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1  | INTRODUC TION

Among all types of cancers, pancreatic cancer has the worst prog-
nosis. Although its overall prognosis is improving worldwide, the 
5- y survival rate remains around 10%.1 Poor outcomes can be 

attributed to the high rate of inoperability at the time of diagno-
sis, post- operative recurrence, and limited efficacy of currently 
available conventional therapies such as irradiation and chemo-
therapy. The mechanisms responsible for its malignant phenotype 
have been examined using a variety of methods, and the CSC 
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Abstract
Pancreatic cancer has an extremely poor prognosis because of its resistance to 
conventional therapies. Cancer stem cell (CSC)- targeted therapy is considered a 
promising approach for this disease. Epithelial- mesenchymal transition- inducing 
transcription factors (EMT- TFs) contribute to CSC properties in some solid tumors; 
however, this mechanism has not been fully elucidated in pancreatic cancer. Zinc 
finger protein, SNAIL2 (also known as SLUG), is a member of the SNAIL superfamily 
of EMT- TFs and is commonly overexpressed in pancreatic cancer. Patients exhibiting 
high SNAIL2 expression have a poor prognosis. In this study, we showed that the sup-
pression of SNAIL2 expression using RNA interference decreased tumorigenicity in 
vitro (sphere formation assay) and in vivo (xenograft assay) in 2 pancreatic cancer cell 
lines, KLM1 and KMP5. In addition, SNAIL2 suppression resulted in increased sensi-
tivity to gemcitabine and reduced the expression of CD44, a pancreatic CSC marker. 
Moreover, experiments on tumor spheroids established from surgically resected pan-
creatic cancer tissues yielded similar results. A microarray analysis revealed that the 
mechanism was mediated by insulin- like growth factor (IGF) binding protein 2. These 
results indicate that IGFBP2 regulated by SNAIL2 may represent an effective thera-
peutic target for pancreatic cancer.
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hypothesis is considered an important theory. CSCs, also known 
as cancer initiating cells, have a self- renewal capacity similar to 
that of normal stem cells. In addition, they can differentiate to 
varying degrees into diverse cell populations, metastasize, and 
are invasive and resistant to anti- cancer drugs and radiation.2 The 
presence of CSCs was first reported in humans with acute my-
eloid leukemia.3 In solid tumors, CSCs were initially observed in 
a fraction of CD44+CD24−/Low breast cancer cells.4 Consequently, 
the existence of CSCs was determined based on the expression of 
specific surface markers and assays for evaluating tumorigenicity, 
which is the main indicator. Currently, CSCs have been reported 
in several cancer types, including brain,5 stomach,6 colon,7,8 head 
and neck,9 lung,10 liver,11,12 prostate,13 and bladder.14 In pancreatic 
cancer, a study using primary cultured human pancreatic cancer 
cells derived from surgical samples reported that the transplan-
tation of CD44+/CD24+/EpCAM+ fractionated cells into immuno-
deficient mice resulted in tumors similar to that of the primary 
tumor.15 Moreover, CD133+ cells were found to exhibit high tum-
origenicity.16 Pancreatic cancer, which is inoperable or can recur 
after surgery, is treated with standard chemotherapy including 
gemcitabine, nab- paclitaxel, and 5- fluorouracil.17 Although these 
therapies initially suppress tumor growth, local recurrence and/or 
distant metastasis are often observed over time. Therefore, CSCs 
can contribute to these processes. An analysis of pancreatic can-
cer cell lines resistant to gemcitabine revealed the expression of 
several molecules, including CD44, CD24, and EpCAM, which are 
considered pancreatic CSC markers.18 Furthermore, they are inva-
sive and metastatic, and accumulated data strongly suggest that 
EMT is the main mechanism associated with these processes. EMT 
is regulated by EMT- associated transcription factors (EMT- TFs) 
such as the SNAIL, TWIST, and ZEB family genes. The expression 
of EMT- TFs is generally increased in CSCs.19 Therefore, EMT- TFs 
contribute to the properties of CSCs in breast cancer.20 Moreover, 
CSCs can be induced by EMT- TFs in other types of cancer21- 24; 
however, this mechanism in pancreatic cancer has not been fully 
elucidated.

Recently, using genetic lineage tracing with a dual- recombinase 
system and live imaging, it was shown that doublecortin- like ki-
nase 1- positive [Dclk1(+)] tumor cells can continuously produce 
progeny cells in pancreatic intraepithelial neoplasia, primary and 
metastatic pancreatic ductal adenocarcinoma (PDAC), and PDAC- 
derived spheroids (Sphs) in vivo and in vitro.25 Furthermore, genes 
associated with CSC and EMT were enriched in mouse Dclk1(+) 
and human DCLK1- high PDAC cells.25 In the present study, we 
found that SNAIL2 is highly expressed among the EMT- TFs includ-
ing, SNAIL, TWIST, and ZEB family members, in human pancre-
atic cancer cell lines and patient- derived Sphs. Previous reports 
have shown that SNAIL2 is overexpressed in pancreatic cancer 
and high SNAIL2 expression is associated with poor prognosis.26 
Therefore, we focused on the function of SNAIL2 and studied the 
molecular mechanisms of stemness regulated by SNAIL2 in pan-
creatic cancer.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Pancreatic cancer cell lines including KLM- 1, KMP5, T3M- 4, PK- 8, 
BxPC- 3, HPAF- II, CFPAC- 1, KMP8, Capan- 2, AsPC- 1, PK- 59, pan-
creatic duct epithelial cells (HPDE), and embryonic kidney 293T 
cells were purchased from RIKEN, Japanese Collection of Research 
Bioresources Cell Bank and the American Type Culture Collection. 
HPAF- II, CFPAC- 1, HPDE, and 293T were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Nacalai Tesque), whereas the 
other cell lines were cultured in Royal Park Memorial Institute 1640 
(RPMI 1640; Nacalai Tesque). All cell culture media were supple-
mented with 10% fetal bovine serum (FBS; Cytiva) and 1% penicillin- 
streptomycin solution (Nacalai Tesque). All cell lines were maintained 
at 37°C in 5% CO2 and 95% humidified air.

2.2 | Human pancreatic cancer samples

Surgically resected specimens were obtained from pancreatic 
cancer patients at Kyoto University Hospital. The use of human 
subjects was approved by the Ethical Committee of Kyoto 
University Hospital (approved number: R1721, R1281, R2904 and 
G1200). All experiments were conducted in accordance with the 
Declaration of Helsinki as well as the guidelines and regulations of 
the Committee.

2.3 | Spheroid culture

Human pancreatic cancer spheroids were established from fresh 
surgical specimens obtained from patients who underwent surgical 
resection at Kyoto University Hospital and approved by the Ethical 
Committee as mentioned above (R1281). Written informed consent 
was obtained from each subject before inclusion in the study. The 
pathological characteristics of the primary tumor were as follows: 
mod, Pt, TS4 (8.5 × 6.5 × 3.0 cm), infiltrative type, pT3, sci, INFc, ly0, 
v3, ne0, mpd0, pS1, pRP1, Pv1 (Pvsp), A0, PL0, OO0, pPCM0, R0, 
pN2 (3/20, #16:1/5), M0. The findings were in accordance with the 
General Rules for the Study of Pancreatic Cancer by Japan Pancreas 
Society (The 7th Edition). Spheroids were processed as previously 
reported with some modifications.27 Briefly, the cell aggregates 
were embedded in Matrigel (Corning) and covered by medium com-
posed of 50% L- WRN- conditioned medium (ATCC) containing L- 
Wnt3A, R- spondin 3, and Noggin, and containing Advanced DMEM/
F12 (Invitrogen), 5% FBS, 2 mmol/L L- alanyl- l- glutamine (Wako), 
100 units/mL penicillin, 0.1 mg/mL streptomycin (Nacalai Tesque), 
2.5 µg/mL Plasmocin prophylactic (Invitrogen), 10 µM Y- 27632 
(Wako), 1 µM SB431542 (Wako), 1xB27 Supplement (Thermo Fisher 
Scientific), 100 ng/mL Fibroblast growth factor- Basic Recombinant 
Human Protein (bFGF; Thermo Fisher Scientific), and 20 ng/mL 
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Epidermal Growth Factor Recombinant Human Protein (EGF; 
Thermo Fisher Scientific). Genomic DNA mutations of the spheroids 
were determined by next- generation sequencing analysis using the 
Ion AmpliSeq 50- gene Cancer Hotspot Panel v2 (Thermo Fisher 
Scientific). Sequencing, mapping alignment, and annotation was out-
sourced to Takara Bio.

2.4 | Real- time quantitative reverse transcription- 
polymerase chain reaction (qRT- PCR)

Total RNA was extracted using the RNeasy mini Kit (Qiagen). Single- 
strand complementary DNA (cDNA) was synthesized using the 
PrimeScript II 1st strand cDNA Synthesis Kit (Takara Bio), qRT- PCR 
was performed using the FastStart Universal SYBR Green Master 
Mix (Rox) (Roche Applied Science) and the StepOnePlus real- time 
system (Applied Biosystems). All reactions were performed in trip-
licate and mRNA expression levels were normalized to that of glyc-
eraldehyde 3- phosphate dehydrogenase (GAPDH). The results are 
presented as linearized Ct values normalized to GAPDH and the in-
dicated reference value (2DDCt). Primers were designed using the 
MGH primer bank (https://pga.mgh.harva rd.edu/prime rbank/). All 
primer sequences are listed in Table S1.

2.5 | Short hairpin RNA- mediated human SNAI2 
gene knockdown by lentiviral transduction and stable 
clone establishment

SNAI2 knockdown in pancreatic cancer cell lines and spheroids was 
performed by infection with a lentiviral particle that expressed 
human SNAI2- targeting short hairpin RNA (shRNA). The lentivirus 
vector plasmid encoding human SNAI2- targeting shRNA (Sigma- 
Aldrich) was co- transfected together with packaging plasmids 
consisting of pMDLg/pRRE, pRSV- Rev, and pMD2.G (Addgene) 
into 293T cells using Lipofectamine 3000 (Invitrogen). After 48 h, 
supernatants were collected and used as lentiviral particles with-
out enrichment. Two predesigned SNAI2- targeting shRNAs (A: 5-  
CCGGCCCATTCTGATGTAAAGAAATCTCGAGATTTCTTTACATCA 
GAATGGGTTTTT- 3, B: 5- CCGGGCGCCCTGAAGATGCATATTCC
TCGAGGAATATGCATCTTCAGGGCGCTTTTTG- 3) were used and 
pLKO.1puro (Addgene) was used as a control. The efficiency of in-
fection was evaluated by a green fluorescent protein- expressing len-
tivirus. After 48- 72 h of viral infection, the cells were treated with 
medium containing puromycin (Invivogen) at 1 to 2 µg/mL for 2 wk 
to remove noninfected cells.

2.6 | Transfection of plasmid DNA by 
electroporation and stable clone establishment

SNAI2 and IGFBP2 plasmid DNA was transfected into SNAI2 knock-
down stable clones established from KLM1 cells to generate stable 

SNAIL2 and IGFBP2 overexpressing cells. The SNAIL2 and IGFBP2 
overexpression vectors and control vector were purchased from 
Sino Biologicals. Plasmid DNA was transfected by electroporation 
using NEPA21 (NEPAGENE) in accordance with the manufacturer's 
protocol. After 48 h of transfection, the cells were treated with me-
dium containing hygromycin B (Nacalai Tesque) at 100 µg/mL for 
2 wk to remove non- transfected cells. The transfection efficiency 
was verified by qRT- PCR.

2.7 | Microarray data and bioinformatic analysis

Total RNA from control vector and SNAI2 knockdown stable clones 
in KLM1 and human pancreatic cancer spheroids (n = 2, respectively) 
were analyzed using the SurePrint G3 Human Gene Expression 
8x60K v3 microarrays (Agilent Technologies). Processed signal in-
tensities were normalized by the global scaling method. A trimmed 
mean probe intensity was determined by removing 2% of the lower 
and the higher end of the probe intensities to calculate the scaling 
factor. Normalized signal intensities were then calculated from the 
target intensity on each array using this factor, so that the trimmed 
mean target intensity of each array was arbitrarily set to 2500. The 
GEO accession number for the complete microarray data in this 
paper is GSE15 5107 and GSE15 5108.

Gene- Set Enrichment Analysis (GSEA) was performed using 
GSEA 3.0 software (http://www.broad insti tute.org/gsea/index.
jsp) with 1000 gene- set permutations using a signal- to- noise gene- 
ranking metric with the collections c5.all.v6.1.symbols (C5). Gene 
annotation analysis from multiple gene lists that showed more than a 
1.5- fold change in expression was performed by Metascape (http://
metas cape.org/gp/index.html#/main/step1).

With respect to the following materials and methods, please 
refer to “Supplementary Materials and Methods” in Supporting 
Information.

(a) Scratch wound healing assay, (b) Sphere formation assay, 
(c) Chemoresistance assay using the Cell Counting Kit- 8, (d) 
Immunohistochemical staining, (e) Western blot analysis, (f) Flow cy-
tometry, (g) Xenograft assay, (h) Statistics.

3  | RESULTS

3.1 | SNAIL2 is highly expressed in pancreatic 
cancer cell lines

First, we examined pancreatic cancer cell lines using a sphere for-
mation assay, which is used to evaluate tumorigenicity in vitro. The 
sphere formation assay was initially utilized to identify normal neural 
stem cells and, subsequently, to detect CSCs.28,29 Among the pan-
creatic cancer cell lines examined, KLM1 and KMP5 exhibited simi-
lar tumorigenic properties in terms of sphere formation (Figure 1A). 
Sphere formation was not observed in other cell lines. Next, we 
analyzed the mRNA expression of EMT- TFs including SNAI1, SNAI2, 

https://pga.mgh.harvard.edu/primerbank/
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155107
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE155108
http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
http://metascape.org/gp/index.html#/main/step1
http://metascape.org/gp/index.html#/main/step1
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TWIST1, TWIST2, ZEB1, and ZEB2, in KLM1 and KMP5 cells. The 
results indicated that the expression of the SNAI2 gene was sig-
nificantly higher compared with that of the others (Figure 1B). 
Therefore, we focused on the function of the SNAI2 gene and evalu-
ated the correlation between SNAIL2 and CSC properties. Notably, 
other pancreatic cancer cell lines expressed higher levels of the 
SNAI2 gene (Figure S1). There were several cell lines with higher ex-
pression of SNAI2 compared with KLM1 and KMP5; however, they 
did not form spheres well. We speculated that other factors in ad-
dition to EMT-  TFs, including SNAI2, may be involved in sphere for-
mation. To evaluate the effect of SNAI2, we generated SNAI2 gene 
knockdown stable clones (shSNAI2) by gene transduction of short 
hairpin RNAs (shRNAs) with lentiviral vectors in KLM1 and KMP5 
cells. Knockdown clones were generated using 2 different types of 
shRNAs, each targeting a different region of the gene. SNAI2 mRNA 
expression was downregulated by each shSNAI2 clone compared 
with controls transduced with empty vector (Figure 1C). In addi-
tion, SNAI2 gene expression was downregulated at the protein level. 
Meanwhile, CDH1, which encodes the epithelial marker, was upregu-
lated, whereas VIM, which encodes the mesenchymal marker, vimen-
tin, was downregulated (Figure 1D).

3.2 | SNAI2 knockdown reduces 
tumorigenic potential

Next, a scratch wound healing assay was performed to assess 
changes in invasive capacity following SNAI2 gene knockdown. The 
results showed a decrease in the invasive capacity of all shSNAI2 

clones in both cell lines (Figure S2). Therefore, SNAI2 gene knock-
down changed the phenotype from a mesenchymal to an epithelial 
state. We determined whether SNAI2 gene knockdown affected 
tumorigenicity, an essential property of CSCs. Using the sphere 
formation assay, shSNAI2 showed a decreased number of spheres 
compared with controls (Figure 2A,B). In addition, the xenograft 
assay using a subcutaneous transplantation model in immunodefi-
cient mice showed a difference in the number of tumors formed by 
the dilution of cell numbers that were transplanted (Figure 2C,D). 
Furthermore, the growth rate of the tumors was reduced (Figure 2E). 
Therefore, shSNAI2 exhibited a lower tumorigenic capacity in vitro 
and in vivo.

3.3 | SNAI2 knockdown 
attenuates the expression of CSC markers and 
resistance to chemotherapy

Flow cytometry analysis of the CD44, CD24, and EpCAM frac-
tions, which are CSC surface markers in pancreatic cancer, re-
vealed that the CD44+/CD24+/EpCAM+ fractions, particularly 
CD44, decreased in shSNAI2 cells (Figure 2F). Moreover, to 
evaluate chemotherapy resistance, which is a characteristic of 
CSCs, a cell proliferation assay was performed following gemcit-
abine treatment. The results showed a significant reduction in the 
survival of shSNAI2 compared with controls, thereby indicating 
a reduction in gemcitabine resistance (Figure 2G). These results 
support the notion that SNAI2 knockdown can disrupt the proper-
ties of CSCs.

F I G U R E  1   SNAIL2 is highly expressed 
in tumorigenic pancreatic cancer cell lines. 
A, Microscopy images of 2D cultures and 
spheres (3D culture, day 7) in KLM1 and 
KMP5. Scale bars: 100 µm. B, qRT- PCR 
(EMT- TF) of KLM1 and KMP5. Relative 
expression levels normalized by HPDE 
cells were compared. n = 3, each. ND, 
not detected. Mean + SE. **P < .01. C, 
qRT- PCR (SNAI2) of control vector versus 
shSNAI2 from KLM1 and KMP5. n = 3, 
each. Mean + SE. **P < .01. D, Western 
blot (SNAIL2, CDH1, VIM, and ACTB) of 
control vector versus shSNAI2 from KLM1 
and KMP5. The relative intensity (ratio) is 
shown below each band. shRNA was used 
shSNAI2_1
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F I G U R E  2   SNAI2 knockdown of 
tumorigenic pancreatic cancer cell lines 
reduces tumorigenicity, suppresses 
CD44 expression, and resistance to 
gemcitabine. A, B, Sphere formation 
assay of control vector versus shSNAI2 
from KLM1 and KMP5 at days 7 and 8. A, 
Microscopy images. Scale bars: 100 µm. B, 
Quantification of the number of spheres. 
n = 3, each. Mean + SE. **P < .01. 
C- E, Control vector and shSNAI2 from 
KLM1 and KMP5 were subcutaneously 
transplanted into NOD- SCID mice (105 
cells, 104 cells per site), respectively. 
n = 6. C, Macroscopic images of formed 
tumor. shRNA was used shSNAI2_1. 
D, Number of tumor- forming mice per 
total transplanted mice at 12 wk after 
transplantation. E, Tumor growth curves. 
Mean + SE. *P < .05. F, Flow cytometric 
analysis of control vector and shSNAI2 
from KLM1 and KMP5. shRNA was 
used shSNAI2_1. Two parameter plots: 
CD44- FITC (X axis), CD24- PE (Y axis), 
the numbers in the box represent the 
CD44- positive/CD24- positive cell ratio. 
Histogram: EpCAM- PECy7 (X axis), cell 
count (Y axis). CD44 and CD24 double 
analysis was performed for the blue 
colored fraction of the EpCAM panel. 
n = 2, each. Mean + SE. *P < .05. G, The 
relative viability of control vector versus 
shSNAI2 from KLM1 and KMP5 cells 96 h 
after treating with gemcitabine. Viability 
curves at 0, 1, 10, 100 ng/mL gemcitabine. 
n = 3, each. Mean + SE. *P < .05, **P < .01
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3.4 | SNAIL2 is highly expressed in Sph tumors 
established from human pancreatic cancer specimens

In addition to pancreatic cancer cell lines, we established spheroid 
(Sph) tumors from surgically resected human pancreatic cancer 
specimens for the analysis of EMT- TFs. Prior to the assay, im-
munohistochemical staining of human pancreatic cancer surgical 
specimens confirmed the expression of SNAIL2 in the nuclei of 
the cancer cells (Figure 3A). The method of establishing the three- 
dimensional (3D) culture of Sphs was based on a similar approach 
as previously reported26 with slight modification. The advantage 
of using Sphs in the analysis of EMT- TFs is that the culture condi-
tions may be more representative of the tumor microenvironment 

in vivo compared with the conventional serum- dependent two- 
dimensional cell culture model. The clinicopathological char-
acteristics of patients who underwent resection for pancreatic 
cancer are described above. To analyze cancer genome muta-
tions, genomic DNA was extracted from the established Sphs and 
analyzed with an oncogene panel test (containing 50 oncogenes/
anti- oncogenes) using next- generation sequencing. The results 
showed typical mutations in the KRAS, TP53, and SMAD4 genes, 
all of which are common in pancreatic cancer (data not shown).30 
The data showed that the Sphs were completely derived from pan-
creatic cancer epithelial cells. The Sphs were spherical and partly 
formed glandular tubular structures similar to that of the primary 
tumor (Figure 3B). Next, the mRNA expression of EMT- TFs was 

F I G U R E  3   SNAI2 is highly expressed 
in spheroids established from surgically 
resected human pancreatic cancer. A, 
Immunohistochemical SNAIL2 staining 
of human pancreatic cancer (2 samples). 
Scale bars: 100 µm. B, Microscope 
image of spheroids in 3D culture (left), 
H&E staining of spheroids (middle), 
H&E staining of primary tumor (right). 
Scale bars: 100 µm. C, qRT- PCR (EMT- 
TF) of Sphs. Relative expression levels 
normalized by HPDE cells were compared. 
n = 3. ND, not detected. Mean + SE. 
**P < .01. D, Microscopic image of control 
vector and shSNAI2 from Sphs in 3D 
culture. Scale bars: 100 µm. E, qRT- PCR 
(SNAI2) of control vector versus shSNAI2 
from spheroids. n = 3, each. Mean + SE. 
*P < .05, **P < .01. F, Western blot 
(SNAIL2, CDH1, VIM, and ACTB) of 
control vector versus shSNAI2 from Sph. 
shRNA was used shSNAI2_1. The relative 
intensity (ratio) is shown below each band
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examined. The results indicated that SNAI2 expression was the 
highest among all of the EMT- TFs (Figure 3C). Based on these find-
ings, SNAI2 gene knockdown stable clones spheroid with stable 
SNAI2 gene knockdown (Sph_shSNAI2) were generated from the 
original Sph tumor by lentivirus- mediated shRNA- targeting of the 
SNAI2 gene. This was similar to the method used for the cell lines 
(Figure 3D). Sph_shSNAI2 was associated with a significant down-
regulation of SNAI2 mRNA expression (Figure 3E). Similar to KLM1 
and KMP5, SNAIL2 was also downregulated at the protein level. 
In addition, E- cadherin was upregulated and vimentin was down-
regulated (Figure 3F).

3.5 | SNAI2 knockdown impairs the properties of 
CSCs in tumor Sphs as in pancreatic cancer cell lines

Xenograft assays using Sph_shSNAI2 showed that the number of tu-
mors formed in shSNAI2 was reduced and tumor size was decreased, 
consistent with the cell line data (Figure 4A,B). In addition, the tu-
mors formed by subcutaneous transplantation into immunodeficient 
mice recapitulated glandular structures similar to that of primary 
pancreatic cancer tissue. Therefore, compared with pancreatic can-
cer cell lines, the Sphs exhibited very similar in vivo characteristics 
(Figure 4C,D). Flow cytometry revealed that the CD44+/CD24+/
EpCAM+ fraction was reduced in Sph_shSNAI2 tumors, similar to 
cell lines, and resistance to gemcitabine was reduced based on a cell 
proliferation assay (Figure 4E,F). Therefore, SNAI2 knockdown im-
paired the properties of CSCs in patient- derived Sphs.

3.6 | Microarray analysis identifies significant 
differentially expressed genes

To elucidate the mechanisms associated with the above results, we 
performed a microarray analysis comparing RNA samples between 
the control vector and shSNAI2 groups using KLM1 cells and Sphs. 
A GSEA revealed significant differences in the gene sets involved in 
EMT and stem cell differentiation in both the KLM1 and Sph groups 
(Figure 5A). Metascape was used to identify Gene Ontology (GO) 
terms associated with significant changes in the KLM1 and Sph 
groups. Among the top listed GO terms, there were EMT- related and 
biological function terms as expected, however IGFBP- related terms 
were also identified (Figure 5B). Therefore, we focused on the IGFBP 
gene family (More detailed lists are shown in Figure S3). IGFBP1 and 
IGFBP2, 2 major IGFBP members, are listed as hits in the IGFBP- 
related results between controls and shSNAI2 in both KLM1 cells 
and Sphs (Table S2). We examined changes in the mRNA expression 
of the IGFBPs and IGFBP2 was found to be significantly downreg-
ulated in shSNAI2 compared with the controls in both KLM1 cells 
and Sphs (Figure 6A). The expression of IGFBP2 in human pancre-
atic cancer tissues was examined by immunohistochemical staining. 
The results indicated that many pancreatic cancer epithelial cells 
were positive (Figure 6B). Moreover, the expression of IGFBP2 was 

also downregulated at the protein level (Figure 6C). In addition, the 
sphere formation assay performed with the addition of IGFBP2 neu-
tralizing antibody in KLM1 cells showed decreased sphere formation 
compared with the control (Figure 6D,E).

3.7 | Gene transduction of IGFBP2 restores 
CSC properties

The correlation between IGFBP2 and SNAIL2 through transfection 
of the full- length cDNA plasmid of IGFBP2 and SNAI2 into SNAI2 
knockdown clones of KLM1 cells (KLM1_shSNAI2) was assessed. 
We also investigated whether the properties of CSCs were restored. 
Successful transduction of SNAI2 or IGFBP2 into the shSNAI2 clone 
(sh+SNAI2, sh+IGFBP2) was confirmed at the mRNA and protein 
level. Also, IGFBP2 expression was slightly upregulated in sh+SNAI2. 
In contrast, SNAI2 expression was unchanged in the sh+IGFBP2 
clone (Figure 7A,B). In the assessment of tumorigenicity, sh+IGFBP2 
and sh+SNAI2 exhibited a higher number of spheres than the 
sh+Vector in the sphere formation assay (Figure 7C,D). In addition, 
a xenograft assay also showed a higher number of tumors formed 
with the diluted cells and a larger tumor volume in sh+IGFBP2 and 
sh+SNAI2 compared with the sh+Vector (Figure 7E– G). In subcu-
taneous tumors, the mesenchymal region was wider in sh+SNAI2 
compared with sh+Vector, and appeared to be slightly wider in 
sh+IGFBP2 (Figure 7H). Finally, cell proliferation assays showed 
an almost complete restoration of resistance to gemcitabine in 
sh+IGFBP2 compared with sh+SNAI2 (Figure 7I). Therefore, SNAIL2 
contributes to the properties of CSCs primarily through IGFBP2 in 
pancreatic cancer.

4  | DISCUSSION

EMT is a key cellular event in embryonic development and meso-
derm formation. Moreover, it is required for pathological processes 
such as wound healing, tissue regeneration, organ fibrosis, and 
tumor progression. Moreover, recent studies have shown that CSCs 
may be established through the EMT in several types of solid tu-
mors including pancreatic cancer.31 Among the EMT- TFs, SNAIL1 
and TWIST1 have been examined with respect to their association 
with cancer stemness. For example, SNAIL1 was recently found to 
regulate gastric carcinogenesis through the 2 downstream genes, 
CCN3 and NEFL.32 Zheng and colleagues reported that the dele-
tion of SNAIL or TWIST enhanced sensitivity to gemcitabine and 
increased overall survival in mice with pancreatic cancer. However, 
there were no changes in invasiveness, systemic dissemination, and 
metastasis in vivo.33 In humans, Hotz and co- workers found that, 
based on immunohistochemical staining of 36 surgical samples with 
anti- EMT- TF antibodies, SNAIL1 was expressed in 78% of human 
pancreatic cancer tissues and 50% of the patients presented with 
positive expression of SNAIL2. In contrast, TWIST1 expression was 
weak or absent.34
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The data obtained in our study were quite different from that 
of previous reports. As shown in Figures 1B and 3C, the expression 
of SNAI2 was the highest among all EMT- TFs (eg, SNAI, TWIST, and 
ZEB family genes) in pancreatic cancer cell lines as well as pancreatic 
tumor Sphs. These results are consistent with data obtained from 
TCGA database (Figure S4). However, TCGA data are obtained from 
whole samples and are, therefore, limited by the influence of stromal 
components.

SNAIL2 (also known as SLUG) is encoded by the human SNAI2 
gene, a member of the SNAIL superfamily of C2H2- type zinc fin-
ger transcription factors. It is a direct repressor of E- cadherin, which 

binds to the E- box motif.35 SNAIL2 has tumor- related functions in 
several cancer types, although there are no data regarding its role 
in CSCs in pancreatic cancer. As shown in Figures 2, 3 and 4, SNAI2 
knockdown significantly reduced the CSC population, which re-
sulted in lower tumorigenic potential and chemoresistance in both 
pancreatic cancer cell lines and tumor Sphs. Therefore, other EMT- 
TFs cannot compensate for the function of SNAIL2 in terms of ho-
meostasis in cancer stemness.

In the present study, we used not only human pancreatic cancer 
cell lines, but also tumor Sphs cultured in 3D Matrigel- based con-
structs, with component cells derived from surgical tissues collected 

F I G U R E  4   SNAI2 knockdown 
reduces tumorigenicity and resistance 
to gemcitabine in spheroids from 
human pancreatic cancer. A- D, Control 
Vector and shSNAI2 from Sph were 
subcutaneously transplanted into NOD- 
SCID mice (105 cells, 104 cells per site), 
respectively. shRNA was used shSNAI2_1. 
n = 6. A, Macroscopic images of formed 
tumor. B, Number of tumor- forming 
mice per total transplanted mice at 8 wk 
after transplantation. C, H&E staining 
of formed tumors. Scale bars: 100 µm. 
D, Tumor growth curves. Mean + SE. 
**P < .01. E, Flow cytometric analysis 
of control vector and shSNAI2 from 
spheroids. shRNA was used shSNAI2_1. 
Two parameter plots: CD44- FITC (X axis), 
CD24- PE (Y axis), Numbers represent the 
CD44- positive/CD24- positive cell ratio. 
Histogram: EpCAM- PECy7 (X axis), cell 
count (Y axis). CD44 and CD24 double 
analysis was performed for the blue 
colored fraction of the EpCAM panel. 
n = 2, each. Mean + SE. *P < .05. F, The 
relative viability of control vector versus 
shSNAI2 from spheroid 96 h after treating 
cells with gemcitabine. Viability curves at 
0, 10, 50, 100 ng/mL gemcitabine. n = 5, 
each. Mean + SE. **P < .01

F I G U R E  5   DNA microarray analysis revealed several significant gene sets. A, Gene- set enrichment analysis plots of the enrichment 
of the indicated gene signatures in control vector versus shSNAI2 from KLM1 cells and Sphs using the “C5” compilation from Molecular 
Signature Database (MSigDB, Broad Institute). NES, normalized enrichment score. n = 2, each. B, Gene Ontology enrichment analysis of 
differentially expressed genes (fold change: 1.5) in control vector versus shSNAI2 common to KLM1 cells and spheroids using the Metascape 
online tool. Bar graph of top 20 enriched terms across input gene lists (upper), colored by P- values. Top 10 Gene Ontology list (lower), 
“Count” is the number of genes in the user- provided lists with membership in the given ontology term, “%” is the percentage of all of the 
user- provided genes that are found in the given ontology term (only input genes with at least one ontology term annotation are included in 
the calculation), “Log10(P)” is the P- value in log base 10, “Log10(q)” is the multi- test adjusted P- value in log base 10. n = 2, each
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from pancreatic cancer patients.36 The technology of 3D cultured 
Sphs was first established in normal mouse and human intestines. 
Subsequently, it expanded to other healthy organs and cancer tis-
sues. Therefore, it is currently referred to as a PDO or tumor spher-
oid.37 This innovative method has been applied to other digestive 
organs involved in pancreatic cancer. Boj and colleagues reported 
that pancreatic tumor organoids can be rapidly generated from 
resected tissues and biopsies, and orthotopically transplanted 
neoplastic organoids recapitulate the full spectrum of tumor devel-
opment by forming early- grade neoplasms that progress to locally 
invasive and metastatic carcinomas.38 Based on previous reports, 
we successfully established tumor Sphs from patients with pancre-
atic cancer.

Other important findings in the current study are shown in 
Figures 6 and 7. A bioinformatic search of microarray data revealed 
that SNAIL2- regulated cancer stemness is mediated by IGFBP2. 
The IGFBP superfamily is a group of secreted proteins that are 
structurally, functionally, and evolutionarily related, and includes 6 
IGFBPs and 10 IGFBP- related proteins. The IGFBPs exhibit high af-
finity for IGFs and thereby modulate the mitogenic, anti- apoptotic, 
and metabolic actions of IGFs.39 Among the IGFBPs, IGFBP2 has 
been correlated with the regulation of IGF activity in the nervous 
system, peripheral tissues, and organs. In addition to binding to 
circulating IGFs, the IGF- regulatory activities of IGFBP2 involve 
interactions with components including the extracellular matrix, 
cell surface proteoglycans, and integrin receptors. Furthermore, 

F I G U R E  6   SNAI2 knockdown shows 
that IGFBP2 of the IGFBP family is 
downregulated in KLM1, KMP5, and 
Sphs. A, qRT- PCR (IGFBP1 and IGFBP2) 
of control vector versus shSNAI2 from 
KLM1, KMP5, and Sphs. n = 3, each. ND, 
Not Detected. Mean + SE. **P < .01. B, 
Immunohistochemical IGFBP2 staining 
of human pancreatic cancer (2 samples). 
Scale bars: 100 µm. C, Western blot 
(IGFBP2 and ACTB) of control vector 
versus shSNAI2 from KLM1, KMP5, 
and Sphs. shRNA was used shSNAI2_1. 
The relative intensity (ratio) is shown 
below each band. D, E, Sphere formation 
assay in KLM1 after adding anti- 
IGFBP2 neutralizing antibody (AF674) 
at day 7 compared with Vehicle. D, 
Microscope images. Scale bars: 100 µm. 
E, Quantification of number of spheres. 
n = 3, each. Mean + SE. *P < .05
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cytoplasmic IGFBP2, most likely in the absence of the IGFs, in-
teracts with regulatory proteins, such as transcription factors and 
cytoplasm- nuclear transporters, and its activities are mediated 
through specific functional domains. These IGFBP2 activities, 
intrinsic or dependent on IGFs, contribute to its functional roles 
in growth, development, metabolism, and malignancy.40 Previous 
studies have reported that the blockade of IGFBP2 may be an ef-
fective approach to inhibiting tumor growth and metastasis in var-
ious solid tumors including glioma,41 ovarian cancer,42 and breast 
cancer.43 There have been a few reports regarding the regulation 
of IGFBP2 and we hypothesize that SNAI2 may be involved in 

mechanisms that regulate IGFBP2 transcription. Several studies 
have reported that IGFBP2 is associated with disease progression 
and may be a useful biomarker or therapeutic target in pancreatic 
cancer. Liu and colleagues reported that knockdown of IGFBP2 
in pancreatic cancer cell lines Bxpc- 3 and CFPAC attenuated 
EMT via the hedgehog pathway. It inhibited proliferation and in-
creased sensitivity to gemcitabine treatment in vitro and in vivo.44 
Furthermore, Gao and co- workers showed that IGFBP2 overex-
pression in other pancreatic cancer cell lines (AsPc- 1 and PANC- 
1) induced EMT through the nuclear factor kappa B and PI3K/
AKT pathways and promoted cell invasion in vitro and metastasis 

F I G U R E  7   Gene transduction of IGFBP2 and SNAI2 into shSNAI2 restores mRNA and protein expression and improves tumorigenicity 
and resistance to gemcitabine. A, qRT- PCR (SNAI2 and IGFBP2) in sh+Vector, sh+IGFBP2 and sh+SNAI2 from KLM1. n = 3, each. Mean + SE. 
**P < .01. B, Western blot (SNAIL2, IGFBP2, and ACTB) of sh+Vector versus sh+IGFBP2 and sh+SNAI2 from KLM1 cells. The relative 
intensity (ratio) is shown below each band. C, D, Sphere formation assay of parental cells, sh+Vector, sh+IGFBP2 and sh+SNAI2 from KLM1 
cell at day 7. C, Microscope images. Scale bars: 100 µm. D, Quantification of the number of spheres. n = 3, each. Mean + SE. **P < .01. E- H, 
sh+Vector, sh+IGFBP2, and sh+SNAI2 cells from KLM1 cells were subcutaneously transplanted into NOD- SCID mice (105 cells, 104 cells per 
site), respectively. n = 3. E, Macroscope images of the formed tumor. F, Number of tumor- forming mice per total transplanted mice at 12 wk 
after transplantation. G, Tumor growth curves. Mean + SE. *P < .05, **P < .01. H, H&E staining of the formed tumor. The mesenchymal 
area (indicated by arrows) ratio is shown below each picture. Scale bars: 100 µm. I, The relative viability of parent cells, sh+Vector versus 
sh+IGFBP2, and sh+SNAI2 from KLM1 cells 96 h after treatment with gemcitabine. Viability curves at 0, 1, 10, 100 ng/mL gemcitabine. 
n = 4, each. Mean + SE. **P < .01
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in vivo.45 These reports suggested that IGFBP2 is involved in the 
tumorigenesis of pancreatic cancer. However, in our report, the 
microarray analysis showed no significant changes in signaling 
pathways such as hedgehog, NF- kB, or PI3K/AKT. In contrast, sev-
eral signaling pathways including Wnt, MAPK, and PPAR were sig-
nificantly associated with the changes (Figure S3). These have also 
been previously reported as pathways related to IGFBP2 activity.46

We searched the literature to investigate the mechanism of 
IGFBP2 gene regulation by SNAIL2, but we did not find any reports 
of SNAI2 binding to the promoter of IGFBP2 in previous studies. 
Therefore, we performed the analysis of the promoter sequence of 
human IGFBP2 gene using JASPAR, an online tool of the functional 
analysis of various transcription factors created by Scandinavian re-
searchers (URL: http://jaspar.gener eg.net/). First, we have obtained 
696 bp of genomic sequence located upstream of ATG start codon of 
human IGFBP2 gene (NCBI Gene ID: 3485). Next, we have analyzed 
the possible binding sites of human SNAIL2 in the above genomic 
sequence by JASPAR. Then, we have found 2 predicted binding 
sites, the first one is located at 115- 127 upstream of the ATG codon 
and the second one is located at 635- 647 (Figure S5). This result 
suggested that human SNAIL2 binds to the promoter region of the 
human IGFBP2 gene and directly regulates the expression of this 
gene. Although further studies are needed to elucidate the under-
lying mechanism, our findings indicate that IGFBP2 may represent a 
novel therapeutic target.

In conclusion, SNAIL2 is a critical factor for tumorigenicity as 
well as chemoresistance in human pancreatic cancer, and IGFBP2 is 
the main downstream target regulated by SNAIL2.
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