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Abstract
Background  Sparc/osteonectin, cwcv and kazal-like domain proteoglycan 1 (SPOCK1) has been reported to function as 
an oncogene in a variety of cancer types. Increasing evidence suggests that SPOCK1 contributes to the metastatic cascade, 
including invasion, epithelial-mesenchymal transition (EMT) and micro-metastasis formation. As yet, however, the underly-
ing mechanism is not clearly understood. Here, we evaluated the expression and clinicopathological significance of SPOCK1 
in primary pancreatic cancer (PC) specimens and explored the mechanisms underlying SPOCK1-mediated PC cell growth 
and metastasis.
Methods  The clinical relevance of SPOCK1 was evaluated in 81 patients with PC. The effect of SPOCK1 on proliferation, 
cell cycle progression, EMT and metastasis was examined in vitro and in vivo. The molecular mechanisms involved in 
SPOCK1-mediated regulation of NF-κB-dependent EMT were assessed in PC cell lines.
Results  We found that SPOCK1 expression was increased in PC tissues and was associated with lymph node metastasis. 
Silencing or exogenous overexpression of SPOCK1 markedly altered the proliferation of PC cells through cell cycle transi-
tion. Overexpression of SPOCK1 promoted PC cell migration and invasion by regulating EMT progression. Moreover, we 
found that SPOCK1 contributes to EMT and metastasis by activating the NF-κB signalling pathway via direct interaction 
with IκBα. After NF-κB pathway inhibition by BAY11–7082, we found that PC cell motility and EMT induced by SPOCK1 
were reversed.
Conclusion  From our data we conclude that SPOCK1 promotes PC metastasis via NF-κB-dependent EMT by interacting 
with IκBα. This newly identified mechanism may provide novel clues for the (targeted) treatment of PC patients.
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1  Introduction

Pancreatic cancer (PC) is a devastating disease with a 5-year 
overall survival rate of approximately 9%. It is the fourth 
leading cause of cancer-related death in the United States 
[1]. The low survival rate is attributed to the fact that this 
extremely malignant type of tumour frequently exhibits 
rapid progression with less visible symptoms in early dis-
ease stages [2]. Once PC is clinically apparent, the primary 
tumour may already have invaded adjacent tissues and/or 
metastasized to distant organs to become unresectable [3]. 
Aproximately 90% of PC cases exhibit distant metastases 
[4]. One of the molecular mechanisms that promote the met-
astatic spread of PC is epithelial-mesenchymal transition 
(EMT) [5]. Shin et al. observed a significantly better overall 
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survival in PC patients with a high E-cadherin expression, 
and Javle et al. identified EMT as a significant marker for 
a poor prognosis in PC patients who underwent surgical 
resection [6]. EMT may be involved in the initial steps of 
the metastatic cascade, including invasion, intravasation 
and micro-metastasis formation [7]. Therefore, it is of great 
importance to investigate the molecular mechanism underly-
ing EMT in PC.

Sparc/osteonectin, cwcv, and kazal-like domains proteo-
glycan 1 (SPOCK1; also known as testican-1), for which 
the gene is located on chromosome 5q31.2, was first defined 
as an unnamed chondroitin/heparan sulfate proteoglycan in 
seminal plasma [8]. SPOCK1, along with testican-2 and 
testican-3, belongs to a matricellular protein family named 
secreted protein, acidic, cysteine-rich (SPARC). Members 
of the SPARC family share an extracellular calcium-binding 
motif, regulate extracellular matrix assembly and deposition 
and extracellular protease activity, and modulate growth fac-
tor/cytokine signalling pathways [9, 10]. SPOCK1 has been 
found to be overexpressed in gallbladder and prostate cancer 
[11, 12], whereas in lung and breast cancer SPOCK1 has 
been reported to serve as a target of transforming growth 
factor-β (TGF-β) that regulates cell migration and invasion 
by inducing EMT [13, 14]. Moreover, SPOCK1-mediated 
EMT signaling has been found to confer resistance to lapat-
inib in HER2-positive gastric cancer [15]. Yang et al. found 
that SPOCK1 can promote the proliferation, migration and 
invasion of glioma cells by activating the PI3K/AKT and 
Wnt/β-catenin pathways [16]. Others reported that SPOCK1 
can promote the growth of osteosarcoma cells through the 
mTOR-S6K signalling pathway [17]. All these studies sug-
gest a previously unappreciated role of SPOCK1 in cancer 
formation and development. However, to date, the detailed 
role of SPOCK1 in PC remains unclear.

Nuclear factor kappa B (NF-κB) is a critical transcription 
factor that regulates many cellular and organismal processes, 
including cell survival and invasion, and enhances angiogen-
esis via vascular endothelial growth factor (VEGF) expres-
sion [18]. Aberrant NF-κB activity is considered one of the 
hallmarks of cancer and chronic inflammatory diseases. In 
resting cells, NF-κB resides as an inactive form within the 
cytoplasm through the inhibitory actions of IκB proteins 
[19]. Under specific circumstances, inflammatory stimuli 
may induce IκB kinase β (IKKβ) activation via phospho-
rylation of two critical serine residues, Ser177 and Ser181. 
IKKβ in turn can phosphorylate IκBα at the N-terminal 
Ser32 and Ser36, which allows IκBα degradation by the 
ubiquitin-proteasome system [20]. These reactions result in 
nuclear translocation of NF-κB (p65 phosphorylation) and 
subsequent binding to its cognate κB sites in the promot-
ers of target genes [21]. More importantly, NF-κB activa-
tion has been reported by Chiao et al. in 70% of PC speci-
mens and 80% of PC cell lines [22]. Recently, accumulating 

evidence indicated that NF-κB activation and its target genes 
are required for advanced and metastatic PC progression 
[23–25]. Thus, understanding how the NF-κB pathway is 
regulated during PC development is considered important 
for finding reliable anti-metastatic strategies to treat PC.

In this study, we provide evidence that SPOCK1 acts as 
an oncogene in PC and that its oncogenic role is correlated 
with its regulation of the cell cycle and EMT characteristics. 
In particular, using human PC models, we observed a posi-
tive association between SPOCK1 and the NF-κB signalling 
pathway. Mechanistically, we found that SPOCK1 activates 
the NF-κB signalling pathway by regulating IκBα stabiliza-
tion to subsequently allow NF-κB translocation from the 
cytoplasm to the nucleus. Consequently, this study links 
SPOCK1-IκBα-NF-κB signalling to PC progression and 
identifies SPOCK1 as a valuable prognostic biomarker and 
therapeutic target.

2 � Materials and methods

2.1 � Cell lines and culture conditions

The human PC cell lines BxPC-3, PANC-1, MIA PaCa-2 
and Capan-1 were purchased from the American Type 
Culture Collection (ATCC, Rockville, MD, USA). BxPC-
3, MIA PaCa-2 and PANC-1 cells were cultured in Dul-
becco’s modified essential medium (DMEM) and Capan-1 
cells were cultured in RPMI-1640 medium. The media were 
supplemented with 10% fetal bovine serum (FBS). The cells 
were incubated at 37 °C in a humidified chamber with 5% 
CO2 and were used within 10 passages after thawing of the 
stock cultures. MG-132 proteasome inhibitor (A2585) and 
BAY11–7082 IKK inhibitor (A4210) were purchased from 
APExBIO (Houston, TX, USA) and used at the indicated 
concentrations.

2.2 � Plasmid construction and transfection

Lentiviral vector constructs containing SPOCK1 shRNA 
(shSPOCK1) and negative control shRNA (shRNA-NC) 
were designed and synthesized by GeneChem (Gene-
Chem Co. Ltd., Shanghai, China). The target sequences of 
SPOCK1 shRNA are: 5′-TTT​CGA​GAC​GAT​GAT​TAT​T-3′ 
(sh#1), 5′-GCT​GGA​TGA​CCT​AGA​ATA​T-′ (sh#2), 5′-TCT​
CCT​GGA​GCA​ATA​TAT​-3′ (sh#3). The corresponding vec-
tor was hU6-MCS-Ubiquitin-EGFP-IRES-puromycin. For 
exogenous SPOCK1 overexpression, full-length SPOCK1 or 
control sequences were cloned into a GV143 vector contain-
ing EGFP. Cells were treated with puromycin (2 μg/ml) to 
produce stably transfected cell lines for further experiments. 
The infection efficiencies were based on GFP expression.
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2.3 � Flow cytometry‑based cell cycle analysis

For cell cycle analysis, PC cells were seeded and grown in 
10 cm cell culture dishes for up to 48 h. Then, approximately 
1 × 106 cells were collected and fixed in 70% ice-cold etha-
nol at −20 °C overnight. After washing with cold phosphate-
buffered saline (PBS), the cells were stained with PI/RNase 
staining buffer (550,825, BD, CA, USA) for 30 min at room 
temperature in the dark. Finally, the cells were run on a flow 
cytometer (BD Accuri C6, CA, USA) after which cell cycle 
distributions were analysed using Modfit LT4.1 Software 
(Verity Software House, Inc., Topsham, ME, USA).

2.4 � Immunofluorescence assay

For immunostaining, PC cells were seeded on glass cover-
slips and allowed to grow for 48 h. Then, the cells were fixed 
with 4% paraformaldehyde for 10 min and permeabilized 
with 0.5% Triton X-100 for 10 min. After blocking with 3% 
bovine serum albumin fraction V (A8020, Solarbio, Bei-
jing, China), the cells were incubated with primary antibody 
at 4 °C overnight. Next, the cells were washed twice with 
PBS and incubated with Alexa Fluor 488 goat anti-rabbit 
IgG (A-11008, 1:400, Invitrogen, CA, USA) or anti-mouse 
IgG (A-11001, 1:400, Invitrogen, CA, USA) for 2 h at room 
temperature (RT). Finally, the coverslips were mounted with 
Anti-fade Mounting Medium (P0126; Beyotime, Shanghai, 
China). Images of immunostained cells were captured using 
a Leica SP5II confocal microscope (Leica, Germany).

2.5 � Migration and invasion assays

Cell migration and invasion assays were conducted using 
24-well plates and 8-μm Transwell inserts (3422, Corning 
Life Science, MA, USA) with or without coated Matrigel 
(356,234, Corning Life Science, MA, USA). 4 × 104 cells 
were seeded in the upper chambers in serum-free media, and 
the lower chambers were filled with 600 μl medium supple-
mented with 10% FBS. After 48 h of culture, non-migrated 
or non-invaded cells remaining in the upper chamber were 
removed with cotton swabs, whereas those that had migrated 
or invaded to the lower membrane surfaces were fixed in 
methanol and stained with Giemsa Stain Solution for 1 h. 
Migrated or invaded cells were photographed and counted 
using an Olympus BX53 microscope (Olympus, Japan).

2.6 � Dual‑luciferase reporter assay

Cells were seeded in 24-well plates at 60–80% confluence on 
the day of transfection. The cells were co-transfected with 
a mixture of 1 μg pGL4.32 [lucNF-κB-RE/Hygro] (firefly 
luciferase) reporter vector (E8491, Promega, WI, USA) 
and 0.1 μg [pRL-TK] (Renilla luciferase) vector (E2241, 

Promega, WI, USA) using Lipofectamine™ 3000 Reagent 
(L3000015, Thermo Fisher Scientific, CA, USA) according 
to the manufacturer’s instructions. 24 h after transfection, the 
cells were lysed with 100 μl 1× passive lysis buffer (16,185, 
Promega, WI, USA) after which the cell lysates were ana-
lysed for luciferase expression using a dual luciferase assay 
kit (16,185, Promega, WI, USA) in a Tecan Spark™ 10 M 
luminometer. Firefly luciferase data were obtained by nor-
malizing luciferase activity to Renilla luciferase activity. The 
average values of the tested constructs were calculated as 
fold change of the activity of the empty vectors. All transfec-
tion experiments were performed in triplicate for each group 
and repeated independently three times.

2.7 � Co‑immunoprecipitation and ubiquitination 
assays

Total lysates from BxPC-3 cells (500 μg) were harvested 
using RIPA buffer (CW2334, CWBIO, Beijing, China) sup-
plemented with protease inhibitors. For preclearing of the 
cell lysates, 0.5 μg normal IgG rabbit antibody (sc-2027, 
Santa Cruz Biotechnology, TX, USA) and 25 μl Protein A/G 
PLUS-Agarose beads (sc-2003, Santa Cruz Biotechnology, 
TX, USA) were incubated with the lysates for 1 h at 4 °C. 
Then, 2 μg anti-SPOCK1 or normal IgG rabbit antibodies 
were added to the precleared lysates, after which the mix-
tures were incubated overnight at 4 °C under rotation. The 
following day, the protein complexes were cross-linked with 
25 μl agarose beads at 4 °C with rotation for an additional 
4 h. After three washes with PBS, the immunoprecipitates 
were eluted with 2x loading buffer and then subjected to 
SDS-PAGE and Western blot analysis. For ubiquitinated 
protein identification, the cells were treated with 20 μM 
MG132 for 6 h and lysed in an appropriate volume of lysis 
buffer. The lysates of the control group and SPOCK1-
knockdown group were subjected to immunoprecipitation 
as described above. Thereafter, Western blots were probed 
using an anti-ubiquitin antibody.

2.8 � Antibodies

The following primary antibodies were used: anti-β-actin 
(1:5000, 60,008–1-Ig, Proteintech, IL, USA), anti-SPOCK1 
(1:1000, NBPI-30603, Novusbio, CO, USA), anti-His-
tone-H3 (1:1000, 17,168–1-AP, Proteintech, IL, USA), 
anti-IKKα (1:1000, 11,930, CST, MA, USA), anti-IKKβ 
(1:1000, 8943 s, CST, MA, USA), anti-phospho-IKKα/β 
Ser176/180 (1:1000, 2697 s, CST, MA, USA), anti-NF-κB 
p65 (1:1000, 8242 s, CST, MA, USA), anti-phospho-NF-κB 
p65 Ser536 (1:1000, 3033 s, CST, MA, USA), anti-IκBα 
(1:1000, 4814  s, CST, MA, USA), anti-phospho-IκB-α 
Ser32 (1:1000, 2859 s, CST, MA, USA), anti-phospho-
NF-κBp65 Ser536 (1:200, ab86299, abcam, MA, USA), 
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anti-p27 [Kip1] (1:2000, ab610242, abcam, MA, USA), 
anti-p21 [CDKN1A] (1:1000, 10,355–1-AP, Proteintech, IL, 
USA), anti-CDK1 (1:1000, 19,532–1-AP, Proteintech, IL, 
USA), anti-phospho-Cdc2 (1:1000, ENP0054, Elabscience, 
Wuhan, China), anti-Cdc25c (1:1000. ESAP11964, Elabsci-
ence, Wuhan, China), anti-Cyclin B1 (1:1000, 4138 s, CST, 
MA, USA), anti-Vimentin (1:1000, CBL202-K, Millipore, 
MA, USA), anti-E-cadherin (1:10000, ab610182, abcam, 
MA, USA), anti-Slug (1:1000, 3879 s, CST, MA, USA), 
anti-ZEB1 (1:1000, 21,544–1-AP, Proteintech, IL, USA), 
anti-ZEB2 (1:1000, 14,026–1-AP, Proteintech, IL, USA) and 
anti-Ubiquitin (1:1000, 10,201–2-AP, Proteintech, IL, USA).

2.9 � Mouse xenograft model

Animal care and experimental procedures used in the pre-
sent study were approved by the animal ethics committee of 
the Medical School of Yanbian University and performed 
in accordance with the institutional guidelines. For subcu-
taneous tumour models, cell suspensions with a 1:1 solution 
of PBS/Matrigel (2 × 106 cells) in a total volume of 100 μl 
(five mice per group) were subcutaneously inoculated into 
the left flanks of 6-week-old male BALB/c nude mice (Bei-
jing SLC Inc., China). Tumour sizes were measured every 
4 days from 7 days to 27 days after injection, after which the 
tumour volumes were calculated using the following for-
mula: volume (mm3) = 1/2 × (width)2 × length. For in vivo 
lung metastasis models, 1 × 106 cells in 100 μl PBS (five 
mice per group) were intravenously injected via the tail vein 
into six-week-old male BALB/c nude mice. All mice were 
sacrificed 8 weeks after injection, after which the lungs were 
removed and fixed in 10% buffered formalin for further hae-
matoxylin and eosin staining.

2.10 � Patients and tissue specimens

To determine the clinical and prognostic significance of 
SPOCK1 expression in PC, tissue microarrays contain-
ing 81 PC tissues and 72 paired non-tumour tissues, along 
with complete clinicopathological data (including sex, age, 
tumour location and size, pathological grade, tumour stage, 
perineural invasion, lymph node metastasis, and follow-up 
data) were purchased from Shanghai Outdo Biotech (Shang-
hai, China). To compare the expression levels of SPOCK1 
and phospho-p65 in PC tissues, microarrays comprising 
193 PC tissues were purchased from Xian Alenabio (Xi’an, 
China). All samples were derived from formalin-fixed, par-
affin embedded blocks, which were sliced into 4-μm-thick 
sections. This study was approved by the Ethical Committee 
of Yanbian University Medical College in China and was 
conducted in compliance with the tenets of the Declaration 
of Helsinki.

2.11 � Immunohistochemistry assay

Cytoplasmic staining of tumour cells was considered indica-
tive of anti-SPOCK1 staining, and nuclear staining of anti-
phospho-p65 staining. The total immunohistochemical 
staining scores were estimated by calculating the staining 
intensity (graded as no obvious staining, 0; weak staining, 
1; moderate staining, 2; and strong staining, 3) and extent of 
staining (percentage of positive cells: none or < 5% positive 
cells, 0; 5%–25% positive cells, 1; 26%–50% positive cells, 
2; 51%–75% positive cells, 3; > 75% positive cells, 4). The 
sections were divided into low or high expression groups by 
multiplying the intensity and staining degree scores (range 
0 to 12). Sections with a total score of 0 (negative) and 1–4 
were classified as low expression (+), and sections with a 
total score of > 4 were classified as high expression (5 ~ 8: 
++, 9 ~ 12: +++).

2.12 � Statistical analysis

All data are expressed as the mean ± standard deviation of 
experiments performed at least in triplicate. For group com-
parisons, one-way analysis of variance (ANOVA) followed 
by Dunnett’s or Bonferroni’s post-test or Student’s t test was 
applied. The protein expression levels and clinicopatho-
logical parameters were compared by χ2 test. Correlations 
between gene expression levels were calculated using Spear-
man’s rank correlation coefficients. A two-sided p < 0.05 was 
considered to be statistically significant. All statistical analy-
ses were carried out using the SPSS 17.0 statistical software 
package (SPSS Inc., Chicago, IL, USA) and GraphPad Prism 
version 6.0 (GraphPad, San Diego, CA, USA).

3 � Results

3.1 � SPOCK1 expression is increased and associated 
with lymph node metastasis in PC

To gain more insight into the specific roles of SPOCK1 in 
carcinogenesis, we analysed the expression of SPOCK1 
across seven different types of cancer according to the 
cBioProtal/TCGA datasets. Bioinformatic analysis 
revealed that the mRNA expression levels of SPOCK1 
showed similar patterns in multiple sets of cancer, indi-
cating the importance of SPOCK1 in driving malignant 
cancer cell behaviour (Fig. 1A). Next, we analysed the 
mRNA expression levels of SPOCK1 in ONCOMINE 
validation data sets, including two different sets of PC 
tissues and normal pancreatic tissues. We found that the 
mRNA expression levels of SPOCK1 were upregulated in 
PC tissues compared to their corresponding normal tis-
sues (Fig. 1B). Subsequent survival analysis based on the 
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KM plotter database showed that PC patients with a high 
SPOCK1 mRNA expression exhibited a shorter survival 
than those with a low expression (Fig. 1C).

Subsequently, we examined SPOCK1 protein expres-
sion in a series of clinical PC samples using IHC staining. 
We found that SPOCK1 was expressed both in epithelia 
and stroma, and that SPOCK1 was highly expressed in 
the cytoplasm of the PC cells (Fig. 1D). The percent-
age of positive SPOCK1 staining was markedly higher 
in PC tissues (71.60%; 58/81) than in normal pancreatic 
tissues (31.94%; 23/72) (p < 0.01). Also, the percentage 
of strong positive staining for SPOCK1 was higher in PC 
tissues (55.56%; 45/81) than in normal pancreatic tissues 
(4.17%; 3/72) (p < 0.01; Fig. 1D). To explore the clinical 
significance of SPOCK1 expression in PC, we analysed 
the relationship between patient clinicopathological fea-
tures and SPOCK1 status. We found that high SPOCK1 
expression was significantly associated with lymph node 
metastasis (p < 0.01; Fig. 1E). These findings suggest that 
a high SPOCK1 expression correlates with an aggressive 
behaviour in certain types of cancer, including PC.

3.2 � SPOCK1 accelerates the proliferation of PC cells

To study the potential oncogenic role of SPOCK1 in PC 
cells, we first surveyed the level of endogenous SPOCK1 
expression in a series of PC cell lines (PANC-1, MIA 
PaCa-2, Capan-1, SW1990 and BxPC-3) by Western blot-
ting. We found that BxPC-3 and PANC-1 cells showed a 
high SPOCK1 expression, while MIA PaCa-2, SW1990 and 
Capan-1 cells showed a low expression (Fig. 2A). There-
fore, we chose BxPC-3 and PANC-1 cells for SPOCK1 
knockdown and MIA PaCa-2 and Capan-1 cells for sta-
ble SPOCK1 overexpression. As described in Materials 
and methods, we used three shRNA sequences specific for 
SPOCK1 (designated sh1, sh2 and sh3), as well as scram-
bled shRNA. The efficacy and specificity of each shRNA in 
BxPC-3 and PANC-1 cells were verified by Western blot-
ting. Similarly, successful transfection of MIA PaCa-2 and 
Capan-1 cells with stable vector overexpression was verified 
(Fig. 2B).

Next, we examined the role of SPOCK1 in PC cell 
proliferation. Using MTT assays we found that SPOCK1 

Fig. 1   SPOCK1 is overexpressed in PC tissues. (A) Multiple lev-
els of SPOCK1 mRNA expression were observed in seven types of 
cancer using cBioPortal data analysis. (B) Significantly differential 
SPOCK1 mRNA expression levels in PC tissues compared with nor-
mal tissues using ONCOMINE data analysis. (C) SPOCK1 expres-
sion and overall survival of PC patients. (D) Immunohistochemical 
staining and statistical analysis of SPOCK1 protein expression in PC 

tissue samples. Positive rate: percentage of positive cases with +, ++, 
and +++ staining scores. Strongly positive rate: percentage of posi-
tive cases with ++ and +++ staining scores. ** p < 0.01 compared 
with normal pancreatic tissues. (E) Significant differential SPOCK1 
expression levels in tumours with and without lymph node metastasis 
(** p < 0.01)
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Fig. 2   SPOCK1 regulates PC  cell proliferation and cell cycle progression 
in vitro. (A) SPOCK1 protein expression levels in PC cell lines determined by 
Western blotting. β-Actin was used as internal control. (B) SPOCK1 knock-
down and overexpression confirmed by Western blotting. β-Actin was used as 
internal control. (C) Effect of SPOCK1 on PC cell proliferation determined by 
MTT assay. (D) Effect of SPOCK1 on DNA replication determined by EdU 

incorporation assay. Original magnification 100×. (E) Effects of SPOCK1 
knockdown or overexpression on colony growth determined by colony forma-
tion assay. (F) Effects of SPOCK1 knockdown or overexpression on cell cycle 
distribution determined by flow cytometry. (G-H) Western blot analysis of the 
expression of G2/M-related molecules in SPOCK1 knockdown, overexpres-
sion and control groups. β-Actin was used as internal control
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knockdown significantly suppressed the growth of BxPC-3 
and PANC-1 cells. Conversely, we found that SPOCK1 over-
expression slightly promoted the growth in MIA PaCa-2 and 
Capan-1 cells (Fig. 2C). In addition, we found by using an 
EdU incorporation assay that SPOCK1 knockdown inhib-
ited DNA replication in BxPC-3 cells and that SPOCK1 
overexpression increased DNA replication in Capan-1 cells 
(Fig. 2D). Using colony formation assays we found that 
the capacities of SPOCK1-knockdown cells to form foci 
were notably impaired compared with those of the controls, 

while SPOCK1 overexpression enhanced colony formation 
(Fig. 2E). These results indicate that elevated expression of 
SPOCK1 accelerates the proliferation of PC cells.

3.3 � SPOCK1 regulates the PC cell cycle 
by modulating G2/M phase transition

Analysis of cell cycle progression by flow cytometry 
revealed that SPOCK1 knockdown in BxPC-3 cells induced 

Fig. 3   SPOCK1 induces PC cell migration and invasion. (A) 
Impact of SPOCK1 on the migration ability of PC cells determined 
by scratch wound-healing assay. Images of the wound areas were 
obtained at 0, 24 and 48  h after scratching. * p < 0.05, ** p < 0.01. 
(B) Effects of SPOCK1 on the migration and invasion abilities of PC 
cells measured by Transwell assays. Invaded cells were quantified 
by counting five randomly selected fields in each chamber and cal-

culating the average number. * p < 0.05, ** p < 0.01. Original mag-
nification 100×. (C-D) Aberrant expression levels of E-cadherin and 
Vimentin after SPOCK1 knockdown and overexpression determined 
by immunofluorescence. Original magnification 630×. (E-F) Repre-
sentative Western blot images indicating positive regulation of EMT 
markers by SPOCK1. β-Actin was used as internal control
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an increase in the proportion of cells in G2/M phase and 
a decrease in the proportion of cells in G0/G1 phase, with 
no significant change in the number of S phase cells. In 
contrast, SPOCK1 overexpression in MIA PaCa-2 cells 

resulted in a significant decrease in the proportion of cells 
in G2/M phase and an increase in the proportion of cells in S 
phase (Fig. 2F). Given the effects of SPOCK1 on the G2/M 
phase, we further investigated the expression of proteins 
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regulating cell cycle progression at the G2/M transition. We 
found that the levels of CDK1, Cyclin B1 and Cdc25c were 
decreased, which reduced the number of PC cells entering 
mitosis (Fig. 2G). Conversely, we found that the level of 
phospho-Cdc2 (p-Cdc2), i.e., negative phosphorylation of 
residues Tyr15 on CDK1 that maintains the CDK1-Cyclin 
B1 complex in an inactive form, was increased in SPOCK1 
knockdown BxPC-3 and PANC-1 cells. These data suggest 
that reduced CDK1-Cyclin B1 activity is responsible for 
SPOCK1 knockdown-induced G2/M arrest in our model 
system. Moreover, the levels of p21WAF1/CIP1 and p27KIP1 
(inhibitors of the CDK family) were found to be increased 
in SPOCK1 knockdown BxPC-3 and PANC-1 cells and 
inhibited further progression of DNA replication and the 
cell cycle. In contrast, we found that when SPOCK1 was 
overexpressed in MIA PaCa-2 and Capan-1 cells, the levels 
of CDK1 and Cyclin B1 were upregulated, while the levels 
of p-Cdc2, p21WAF1/CIP1 and p27KIP1 were downregulated 
(Fig. 2H). Additionally, we analysed correlations between 
SPOCK1 transcript levels and cell cycle related molecules 
using the GEPIA database (Supplement Fig.1A-C). Collec-
tively, these data indicate that SPOCK1 promotes PC cell 
proliferation by modulating cell cycle progression at the 
G2/M transition phase.

3.4 � SPOCK1 regulates migration, invasion and EMT 
of PC cells

To study the functional relevance of SPOCK1 in the metas-
tasis of PC cells, we assessed the migratory capacity of PC 
cells using wound healing assays. We found that the wounds 
healed slower in SPOCK1 knockdown PANC-1 cells than in 
control cells. In contrast, we found that the wounds healed 
better and faster in SPOCK1 overexpressing MIA PaCa-2 
cells than in control cells (Fig. 3A). We further tested the 
behaviour of PC cells using transwell migration and invasion 
assays. We found that SPOCK1 knockdown significantly 
abrogated the migrative and invasive abilities of PC cells, 
whereas SPOCK1 overexpression strongly promoted these 

abilities (Fig. 3B). Collectively, these results suggest that 
SPOCK1 regulates PC cell migration and invasion.

Since EMT plays an important role in cellular migration 
and invasion, we next questioned whether there is a link 
between SPOCK1 overexpression and EMT progression. 
Using confocal laser scanning microscopy of SPOCK1 
knockdown BxPC-3 cells we observed a higher expression 
of the epithelial cell marker E-cadherin and a lower expres-
sion of the mesenchymal cell marker Vimentin compared to 
those in the corresponding control groups. Opposite results 
were obtained in SPOCK1 overexpressing Capan-1 cells 
(Fig. 3C-D). Moreover, we found that SPOCK1 knockdown 
not only significantly increased the expression of E-cad-
herin but also decreased the expression of Vimentin and 
EMT transcription factors such as Snail, Slug, ZEB1 and 
ZEB2 in BxPC-3 and PANC-1 cells (Fig. 3E). Conversely, 
overexpression of SPOCK1 in MIA PaCa-2 and Capan-1 
cells reduced the expression of E-cadherin and induced 
the expression of Vimentin, Snail, Slug, ZEB1 and ZEB2 
(Fig. 3F). Taken together, these data suggest that SPOCK1 
promotes PC cell migration and invasion via EMT.

3.5 � The oncogenic activity of SPOCK1 correlates 
with activation of the NF‑κB pathway

Since a profound impact of the NF-κB signalling pathway 
on EMT progression has been reported in various cancers, 
we sought to investigate a putative association between this 
pathway and SPOCK1 expression. Activation of NF-κB is 
known to require translocation of its p65 subunit from the 
cytoplasm to the nucleus. We first assessed the expression 
levels of SPOCK1 and the activated nuclear form p-p65 
(Ser536 phosphorylation of p65) in 193 pairs of PC and 
normal samples and found a positive correlation between 
these proteins (r = 0.392, p < 0.001) (Fig. 4A-B), suggest-
ing that the NF-κB signalling pathway may be involved in 
cancer-promoting effects induced by SPOCK1. In addi-
tion, we surveyed nuclear localization of the p65 protein by 
immunofluorescence in SPOCK1 knockdown and SPOCK1 
overexpressing cells. We found that SPOCK1 knockdown 
significantly reduced the expression of p-p65 and the nuclear 
accumulation of p65 in both BxPC-3 and PANC-1 cells, 
while SPOCK1 overexpression markedly elevated p-p65 
expression and the nuclear accumulation of p65 in both MIA 
PaCa-2 and Capan-1 cells (Fig. 4C).

Simultaneously, we found using a luciferase reporter 
assay that SPOCK1 knockdown reduced NF-κB transcrip-
tional activity, while SPOCK1 overexpression effectively 
elevated the transcriptional activity of NF-κB (p < 0.01) 
(Fig. 4D). We also examined the phosphorylation of IKKα/β 
(Ser176/180) and IκBα (Ser32), which leads to the release 
of bound NF-κB for subsequent nuclear translocation. We 
found that SPOCK1 knockdown markedly suppressed the 

Fig. 4   High levels of SPOCK1 expression activate the NF-κB path-
way in PC cells. (A) Representative micrographs of SPOCK1 and 
phospho-p65 immunohistochemical staining in PC tissues (original 
magnification: left images 40×, right images 400×). (B) Correlation 
between SPOCK1 expression levels and phospho-p65 in 193 PC tis-
sues analysed by Spearman rank correlation. (C) Immunofluores-
cence staining showing sub-cellular localization of phospho-p65 in 
different PC cells. Original magnification 630×. (D) NF-κB tran-
scriptional activity in different PC cells measured by dual-luciferase 
reporter assay. * p < 0.05, ** p < 0.01. (E-F) Nuclear NF-κB, cyto-
solic NF-κB, IKKα, IKKβ, p-IKKα, p-IKKβ, IκBα, p-IκBα and 
SPOCK1 protein levels in SPOCK1 knockdown or overexpression 
groups compared to their corresponding control groups detected by 
Western blot analysis. Histone H3 or β-actin were used as internal 
controls. * p < 0.05, ** p < 0.01
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levels of phosphorylated IKKα/β (p-IKKα/β) and phos-
phorylated IκBα (p-IκBα) while inhibiting the levels of 
phosphorylated p65 (p-p65) (Fig. 4E and F). Conversely, 
we found that SPOCK1 overexpression markedly induced 
IKKα/β and IκBα phosphorylation with substantial nuclear 
accumulation of p65. Additionally, we analysed the correla-
tion between SPOCK1 expression and molecules belonging 
to the NF-κB signalling pathway using the GEPIA database 
(Supplemental Fig. 1D and F). Overall, these results indicate 
that SPOCK1 may exert its oncogenic role via activation of 
the NF-κB pathway.

3.6 � The SPOCK1/IκBα/NF‑κB axis plays a role 
in the metastatic ability of PC cells

It is widely acknowledged that IκBα acts as an inhibitory 
protein involved in the NF-κB pathway. We hypothesized 
that SPOCK1 might activate the NF-κB pathway by inter-
fering with IκBα protein stability. To better understand 
how SPOCK1 influences IκBα function, confocal scanning 
microscopy analysis was performed to determine the locali-
zation of SPOCK1 and IκBα in PC cells. We found that 
SPOCK1 was mainly localized in the cell membrane and 
that IκBα was localized both in the cell membrane and the 
cytoplasm of BxPC-3 and Capan-1 cells. Notably, SPOCK1 

and IκBα were colocalized in the cell membrane (Fig. 5A). 
We also observed co-immunoprecipitation of IκBα with 
endogenous SPOCK1 in BxPC-3 cells using Western blot-
ting (Fig. 5B). Decreased co-immunoprecipitation between 
SPOCK1 and IκBα was observed in SPOCK1 overexpress-
ing Capan-1 cells (Fig. 5C), whereas the amount of IκBα 
co-immunoprecipitated with SPOCK1 was decreased in 
SPOCK1 knockdown cells (Fig. 5D). A major element of 
labile IκBα expression is ubiquitination and proteasomal 
degradation. This notion led us to examine whether SPOCK1 
affects IκBα stabilization via ubiquitination-mediated deg-
radation. As expected, we found that SPOCK1 knockdown 
successfully reduced IκBα ubiquitination under MG132 
treatment (Fig. 5E). These results indicate that SPOCK1 
regulates IκBα stabilization by interacting with IκBα in 
overlapping subcellular compartments.

To further confirm that SPOCK1 triggers the NF-κB 
pathway via IKKα/β and IκBα phosphorylation to promote 
EMT and PC cell metastasis, we used the IKK inhibi-
tor BAY11–7082 to block NF-κB activity. We found that 
BAY11–7082 markedly suppressed the migration and 
invasion of BxPC-3 and Capan-1 cells (Fig. 5F). In addi-
tion, we found that BxPC-3 and SPOCK1 overexpressing 
Capan-1 cells underwent mesenchymal-epithelial transition 
(MET) in response to BAY11–7082 treatment. Unexpect-
edly, among the several transcription factors monitored, 
ZEB2 showed a markedly decreased expression in both 
BxPC-3 cells and SPOCK1 overexpressing Capan-1 cells. 
However, BAY11–7082 did not affect the expression level 
of SPOCK1 in PC cells (Fig. 5G). These data indicate that 
SPOCK1 contributes to EMT and metastasis of PC cells by 
targeting IκBα/NF-κB signalling and that ZEB2 may act as a 
downstream gene of NF-κB involved in SPOCK1-mediated 
tumorigenesis.

3.7 � SPOCK1 facilitates PC cell growth 
and metastasis in vivo

We further assessed whether SPOCK1 can influence tumour 
progression in vivo. To this end, stably transduced BxPC-3-
shRNA, BxPC-3-nc, Capan-1-Vector and Capan-1-SPOCK1 
cells were subcutaneously injected into the left flanks of 
BALB/c nude mice. We found that the tumour volumes and 
sizes in the SPOCK1 knockdown group (BxPC-3-shRNA) 
were significantly smaller than those in the negative control 
group (BxPC-3-nc) (Fig. 6A). Conversely, we found that 
tumour growth was enhanced in the SPOCK1 overexpress-
ing group (Capan-1-SPOCK1) compared to the control 
group (Capan-1-Vector). Lung colonization models were 
applied to investigate the role of SPOCK1 in the promo-
tion of metastasis. To this end, BxPC-3-shRNA, BxPC-3-nc, 
Capan-1-Vector and Capan-1-SPOCK1 cells were inocu-
lated into BALB/c nude mice via lateral tail vein injection. 

Fig. 5   High levels of SPOCK1 contribute to EMT and metastasis of 
PC cells by targeting IκBα/NF-κB/ZEB2 signalling. (A) Sub-cellu-
lar localization of SPOCK1 and IκBα in BxPC-3 and Capan-1 cells 
determined by immunofluorescence staining. Original magnifica-
tion 630×. (B-C) Interaction of SPOCK1 and IκBα in BxPC-3 and 
SPOCK1 overexpressing Capan-1 cells determined by endogenous 
co-immunoprecipitation. Protein lysates were immunoprecipitated 
with an anti-SPOCK1 antibody or control IgG followed by Western 
blotting with an anti-IκBα antibody. (D) Effects of SPOCK1 knock-
down on the binding affinities of SPOCK1 and IκBα in BxPC-3 cells. 
Protein extracts were immunoprecipitated with an anti-SPOCK1 
antibody or control IgG followed by Western blotting with an anti-
IκBα antibody. (E) Effects of SPOCK1 knockdown on the ubiquitina-
tion of IκBα. Cells in each group were treated with the proteasomal 
inhibitor MG132 (10 μM). Protein extracts were immunoprecipitated 
with an anti-IκBα antibody or control IgG followed by Western blot-
ting with an anti-ubiquitin antibody. (F) The migration and invasion 
abilities of SPOCK1-overexpressing BxPC-3 and Capan-1 cells were 
effectively inhibited by BAY11–7082 (20  μM) as determined by 
Transwell assays. The invaded cells were quantified by counting five 
randomly selected fields in each chamber and calculating the average 
number, ** p < 0.01. Original magnification 100×. (G) Protein lev-
els of EMT markers in BxPC-3 and Capan-1-SPOCK1 cells treated 
with BAY11–7082 (20 μM) compared to DMSO and negative control 
groups detected by Western blot analysis. * p < 0.05, ** p < 0.01. (H) 
Schematic model of the potential mechanism of SPOCK1-mediated 
PC cell proliferation and metastasis. On the one hand, overexpres-
sion of SPOCK1 promoted PC cell proliferation by activating the 
CDK1-Cyclin  B1 complex and regulating the expression levels of 
p21WAF1/CIP1 and p27KIP1, which in turn influenced cell cycle progres-
sion at the G2/M transition point; on the other hand, overexpression 
of SPOCK1 contributed to EMT and metastasis of PC cells by target-
ing IκBα/NF-κB/ZEB2 signalling
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Remarkably, we found that the tumour growth inhibitory 
effect paralleled that of the decreased metastatic potential 
in SPOCK1 knockdown cells. Compared to the mice in the 
control group, the mice in the SPOCK1 knockdown group 
showed a marked reduction in the incidence of lung metasta-
sis. No significant difference in the number of lung nodules 
was found between the SPOCK1 overexpressing group and 
its control group, but the sizes of the lung nodules formed 
by SPOCK1 overexpressing cells were markedly larger than 
those of control cells (Fig. 6B). To corroborate the regula-
tory functions of SPOCK1 on PC cell proliferation, EMT 
and the NF-κB pathway in vivo, the expression of related 
proteins was analysed by IHC. We found that the expression 
levels of Ki67, SPOCK1 and p-p65 were markedly decreased 
in the SPOCK1 knockdown group compared to those in the 
control group, but were increased in the SPOCK1 overex-
pressing group compared with the control group. In addition, 
we found that the expression of E-cadherin was increased 
by SPOCK1 depletion but reduced by SPOCK1 overexpres-
sion (Fig. 6C). Collectively, these findings underscore the 
in vitro results, indicating that SPOCK1 facilitates pancre-
atic tumour growth and metastasis in vivo.

4 � Discussion

The poor clinical outcome of PC is attributed to the notion 
that most PCs present with extremely aggressive proper-
ties, desmoplastic reactions, high metastatic potentials and 
refractoriness to traditional therapy [26]. Hence, further 
knowledge on the molecular mechanisms regulating the 
progression of PC cell growth and metastasis may help 
to uncover novel therapeutic targets and strategies. In the 
present study, we systematically investigated the biologi-
cal role of SPOCK1 in PC. We found that SPOCK1 over-
expression is significantly associated with the aggressive 
behaviour of PC cells and that SPOCK1 manifests its 
tumorigenic activities by activating the NF-κB pathway.

The rapid spread of cancer is a dynamic multistep process 
that mainly arises from activation of oncogenes, inactivation 
of tumour suppressor genes and other alterations caused by 
both internal and external factors. An increasing number of 
studies focuses on SPOCK1 in various malignancies, as its 
structure is similar to that of SPARC, which is well-known 
as an important candidate oncogene [11]. By using publicly 
available gene expression data, Veenstra et al. found that 
SPOCK1 was predominantly expressed in stroma, and that 
a high SPOCK1 mRNA expression correlated with a poor 
prognosis of pancreatic adenocarcinoma patients [27]. In 
contrast to Veenstra’s study, we found that SPOCK1 protein 
levels were more abundant in epithelia. This discrepancy 
may be due to differences in post-translational regulation of 
SPOCK1 mRNA and protein levels in stroma and tumour 

cells. In lung and gastric cancers, a high expression of 
SPOCK1 protein has also been found to be correlated with 
a poor prognosis [28, 29].

In this study, we found by comparing data between nor-
mal and cancerous tissues from the ONCOMINE database 
that the SPOCK1 mRNA levels were upregulated in PC tis-
sues. In addition, through IHC examination, we found that 
the rates of positive and strongly positive SPOCK1 protein 
expressing cells were higher in PC tissues than in corre-
sponding normal tissues (p < 0.01). More intriguingly, we 
found that SPOCK1 overexpression was significantly associ-
ated with lymph node metastasis (p < 0.01). Similar results 
have been reported for urothelial carcinoma [30]. These find-
ings suggest that increased SPOCK1 expression contributes 
to the development and progression of PC.

It is well known that uncontrolled proliferation is a key 
hallmark of cancer cells, depending on how the cell cycle is 
dysregulated. Recently, it has been reported that SPOCK1 
may accelerate cellular growth through cell cycle regula-
tion. In prostate cancer, for example, SPOCK1-mediated 
promotion of cellular proliferation has been correlated with 
its modulation of cell cycle progression [31]. In colorectal 
cancer, it has been reported that SPOCK1 knockdown sig-
nificantly inhibited cell growth and induced cell cycle arrest 
at the G2/M transition phase [32]. Similarly, we found that 
SPOCK1 downregulation suppressed PC cancer cell growth 
and that, conversely, SPOCK1 upregulation enhanced PC 
cancer cell growth. Subsequent cell cycle analysis revealed 
G2/M arrest in SPOCK1 knockdown BxPC-3 cells, and 
a decrease in the proportion of cells in G2/M phase in 
SPOCK1 overexpressing MIA PaCa-2 cells compared with 
their respective controls. In line with these results, Western 
blotting showed that SPOCK1 regulates the expression of 
G2/M-associated proteins such as CDK1, Cyclin B1, Cdc25c, 
p-Cdc2, p21WAF1/CIPI and p27KIPI in PC cells. Taken together, 
these results underscore the notion that SPOCK1 promotes 
PC cell proliferation by regulating cell cycle progression.

PC is renowned for its aggressive biological behaviour, 
which is characterized by early local invasion and metasta-
sis. EMT is a complex process involved in tumour invasion 
and metastasis that is influenced by a variety of factors dur-
ing which cancer cells usually lose cell-cell adhesions and 
engage in enhanced cell-matrix adhesions [33]. SPOCK1 
belongs to the Ca2+-binding proteoglycan family, which 
links cellular interactions with growth factors, chemokines 
and matrix architecture. Some of these interactions endow 
cancer cells with survival advantage and invasive character-
istics [34]. Thus, we speculate that SPOCK1 expression is 
closely related to invasion and metastasis by regulating EMT 
in PC cells. We found that the migration and invasion abili-
ties of PC cells were inhibited by SPOCK1 knockdown and 
enhanced by SPOCK1 overexpression. Upon further West-
ern blot analysis, we found that SPOCK1 induced expression 
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of the mesenchymal marker Vimentin and reduced the 
expression of the epithelial marker E-cadherin. Different 
SPOCK1 expression levels also affected the expression of 
several transcriptional suppressors of E-cadherin, such as 
Snail, Slug, ZEB1 and ZEB2. In support of these results, 
it has been reported that SPOCK1 induces EMT-like mor-
phological changes and actin cytoskeleton rearrangements 

in oesophageal squamous cell carcinoma [35]. An additional 
in vivo study of prostate cancer reported that apigenin could 
improve the survival of animals by targeting SPOCK1-Snail/
Slug axis-mediated EMT [29]. Similar results were obtained 
with our xenograft nude mouse tumour models, suggesting 
a crucial role of SPOCK1 in the migration, invasion and 
induction of EMT in PC cells.

Fig. 6   High levels of SPOCK1 promote PC cell growth and metas-
tasis in vivo. (A) Photographs showing xenograft tumours dissected 
from nude mice after subcutaneous inoculation. Tumour growth 
curves and tumour weights of SPOCK1 knockdown and overexpres-
sion groups compared to their parallel control groups are shown (each 
group, n = 5). * p < 0.05, ** p < 0.01. (B) Left, upper: whole-lung 
images with metastatic foci, as indicated by the arrows. Left, lower: 
Haematoxylin and eosin staining of lung sections showing metastatic 

tumours. Right: Graphs representing the number of lung metastatic 
foci in the SPOCK1 knockdown and overexpression groups compared 
to their corresponding control groups (each group, n = 5), * p < 0.05. 
(C) Representative immunohistochemical staining images of Ki-67, 
SPOCK1, E-cadherin and phospho-NF-κB expression in xenograft 
tumours of the SPOCK1 knockdown and overexpression groups. 
Original magnification 200 ×
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Recent work has shown that aberrant activation of NF-κB 
signalling is required for promoting and maintaining PC cell 
invasion by controlling EMT [36, 37]. As yet, however, the 
association between SPOCK1 activity and the NF-κB sig-
nalling pathway in PC has not been examined. Therefore, 
we set out to find a connection between NF-κB pathway 
activation and SPOCK1 expression in PC. We found that 
phosphorylated NF-κB, which is located in the nucleus, 
showed an expression pattern similar to that of SPOCK1 in 
both PC tissues and PC cell lines, suggesting a potential link 
between these two. Since translocation of the p65 subunit 
from the cytoplasm to the nucleus is a hallmark of NF-κB 
pathway activation, we monitored the nuclear accumulation 
of p65 following SPOCK1 overexpression and observed 
an increase. This observation was further supported by an 
increased transcriptional activity of NF-κB in response to 
SPOCK1 overexpression. Phosphorylation of IKKβ and 
IκBα is a crucial step facilitating translocation of the p65 
subunit from the cytoplasm to the nucleus. Our analysis of 
the nuclear/cytoplasmic compartmentalization of IKKα/β-
IκBα-NF-κB pathway proteins clearly showed that the over-
expression of SPOCK1 induced IKKα/β, IκBα and NF-κB 
phosphorylation in PC cells. These findings indicate that the 
oncogenic activity of SPOCK1 is associated with activation 
of the NF-κB pathway.

Degradation of IκBα by the ubiquitination-proteasome 
system resulting in activation of the NF-κB pathway has 
been well investigated. Therefore, we speculated that 
SPOCK1 may facilitate IκBα degradation via the ubiqui-
tination-proteasome system. We observed colocalization 
of SPOCK1 and IκBα in PC cells including an endogenous 
interaction between SPOCK1 and IκBα, and the interac-
tion was reduced following SPOCK1 knockdown in PC 
cells. Importantly, we found that the level of ubiquitinated 
IκBα was decreased after SPOCK1 knockdown. There-
fore, our data suggest that SPOCK1 controls IκBα levels 
via ubiquitin-mediated degradation. To further validate 
the requirement of the NF-κB pathway in SPOCK1-medi-
ated PC tumorigenesis, we adopted a pharmacological 
approach. We found that treatment of SPOCK1 overex-
pressing PC cells with the IKK inhibitor BAY11–7082 
functionally reversed the expression of EMT markers and 
altered PC cell motilities induced by SPOCK1 overexpres-
sion. Most interestingly we found that, among the several 
transcription factors examined, ZEB2 showed a remark-
ably abrogated expression in both SPOCK1 overexpress-
ing cell lines tested. It has been reported that NF-κB acts 
as a central mediator of EMT, and induces several EMT-
associated transcription factors, such as snail and ZEB1 
[38, 39]. Our data indicate that NF-κB may target ZEB2 
in SPOCK1-induced migration and invasion of PC cells. 

Further experiments are needed to investigate the potential 
mechanism underlying this response.

In conclusion, we found that SPOCK1 is overexpressed in 
PC tissues and is associated with the aggressive behaviour of 
PC cells. Overexpression of SPOCK1 promotes PC cell pro-
liferation by regulating cell cycle transition at the G2/M phase. 
Overexpression of SPOCK1 contributes to EMT and metas-
tasis of PC cells by targeting IκBα/NF-κB/ZEB2 signalling 
(Fig. 5H). We conclude that SPOCK1 may serve as a novel 
diagnostic and therapeutic target for managing PC patients.
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