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Abstract. Pancreatic cancer is a serious threat to human 
health, with strong invasiveness, rapid progression and poor 
prognosis. Tumors expressing keratin 19 (K19) have stronger 
invasiveness and a worse prognosis. However, the role and 
mechanism of K19 in pancreatic cancer have remained 
largely elusive. In the present study, K19 expression was 
detected in pancreatic cancer tissues, its effect on prolif‑
eration, apoptosis and metastasis of pancreatic cancer at the 
cellular, in vivo preclinical and clinical levels was evalu‑
ated and its effect on the Hedgehog pathway was analyzed. 
K19 was significantly overexpressed in pancreatic cancer, 
promoted pancreatic cancer proliferation and metastasis, 
inhibited tumor cell apoptosis and was associated with poor 
prognosis. Mechanistically, these effects were mediated 
through the activation of the Hedgehog pathway. In conclu‑
sion, K19 may be a novel target molecule for pancreatic 
cancer treatment.

Introduction

Pancreatic cancer, particularly pancreatic head cancer, seri‑
ously threatens human health, with high malignancy and poor 
prognosis (1). At present, the treatment of pancreatic cancer 
is still mainly based on surgical tumor resection. However, 
the operation is associated with large trauma and numerous 
complications, and the postoperative tumor recurrence rate is 
high. Furthermore, at the time of diagnosis, numerous patients 
have already missed the opportunity of surgical tumor resec‑
tion. Thus, the mortality rate is high and the prognosis is 
poor for patients with pancreatic cancer (1,2). Therefore, it is 
essential to find new treatment options.

Targeted therapy has been used in the clinical treat‑
ment of certain tumors and has achieved a good therapeutic 
effect (3‑5). However, for numerous tumor types, particularly 
pancreatic cancer, effective targeted therapies are limited. 
Therefore, further research on pancreatic cancer targeted 
therapy is required.

The key to effective targeted therapy lies in the selection 
of target molecules. Therefore, to establish effective targeted 
therapy for pancreatic cancer, it is first required to find poten‑
tial effective target molecules.

Keratin 19 (K19), with a molecular weight of ~40 kDa, 
is a type I cytokeratin but lacks the common tail domain of 
cytokeratin (6). It has been suggested that K19 is related to 
the degree of malignancy, invasiveness and poor prognosis 
of tumors (7). Indeed, tumors expressing K19 have stronger 
invasiveness and worse prognosis  (8). Therefore, it was 
assumed that high malignancy, strong invasion and metastasis, 
and poor prognosis of pancreatic cancer are also related to 
the expression of K19, and that K19 may be a promoter and 
potential effective therapeutic target for pancreatic cancer. 
However, research on K19 and pancreatic cancer is scarce, and 
the role and mechanism of K19 in pancreatic cancer remain 
largely elusive.

In the present study, it was reported that K19 was signifi‑
cantly overexpressed in pancreatic cancer; it was indicated to 
promote pancreatic cancer cell proliferation, tumorigenesis and 
metastasis, inhibit tumor cell apoptosis and to be associated 
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with poor prognosis. K19 was determined to activate the 
Hedgehog pathway to promote pancreatic cancer prolifera‑
tion and metastasis. In other words, K19 promoted pancreatic 
cancer progression and poor prognosis. Mechanistically, these 
effects were mediated through the activation of the Hedgehog 
pathway. K19 may be a novel target molecule for pancreatic 
cancer treatment.

Materials and methods

Specimens and clinicopathological data of patients with 
pancreatic cancer. Specimens with complete clinicopatholog‑
ical data were obtained from patients with pancreatic cancer 
treated by surgery at Guizhou Provincial People's Hospital 
(Guiyang, China) between December 2018 and September 
2020. All patients provided informed consent. The study 
received the approval from the Ethics Committee of Guizhou 
Provincial People's Hospital [Guiyang, China; no. (2021)253] 
and was conducted in line with the principles of the Helsinki 
declaration. The clinical diagnosis of pancreatic cancer was 
based on conventional clinical and histological criteria. 
The operation principle for all of the patients was tumor 
resection. In addition, pancreatic cancer tissue microarrays 
(HPanA060CS04, HPanA120Su02) purchased from Shanghai 
Outdo Biotech Co., Ltd. were used. Finally, the tissues of 
117 patients with pancreatic cancer, including 67 males and 
50 females with an average age of 63.81±10.14 years, and 
the follow‑up data of 66 patients, including 37 males and 29 
females, with a follow‑up time of 1‑65 months and an average 
age of 65.33±9.87 years, were used. The demographic data 
and clinicopathological characteristics of these patients are 
provided in Table SI.

Cell lines. The commercialized pancreatic cancer cell 
lines PANC‑1 and MIA‑PaCa‑2 purchased from Beijing 
SyngenTech Co., Ltd. and Wuhan AtaGenix Co., Ltd., 
respectively, were cultivated in DMEM (Hyclone; Cytiva) 
and RPMI1640 (Hyclone; Cytiva) culture medium, respec‑
tively, in a 5% CO2 incubator at 37˚C and saturated humidity 
of 95%. The culture medium was supplemented with 10% 
fetal bovine serum (Hyclone; Cytiva), 100 U/ml penicillin 
and 100 µg/ml streptomycin (Thermo Fisher Scientific, Inc.). 
The mycoplasma culture test was confirmed to be negative 
every month.

Mice. Male BALB/c nude mice (nu/nu; age, four weeks; body 
weight, 15‑20 g) were purchased from Beijing Vital River 
Laboratory Animal Technology Co., Ltd. The mice were 
maintained under specific pathogen‑free conditions with a 
12‑h light/dark cycle, temperature of 22±2˚C and humidity of 
40‑60%, and had ad libitum access to a regular chow diet and 
water.

Cell proliferation assay. A cell suspension (5,000 cells/well) 
was added into a 96‑well plate and cultured at 37˚C and 5% 
CO2 for 24, 48, 72 and 96 h. Next, 10 µl of Cell Counting Kit‑8 
(CCK8) solution (Dojindo Laboratories, Inc.) was added in 
line with the kit instructions and incubated at 37˚C and 5% 
CO2 for 4 h. The optical density at 450 nm was detected by a 
microplate reader.

Cell transfection. The cells in the exponential growth phase 
were inoculated into a 6‑well plate (50,000 cells/well) and 
cultured at 37˚C with 5% CO2. Transfection of a lentivirus with 
an overexpression or knockdown vector for K19 was performed 
by Lipofectamine™ 2000 (Thermo Fisher Scientific, Inc.) 
according to the manufacturer's instructions the next day and 
the medium was replaced with fresh medium 8 h after lentivirus 
transfection. At 72 h after lentivirus transfection, images of the 
cells were captured under the fluorescence microscope. The 
cells were collected and the overexpression and knockdown 
efficiencies were detected by reverse transcription‑quantitative 
PCR (RT‑qPCR) and western blot analysis (Fig. S1).

The short hairpin (sh)RNA sequences (Beijing SyngenTech 
Co., Ltd.) used to knock down K19 expression were as follows: 
shK19 (knockdown of K19 gene) sense, 5'‑GCC​GGA​CTG​AAG​
AAT​TGA​ACC‑3' and antisense, 5'‑CGA​AGG​TTC​AAT​TCT​
TCA​GTC​CGG​C‑3'; shCtrl (knockdown control) sense, 5'‑AAA​
CGT​GAC​ACG​TTC​GGA​GAA‑3' and antisense, 5'‑CGA​
ATT​CTC​CGA​ACG​TGT​CAC​GTT​T‑3'. K19‑RNA sequences 
(Beijing SyngenTech Co., Ltd.) used to overexpress K19 expres‑
sion were as follows: K19 (overexpression of K19 gene, human, 
NM‑002276) included 10,724 DNA bases; Ctrl (overexpression 
control, mNeongreen) included 9,581 DNA bases.

RT‑qPCR. The transfected cells were collected, RNA was 
extracted, the absorbance at 260 nm (A260)/A280 value was 
measured and the RNA concentration was estimated. A small 
amount of RNA was taken out to determine the RNA quality by 
agarose gel electrophoresis. RNAs that met the requirements 
were used and denatured at 65˚C for 5 min. After the residual 
genomic DNA of the product was removed by DNase reaction, 
RT reagent [Hifair® Ⅱ 1st Strand cDNA Synthesis SuperMix 
for qPCR (gDNA digester plus); Yeasen Biotechnology 
(Shanghai) Co., Ltd.] was added to reverse‑transcribe the 
mRNA and synthesize cDNA according to the manufacturer's 
instructions. The primers and the cDNA products synthesized 
by RT were used for real‑time qPCR (thermocycling condi‑
tions: 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec) in an 
ABI Prism 7300 PCR instrument (Applied Biosystems, Inc.) 
and Hieff® qPCR SYBR Green Master Mix [Low Rox; Yeasen 
Biotechnology (Shanghai) Co., Ltd.] was used according to the 
manufacturer's instructions. The expression level of GAPDH 
was calculated according to the 2‑ΔΔCq method (9) and used as 
a standardization control. The PCR primers were as follows: 
K19 sense, 5'‑TAG​AGG​TGA​AGA​TCC​GCG​AC‑3' and anti‑
sense, 5'‑CCG​TCT​CAA​ACT​TGG​TTC​GG‑3'; GAPDH sense, 
5'‑TCA​AGA​AGG​TGG​TGA​AGC​AGG‑3' and antisense, 
5'‑TCA​AAG​GTG​GAG​GAG​TGG​GT‑3'.

Immunohistochemistry (IHC). The tissues were routinely dehy‑
drated, embedded in paraffin and sliced. After baking slices at 
60˚C overnight, the tissue sections were successively dewaxed, 
hydrated, permeated, sealed, antigen‑repaired, incubated with 
primary antibody at 4˚C overnight and secondary antibody at 
room temperature for 30 min, color‑rendered, counterstained 
with hematoxylin and sealed according to standard protocols. 
Information about the antibodies is provided in Table SII.

The proportion of cells with positive staining was deter‑
mined as follows: From each slice, 10 high‑power vision fields 
were randomly selected, the number of positive cells among 
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100 cells in each high‑power vision field was determined, and 
the average value of the total number of these 10 high‑power 
vision fields was then calculated. From the percentage of 
positive cells, the positive index was scored as follows: <25%, 
score 0; 25‑50%, score 1; 50‑75%, score 2; >75%, score 3.

The staining intensity was rated score 0 if there was no 
color rendering and three levels from light color to deep color 
corresponded to scores 1, 2 and 3.

The scores of the positive cell proportion and staining 
intensity were multiplied to obtain the following categories: 
Scores 0‑2, (‑); scores 3‑4, (+); scores 5‑6, (++); scores 7‑9, 
(+++).

The cell density (positive cell number/mm2) was deter‑
mined as follows: From each slice, 10 high‑power vision 
fields (magnification, x400; area, 0.0788 mm2) were randomly 
selected, the number of positive cells in each high‑power field 
was counted and the average value of the total number of these 
10 high‑power fields was then taken.

Western blot analysis. Cell lysis and collection of protein 
were performed using conventional procedures and detection 
of total protein content using a BCA protein concentration 
detection kit (Beyotime Institute of Biotechnology) according 
to the manufacturer's instructions. The total protein was then 
subjected to SDS‑PAGE (10% gel), membrane transfer to 
an immobilion® PVDF membrane, (Merck KGaA), primary 
antibody and secondary antibody incubation at 4˚C overnight 
and room temperature for 1 h, respectively, and imaging with 
Luminol reagent (Santa Cruz Biotechnology, Inc.). GAPDH 
protein was used as a standardization control. Antibody infor‑
mation is provided in Table SII.

Colony‑formation assay. The cells of each experimental group 
(200 cells/well) were added into a 6‑well plate and three dupli‑
cate wells were set in each group. The cells were cultured at 
37˚C with 5% CO2. The culture medium was changed every 
3 days and the cells were observed. After 14 days of culture, 
4% paraformaldehyde was added for fixation at room tempera‑
ture for 10 min. Next, the colonies were stained with crystal 
violet aqueous solution (Beyotime Institute of Biotechnology) 
at room temperature for 10 min, images were acquired under a 
microscope and the number of colonies (clusters of >50 cells) 
was counted.

Apoptosis assay. Cells of each experimental group 
(100,000 cells/well) were added into a 24‑well plate and three 
duplicated wells were set in each group. They were incubated 
at 37˚C with 5% CO2 for 48  h. The cells were collected, 
Annexin V and propidium iodide [Yeasen Biotechnology 
(Shanghai) Co., Ltd.] were added and cells were incubated at 
room temperature in the dark for 15 min and suspended in 1X 
Binding Buffer [Yeasen Biotechnology (Shanghai) Co., Ltd.] 
according to the manufacturer's instructions. Apoptosis was 
then detected by flow cytometry.

Cell cycle analysis. The cells of each experimental group 
(100,000 cells/well) were added into a 24‑well plate and each 
group was set with three duplicated wells, which were cultured 
at 37˚C with 5% CO2 for 48  h. The cells were collected 
and added into ethanol precooled at ‑20˚C and fixed at 4˚C 

overnight. Next, the ethanol was removed, 300 µl propidium 
iodide solution (Biolegend, Inc.) was added and the cells were 
incubated away from light at room temperature for 15 min. 
The cell cycle was then detected by flow cytometry.

Transwell assay. Transwell chambers (Corning, Inc.; pore 
size, 8 µm) were inserted into a 24‑well plate, cells of each 
experimental group (20,000 cells/200 µl/chamber) were added 
to the chamber, and three duplicate wells were set for each 
group. Next, 600 µl medium was added into the lower chamber 
and plates were cultured at 37˚C and 5% CO2 for 24 h. The cell 
culture medium and non‑migrating cells in the upper chamber 
were removed, 4% paraformaldehyde was added for fixation at 
room temperature for 10 min and crystal violet aqueous solu‑
tion (Beyotime Institute of Biotechnology) was added to stain 
the cells that had migrated at room temperature for 10 min. 
Images of the cells that had migrated were acquired under a 
microscope and these cells were counted by ImageJ software 
version Fiji (National Institutes of Health).

The Transwell invasion assay was performed in a similar 
manner, with the variation that the filter membranes of the 
Transwell chambers were precoated with Matrigel® (BD 
Biocoat, Inc.).

Construction of pancreatic cancer cells with stable over‑
expression of K19. PANC‑1 pancreatic cancer cells in the 
exponential growth phase were inoculated into a 6‑well plate 
(50,000 cells/well) and cultured at 37˚C with 5% CO2. The 
next day, lentivirus overexpressing K19 and their control 
(Beijing SyngenTech Co., Ltd.; details provided above) were 
stably transfected according to the manufacturer's instruc‑
tions. At 8 h after transfection, the medium was renewed with 
fresh culture medium. At 72 h after transfection, the cells were 
screened using 2 µg/ml puromycin (Thermo Fisher Scientific, 
Inc.) and images were acquired under a fluorescence micro‑
scope. Next, the cells were cultured to establish pancreatic 
cancer cells stably overexpressing K19, and their overexpres‑
sion efficiency was detected by RT‑qPCR and western blot 
analysis (10) (Fig. S2).

Construction of a subcutaneously transplanted tumor model 
and an abdominal metastasis tumor model of pancre‑
atic cancer in nude mice. A subcutaneously transplanted 
tumor model and an abdominal metastasis tumor model of 
pancreatic cancer in nude mice were constructed via subcu‑
taneously and intraperitoneally injecting PANC‑1 cells stably 
overexpressing K19 (n=6 mice) and control cells (n=6 mice) 
(2x107/ml cells x0.15 ml/mice). Subsequently, the condition of 
the nude mice was observed and their body weight and tumor 
size were measured once every 2‑3 days. The tumor size was 
calculated as follows: Tumor volume (mm3)=1/2 x (tumor long 
diameter x tumor short diameter2). After reaching the endpoint 
of the experiment, the mice were euthanized by cervical dislo‑
cation. The endpoints of the experiment included that animals 
were dying and unable to move; did not respond to gentle 
stimuli; had difficulty breathing; had diarrhoea and gatism; 
lost their ability to eat or drink; exhibited obvious anxiety and 
restlessness; their body weight was decreased by >20% of that 
prior to the start of the experiment; the tumor weight exceeded 
10% of the animal's own body weight; the maximum diameter 
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of the subcutaneous tumor in mice was close to 20 mm (not 
>20 mm); the tumor was ulcerating; the damage area of animal 
skin was >30% of the whole body surface; and the skin of 
the animals was infected and purulent. Of note, the experi‑
ment with the mice with abdominal metastasis tumors was 
terminated two weeks after that with the mice with the subcu‑
taneous transplantation tumor. The tumor was dissected and 
tumor size and tumor weight were measured. Furthermore, 
the mesentery, liver, lung and tumor tissues of the mice were 
dissected for subsequent IHC staining and hematoxylin‑eosin 
(H&E) staining according to standard procedures.

TUNEL apoptosis assay. Tumor tissues from subcutaneous 
transplanted tumors in mice were routinely dewaxed to water 
in line with the above IHC method. The instructions of the 
TUNEL kit (cat. no. G1501; Wuhan Servicebio Technology 
Co., Ltd.) were then followed. The results were expressed as 
the number of positive cells.

Remedial experiment. When the cells were cultured and in 
the exponential growth phase, 5 µM of glioma‑associated 
oncoprotein 1 (Gli1) inhibitor (GANT 58; cat. no. HY‑13282; 
MedChemExpress) was added. Subsequently, the expression 
of Gli1 and K19 proteins, as well as the proliferation and inva‑
sion of pancreatic cancer cells, were detected according to 
the previously mentioned western blot, CCK8 and Transwell 
invasion assays.

Statistical analysis. Values are expressed as the mean ± 
standard error of the mean for three or more independent 
experiments, and were analyzed by SPSS version 23.0 (SPSS, 
Inc.,) and GraphPad Prism software version 8.0 (GraphPad 
Software, Inc.). Student's t‑test, the Mann‑Whitney U‑test, 
Fisher's exact test, chi‑square test and analysis of variance 
(ANOVA) were used for assessment of statistical significance. 
Student's t‑test, a parametric test, was used for mean compar‑
ison between two groups (n<30 and normal distribution). The 
Mann‑Whitney U‑test, a non‑parametric test, was used for 
mean comparison between two groups, which were not suit‑
able for Student's t‑test. ANOVA, also a parametric test, was 
used for mean comparison between two or more groups. For 
comparison of multiple groups, one‑way ANOVA was used 
along with post‑hoc multiple‑comparisons tests, including 
least‑significant differences, Student‑Newman‑Keuls and 
Bonferroni. The chi‑squared test, a nonparametric test, was 
used for rate comparison between two or more groups (n≥40 
and theoretical frequency T ≥1). Fisher's exact test, also a 
nonparametric test, was used for rate comparison between two 
or more groups (n <40 or theoretical frequency T <1). Survival 
was calculated using the Kaplan‑Meier method and analyzed 
by the log‑rank test. Significant variables from the univariate 
analysis were entered into a multivariate analysis using a Cox 
regression model with forward stepwise selection. Statistical 
significance was considered if P<0.05.

Results

K19 is significantly overexpressed in pancreatic cancer and 
is associated with poor prognosis. To observe the effect of 
K19 on pancreatic cancer, the expression of K19 in pancreatic 

cancer and corresponding paracancerous tissues was first 
detected by IHC. Compared with paracancerous tissues, K19 
was significantly overexpressed in pancreatic cancer tissues 
(Fig. 1A). Of 117 pancreatic cancer samples, 81 (69.23%) were 
positive [30 (25.64%) were weakly positive (+), 29 (24.79%) 
were moderately positive (++) and 22 (18.80%) were strongly 
positive (+++)] and 36 (30.77%) were negative for K19 expres‑
sion (Fig. 1B). However, there was no association between K19 
expression and the demographic and clinicopathological data 
of the patients with pancreatic cancer, including age, gender, 
tumor distribution, tumor size, vascular invasion, tumor metas‑
tasis, pathological grading and clinical stage (Table SIII). 
However, the incidence of tumors with a diameter ≤2 cm in 
the K19‑positive group was significantly lower than that in the 
K19‑negative group (Table SIII).

Survival analysis indicated that the overall survival, 
median survival time and average survival time of patients 
with pancreatic cancer expressing K19 were significantly 
reduced, compared with those in patients without K19 
expression (Fig. 1C). Furthermore, the one‑year survival rate, 
two‑year survival rate and three‑year survival rate of patients 
with pancreatic cancer expressing K19 were also significantly 
reduced, compared with those in patients without K19 expres‑
sion (Fig. 1C). The five‑year survival rate of patients with 
pancreatic cancer expressing K19 was 0% (Fig. 1C). Compared 
with those without K19 expression, no patients with pancreatic 
cancer expressing K19 survived for >3 years (Fig. 1C). These 
data suggested that K19 was associated with poor prognosis of 
patients with pancreatic cancer.

In addition, univariate analysis suggested that K19 expres‑
sion and the pathological grade were unfavorable prognostic 
factors for pancreatic cancer (Table I). Multivariate analysis 
(Cox regression) indicated that K19 expression was an inde‑
pendent risk factor for poor prognosis of pancreatic cancer 
(Table II).

K19 promotes pancreatic cancer proliferation. To observe 
the effect of K19 on pancreatic cancer cell proliferation, 
K19‑shRNA (knockdown of K19) and K19‑RNA vector 
(overexpression of K19) were first used to knockdown and 
overexpress the K19 gene in pancreatic cancer cells, respec‑
tively. Next, CCK8, colony‑formation and flow cytometric 
assays were performed to examine the proliferation, colony 
formation and cell cycle progression of pancreatic cancer 
cells with knockdown and overexpression of K19, respectively. 
Knockdown of K19 inhibited pancreatic cancer cell prolif‑
eration (Fig. 2A), colony formation (Fig. 2B) and cell cycle 
progression (Fig. 2C), while overexpression of K19 promoted 
tumor cell proliferation (Fig. 2D), colony formation (Fig. 2E) 
and cell cycle progression (Fig. 2F). CyclinD1 and c‑Myc 
have important roles in cancer proliferation (11,12). Of note, 
compared with that in pancreatic cancer with negative K19 
expression, the expression of CyclinD1 and c‑Myc in pancre‑
atic cancer with positive K19 expression was upregulated 
(Fig. 3A).

In addition, as presented in Fig. 3B, the tumors in the mice 
subcutaneously injected with K19‑overexpressing PANC‑1 
cells grew more quickly, were larger and weighed more than 
those in the control group. Furthermore, the levels of Ki67, 
CyclinD1 and c‑Myc proteins in the tumors in the mice 
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Figure 1. K19 is significantly overexpressed in pancreatic cancer and is associated with poor prognosis. (A) Expression of K19 in pancreatic cancer and 
corresponding adjacent tissues. K19 was significantly overexpressed in pancreatic cancer tissues (magnification, x200). (B) Different intensity of expression of 
K19 in pancreatic cancer (magnification, x200). The expression of K19 in pancreatic cancer and corresponding adjacent tissues was detected by immunohis‑
tochemistry. (C) K19 decreased the survival of patients with pancreatic cancer. **P<0.01, ***P<0.001, ****P<0.0001; ns, no significance. K19, keratin 19; MST, 
median survival time.
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subcutaneously injected with K19‑overexpressing PANC‑1 
cells were increased (Fig. 3C). Collectively, the above data 
suggested that K19 promoted pancreatic cancer proliferation, 
at least in part via enhancing the expression of Ki67, CyclinD1 
and c‑Myc.

K19 inhibits pancreatic cancer cell apoptosis. To observe 
the effect of K19 on pancreatic cancer cell apoptosis, flow 
cytometry was performed. The apoptosis of pancreatic 
cancer cells with K19 knockdown and K19 overexpression 
was detected. Knockdown of K19 promoted pancreatic 
cancer cell apoptosis (Fig. 4A), whereas overexpression of 
K19 inhibited their apoptosis (Fig. 4B). Bcl‑2 has a key role 
in regulating apoptosis  (13,14); i.e., upregulation of Bcl‑2 
is able to inhibit apoptosis, while downregulation of Bcl‑2 
may induce apoptosis (15). Therefore, to observe the effect 
of K19 on the expression of Bcl‑2 in pancreatic cancer, IHC 
was used to detect the expression of Bcl‑2 in pancreatic 

cancer tissues. As indicated in Fig. 4C, Bcl‑2 expression in 
pancreatic cancer tissues expressing K19 was upregulated as 
compared with that in pancreatic cancer tissues without K19 
expression.

In addition, the results of the TUNEL apoptosis assay 
suggested that overexpression of K19 inhibited pancreatic 
cancer apoptosis in the subcutaneous tumors in the mice 
injected with PANC‑1 cells that overexpressed K19 (Fig. 4D). 
Collectively, these data suggested that K19 inhibited pancre‑
atic cancer cell apoptosis.

K19 promotes pancreatic cancer metastasis. To observe 
the effect of K19 on pancreatic cancer metastasis, Transwell 
migration and invasion assays were performed to examine 
the migration and invasion of pancreatic cancer cells with 
K19 knockdown and K19 overexpression. As presented in 
Fig. 5A and B, knockdown of K19 inhibited the migration and 
invasion of pancreatic cancer cells, while overexpression of 

Table I. Univariate analysis of survival in patients with pancreatic cancer.

	 Number of	 One‑year	 Two‑year	 Three‑year	 Five‑year	
Variable	 patients	 survival, %	 survival, %	 survival, %	 survival, %	 P‑value

Age, years						      0.1824
  ≤60	 24	 63	 33	 8	 4	
  >60	 42	 38	 24	 7	 2	
Gender						      0.4493
  Male	 37	 43	 22	 8	 3	
  Female	 29	 52	 34	 7	 3	
K19 expression						      0.0001
  Negative	 23	 78	 65	 22	 9	
  Positive	 43	 30	 7	 0	 0	
Tumor location						      0.0822
  Pancreatic head	 36	 42	 19	 0	 0	
  Pancreatic body and tail	 17	 59	 35	 24	 12	
  Pancreas 	 13	 46	 38	 8	 0	
Tumor size, cm						      0.5106
  ≥4	 46	 50	 33	 7	 4	
  >2, <4	 17	 35	 12	 6	 0	
  ≤2	 3	 67	 33	 0	 0	
Vascular invasion						      0.3462
  Absent	 50	 50	 28	 8	 4	
  Present	 16	 38	 25	 6	 0	
Lymph node metastasis						      0.0906
  Absent	 43	 51	 33	 12	 5	
  Present	 23	 39	 17	 0	 0	
Clinical stage						      0.1465
  I‑II	 62	 50	 29	 8	 3	
  III‑IV	 4	 0	 0	 0	 0	
Pathologic grade						      0.0277
  I‑II	 38	 61	 39	 8	 3	
  III‑IV	 28	 29	 11	 7	 4	

K19, keratin 19.
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Table II. Independent prognostic factors for survival by multivariate analysis.

	 Exp(B)	 SE of		  95% CI for
Variable	 (HR)	 Exp(B) (HR)	 P‑value	 Exp(B) (HR)

K19 expression	 0.200	 0.381	 <0.001	 0.200 (0.095‑0.422)
Pathologic grade	 1.761	 0.292	 0.052	 1.761 (0.995‑3.119)
Tumor location	 ‑	 ‑	 0.583	 ‑
Lymph node metastasis	 ‑	 ‑	 0.316	 ‑
Clinical stage	 ‑	 ‑	 0.291	 ‑
Tumor size	 ‑	 ‑	 0.848	 ‑
Vascular invasion	 ‑	 ‑	 0.397	 ‑

K19, keratin 19; HR, hazard ratio; SE, standard error.

Figure 2. K19 promotes pancreatic cancer cell proliferation in vitro. (A) Knockdown of K19 inhibited the proliferation of PANC‑1 and MIA‑PaCa‑2 cells. 
(B) Knockdown of K19 inhibited the colony formation of PANC‑1 and MIA‑PaCa‑2 cells. (C) Knockdown of K19 inhibited the cell cycle progression of 
PANC‑1 and MIA‑PaCa‑2 cells. (D) Overexpression of K19 promoted the proliferation of PANC‑1 and MIA‑PaCa‑2 cells. (E) Overexpression of K19 promoted 
the colony formation of PANC‑1 and MIA‑PaCa‑2 cells. (F) Overexpression of K19 promoted the cell cycle progression of PANC‑1 and MIA‑PaCa‑2 cells. 
The proliferation, colony formation and cell cycle progression of pancreatic cancer cells with knockdown and overexpression of K19 were detected by 
Cell Counting Kit‑8, clone formation assay and flow cytometry, respectively. These experiments were repeated three times. *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001; ns, no significance; K19, keratin 19; sh, short hairpin RNA; Ctrl, control; OD, optical density.
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K19 promoted their migration and invasion (Fig. 5C and D). 
MMP2 and MMP9 have important roles in cancer metas‑
tasis (16,17). Of note, compared with pancreatic cancer tissues 

with negative K19 expression, the expression of MMP2 and 
MMP9 were upregulated in pancreatic cancer tissues with 
positive K19 expression (Fig. 5E).

Figure 3. K19 promotes pancreatic cancer proliferation in vivo. (A) K19 upregulated the expression of CyclinD1 and c‑Myc in pancreatic cancer tissues 
(magnification, x200). The expression of CyclinD1 and c‑Myc in pancreatic cancer tissues with K19‑positive and K19‑negative status was detected by IHC. 
(B) Overexpression of K19 promoted the growth of subcutaneous tumors in the mice injected with PANC‑1 cells overexpressing K19. (C) Overexpression of 
K19 promoted the expression of Ki67, CyclinD1 and c‑Myc in subcutaneous tumors in the mice injected with PANC‑1 cells overexpressing K19 (magnification, 
x200). The expression of Ki67, CyclinD1 and c‑Myc in subcutaneous tumors in the mice injected with PANC‑1 cells overexpressing K19 and control was 
detected by IHC. *P<0.05, ***P<0.001, ****P<0.0001. K19, keratin 19; IHC, immunohistochemistry; Ctrl, control.
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In addition, overexpression of K19 promoted tumor forma‑
tion, mesenteric metastasis, liver metastasis and lung metastasis 
in the mice intraperitoneally injected with K19‑overexpressing 
PANC‑1 cells, as compared with the controls (Fig.  5F). 
Furthermore, the cell density, invasion and infiltration ability 
of tumor cells were increased in the K19‑overexpressing 
group (H&E; Fig. 5F). Metastatic K19‑overexpressing cells 
were observed in the mesentery, liver and lung tissues on H&E 
staining (Fig. 5F). In conclusion, the above data indicated that 
K19 promoted pancreatic cancer metastasis.

K19 activates the Hedgehog pathway and promotes the 
proliferation and metastasis of pancreatic cancer. The 
Hedgehog pathway has a key role in pancreatic cancer 
tumorigenesis and progression  (14,18,19). The activation 

of the Hedgehog pathway affects the survival, prolifera‑
tion, apoptosis, migration and invasion of tumors (20‑24). 
Therefore, to explore the mechanism by which K19 affects 
the progression and prognosis of pancreatic cancer, the 
effect of K19 on the Hedgehog pathway in pancreatic 
cancer was analyzed. As presented in Figs. 6A and S3A, 
knockdown of K19 downregulated the expression of Indian 
hedgehog (Ihh), transmembrane receptor patched (PTCH), 
G protein‑coupled‑like receptor smoothened (SMO) and 
Gli1‑the key proteins of the Hedgehog pathway; by contrast, 
overexpression of K19 upregulated their expression in 
pancreatic cancer cells (Figs. 6B and S3B). Of note, the 
expression of Ihh, PTCH, SMO and Gli1 in pancreatic cancer 
tissues with positive K19 expression was also upregulated 
as compared with that in pancreatic cancer tissues with 

Figure 4. K19 inhibits pancreatic cancer cell apoptosis. (A) Knockdown of K19 promoted apoptosis of PANC‑1 and MIA‑PaCa‑2 cells. (B) Overexpression 
of K19 inhibited apoptosis of PANC‑1 and MIA‑PaCa‑2 cells. The apoptosis of pancreatic cancer cells with knockdown of K19 and overexpression of K19 
was detected by flow cytometry. These experiments were repeated three times. (C) K19 upregulated Bcl‑2 expression in pancreatic cancer tissues (magni‑
fication, x200). The expression of Bcl‑2 in pancreatic cancer tissues with K19 positive and K19 negative status was detected by immunohistochemistry. 
(D) Overexpression of K19 inhibited tumor cell apoptosis in subcutaneous tumors in the mice injected with PANC‑1 cells that overexpress K19 (magnification, 
x200 in left panels and x400 in magnified windows to the right). The apoptosis of subcutaneous tumors in the mice injected with PANC‑1 cells overexpressing 
K19 and control was detected by a TUNEL apoptosis assay. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. K19, keratin 19; Ctrl, control; sh, short hairpin RNA; 
PI, propidium iodide.
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Figure 5. K19 promotes pancreatic cancer metastasis in vitro and in vivo. (A) Knockdown of K19 inhibited the migration of PANC‑1 and MIA‑PaCa‑2 
cells (magnification, x200). (B) Knockdown of K19 inhibited the invasion of PANC‑1 and MIA‑PaCa‑2 cells (magnification, x200). (C) Overexpression of 
K19 promoted the migration of PANC‑1 and MIA‑PaCa‑2 cells (magnification, x200). (D) Overexpression of K19 promoted the invasion of PANC‑1 and 
MIA‑PaCa‑2 cells (magnification, x200). The migration and invasion of pancreatic cancer cells with knockdown of K19 and overexpression of K19 was 
detected by Transwell migration and invasion assays. These experiments were repeated three times. (E) K19 upregulated the expression of MMP2 and MMP9 
in pancreatic cancer tissues (magnification, x200). The expression of MMP2 and MMP9 in pancreatic cancer tissues with K19 positive and K19 negative was 
detected by immunohistochemistry. (F) Overexpression of K19 promoted the tumorigenesis and metastasis of peritoneal metastasis tumors in the mice injected 
with PANC‑1 cells that overexpress K19 (magnification, x200 in left panels and x400 in magnified windows to the right; scale bar in tumor/organ images, 
1 cm). *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; ns, no significance; K19, keratin 19; Ctrl, control; sh, short hairpin RNA.
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Figure 6. K19 activates the Hedgehog pathway and promotes the proliferation and metastasis of pancreatic cancer. (A) Knockdown of K19 downregulated 
the expression of Ihh, PTCH, SMO, Gli1, c‑Myc, CyclinD1, MMP2 and MMP9 in PANC‑1 and MIA‑PaCa‑2 cells. (B) Overexpression of K19 upregulated 
the expression of Ihh, PTCH, SMO, Gli1, c‑Myc, CyclinD1, MMP2 and MMP9 in PANC‑1 and MIA‑PaCa‑2 cells. The expression of Ihh, PTCH, SMO, 
Gli1, c‑Myc, CyclinD1, MMP2 and MMP9 in pancreatic cancer cells with knockdown of K19 and overexpression of K19 was detected by western blot. 
(C) K19 upregulated the expression of Ihh, PTCH, SMO and Gli1 in pancreatic cancer tissues (magnification, x200). The expression of Ihh, PTCH, 
SMO and Gli1 in pancreatic cancer tissues with K19 positive and K19 negative was detected by immunohistochemistry. (D) Overexpression of K19 
upregulated the expression of Gli1 in PANC‑1 and MIA‑PaCa‑2 cells, while Gli1 inhibitor reversed it. The expression of Gli1 in pancreatic cancer cells 
in K19 overexpression group, K19 overexpression + Gli1 inhibitor group and control group was detected by western blot analysis. (E) Overexpression of 
K19 promoted the proliferation of PANC‑1 and MIA‑PaCa‑2 cells, while Gli1 inhibitor reversed it. The proliferation of pancreatic cancer cells in K19 
overexpression group, K19 overexpression + Gli1 inhibitor group and control group was detected by a Cell Counting Kit‑8 assay. These experiments were 
repeated three times. (F) Overexpression of K19 promoted the invasion of PANC‑1 and MIA‑PaCa‑2 cells, while Gli1 inhibitor reversed it (magnification, 
x200). Invasion of pancreatic cancer cells in K19 overexpression group, K19 overexpression + Gli1 inhibitor group and control group was detected by a 
Transwell invasion assay. These experiments were repeated three times. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, K19 overexpression vs. control group 
or as indicated; #P<0.05, ###P<0.001, K19 overexpression + Gli1 inhibitor vs. K19 overexpression group. ns, no significance. K19, keratin 19; Ctrl, control; 
sh, short hairpin RNA; OD450, optical density at 450 nm; PTCH, transmembrane receptor patched; SMO, G protein‑coupled‑like receptor smoothened; 
Ihh, Indian hedgehog; Gli1, glioma‑associated oncoprotein 1.
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negative K19 expression (Fig. 6C). These data indicated that 
K19 activated the Hedgehog pathway in pancreatic cancer.

It is generally thought that Gli1 is a reliable marker for the 
activation of the Hedgehog pathway (25). Therefore, to observe 
whether the mechanism by which K19 promotes pancreatic 
cancer progression is through activating the Hedgehog pathway, 
a Gli1 inhibitor was used to block the Hedgehog pathway. As 
demonstrated in Fig. 6D, overexpression of K19 upregulated 
the expression of Gli1, while Gli1 inhibitor reversed this effect. 
It was then observed that overexpression of K19 promoted 
the proliferation and invasion of pancreatic cancer, while 
Gli1 inhibitor reversed these effects (Fig. 6E and F). Of note, 
knockdown of K19 downregulated the expression of Ihh, 
PTCH, SMO and Gli1, and also downregulated the expression 
of c‑Myc, CyclinD1, MMP2 and MMP9 in pancreatic cancer 
cells (Figs. 6A and S3A). Overexpression of K19 upregulated 
the expression of Ihh, PTCH, SMO and Gli1, and also upregu‑
lated the expression of c‑Myc, CyclinD1, MMP2 and MMP9 
in pancreatic cancer cells (Figs. 6B and S3B). Collectively, 
these data indicated that K19 activated the Hedgehog pathway 
to promote pancreatic cancer progression. In other words, the 
mechanism by which K19 promoted pancreatic cancer progres‑
sion was through the activation of the Hedgehog pathway.

Discussion

Although previous studies have indicated that tumors 
expressing K19 have stronger invasiveness and worse prog‑
nosis (7,8), the function and mechanism of K19 in pancreatic 
cancer progression and prognosis remain largely elusive. In 
the present study, it was indicated that K19 has a critical role 
in promoting pancreatic cancer progression and to be associ‑
ated with poor prognosis. Specifically, K19 was significantly 
overexpressed in pancreatic cancer and an indicator of poor 
prognosis. Furthermore, K19 promoted pancreatic cancer 
proliferation, tumorigenesis and metastasis, and inhibited 
its apoptosis. Mechanistically, these effects were mediated 
through activating the Hedgehog pathway.

CyclinD1 and c‑Myc inhibit tumor cell apoptosis, promote 
their proliferation and cell cycle progression, and have a key 
role in tumorigenesis (11,12,26‑28). Of note, in the present 
study, it was indicated that K19 upregulated the expression of 
CyclinD1 and c‑Myc in pancreatic cancer, promoted pancreatic 
cancer proliferation, cell cycle progression, tumorigenesis and 
development, and inhibited its apoptosis. Reducing extracel‑
lular matrix and basement membrane is the key mechanism of 
tumor invasion and metastasis. MMP2 and MMP9 may reduce 
extracellular matrix and basement membrane and have a key 
role in tumor invasion and metastasis (29,30). Downregulating 
or inhibiting MMP2 and MMP9 may inhibit tumor migration 
and invasion (31,32). Of note, in the present study, it was indi‑
cated that K19 upregulated MMP2 and MMP9 in pancreatic 
cancer and promoted pancreatic cancer cell migration, invasion 
and metastasis. These data indicated that K19 may promote 
pancreatic cancer proliferation and metastasis to promote 
pancreatic cancer progression, at least in part via enhancing 
the expression of CyclinD1, c‑Myc, MMP2 and MMP9.

The Hedgehog pathway has a crucial role in pancreatic 
cancer tumorigenesis and development (18,33). The activation 
of the Hedgehog pathway affects the survival, proliferation, 

apoptosis, migration and invasion of tumors  (20‑24). Ihh, 
PTCH, SMO and Gli1 are the key proteins of the Hedgehog 
pathway (19,34). The Hedgehog pathway is regulated by the 
Hedgehog pathway ligands PTCH and SMO. When the ligands 
[Sonic hedgehog (Shh), Ihh and desert hedgehog] are combined 
with PTCH (PTCH1 and PTCH2), SMO increases and releases 
Gli1, Gli2 and Gli3 transcription factors, which promote tran‑
scription of Gli1, Gli2 and Gli3. As a result, the Hedgehog 
pathway is activated (15,22,35). Therefore, to investigate the 
mechanism by which K19 affects the progression and prog‑
nosis of pancreatic cancer, the expression of Ihh, PTCH, SMO 
and Gli1 in pancreatic cancer was observed. Of note, it was 
indicated that K19 upregulated the expression of Ihh, PTCH, 
SMO and Gli1 in pancreatic cancer tissues and cells. This 
finding indicated that K19 activated the Hedgehog pathway. 
Furthermore, it was found that the changes of CyclinD1, 
c‑Myc, MMP2 and MMP9 were consistent with those of Ihh, 
PTCH, SMO and Gli1. K19 upregulated the expression of 
Ihh, PTCH, SMO and Gli1 in pancreatic cancer tissues and 
cells, and also upregulated the expression of CyclinD1, c‑Myc, 
MMP2 and MMP9. These findings suggest that K19 promotes 
pancreatic cancer proliferation and metastasis through the acti‑
vation of the Hedgehog pathway. Furthermore, it is generally 
thought that Gli1 is a reliable marker for the activation of the 
Hedgehog pathway (25). Therefore, to examine whether K19 
promotes pancreatic cancer progression through activating 
the Hedgehog pathway, a Gli1 inhibitor was used to block 
the Hedgehog pathway. It was indicated that Gli1 inhibitor 
reversed pancreatic cancer proliferation and invasion induced 
by overexpression of K19. Collectively, these data suggest that 
the mechanism by which K19 promotes the progression and 
poor prognosis of pancreatic cancer is through the activation 
of the Hedgehog pathway.

Bcl‑2 expression is related to the activation of the 
Hedgehog pathway in pancreatic cancer (15). The Hedgehog 
pathway key protein Shh inhibits apoptosis through upregu‑
lating Bcl‑2 expression  (36). Upregulation of Gli1 may 
upregulate Bcl‑2 (37). The Hedgehog pathway regulates the 
survival of tumor cells by regulating Bcl‑2 expression (38). 
Of note, in the present study, it was indicated that K19 
upregulated the expression of Bcl‑2 in pancreatic cancer 
tissues and cells, inhibited their apoptosis and activated the 
Hedgehog pathway. These data suggest that K19 activates 
the Hedgehog pathway to upregulate Bcl‑2 expression and 
inhibit apoptosis in pancreatic cancer. This is consistent with 
previous studies (15,36).

In addition, in the present study, intraperitoneal injection 
instead of tail vein injection was chosen when constructing a 
metastatic tumor model, mainly because the intraperitoneal 
metastatic tumor model is more similar to the clinical char‑
acteristics of pancreatic cancer (39,40). In the subcutaneously 
transplanted tumor model, tumor growth was observed for a 
long time, mainly because the number of cells injected was 
low, so that the tumor grew slowly.

Of note, the present study also had certain limitations. First, 
it remains insufficiently clear how K19 activates the Hedgehog 
pathway to promote progression and poor prognosis of pancre‑
atic cancer. Furthermore, it remains to be investigated whether 
patients with high K19 expression may benefit from chemo‑
therapy and whether any drug may downregulate and inhibit 
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K19 in pancreatic cancer to improve progression and prognosis 
of pancreatic cancer. These topics are the areas that are currently 
being investigated or will be investigated in the future.

In conclusion, K19 promotes pancreatic cancer progression 
and poor prognosis. The mechanism involves the activation of 
the Hedgehog pathway. K19 may be a novel molecular target 
for pancreatic cancer treatment.
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