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Abstract: Pancreatic ductal adenocarcinoma (PDAC) is a prominent type of pancreatic cancer. We have recently un-
veiled that the anti-tumor adjuvant calycosin concurrently possesses growth-inhibitory and pro-metastatic potential 
in PDAC development by regulating transforming growth factor β (TGF-β), which plays dual roles as both tumor sup-
pressor and tumor promoter. Hence, we are interested to explore if the pro-metastatic property of the drug could be 
attenuated for effective treatment of PDAC. Through network pharmacology, MUC1 had been identified as the most 
common drug target of herbal Astragalus constituents (including calycosin) in treating PDAC. Following MUC1 gene 
silencing, the drug effects of calycosin on migratory activity, growth and metabolic regulation of PDAC cells were 
assessed by using immunofluorescence microscopy, quantitative real-time polymerase chain reaction (qRT-PCR), 
Western immunoblotting, co-immunoprecipitation (Co-IP), wound healing assay and flow cytometry, respectively. 
Through in vivo experiments, we further validated the working relationship between MUC1 and TGF-β. Results have 
elucidated that MUC1 gene suppression could switch off the migratory and pro-metastatic drive of calycosin while 
retaining its growth-inhibitory power by inducing apoptosis and cell cycle arrest, as well as facilitating autophagy and 
metabolic regulation. The underlying mechanism involves downregulation of TGF-β that acts via modulation of AMP-
activated protein kinase (AMPK), Sirtuin 1 (Sirt1) and fibroblast growth factor 21 (FGF21) signaling. These findings 
have provided new insights in the safe and target-specific treatment of PDAC.
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Introduction

Pancreatic cancer is a highly lethal malignancy 
with early metastatic property. The 5-year sur-
vival rate in pancreatic cancer patients is only 
9%, being the lowest amongst other solid can-
cers with more than 57,600 newly diagnosed 
cases and causing 47,050 deaths in the U.S.A. 
in 2020, which has been estimated to become 
the second leading cause of cancer-related 
deaths in 2030 [1, 2]. Pancreatic ductal adeno-
carcinoma (PDAC) is the most common histo-
logic type of pancreatic malignancy, comprising 
almost 90% of all malignant pancreatic neo-
plasms [3]. It is characterized by late diagnostic 
detection, rapid local spread, and the lack of 
reliable biomarkers and efficacious treatment 
schemes [4].

Calycosin is a bioactive isoflavonoid among the 
main ingredients of Radix Astragalus, a lead 

herb in various Traditional Chinese medicine 
formulations. It has been reported to possess 
antitumor, neuroprotective, anti-inflammatory, 
and proangiogenic properties [5]. Our research 
group has recently reported that calycosin 
could significantly inhibit the growth of PDAC 
cells through induction of cell cycle arrest  
and apoptosis, but concurrently increased cell 
migration and invasiveness due to the crucial 
involvement of TGF-β [6]. 

MUC1 is a heterodimeric transmembrane pro-
tein localized at the apical membranes of nor-
mal secretory epithelial cells, with frequent 
overexpression at the cancer cell surface [7- 
11]. In clinical practice, MUC1 has been used 
as a cancer biomarker to evaluate PDAC 
patient’s survival rate [7]. A high expression 
level of MUC1 in cancer cells would promote 
cell growth, survival, migration, and invasion 
which are related to poor prognosis, while it 
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may also provoke energy metabolism [10, 12, 
13]. Thus, MUC1 can be viewed as an onco- 
genic factor involved in a variety of signalling 
pathways including Wnt/β-catenin [14, 15], 
proto-oncogene tyrosine-protein kinase (c-Src) 
[16], growth factor receptor-bound protein 2 
(Grb2)/son of sevenless (Sos) [17], phospho- 
inositide 3-kinase (PI3K)/Akt [7], p53 [18], gly-
cogen synthase kinase-3 (GSK3) [19], epider-
mal growth factor receptor (EGFR) [20], nuclear 
factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) [21], hepatocyte growth factor 
(HGF)/tyrosine-protein kinase Met (c-Met) [14], 
transforming growth factor β (TGF-β) [8, 15, 
22], fibroblast growth factor 21 (FGF21) [23], 
mitogen-activated protein kinase (MAPK)/c-Jun 
NH2-terminal kinase (JNK)/activator protein 1 
(AP-1) [13, 15] and janus kinase 2 (JAK2)/signal 
transducer and activator of transcription 3 
(STAT3) [24]. MUC1 has also been known to 
have a close working relationship with TGF-β in 
cancer cells [8] by switching its phenotype from 
tumor suppressor to tumor promoter in pancre-
atic cancer development [25]. In the present 
study, we hypothesize that through MUC1 mod-
ulation, the pro-metastatic potential of calyco-
sin in PDAC via TGF-β signaling would be atten-
uated while preserving its growth-inhibitory 
tumor suppressor property.

Materials and methods

Collection of common gene targets of 
Astragalus constituents and PDAC

The pharmacological genes of PDAC were ob- 
tained from TTD (Therapeutic Target Databa- 
se), DisGeNET and OMIM (Online Mendelian 
Inheritance in Man), while the disease-condi-
tioning genes of Astragalus constituents were 
collected from the TCMIDZ (Traditional Chinese 
Medicines Integrated Database) and NPASS 
(Natural Product Activity and Species Source 
database) database. Subsequently, identified 
genes were pooled before obtaining the the- 
rapeu tic targets of Astragalus constituents in 
treating PDAC to obtain a Venn diagram of the 
potential targets of calycosin.

Network target construction and analysis of 
Astragalus constituents in treating PDAC

The web-available STRING database was ac- 
cessed for analysis of pooled therapeutic tar-
gets of Astragalus constituents in treating 
PDAC, followed by identification of the interre-

lated network proteins. Following this, the sys-
tem PPI networks with all core targets were cre-
ated, resulting from the reference data greater 
than 0.9 using Cytoscape software. Besides, 
topological indexes following Network Analyzer 
were screened and determined for the identifi-
cation of core targets.

Reagents

Calycosin (CAS no. 20575-57-9; >98% purity by 
HPLC) was purchased from Chengdu Herbpuri- 
fy Co., Ltd. (Chengdu, Sichuan, China). The st- 
ock solution of the drug was prepared by dis-
solving in 0.1% dimethylsulfoxide (DMSO). 
Silencer™ Select Muc1 siRNA (4392420) and 
Silencer™ Select Negative Control No. 2 siRNA 
(4390846) were purchased from Thermo-Fi- 
sher Scientific (Waltham, MA, USA). They were 
resuspended in nuclease-free water with the 
final working concentration of 50 nmol. Anne- 
xin V/propidium iodide (PI) staining kit was pur-
chased from BD Biosciences (San Jose, CA, 
USA). FxCycle TM PI/RNase staining solution 
was purchased from Invitrogen (Carlsbad, CA, 
USA). The following antibodies were used in  
the IF assay: Primary - MUC1-CT (ab109185, 
Abcam); TGF-β1 (ab64715, Abcam); pAMPKα 
(2531, Cell Signaling Technology). Secondary - 
IgG (H+L) cross-adsorbed goat anti-mouse, 
goat anti-rabbit IgG (H+L) cross-adsorbed sec-
ondary antibody, rabbit IgG (H+L) cross-ad- 
sorbed secondary antibody (all obtained from 
Alexa Fluor™ 546, Invitrogen™, Thermo Fisher 
Scientific). The following antibodies were used 
for Western immunoblotting: Primary - MUC1 
was purchased from Santa Cruz Biotechnology 
(sc7313, CA, USA); TGF-β1 (3711), Snail (3879), 
Cleaved-PARP (9541) and Atg5 (2630) were  
all purchased from Cell Signaling Technology 
(CST, CA, USA). Secondary - goat anti-mouse 
IgG-HRP and goat anti-rabbit IgG-HRP were pur-
chased from Santa Cruz Biotechnology (CA, 
USA).

Isolation, identification, and culture of PDAC 
cell lines

Human pancreatic ductal adenocarcinoma 
(PDAC) cell MIA PaCa-2 was obtained from 
American Type Culture Collection (ATCC; Ma- 
nassas, VA, USA). All cells were grown in Dul- 
becco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) 
plus 1% penicillin and streptomycin. All chemi-
cals for cell culture were purchased from 



MUC1, calycosin and pancreatic cancer

3244 Am J Cancer Res 2022;12(7):3242-3258

Thermo-Fisher Scientific (Waltham, MA, USA) 
unless specified otherwise. Cells were incubat-
ed at 37°C with 5% CO2.

3D cell culture

3D tumor models retain important characteris-
tics of in vivo tumors and can be used to review 
the detailed molecular signature and behavior 
of cancer cells. Suspended 3D cultures will be 
established from the above cancer cell lines as 
cancer spheroids. MIA-PaCa2 cells were seed-
ed into at a density of 500 cells per well in 
96-well Ultra-Low Attachment Multiple Well 
Plate (Corning) and cultured for 7 days using 
10% FBS at 37°C with 5% CO2. Then, every well 
would generate one spheroid.

Drug treatments

siRNA transfection was conducted to facilitate 
MUC1 gene knockdown in MIA-PaCa2 cells  
to investigate the influence on drug action of 
calycosin. MIA-PaCa2 cells were seeded at a 
density of 7×105 cells per well in 6-well plates 
using DMEM with 10% FBS. Following this, 5 μl 
of Lipofectamine® 2000 Transfection Reagent 
(Invitrogen™, Thermo Fisher Scientific) and 5 μl 
of either negative control (NCtrl) siRNA rea- 
gent or MUC1 siRNA reagent was separately 
diluted in 250 μl Opti-MEM medium for 5  
minutes. Diluted Lipofectamine® 2000 Trans- 
fection Reagent was mixed with diluted NCtrl 
siRNA reagent or MUC1 siRNA reagent for 
another 20 minutes. The lipid complexes were 
then added to each well and the plate was incu-
bated at 37°C with 5% CO2 for 6 hours. Cells 
were then treated with calycosin (50 or 100 
μmol) for 24 hours.

Immunofluorescence (IF) assay

For IF microscopic analysis, MIA-PaCa2 cells 
were fixed and probed with MUC1-CT (Abcam; 
1:200 dilution) that specifically labelled its 
cytoplasmic C-terminal, TGF-β1 (Abcam; 1:200 
dilution), pAMPKα (CST; 1:200 dilution) over-
night at 4°C. Then, cells were washed and pro- 
bed with the corresponding secondary anti-
body, followed by the addition of mounting 
medium containing 40,6-diamidino-2-phenylin-
dole (Vector Laboratories). The images were 
captured by using a Zeiss LSM 710 confocal 
laser scanning microscope (Carl Zeiss, Inc., 
Thornwood, NY, USA).

Co-immunoprecipitation (Co-IP) assay

To perform the Co-IP assay, MIA-PaCa2 cells 
were divided into two groups. One group was 
the control group. The other group was the drug 
administration group (100 μM calycosin). MIA-
PaCa2 cells were incubated with 100 μM  
calycosin for 24 hours, after which they were 
lysed. The lysate protein concentration was 
measured and the sample concentration in 
each group was controlled at 1 μg/μl. 50 μL of 
protein A+G magnetic beads (Beyotime) were 
incubated with anti-MUC1 or IgG antibodies  
for 30 min at room temperature. The beads 
were then mixed with the cell lysate overnight 
at 4°C. The complexes were eluted using Tris-
buffered saline (TBS) and 50 μl 1× SDS loading 
buffer was added to each sample, followed by 
heating at 95°C for 5 min. The beads were  
then removed to collect the supernatant for 
subsequent Western blot analysis.

Wound healing assay

Cells were seeded in 6-well plates and cultur- 
ed until reaching 90% confluence. siRNA trans-
fection was performed for 6 hours. A line 
scratch was made with a 100-μl pipette tip 
before the first image was acquired. Calycosin 
in a 2% FBS medium was added to the cell cul-
ture for another 24 or 48 h, when the second 
and third images were obtained. Multiple views 
of each well were documented with each exper-
iment repeated in triplicate.

Reverse transcription-quantitative polymerase 
chain reaction (qRT-PCR)

The total RNA of drug-treated cells was extract-
ed by Quick-RNA Miniprep Kit (ZYMO Resear- 
ch). Gene expression data were normalized to 
β-actin. And the primers were listed in Table 1.

Western blot analysis

Western immunoblotting was used to deter-
mine the protein expression of MUC1, TGF-β1, 
Snail, Cleaved-PARP and Atg5. Drug-treated 
cells were lysed in RIPA buffer to extract the 
total protein. Protein samples were then sepa-
rated by 8-12.5% SDS-PAGE and transferred  
to the PVDF membrane. The membrane was 
blocked in 5% milk blocking buffer for 1 h and 
incubated in the indicated antibodies overnight 
at 4°C. The membrane was then washed 3 
times in TBST buffer and incubated in the sec-
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ondary antibodies for another 1 h at room tem-
perature. After washing three more times in 
TBST buffer, the relative density of each protein 
was quantified by using the Image J software 
and normalized by the housekeeping protein 
β-actin.

Assessment of apoptosis

After drug treatment for 24 h, MIA PaCa-2 cells 
were harvested by trypsin digestion, washed by 
PBS, and stained with Annexin V-fluorescein 
isothiocyanate (FITC) and PI according to the 
manufacturer’s instructions. Samples were 
analyzed in a flow cytometer (FACS Canto™, 
Beckton Dickinson Biosciences, San Jose, CA). 
Early apoptotic cells were Annexin V-FITC posi-
tive and PI negative, while late-phase apoptotic 
cells (undergoing necrosis) were Annexin V-FITC 
and PI double-positive.

Cell cycle analysis

After drug treatment for 24 h, MIA PaCa-2  
cells were harvested and fixed with ice-cold 
70% ethanol at -20°C overnight. FxCycle™ PI/
RNase was used for DNA staining according to 
the manufacturer’s instructions. Samples were 
analyzed by flow cytometry to compute the per-
centage of cells at different phases of the cell 
cycle using the FlowJo software.

Orthotopic tumor xenograft

The animal experimentation protocols were 
pre-approved by the Research Ethics Commi- 
ttee of the Hong Kong Baptist University 
(REC/19-20/0107) and conducted under the 
Regulations of the Department of Health, Hong 
Kong SAR, China (Animal Licence) in accor-

dance with the EU Directive 2010/63/EU and 
associated guidelines. Six-week-old male C57/
BL6 mice were purchased from the Laboratory 
Animal Services Centre, The Chinese Univer- 
sity of Hong Kong. The tumor model was estab-
lished by subcutaneous inoculation of Pan02 
cells (1×106 cells per mouse) into the right flank 
of mice. Then, 6 days after inoculation, mice 
were randomly divided into four groups (n=8)  
as follows: Control group with medium injection 
(i.p.), the positive chemotherapeutic drug con-
trol group of gemcitabine 30 mg/kg (i.p.), caly-
cosin 30 mg/kg treatment group (i.p.) and caly-
cosin 30 mg/kg with electric gun treatment 
group (i.p.) to induce electroporation. All mice 
received drug treatments every day. The body 
weights and tumor diameters were measured 
every other day, and the tumor volume was cal-
culated using the formula (short diameter) 2× 
(long diameter) ×0.5. At the end of the experi-
ments, tumors were then excised and weighed. 
For the histological study, excised tumor speci-
mens were fixed in 10% formalin and embed-
ded in paraffin. Cryogenic sections of the tumor 
samples were then used for immunohisto-
chemical (IHC) analysis.

Immunohistochemical (IHC) analysis of animal 
tissues

The excised tumor samples were embedded 
and fixed. Cryogenic tumor sections (5 µM) 
were prepared and stained with hematoxylin 
and eosin (H&E; Sigma-Aldrich, St. Louis, MO). 
IHC analysis for MUC1, MMP-2, MMP-9, TGF-β 
and CD31 was also performed. Representa- 
tive areas were viewed under light microscopy 
(Nikon 90i, Tokyo, Japan) and photographed at 
a magnification of 20× for IHC, respectively.

Table 1. Primers sequences used for qRT-PCR are as follows
Gene FP (5’ to 3’) RP (5’ to 3’)
MUC1 CCTACCATCCTATGAGCGAGTA ACTGCTGGGTTTGTGTAAGAG
TGF-β1 GCCCTGGACACCAACTATTG CGTGTCCAGGCTCCAAATG
Snail TTCTCACTGCCATGGAATTCC GCAGAGGACACAGAACCAGAAA
p21 GCAGACCAGCATGACAGATTT GATGTAGAGCGGGCCTTTGA
p27 GATGTAGAGCGGGCCTTTGA AGAAGAATCGTCGGTTGCAGG
AMPKα CACAGAGATCGGGATCAGTTAG GTGAGGTCACAGATGAGGTAAG
Sirt1 AGTGGCAAAGGAGCAGATTAG AGTGGCAAAGGAGCAGATTAG
FGF21 ACCTGGAGATCAGGGAGGAT GCACAGGAACCTGGATGTCT
β-Klotho CCACCCTGGTTCTACTCTTATC CCACCCTGGTTCTACTCTTATC
β-actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA
Primers were obtained from Bio-Dream Technology Co., Ltd. (Shenzhen, Guangdong, China) and Life Technologies Co., Ltd. 
(Kwai Chung, New Territories, Hong Kong).
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Figure 1. The Network Pharmacology analysis of PDAC and Astragalus 
constituents. A. Venn diagram of the potential gene targets of PDAC and 
Astragalus constituents. B. Protein-protein interaction (PPI) Network of the 
common potential gene targets. C. GO enrichment analysis of the common 
potential gene targets. D. Network layout of GO enrichment analysis. E. 
Cytoscape Network of common potential gene targets between PDAC and 
Astragalus constituents. F. Heatmap of common potential gene targets be-
tween PDAC and Astragalus constituents.

Statistical analysis

Numerical data are expressed 
as mean ± standard deviation 
(SD). Statistical significance of 
at least P<0.05 was deter-
mined by one-way analysis of 
variance (ANOVA) using Graph- 
Pad Prism 8.0 software fol-
lowed by the Dunnett post-hoc 
test.

Results

Common targets of PDAC and 
Astragalus constituents by us-
ing network pharmacology

To assess all the potential 
common targets between PD- 
AC and Astragalus constitu-
ents, 2040 well-established 
PDAC-related genes were col-
lected from the web-available 
databases of Therapeutic Tar- 
get Database, DisGeNET, and 
OMIM. Besides, 1433 dis-
ease-conditioning genes of 
Astragalus constituents were 
also collected from the TCMID 
and NPASS database. Then, 
20 potential common gene tar-
gets were filtered (Figure 1A). 
A PPI network (The Protein-
Protein Interactions Network) 
was then established (Figure 
1B) by String Database to visu-
alize the inner relationship 
between the 20 filtered poten-
tial common gene targets. In 
the network map: pink lines 
indicate experimentally deter-
mined data; green lines repre-
sent targets that are adjacent 
to each other in space; red 
lines represent a fusion of the 
targets; blue lines represent 
simultaneous effects of the 
targets; yellow line represents 
the relationship between the 
targets obtained through text 
mining; black line represents 
co-expression of the target; 
purple line represents the pro-
tein homology. These results 
have shown that Astragalus 
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constituents have the characteristics of pos-
sessing multiple targets in the treatment of 
pancreatic cancer. Besides, there is a synergy 
between multiple targets. GO analysis (Figure 
1C, 1D) of these common targets obtained 
from the Metascape platform has also been 
shown, of which most of them are related to 
metabolic regulation.

MUC1 is the most correlated effector gene be-
tween PDAC and calycosin

To further determine which target is the most 
effective one, the drug-gene network was es- 
tablished according to the duplicate value by 
using the Cytoscape software, (Figure 1E, 1F). 
Data has indicated that MUC1 gene is the  
most potential relative biological target of 
Astragalus constituents in PDAC treatment.  
A heatmap was obtained to illustrate the corre-

lation between each target and individual 
Astragalus constituents. MUC1 had been fur-
ther verified as the most correlated drug target, 
including that of calycosin.

Calycosin upregulated MUC1 expression in 
MIA-PaCa2 PDAC cells

Based on our previous published data, we set 
the calycosin administration concentrations at 
50 μM and 100 μM [6]. To explore the effect of 
calycosin on the expression of MUC1 in MIA-
PaCa2 cells, immunofluorescence (IF) micros-
copy was performed in both 2D and 3D cell  
cultures (Figure 2A, 2B). MUC1 expression was 
upregulated after calycosin treatment (100  
μM) for 24 h in both 2D and 3D cultures, where-
as the expression signal became extremely 
weak following MUC1 gene silencing. Results 
from qRT-PCR indicate that MUC1 gene ex- 

Figure 2. Effects of calycosin on the expression of MUC1 (with or without MUC1 gene silencing). Immunofluores-
cence staining of MUC1 (green) in MIA-PaCa2 cells treated with 100 μM calycosin for 24 h using (A) 2D or (B) 3D cell 
culture. The nuclei were stained with DAPI (blue). Magnifications: 60× for 2D cell culture (scale bar is 5 μm); 20× for 
3D cell culture (scale bar is 50 μm). (C) Gene expression of MUC1 in MIA PaCa-2 cells after treatment with calycosin 
(50 or 100 μM) for 24 h was detected by quantitative reverse transcription PCR. *P<0.01, **P<0.0001 versus the 
corresponding negative control (NCtrl) group. #P<0.001, ##P<0.0001 versus corresponding group without calycosin 
treatment (0 μM). (D) Protein expression of MUC1 in MIA PaCa-2 cells after treatment with calycosin (50 or 100 μM) 
for 24 h was detected by Western immunoblotting. *P<0.05, **P<0.01, ***P<0.001 versus the corresponding nega-
tive control (NCtrl) group. #P<0.05 versus corresponding group without calycosin treatment (0 μM). Cells treated 
with DMSO were used as negative control. Data are expressed as mean ± SD from 3 independent experiments.
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pression was decreased by calycosin treat-
ment, with further downregulation by MUC1 
gene silencing (Figure 2C). Calycosin upregu-
lated the protein expression of MUC1 in MIA-
PaCa2 cells, which was completely diminish- 
ed under MUC1 gene silencing (Figure 2D). 
These data have indicated that calycosin would 
upregulate MUC1 cellular and protein expres-
sion but downregulate its gene expression in 
PDAC cells, with all expression diminished by 
MUC1 gene silencing.

MUC1 upregulation by calycosin caused altera-
tion of TGF-β expression in PDAC cells

To explore whether regulation of MUC1 can 
affect the expression of TGF-β in PDAC cells, IF 

assessment in 3D cell cultures was performed 
(Figure 3A). Calycosin treatment (100 μM) for 
24 h significantly increased TGF-β expression in 
PDAC 3D culture. MUC1 gene silencing sub-
stantially reduced basal and calycosin-induced 
TGF-β cell expression level. A similar observa-
tion was attained in TGF-β protein expression 
using Western immunoblotting (Figure 3C). 
However, insignificant alteration in MUC1 gene 
expression was observed (Figure 3B). To fur-
ther demonstrate whether MUC1 acts directly 
on TGF-β at the protein level, co-immunoprecip-
itation (co-IP) was employed to validate the fact 
that calycosin (100 μM) caused a significant 
increase in TGF-β expression with correspond-
ing MUC1 upregulation (Figure 3D). These data 
have proven that regulation of TGF-β in PDAC 

Figure 3. Effects of calycosin on the expression of TGF-β1 (with or without MUC1 gene silencing). Immunofluores-
cence staining of TGF-β1 (green) in MIA-PaCa2 cells treated with 100 μM calycosin for 24 h using (A) 3D cell culture 
(scale bar is 50 μm). The nuclei were stained with DAPI (blue). Magnifications: 20× for 3D cell culture. (B) Gene 
expression of TGF-β1 in MIA PaCa-2 cells after treatment with calycosin (50 or 100 μM) for 24 h was detected by 
quantitative reverse transcription PCR. #P<0.05 versus corresponding group without calycosin treatment (0 μM). (C) 
Protein expression of TGF-β1 in MIA PaCa-2 cells after treatment with calycosin (50 or 100 μM) for 24 h was detect-
ed by Western immunoblotting. *P<0.05, **P<0.01, ***P<0.001 versus the corresponding negative control (NCtrl) 
group. (D) The protein interaction of MUC1 and TGF-β in MIA PaCa-2 cells after treatment with calycosin (100 μM) 
for 24 h was detected by co-immunoprecipitation and Western immunoblotting. *P<0.05, **P<0.01, ***P<0.001 ver-
sus the corresponding negative control (NCtrl) group. #P<0.05, ##P<0.01, ###P<0.0001 versus corresponding group 
without calycosin treatment (0 μM). Cells treated with DMSO were used as negative control. Data are expressed as 
mean ± SD from 3 independent experiments. 
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cells by calycosin was due to direct MUC1 
modulation.

Calycosin inhibited PDAC cell migration in 
PDAC cells with MUC1 gene silencing

Excessive cell migratory activity is one of the 
hallmarks of malignant tumors. By using a 
wound healing assay, it was shown that calyco-
sin produce a significant effect after 72 hours 
of treatment, and the “wound area” was signifi-

cantly increased by the drug under MUC1 gene 
silencing, designating an inhibition of PDAC  
cell migration (Figure 4A). The expression level 
of epithelial mesenchymal transition (EMT) 
transcription factor Snail (Zinc finger protein 
SNAI1) was then examined. Calycosin treat-
ment for 24 hours had a tendency to increase 
the gene and protein expression of Snail  
(attaining a significant level in protein expres-
sion at the higher drug concentration), which 

Figure 4. Effects of calycosin on the migration of MIA PaCa-2 cells (with or without MUC1 gene silencing). A. Wound 
healing assay was used in MIA-PaCa2 cells treated with 50 μM calycosin with or without MUC1 siRNA for 0, 24, 48 h 
or 72 h. Area between the inner margins of migrating cells during wound closure was quantified. Three independent 
experiments were conducted each in triplicate. Data are presented as mean ± SD. *P<0.05, ***P<0.001 versus the 
corresponding group without calycosin treatment. B. Gene expression of Snail in MIA PaCa-2 cells after treatment 
with calycosin (50 or 100 μM) for 24 h was detected by quantitative reverse transcription PCR. *P<0.01, **P<0.001 
versus the corresponding negative control (NCtrl) group. C. Protein expression of Snail in MIA PaCa-2 cells after 
treatment with calycosin (50 or 100 μM) for 24 h was detected by Western immunoblotting. *P<0.01, **P<0.001 
versus the corresponding negative control (NCtrl) group. #P<0.01 versus corresponding group without calycosin 
treatment (0 μM). Cells treated with DMSO were used as negative control. Data are expressed as mean ± SD from 
3 independent experiments.
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Figure 5. Effects of calycosin on the apoptosis of MIA-PaCa2 cells (with or without MUC1 gene silencing). A. FITC/PI 
staining was performed in MIA-PaCa2 cells treated with 50 μM calycosin with or without MUC1 siRNA for 24 h. Three 
independent experiments were performed each in triplicate. *P<0.01, **P<0.001 versus the corresponding group 
without calycosin treatment (No drug). #P<0.01 versus corresponding group without calycosin treatment (0 μM). B. 
Protein expression of Cleaved-PARP and Atg5 in MIA PaCa-2 cells after treatment with calycosin (50 or 100 μM) for 
24 h was detected by Western immunoblotting. *P<0.05, **P<0.01 versus the corresponding negative control (NCtrl) 
group. #P<0.05 versus corresponding group without calycosin treatment (0 μM). Cells treated with DMSO were used 
as negative control. Data are expressed as mean ± SD from 3 independent experiments.

was reciprocally regulated following MUC1 gene 
silencing (Figure 4B, 4C). These data suggest 
that PDAC cell migration could be inhibited by 
calycosin under MUC1 gene silencing through 
downregulation of EMT biomarker Snail at the 
protein level.

Calycosin promoted apoptosis under MUC1 
gene silencing in PDAC cells

Through FITC Annexin V/PI staining using flow 
cytometry, it was shown that calycosin signifi-
cantly induced early apoptosis, which was fur-
ther promoted under MUC1 gene silencing 
(Figure 5A). The apoptosis marker cleaved-

nuclear poly (ADP-ribose) polymerase (PARP) 
was overexpressed in protein level with caly- 
cosin treatment and became more overex-
pressed when MUC1 gene silencing (Figure 
5B). Autophagy can activate cell apoptosis [26], 
thus the autophagy factor Atg5 (autophagy-
related 5) was also assessed. Knockdown  
of the MUC1 gene upregulated protein expres-
sion of Atg5, although the drug did not cause a 
significant alteration in the negative control 
group with basal MUC1 level (Figure 5B). These 
results suggest that with MUC1 gene silencing, 
induction of apoptosis by calycosin would be 
further promoted in PDAC cells, with a definite 
contribution by the activation of autophagy.
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Calycosin alleviated the G1 phase arrest 
caused by MUC1 gene silencing in PDAC cells

Induction of apoptosis is often preceded by 
changes in cell cycle kinetics, thus cell cycle 
alteration in MIA-PaCa2 cells by calycosin 
under different MUC1 gene expression levels 
was examined by flow cytometry. Calycosin or 
MUC1 siRNA itself could not significantly mo- 
dulate the cell cycle. Nevertheless, accumula-
tion of cells at G1 phase (from 41.87±2.125% 
to 48.533±3.433%) in the calycosin treatment 
group under MUC1 gene silencing (Figure 6A), 
designated induction of cell cycle arrest at  
G1-S transition. In addition, gene expression of 

the cell cycle regulators p27 (cyclin-dependent 
kinase inhibitor 1B) and p21 (cyclin-dependent 
kinase inhibitor 1) was also assessed (Figure 
6B, 6C). Results indicate an increasing tenden-
cy of p27 and p21 mRNA expression after caly-
cosin treatment (statistically significant for 
p21). With MUC1 gene silencing, calycosin-
induced p27 gene expression became signifi-
cantly upregulated, with a recipricol attenua-
tion of p21 expression. Here, the suppression 
of p21 gene expression by calycosin under 
MUC1 gene silencing could be interpreted as a 
pro-apoptotic manifestation of p21 that had 
also been reported in one of our previous stud-
ies [27]. These findings provide us with the 

Figure 6. Effects of calycosin on cell cycle modulation in MIA-PaCa2 cells (with or without MUC1 gene silencing). (A) 
Cell cycle analysis was performed in MIA-PaCa2 cells treated with 100 μM calycosin with or without MUC1 siRNA 
for 24 h. Gene expression of (B) p27 and (C) p21 in MIA PaCa-2 cells after treatment with calycosin (50 or 100 
μM) for 24 h was detected by quantitative reverse transcription PCR. Cells treated with DMSO were used as nega-
tive control. Data are expressed as mean ± SD from 3 independent experiments. *P<0.05 versus the correspond-
ing negative control (NCtrl) group. #P<0.01, ##P<0.001, ###P<0.0001 versus corresponding group without calycosin 
treatment (0 μM).
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insight that MUC1 gene knockdown can induce 
phase-specific cell cycle arrest in MIA-PaCa2 
cells through differential modulation of the 
growth-regulatory genes, being concurrently 
regulated by calycosin.

Calycosin facilitated metabolic regulation of 
PDAC under MUC1 gene silencing

The Energy metabolic profile of tumor cells has 
exhibited a remarkable correlation with FGF21/
β-klotho signaling, which in turn involves the 
AMPKα pathway. Marked activation of AMPKα 
by calycosin was shown in the 3D culture of 
MIA-PaCa2 cells, with further increase follow-
ing MUC1 gene silencing (Figure 7B). None- 
theless, calycosin treatment did not alter the 
gene expression of the metabolic regulators 
AMPKα and β-klotho, while significantly upre- 

gulated Sirt1 and FGF21 expression (Figure 
7C). Under MUC1 gene silencing, calycosin was 
capable of upregulating the gene expression 
level of all metabolic regulators being tested. 
These findings implicate that calycosin pro-
motes metabolic regulation in PDAC cells which 
becomes more prominent with MUC1 gene 
silencing.

Calycosin increased tumor tissue expression 
of MUC1 in mice xenografted with pancreatic 
cancer cells

In our recent study, we have envisaged that 
calycosin may promote EMT and polarization  
of M2 macrophages through TGF-β activation 
[28]. Here, we further explored the drug effect 
on MUC1 expression in vivo in a tumor xeno-
graft model using C57/BL6 mice. On top of the 

Figure 7. Effects of calycosin on metabolic regulation in MIA PaCa2 cells (with or without MUC1 gene silencing). Im-
munofluorescence staining of AMPKα (red) in MIA-PaCa2 cells treated with 100 μM calycosin for 24 h using (A) 2D 
or (B) 3D cell culture. The nuclei were stained with DAPI (blue). Magnifications: 60× for 2D cell culture (The scale 
bar is 5 μm); 20× for 3D cell culture (The scale bar is 50 μm). (C) Gene expression of AMPKα, Sirt1, FGF21 and 
β-klotho in MIA PaCa-2 cells after treatment with calycosin (50 or 100 μM) for 24 h was detected by quantitative 
reverse transcription PCR. Cells treated with DMSO were used as negative control. Data are expressed as mean ± 
SD from 3 independent experiments. *P<0.05, **P<0.01, ***P<0.0001 versus the corresponding negative control 
(NCtrl) group. #P<0.05, ##P<0.01, ###P<0.0001 versus corresponding group without calycosin treatment (0 μM).
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drug treatment groups, electroporation was 
conducted in an additional calycosin treatment 
group. Results indicate that 30 mg/kg calyco-
sin significantly inhibited tumor growth in mice 
by more than 80%, which had a slightly better 
tumor-suppressive effect when compared with 
that caused by the chemotherapeutic drug 
gemcitabine (Figure 8A). Surprisingly, the tu- 
mor-suppressive effect of calycosin was lar- 
gely diminished with concurrent electropora-
tion treatment. No significant weight loss was 
observed in the calycosin or calycosin with 
electroporation treatment groups, suggesting 
that no systemic toxicity was evoked (Figure 
8B). There was also no hepatic or renal toxicity 
being observed according to the organ index 
plots of various drug treatment groups and the 
group involving electroporation (Figure 8C). To 
extrapolate from our in vitro data on calycosin 
drug action in the promotion of EMT through 
TGF-β activation, we further discovered that  
tissue expression of both MUC1 and TGF-β1 
was significantly upregulated in tumor sec- 
tions obtained from the xenograft mice model 
following calycosin treatment. This phenome-
non was exaggerated by simultaneous electro-
poration (Figure 8D). Besides, the tissue ex- 
pression of matrix metallopeptidases (MMP) 2, 
MMP9 and CD31 (cluster of differentiation 31) 
in PDAC cells was upregulated by calycosin 
treatment, indicating the tendency to promote 
EMT. Likewise, these properties were further 
amplified with concurrent electroporation (Fi- 
gure 8D). All these findings implicate that the 
drive for cell invasiveness and angiogenesis by 
calycosin could be amplified by electroporation, 
contributing to the earlier observation of tumor 
growth aggravation.

Discussion

Surgical removal of the tumor remains the most 
effective treatment approach in pancreatic 
cancer therapy. However, when the tumor sta- 
rts to metastasize, resection may no longer  
be meaningful for most pancreatic cancer 
patients. Besides, the high rate of chemoresis-
tance against gemcitabine, the first-line chemo-

therapeutic drug treatment in non-resectable 
cases also contributes to the low survival rate, 
which has prompted the urge to explore alter-
native neoadjuvant chemotherapeutic agents. 
In our ongoing study [6], a potential anticancer 
agent calycosin has demonstrated excellent 
growth inhibition but also possesses a pro-met-
astatic tendency when treating pancreatic can-
cer. We postulated that such a phenomenon 
could be due to the dual properties of its regu-
lator TGF-β as both tumor suppressor and met-
astatic promoter [28]. Through network phar-
macology, we have deciphered that the most 
potential common gene target between Astra- 
galus constituents and PDAC is MUC1, which is 
an oncogene found to be overexpressed in vari-
ous human cancer cell types, including pancre-
atic cancer. In this study, we have explored the 
crucial role played by MUC1 in the pharmaco-
logical effects of calycosin and its interaction 
with TGF-β in PDAC. MUC1 and TGF-β expres-
sion in PDAC cells was concomitantly upregu-
lated following calycosin treatment as shown in 
the immunofluorescence microscopic pictures. 
This phenomenon is supported by the earlier 
report from Grover et al. [25], which stated that 
overexpression of MUC1 can activate TGF-β 
that could subsequently promote migration and 
invasion in pancreatic cancer. We further envis-
aged that MUC1 gene silencing could downreg-
ulate the protein expression of TGF-β in PDAC 
cells. Calycosin could suppress the migration of 
PDAC cells only with MUC1 gene knock-down. 
Snail is the molecular biomarker mastering 
EMT, an essential participant in tumor invasion 
and metastasis [29]. The protein expression of 
Snail was concentration-dependently downreg-
ulated in calycosin-treated cells under MUC1 
silencing despite a surge in its gene expres-
sion. Hence, the anti-migratory activity of caly-
cosin should act via EMT regulation under 
MUC1 knockout. We cannot explain the enig-
matic increase in Snail gene expression, but it 
is known that the predictive correlation between 
genes of regulation and their respective pro-
teins are relatively low [30], of which an unusu-
al pattern of reciprocal mRNA and protein 
expression may sometimes be possible [31].

Figure 8. The effect of calycosin in PDAC tumor-bearing C57/BL6 mice. A. Calycosin exerted anti-tumor effect in 
Pan02 tumor-bearing C57/BL6 mice. Ctrl: PBS, PsCtrl: gemcitabine 30 mg/kg i.p. every other day, calcyosin: 30 mg/
kg once daily, calycosin + Gun: 100V electroporation for 12 days. More than 80% reduction in tumor mass. B. Daily 
change of tumor volume over 12 days. Tumor volume of PsCtrl and calycosin groups were decreased, with increase 
in calycosin + Gun group. C, D. IHC assays of tissues for MUC1, TGF-β, MMP2, MMP9 and CD31 in different treat-
ment groups (magnification =20×).
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Other than the alleviation of cell invasiveness, 
a profound modulation of the cell cycle and 
induction of early-stage apoptosis together wi- 
th metabolic regulation could be facilitated by 
calycosin in PDAC cells when the MUC1 gene 
was knockdown. Moreover, regulation of p27, 
p21, cleaved-PARP and Atg5 further verified 
these. p27 is a known cell cycle regulator th- 
rough inhibition at the G1/S boundary in res- 
ponse to the anti-proliferative signal, while its 
CDK-independent activities may also involve in 
other cellular processes like cell motility con-
trol, activation of apoptosis and autophagy, all 
contributing to cancer progression and me- 
tastasis [32]. p27 mRNA is overexpressed in 
many cancer cells to promote apoptosis [32], 
while p21 could be associated with anti-apop-
totic activities [33]. Our findings in p27 and p21 
expression implicate that under MUC1 gene 
knockdown, the potential of calycosin to pro-
mote cell cycle regulation and apoptosis in 
PDAC cells will be enhanced. Alternatively, al- 
though p27 is a cell cycle regulator, it also  
possesses CDK-independent activities involv- 
ed in modulating cytoskeleton dynamics con-
trol, apoptosis and autophagy activation [34], 
some of which could be oncogenic to facilitate 
cancer progression and metastasis. In autoph-
agy, p27 can act as the substrate of AMPKα, a 
key energy-controlling enzyme [32]. To confirm 
this rationale, we then tested the typical bio-
markers of apoptosis cleaved-PARP, one of key 
cell substrates, which promotes cell disassem-
bly and induces to apoptosis [35]. Also, we  
tested the autophagy-related molecule Atg5, 
which can accelerate autophagy as well as gen-
erate precursors of the protein upon caspase 
activation to stimulate apoptosis [26]. Our 
results indicate that under MUC1 gene silenc-
ing, the protein expression of Atg5 was 
increased to different extents in PDAC cells, 
further implicating the promotion of apoptosis 
by the drug. With respect to the cell cycle, p21 
can be activated by the tumor suppressor p53 
that subsequently triggers momentary G1 
phase arrest upon DNA damage or other st- 
ressors [36]. With MUC1 knockdown, this con-
dition would be exaggerated, which can be sup-
ported by the increase of p27 mRNA expres-
sion [32, 37]. In the context of metabolic regu-
lation, AMPKα is a key molecule responsible  
for energy regulation. The AMPKα-Sirt1-FGF21 
cascade has a strong correlation to metabolic 
energy modulation. FGF21 can enhance the 

expression of enzymes in mitochondrial metab-
olism and improve the mitochondrial respirato-
ry capacity of adipocytes through the AMPK-
Sirt1 pathway [38]. Besides, FGF21 and AMPK 
activation can both increase glucose uptake 
and decrease hyperglycaemia by promoting 
energy expenditure, together with the increase 
in insulin sensitivity to attenuate metabolic 
stresses [39-44]. In PDAC, loss of FGF21 due  
to the expression of mutant oncogenic K-Ras 
may lead to a metabolic vulnerability [23]. Our 
data has shown that AMPKα, Sirt1, FGF21 and 
β-Klotho were all augmented significantly fol-
lowing calycosin treatment when the MUC1 
gene was knockdown in PDAC, which desig-
nates the importance of MUC1 in the action of 
calycosin to modulate energy metabolism in 
treating PDAC.

In the PDAC tumor xenograft model using C57/
BL6 mice, calycosin has demonstrated no  
systemic toxicity, which was in contrast to  
the case of gemcitabine. Calycosin treatment 
alone could effectively reduce the size of PDAC 
tumors to a similar degree as gemcitabine. 
However, with concurrent electroporation, a 
procedure that could facilitate better drug tar-
geting to tumor tissues, the tumor size was 
increased instead. MUC1 and TGF-β expres- 
sion was downregulated by calycosin at the 
gene level but showing increment otherwise in 
the tumor tissue level, with further augmenta-
tion with concurrent electroporation. In addi-
tion, calycosin promoted the protein expres-
sion of MMP9 and CD31, which are important 
pro-invasive and angiogenic markers closely 
associated with tumor metastasis. Enhanced ex- 
pression of MUC1, MMP9 and CD31 with con-
current electroporation may explain the meta-
static-promoting drive in PDAC. These results 
suggest that calycosin can effectively reduce 
tumor size and reduce metabolic regulation but 
may promote angiogenesis, possibly due to its 
estrogenic property. Furthermore, when calyco-
sin was administered together with electropor-
ation procedure to enhance drug targeting, its 
metastasis-promoting potential becomes pre-
dominated through its pro-angiogenic charac-
teristic that could lead to the reversal of energy 
metabolism regulation - an idea that needs to 
be justified in the prospective study.

Taken together, modulation of the oncogene 
MUC1 is a crucial part of PDAC treatment, 
which may help to explain why calycosin dis-
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Figure 9. The mechanism of MUC1 in treating PDAC by calycosin.

plays dual tendencies of growth inhibition and 
metastatic progression in pancreatic cancer 
treatment. Rectification of the pro-metastatic 
potential of calycosin by MUC1 knockdown 
could help to alleviate the tumor-promoting 
nature of TGF-β. With MUC1 gene knockdown, 
calycosin effectively inhibits pancreatic cancer 
cell invasion through EMT regulation, promotes 
cell cycle arrest and early-stage apoptosis via 
induction of autophagy, as well as facilitates 
metabolic regulation in PDAC. It has been 
reported that several MUC1-associated prolif-
eration signature genes could be used to pre-
dict treatment outcome that affects patient 
survival [45]. Among these, RRM has been 
found in our heatmap as another common 
potential gene target between PDAC and As- 
tragalus constituents (Figure 1F) that is cur-
rently under our investigation. The complete 
mechanistic roadmap of calycosin associated 
with the MUC1 gene and the downstream sig-
naling pathways is summarized in Figure 9. It  
is remarkable that by genetic suppression of 
MUC1, calycosin can be adopted as a potential 
anti-tumorigenic neoadjuvant in the treatment 
of pancreatic cancer that is free from the meta-
static drive and systemic toxicity. 
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