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Abstract 
Background Intracellular calcium ions play an essential role in 
regulating numerous physiological functions by acting as a second 
messenger in signal transduction pathways. Alterations in calcium 
signaling are also implicated in several pathological conditions 
including cancer.  
Aim The purpose of this study is to investigate whether MUC1, a well-
established tumor marker, plays a role in modulating calcium 
signalling in cancer cells.  
Methods MUC1 knockdown breast cancer MCF-7 cells were used to 
investigate whether the overexpression of MUC1 by cancer cells has 
an influence on calcium signalling pathways, by determining the level 
of a range of calcium signalling proteins and the dynamics of 
intracellular calcium mobilization as well as the cellular effects induced 
by calcium treatment. The investigation was also extended to normal 
human mammary epithelial, human breast and pancreatic cancer cell 
lines, which express different levels of MUC1.  
Result MUC1 downregulation altered the aberrant expression of 
several calcium transporter proteins in MCF-7 cancer cells. The level 
of each of these calcium signaling pathways proteins was correlated 
to MUC1 level in normal human mammary epithelial, human breast 
and pancreatic cancer cell lines. Consequently, a number of proteins 
whose activities are calcium dependent such as p-CaMKII, and pro-
coagulant proteins Va, Xa and thrombin were found to be reduced in 
MUC1 downregulated MCF-7 cells. In addition, the effect of thrombin 
on calcium mobilization and the cleavage of the thrombin receptors 
was also reduced in MUC1 downregulated MCF-7 cells.  
Conclusion The downregulation of MUC1 is capable of modulating 
calcium cellular effects via alteration in the expression of calcium 
signalling proteins and by impacting calcium induced initiation of 
procoagulant activity, which is capable of influencing the effect of 
thrombin on cancer cells. Such properties contribute to another crucial 
role for MUC1 within the signalling network associated with 
tumorigenesis. 
  
Keywords: Mucin1, calcium signalling, coagulation, breast and 
pancreatic cancer  
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Background 
Calcium is one of the most important elements in the 
human body, and its regulation plays a vital role in 
many physiological processes. Intracellular calcium 
ions (Ca2+) act as a second messenger in 
regulating gene transcription, cell proliferation and 
death. The calcium signal arises from the 
coordinated activity of a suite of calcium channel 
pumps which are comprised of exchangers and 
binding proteins. Calcium signaling, in addition to its 
numerous physiological roles, is also implicated in 
several pathological conditions including cancer. 
Accumulating evidence has demonstrated that 
intracellular Ca2+ homeostasis is altered in cancer 
cells. Tumorigenic pathways are often associated 
with abnormal degrees of activation of Ca2+ 
channels, Ca2+ transporters, Ca2+-ATPases [1, 2] 
and a number of known molecular players in 
cellular Ca2+ homeostasis, such as calcium release-
activated calcium channel protein 1 (ORAI1), 
stromal interaction molecule 1 (STIM1) and transient 
receptor potential (TRP) channels [3]. Such 
dysregulation of calcium signaling has been linked 
to each of the cellular hallmarks of cancer including 
tumour initiation, angiogenesis, progression and 
metastasis [1-5]. Correction of these derailed Ca2+ 
signals provides an alternative approach towards 
the treatment of cancer [2]. However, although 
specific aspects of the Ca2 + signal have been 
shown to be altered in cancer cells, the overall basis 
of the altered Ca2 + signaling in cancer is not 
completely understood [2, 4]. In particular, 
tumorigenic related differences in gene expression 
and cell signalling in respect of the dysregulation of 
Ca2+ signaling in cancer remain largely unknown.  
Membrane proteins are known to be involved in 
intra and inter cellular signalling, in the coupling of 
extracellular events with intracellular responses, 
and for maintaining intracellular ionic homeostasis 
and they thereby contribute to varying extents to 
the pathophysiological features of individual types 
of cancer [4,5]. Mucin 1 (MUC1), a large trans-
membrane protein, is one of the mucin family 
members that form protective mucous barriers on 
epithelial surfaces [6]. Tumor associated MUC1 
differs from the MUC1 expressed in normal cells 
with regard to its biochemical features, cellular 
distribution, and function. In cancer cells, MUC1 
regulates diverse cellular functions that promote the 
aggressive and metastatic phenotypes of cancer 
cells through an intricate interplay of the MUC1-C 
subunit with various signaling effectors thereby 
regulating the expression of its target genes at both 
the transcriptional and the post-transcriptional level 
and at different subcellular localities [6-8]. 

It has been reported previously that MUC1 initiates 
a calcium signal after ligation by intercellular 
adhesion molecule-1 (ICAM-1), since blocking of the 
ICAM-1 binding site on the MUC1 molecule 
inhibited the calcium-based oscillatory response [9]. 
MUC1 also interacts with calcium-modulating 
cyclophilin ligand (CAML) and transfection of cells 
with plasmids encoding MUC1 and CAML, 
respectively, increased intracellular calcium levels 
compared with cells transfected with either plasmid 
alone, suggesting a possible biological significance 
of a MUC1-CAML interaction [10]. Mucin1 (MUC1) 
is well established as a tumor marker and 
overexpressed in variety of epithelial cancers. To 
date, however, there have been no reports about 
the effect of the level of MUC1 on the expression 
of proteins of the calcium signalling pathways, as 
well any study to determine whether MUC1 is linked 
with calcium induced cellular functions. 
The hypercoagulable state is often a pathogenic 
characteristic of cancer in patients and contributes 
to tumour aggressiveness [11]. Our previous work 
found that tumour-associated Mucin1 correlates 
with the procoagulant properties of cancer cells. 
MUC1 gene downregulation could affect the level 
of expression as well as the activity of procoagulant 
proteins in cancer cells following calcium stimulation 
(12). As calcium ions are required for the promotion 
or acceleration of blood clotting pathways, we 
have considered whether calcium signalling 
pathways could also be impacted by the level of 
MUC1 in cancer cells. Our investigation has 
observed that MUC1 downregulation modulates the 
level of proteins of the calcium signalling pathways 
in human breast cancer cells as well as calcium 
mobilization and calcium induced cellular function. 
The level of MUC1 was also found to be coincident 
to the level of calcium signal pathways proteins in 
pancreatic and breast cancer cell lines. All of these 
findings suggest that MUC1 contributes to the 
calcium signalling pathways of human cancer cells. 
Mucin1 downregulation is able to modulate calcium 
signalling pathways, and could be an early 
contributory factor to tumor pathology.  
 
Materials and Methods 
Cell Culture Human breast cancer cell lines, MCF-7 
and MDA-MB-231 were obtained from the Health 
Protection Agency culture collection (UK). MCF-7 
cells were maintained in DMEM medium 
supplemented with 15% fetal bovine serum (FCS, 
Life Technology, UK), 100 U/ml penicillin, and 100 
mg/ml streptomycin, and cultured in a humidified 
atmosphere of 5% CO2 in air. MDA-MB-231 cells 
were cultured in Leibovitz’s L-15 medium with the 
above same supplements and conditions but in the 
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absence of CO2. Human pancreatic carcinoma cells 
lines, PANC-1, Capan-1 and BxPC-3 and human 
normal mammary cell lines, MCF-12A and MK16C 
were purchased from ATCC (US). Following each of 
the respective ATCC protocols, ANC-1 cells were 
maintained in DMEM medium supplemented with 
10% FCS. Capan-1 cells were cultured in IMDM 
with 20% FCS. BxPC-3 cells cultured in RPMI1640 
with 10% FCS. MCF-12A and MK16c cells were 
cultured in DMEM medium supplemented with 
endothelial cell growth media MV (Promo Cell, 
Germany).  
sh-MUC1 Knockdown Transfection Procedure 
MCF-7 cells were transfected with MUC1 MISSION 
shRNA Lentiviral Transduction Particles (Sigma) 
following the manufacturer’s protocol. The 
properties of stable MUC1 gene knock down cell 
line (shMUC1-MCF-7) were compared to those of 
MCF-7 cells transfected with the MISSION pLKO-1 
puro non-mammalian shRNA control plasmid 
(Sigma) (supplement Figure 1). Puromycin (Sigma) 
was used to select each of the stably transduced cell 
lines prior to the investigations.  
Western Blot The cells were cultured until 90% 
confluence in medium containing 10% FBS, which 
was then replaced with serum free medium 
containing 0.2% Lactalbumin Hydrolysate (LAH, 
Sigma-Aldrich UK) overnight. Lysates of harvested 
cells were analysed by Western Blot [13]. In time 
course experiments, the cells were cultured in 
Keratinocyte-SFM (serum-free medium) 
(Thermofisher, UK) in the absence of calcium 
chloride. In experiments to investigate the effect of 
(Ca+2) treatment, a low concentration (4mM) of 
calcium chloride was added, which has been shown 
in previous reports to be functionally active as an 
agonist without cytotoxicity (14, 15) and samples 
taken at timed intervals from 5 to 90 mins. Cell 
lysates were prepared and assayed by Western 
blot for protein expression and kinase activities 

using antibodies for MUC1, phospholipase Cƛ1 

(PLC ƛ1), phospholipase Cβ3(PLCβ3), N CKX 

(SLC24A1), Orai 1, PMCA ATPase, SERCA2 
ATPase, STIM1, Calcium/calmodulin-activated 
protein kinase II (CaMKII), Phospho-CaMKII, 
Calmodulin, CAMIL (all were obtained from Abcam 
UK). Primary antibodies for p-ERK, p-Akt, ERK, and 
Akt and the appropriate HRP-conjugated 
secondary antibodies were obtained from Cell 
Signaling (UK).  
Intracellular calcium flux assay To detect the 
effect of MUC1 level on the intracellular calcium 
mobilization in breast cancer cells and follow the 
release of Ca2+ into the cytoplasm, a Fluo-4 direct 
calcium assay kit (Thermos Fisher Scientific, UK) 
which provides a homogeneous fluorescence-based 

calcium flux assay was used, according to the 
manufacturers protocol, cells were plated in a poly-
d-lysine coated 96-well plate and incubated 
overnight. The following day, cells were assayed 
for a calcium response following the addition of 
agonists including thapsigargin (TG), phorbol 12-
myristate 13-acetate (PMA) and ionomycin and 
thrombin, respectively. A water-soluble probenecid 
supplied with the Fluo-4 Direct™ Calcium Assay 
Kits, was used to inhibit extrusion of the calcium 
indicator out of the cell by organic anion 
transporters. Measurements are given in relative 
fluorescent units as calculated according to value 
observed as the maximum response minus the 
minimum response divided by the minimum 
response.  
The assay of blood coagulation activity induced 
by calcium blood clotting assays measure the time 
required for recalcified citrated plasma to clot in 
response to activators of either the extrinsic 
pathway (PT) or the intrinsic coagulation pathway 
(aPTT) of the blood coagulation cascade. The 
extrinsic pathway is activated by the addition of 
complete thromboplastin, a mixture of tissue factor 
(TF), phospholipids and CaCl2, to the plasma 
samples [16]. In this investigation, the clotting 
activity assay was determined by the recalcification 
of pooled citrated normal human plasma in the 
presence of cell extracts as a source of Tissue Factor 
(TF) and phospholipid. 30 µl of the cell lysate 

sample prepared with octyl-β-D-glucopyranoside 

were added to 40 µl of 40mM CaCl2 in TBSN 
buffer (50 mM Tris-HCl, pH7.5, 150 mM NaCl, and 
0.02 % Na Azide) before mixing with 50 µl normal 
pooled plasma (NPP, TCS Biosciences UK) in 
microwell plates incubated at 37°C in a 
SpectraMax plate reader. The clotting time was 
determined from the timeline plots of the 
progressive increase in absorbance at 405 nm by 
extrapolation to the x-axis (time) of the slope of the 
steep increase in absorbance, which is observed as 
the clot is formed.  
 
Results 
The level of expression of calcium signalling 
proteins corresponded with the MUC1 level in 
normal and cancer cells. The levels of calcium 
signalling proteins selected from their involvement 
in Ca2+ influx pathways and aberrant expression 
in cancer [1, 2, 17-28] were assayed by Western 
Blot using cell samples prepared at timed intervals 
after treatment with 4mM CaCl2 (Figure 1A). 
Compared with shCtrl-MCF-7 cell, the expression of 

phospholipase Cƛ1 (PLC ƛ1), (an isotype of PLC, 

capable of triggering an increase in the cytoplasmic 
Ca2+ level by opening channels in the endoplasmic 
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reticulum or the plasma membrane via cleavage of 
PIP2) was reduced in Ca2+ treated shMUC1-MCF-
7cells. There was no significant change in 

phospholipase Cβ3 (PLCβ3) and SLC24A1 (one of 

the Na+/Ca2+-K+ exchangers (NCKX) - a 
bidirectional plasma membrane transporter). 
However, it was observed that the level of PMCA 
ATPase, which has a role in maintaining cytoplasmic 
levels of Ca2+ and exhibits a lower expression in 
a variety of cancer types [24], was gradually 
increased during the Ca2+ stimulated time course 
in shMUC1-MCF-7 cells. However, one of the 
calcium signalling proteins which is highly expressed 
in cancer cells, SERCA2 ATPase (a member of the 
SERCA pumps responsible for constantly moving 
Ca2+ uphill into the endoplasmic reticulum (ER)), 
was reduced (Figure 1A). The expression of stromal 
interaction molecule (STIM 1, the endoplasmic 
reticulum (ER) Ca(2+)-sensor) as well as Orai 1 

which mediates store-operated Ca2+ entry (SOCE) 
was each reduced in shMUC1-MCF-7cells. The 
activity of calcium/calmodulin-dependent protein 
kinase II (CaMKII), which is calcium dependent is 
extremely low in its basal state [29]. Our work 
showed that the level of CaMKII at basal state (time 
0) was lower in shMUC1-MCF-7 cells compared to 
shCtrl-MCF-7 cells, but following calcium treatment 
its level in shMUC1-MCF-7 cells was increased at 
the 30 min time point. Moreover, the level/activity 
of phospho-calcium/calmodulin- dependent protein 
kinase II (p-CaMKII) in response to Ca2+ treatment, 
was only slightly enhanced in shMUC1-MCF-7 cells 
compared to a large increase in shCtrl-MCF-7 cells, 
even though the levels of Calmodulin did not show 
significant difference between each of the cell lines 
(Figure 1A). The results clearly indicated that the 
calcium dependent cellular reaction was reduced 
by MUC1 downregulation in this breast cancer cell 
line. 

 

 
 
To investigate further the relationship between the 
MUC1 level and these calcium signalling proteins, 
Western blot assay was also performed with the 
lysed samples of human pancreatic epithelial 
cancer cell lines, PANC-1, Capan-1 and BxPC-3; 
human breast cancer epithelial cell lines, MCF-7 
and MDA-MB231; and normal human mammary 
epithelial cell lines MCF-12A and MK16C, since 
different levels of MUC1 exist between these cell 
lines. It was observed that a high level of expression 
of SERCA2, Orai 1 and CaMKII occurred in 

pancreatic cancer cells, PANC-1 and Capan-1 and 
breast cancer cells MCF-7 and MDA-MB231 (Figure 
1B), - these cells have a relatively higher expression 
of MUC1 than that of the pancreatic cancer cells, 
BxPC-3 and the normal mammary cell lines MCF-
12a and MK16c. STIM1 was also highly expressed 
in PANC and MCF-7 and MDA-MB231 cells. On the 
other hand, a lower level of PMCA ATPase was 
observed in both pancreatic cancer cell lines, PANC 
and Capan-1 as well as the breast cancer cell line, 
MCF-7 compared with the two normal mammary 

https://esmed.org/MRA/index.php/mra/article/view/3890
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cell lines (Figure 1B). It was also noted that the level 
of p-CaMKII corresponded with MUC1 level in these 
cells, being relatively low in pancreatic cancer cells 

BxPC-3 and the normal mammary cell lines MCF-
12a and MK16c (Figure 1B).  

 

 
Figure 1. The expression level and activity of calcium signalling proteins corresponded with MUC1 level 
in in normal and cancer cells. A) The levels of selected calcium signalling proteins, which are involved in 
Ca2+ influx pathways and are known to be modulated in cancer cells, were analysed with Western Blot in 
the cell lysates of the Ca++ treatment time course samples. B. Western blot assay of the expression level 
of calcium signalling proteins in human mammary normal (MCF12a and MK16c) and pancreatic cancer 
(PANC-1, Capan-1 and BxPC-3) and breast cancer (MCF-7 and MDA-MB-231) epithelial cell lines also 
showed correspondence with the level of MUC1. Full blots are presented in Supplement file. 
 
Downregulation of MUC1 altered the ability of 
calcium treatment to induce the coagulation 
activities of cancer cells. Most of the reactions in 
blood coagulation factors require Ca2+ for 
catalysis and/or complex assembly [30], for 
example, the activation of coagulation factors, F-X, 
and prothrombin are dependent on calcium ion. To 
investigate the effect of MUC1 downregulation on 
the influence of calcium treatment on the 
procoagulant properties of cancer cells, cells were 

treated with 4mM CaCl2 and sampled at timed 
intervals for analysis of cell lysates by Western 
blot. Compared with shCtrl-MCF-7 cells, the protein 
level of F-X, and prothrombin did not show 
significant change in calcium treated shMUC1-MCF-
7 cells, but the levels of F-Xa, FVa and thrombin 
were significantly lower throughout the Ca++ 
treatment time course, and levels of F-V were also 
reduced (Figure 2A). 
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The coagulation activity was also observed in the 
cell lysates/protein extracts of the treated shCtrl-
MCF-7 and shMUC1-MCF-7 cells. The activity is 
measured by a plasma clotting assay, in which cells 
were added to citrated plasma before initiating the 
reaction by the addition of CaCl2. It was observed 

that the rate of formation of the clot was 
significantly reduced in shMUC1-MCF-7 cells 
(Figure 2B), both in the time taken for an initial clot 
to form (Ts) and the time taken for clot formation to 
reach a maximum (Tmax) [31].  

 

 
Figure 2. Downregulation of MUC1 decreased calcium inducing coagulation activation in cancer cells. 
A. Western blot assay showed that the levels of F-Xa, F-Va and thrombin, along with thrombin receptors 
(PAR1 and PAR4) cleavage by thrombin were lower throughout the Ca++ treatment time course in sh-MUC1 
MCF-7 cells. Full blots are presented in Supplement file. B. Clotting activity assay analysing the effect of 
MUC1 gene knock down on calcium induced clotting activity, using the re-calcification of normal human 
pooled plasma in the presence of cell lysate samples, obtained from cultures of shMUC1-MCF-7 cells and 
shCtrl-MCF-7 cells. Ts: the starting point time of clot formation. tmax: the time at which clot formation reaches 
a maximum. Data was prepared as the mean of at least 6 determinations.  
 
Downregulation of MUC1 strikingly reduced the 
effect of thrombin on calcium mobilization and 
the cleavage of the thrombin receptors (PARs) in 
cancer cells. As one of major coagulation players, 
the multiple effects of thrombin depend on calcium. 
Since the level of thrombin was reduced in shMUC1-
MCF-7cells, it was decided to determine whether 
the effect of thrombin treatment of the cells was 
also impacted. The majority of the effect of serine 
protease, thrombin on cells is mediated by the 
binding to and cleavage of its cellular receptors 
(the proteinase activated receptor family, PARs) 
[32, 33]. Using Western blot, it was observed that 
there were differences between shCtrl-MCF-7 and 
shMUC1-MCF-7cells in the response of the two 
major thrombin receptors, (PAR1 and PAR4) to 
calcium treatment. The level of expression of both 
receptors was shown to be slightly reduced in the 
MUC1 knockdown cells. In addition, both of the 
protein bands associated with thrombin cleavage 
were significantly weaker in shMUC1-MCF-7 cells 
compared with shCtrl-MCF-7cells (Figure 2A).  

It is well known that thrombin treatment induces 
cytosolic Ca2+ mobilization in a variety of cell 
types via cleavage of the cell receptor. As an 
example, thrombin-induced Ca2+ mobilization in 
human gingival fibroblasts is mediated by PAR-1 
[34]. The time course of intracellular calcium 
mobilization was therefore determined using the 
Fluo-4 direct calcium assay kit, while cells were 
stimulated with increasing concentrations of each of 
thrombin, or for comparison with each of other cell 
agonists, namely: a mixture of phorbol 12-myristate 
13-acetate (PMA) and ionomycin, or with 
thapsigargin (TG). A dose dependent increase in 
intracellular calcium was observed upon treatment 
with all the agonists tested with a lower response in 
each case in the shMUC1-MCF-7 cells compared to 
the shCtrl-MCF-7 cells (Figure 3). However, the 
difference between the response of shMUC1-MCF-
7 and shCtrl-MCF-7 cells was relatively minor using 
the PMA and Ionomycin mixture or TG, but was 
strikingly different when using thrombin as an 
agonist such that the potency of thrombin was 
reduced by 7- to 8-fold in the MUC1 knockdown 
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cells. These results suggest that the interaction of 
thrombin with the thrombin receptors is impacted by 
MUC1 either through facilitation of the binding to 

the receptor or to the cleavage and activity of the 
PAR receptor. 

 

 
Figure 3. Downregulation of MUC1 reduced the effect of thrombin on calcium mobilization in cancer 
cells. Intracellular calcium mobilization activity analysis using a Fluo-4 direct calcium assay kit. Cells were 
stimulated with increasing concentrations of each of, phorbol 12-myristate 13-acetate (PMA) & ionomycin, 
thapsigargin (TG), and thrombin, respectively. Data represented by relative fluorescent units (RFU) 
calculated as the maximum response minus the minimum response divided by the minimum response 
 
Discussion 
Intracellular Ca2+ homeostasis is governed by a 
network comprised of various Ca2+ channels and 
transporters proteins. Alterations in calcium 
signaling and/or the expression of calcium pumps 
and channels are an increasingly recognized 
property of certain cancer cells, which have resulted 
in calcium levels that exceed the typical threshold 
of normal cells. These elevated calcium levels allow 
the cells to proliferate and become malignant [35]. 
This present investigation now shows that the 
expression of several calcium signalling proteins, 
whose levels had been found to be abnormally 

modulated in tumor cells [17-28], was altered in the 
opposite direction following MUC1 gene knock 
down of breast cancer cells. The correspondence 
between the levels of this group of proteins and the 
level of MUC1 was also observed upon testing of 
human normal, pancreatic and breast cancer cells. 
The altered calcium transporter proteins 
consequently impacted calcium mobilization and 
thereby may be capable of interfering with prompt 
cell signalling.  
It had been reported previously that MUC1 
interacts with calcium-modulating cyclophilin ligand 
(CAML) and transfection of cells with plasmids 

https://esmed.org/MRA/index.php/mra/article/view/3890
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encoding MUC1 and CAML, respectively, increased 
intracellular calcium levels [10]. Our work found the 
expression level of CAML was not significantly 
changed in MUC1 downregulated cancer cells 
(data did not show). This indicates that MUC1 
impacted calcium signalling did not depended on 
CAML, as a transmembrane protein. Instead MUC1 
may directly or indirectly, via various adhesion 
/receptor molecules impact the calcium dependent 
cellular functions.  
Several observations regarding the effect of MUC1 
on calcium induced protein and cellular function 
have been provided in this investigation. One of 
them is calcium/calmodulin-dependent protein 
kinase II (CaMKII). High levels of CaMKII are 
expressed in a variety of malignant diseases and 
the role of CaMKII in the diagnosis of different kinds 
of cancer has led to the development of CaMKII 
inhibitors as a novel cancer therapeutic target [36]. 
In particular, phosphorylation of CaMKII at T286, is 
involved in the control of breast cancer metastasis. 
The overexpression of T286D leads to 
phosphorylation of FAK, STAT5a, and Akt and 
offers a promising target for the development of 
therapeutics to prevent breast cancer metastasis 
[17]. Our investigation demonstrated that the 
activity of p-CaMKII (T286), as assessed by anti p-
CaMKII (Phospho T286) antibody, was reduced in 
MUC1 downregulated cells. This correspondence 
between the activity of p-CaMKII and the MUC1 
level was also observed in the tested human normal, 
pancreatic and breast cancer cell lines.  
 
Another phenotypic feature of cancer cells is their 
procoagulant activity (PCA) and the activation of a 
number of the coagulation factors, requires calcium 
ions as a cofactor. TF expressed on cell surface is 
maintained in a cryptic state, which does not exhibit 
any measurable coagulant activity. A large calcium 
influx triggers both the exposure of 
phosphatidylserine and the expression of TF 
procoagulant activity on the cell surface [37]. The 
clotting activity assay used in this investigation is 
based on the use of cell extracts as a source of TF 
and phospholipid. Our results showed that the 
clotting activity, as well as the levels of other 
procoagulant proteins F-Va, F-Xa as well the 
thrombin induced increase in intracellular calcium 
which occurs following cleavage of PAR receptors, 
were reduced by MUC1 down regulation.  
In conclusion, the downregulation of MUC1 is 
capable of modulating calcium cellular effects via 
the aberrant expression of calcium signalling 
proteins, which consequently impact calcium 
mobilization and thereby lead to interference in 

prompt cell signalling with a most striking effect on 
the properties of the breast cancer cells. These 
properties could play a crucial contributory role to 
MUC1 mediated effects on numerous signalling 
network within tumorigenesis. The identification of 
this novel property of MUC1 may help to the 
understand the effect of the altered Ca2 + signaling 
in cancer cells and guide the development of 
therapeutic targeting of MUC1.  
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STIM1 stromal-interacting molecule 1 

TG thapsigargin 

PARs thrombin receptors 

TF Tissue factor 

VTE venous thromboembolism 

 
Declarations 
Ethics approval and consent to participate: Not 
applicable 
Consent for publication: Not applicable 
Availability of data and materials: The datasets 
used and/or analysed during the current study are 
available from the corresponding author on 
reasonable request 
Competing Interests: The authors declare no 
conflict of interest. 
Funding: This work was supported by Thrombosis 
Research Institute, London, UK.  
Authors' contributions: Y. Chen designed and 
performed experiments, analysed the data, wrote 
the manuscript. M. Scully discussed and reviewed 
the data, and helped to write and edit the 
manuscript.  
Acknowledgements: Not applicable 
Authors' information: Dr Yunliang Chen, PhD, 
Senior scientist, Thrombosis Research Institute, 
London UK. 
Dr Michael Scully, PhD, Reader in Molecular 
Pathology, Thrombosis Research Institute, London 
UK. 
 

 

https://esmed.org/MRA/index.php/mra/article/view/3890
https://esmed.org/MRA/mra


                                                      
 

      Downregulation of Mucin1 in Cancer Cells is Associated with Modulation of Calcium Signalling 
Pathways and Alteration in Procoagulant Related Activity 

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3890  9 

References 
1. Stewart TA, Yapa KT, Monteith GR. Altered 

calcium signaling in cancer cells. Biochim 
Biophys Acta. 2015; 1848(10 Pt B):2502-11.  

2. Cui C, Merritt R, Fu L, Pan Z. Targeting calcium 
signaling in cancer therapy. Acta Pharm Sin B. 
2017; 7(1):3-17. 

3. Prevarskaya N, Skryma R, Shuba Y. Calcium in 
tumour metastasis: new roles for known actors. 
Nat Rev Cancer. 2011; 11(8):609-18. 

4. Prevarskaya N, Skryma R, Shuba Y.Ion. 
Channels in Cancer: Are Cancer Hallmarks 
Oncochannelopathies? Physiol Rev. 2018; 
98(2):559-621. 

5. Maklad A, Sharma A, Azimi I. Calcium Signaling 
in Brain Cancers: Roles and Therapeutic 
Targeting. Cancers (Basel). 2019;11(2):145.  

6. Kufe DW. Mucins in cancer: function, prognosis 
and therapy. Nat Rev Cancer 2009; 9:874–
885.  

7. Nath S, Mukherjee P. MUC1: a multifaceted 
oncoprotein with a key role in cancer 
progression. Trends Mol Med 2014; 20:332–
342. 

8. Horm TM, Schroeder JA. MUC1 and metastatic 
cancer: expression, function and therapeutic 
targeting. Cell Adh Migr. 2013 7(2):187-98. 

9. Rahn JJ, Shen Q, Mah BK, Hugh JC. MUC1 
Initiates a Calcium Signal after Ligation by 
Intercellular Adhesion Molecule-1. J Biol. Chem 
2004; 279 (28):29386–29390. 

10. Guang W, Kim KC, Lillehoj EP. MUC1 mucin 
interacts with calcium-modulating cyclophilin 
ligand. Int J Biochem Cell Biol. 2009; 
41(6):1354-60.  

11. Sheth RA, Niekamp A, Quencer KB, Shamoun 
F, Knuttinen MG, Naidu S, Oklu R. Thrombosis 
in cancer patients: etiology, incidence, and 
management. Cardiovasc Diagn Ther. 
2017;7(Suppl 3): S178-S185. doi: 
10.21037/cdt.2017.11.02. 

12. Chen Y, Scully M..Tumour-associated Mucin1 
correlates with the procoagulant properties of 
cancer cells of epithelial origin. 2022; 
9:100123. 
doi.org/10.1016/j.tru.2022.100123 

13. Chen Y, Scully M, Dawson G, Goodwin C, Xia 
M, Lu X, Kakkar A. Perturbation of the 
heparin/heparin-sulfate interactome of human 
breast cancercells modulates pro- tumorigenic 
effects associated with PI3K/Akt and 
MAPK/ERK signalling. Thromb Haemost. 2013; 
109(6):1148-57. 

14. N. Cao, X. B. Chen and D. J. Schreyer. Influence 
of Calcium Ions on Cell Survival and 

Proliferation in the Context of an Alginate 
Hydrogel. International Scholarly Research 
Network (ISRN) Chemical Engineering Volume 
2012; doi:10.5402/2012/516461 

15. Ghavimi SAA, Allen BN, Stromsdorfer JL, 
Kramer JS, Li X, Ulery BD. Calcium and 
phosphate ions as simple signaling molecules 
with versatile osteoinductivity. Biomed Mater. 
2018;13(5):055005. doi: 10.1088/1748-
605X/aac7a5.  

16. Bates SM, Weitz JI. Coagulation assays. 
Circulation 2005;112:e53-60. 

17. Chi M, Evans H, Gilchrist J, Mayhew J, Hoffman 
A, Pearsall EA, et al. Phosphorylation of 
calcium/calmodulin-stimulated protein kinase II 
at T286enhances invasion and migration of 
human breast cancer cells. Sci Rep. 2016 
6:33132. 

18. Lee WJ, Roberts-Thomson SJ, Monteith GR, 
Plasma membrane calcium-ATPase 2 and 4 in 
human breast cancer cell lines, Biochem. 
Biophys. Res. Commun. 337 (2005) 779–783. 

19. Varga K, Pászty K, Padányi R, Hegedűs L, 
Brouland JP, Papp B, et al. Histone deacetylase 
inhibitor- and PMA-induced upregulation of 
PMCA4b enhances Ca2+ clearance from MCF-
7 breast cancer cells. Cell Calcium 2014; 55: 
78–92. 

20. RibiczeyP, Tordai A, Andrikovics H, Filoteo AG, 
Penniston JT, Enouf J, et al. Isoform-specific up-
regulation of plasma membrane Ca2+ ATPase 
expression during colon and gastric cancer cell 
differentiation. Cell Calcium 2007; 42: 590–
605. 

21. Arbabian A, Brouland JP, Gelebart P, Kovacs 
T, Bobe R, Enouf J, et al. Endoplasmic reticulum 
calcium pumps and cancer. BioFactors. 2011; 
37:139–149. 

22. Denmeade SR, Isaacs JT. The SERCA pump as a 
therapeutic target: making a “smart bomb” for 
prostate cancer. Cancer Biol.Therap. 2005; 
4:14–22.  

23. Chung FY, Lin SR, Lu CY, Yeh CS, Chen FM, Hsieh 
JS, et al. Sarco/endoplasmic reticulum calcium-
ATPase 2 expression as a tumor marker in 
colorectal cancer. The Am.J.Surg.Pathol. 2006; 
30:969–974. 

24. Roti G, Carlton A, Ross KN, Markstein M, Pajcini 
K, Su AH, et al. Complementary genomic 
screens identify SERCA as a therapeutic target 
in NOTCH1 mutated cancer. Cancer Cell. 2013; 
23:390–405.  

25. Berna-Erro A, Woodard GE, Rosado JA. Orais 
and STIMs: physiological mechanisms and 
disease, J. Cell. Mol. Med. 2012; 16: 407–424. 

https://esmed.org/MRA/index.php/mra/article/view/3890
https://esmed.org/MRA/mra
https://doi.org/10.1016/j.tru.2022.100123


                                                      
 

      Downregulation of Mucin1 in Cancer Cells is Associated with Modulation of Calcium Signalling 
Pathways and Alteration in Procoagulant Related Activity 

 

 
Medical Research Archives |https://esmed.org/MRA/index.php/mra/article/view/3890  10 

26. Shaw PJ, Feske S. Physiological and 
pathophysiological functions of SOCE in the 
immune system. Front Biosci (Elite Ed). 2012; 
4:2253-68. 

27. Soboloff J, Rothberg BS, Madesh M, Gill DL. 
STIM proteins: dynamic calcium signal 
transducers. Nat Rev Mol Cell Biol. 2012; 
13:549–65.  

28. Roberts-Thomson SJ, Curry MC, Monteith GR. 
Plasma membrane calcium pumps and their 
emerging roles in cancer. World J Biol Chem. 
2010; 1(8):248-53. 

29. Griffith LC. Regulation of calcium/ calmodulin-
dependent protein kinase II activation by 
intramolecular and intermolecular interactions. J 
Neurosci. 2004; 24(39):8394-8. 

30. Le Bonniec BF, Guinto ER, Esmon CT. The role of 
calcium ions in factor X activation by thrombin 
E192Q. J Biol Chem. 1992; 267(10):6970-6. 

31. Li Z, Li X, McCracken B, Shao Y, Ward K, Fu J. 
A Miniaturized Hemoretractometer for Blood 
Clot Retraction Testing. Small. 2016; 
12(29):3926-34.  

32. Rabiet MJ, Plantier JL, Dejana E Thrombin-
induced endothelial cell dysfunction. Br Med 
Bull. 1994; 50(4):936-45. 

33. Ishii K, Gerszten R, Zheng YW, Welsh JB, Turck 
CW, Coughlin SR. Determinants of thrombin 
receptor cleavage. Receptor domains involved, 
specificity, and role of the P3 aspartate. J Biol 
Chem. 1995; 270(27):16435-40. 

34. Tanaka N, Morita T, Nezu A, Tanimura A, 
Mizoguchi I, Tojyo Y. Thrombin-induced Ca2+ 
mobilization in human gingival fibroblasts is 
mediated by protease-activated receptor-1 
(PAR-1). Life Sci. 2003; 73(3):301-10. 

35. Jones CA and  Hazlehurst LA. Role of Calcium 
Homeostasis in Modulating EMT in Cancer. 
Biomedicines. 2021;9(9):1200. doi: 10.3390/
biomedicines9091200 

36. Wang YY, Zhao R, Zhe H. The emerging role of 
CaMKII in cancer. Oncotarget. 2015; 
6(14):11725–11734. 

37. Bach RR. Tissue factor encryption. Arterioscler 
Thromb Vasc Biol. 2006; 26(3):456-61. 

 
 

 
 

SUPPLEMENTARY MATERIAL 
 

 
Supplement Figure 1. Western blot shown the level of MUC1 was reduced after MUC1 gene knock down 
in shMUC1-MCF-7 cells in comparison with shCtrl-MCF-7 cells. 
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