytoplasm and inhibit its nuclear
transport, formation of the SCFFBW7 complex in the nucleusmight
be blocked more efficiently than that of the SCFSKP2 or SCFb-TrCP1

complex in the cytoplasm.
Recently, Reiterer and colleagues reported that psuedopho-

sphatase STYX suppressed SCFFBW7 function by competing with
SKP1 for binding to the F-box motif of FBW7, resulting in
upregulation of FBW7 substrates including c-Myc, and cyclin
E1 in HeLa cells (35). Additionally, various upstream factors such
as USP29, ERK and PLK1, which induce deubiquitination or
autoubiquitination of FBW7, have been reported to modulate
the stability and activity of FBW7 (36). However, because indirect
regulation of FBW7 through blocking of SCFFBW7 complex for-
mation by binding with SKP1 has not yet been confirmed, our
findings provide insight into a new mechanism for regulation of
FBW7.

In our recent report, we identified an SFN-binding partner other
than SKP1, ubiquitin-specific protease 8 (USP8) (13). USP8 is a
deubiquitination enzyme specific for receptor tyrosine kinases
(RTK) including EGFR and MET, contributing to the proliferative
activity of many human cancers including NSCLC. We found that
SFN stabilizes RTKs through activation of USP8 in lung adeno-
carcinoma. Because 14-3-3 proteins are anchor proteins that can
bind with various molecules, it is natural that SFN would have
multiple binding partners. Based on these facts, inhibition of SFN
is thought to lead to ubiquitination of not only oncoproteins but
also RTKs. Because SFN is related tomultiple pathways, we believe
that inhibition of SFN would simultaneously block several path-
ways that contribute to lung adenocarcinogenesis, thus exerting
high antitumor efficacy.

Our results indicate that inhibitors of SFN–SKP1 binding could
be potential targeted drugs for treatment of lung adenocarcinoma.
In order to screen potent inhibitors, we adopted an in silico
approach utilizing structural data for protein–protein interaction
(PPI) targets and a database of known bioactive compounds, a
strategy known as "in silico drug repositioning." This drug-repo-
sitioning strategy makes it possible to rationalize experimental
protocols, prioritize the design of therapeutic compounds for
PPIs, and speed up the development of promising drugs, while
reducing the risk of failure in clinical trials. Although the structure
of the SFN–SKP1 complex has not been clarified experimentally, a
reliable computational model of the complex, which was con-
sistent with the results of in vitro mutational experiments, and
in silico detection of the druggable pockets overlapping at the
SFN–SKP1 interaction interface led to the successful identification
of 2 independent drugs for this particular PPI: aprepitant and
ticagrelor.

Aprepitant is an NK-1R (neurokinin-1 receptor) antagonist
already approved as an antiemetic drug for cancer patients who
need to take antitumor drugs that cause nausea or emesis. Apre-
pitant has already been reported to suppress cell growth of
hepatoblastoma through inhibition of NK-1R (37). However, we
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consider that the antitumor effect of aprepitant on lung adeno-
carcinoma cells may not be due to inhibition of NK-1R binding
but rather that of SFN–SKP1 binding, because lung adenocarci-
noma cells do not express NK-1R (data not shown). It is thought
that aprepitant is a potential SFN inhibitor that could be used for
treatment for lung adenocarcinoma.On the other hand, ticagrelor
is a reversible P2Y12 inhibitor exerting an antiplatelet effect and is
used clinically with aspirin for treatment of cardiovascular and
cerebrovascular diseases. A phase III clinical study of ticagrelor
showed that 9.8% of patients who took daily ticagrelor and
aspirin together suffered a bleeding event within 12 months.
Although we confirmed that mice given a single dose of ticagrelor
showed a lower antiplatelet effect than was the case for coadmin-
istration of ticagrelor and aspirin in terms of bleeding time and
platelet aggregation (Supplementary Fig. S7), we will need to
carefully verify the safety of ticagrelor as an antitumor drug.

Previous studies have shown that when aprepitant (MW
534.43) was administered to humans as a 125-mg capsule, the
Cmax was 1,539 ng/mL (38), and the protein binding rate was
99.6% (39), indicating that the plasma unbound drug concen-
tration was approximately 11.52 nmol/L. Using the reported
plasma Cmax of aprepitant (3,535 ng/mL) when administered at
30mg/kg tomice (39),we estimate that theplasmaunbounddrug
concentration of aprepitant after administration at 20 mg/kg to
mice (Fig. 5A) could be approximately 17.64 nmol/L, which is
similar to that in humans (11.52 nmol/L). On the other hand, the
Cmax of ticagrelor (MW 522.57) when administered to humans at
a single oral dose of 90 mg was reported to be 581 ng/mL, with a
protein binding rate of 99.9% (40), suggesting that the plasma

unbound drug concentration would be approximately 1.11
nmol/L. Because administration of ticagrelor at 180 mg/kg to
micewas reported to result in a plasmadrug concentration of 0.99
mmol/L (41), the dose of ticagrelor we used (100 mg/kg, Fig. 5B)
would be expected to achieve a plasma unbound drug concen-
tration of 0.56 nmol/L. This is lower than the aforementioned
unbound drug concentration in humans, suggesting that the dose
would be tolerated in humans.

Many targeted drugs for treatment of lung adenocarcinoma,
such as EGFR–TKI, ALK inhibitors, and BRAF inhibitors, are
available. Unfortunately, however, these drugs do not significant-
ly improve the patient survival rate. In the present study, we
focused on epigenetic changes in early-stage lung adenocarcino-
ma to devise a new treatment strategy and were able to confirm
that SFN–SKP1 binding is one of the key events involved in the
malignant progression of such cancers. As a result, 2 potentially
promising candidate drugs, aprepitant and ticagrelor, were iden-
tified. Recently, it has been confirmed that low-dose CT screening
is able to reduce the death rate of patients with early lung
adenocarcinomas. Because this strategy is now being promoted
in many countries, large numbers of small nodules, referred to as
ground glass nodules (GGN), are being detected. AlthoughGGNs
can be surgically resected, this can be dangerous or sometimes
impossible in patients with multiple GGNs, or in those who are
elderly or complicated by chronic interstitial lung disease. Inhi-
bitors of SFN–SKP1 binding such as aprepitant and ticagrelor are
thought to be desirable candidates for the treatment of early-stage
lung adenocarcinoma. Because SFN is widely associated with
tumor progression from an early stage, these drugs can be applied

Figure 6.

Molecular mechanism at a glance. SFN binds with SKP1 to sequester it in the cytoplasm, resulting in the obstruction of SCFFBW7 complex formation. Oncoproteins
including cyclin E1 and c-Jun subsequently evade from ubiquitination and proteasomal degradation and are stabilized due to lack of their specific E3 ubiquitin
ligase.
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without companion diagnosis, and used together with other
antitumor drugs such as immune-checkpoint inhibitors, even for
neoadjuvant chemotherapy. Not only aprepitant and ticagrelor,
but other small molecules might be effective for inhibition of
SFN–SKP1 binding, and efforts to identify new inhibitors with
better potency would be justified.

In conclusion, we have revealed that SFN binds with SKP1 and
inhibits the formation of SCFFBW7, resulting in stabilization of
oncoproteins (Fig. 6). Aprepitant and ticagrelor were identified as
candidate SFN inhibitors for suppression of abnormal SFN–SKP1
binding and tumor progression. Our present findings suggest that
these inhibitors may provide a novel chemotherapeutic strategy
for early-stage lung adenocarcinoma.
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