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A B S T R A C T   

Pancreatic ductal adenocarcinoma (PDAC) and cholangiocarcinoma (CCA) are malignant tumors with poor 
prognosis because of the limited effectiveness of traditional chemotherapy and few effective molecular thera
peutic agents. Here, we determined the essential roles of Zic family member 5 (ZIC5) in the survival of PDAC and 
CCA cells. The results showed that ZIC5 is strongly expressed in PDAC and CCA tissues, while ZIC5 expression is 
barely observed in most normal human adult tissues. Furthermore, ZIC5 expression is related to poor prognosis of 
patients with PDAC. ZIC5 knockdown via small interfering RNA decreased the phosphorylation of signal 
transducer and activator of transcription 3 (STAT3), a protein that is associated with PDAC and CCA aggres
siveness. However, ZIC5 knockdown induced cell death regardless of STAT3 activation, which is promoted by 
interleukin (IL) − 6, a factor associated with inflammation. Furthermore, knockdown of ZIC5 in PDAC and CCA 
cells additively or synergistically induced apoptosis with the anti-cancer drug gemcitabine. Thus, ZIC5 consti
tutes a potential therapeutic target for the treatment of PDAC and CCA.   

1. Introduction 

Pancreatic ductal adenocarcinoma (PDAC) and cholangiocarcinoma 
(CCA) are some of the most lethal malignancies; there are few effective 
therapies for these diseases. Despite advances in understanding the 
cancer biology of PDAC and CCA, the clinical outcomes of both of these 
diseases are still poor [1]. Because the majority of patients have 
advanced disease at the time of diagnosis and given the limited effec
tiveness of traditional chemotherapy, the development of effective 
molecular therapeutic agents with activity against these disease is ur
gently needed. 

Previously, our screening identified Zic family member 5 (ZIC5) as a 
critical transcription factor for melanoma drug resistance [2]. ZIC5 ac
tivates signal transducer and activator of transcription 3 (STAT3) by 
promoting expression of platelet-derived growth factor D (PDGFD), 
rendering melanoma cells resistant to BRAF inhibitors and cytotoxic 
reagents [2]. ZIC5 expression also is enhanced and associated with 
tumor pathological stage in colorectal and prostate cancer, while ZIC5 
expression is rarely detected in relevant non-tumor tissues [3]. In 
colorectal and prostate cancer cell lines, ZIC5 positively regulates 
PDGFD expression, STAT3 activation, proliferation, survival, and pri
mary drug resistance. Furthermore, ZIC5 regulates the malignant 

phenotype of cancer cells not only by regulating the expression of 
PDGFD and STAT3, but also by regulating the expression of other factors 
such as cyclin dependent kinase inhibitor 1B (CDKN1B) and heat shock 
protein family D member 1 (HSPD1) [3]. 

ZIC5 is strongly expressed in many other cancer types (as evident in 
the TCGA database). ZIC5 has been shown to promote the malignant 
phenotype in non-small cell lung cancer (NSCLC), hepatocellular car
cinoma (HCC), and glioma [4–6]. In NSCLC, ZIC5 knockdown signifi
cantly inhibits both proliferation (causing cell cycle arrest) and tumor 
growth in vivo [4]. In HCC, ZIC5 promotes the proliferation, migration, 
and invasion of HCC cell lines by regulating β-catenin signaling [5]. In 
glioma, ZIC5 has been shown to be a target of miR-761, which is 
inhibited by hsa_circ_0007534, a circular RNA highly expressed in gli
oma tissues [6]. However, to our knowledge, the role of ZIC5 in PDAC 
and CCA has not been elucidated. Therefore, in the present study, we 
investigated the role of ZIC5 in PDAC and CCA. 

2. Material and methods 

2.1. Cells and cultures 

AsPC-1, PANC-1, and MiaPaca-2 (PDAC) cell lines were obtained 
from the American Type Culture Collection (Manassas, VA, USA). The 
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RBE (CCA) cell line was obtained from the RIKEN Cell Bank (Tsukuba, 
Japan). Cells were maintained at 37 ◦C in a 5% CO2 humidified atmo
sphere in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) supple
mented with 10% fetal bovine serum. 

2.2. RNA isolation, cDNA synthesis, and quantitative real-time PCR 

These were performed as described previously [3]. Quantitative 
real-time PCR (qPCR) was performed using the following primers: ZIC5, 
F: AACCTCAAGATCCACAAGCGT and R: CACTGGTGTGGACATGGGAA; 
ACTB, F: GCCCTGGCACCCAGCACAAT and R: GGAGGGGCCG
GACTCGTCAT; and GAPDH, F: AGC CTC CCG CTT CGC TCTCT and R: 
CCA GGC GCC CAA TAC GACCA. ACTB (encoding β-actin) and GAPDH 
(encoding the housekeeping protein glyceraldehyde phosphate dehy
drogenase) were used as an internal control for normalization of tran
script levels. 

2.3. Small interfering RNA (siRNA) and plasmid transfection 

The negative control siRNA and siRNA for ZIC5 was previously 
described [2]. Transient transfections with siRNA were performed using 
Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer’s 
protocol. In each experiment, the total amount of transfected siRNA was 
adjusted with a relevant negative control siRNA. The ZIC5 expression 
vector was as described previously [2]. To obtain stable cells, trans
fected cells were selected with 1 mg/ml G418 (10131035, Thermo) for 
12 days, and the resulting bulk cells were analyzed. 

2.4. Cell proliferation assay 

Cell proliferation assay was performed as previously described [2]. 

2.5. Apoptosis assays 

Cells were incubated with CellEvent Caspase-3/7 Green Detection 
Reagent (Invitrogen) and Hoechst33342 (Dojindo) for 30 min, after 
which the cells were analyzed using the In Cell Analyzer 2000 with 4′,6- 
diamidino-2-phenylindole (DAPI) and fluorescein isothiocyanate (FITC) 
filters. The ratio of Caspase-3/7-positive cells to Hoechst33342-positive 
cells was determined with the In Cell Analyzer Workstation 3.7 software 
(GE Healthcare). Experiments were performed a minimum of 3 times. 

2.6. Reagents 

Gemcitabine (ChemScene, Monmouth Junction, NJ) was used at the 
indicated concentrations to treat PDAC or CCA cells. 

2.7. Western blot analysis 

Western blotting was performed as previously described [3]. Primary 
antibodies for STAT3 (BD Biosciences), GAPDH (Santa Cruz Biotech
nology), and phospho-STAT3 (Tyr705) (Cell Signaling, Danvers, MA, 
USA) were used. GAPDH and β-actin were employed as loading controls. 
Images were obtained using a LuminoGraph I (ATTO, Tokyo, Japan). 
Signal intensity was quantified using the CS Analyzer (ATTO). 

2.8. Statistical analysis 

The expression value of ZIC5 in PDAC and CCA tissues was obtained 
from mRNA sequence data in The Cancer Genome Atlas (TCGA) data
base (http://cancergenome.nih.gov/), and statistical analysis was per
formed using the two-tailed Mann–Whitney U test or Fisher’s exact test. 
Kaplan-Meier analysis and the other statistical analyses were performed 
using the JMP software (Pro 15.1.0) or R statistical software package (v. 
4.0.3). Data are presented as mean ± standard deviation (SD) in the bar 
graphs unless otherwise indicated. Box-plots summarize the median and 
the values between the 25th and 75th percentile. The significance of 
differences was determined by the statistical tests indicated in the in
dividual figure legends. P < 0.05 was considered statistically significant. 

3. Results and discussion 

3.1. ZIC5 expression in PDAC, CCA, and normal adult human tissues 

First, we confirmed that ZIC5 was highly expressed in PDAC and CCA 
tissues compared to the relevant non-tumor tissues, as determined by the 
statistical analysis of RNA-Seq data from the TCGA database (Fig. 1A). 
Summaries of clinicopathological parameters of patients with PDAC or 
CCA and ZIC5 expression are shown in Supplementary Tables 1 and 2 
ZIC5 expression correlated with pathologic stage of PDAC (Supple
mentary Table 1). 

It was reported that ZIC5 is a target of miR-761, which is inhibited by 
circ_0007534 [6], and circ_0007534 expression is upregulated in PDAC 
tissues [7]. Moreover, both miR-625 and miR-892b, which are sponged 
by circ_0007534, are downregulated in the PDAC tumor tissues 
compared with those in the paired normal tissues [7]. To assess whether 
miR-761 is involved in ZIC5 suppression in PDAC and/or CCA, the 
expression of miR-761 was assessed based on the OncoMir Cancer 
Database [8]. The expression of miR-761 was not significantly different 
between the normal and tumor samples in both PDAC and CCA. More
over, the expression of miR-761 was not correlated with the expression 
of ZIC5 (OncoMir Cancer Database). From these data, we speculate that 
neither miR-761 nor circ_0007534 is involved in ZIC5 regulation in 
these tumors. 

To determine whether ZIC5 expression affects prognosis, we evalu
ated the gene expression in patients with PDAC or CCA, and constructed 
survival curves using the Kaplan–Meier method. The incidence of 
overall survival rate was significantly lower in PDAC patients with tu
mors with ZIC5 expression compared to that in patients with no 
detectable ZIC5 expression (Fig. 1B). In CCA patients, the overall sur
vival rates did not differ significantly between these two groups (data 
not shown). 

RNA-Seq data suggests that ZIC5 expression in normal adult human 
tissues is limited in testis and cerebral cortex (The Human Protein Atlas) 
[9] (Fig. 1C). To confirm this observation, cDNA from human normal 
tissues (Human Multiple Tissue cDNA Panels I and Human Immune 
System MTC Panel; TaKaRa, Japan) was assessed for ZIC5 expression 
using qPCR analysis. ZIC5 transcript was detected in brain as well as in 
PDAC and CCA cell lines, but not in bone marrow, fetal liver, lymph 
node, leukocyte, spleen, thymus, tonsil, heart, placenta, lung, liver, 
smooth muscle, kidney, or pancreas (Fig. 1D). These results suggested 
that the ZIC5 transcript exhibits strong expression specificity in PDAC 
and CCA. 

3.2. ZIC5 positively regulates proliferation of PDAC and CCA cells 

To elucidate the roles of ZIC5 in PDAC and CCA cells, we performed 
siRNA-mediated knockdown of ZIC5 in several cell lines (Fig. 2A and 
Supplementary Fig. 1A). Cell proliferation assay revealed that ZIC5 
knockdown significantly reduced the cell numbers of PDAC (AsPC-1, 
PANC-1, and MiaPaca-2) and CCA (RBE) cell lines (Fig. 2B and Sup
plementary Fig. 1B) compared to the effect of a control siRNA. These 
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results indicated that ZIC5 positively regulates the growth of these cells. 

3.3. ZIC5 positively regulates survival of PDAC and CCA cells 

To determine whether ZIC5 is involved in the survival of PDAC and 
CCA cells, we next assessed apoptosis induction upon ZIC5 knockdown. 
ZIC5 knockdown induced apoptosis rates of approximately 15–30% in 
these cell lines on day 3 after transfection (Fig. 2C and Supplementary 
Fig. 1C). When cells also were treated with gemcitabine, a therapeutic 
drug used clinically to treat PDAC and CCA, ZIC5 knockdown additively 
or synergistically induced apoptosis to approximately 30–60% at 48 h 
after gemcitabine treatment (Fig. 2C and Supplementary Fig. 1C). To 
further assess the surviving cells and their growth, we cultured cells for 
14 days after treatment with low-dose gemcitabine. Giemsa staining 
showed that PANC-1 and RBE cells were eradicated by ZIC5 knockdown 
alone (Fig. 2D), while AsPC-1 and MiaPaca-2 were eradicated only by 
the combination of gemcitabine and ZIC5 knockdown (Supplementary 
Fig. 1D). When ZIC5 was overexpressed, gemcitabine-induced apoptosis 
was reduced in MiaPaca-2 (Fig. 2E), however, ZIC5 overexpression in 
PANC-1 or RBE cells did not affect their survival (data not shown). We 
speculated that the effect of ZIC5 overexpression was not evident 
because ZIC5 expression at an endogenous level in these cells was suf
ficient to exert its biological effects. These results suggested that 
endogenous ZIC5 promotes survival in PDAC and CCA cells and ZIC5 
suppression renders cancer cells more susceptible to anti-cancer drugs. 
Improving drug sensitivity is important for preventing the drug 

resistance of cancer cells. 

3.4. ZIC5 knockdown decreases STAT3 phosphorylation in PDAC and 
CCA cells 

STAT3 activation promotes the expression of anti-apoptotic genes 
and is associated with the aggressive phenotypes of PDAC and CCA 
[10–13]. We previously reported that ZIC5 is involved in the activation 
of STAT3 in melanoma, colorectal, and prostate cancer cells [2,3]. 
Therefore, to determine whether ZIC5 contributes to STAT3 activation 
in PDAC and CCA cells, the phosphorylation level of STAT3 was exam
ined. Because of low STAT3 expression in AsPC-1 cells [10], we per
formed further experiments using PANC-1, MiaPaca-2, and RBE cells. 
ZIC5 knockdown significantly decreased the amount of phosphorylated 
STAT3 (Tyr705) in PANC-1, MiaPaca-2, and RBE cells (Fig. 3A and 
Supplementary Fig. 2A). These results and our previous research indi
cated that ZIC5 regulates STAT3 activity in most of the tested cancer cell 
lines (Fig. 3A and Supplementary Fig. 2A) [2,3]. Given that ZIC5 
knockdown induced apoptosis in AsPC-1 cells, which has very low 
STAT3 phosphorylation [10], ZIC5-regulated factors other than STAT3 
must be important for survival of AsPC-1 cells. 

ZIC5 is known to regulate PDGFD expression in melanoma, colo
rectal cancer, and prostate cancer cell lines [2]. Therefore, we also 
assessed PDGFD expression in cells subjected to ZIC5 knockdown. 
However, the level of pro-PDGFD was not significantly reduced by ZIC5 
knockdown in PDAC and CCA cell lines (data not shown). Moreover, 

Fig. 1. ZIC5 expression in PDAC, CCA, and normal human tissues. (A) RNA sequence values of ZIC5 expression in pancreatic adenocarcinoma (left; PDAC) and 
cholangiocarcinoma (right; CCA) tissues, as well as in relevant non-tumor tissues, were obtained from The Cancer Genome Atlas (TCGA) database. Statistical 
comparisons between disease and normal tissues (for each disease) were performed using the two-tailed Mann–Whitney U test. (B) The relationship between ZIC5 
expression and survival was determined and plotted using the Kaplan–Meier method. The overall survival rates for patients with or without detectable ZIC5 
expression are plotted as red and blue lines, respectively. (C) RNA-Seq values of ZIC5 expression in normal human adult tissues were obtained from The Protein Atlas 
database. (D) ZIC5 expression was assessed by quantitative reverse transcription-PCR with cDNA samples from normal human tissues and from AsPC-1, PANC-1, 
MiaPaca-2 (PDAC), and RBE (CCA) cell lines. The values were normalized to the expression (in the respective samples) of the housekeeping gene GAPDH. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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expression of E-cadherin, CDKN1B and HSPD1, each of which has been 
shown to be regulated by ZIC5 in melanoma or prostate cancer [2,3], 
also was unchanged in PDAC and CCA cell lines (data not shown), 
suggesting divergent target genes for ZIC5 in various cancer cells. 

3.5. ZIC5 knockdown suppresses survival of PDAC and CCA cells despite 
interleukin (IL) -6-mediated activation of STAT3 

PDAC and CCA often are associated with chronic inflammatory 
conditions such as pancreatitis or cholangitis, and the inflammatory 
mediators IL-6 and IL-22 have been implicated in the progression of 
PDAC and CCA [11–14]. Because both IL-6 and IL-22 cause STAT3 
activation, we next examined whether ZIC5 knockdown attenuated 

STAT3 phosphorylation and survival of cancer cells even in the presence 
of IL-6 or IL-22. In PANC-1 and RBE cells, ZIC5 knockdown had no 
significant effect on the level of STAT3 phosphorylation induced by IL-6 
(Fig. 3B), while decreasing the level of IL-6- or IL-22-induced STAT3 
phosphorylation in MiaPaca-2 (Supplementary Fig. 2B). Furthermore, 
ZIC5 knockdown significantly decreased the survival of PANC-1 and 
RBE cells exposed to IL-6 as well as 10% FBS (Fig. 3C). Because ZIC5 
knockdown could not suppress phosphorylation of STAT3 induced by 
IL-6 (Fig. 3B), while suppressed that induced by 10% FBS in PANC-1 and 
RBE cells (Fig. 3A), ZIC5 knockdown induced cell death regardless of 
STAT3 activation. ZIC5-regulated factors other than STAT3 also must be 
important for survival of these cells. 

In the present study, we demonstrated that ZIC5 promotes the 

Fig. 2. ZIC5 positively regulates survival of PDAC and CCA cells. PANC-1 (PDAC cell line) and RBE (CCA cell line) were transfected with a negative control 
(siNeg) or ZIC5 (siZIC5) siRNA. The target sequence of the siRNA differed between #1 and #2. (A) At 2 days after transfection, ZIC5 mRNA expression was assessed 
by qPCR. The relative expression level was normalized to that of the housekeeping gene ACTB as an internal control. Statistical analysis was performed using 
Dunnett’s multiple comparison of means test. (B) Cell proliferation was assessed at the indicated times. Relative number of viable cells at Day 4 or 5 (compared to 
that at Day 0) from three independent experiments is indicated in the bar graphs. Statistical analysis was performed using Dunnett’s multiple comparison of means 
test (***P < 0.001, **P < 0.01, *P < 0.05). (C) PANC-1 and RBE cells were transfected with a negative control (siNeg) or ZIC5 (siZIC5) siRNA. After 24 h, cells were 
treated with gemcitabine (Gem) (0.2 μM) as indicated. After 2 days, the cells were incubated with Caspase-3/7 Green Detection Reagent (green) and Hoechst33342 
(blue). The percentage of caspase-positive cells from three independent experiments was determined. Statistical analysis was performed using Tukey’s multiple 
comparison test (***P < 0.001, **P < 0.01, *P < 0.05). (D) After 14 days of gemcitabine treatment (0.1 μM), cells were stained with Giemsa solution. Stained area 
was quantified using Image J. Statistical analysis was performed using Tukey’s multiple comparison test (***P < 0.001). (E) MiaPaca-2 cells stably overexpressed 
ZIC5 and control cells (vector) were treated with gemcitabine (Gem) (0.2 μM) for 2 days, and then apoptosis assays were performed. Statistical analysis was per
formed using the two-tailed non-paired Student’s t-test (*P < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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survival of PDAC and CCA cells via unknown mechanisms. Recently, ZIC 
activity was shown to be influenced by WNT dependent SUMOylation 
during neural crest development [15]. In a high-WNT environment, 
ZIC5 is SUMOylated, which decreases formation of the transcription 
factor 7 like 2/ZIC co-repressor complex and shifts the balance towards 
ZIC transcription factor function [15]. Thus, cellular context (e.g., 
post-transcriptional regulation and co-factors) may render a variety of 
transcriptional regulatory targets available to ZIC5. Nevertheless, ZIC5 
knockdown showed additive or synergistic effects in inducing apoptosis 
with gemcitabine treatment in all of the tested cell lines, suggesting that 
ZIC5 may serve as an attractive therapeutic target for the treatment of 
PDAC and CCA. 

4. Conclusions 

In this study, we confirmed that ZIC5 is strongly expressed in PDAC 
and CCA tissues, whereas ZIC5 expression is barely observed in most 
normal human adult tissues. ZIC5 knockdown induced PDAC and CCA 
cell death. Furthermore, the knockdown of ZIC5 and the anti-cancer 
drug gemcitabine additively or synergistically induced apoptosis in 
PDAC and CCA cells. Thus, ZIC5 constitutes a potential therapeutic 
target for the treatment of PDAC and CCA. 
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Fig. 3. ZIC5 positively regulates the phosphorylation of STAT3, although ZIC5 knockdown attenuates survival of PDAC and CCA cells despite interleukin 
(IL) -6-mediated activation of STAT3. (A) The levels of phosphorylated STAT3 (Tyr705) (pSTAT3) as well as of total STAT3 and GAPDH were determined in PANC- 
1 and RBE cells transfected with a negative control (siNeg) or ZIC5 (siZIC5) siRNA. Quantification of phosphorylated STAT3 levels normalized to total STAT3 are 
shown as mean ± SD (n = 3) in the bar graphs. Statistical analysis was performed using the two-tailed non-paired Student’s t-test (**P < 0.01, *P < 0.05). (B) PANC- 
1 and RBE cells were transfected with siNeg or siZIC5. At 2 days after transfection, the cells were treated with 1% FBS with or without IL-6 (20 ng/mL) or IL-22 (50 
ng/mL). After 24 h, the cells were harvested to assess the phosphorylation of STAT3. (C) The relative cell number was determined after 6 days of IL-6 treatment (20 
ng/mL) with or without gemcitabine (gem) (0.1 μM) from three independent experiments. Statistical analysis was performed using the two-tailed Tukey’s multiple 
comparison test (***P < 0.001, **P < 0.01, *P < 0.05). 
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