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Abstract

Nasopharyngeal carcinoma has the highest rate of metastasis among head and neck cancers, and
distant metastasis is the major reason for treatment failure. The underlying molecular mechanisms
of nasopharyngeal carcinoma metastasis are not fully understood. Here, we report the
identification of serine protease inhibitor Kazal-type 6 (SPINKG®6) as a functional regulator of
nasopharyngeal carcinoma metastasis via EGFR signaling. SP/NK6 mRNA was upregulated in
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tumor and highly metastatic nasopharyngeal carcinoma cells. Immunohistochemical staining of
534 nasopharyngeal carcinomas revealed elevated SPINK6 expression as an independent
unfavorable prognostic factor for overall, disease-free, and distant metastasis—free survival.
Ectopic SPINKG6 expression promoted /n vitro migration and invasion as well as in vivo lymph
node metastasis and liver metastasis of nasopharyngeal carcinoma cells, whereas silencing
SPINKG® exhibited opposing effects. SPINK6 enhanced epithelial-mesenchymal transition by
activating EGFR and the downstream AKT pathway. Inhibition of EGFR with a neutralizing
antibody or erlotinib reversed SPINK6-induced nasopharyngeal carcinoma cell migration and
invasion. Erlotinib also inhibited SPINK6-induced metastasis /77 vivo. Notably, SPINK6 bound to
the EGFR extracellular domain independent of serine protease—inhibitory activity. Overall, our
results identified a novel EGFR-activating mechanism in which SPINK6 has a critical role in
promoting nasopharyngeal carcinoma metastasis, with possible implications as a prognostic
indicator in nasopharyngeal carcinoma patients.

Introduction

Nasopharyngeal carcinoma, the most common cancer originating in the nasopharynx, has a
high incidence in Southern China and Southeast Asia (1, 2). The etiologic factors for
nasopharyngeal carcinoma include Epstein—Barr virus infection, ethnics, genetic
susceptibility, and environmental factors, including consumption of food with volatile
nitrosamines (3). Upon diagnosis, most patients present with metastasis to the regional
lymph nodes or even distant organs. More than 90% of nasopharyngeal carcinomas are
undifferentiated carcinomas. Although nasopharyngeal carcinoma is sensitive to
radiotherapy, distant metastasis is the primary cause of treatment failure (1, 4).

Nasopharyngeal carcinoma patients with advanced stages often have a poor prognosis
because of limited knowledge on molecular pathogenesis, lack of reliable and robust
biomarkers for early detection, and poor response to available therapies (5). Recently, aided
by high-throughput technologies, including genomics, transcriptomics, proteomics, and
metabolomics and bioinformatics together with integration and application of systems
biology, many candidate biomarkers are identified, including BCL2, cyclin D1, EGFR,
HER2, MET, MYC, and PI3KCA, etc.(6). Among them, omics data at multiple levels
revealed that the Wnt, PI3K/AKT, and ERBB signaling pathways were often dysregulated in
nasopharyngeal carcinoma (7-10). Secreted proteins were also involved in nasopharyngeal
carcinoma progression, including TGFSB, Wnt5A, and CCL2, etc. (9, 11, 12). We also
reported that SRGN, WNT5A, and IL8 can promote EMT and metastasis of nasopharyngeal
carcinoma cells (13-15).

Using our previously established cellular and animal models of nasopharyngeal carcinoma
metastasis (16), genomic expression profiling revealed that serine protease inhibitor Kazal-
type 6 (SPINK6) was the most upregulated gene in the highly metastatic nasopharyngeal
carcinoma cells (13). Human SP/NK®6 is encoded by the SPINK6 gene, which maps to
chromosome 5¢33.1 and is a selective inhibitor of kallikrein-related peptidases (KLK),
including KLK4, KLK5, KLK6, KLK7, KLK12, KLK13, and KLK14 (17-20). SPINK® is
involved in maintaining skin homeostasis, and its expression decreases in atopic dermatitis
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but increases in psoriasis (17). Several KLKs have been reported to be useful tumor markers
and involved in tumor pathogenesis, but their role is ambiguous and dependent on the tissue

type and the tumor microenvironment (20-22). However, the exact role of SPINKS6 in cancer
progression is unknown.

Mature SPINK6 contains 57 amino acid residues and has three disulfide bonds in a Kazal-
type serine protease inhibitor and follistatin-like domain (KAZAL-FS; ref. 23), which is
similar to the EGF structure. STRING 9.1 analysis also revealed the protein—protein
interaction of Kazal-type domain—containing proteins with EGFR and related tyrosine
kinases (24, 25). We therefore hypothesize that SPINK6 could interact with EGFR.
Recently, SPINK6 was reported to be crosslinked to fibronectin by transglutaminases and
was shown to protect fibronectin from KLKS5 cleavage (26). Because fibronectin is a putative
EMT marker, SPINK6 may also play an important role in EMT regulation, which is a crucial
process involved in development and differentiation, as well as motility of cancer cells (27).

In the current study, we found that SPINK®, as a secreted protein, could promote
nasopharyngeal carcinoma cellular motility /n vitro and metastasis /n vivo via autocrine and
paracrine mechanisms. In addition, SPINKG6 induced EMT by binding to EGFR and
activating EGFR and downstream AKT signaling pathway. Inhibition of EGFR by a
neutralizing antibody or erlotinib could reverse the SPINK6-mediated induction of
nasopharyngeal carcinoma cellular motility. Importantly, elevated SPINK6 expression in the
primary nasopharyngeal carcinoma was an independent unfavorable prognostic factor for
overall survival (OS), disease-free survival (DFS), and distant metastasis—free survival
(DMFS) in nasopharyngeal carcinoma patients.

Materials and Methods

Cell lines and cell culture

Cell lines and cell culture were performed as described previously (28). Human
nasopharyngeal carcinoma cell line CNE-2 and its clones (S18, S22, and S26) and SUNE-1
and its clone 5-8F, as well as CNE-1, HK1, HONE1, and HNE1, were maintained in
DMEM (11995065, Thermo Fisher Scientific) supplemented with 10% FBS (10099141,
Invitrogen) at 37°C in 5% CO». As reported previously, the highly metastatic subclone S18
and 5-8F and poorly metastatic subclones (S22 and S26) were isolated using limiting
dilution method and conformed for /n vitro mobility and /n vivo functional studies (16, 29).
All the nasopharyngeal carcinoma cell lines used in the current study, including our isolated
and established clones S18 and S26, have been maintained in our laboratory since 2000. The
cell lines were authenticated using short tandem repeat profiling, and the cells were not
cultured for more than 2 months.

Human tissue microarray

The human tissue samples were obtained from the Department of Pathology, Sun Yat-Sen
University Cancer Center (SYSUCC; Guangzhou, China) with patients who had previously
given consent and the approval of the Institutional Clinical Ethics Review Board at
SYSUCC (approval number GZR2015-120). The tissue microarrays contained qualified
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primary nasopharyngeal carcinoma samples from 534 patients pathologically diagnosed at
SYSUCC between December 30, 1997, and September 6, 2002, and the tissue microarray
was constructed as described previously (13). The clinical characteristics of the 534
nasopharyngeal carcinoma patients were listed in the Supplementary Material in
Supplementary Table S1.

Immunohistochemical staining

Immunohistochemical staining and scoring were performed as described previously (13).
Rabbit anti-SPINK®6 antibody (1:50 dilution, ab110830, Abcam), rabbit anti-EGFR-pY 1068
(1:50 dilution, 3777, Cell Signaling Technology), and rabbit anti-vimentin (1:50 dilution,
5741, Cell Signaling Technology) were used. The intensity of immunohistochemical
staining in the tumor cells was scored independently by two pathologists, and the average
value from the two pathologists was used as the final score. The median score of SPINK6
(score = 3) was used as the cut-off value to divide the patients into the high (>median) and
low (gmedian) SPINKG6 expression groups.

Immunoblotting assay

Cell lysates were prepared in RIPA lysis buffer (89900, Thermo Fisher Scientific)
supplemented with protease inhibitor cocktail (05056489001, Roche) and phosphatase
inhibitor cocktail (04906837001, Roche). Thirty micrograms of each protein extract was
examined after standard Western blotting protocols as described previously (13) and then
detected using the ECL chemiluminescence system (NEL112001EA, PerkinElmer). Relative
quantification of gradation was measured using Image-Pro Plus 6.0. The primary antibody
and secondary antibody are listed in the Supplementary Material.

Lentiviral construction and transduction

The construction of the lentiviral vectors for stable SPINK6 overexpression or knockdown
was carried out with a protocol from the Eric Campeau Lab (30). The lentiviral construction
is described in the Supplementary Material, with the sequences for shRNAs listed in
Supplementary Table S2. The lentiviral plasmids were cotransfected with pspAX2 and
pMD2.G (kind gifts from Didier Trono, School of Life Sciences, Ecole Polytechnique
Fédérale de Lausanne (EPFL), Lausanne, Switzerland, Addgene plasmid 12260 and 12259)
ina 1:0.75:0.25 ratio in mass into 293T cells using X-tremeGENE HP DNA Transfection
Reagent (06366236001, Roche). Two days after transfection, the viral supernatants were
collected and filtered using a 0.45-um filter (SLHUO33RB, EMD Millipore) and were then
used for transduction with 4 ug/mL polybrene (107689, Sigma-Aldrich). Twelve hours after
transduction, the medium was exchanged for fresh medium, and 2 pg/mL puromycin (J593,
GBCBIO Technologies) was used 1 day later to select the stably transfected cells for 3 days.

Coimmunoprecipitation and pull-down assays

For coimmunoprecipitation assays, cell-free—expressed 3x Flag-tagged EGFR or EGFR
mutants were mixed with Myc-His-tagged SPINK®6 or SPINK6 mutants. The mixtures were
incubated at 4°C with inversion overnight and then subjected to incubation with an anti-
FLAG M2 Affinity Gel (A2220, Sigma-Aldrich) for an additional 4 hours at 4°C. Then, the
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mixtures were centrifuged, and the precipitates were collected and subjected to Western blot
detection, with the supernatants used as input. The cell lysates of wild-type cells and the
condition medium of SPINKG6-overexpres-sing or control cells (all in weak RIPA lysis) were
also mixed for coimmunoprecipitation assay, followed by incubation with an anti-EGFR
antibody (4267, Cell Signaling Technology) or an anti-His-tag antibody for 12 hours at 4°C
and then coincubated with Protein A/G PLUS-Agarose (sc-2003, Santa Cruz Biotechnology)
for an additional 4 houra at 4°C for precipitation. In pull-down assays, 2 ug/mL Fc-tagged
human EGFR protein (10001-HO2H, Sino Biological) was mixed with 2 pg/mL rSPINK®6 or
2 pg/mL rhEGF (236-EG, R&D Systems) in the absence or presence of rSPINKG6 (0.5, 2, 5,
or 10 pg/mL) in 1 mL PBS buffer and subjected to coimmunoprecipitation using Protein
AJ/G PLUS-Agarose.

Spontaneous lymph node metastasis model

All animal experimental protocols were approved by the Institutional Animal Care and Use
Committee of SYSUCC (approval number L201501077). Female athymic mice ages 5 to 6
weeks were obtained from the Shanghai Institutes for Biological Sciences (Shanghai,
China). The spontaneous lymph node metastasis model has been published previously (16,
31). Briefly, 1 x 10° cells in 20 uL serum-free DMEM were injected into the left hind
footpad of the mouse to generate a primary tumor. Thirty days after inoculation, the mice
were euthanized, and the popliteal lymph nodes from the left hind limbs were isolated and
subjected to RNA extraction. Total RNA (1 ug) was used for cDNA synthesis with 10 ng
cDNA used for the following real-time PCR detection of #HPRTI with 40 cycles of
amplification. The samples with C; values lower than 38 were identified as metastasis
positive. The primers for human HPRTI are listed in the Supplementary Material in
Supplementary Table S3.

Spontaneous spleen—liver metastasis model

The spontaneous spleen—liver metastasis model has been published previously (14). Male
nude mice ages 5 to 6 weeks were anesthetized by continuous inhalation with isoflurane, and
2 x 10° cells in 30 uL. DMEM with 33% Matrigel (354230, BD Biosciences) were injected
into the spleen of laparotomized mouse using insulin syringes (328438, BD Biosciences).
Twenty-eight days after inoculation, the mice were euthanized. The livers and spleens were
weighed before the metastatic nodules in livers were counted, and the livers and spleens
were also subjected to hematoxylin and eosin (H&E) staining. To assess the effects of
erlotinib treatment, 5 x 10° cells were injected, and 15 days after cell inoculation, the mice
were treated with erlotinib (S1023, Selleck Chemicals) in PBS with 6% Captisol
(HY-17031, Med-ChemExpress) at 50 mg/kg (i.g.) daily for 14 days, and the mice were then
euthanized for further assessment.

Statistical analysis

Data were analyzed using SPSS 21.0 software. Single comparisons were performed using
unpaired Student ftest or XZ test (two tailed, £ < 0.05 was considered significant). Spearman
correlation analysis (two tailed) was used to calculate the correlation coefficient (/) and the P
value between SPINK6 and pEGFR or vimentin staining scores. The censoring time
distribution was estimated by the Kaplan—Meier method, and P values were calculated by
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log-rank analysis. Cox regression model was used for multivariate survival analysis.
Predictors were judged to be significant at £< 0.05.

Results

SPINK®6 expression as an independent, unfavorable prognostic indicator in
nasopharyngeal carcinoma patients

To investigate the role of SPINKG6 in nasopharyngeal carcinoma progression, SPINK6
expression in nasopharyngeal carcinoma cells and nasopharyngeal carcinoma tissues was
determined. We found that the SPINK6 mRNA was upregulated in nasopharyngeal
carcinoma tissues and even higher in lymph node metastases (Fig. 1A) and was highly
expressed in poorly-differentiated nasopharyngeal carcinoma cells compared with well-
differentiated nasopharyngeal carcinoma cells (CNE-1 and HK-1). Importantly, the highest
SPINK6 mRNA levels were detected in the highly metastatic S18 and 5-8F cells (Fig. 1B).
We found that SPINKG6 protein was predominantly present in the condition medium, while
some SPINKS6 protein could be retained intracellularly following treatment with monensin
(M5273, Sigma-Aldrich), an inhibitor of protein transmembrane transport (Supplementary
Fig. S1). The highest levels of SPINK6 protein were detected in the condition medium of
S18 and 5-8F cells (Fig. 1B).

To evaluate the prognostic value of SPINKG6 expression in primary nasopharyngeal
carcinoma tissues, we performed immunohistochemical staining of SPINK®6 in 534
nasopharyngeal carcinoma samples (Supplementary Table S1; Fig. 1C). Elevated SPINK6
expression was significantly correlated with mortality, disease progression, and distant
metastasis (Supplementary Table S4). Univariate survival analyses showed that elevated
SPINKG® expression was significantly correlated with shorter OS, DFS, and DMFS in
patients (Fig. 1D). Multivariate analyses further indicated that elevated SPINKG6 expression
was an independent, unfavorable prognostic indicator in nasopharyngeal carcinoma patients
(Table 1, = 0.034 for OS, £=0.001 for DFS, and A= 0.001 for DMFS, respectively).
These analyses confirmed the critical role of SPINKG6 in nasopharyngeal carcinoma
progression.

SPINKG6 as an autocrine factor that induces nasopharyngeal carcinoma cell migration,
invasion, and metastasis

To examine the causal role of SPINK®6 in nasopharyngeal carcinoma metastasis, we
constructed stable SPINK6-overexpressing S26 and SUNE-1 cells (S26-SPINK6 and
SUNE-1-SPINKG®, respectively; Fig. 2A). Colony formation and cellular proliferation assays
showed no significant difference in SPINK6-overexpressing cells and SPINK6 knockdown
cells compared with control cells in whole medium, while SPINK6 overexpression
moderately promoted the growth of nasopharyngeal carcinoma cells in DMEM with 1%
FBS (Supplementary Fig. S2). However, SPINKG6 overexpression dramatically increased the
migration and invasion of S26 and SUNE-1 cells (Fig. 2B and C). Importantly, the condition
medium collected from S26-SPINK6 and SUNE-1-SPINKG6 cells could induce migration
and invasion of wild-type S26 and SUNE-1 cells (Fig. 2D), suggesting that SPINK®6 could
promote nasopharyngeal carcinoma cellular motility via a paracrine manner. In murine
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lymph node metastasis model, SPINK6 overexpression significantly increased the metastatic
rate of S26 cells (Fig. 2E). In addition, using murine liver metastasis model, we also found
that SPINKG6 overexpression dramatically enhanced S26 cell metastasis to liver with
increased metastatic nodules in the liver, without changing primary tumor growth in the
spleen (Fig. 2F and G). Taken together, these results showed that SPINK6 can promote
nasopharyngeal carcinoma cellular migration, invasion, and metastasis.

Suppression of nasopharyngeal carcinoma cell migration, invasion, and metastasis by
knocking down SPINK6 expression

We also constructed stable SPINK6 knockdown S18 and 5-8F cells (S18-SPINK6-shl and
S18-SPINK®6-sh2, 5-8F-SPINK6-sh-1 and 5-8F-SPINK6-sh-2, respectively; Fig. 3A). In
S18 and 5-8F cells, knocking down SPINKG® significantly inhibited cellular migration,
invasion, and wound-healing ability (Fig. 3B and C and Supplementary Fig. S3). Moreover,
ectopic expression of SPINKG6 in S18-SPINK®6-sh2 cells could restore the cellular migration
and invasion ability (Supplementary Fig. S4A). In murine lymph node metastasis model,
SPINK®6 knockdown significantly decreased the metastatic rate of S18 and 5-8F cells (Fig.
3D). Furthermore, in murine spleen—liver metastasis model, SPINK6 knockdown
dramatically inhibited S18 cellular metastasis with a reduced humber of metastasis nodules
in the liver, without changing primary tumor growth in the spleen (Fig. 3E and F). These
results revealed that knockdown of SPINK®6 could inhibit nasopharyngeal carcinoma
migration, invasion, and metastasis.

Binding and activation of EGFR by SPINK6

To examine the role of KLKs in SPINK6-promoted nasopharyngeal carcinoma cellular
motility, we used siRNA to knock down KLKSs expression in nasopharyngeal carcinoma
cells. We found no difference in the expression of KLK5, KLK12, KLK13, or KLK14 in
nasopharyngeal carcinoma cells, and knockdown of SPINKG6 did not alert the expression of
the KLKSs (Supplementary Fig. S4B and S4C). Moreover, silencing KLKs did not restore
migration and invasion inhibited by SPINK6 knockdown in S18 cells (Supplementary Fig.
S4D-S4G). In addition, we found that ectopic expression of a SPINK6 mutant without
serine protease—inhibitory activity (ASPI) could still promote migration and invasion of S26
cells, whereas this was not found in the SPINK6 mutant missing the three disulfide bonds in
the Kazal domain (ADSB; Fig. 4A), suggesting that SPINK6 could promote nasopharyngeal
carcinoma motility independent of its well-defined serine protease—inhibitory activity.

SPINKG® has a Kazal domain that has a similar structure to EGF with a high-sequence
homology (Supplementary Fig. S5A and S5B). We observed a strong interaction between
SPINK6-Myc-His and endogenous EGFR (Fig. 4B). Moreover, /n vitro pull-down assay
using recombinant SPINKG®6 protein (Supplementary Fig. S5C and S5D) and a recombinant
EGFR extracellular domain-Fc fusion protein revealed that rSPINK®6 could directly bind to
the extracellular domain of EGFR (Fig. 4C). The EGFR extracellular domain possessed four
subdomains. To further investigate the interaction between EGFR and SPINKG6, we
generated individual subdomains and mutants with subdomain deletions and carried out cell-
free expression (Supplementary Fig. S6A). Coimmunoprecipitation assay revealed that
SPINKG® could bind to the EGFR extracellular domain via subdomain 1 and 3
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(Supplementary Fig. S6B), and the SPINK6 mutant lacking serine protease—inhibitory
activity could still bind to EGFR but not the mutant missing the three disulfide bonds in the
Kazal domain (Fig. 4D). Importantly, an antibody against EGFR (C225) or a polyclonal
antibody against SPINKG®6 inhibited the binding between EGFR and SPINK® (Fig. 4E).
Coimmunoprecipitation assay also revealed that SPINK6 could compete with EGF for
EGFR binding in a dose-dependent manner (Supplementary Fig. S6C). EGFR can undergo
dimerization and internalization upon ligand binding. DTSSP (21578, Thermo Fisher
Scientific) cross-linking assay and immunofluorescence staining showed that SPINK6 could
also induce EGFR dimerization and internalization (Supplementary Fig. S6D and S6E). We
also found that SPINK®6 induced EGFR activation and downstream ERK1/2 and AKT
phosphorylation in S26 and SUNE-1 cells, whereas SPINK6 knockdown inhibited their
phosphorylation in S18 and 5-8F cells (Fig. 4F and Supplementary Fig. S6F). However, no
change in STAT3 phosphorylation was found (Supplementary Fig. S7A). EGFR and
downstream signaling were highly activated in S18 and 5-8F cells with a high level of
SPINK®6 (Supplementary Fig. S7B), suggesting its possible involvement in nasopharyngeal
carcinoma cellular mobility. Importantly, we also found a significant correlation between
SPINKG® expression and EGFR phosphorylation in nasopharyngeal carcinoma tissues (Fig.
4G). In summary, these results revealed that SPINK6 could bind to EGFR and activate
EGFR signaling.

Suppression of SPINK6-promoted nasopharyngeal carcinoma cellular migration, invasion,
and metastasis by EGFR/AKT inhibition

To examine whether SPINK6 induced nasopharyngeal carcinoma motility via EGFR
activation, we tested the motility of nasopharyngeal carcinoma cells following inhibition of
EGFR and downstream ERK1/2 and AKT pathway. We found that the antibodies against
EGFR or SPINK®6 could impair migration and invasion of S26-SPINK® cells (Fig. 5A). The
EGFR inhibitor erlotinib and the PI3BK/AKT pathway inhibitor LY294002 also attenuated
migration and invasion of S26-SPINK6 and SUNE-1-SPINK®6 cells but not the MEK/
ERKZ1/2 pathway inhibitor U0126 (Fig. 5B). LY 294002 treatment also reduced the wound-
healing ability of S26-SPINK6 and SUNE-1-SPINKG® cells (Supplementary Fig. S8). These
results suggested that SPINK6 promoted nasopharyngeal carcinoma cell motility via
EGFR/AKT signaling pathway. Furthermore, we also found that erlotinib treatment
decreased EGFR and downstream ERK1/2 and AKT phosphorylation in SPINK6-
overexpressing S26 and SUNE-1 cells (Fig. 5C). Importantly, in murine liver metastasis
model, treatment with erlotinib dramatically reduced metastasis in mice implanted with S26-
SPINKG® cells, with reduced metastasis nodules in the liver (Fig. 5D and E). These results
showed that inhibition of EGFR pathway can inhibit migration, invasion, and metastasis of
SPINK®6-overexpressing nasopharyngeal carcinoma cells.

Promotion of EMT by SPINK6 via EGFR/AKT signaling

EMT is a crucial step for cancer cells to achieve metastasis (27). We found that SPINK6
expression resulted in downregulation of the epithelial markers E-cadherin and desmoplakin,
whereas the mesenchymal markers vimentin, N-cadherin, and fibronectin were upregulated
as well as the EMT-promoting transcription factors Snail, Slug, and Twistl in S26 and
SUNE-1 cells (Fig. 6A). Conversely, SPINK6 knockdown resulted in upregulation of E-

Cancer Res. Author manuscript; available in PMC 2020 January 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 9

cadherin and desmoplakin and downregulation of vimentin, N-cadherin, fibronectin, Snail,
Slug, and Twistl in S18 and 5-8F cells (Fig. 6A and Supplementary Fig. S9). Importantly,
we also found a positive correlation between SPINK6 and vimentin expression in
nasopharyngeal carcinoma tissues (Fig. 6B). Furthermore, LY294002 treatment restored the
expression of epithelial markers and decreased the expression of mesenchymal markers and
EMT-promoting transcription factors in SPINK6-overexpressing S26 and SUNE-1 cells
(Fig. 6C). Taken together, these data suggest that SPINK6 can induce EMT in
nasopharyngeal carcinoma cells and inhibition of AKT signaling can reverse this process.

Discussion

Metastasis is the major cause of treatment failure in nasopharyngeal carcinoma, and thus,
preventing, predicting, and inhibiting metastasis is critical to improve treatment outcomes.
In the current study, we reported the high expression of SPINKG6 in highly metastatic cells in
contrast to their parental and other poorly metastatic nasopharyngeal carcinoma cells.
Moreover, elevated SPINKG6 expression in primary nasopharyngeal carcinoma was found to
be an independent unfavorable prognostic factor for patients (Fig. 1; Table 1).

SPINKG® belongs to the Kazal-type serine protease inhibitor family, several members of
which have been reported to be involved in tumor progression. However, their roles in
cancer are ambiguous. SPINK1 was reported to be upregulated in colorectal cancer, prostate
cancer, and pancreatic cancer (32-34), and it was reported to promote tumor growth,
migration, invasion, and angiogenesis (25, 35, 36). Conversely, SPINK7 has been found to
inhibit cancer cell migration, invasion, and metastasis (37-39). These differences may be
explained by the different substrate protease specificity of the SPINKs and the
contradistinctive roles of substrate proteases in cancer. SPINK® inhibits the protease activity
of KLKs, but the roles of KLKs as tumor markers and/or tumor progression regulators
remain ambiguous in different types of tissues and different tumor microenvironments (20—
22). For example, the KLKS5 protease suppresses breast cancer by repressing the mevalonate
pathway (40), whereas KLK14 can promote colon cancer cell proliferation through
proteinase-activated receptor 2 activation followed by increased ERK1/2 phosphorylation
(41). However, there was no difference in the expression of known SPINKS6 target KLK5,
KLK12, KLK13, or KLK14 between nasopharyngeal carcinoma tissues and noncancerous
nasopharyngeal tissues (Supplementary Fig. SI0A-S10D).

Functionally, we found that the overexpression of SPINK6 could induce nasopharyngeal
carcinoma cell migration and invasion /n vitro, as well as metastasis /n vivo, via autocrine
and paracrine mechanisms, whereas knockdown of SPINKG6 inhibited migration, invasion,
and metastasis of highly metastatic nasopharyngeal carcinoma cells (Figs. 2 and 3).
However, silencing the SPINKG6 targets KLK5, KLK12, KLK13, or KLK14 did not restore
the migration and invasion of SPINK6 knockdown nasopharyngeal carcinoma cells.
Moreover, the migration and invasion potential could be enhanced by overexpression of a
SPINK6 mutant without protease-inhibitory activity (Fig. 4A and Supplementary Fig. S4).
These results suggested that SPINK6 could promote nasopharyngeal carcinoma motility
independent of its serine protease—inhibitory activity.
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By applying whole-exome and targeted deep sequencing of nasopharyngeal carcinoma
combined with integrated analysis, Lin and colleagues found that ErbB-PI13K signaling is
enriched even when no EGFR mutation or amplification was found (7). EGFR is
overexpressed in 73% to 89% of nasopharyngeal carcinoma patients (42, 43), contributing to
an increased risk of metastasis and decreased OS, but not DMFS (42, 44). Meta-analysis
revealed that elevated EGFR expression in nasopharyngeal carcinoma is correlated with
poorer OS, DFS, and locoregional control, while the association between EGFR
overexpression and DMFS was not statistically significant (45, 46). We also reported that
EGFR and pEGFR expression was upregulated in nasopharyngeal carcinoma tissues, and
elevated pEGFR expression was related to shorter metastasis-free survival in patients (47).
These findings indicate that EGFR activation, but not just EGFR expression, is correlated
with distant metastasis of nasopharyngeal carcinoma patients. In the current study, we also
found that EGFR and downstream signaling pathway were more active in highly metastatic
S18 and 5-8F cells, compared with poorly metastatic S26 and 5-8F cells, whereas there was
no difference in EGFR expression between highly and poorly metastatic hasopharyngeal
carcinoma cells (Supplementary Fig. S7B). All these findings confirm the important roles of
EGFR signaling in nasopharyngeal carcinoma progression and metastasis. Therefore, EGFR
signaling could be a potential therapeutic target for nasopharyngeal carcinoma. However,
EGFR mutations were rarely detected, and no EGFR amplification was found in
nasopharyngeal carcinoma (6, 7, 48), suggesting that EGFR amplification and mutation
might not be critical reasons for EGFR activation in nasopharyngeal carcinoma. Besides, in
spite of overexpression of EGFR in nasopharyngeal carcinoma tissues, there was no
difference in EGF expression between nasopharyngeal carcinoma tissues and noncancerous
nasopharyngeal tissues (Supplementary Fig. S10E and S10F). These findings indicate that
there may be other factor(s) to activate EGFR signaling in nasopharyngeal carcinoma.

SPINKG® contains a Kazal repeat, which includes a long extended chain, two short alpha
helices and a three-stranded antiparallel beta sheet, similar to that of the EGF-like domain
(40). In the current study, we demonstrated that SPINK6 could bind to EGFR through
subdomain 1 and 3 of the EGFR extracellular domain, which also forms a pocket for EGF
and TGFa binding (49, 50), resulting in the activation of EGFR and its downstream
signaling pathway (Fig. 4 and Supplementary Fig. S6). Furthermore, treatment with SPINK6
antibody or EGFR neutralizing antibody disrupted the binding and impaired migration and
invasion of SPINK6-stimulated nasopharyngeal carcinoma cells (Figs. 4E and 5A). More
importantly, treatment of the EGFR inhibitor erlotinib efficiently decreased migration and
invasion in vitro, as well as metastasis /77 vivo, in SPINK6-overexpressing nasopharyngeal
carcinoma cells (Fig. 5). These results confirmed that SPINKG6 could trigger EGFR
activation, and inhibition of EGFR can inhibit nasopharyngeal carcinoma cellular motility.
In regard of no amplification and mutation of EGFR and no EGF overexpression in
nasopharyngeal carcinoma, as well as the positive correction of SPINK6 and pEGFR
expression, we presume that the overexpression of SPINK6 seems to be a candidate factor
responsible for the activation of EGFR signaling in nasopharyngeal carcinoma.

In summary, our study is the first to elucidate the critical roles of SPINK6 in promoting
cancer metastasis and predicting unfavorable patient prognosis. Moreover, SPINK6 severs as
another effective ligand that binds to EGFR in nasopharyngeal carcinoma cells and activates
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EGFR signaling. We believe that SPINKG6 is a potential molecular target for predicting,

pr
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eventing, and treating nasopharyngeal carcinoma metastasis.
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Elevated SPINKG® protein level in the primary nasopharyngeal carcinoma correlated with
shorter OS, DFS, and DMFS in the patients. A, The mRNA levels of SPINK6in
nasopharyngeal carcinoma (NPC) tissues were higher than the noncancerous nasopharyngeal
tissues (NP), and even higher in lymph node metastases (LN). Pvalue, result of unpaired ¢
test. B, Expression of SPINKG6 in nasopharyngeal carcinoma cells is shown. Top, mRNA
level of SPINKE, bottom, protein level of SPINKS6 in condition medium with relative
gradation shown below the band. C, Different levels of SPINKG6 protein detected by IHC are
shown under both low and high magnification of a light microscope. Scale bars, 100 ym. D,
Tissue microarray analyses of a cohort of 534 nasopharyngeal carcinoma patients diagnosed
at MO stage were conducted. The median follow-up time for this cohort of patients was 81

months.
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Figure 2.
Secreted SPINK6 enhanced migration, invasion, and metastasis of low metastasis

nasopharyngeal carcinoma cells. A, SPINK6 expression in stable SPINK6-overexpressing
cells was shown. Top, MRNA level; bottom, protein level in condition medium. B,
Overexpression of SPINK6 enhanced migration and invasion of S26 and SUNE-1 cells. C,
Statistical results for B. Column, mean; bar, SEM (from triplicates). **, < 0.01 by Student
ttest. D, Stimulation of wild-type cells with SPINK6-overexpressing condition medium
(CM) resulted in enhanced migration and invasion. Column, mean; bar, SEM. *, £< 0.05;
** P<0.01 by Student ttest. E, Overexpression of SPINK6 promoted /n vivo metastatic
rate of S26 cells. Pvalue, result of x2 test. F, Overexpression of SPINKG increased liver
metastasis of S26 cells. Pvalue, result of Student #test. G, Representative picture from F.
Left, representative picture of livers; scale bar, 1 cm; right, representative H&E staining of
livers; scale bar, 100 pm.
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Figure 3.

Kr?ockdown of SPINKG inhibited migration, invasion, and metastasis of highly metastatic
nasopharyngeal carcinoma cells. A, SPINK®6 expression in stable SPINK6 knockdown cells
is shown. Top, mRNA level; bottom, protein level in condition medium with relative
gradation shown below the band. B, Knockdown of SPINK®6 suppressed migration and
invasion of S18 and 5-8F cells. C, Statistical results from B. Column, mean; bar, SEM (from
triplicates). **, P< 0.01 by Student #test. D, Knockdown of SPINKG6 decreased /n vivo
metastatic rate of $18 and 5-8F cells. Cells (1x 10°) were subcutaneously injected into the
left hind footpad of nude mice, and metastasis to the left popliteal LN was measured. P
value, result of x? test. E, Knockdown of SPINK6 impaired 77 vivo liver metastasis of S18
cells. Pvalue, result of Student ¢test. F, Representative picture from E. Top, representative
picture of livers; scale bar, 1 cm; bottom, representative H&E staining of livers; scale bar,
100 pm. NC, negative control, with detail shown in Supplementary Table S2.
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Figure 4.

SPINK®6 mediated its oncogenic effects through EGFR. A, Migration and invasion of S26
cells transfected with SPINK®6 or mutant plasmids was measured. DSPI, mutant without
serine protease inhibitory activity; ADSB, mutant with disruption of intrachain disulfide
bridges. **, P< 0.01 by Student #test. B, SPINK6 was coprecipitated with endogenous
EGFR. C, /n vitro pull-down assay revealed direct binding of SPINK6 and EGFR. D, EGFR
could bind to SPINK6 mutant without serine protease—inhibitory activity. DM, mutant with
both ASPI and ADSB mutation; wt, wild type, con, control. Relative gradation corrected by
IP-Flag is shown below the band. E, Antibodies against EGFR or SPINK6 impaired binding
of EGFR and SPINKS6. Cell-free—expressed 3x Flag-tagged EGFR and Myc-His-tagged
SPINK®6 were mixed and incubated with EGFR antibody (C225, 10 ug/mL) or SPINK6
antibody (2 mg/mL), followed by coimmunoprecipitation assays. Relative gradation
corrected by IP-Flag is shown below the band. F, Phosphorylation of EGFR and downstream
signaling in nasopharyngeal carcinoma cells is shown. Relative gradation corrected by
GAPDH is shown below each band. G, SPINK®6 expression was positively corrected with
EGFR phosphorylation in nasopharyngeal carcinoma tissues. Top, a significant positive
correlation between SPINKG6 expression and EGFR phosphorylation was found; bottom,
representative images of two nasopharyngeal carcinoma cases are shown. Scale bar, 100 pm.
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Figureb.
Suppression of EGFR impaired migration, invasion, and metastasis of SPINK6-

overexpressing nasopharyngeal carcinoma cells. A, Neutralizing antibodies reduced
migration and invasion of S26-SPINKG cells. Cells were starved for 16 hours and pretreated
with C225 (10 pg/mL) or SPINKG6 (2 pg/mL) antibody for 16 hours and subjected to
migration and invasion assays in the presence of C225 or SPINK®6 antibody. Column, mean;
bar, SEM. **, £<0.01 by Student ftest. B, Inhibitors of EGFR and AKT impaired
migration and invasion of SPINK6-overexpressing cells. con, control. Cells were treated
with 1 pmol/L erlotinib, 2 umol/L U0126, 20 pumol/L LY294002, or DMSO for 12 hours and
subjected to migration and invasion assays. Column, mean; bar, SEM. **, P<0.01; #, P>
0.05, by Student ttest. C, Erlotinib inhibited phosphorylation of EGFR and downstream
signaling. After treatment with 1 umol/L erlotinib for 12 hours, cell lysateswere harvested
for immunoblotting detection. Relative gradation corrected by GAPDH is shown below each
band. D, Erlotinib impaired liver metastasisof S26-SPINK® cells. Pvalue, result of Student ¢
test. E, Representative picture from D. Top, representative picture of livers; scale bar, 1 cm;
bottom, representative H&E staining of liver; scale bar, 100 pm.
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Figure®6.

SPINK®6 promoted EMT of nasopharyngeal carcinoma cells. A, The expression of epithelial
markers, mesenchymal makers, and EMT-promoting transcription factors in nasopharyngeal
carcinoma cells was detected by immunoblotting. Relative gradation corrected by GAPDH
is shown below each band. B, SPINK6 expression was positively corrected with vimentin
expression in nasopharyngeal carcinoma tissues. Top, a positive correction between SPINK6
expression and vimentin expression was found; bottom, representative images of two
nasopharyngeal carcinoma cases are shown. Scale bar, 100 pm. To distinguish from
noncancerous cells, the representative cancer regions are labeled by red arrowheads. C, The
expression of epithelial and mesenchymal markers and EMT-promoting transcription factors
in SPINK6-overexpressing S26 and SUNE-1 cells after LY294002 treatment was detected
by immunoblotting. After treatment with 20 umol/L LY 294002 or DMSO for 12 hours, cell
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lysates were harvested for Western blot detection. Relative gradation corrected by GAPDH
is shown below each band.
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Multivariate analysis of OS, DFS, and DMFS in nasopharyngeal carcinoma patients (Cox regression model)

HR (95% ClI) P
oS
Age (>46 vs. <46) 1.548 (1.161-2.064) 0.003
Gender (female vs. male) 0.584 (0.406-0.840) 0.004
Clinical staging (I1l + IV vs. 1 +11)  3.543 (2.269-5.531) <0.001
SPINKS® (high vs. low level) 1.379 (1.025-1.855) 0.034
DFS
T staging (T3—4 vs. T1-2) 1.964 (1.234-3.125)  0.004
SPINKS® (high vs. low level) 2.101 (1.378-3.206) 0.001
DMFS
Clinical staging (11l + IV vs. I +11) ~ 4.265 (1.699-10.706)  0.002
SPINKS® (high vs. low level) 2.555 (1.505-4.337) 0.001

Abbreviation: Cl, confidence interval.
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