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中文摘要 

 膀胱癌是國人相當常見之腫瘤，鈣網酪蛋白 calreticulin 為一多功能

蛋白並參與細胞內多種機制，臨床上 calreticulin 已被使用來檢測膀胱癌。於

本研究中，我們成功構築表達低量鈣網酪蛋白之穩定膀胱癌細胞株(J82 

CRT-RNAi)顯示降低鈣網酪蛋白之表達會抑制膀胱癌細胞株之移行，並對細胞附

著於基質之能力有重要之影響；反之，表達大量鈣網酪蛋白會促進膀胱癌細胞之

移行與貼覆基質之能力。更重要的是，降低鈣網酪蛋白之表達亦會抑制膀胱癌細

胞株於裸鼠中形成腫瘤，並明顯降低肺臟及肝臟之轉移，這些結果證明了鈣網酪

蛋白可能是影響膀胱癌細胞癌化之重要調控因子。藉由核酸晶片比較 J82 

CRT-RNAi 細胞株與未轉染之細胞間基因表達之差異後，我們發現岩藻醣轉移酵

素 FUT-1 為其中表達差異性極大的一種蛋白質。岩藻醣化作用為細胞常見之蛋

白質修飾，報告指出許多病症與高度岩藻醣化極具相關性。FUT-1 為細胞內負責

蛋白質醣基修飾的重要酵素，本研究結果顯示 CRT透過調控整合蛋白 β1-integrin

由 FUT1 所修飾之岩藻醣化作用，進而影響細胞附著能力。透過大量表達岩藻醣

轉移酵素可增加細胞整合蛋白 β1-integrin 之岩藻醣化程度並有效提升膀胱癌細

胞貼附能力。 我們的研究結果更進一步證實，整合蛋白 β1-integrin 之岩藻醣化

作用影響細胞貼附能力是經由調控其整合蛋白本身之活性。 此外，我們也進一

步釐清 J82 CRT-RNAi 細胞株之 FUT-1 表達降低之原因，是由於 FUT1 RNA 穩定

性下降之結果。根據本研究成果之驗證 CRT 透過穩定 FUT1 mRNA，進而提升
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β1-integrin 岩藻醣化作用藉此促進其活性，影響膀胱癌細胞轉移之能力。 

 

 

關鍵字: 膀胱癌、細胞貼附、癌症轉移、鈣網蛋白、岩藻醣轉移酵素、整合蛋白

活性  
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Abstract 

Bladder cancer is a common urothelial cancer. Through proteomic approaches, 

calreticulin (CRT) was identified and proposed as a urinary marker for bladder cancer. 

CRT is a multifunctional molecular chaperone that regulates various cellular functions 

such as Ca
2+

 homeostasis and cell adhesion. CRT was reported to be overexpressed in 

various cancers; however, the mechanisms of CRT in bladder tumor development 

remain unclear. To clarify the roles of CRT in bladder cancer, J82 bladder cancer cells 

stably overexpressed or knockdown of CRT were generated to investigate the 

physiological effects of CRT on bladder tumors. Compared to the transfected control 

vector cells, the knockdown of CRT suppressed cell proliferation, migration, and 

attachment; on the contrary, overexpression of CRT enhanced cell migration and 

attachment. Most importantly, we observed that tumors derived from J82 CRT-RNAi 

cells were significantly smaller and had fewer metastatic sites in the lung and liver in 

vivo than did transfected control vector cells. To further investigate the precise 

mechanism of tumor metastasis regulated by CRT, we used DNA array to identify 

fucosyltransferase-1 (FUT1) as a gene regulated by CRT expression levels. CRT 

regulated cell adhesion through α1,2-linked fucosylation on β1-integrin and this 

modification was catalyzed by FUT1. To clarify FUT1 roles in bladder cancer, we 

transfected the human FUT1 gene into CRT-RNAi stable cell lines. FUT1 

overexpression in CRT-RNAi cells resulted in increased levels of β1-integrin 
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fucosylation and rescued cell adhesion to type-I collagen. Treatment with Ulex 

europaeus agglutinin I (UEA-1), a lectin recognizes FUT1-modified glycosylation 

structures, did not affect cell adhesion. In contrast, a FUT1-specific fucosidase 

diminished the activation of β1-integrin. These results indicated that α1,2-fucosylation 

on β1-integrin were not involved in the integrin-collagen interaction but promoted 

β1-integrin activation. In addition, we demonstrated that CRT regulated FUT1 mRNA 

degradation in 3′-untranslated region (3′-UTR). In conclusion, our findings 

suggested that CRT stabilized FUT1 mRNA, thereby leading to increase in 

fucosylation of β1-integrin. Furthermore, increased fucosylation levels activate 

β1-integrin rather than directly modifying the integrin binding sites. 

 

Keywords: Bladder cancer, Cell adhesion, Metastasis, Calreticulin, Fucosyltransferase, 

β1-integrin activation. 
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1. Fundamental information on calreticulin 

1.1 Protein structure 

Calreticulin (CRT) is a 46 KDa multifunctional protein in the endoplasmic 

reticulum (ER) and is highly conserved in diverse species. It is synthesized with a 

cleavable signal sequence at the N-terminus and an ER KDEL (Lys-Asp -Glu-Leu) 

retrieval signal at the C-terminus. Structural predictions of CRT show that the protein 

is composed of three domains, including N-, P-, and C-domain [1].  

N-domain 

The N-terminal region of CRT is a global domain containing eight antiparallel 

β-strands [2]. This domain can interact with α-integrins [3] and DNA-binding sites of 

the steroid receptor [4]. The disulfide bond formed by cysteine residues in the 

N-domain can interact with the P-domain to form the important chaperone function of 

calreticulin [5].  

P-domain 

The proline-rich P-domain contains two sets of three repeated amino acid 

sequences (repeat A: PXXIXDPDAXKPEDWDE and repeat B: GXWXPPXI- 

XNPXYX) [6]. These repeat A and B sequences form the lectin-like chaperone 

structures which are responsible for the protein-folding function of CRT. Moreover, 

the P-domain of CRT is also a high affinity but low capacity Ca
2+

-binding region [7, 



 
 

- 3 - 
 

8]. 

C-domain 

The C-domain of CRT is highly acidic region which is important for 

Ca
2+

-buffering functions. It binds to Ca
2+

 with high capacity and low affinity [9]. It is 

known that Ca
2+

 binding to this region plays a critical role in the interaction with 

other chaperone proteins in the ER [1, 10]. 

 

1.2 Location of CRT 

Since there is a KDEL sequence for retrieval in the ER at the C-terminal of CRT, 

it is not surprising that the most frequent distribution of this protein is within the ER 

lumen. However, evidences from other reports demonstrate that CRT is also expressed 

in the cytosol [11] and on the cell surface [12]. Some studies have showed that 

cytoplasmic CRT can interact with the cytoplasmic tail of α-integrin through the 

KxGFFFKR sequences [13, 14]. In addition, cell surface calreticulin is associated 

with phagocytic uptake and immunogenicity of cells [15]. The evidence provides 

more insights into why CRT is a multifunctional protein that regulates various 

physical and pathological events in cells. 

 

2. Biological functions of calreticulin  
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CRT has previously been proposed to participate in various physiological and 

pathological processes in cells. The two major functions of CRT inside the ER are 

protein chaperoning and regulation of Ca
2+

 homeostasis. Furthermore, accumulated 

studies have indicated that non-ER CRT also regulates some important biological 

functions including cell adhesion, gene expression and RNA stability. 

 

2.1 Protein chaperone 

The ER is the important organelle for synthesis, folding, and transportation of 

secretory proteins. These functions are carried out by molecular chaperones which 

facilitate correct protein folding and assembly. CRT is one of the best-characterized 

lectin-like ER chaperons for many proteins [16-19]. Recent studies indicated that CRT 

is involved in the quality-control process during protein synthesis, including integrins, 

surface receptors, and transporters [1]. 

 

2.2 Calcium homeostasis 

Ca
2+

 is mainly stored in the ER lumen and is a universal signaling molecule 

affecting many developmental and cellular processes in the cytosol [20]. Numerous 

studies have indicated that Ca
2+

-binding chaperones influence Ca
2+

 storage capacity in 

the ER lumen [21]. CRT is considered to be an intracellular Ca
2+

 regulator since it 



 
 

- 5 - 
 

contains two Ca
2+ 

-binding sites in the P-domain (high-affinity, low-capacity) and 

C-domain (low-affinity, high-capacity) [7, 22]. Higher levels of CRT lead to increase 

levels of intracellular stored Ca
2+

 [23, 24]. In contrast, CRT-deficient cells have 

showed lower capacity for Ca
2+

 storage in the ER lumen [9]. 

 

2.3 Cell adhesion 

The concept that CRT might be involved in cell adhesion is based on the 

regulation of focal contact via multiple mechanisms [25, 26]. It is clear that the 

extracellular matrix (ECM) molecules are important for focal contact formation. 

Several studies have elucidated that the alteration of CRT levels affect cell adhesion 

on variant ECM [27-29]. Papp et al. implicated that calreticulin plays a role in the 

control of cell adhesiveness through regulation of fibronectin expressions and matrix 

deposition. These effects are mediated via Ca
2+

-dependent effect of CRT on c-Src 

activity [30]. In addition, previous studies have revealed that CRT-mediated cell 

adhesion might be modulated by interaction between CRT and integrins by binding to 

the cytoplasmic KXGFFKR motif of the integrin α-subunit [3, 31, 32]. These studies 

have provided evidence that CRT plays a critical role in cellular adhesiveness. 

 

2.4 RNA stability 
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In 2002, Nickenig et al. first identified CRT as a novel mRNA binding protein 

that destabilizes type I angiotensin II receptor mRNA by binding to AU-rich region in 

3′-UTR [33]. Moreover, Totary-Jain et al. reported that CRT also binds to specific 

element in 3′-UTR of glucose transporter-1 mRNA and destabilizes the mRNA under 

high-glucose conditions [34]. These results identified a new function of CRT as a 

trans-acting factor that regulates mRNA stability.  

 

3. Calreticulin in cancer 

3.1 Clinical outcome of calreticulin levels 

The correlation between CRT expression levels and tumorigenesis has been 

extensively studied in various cancers and most reports have indicated that tumor 

tissues express significant increases in the levels of CRT compared to normal tissues 

[35]. These clinicopathological significances for CRT in different cancers are 

summarized in Table 1. It has been reported that CRT is a novel independent 

prognosis marker in neuroblastoma [36].  Although higher level of CRT predicted a 

better survival rate in patients with advanced-stage in neuroblastoma, other studies 

have demonstrated that the CRT expression level was positively correlated with stage 

and lymph node metastasis in gastric cancer [37], breast cancer [38], and ovarian 

cancer [39]. In addition, patients with higher CRT levels had a poor survival rate in 



 
 

- 7 - 
 

pancreatic cancer and esophageal squamous cell carcinoma [40, 41]. Some studies 

also revealed CRT expression levels to be significantly up-regulated in oral cancer 

[42], breast ductal carcinoma [43, 44], colorectal cancer [45], prostate cancer [46], 

and vaginal carcinoma [47]. Furthermore, not only do CRT levels increase in bladder 

cancer tissues [48], but urinary CRT might also be a useful biomarker for diagnosis of 

bladder urothelial cancer. Kageyame et al. implicated that the concentration of urinary 

CRT has a tendency to increase in high stage and high grade tumors [49, 50]. These 

results indicate that CRT expression might play a crucial role in cancer progression. 

 

3.2 Functions of calreticulin in the immune system 

An important role for CRT exposed on the cell surface, which is relevant for 

destruction of cancer cells, is via induction of the immune response [15]. Results from 

several laboratories have mentioned that cell-surface CRT facilitates the phagocytic 

uptake of apoptotic and cancer cells [51-53]. Obeid et al. demonstrated that drug 

treatments (anthracyclins) caused tumor cell to expose a surface pro-phagocytic 

protein, CRT, which induced immunogenic cell death [54]. Additionally, suppression 

of CRT by siRNA inhibited the anthracyclin-induced phagocytosis by dendritic cells 

and destroyed their immunogenicity in mice [52]. It is becoming clear that surface 

exposure of CRT is required for phagocytosis on dying tumor cells. CRT expressed on 
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the cell surface is considered as an “eat-me” signal for multiple human cancers. 

However, this pro-phagocytic function of CRT was disrupted by an anti-phagocytic 

signal CD47 [51]. It has been previously described that an anti-phagocytic signal 

CD47 was increased with high amounts of CRT on cancer cell surfaces to avoid 

phagocytosis by the immune system [53]. Therefore, interruption of the ability of 

CD47 by anti-CD47 antibodies might have a therapeutic effect to enhance cancer cell 

phagocytic uptake [15]. Taken together, these results indicate that CRT-mediated 

immune mechanisms might be an important feature for developing new anticancer 

therapy.  

 

3.3 Functions of calreticulin in cancer cell proliferation 

Caner formation is characterized by rapidly proliferating of mutated cell. Many 

studies have elucidated that manipulation of CRT levels had profound effects on 

tumor cell proliferation in diverse cell types. First, in pancreatic cells, overexpressed 

CRT enhanced cell growth; in contrast, knockdown of CRT had the opposite effect on 

cell growth [40]. Second, Chen et al. showed that the higher levels of CRT increased 

cell proliferation and migration and modulated several molecules related to cancer 

metastasis and angiogenesis, such as connective tissue growth factor (CTGF), 

vascular endothelial growth factor (VEGF), and placenta growth factor (PlGF) [37]. 
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In addition, depletion of CRT caused cell cycle arrest at the G0/G1 phase which 

resulted in significantly suppressed growth rate, colony-formation capacity, and 

anchorage-independent growth in oral cancer cell [42]. Although many reports have 

indicated that CRT has a positive effect on cell growth, other studies have provided 

different viewpoints on this issue. A recent study demonstrated that prostate cancer 

cells with higher CRT levels produced fewer colonies as well as inhibition of tumor 

growth both in vitro and in vivo [55]. Moreover, vasostatin, a fragment of CRT, is 

considered to be an antiangiogenic factor and inhibits VEGF-induced endothelial cell 

proliferation [56]. According to these studies, whether CRT promotes or suppresses 

cell proliferation depends on different cell types.  

 

3.4 Functions of calreticulin in cell migration and adhesion 

Metastasis is a critical event for caner progression. This mechanism involves 

many processes, including cell adhesion, migration, and invasion. Previous studies 

have revealed that overexpressed CRT contributes to cancer metastasis in gastric, 

pancreatic, prostate, and ovarian cancers [37, 39, 40, 57]. The possible mechanisms 

for CRT-mediated cell migration or adhesion have been well surveyed. One suggested 

mechanism is that CRT is one of the few cytoplasmic proteins that directly interact 

with integrin α-subunits [58, 59]. Integrins are important molecules which interact 
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with ECM to regulate cell adhesion, migration, and cancer metastasis. In 1995, 

Coppolino et al. have indicated that the interaction between integrin α2β1 and CRT 

can be stimulated by integrin activation [60]. They further used the PC-3 prostate 

cancer cell line as a model to demonstrate that the interaction between integrins and 

CRT is modulated by phosphorylation and dephosphorylation status [61]. A recent 

study also attempted to clarify that integrin-dependent cell adhesion on fibronectin 

was apparently affected when CRT is overexpressed in epithelial-mesenchymal 

transition (EMT)-like cells [62].  

Other mechanisms have also proposed that CRT modulates cell adhesion and 

migration through focal-contact dependent manners [25]. This theory is further 

supported by different levels of CRT can influence ECM expressions [30]. 

Manipulation of CRT expression in Mouse L fibroblasts has had a profoundly effect 

on fibronectins synthesis. These effects might be due to regulation of c-Src activity 

[30]. Cells with higher levels of CRT exhibited increased adhesiveness ability, which 

is relevant for the calmodulin /calmodulin-dependent kinase II pathway [63].  

Moreover, CRT has been reported as a positive regulator for another important focal 

contact molecule, vinculin. Up-regulation of CRT enhanced cell adhesiveness and cell 

spreading, while knockdown of CRT showed inverse effects in L fibroblast cells [29]. 

Furthermore, cell surface CRT interacted with thrombospondin to modulate focal 
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adhesion disassembly through the PI3-kinase pathway [64]. Evidence from these 

studies have suggested that CRT plays a critical role in cell adhesion and migration 

via various mechanisms.  

 

4. Functions of fucosylation in cancer biology 

4.1 Fucosylation in cancer 

Fucosylation is a common type of post-translational protein glycosylation, which 

regulates various physiological and pathological events in cells. This process is 

catalyzed by at least 11 types of fucosyltransferases (FUTs), which transfer a fucose 

(Fuc) residue from GDP-Fuc to oligosaccharides through α1,2-, α1,3/4-, or 

α1,6-linkages [65]. Aberrant expression of fucosylated haptoglobin has been reported 

in various tumor tissues, particularly during advanced cancers stages [66-68]. In 

papillary carcinoma, higher FUT8 levels are significantly correlated with tumor size 

and lymph node metastasis [69]. In addition, fucosylated haptoglobin is considered to 

be a novel biomarker for pancreatic cancer detection [70]. These results suggest that 

fucosylation may be a key event in regulating cancer development and progression. 

 

4.2 Fucosyltransferase 1 (FUT1) 

FUT1 is a common type of FUTs and is involved in catalyzing the addition of 
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fucose in α1,2-linkage to galactose. It has been reported that higher levels of Lewis Y 

antigen, catalyzed by FUT1 and FUT4, are found in over 60% of human epithelial 

carcinomas [71-73]. Moreover, studies suggest that in certain cancer cells, tumor 

growth and metastasis are regulated by changes in FUT1 levels [74, 75]. These results 

indicated that FUT1-regulated fucosylation is closely associated with tumor 

progression.  

 

4.3 Glycan on integrins regulates its functions 

Integrins are a family of receptors comprising α- and β-subunits. They are 

involved in cell-cell and cell-matrix interactions and regulate key physiological 

processes such as cell migration, adhesion, and cancer metastasis. Accumulated 

evidence indicates that integrin function is regulated by glycosylation [76, 77]. 

Overexpression of N-acetylglucosaminyltransferase V (GnT-V), which increases 

β1,6-branching of N-linked glycan, enhanced α5β1 integrin-mediated cell migration 

and invasion [78], whereas an increase in N-acetylglucosamine (GlcNAc) 

bisecting-linkage on N-glycan by N-acetylglucosaminyltransferase III (GnT-III) 

inhibited α5β1 integrin-mediated cell spreading and migration [79]. Furthermore, 

FUT8 catalyzed core fucosylation (α1,6-fucosylation) on α5β1 integrins and 
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stimulated cell migration on laminin 5 [80]. However, the consequences of FUT1 

expression and its role on integrins have not been surveyed thus far. 

 

5. Bladder cancer 

In the US, bladder cancer was among the top ten most frequently diagnosed 

cancers in 2009 [81]. The most common type of bladder cancer is transitional cell 

carcinoma (TCC), a malignant tumor which grows from the epithelium of the bladder. 

It was reported that around 30% of patients presented with a muscle-invasive 

metastasis at the time of diagnosis, and that 85% of these patients would die from the 

disease within 2 years if left untreated [82]. This means that metastasis is one of the 

leading causes of cancer-related death for patients with bladder cancer. Metastasis is a 

critical event in cancer and is associated with significant reduction in patient survival 

rates. Tumor cells detach, invade, and disseminate to other sites and form secondary 

tumors during metastasis. Each step involves many molecules including cell-adhesion 

molecules, matrix degradation enzymes, and various growth factors [83]. However, 

the gene that regulates metastasis in bladder cancer is still unclear. 
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6. Rationale 

As we mentioned above, CRT plays a critical role in regulating diverse cellular 

functions and cancer development processes. Furthermore, higher levels of CRT are 

found in urinary cancer tissues and urinary CRT can be used as a biomarker for 

bladder cancer detection. However, the precise mechanism by which CRT modulated 

bladder cancer progression is still poorly understood. Thus, in this study, we attempt 

to investigate the roles of CRT on bladder cancer progression. 

In order to evaluate the metastatic behavior of bladder tumor, we used an 

aggressive bladder cancer cell line J82 to investigate the roles of CRT on bladder 

cancer progression [84]. We first established CRT overexpressed and knockdown 

stable cell lines in J82 cells to clarify the role of CRT in bladder cancer. Moreover, 

DNA microarray was used to identify CRT-regulated gene to further investigate the 

detail mechanism of how CRT modulated bladder cancer progression. 
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Chapter II. 

 

Materials and Methods 
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Cell culture 

The J82 human bladder cancer cell line was purchased from American Type Culture 

Collection (ATCC; Manassas, VA, USA). Cells were cultured in Dulbecco's modified 

Eagle's medium (DMEM) and supplemented with 10% fetal bovine serum (FBS) 

under a humidified atmosphere of 95% air and 5% CO2 at 37 °C. For the subcultures, 

cells were trypsinized with 0.05% EDTA-trypsin. 

 

Construction of inducible cell lines 

To set up a tetracycline-inducible CRT system, the pEYFP-N1 was subcloned into 

pcDNA5/TO (Invitrogen) by Kpn I and Not I to generate pcDNA5/TO-YFP (
#
5y) 

used as control. CRT was amplified from HEK293 cDNA and subcloned into 

pcDNA5/TO-YFP to generate pcDNA/TO-ss-YFP-CRT (
#
5yCRT) by the following 

primers.  

ss-foward-Nhe I: 5’-CCGCTAGCTTGATGCTGCTATCCGTGCCGCTGC-3’, 

ss-reverse-Hind III: 5’-CCAAGCTTGGCGACGGCCAGGCCGAGGA-3’. 

YFP-foward-Hind III: 5’-CCAAGCTTGTGAGCAAGGGCGAGGAGCT, 

YFP- reverse-Kpn I: 5’-AAGGTACCCTTGTACAGCTCGTCCATGC-3’. 

CRT-foward-Kpn I:  5’-AAGGTACCGAGCCCGCCGTCTACTTCAA-3’, 

CRT- reverse-Xba I: 5’- AATCTAGACTACAGCTCGTCCTTGGCCTGG-3’ 
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The coding region sequence of FUT1 (NM_000148) gene was purchased from 

OriGene (MD, USA).  The lentival vectors for cDNA expression, including 

pLKO_AS2.puro and pLKO_AS2.zeo were obtained from the National RNAi Core 

Facility Platform, Academia Sinica, and Taipei, Taiwan.  EGFP template was 

purchased from pEGFP-C1 (Clontech, CA, USA).  PCR was performed using 

Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific Inc., MA, USA).  

FUT1 was ligated into pLKO_AS2.puro between Nhe I and Bsr GI sites to build 

pLKO_AS2.puro-FUT1.  EGFP was subcloned into pLKO_AS2.zeo between Nhe I 

and Eco RI sites to generate pLKO_AS2.zeo-EGFP. The following primers were used 

for FUT1 PCR reactions: 

Fut1-forward-Nhe I: 5’- AAGCTAGCATGTGGCTCCGGAGCCATCGTCAG-3’. 

Fut1-reverse-Bsr GI: 5’- GGTGTACATCAAGGCTTAGCCAATGTCCAGAG-3’. 

 

Transfection and selection of stable cell lines 

For transfection experiments, J82 cells were plated 2 x 10
5
 cells/well in six-well plates, 

and two μg of plasmid DNA for CRT overexpression (
#
5y and 

#
5yCRT) or knockdown 

(pCR3.1 and CRT-RNAi) was transfected into cells using 10 μl of Lipofectamine 

TM2000, Invitrgen (Camarillo, CA). For single-cell selection, the transfected J82 

cells were passaged at a 1:10 dilution in 10cm culture plate at two days after 
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transfection, and the stable cells were picked from a single colony using cloning rings. 

Medium with antibiotics (200ug/ml Hygromycin for 
#
5y and 

#
5yCRT inducible clones 

and 700μg/ml G418 for PCR 3.1 and CRT-RNAi stable clones) was replaced every 2 

or 3 days. Two months later, antibiotic-resistant single clones were selected and 

amplified to test CRT mRNA and protein expressions. The inducible YFP, 

ss-YFP-CRT cell lines (
#
5y and 

#
5yCRT) were pre-treated with 1 µg/ml tetracycline 

for 48 hours to perform the experiments.  

For generation of overexpressed FUT1 stable cell lines, J82 CRT-RNAi cells 

were first infected with pLKO_AS2.zeo-EGFP and selected with 250 g/ml zeocin to 

generate J82 CRT-RNAi-GFP cells. J82 CRT-RNAi-GFP cells were then infected 

with pLKO_AS2.puro or pLKO_AS2.puro-FUT1 to generate J82 CRT-RNAi-GFP 

Control (#R-EGFP) and J82 CRT-RNAi-GFP FUT1 (#R-FUT1) cell lines. The 

stably-infected cells were selected using 500 g/ml G418, 250 g/ml zeocin and 2 

g/ml puromycin.  

 

Image analysis 

For analysis of cell shape, morphological images of J82 cells were thresholded and 

outlined by using Metamorph software. Changes in cell shape were assessed by a 

shape factor (sf = 4A/p
2
) calculated from the area and the perimeter of the delineated 
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object. Value close to "1" represents a flat object, whereas a value close to "0" 

represents a circular object. 

 

Immunoblotting 

Cells were plated at 2 x 10
5
 cells/well in 6-well plates overnight. For harvesting cell 

lysates, cells were washed with cold phosphate-buffered saline (PBS) and lysed with 

RIPA buffer (50 mM Tris (pH 7.0), 150 mM NaCl, 1% Triton X-100, 0.5% sodium 

deoxycholate, and 0.1% sodium dodecylsulfate (SDS, pH 7.4)) containing protease 

inhibitors. Equal amounts of each sample (30 μg) were boiled with 6x sample buffer 

for 5 min and resolved by 10% SDS-polyacrylamide gel electrophoresis (PAGE). 

After electrophoresis, the gel was transferred to a polyvinylidene difluoride (PVDF) 

membrane. Membranes were blocked by 5% bovine serum albumin (BSA) in TBSt 

(10 mM Tris, 150 mM NaCl, and 0.1% Tween-20; pH 7.4) at room temperature for 2 

h. Blocked membranes were incubated with the following primary antibodies: CRT, 

Upstate Biotechnology (Lake Placid, NY) and Santa Cruz (Santa Cruz, CA); paxilln 

[pY118], Cell Signaling (Danvers, MA); FAK [pY397], Invitrogen (Camarillo, CA); 

FAK, paxillin, c-Src, and actin, Santa Cruz (Santa Cruz, CA); and Src[pY418], 

Biosource, (Camarillo, CA); β1-integrin, BD Transduction Laboratories (USA; 

1:2000) & GeneTex (Hsinchu, Taiwan; 1:2000); CRT, Upstate (NY, USA; 1:5000); 
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biotin-labeled UEA-1, Vector Laboratories (CA, USA; 1:5000), and FUT1 and 

FUBP1, Santa Cruz (CA, USA; 1:2000) for 4°C overnight. Membranes were washed, 

and then incubated with horseradish peroxidase (HRP)-conjugated or streptavidin 

HRP-conjugated secondary antibodies (1:5000) for 1 h. Immunoreactive bands were 

quantified with TotalLabV2.01 software. 

 

Lectin pull-down assay 

Detection of glycoproteins decorated with terminal galactose was achieved by lectin 

pull-down assays using biotinylated UEA-1 or Lotus tetragonolobus lectin (LTL) 

(Vector Laboratories, CA, USA). Briefly, 500 mg of total cell lysates were incubated 

with biotinylated UEA-1. Following 16 h at 4℃, streptavidin agarose beads were 

added and incubated for an additional 6 h. The pulled down proteins were then 

subjected to Western blot analysis. 

 

RNA isolation and real-time polymerase chain reaction (PCR) 

Total RNA were isolate by the TRIzol reagent following the manufacturer’s 

instructions. Reverse-transcription (RT)-PCR was carried out using ReverTra Ace 

reverse transcriptase. Real-time PCR was performed using the iCycle iQ Real-time 

detection system (Bio-Rad, Hercules, CA) with the DNA double-strand specific 
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SYBR Green I dye for detection. Cycling condition was 95 °C for 15 min, followed 

by 40 cycles of 95 °C foe 30 s, 60 °C for 30 s, and 72 °C for 30 s. For quantification, 

the target gene was normalized to GAPDH, an internal control gene. Primer 

sequences were: GAPDH (F-5’-ggtggtctcctctgacttcaac and R-5’-tctctcttcctcttgtgctcttg), 

CRT (F-5’-aagttctacggtgacgaggag; R-5’-gtcgatgttctgctcatgtttc), FUT1-CDS (F-5’- 

aagttctacggtgacgaggag-3’ and R-5’-gtcgatgttctgctcatgtttc-3’), FUT1-3’UTR (F-5’- 

cgtgctcattgctaaccactgtc-3’ and R-5’-tcgtgctcctgcctggatct-3’), EGFP (F- 

5’-gtgagcaagggcgaggag-3’ and R-5’-cgtaggtcagggtggtca-3’), DsRed (F-5’- 

gagggcttcaagtgggag-3’ and R-5’-catagtcttcttctgcattacgg-3’), and FBP1 (F-5’- 

tgggaccatacaaccctgcacct-3’ and R-5’- agctggatcaggagcctg-3’). 

 

Cell cycle analysis and Proliferation assay 

Cells were starved overnight then treated with cultured medium (DMEM with 10% 

FBS) for 10 h. Cells were trypsinized and re-suspended in 1 ml PBS. Propidium 

iodide (PI) was added to the suspensions and then incubated in a 37 °C water bath for 

20 min in the dark. PI-stained cells were analyzed by flow cytometry, and the 

percentages of different phases were automatically analyzed by Partec FloMax 

software. To estimate cell proliferation rate, cells were plated in triplicates at 2500 

cells/well in 96-well plates. Ten µl of 5mg/ml 3-(4, 5-dimethylthiazol-2-yl)-2, 
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5-diphenyltetrazolium bromide (MTT) was added into each well at 24, 48, and 72 

hours after plating. After incubation for 4 hours at 37℃, MTT-containing medium 

was removed. MTT metabolic products were subsequently dissolved in 100 µl DMSO 

for 20 min at 37℃, followed by measurement of absorbance at 550 nm. 

 

Cell migration assay 

Migration rates of different cell lines were assayed in a modified Boyden’s chamber 

(Neuro Probe, Gaithersburg, MD, USA). Cells suspended in 50 μl (1.5 x 10
4
 

cells/well) were loaded in the upper chamber. DMEM and FBS were loaded in the 

lower chamber as the negative control and chemoattractant, respectively. After 4 h, 

migrating cells were fixed and quantified by a colorimetric measurement using crystal 

violet staining with TotalLab v2.01 software. 

 

Cell attachment assay 

The 96-well culture plates were coated with 10 μg/ml collagen I and incubated at 37 

°C for 30 min followed by a PBS wash. To determine the effects of various functional 

blocking antibodies or lectin on cell adhesion, suspensions of J82 cells suspension 

was pre-incubated with anti-integrin antibody (1μg/ml for α1, α2, α3, αV, β3, αVβ3 

and 0.25μg/ml for β1; Millipore, USA) for 1 h or lectin (Vector Laboratories, USA) 
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for 30 min. Cells (5 x 10
4
 cells/100 μl) were seeded in the well and incubated at 37 °C 

for 20 min. After removing the medium and non-attached cells, wells were washed 

with PBS, and 0.1% crystal violet was added for 10 min. The plate was gently washed 

with PBS three times. Then 10% acetic acid was added for 20 min, and the plate was 

read at 550 nm. 

 

Apoptosis detection assay 

Cells were starved overnight and treated with 5 μg/ml actinomycin D, Sigma 

(Missouri, USA) as positive control for twenty-four hours. Cell apoptosis rate was 

detected by using FITC Anneixn-V apoptosis detection kit I, BD (San Diego, CA). 

Cells were trypsinized and re-suspended in 100 μl 1xbinding buffer. 5μl FITC 

annexin-V and PI were added to the suspensions and then incubated for 20 min at RT 

in the dark. Annexin V-stained cells were analyzed by flow cytometry. To measure 

end-stage apoptosis, TUNEL labeling was performed in tumor sections of the two 

groups using a DNA fragmentation detection kit, Calbiochem (Gibbstown, USA) 

following manufacturer’s instructions. Each section had been chose for 5 images, and 

TUNEL positive cells were quantified under microscope by high power field (200X). 

For a positive control, sections were incubated in DNase I before addition of 

equilibration buffer, while DDW was used instead of TdT reaction mix in the negative 
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control. 

 

Subcutaneous injection model 

For models of bladder cancer to measure tumorigenicity, 8-week-old male BALB/c 

nude mice (n=10; National Defense Medical Center, Taipei, Taiwan) were housed in 

pathogen-free conditions and acclimatized for 1~2 weeks. Mice were randomized to 

one of two groups and were subcutaneously injected with vector control cells (n=5) 

and CRT-RNAi cells (n=5) in the inguinal region. Cells (10
7
) were suspended in PBS 

and Matrigel in a 1:1 (v/v) ratio. Tumors were measured every 3 days (width
2
 x length 

x 0.5). Mice were sacrificed after 45 days, and subcutaneous tumors were surgically 

excised. 

 

Tail vein injection model 

For the metastasis model, 8-week-old male SCID mice (n=12; BioLASCO, Taipei, 

Taiwan) were used for tail vein injection. Cells (10
6
)

 
suspended in PBS were injected 

through the tail vein. After 40 days, the lung and liver were resected and fixed in 3.7% 

formalin for paraffin embedding in preparation for immunohistochemiical analysis. 

The percentage of the lung metastasis area was calculated as the metastatic lung 

area/total lung area. 
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Microarray analysis 

Total RNA from control and CRT-RNAi cells were isolate by the TRIzol reagent and 

quantified using NanoDrop ND-1000 spectrophotometer (Thermo Scientific, MA, 

USA). The cRNA was fragmented and then hybridized on the Human OneArray™ 

microarray (HOA 4.3; Phalanx Biotech, Palo Alto, CA) containing 30,968 human 

gene probes. Arrays were scanned by Microarray Scanner GenePix 4000B (Axon 

Instruments, Union City, CA), and fluorescence intensities were measured by 

GenePix Pro, version 6.0 (Molecular Devices). The raw data were preprocessed by 

log2 transformation and global LOWESS normalization. 

 

Determination of integrin activation 

Cells were trypsinized and re-suspended in 100 μl 1xPBS containing  α1,2 

-fucosidase (BioLabs, MA, USA; 1:100) at 37℃. After 30 min, cells were stained 

with PE conjugated anti-HUTS-21 antibody (BD Pharmingen, CA, USA) and 

analyzed by flow cytometry.  

 

Determination of mRNA stability  

J82 cells were treated with 5μg/ml actinomycin D (Act-D) (Sigma, Missouri, USA) 

for indicated time points. The FUT1 mRNA was detected by real-time PCR. 
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RNA Electrophoretic Mobility Shift Assay 

The synthesized biotinylated FUT1-ARE and mutant ARE (mARE) probes (MDBio) 

were incubated with CRT recombinant protein (Abnova) for 10 min at 4ºC in 

REMSA buffer containing 2 μg tRNA to a final volume of 20 µl. Samples were 

analyzed on a native PAGE (4% polyacrylamide:bisacrylamide, 37.5:1). Following 

electrophoresis, the gel was transferred to Nylon membrane and the RNA-protein 

complexes were detected by chemiluminescence following manufacturer’s 

instructions, Thermo (Rockford, USA). 

 

RNA immunoprecipitation  

Synthetic biotinylated FUT1 ARE and mARE probes were incubated with whole cell 

lysate (500 ug) containing streptavidin mag sepharose (GE Healthcare) at 4℃ 

overnight. The pulled down RNA-protein complexes were analyzed by 

western-blotting with anti-CRT antibody.  

 

Statistical analysis 

Data were statistically analyzed using one-way analysis of variance (ANOVA), 

followed by Fisher’s protected least-significant difference (LSD) test (StatView, 

Abacus Concept, Berkeley, CA, USA). Each result was obtained from at least three 
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independent experiments and a value of p<0.05 was considered statistically 

significant. 
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Chapter III. 

 

Results 
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Generation of stable cell lines 

In order to clarify the effects of CRT in bladder cancer cells, we attempted to 

select CRT overexpression and knockdown stable cell lines. J82 bladder cancer cells 

were transfected with a CRT overexpressed plasmid and a CRT-RNAi plasmid, and 

then selected by respective antibiotics. After selection by G418 over 2 months, 

CRT-RNAi cells were generated and CRT knockdown efficiency was confirmed with 

a real-time PCR and Western blotting to detect mRNA (Fig. 1B) and protein (Fig. 1C) 

expression levels compared to the transfected control vector cells (PCR 3.1). However, 

during the stable cell line selection, constitutive overexpression of CRT resulted in 

cell spreading (Fig. 1E) followed by cell death within two weeks. Therefore, an 

inducible-CRT bladder cancer cell line was generated by tetracycline-regulated gene 

system. Cells were treated with 1 µg/ml tetracycline 48 hours to induce CRT mRNA 

and protein expressions (Fig. 1B and 1D). Cell morphology was shown in Figure 1A, 

and the shape factors calculated by MetaMorph software were not significantly 

different between PCR 3.1 and CRT-RNAi or 
#
5y and 

#
5yCRT cells (Fig. 1F). 

 

Cell proliferation rate is lower in CRT knockdown cells 

 To understand how CRT regulates cell behavior, we used functional assays to 

investigate the physiological effects of CRT expression in bladder cancer cells. Their 
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cell cycle was analyzed by flow cytometry. In these assays, the CRT-RNAi group 

showed more cells arrested in the G1 phase (41%) compared to the control group 

(30%) which indicated that CRT knockdown suppressed cell proliferation (Fig. 2A). 

Nevertheless, our results demonstrated that there was no significant difference 

between 
#
5y and 

#
5yCRT (Fig. 2A). Cell proliferation rate was also assessed by MTT 

assays over several time points after plating. The MTT reading for CRT-RNAi cells 

were significantly lower than those from control cells (PCR 3.1) at 24, 48, and 72 

hours (Fig.2B, left panel). However, no significant difference was observed between 

CRT overexpressed cells and vector-transfected cells (Fig.2B, right panel). In order to 

estimate if the decreasing numbers in CRT-RNAi group due to apoptosis, we used 

annexin-V/PI staining to determine the apoptotic cells. PCR 3.1 and CRT-RNAi cells 

were starved for 24 hours. Actinomycin-D (act-D), which is a potent inducer for 

apoptosis in several cell lines [85], was used as positive control.  As shown in Fig. 

2C, the percentage of annexin-V positive cells were less than 3% in both PCR 3.1 and 

CRT-RNAi cells, which indicated that knockdown of CRT did not induce apoptosis in 

J82 cells. These results justified that down-regulation of CRT inhibited bladder cancer 

cell proliferation rather than induction of apoptosis.  

 

Alteration of CRT levels affects cell attachment and migration 
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We also used cell migration and attachment assays to explore the impact of 

CRT levels in J82 cancer cells. Equal numbers of cells were seeded on a 

collagen-coated plate for 20 min. Results showed that the cell’s attachment ability was 

suppressed in CRT-RNAi cells compared to transfected vector control cells (Fig. 3A, 

lanes 1 and 2). On the contrary, CRT over-expression enhanced cell attachment 

significantly than vector control cells (Fig. 3A, lanes 3 and 4). In order to determine if 

the effects of CRT are universal to bladder cancer, we used another bladder cancer cell 

line to perform our experiments. Down-regulation of CRT in T24 bladder cancer cells 

also suppressed cell attachment to type-I collagen (Fig. 3C), suggesting that the 

effects of CRT we observed are not only specific to J82 cell line. Furthermore, by 

using the modified Boyden chamber method, J82 cells with low CRT expression had 

lower migration capacities than control cells (Fig. 3B, lanes 1 and 2), and cells with 

higher CRT expression showed an opposite effect (Fig. 3B, lanes 3 and 4). 

Consequently, these results demonstrated a positive correlation between CRT 

expression levels and cell attachment and migration in bladder cancer cells. 

 

Phosphorylation levels of FAK and paxillin are lower in CRT 

knockdown cells 

Papp et al. reported that altering CRT expression in fibroblasts can affect cell 
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motility and adhesion through regulating c-Src and FAK activity [63, 86]. Paxillin is 

one molecule of the focal adhesion complex which regulates the cell adhesion 

mechanism. Based on those previous studies, we used Western blotting to analyze the 

downstream signaling pathway affected by CRT in our system. Phosphorylation levels 

of Src [pY418], FAK [pY397], and paxillin [pY118] were also examined. As shown in 

Fig. 4, the phosphorylation levels of FAK (-40%) and paxillin (-40%) decreased in 

CRT knockdown cells, while no difference in Src phosphorylation was observed. 

 

Knockdown of CRT inhibits tumor growth in vivo 

Stably transfected cells were subcutaneously injected into nude mice to 

determine the effects of CRT on tumor growth. Tumor volumes were measured every 

3 days. Compared to tumors of control mice, those of mice injected with CRT-RNAi 

were significantly smaller after 21 days. The mean volume of tumors of CRT-RNAi 

clones was suppressed 60% more than was that of control clones at day 35 (Fig. 5A). 

Moreover, we further determined the end-stage apoptosis in the injection of cells from 

nude mice. Tumor sections from both groups were analyzed by TUNEL assays. The 

number of TUNEL-positive cells in control group was no significantly increase in 

comparison to CRT-RNAi group (Fig. 5B). These results are consistent with our 

observations in vitro. 
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Knockdown of CRT inhibits metastasis of bladder cancer cells 

 In addition, we further confirmed that the metastatic capacity was lower in the 

CRT-RNAi subcutaneous-injection model. After sacrificing the mice, we found 

metastatic nodules in the liver of control mice but not in CRT-RNAi-injected mice 

(Fig. 6A). These results strongly suggest that expression levels of CRT are closely 

related to the metastatic behavior of bladder cancer cells. To further confirm this 

hypothesis, we performed a tail-vein injection experiment, which is a specific model 

used to investigate cancer cell metastasis. Liver metastasis was observed to be at 40% 

(2/5) in the control group and at 0% (0/7) in the CRT-RNAi group. In comparison, 

100% (5/5) of control cells and 71% (5/7) of CRT-RNAi-injected mice developed 

lung metastasis. Although lung metastasis was observed in both groups, the 

percentage of metastatic areas was much higher in the control group (Fig. 6B & 6C). 

From the two mice models, we can conclude that vector control cells induced tumor 

formation and visible liver and lung metastasis, whereas CRT-RNAi cells formed 

smaller tumors and fewer metastatic nodules in the liver and lungs. These results are 

summarized in Table 2. 

 

β1-integrin participated in CRT-mediated cell adhesion in J82 human 

bladder cancer cells 
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Since integrins play a crucial role in cell adhesion, we used collagen-specific 

integrins investigator kit to identify the type of integrins involved in CRT-mediated 

changes in cell adhesion. As shown in Figure 7A, functional blocking antibodies for 

α2- or β1-integrin inhibited the adhesion in vector control cells but not in CRT-RNAi 

cells. Blocking other integrins did not result in any significant differences in cell 

adhesion between control and CRT-RNAi cells. These suggested that α2- and 

β1-integrin might be involved in CRT-mediated adhesion on type I collagen. However, 

the level of total β1-integrin showed no difference between control and CRT-RNAi 

cells (Figure 7B). Subsequently, we used DNA arrays to compare the gene expression 

profiles between J82 control and CRT-RNAi cells and identified many candidate 

genes whose expression was likely to be CRT-regulated (Tables 3 & 4). Among these, 

FUT1 was significantly suppressed in J82 CRT-RNAi cells. Because recent studies 

have shown that changes in glycosylation of β1-integrin modulates its function [87], 

we performed a lectin pull-down assay using either lectin LTL or UEA-1, which are 

known to bind to α1,2-linkage oligosaccharides through a reaction catalyzed by FUT1. 

The pull-down samples were subjected to immuno-blotting against antibodies specific 

for β1-integrin. The fucosylation levels of β1-integrin were profoundly decreased in 

CRT-RNAi cells (Figure 7C). In addition, we also performed glycomics analysis in 

our stable cell lines. J82 cells showed different UEA-1-positive glycoprotein 
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expression patterns in western blot when we knockdown of CRT (Figure 7D). These 

results suggested that CRT mediates cell adhesion through post-translational 

modification of β1-integrin in bladder cancer.  

 

FUT1 overexpression in CRT-knockdown cells enhanced cell 

adhesion 

Fucosylation is one of the common post-translational protein modifications. It 

has been shown that transfection of FUT1 gene into RMG-1 cells enhanced cell 

adhesion [88]. To further examine the role of FUT1 on CRT-mediated changes in cell 

adhesion, the FUT1 gene was stably transfected into CRT-RNAi cells to generate J82 

#R-FUT1 cells. FUT1 overexpression in J82 #R-FUT1 cells was confirmed by 

real-time PCR (Figure 8A). To investigate the effect of FUT1 on the changes 

β1-integrin fucosylation, we pulled down UEA-1 lectin and probed for β1-integrin as 

described in the previous section. Binding of β1-integrin to UEA-1 lectin was 

significantly increased in J82 #R-FUT1 cells compared to control vector transfected 

cells (Figure 8B). Furthermore, as shown in Figure 8C, reintroduction of FUT1 

restored cell adhesion in CRT-RNAi stable cells. These results suggested that CRT 

modulated cell adhesion in bladder cancer by regulating β1-integrin fucosylation 

through FUT1. 
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Fucosylation status of β1-integrin affected integrin activation but not 

association between integrin to collagen 

Since the fucosylation status of β1-integrin could influence cell adhesion, we 

hypothesized that α1, 2-linked fucosylated glycan on β1-integrin might participate in 

β1-integrin and type I collagen interaction. To assess the potential inhibitory effects of 

UEA-1, we tested J82 cells in a cell adhesion assay presence of UEA-1 lectin. As 

shown in Figure 9A, treatment with UEA-1 did not show any effect on adhesion even 

at higher dosages. These results prompted us to inspect the activation status of 

β1-integrin. Several studies have revealed that variation in glycosylation patterns of 

β1-integrin has an influence on its functions [79, 89, 90]. To verify the effect of 

fucosylation levels on β1-integrin activity, the active forms of β1-integrin were 

detected by flow cytometry. We found that active integrins were significantly lower in 

CRT-RNAi cells (13.0±2.6) than in control cells (22.9±3.9) (Figure 9B). These results 

suggested that β1-integrin fucosylation modified integrin activity. To further confirm 

this hypothesis, cells were treated with a FUT1-specific α1, 2-fucosidase. Both the 

control and CRT-RNAi cells showed reduced β1-integrin activity upon fucosidase 

treatment (Figure 9B). Taken together, these findings suggested that β1-integrin 

fucosylation affected J82 cell adherent ability by activating β1-integrin rather than 

directly modifying the integrin binding sites. The data for down-regulation of α1,2 
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-fucosylation after fucosidase treatment was shown in figure 9C. 

 

CRT-knockdown suppressed FUT 1 expression by regulating its 

mRNA stability through AU-rich element 

In order to verify how CRT affected FUT1 expression, real-time PCR and 

western blot analyses were performed in our stable cell lines. The results showed that 

CRT down-regulation attenuated the expression of FUT-1 protein and mRNA level of 

3′untranslated region (UTR), but not the mRNA levels of coding region (Figure 10). It 

is known that certain specific sequences in 3′-UTR of mRNA can influence the RNA 

stability and protein expression [91]. These reports prompted us to investigate 

whether CRT regulates FUT1 expression levels by affecting mRNA stability rather 

than transcription. Act-D time course experiment was performed to determine the 

degradation rate of FUT1 mRNA.  We found that FUT1 mRNA was significantly 

less stable with the CRT-knockdown in J82 cells (Figure 11A). These results strongly 

suggested that CRT down-regulation affected the mRNA stability of FUT1.  

Numerous studies have shown that sequences rich in adenosine and uridine 

nucleotides, called AU-rich element (ARE), in 3′-UTR are important sequences for 

mRNA decay [92-94]. FUT-1 gene contains ARE sequence in its 3′-UTR. J82 control 

and CRT-RNAi cells were transfected with cmv-driven EGFP reporter fused to FUT1 
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3′-UTR containing wild-type, mutated, or deleted ARE as shown in Figure 11B. The 

EF1α-driven DsRed was used as an internal control. EGFP mRNA expression was 

measured by real-time PCR after 48 hours of transfection. Control cells showed a 

lower EGFP/DsRed ratio when ARE sequences from FUT1 3′-UTR were mutated or 

deleted (Figure 11C, left panel). However, no significant differences were observed 

between the full lengths, and ARE mutation, or deletion constructs in CRT 

knockdown cells (Figure 11C, right panel). Consequently, these results indicated that 

CRT influenced the FUT1 mRNA stability through ARE sequence.  

 

Identification of far upstream element binding protein 1 as FUT1 

mRNA binding protein 

The proteins which bind to ARE, called ARE-binding proteins, play an important 

role in regulation of mRNA stability [92]. CRT was reported previously as an 

ARE-BP that regulates mRNA degradation in various cell types [33, 34]. We carried 

out the RNA electrophoretic mobility-shift assay (REMSA) using biotin-labeled probe 

and recombinant CRT to assess the CRT-FUT1 ARE interaction in vitro. No specific 

bands with higher molecular weight were observed (Figure 12A). We next incubated 

whole cell extracts with the biotin labeled probes and the bound proteins were pulled 

down with streptavidin. As shown in Figure 12B, CRT did not co-precipitate with 
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ARE or mARE probes. These results indicated that CRT did not bind to ARE in FUT1 

3′-UTR. 

To identify the proteins that bind to FUT1 ARE, the synthetic probe was 

incubated with whole cell lysate. We performed an RNA pull-down assay and the 

RNA-protein complex was separated on 8% SDS-PAGE. In all three independent 

experiments, we consistently noticed a band near 75 KD, which was suppressed in 

mARE smaples (Figure 12C). Using mass spectrometry we identify this ARE binding 

protein as far upstream element binding protein 1 (FBP1). Our results confirmed that 

both the protein and mRNA levels of FBP1 were reduced in CRT knockdown cells 

(Figure 12D & 12E). Consequently, these results suggested that CRT affected FUT1 

mRNA stability through FBP1 regulation, which binds to the ARE sequence in FUT1 

3′-UTR. 
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Chapter IV. 

 

Discussion 
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CRT is well established as a multifunctional protein that regulates cell behavior 

[1]. In recent studies, it was shown that CRT is located in the cytosol and extracellular 

environments and on cell surfaces to modulate diverse physiological and pathological 

effects [95]. Many researchers reported that in some cancers, CRT is upregulated in 

tumor tissues more often than in normal tissues. Kageyama et al. also identified that 

CRT levels are higher in urothelial tissues of bladder cancer patients, and that urinary 

CRT can act as a biomarker for bladder cancer detection [49]. In this study, we 

surveyed the ability of CRT knockdown bladder cancer cells to suppress cell 

proliferation, migration, and adhesion. We further proved that in vivo 

down-expression of CRT diminishes bladder cancer tumorigenesis and metastasis.  

ER is one of important organelles for protein folding. Some studies revealed that 

abnormal expression of CRT, an ER-resident chaperon, would trigger unfolded 

protein response (UPR) which result in ER stress [96, 97]. In the present study, 

over-expressing CRT in bladder cancer caused morphological changes and cell death 

whthin two weeks. These changes are consistent with a previous study showing that 

albumin-induced ER stress caused a conversion to the spindle-like morphology in 

tubular cells [98]. Therefore, we surmised that constitutively high level of CRT 

expreession might disturb the ER stress regulation and lead to cells to exhibit an 

abnormal morphology. 
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The N-terminal fragment of CRT, vasostatin, is an antiangiogenic factor and 

inhibits endothelial cell proliferation [99, 100]. This protein was implied to be an 

inhibitor of lung tumor growth and metastasis in different mouse models [101]. 

However, there is no current study exploring the effects of vasostatin in bladder 

cancer. Previous studies have revealed that CRT affects nuclear localization and 

activities of p53, which subsequently leads to apoptosis and cell cycle arrest [102, 

103]. In this study, inducible CRT expression in J82 cells by tetracycline-regulated 

gene system did not enhance cell proliferation. We surmised that it might be due to 

the short induction time (only 48 hours) for J82 cells to enhance CRT expression 

transiently, which might not have profound effects on cell proliferation. Nevertheless, 

there is a decreased cell proliferation rate in the J82 CRT-RNAi cell line which has 

been down-regulated of CRT stably. This correlates with another study demonstrating 

that exogenous addition of CRT stimulates human keratinocyte and fibroblast 

proliferation [104]. In addition, overexpression of CRT in gastric cancer enhances cell 

proliferation and upregulates the expression and secretion of the well-known 

proangiogenic factors, VEGF and PlGF [37]. This evidence is consistent with our 

results showing that knockdown of CRT inhibited tumor growth in vivo. Moreover, 

neuroendocrine cells overexpressing vasostatin are also known to enhance malignant 

behaviors in a nude mice model [105]. Therefore, we speculated that the effects of 
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CRT on cell proliferation and tumorigenesis may be via regulation of the VEGF 

signaling pathway. 

Cells adhere to extracellular matrix is regulated by various Ca
2+

-relative 

pathways. The roles of CRT in cell adhesion have been extensively studied. Different 

expression levels of CRT affect cell adhesiveness, motility, and spread in various cell 

types [26, 29, 106, 107]. In this study, we demonstrated that up-regulated CRT 

expression increased cell attachment to type-I collagen. Furthermore, we also verified 

that down-regulation of CRT suppressed both J82 and T24 bladder cancer cells 

attachment to type-I collagen. These results suggested that CRT plays an important 

role in regulation of bladder cancer adhesion, and this effect may not be a specific 

event in J82 cells. A previous study demonstrated that CRT interacts with integrins by 

binding to the cytoplasmic KXGFFKR motif of the integrin α-subunit [3]. Several 

studies mentioned that CRT is co-localized with the α3β1 integrin via the N-domain, 

and surface CRT interacts with the collagen receptors, α2β1 integrin and glycoprotein 

VI, in human platelets [108, 109]. Furthermore, active integrins increase the 

association between CRT and α2β1 integrin [60]. Abnormal cell migration is a typical 

characteristic of cancer metastasis, and integrins, an important modulator for cell 

adhesion and migration, are involved in this process [110]. Although CRT is proposed 

to play a suppressive role in prostate cancer growth and metastasis [111], it was also 
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shown that mRNA and protein expressions of CRT are elevated in highly metastatic 

prostate cancer cell lines [57]. This indicates a possible correlation between CRT and 

metastasis. According to these references, we hypothesized that our observation of 

downregulated CRT diminishing cell migration, adhesion, and metastatic abilities in 

bladder cancer cells might have been due to the reduced interaction between CRT and 

integrins. 

 Protein tyrosine phosphorylation is a major event for the cell adhesive 

mechanism [112, 113]. Cell adhesiveness decreases in CRT-underexpressing mouse L 

fibroblasts which contain higher levels of active c-Src [86]. However, the results of 

our experiments demonstrated that c-Src activity is unaltered, which led us to think 

that the relationship between CRT and c-Src activation may differ depending on the 

type of cell. Although there was no difference in c-Src phosphorylation, we observed 

decreases in phosphorylation levels of other crucial focal contact proteins such as 

FAK and paxillin. FAK is a cytoplasmic non-receptor tyrosine kinase identified as the 

downstream signaling molecule of integrin-dependent cell adhesion. It is also known 

that the c-terminal of FAK is the binding site for the integrin-mediated protein, 

paxillin [114]. A previous study showed that breast cancer cells with high metastatic 

capacity have increased mRNA expression and paxillin protein levels [115]. In 

addition, FAK was also proven to be a key signaling factor in tumor initiation, 
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angiogenesis, and metastasis [116]. This evidence supports our data which 

demonstrated that decreased CRT expression in bladder cancer inhibits cancer 

metastasis through regulating FAK and paxillin phosphorylation. 

CRT regulates various cell behaviors which suggest that it may also play a part in 

cancer development. Much clinical research has revealed a correlation between CRT 

expression levels and clinicopathologic factors in different cancers. CRT is highly 

expressed in gastric tumor tissues and significantly correlated with tumor serosal 

invasion, lymph node metastasis, and microvessel density [37]. Moreover, CRT is 

upregulated in bladder tumor tissues, and the concentration of urinary CRT has a 

tendency to increase in histological grade and pathological T stage in bladder cancer 

[49, 50]. If a bladder cancer patient is diagnosed with advanced-stage (T2 to T4) 

tumors, it means that the cancer cells possess a higher invasive ability to grow into the 

muscle layer and can even spread to areas outside the bladder which increases the 

incidence of tumor metastasis. These results provide strong evidence which supports 

the phenomenon of bladder cancer cells that express lower levels of CRT having 

diminished tumor growth and metastasis in mice models. Therefore, we concluded 

that CRT might play an important role in bladder cancer metastasis. 

RNA stability is an important control point for gene expression. It has been 

reported that interaction between specific sequences (cis-acting elements) in 3′-UTR 
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of mRNA and specialized RNA-binding proteins (trans-actin factor) regulate mRNA 

degradation [117]. Base on the characteristics of cis-acting elements, there are three 

classes of mRNA, and the most common type is AU-rich element (ARE) identified in 

3′-UTR [91, 94, 118, 119]. A number of studies have shown that certain 

metastasis-associated genes with AREs are over-expressed in cancers [120-122]. 

Previously, we have reported that CRT levels regulate metastasis of bladder cancer 

cells [27]. Here, we showed that CRT-knockdown suppressed FUT1 mRNA 

degradation in J82 cells. The ARE database (http://brp.kfshrc.edu.sa/ARED/) screens 

classified FUT1 as class II cluster I of the ARE-mRNA. In our fluorescence reporter 

experiments, mutations or deletions in FUT1 3′-UTR-ARE sequence resulted in a 

significant decrease in EGFP levels in control cells. These results are consistent with 

previous reports that ARE sequence is important for regulating mRNA stability [118, 

123]. Consequently, we suggested that CRT may modulate metastasis of bladder 

cancer by influencing FUT1 mRNA stability in ARE region.  

Protein factors that bind to AREs are key regulators for mRNA stability. Many 

ARE binding proteins (ARE-BPs), including AUF1, HuR, and Tristetraprolin (TTP), 

have been well studied [92]. Numerous studies have reported that these ARE-BPs 

bind to AU-rich region and influence the stability of certain inflammatory and 

tumor-associated genes, including c-myc, c-fos, GM-CSF, TNF-α, and VEGF 

http://brp.kfshrc.edu.sa/ARED/
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[124-126]. CRT is a multifunctional protein that participates in various cell processes. 

In 2002, Nickenig et al. first indicated CRT as a novel mRNA binding protein that 

destabilizes type I angiotensin II receptor mRNA by binding to AU-rich region in 

3′-UTR [33]. Moreover, Totary-Jain et al. reported that CRT also binds to specific 

element in 3′-UTR of glucose transporter-1 mRNA and destabilizes the mRNA under 

high-glucose conditions [34]. In this study, the fluorescence signal of mARE or dARE 

was suppressed only in control cells but not in CRT-RNAi cells, suggesting that CRT 

levels influence FUT1 mRNA stability. However, we did not notice any direct 

association between CRT and FUT1 ARE directly in J82 cells. On the other hand, we 

identified FBP1 as the protein that interacts with FUT1 ARE probe. Recent studies 

indicated that FBP1 is an RNA-binding protein that participates in mRNA translation 

and/or stabilization [127-129]. In our studies, FBP1 levels were significantly 

decreased in CRT-knockdown cells. Taken together, our results suggested that CRT 

can stabilize FUT1 mRNA through FBP1, which binds to FUT1 ARE in 3′-UTR.   

Fucosylation regulated cancer cell tumorigenesis and metastasis has been 

extensively studied [65]. It has been reported that FUT1/FUT4-knockdown by siRNA 

significantly diminishes cell proliferation and tumor growth both in vitro and in vivo 

[74]. FUT1 overexpression restored cell adhesion in CRT-RNAi cells, suggesting that 

FUT1-related fucosylation affects cell adhesion and subsequent metastasis. 
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Nevertheless, a deficiency in GDP-mannose-4,6-dehydratase, resulting in loss of 

fucosylation, has been shown to cause colon cancer cell metastasis by escaping from 

tumor immune surveillance [130, 131]. Although this study contradicts our data, 

cumulative evidence suggest that tumor tissues expressed higher levels of 

fucosylation compare to normal tissues [132-134]. Furthermore, Numahata et al. 

revealed that sialyl Lewis X, a blood carbohydrate catalyzed by fucosyltransferase, is 

a predictor of invasive and metastatic outcome of bladder cancer [135]. These 

findings suggested a positive correlation between fucosylation and bladder cancer 

progression. Our results provided further evidence that FUT1 plays an important role 

in metastasis of bladder cancer. 

Cell adhesion is one of the common features of caner metastasis. It is known that 

integrins are the main cell surface molecules that regulate cell-matrix interaction. 

Many studies revealed that changes in glycan modification on integrins affect its 

biological functions [136, 137]. A recent study showed that deletion of core 

fucosylation (FUT8) on α3β1-integrin suppressed cell migration on laminin-5 in 

MEFs [80]. In the present study, we found that FUT1 increased fucosylation on 

β1-integrin and promoted cell adhesion of bladder cancer cells on type-I collagen. 

Overexpression of FUT1 gene enhanced cell adhesion in CRT-knockdown cells. 

However, higher levels of FUT1 only partially restored cell adhesion in 
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CRT-knockdown cells. Consequently, our results provide evidence that 

FUT1-mediated fucosylation on β1-integrin is one of the important mechanisms for 

cell adhesion in J82 bladder cancer cells. In another study FUT1 has been shown to 

increase the total expression of α5β1-integrin and promote RMG-1 cell adhesion on 

fibronectin [88]. Nevertheless, based on our results, we suggest that these 

observations might due to increasing activity of β1-integrin. We also noticed a clear 

reduction in the activity of β1-integrin with reduction in fucosylation in our stable cell 

lines. Most importantly, cells treated with FUT1-specific α1,2-fucosidase effectively 

diminished integrin activity. Taken together, we suggested that CRT regulates cell 

adhesion in bladder cancer by regulating β1-integrin activity through 

FUT1-dependent fucosylation. Since previous studies only indicated changes in the 

glycosylation of integrins may affect its function on cell adhesion and migration, our 

results presented here provide further evidence showing the role of fucosylation on 

the activity of β1-integrin. It is known that there are 12 potential N-glycosylation sites 

on β1-integrin subunit [76]. Our stable cell lines can be excellent tools to identify the 

functional fucosylation sites on β1-integrin.  
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Chapter V. 

 

Concluding remarks 

and future perspectives 
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Based on the clinical data published by Kageyama [49, 50], our results further 

clarify how CRT modulates the physiological mechanisms in bladder cancer 

progression. These findings, for the first time, provide evidence that altered CRT 

expression affects bladder cancer tumorigenesis and metastasis. Moreover, we further 

analyzed the mechanistic detail on CRT-dependent fucosylation and bladder cancer 

progression. Our findings demonstrated that CRT stabilizes FUT1 mRNA through 

affecting the ARE-BP, FBP1 levels. Therefore, the FUT1 activates β1-integrin by 

fucosylation, thereby enhancing bladder cancer adhesion and subsequent metastasis.  

This study provides new insights into the biological function of α1,2-linked 

fucosylation on β1-integrin. Studies are underway to address the specific fucosylation 

modification site of β1-integrin. Our results presented here can provide a new strategy 

toward therapeutic development for bladder cancer. Schematic illustration 

summarizes the role of CRT in regulation of bladder cancer metastasis (Fig. 13).  

Protein glycosylation is a common post-translational modification. Alteration in 

cellular glycosylation might disrupt cellular functions which causes several diseases. 

Our result showed that knockdown of CRT significantly suppressed fucosylated 

modification of β1-integrin, which might be a key reason to interrupt adhesion of J82 

cells. In the future, we will attempt to investigate the detail mechanism by which 

FUT1-mediated β1-integrin activation. 
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First, this study indicated that there is a clear reduction in the activity of 

β1-integrin with reduction in fucosylation in our stable cell lines. Most importantly, 

cells treated with FUT1-specific α1,2-fucosidase effectively diminished integrin 

activity. Taken together, these results suggested that CRT regulates cell adhesion in 

bladder cancer by regulating β1-integrin activity through FUT1-dependent 

fucosylation. In order to clarify how fucosylation affects β1-integrin activity, we 

attempt to compare the protein structure by X-ray crystallography between β1-integrin 

with or without fucosylation. These results might provide evidences which active 

domain on β1-integrin would be exposed after fucosylation. 

Moreover, it has been reported that there are twelve glycosylated sites on 

β1-integrin [76], therefore, we will attempt to profile the fucosylated site of integrin 

β1 by glycomic mass spectrometric analysis to compare the glycoform mapping 

between J82 control and CRT-knockdown cells. These results will provide 

information to design specific blocker by which may prevent bladder cancer adhesion 

and therefore subsequent metastasis. 

  



 
 

- 53 - 
 

References 

 

1 Michalak, M., Corbett, E. F., Mesaeli, N., Nakamura, K. and Opas, M. (1999) 

Calreticulin: one protein, one gene, many functions. Biochem J. 344, 281-292 

2 Michalak, M., Robert Parker, J. M. and Opas, M. (2002) Ca2+ signaling and 

calcium binding chaperones of the endoplasmic reticulum. Cell Calcium. 32, 269-278 

3 Rojiani, M. V., Finlay, B. B., Gray, V. and Dedhar, S. (1991) Invitro Interaction 

of a Polypeptide Homologous to Human-Ro/Ss-a-Antigen (Calreticulin) with a 

Highly Conserved Amino-Acid-Sequence in the Cytoplasmic Domain of Integrin 

Alpha-Subunits. Biochemistry-Us. 30, 9859-9866 

4 Burns, K., Duggan, B., Atkinson, E. A., Famulski, K. S., Nemer, M., Bleackley, 

R. C. and Michalak, M. (1994) Modulation of gene expression by calreticulin binding 

to the glucocorticoid receptor. Nature. 367, 476-480 

5 Martin, V., Groenendyk, J., Steiner, S. S., Guo, L., Dabrowska, M., Parker, J. M., 

Muller-Esterl, W., Opas, M. and Michalak, M. (2006) Identification by mutational 

analysis of amino acid residues essential in the chaperone function of calreticulin. J 

Biol Chem. 281, 2338-2346 

6 Krause, K. H. and Michalak, M. (1997) Calreticulin. Cell. 88, 439-443 

7 Baksh, S. and Michalak, M. (1991) Expression of Calreticulin in 

Escherichia-Coli and Identification of Its Ca2+ Binding Domains. Journal of 

Biological Chemistry. 266, 21458-21465 

8 Tjoelker, L. W., Seyfried, C. E., Eddy, R. L., Jr., Byers, M. G., Shows, T. B., 

Calderon, J., Schreiber, R. B. and Gray, P. W. (1994) Human, mouse, and rat calnexin 

cDNA cloning: identification of potential calcium binding motifs and gene 

localization to human chromosome 5. Biochemistry-Us. 33, 3229-3236 

9 Nakamura, K., Zuppini, A., Arnaudeau, S., Lynch, J., Ahsan, I., Krause, R., Papp, 

S., De Smedt, H., Parys, J. B., Muller-Esterl, W., Lew, D. P., Krause, K. H., Demaurex, 

N., Opas, M. and Michalak, M. (2001) Functional specialization of calreticulin 

domains. J Cell Biol. 154, 961-972 

10 Corbett, E. F., Oikawa, K., Francois, P., Tessier, D. C., Kay, C., Bergeron, J. J., 

Thomas, D. Y., Krause, K. H. and Michalak, M. (1999) Ca2+ regulation of 

interactions between endoplasmic reticulum chaperones. J Biol Chem. 274, 

6203-6211 

11 Michalak, M., Milner, R. E., Burns, K. and Opas, M. (1992) Calreticulin. 

Biochem J. 285 ( Pt 3), 681-692 

12 White, T. K., Zhu, Q. and Tanzer, M. L. (1995) Cell surface calreticulin is a 



 
 

- 54 - 
 

putative mannoside lectin which triggers mouse melanoma cell spreading. J Biol 

Chem. 270, 15926-15929 

13 Coppolino, M. G., Woodside, M. J., Demaurex, N., Grinstein, S., StArnaud, R. 

and Dedhar, S. (1997) Calreticulin is essential for integrin-mediated calcium 

signalling and cell adhesion. Nature. 386, 843-847 

14 Dedhar, S. (1994) Novel functions for calreticulin: interaction with integrins and 

modulation of gene expression? Trends Biochem Sci. 19, 269-271 

15 Raghavan, M., Wijeyesakere, S. J., Peters, L. R. and Del Cid, N. (2013) 

Calreticulin in the immune system: ins and outs. Trends Immunol. 34, 13-21 

16 Labriola, C., Cazzulo, J. J. and Parodi, A. J. (1999) Trypanosoma cruzi 

calreticulin is a lectin that binds monoglucosylated oligosaccharides but not protein 

moieties of glycoproteins. Mol Biol Cell. 10, 1381-1394 

17 Zapun, A., Darby, N. J., Tessier, D. C., Michalak, M., Bergeron, J. J. and Thomas, 

D. Y. (1998) Enhanced catalysis of ribonuclease B folding by the interaction of 

calnexin or calreticulin with ERp57. J Biol Chem. 273, 6009-6012 

18 Vassilakos, A., Michalak, M., Lehrman, M. A. and Williams, D. B. (1998) 

Oligosaccharide binding characteristics of the molecular chaperones calnexin and 

calreticulin. Biochemistry-Us. 37, 3480-3490 

19 Spiro, R. G., Zhu, Q., Bhoyroo, V. and Soling, H. D. (1996) Definition of the 

lectin-like properties of the molecular chaperone, calreticulin, and demonstration of 

its copurification with endomannosidase from rat liver Golgi. J Biol Chem. 271, 

11588-11594 

20 Pozzan, T., Rizzuto, R., Volpe, P. and Meldolesi, J. (1994) Molecular and cellular 

physiology of intracellular calcium stores. Physiol Rev. 74, 595-636 

21 Meldolesi, J. and Pozzan, T. (1998) The endoplasmic reticulum Ca2+ store: a 

view from the lumen. Trends Biochem Sci. 23, 10-14 

22 Ostwald, T. J. and MacLennan, D. H. (1974) Isolation of a high affinity 

calcium-binding protein from sarcoplasmic reticulum. J Biol Chem. 249, 974-979 

23 Bastianutto, C., Clementi, E., Codazzi, F., Podini, P., De Giorgi, F., Rizzuto, R., 

Meldolesi, J. and Pozzan, T. (1995) Overexpression of calreticulin increases the Ca2+ 

capacity of rapidly exchanging Ca2+ stores and reveals aspects of their lumenal 

microenvironment and function. J Cell Biol. 130, 847-855 

24 Mery, L., Mesaeli, N., Michalak, M., Opas, M., Lew, D. P. and Krause, K. H. 

(1996) Overexpression of calreticulin increases intracellular Ca2+ storage and 

decreases store-operated Ca2+ influx. J Biol Chem. 271, 9332-9339 

25 Villagomez, M., Szabo, E., Podcheko, A., Feng, T., Papp, S. and Opas, M. (2009) 

Calreticulin and focal-contact-dependent adhesion. Biochemistry and Cell 

Biology-Biochimie Et Biologie Cellulaire. 87, 545-556 



 
 

- 55 - 
 

26 Fadel, M. P., Dziak, E., Lo, C. M., Ferrier, J., Mesaeli, N., Michalak, M. and 

Opas, M. (1999) Calreticulin affects focal contact-dependent but not close 

contact-dependent cell-substratum adhesion. Journal of Biological Chemistry. 274, 

15085-15094 

27 Lu, Y. C., Chen, C. N., Wang, B., Hsu, W. M., Chen, S. T., Chang, K. J., Chang, 

C. C. and Lee, H. (2011) Changes in tumor growth and metastatic capacities of J82 

human bladder cancer cells suppressed by down-regulation of calreticulin expression. 

Am J Pathol. 179, 1425-1433 

28 Papp, S., Szabo, E., Kim, H., McCulloch, C. A. and Opas, M. (2008) 

Kinase-dependent adhesion to fibronectin: regulation by calreticulin. Exp Cell Res. 

314, 1313-1326 

29 Opas, M., SzewczenkoPawlikowski, M., Jass, G. K., Mesaeli, N. and Michalak, 

M. (1996) Calreticulin modulates cell adhesiveness via regulation of vinculin 

expression. Journal of Cell Biology. 135, 1913-1923 

30 Papp, S., Fadel, M. P., Kim, H., McCulloch, C. A. and Opas, M. (2007) 

Calreticulin affects fibronectin-based cell-substratum adhesion via the regulation of 

c-Src activity. J Biol Chem. 282, 16585-16598 

31 Dedhar, S., Rennie, P. S., Shago, M., Hagesteijn, C. Y., Yang, H., Filmus, J., 

Hawley, R. G., Bruchovsky, N., Cheng, H., Matusik, R. J. and et al. (1994) Inhibition 

of nuclear hormone receptor activity by calreticulin. Nature. 367, 480-483 

32 Coppolino, M. G. and Dedhar, S. (1999) Ligand-specific, transient interaction 

between integrins and calreticulin during cell adhesion to extracellular matrix proteins 

is dependent upon phosphorylation dephosphorylation events. Biochem J. 340, 41-50 

33 Nickenig, G., Michaelsen, F., Muller, C., Berger, A., Vogel, T., Sachinidis, A., 

Vetter, H. and Bohm, M. (2002) Destabilization of AT(1) receptor mRNA by 

calreticulin. Circ Res. 90, 53-58 

34 Totary-Jain, H., Naveh-Many, T., Riahi, Y., Kaiser, N., Eckel, J. and Sasson, S. 

(2005) Calreticulin destabilizes glucose transporter-1 mRNA in vascular endothelial 

and smooth muscle cells under high-glucose conditions. Circ Res. 97, 1001-1008 

35 Zamanian, M., Veerakumarasivam, A., Abdullah, S. and Rosli, R. (2013) 

Calreticulin and cancer. Pathol Oncol Res. 19, 149-154 

36 Hsu, W. M., Hsieh, F. J., Jeng, Y. M., Kuo, M. L., Chen, C. N., Lai, D. M., Hsieh, 

L. J., Wang, B. T., Tsao, P. N., Lee, H., Lin, M. T., Lai, H. S. and Chen, W. J. (2005) 

Calreticulin expression in neuroblastoma--a novel independent prognostic factor. Ann 

Oncol. 16, 314-321 

37 Chen, C. N., Chang, C. C., Su, T. E., Hsu, W. M., Jeng, Y. M., Ho, M. C., Hsieh, 

F. J., Lee, P. H., Kuo, M. L., Lee, H. and Chang, K. J. (2009) Identification of 

calreticulin as a prognosis marker and angiogenic regulator in human gastric cancer. 



 
 

- 56 - 
 

Ann Surg Oncol. 16, 524-533 

38 Lwin, Z. M., Guo, C., Salim, A., Yip, G. W., Chew, F. T., Nan, J., Thike, A. A., 

Tan, P. H. and Bay, B. H. (2010) Clinicopathological significance of calreticulin in 

breast invasive ductal carcinoma. Modern pathology : an official journal of the United 

States and Canadian Academy of Pathology, Inc. 23, 1559-1566 

39 Vaksman, O., Davidson, B., Trope, C. and Reich, R. (2013) Calreticulin 

expression is reduced in high-grade ovarian serous carcinoma effusions compared 

with primary tumors and solid metastases. Human pathology. 44, 2677-2683 

40 Sheng, W., Chen, C., Dong, M., Zhou, J., Liu, Q., Dong, Q. and Li, F. (2014) 

Overexpression of calreticulin contributes to the development and progression of 

pancreatic cancer. J Cell Physiol. 229, 887-897 

41 Du, X. L., Hu, H., Lin, D. C., Xia, S. H., Shen, X. M., Zhang, Y., Luo, M. L., 

Feng, Y. B., Cai, Y., Xu, X., Han, Y. L., Zhan, Q. M. and Wang, M. R. (2007) 

Proteomic profiling of proteins dysregulted in Chinese esophageal squamous cell 

carcinoma. J Mol Med (Berl). 85, 863-875 

42 Chiang, W. F., Hwang, T. Z., Hour, T. C., Wang, L. H., Chiu, C. C., Chen, H. R., 

Wu, Y. J., Wang, C. C., Wang, L. F., Chien, C. Y., Chen, J. H., Hsu, C. T. and Chen, J. 

Y. (2013) Calreticulin, an endoplasmic reticulum-resident protein, is highly expressed 

and essential for cell proliferation and migration in oral squamous cell carcinoma. 

Oral oncology. 49, 534-541 

43 Chahed, K., Kabbage, M., Ehret-Sabatier, L., Lemaitre-Guillier, C., Remadi, S., 

Hoebeke, J. and Chouchane, L. (2005) Expression of fibrinogen E-fragment and fibrin 

E-fragment is inhibited in the human infiltrating ductal carcinoma of the breast: the 

two-dimensional electrophoresis and MALDI-TOF-mass spectrometry analyses. Int J 

Oncol. 27, 1425-1431 

44 Bini, L., Magi, B., Marzocchi, B., Arcuri, F., Tripodi, S., Cintorino, M., Sanchez, 

J. C., Frutiger, S., Hughes, G., Pallini, V., Hochstrasser, D. F. and Tosi, P. (1997) 

Protein expression profiles in human breast ductal carcinoma and histologically 

normal tissue. Electrophoresis. 18, 2832-2841 

45 Alfonso, P., Nunez, A., Madoz-Gurpide, J., Lombardia, L., Sanchez, L. and Casal, 

J. I. (2005) Proteomic expression analysis of colorectal cancer by two-dimensional 

differential gel electrophoresis. Proteomics. 5, 2602-2611 

46 Alaiya, A., Roblick, U., Egevad, L., Carlsson, A., Franzen, B., Volz, D., 

Huwendiek, S., Linder, S. and Auer, G. (2000) Polypeptide expression in prostate 

hyperplasia and prostate adenocarcinoma. Anal Cell Pathol. 21, 1-9 

47 Hellman, K., Alaiya, A. A., Schedvins, K., Steinberg, W., Hellstrom, A. C. and 

Auer, G. (2004) Protein expression patterns in primary carcinoma of the vagina. Brit J 

Cancer. 91, 319-326 



 
 

- 57 - 
 

48 Minami, S., Nagashio, R., Ueda, J., Matsumoto, K., Goshima, N., Hattori, M., 

Hachimura, K., Iwamura, M. and Sato, Y. (2014) Detection of tumor-associated 

antigens in culture supernatants using autoantibodies in sera from patients with 

bladder cancer. Biomedical research (Tokyo, Japan). 35, 25-35 

49 Kageyama, S., Isono, T., Iwaki, H., Wakabayashi, Y., Okada, Y., Kotani, K., 

Yoshimura, K., Terai, A., Arai, Y. and Yoshiki, T. (2004) Identification by proteomic 

analysis of calreticulin as a marker for bladder cancer and evaluation of the diagnostic 

accuracy of its detection in urine. Clinical Chemistry. 50, 857-866 

50 Kageyama, S., Isono, T., Matsuda, S., Ushio, Y., Satomura, S., Terai, A., Arai, Y., 

Kawakita, M., Okada, Y. and Yoshiki, T. (2009) Urinary calreticulin in the diagnosis 

of bladder urothelial carcinoma. International Journal of Urology. 16, 481-486 

51 Gardai, S. J., McPhillips, K. A., Frasch, S. C., Janssen, W. J., Starefeldt, A., 

Murphy-Ullrich, J. E., Bratton, D. L., Oldenborg, P. A., Michalak, M. and Henson, P. 

M. (2005) Cell-surface calreticulin initiates clearance of viable or apoptotic cells 

through trans-activation of LRP on the phagocyte. Cell. 123, 321-334 

52 Obeid, M., Tesniere, A., Ghiringhelli, F., Fimia, G. M., Apetoh, L., Perfettini, J. 

L., Castedo, M., Mignot, G., Panaretakis, T., Casares, N., Metivier, D., Larochette, N., 

van Endert, P., Ciccosanti, F., Piacentini, M., Zitvogel, L. and Kroemer, G. (2007) 

Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med. 13, 

54-61 

53 Chao, M. P., Jaiswal, S., Weissman-Tsukamoto, R., Alizadeh, A. A., Gentles, A. 

J., Volkmer, J., Weiskopf, K., Willingham, S. B., Raveh, T., Park, C. Y., Majeti, R. and 

Weissman, I. L. (2010) Calreticulin is the dominant pro-phagocytic signal on multiple 

human cancers and is counterbalanced by CD47. Science translational medicine. 2, 

63ra94 

54 Clarke, C. and Smyth, M. J. (2007) Calreticulin exposure increases cancer 

immunogenicity. Nat Biotechnol. 25, 192-193 

55 Alur, M., Nguyen, M. M., Eggener, S. E., Jiang, F., Dadras, S. S., Stern, J., 

Kimm, S., Roehl, K., Kozlowski, J., Pins, M., Michalak, M., Dhir, R. and Wang, Z. 

(2009) Suppressive roles of calreticulin in prostate cancer growth and metastasis. Am 

J Pathol. 175, 882-890 

56 Shu, Q., Li, W., Li, H. and Sun, G. (2014) Vasostatin Inhibits VEGF-Induced 

Endothelial Cell Proliferation, Tube Formation and Induces Cell Apoptosis under 

Oxygen Deprivation. Int J Mol Sci. 15, 6019-6030 

57 Wu, M. F. F., Bai, X. Y. Y., Xu, G., Wei, J. C. C., Zhu, T., Zhang, Y. T., Li, Q., 

Liu, P., Song, A. P., Zhao, L. P., Gang, C., Han, Z. Q., Wang, S. X., Zhou, J. F., Lu, Y. 

P. and Ma, D. (2007) Proteome analysis of human androgen-independent prostate 

cancer cell lines: Variable metastatic potentials correlated with vimentin expression. 



 
 

- 58 - 
 

Proteomics. 7, 1973-1983 

58 Leung-Hagesteijn, C. Y., Milankov, K., Michalak, M., Wilkins, J. and Dedhar, S. 

(1994) Cell attachment to extracellular matrix substrates is inhibited upon 

downregulation of expression of calreticulin, an intracellular integrin 

alpha-subunit-binding protein. J Cell Sci. 107 ( Pt 3), 589-600 

59 Coppolino, M. G., Woodside, M. J., Demaurex, N., Grinstein, S., St-Arnaud, R. 

and Dedhar, S. (1997) Calreticulin is essential for integrin-mediated calcium 

signalling and cell adhesion. Nature. 386, 843-847 

60 Coppolino, M., Leunghagesteijn, C., Dedhar, S. and Wilkins, J. (1995) Inducible 

Interaction of Integrin Alpha(2)Beta(1) with Calreticulin - Dependence on the 

Activation State of the Integrin. Journal of Biological Chemistry. 270, 23132-23138 

61 Coppolino, M. G. and Dedhar, S. (1999) Ligand-specific, transient interaction 

between integrins and calreticulin during cell adhesion to extracellular matrix proteins 

is dependent upon phosphorylation/dephosphorylation events. Biochem J. 340 ( Pt 1), 

41-50 

62 Ihara, Y., Inai, Y. and Ikezaki, M. (2011) Alteration of integrin-dependent 

adhesion and signaling in EMT-like MDCK cells established through overexpression 

of calreticulin. J Cell Biochem. 112, 2518-2528 

63 Szabo, E., Papp, S. and Opas, M. (2007) Differential calreticulin affects focal 

contacts via the Calmodulin/CaMK II pathway. Journal of Cellular Physiology. 213, 

269-277 

64 Goicoechea, S., Orr, A. W., Pallero, M. A., Eggleton, P. and Murphy-Ullrich, J. E. 

(2000) Thrombospondin mediates focal adhesion disassembly through interactions 

with cell surface calreticulin. J Biol Chem. 275, 36358-36368 

65 Miyoshi, E., Moriwaki, K. and Nakagawa, T. (2008) Biological function of 

fucosylation in cancer biology. J Biochem. 143, 725-729 

66 Turner, G. A. (1995) Haptoglobin. A potential reporter molecule for 

glycosylation changes in disease. Adv Exp Med Biol. 376, 231-238 

67 Mas, E., Pasqualini, E., Caillol, N., El Battari, A., Crotte, C., Lombardo, D. and 

Sadoulet, M. O. (1998) Fucosyltransferase activities in human pancreatic tissue: 

comparative study between cancer tissues and established tumoral cell lines. 

Glycobiology. 8, 605-613 

68 Baumann, H., Nudelman, E., Watanabe, K. and Hakomori, S. (1979) Neutral 

fucolipids and fucogangliosides of rat hepatoma HTC and H35 cells, rat liver, and 

hepatocytes. Cancer Res. 39, 2637-2643 

69 Ito, Y., Miyauchi, A., Yoshida, H., Uruno, T., Nakano, K., Takamura, Y., Miya, A., 

Kobayashi, K., Yokozawa, T., Matsuzuka, F., Taniguchi, N., Matsuura, N., Kuma, K. 

and Miyoshi, E. (2003) Expression of alpha1,6-fucosyltransferase (FUT8) in papillary 



 
 

- 59 - 
 

carcinoma of the thyroid: its linkage to biological aggressiveness and anaplastic 

transformation. Cancer Lett. 200, 167-172 

70 Okuyama, N., Ide, Y., Nakano, M., Nakagawa, T., Yamanaka, K., Moriwaki, K., 

Murata, K., Ohigashi, H., Yokoyama, S., Eguchi, H., Ishikawa, O., Ito, T., Kato, M., 

Kasahara, A., Kawano, S., Gu, J., Taniguchi, N. and Miyoshi, E. (2006) Fucosylated 

haptoglobin is a novel marker for pancreatic cancer: a detailed analysis of the 

oligosaccharide structure and a possible mechanism for fucosylation. Int J Cancer. 118, 

2803-2808 

71 Madjd, Z., Parsons, T., Watson, N. F., Spendlove, I., Ellis, I. and Durrant, L. G. 

(2005) High expression of Lewis y/b antigens is associated with decreased survival in 

lymph node negative breast carcinomas. Breast Cancer Res. 7, R780-787 

72 Kim, Y. S., Itzkowitz, S. H., Yuan, M., Chung, Y., Satake, K., Umeyama, K. and 

Hakomori, S. (1988) Lex and Ley antigen expression in human pancreatic cancer. 

Cancer Res. 48, 475-482 

73 Cordon-Cardo, C., Reuter, V. E., Lloyd, K. O., Sheinfeld, J., Fair, W. R., Old, L. 

J. and Melamed, M. R. (1988) Blood group-related antigens in human urothelium: 

enhanced expression of precursor, LeX, and LeY determinants in urothelial carcinoma. 

Cancer Res. 48, 4113-4120 

74 Zhang, Z., Sun, P., Liu, J., Fu, L., Yan, J., Liu, Y., Yu, L., Wang, X. and Yan, Q. 

(2008) Suppression of FUT1/FUT4 expression by siRNA inhibits tumor growth. 

Biochim Biophys Acta. 1783, 287-296 

75 Mejias-Luque, R., Lopez-Ferrer, A., Garrido, M., Fabra, A. and de Bolos, C. 

(2007) Changes in the invasive and metastatic capacities of HT-29/M3 cells induced 

by the expression of fucosyltransferase 1. Cancer Science. 98, 1000-1005 

76 Janik, M. E., Litynska, A. and Vereecken, P. (2010) Cell migration-the role of 

integrin glycosylation. Biochim Biophys Acta. 1800, 545-555 

77 Zhao, Y., Sato, Y., Isaji, T., Fukuda, T., Matsumoto, A., Miyoshi, E., Gu, J. and 

Taniguchi, N. (2008) Branched N-glycans regulate the biological functions of 

integrins and cadherins. Febs J. 275, 1939-1948 

78 Guo, H. B., Lee, I., Kamar, M., Akiyama, S. K. and Pierce, M. (2002) Aberrant 

N-glycosylation of beta1 integrin causes reduced alpha5beta1 integrin clustering and 

stimulates cell migration. Cancer Res. 62, 6837-6845 

79 Gu, J., Zhao, Y., Isaji, T., Shibukawa, Y., Ihara, H., Takahashi, M., Ikeda, Y., 

Miyoshi, E., Honke, K. and Taniguchi, N. (2004) 

Beta1,4-N-Acetylglucosaminyltransferase III down-regulates neurite outgrowth 

induced by costimulation of epidermal growth factor and integrins through the 

Ras/ERK signaling pathway in PC12 cells. Glycobiology. 14, 177-186 

80 Zhao, Y., Itoh, S., Wang, X., Isaji, T., Miyoshi, E., Kariya, Y., Miyazaki, K., 



 
 

- 60 - 
 

Kawasaki, N., Taniguchi, N. and Gu, J. (2006) Deletion of core fucosylation on 

alpha3beta1 integrin down-regulates its functions. J Biol Chem. 281, 38343-38350 

81 Jemal, A., Siegel, R., Ward, E., Hao, Y. P., Xu, J. Q. and Thun, M. J. (2009) 

Cancer Statistics, 2009. Ca-Cancer J Clin. 59, 225-249 

82 Prout, G. R. and Marshall, V. F. (1956) The Prognosis with Untreated Bladder 

Tumors. Cancer. 9, 551-558 

83 Yasui, W., Oue, N., Aung, P. P., Matsumura, S., Shutoh, M. and Nakayama, H. 

(2005) Molecular-pathological prognostic factors of gastric cancer: a review. Gastric 

Cancer. 8, 86-94 

84 Wang, Y., Liu, J., Smith, E., Zhou, K., Liao, J., Yang, G. Y., Tan, M. and Zhan, X. 

(2007) Downregulation of missing in metastasis gene (MIM) is associated with the 

progression of bladder transitional carcinomas. Cancer Invest. 25, 79-86 

85 Kleeff, J., Kornmann, M., Sawhney, H. and Korc, M. (2000) Actinomycin D 

induces apoptosis and inhibits growth of pancreatic cancer cells. Int J Cancer. 86, 

399-407 

86 Papp, S., Fadel, M. P., Kim, H., McCulloch, C. A. and Opas, M. (2007) 

Calreticulin affects fibronectin-based cell-substratum adhesion via the regulation of 

c-Src activity. Journal of Biological Chemistry. 282, 16585-16598 

87 Gu, J. and Taniguchi, N. (2004) Regulation of integrin functions by N-glycans. 

Glycoconj J. 21, 9-15 

88 Yan, L. M., Lin, B., Zhu, L. C., Hao, Y. Y., Qi, Y., Wang, C. Z., Gao, S., Liu, S. 

C., Zhang, S. L. and Iwamori, M. (2010) Enhancement of the adhesive and spreading 

potentials of ovarian carcinoma RMG-1 cells due to increased expression of integrin 

alpha5beta1 with the Lewis Y-structure on transfection of the 

alpha1,2-fucosyltransferase gene. Biochimie. 92, 852-857 

89 Chang, H. H., Chen, C. H., Chou, C. H., Liao, Y. F., Huang, M. J., Chen, Y. H., 

Wang, W. J., Huang, J., Hung, J. S., Ho, W. L., Jeng, Y. M., Che, M. I., Lee, H., Lu, M. 

Y., Yang, Y. L., Jou, S. T., Lin, D. T., Lin, K. H., Hsu, W. M. and Huang, M. C. (2013) 

beta-1,4-galactosyltransferase III enhances invasive phenotypes via beta1 integrin and 

predicts poor prognosis in neuroblastoma. Clin Cancer Res 

90 Lee, S. H., Hatakeyama, S., Yu, S. Y., Bao, X., Ohyama, C., Khoo, K. H., Fukuda, 

M. N. and Fukuda, M. (2009) Core3 O-glycan synthase suppresses tumor formation 

and metastasis of prostate carcinoma PC3 and LNCaP cells through down-regulation 

of alpha2beta1 integrin complex. J Biol Chem. 284, 17157-17169 

91 Misquitta, C. M., Chen, T. and Grover, A. K. (2006) Control of protein 

expression through mRNA stability in calcium signalling. Cell Calcium. 40, 329-346 

92 Barreau, C., Paillard, L. and Osborne, H. B. (2005) AU-rich elements and 

associated factors: are there unifying principles? Nucleic Acids Res. 33, 7138-7150 



 
 

- 61 - 
 

93 Xu, N., Chen, C. Y. and Shyu, A. B. (1997) Modulation of the fate of 

cytoplasmic mRNA by AU-rich elements: key sequence features controlling mRNA 

deadenylation and decay. Mol Cell Biol. 17, 4611-4621 

94 Beelman, C. A. and Parker, R. (1995) Degradation of mRNA in eukaryotes. Cell. 

81, 179-183 

95 Gold, L. I., Eggleton, P., Sweetwyne, M. T., Van Duyn, L. B., Greives, M. R., 

Naylor, S. M., Michalak, M. and Murphy-Ullrich, J. E. (2010) Calreticulin: 

non-endoplasmic reticulum functions in physiology and disease. Faseb Journal. 24, 

665-683 

96 Schardt, J. A., Eyholzer, M., Timchenko, N. A., Mueller, B. U. and Pabst, T. 

(2010) Unfolded protein response suppresses CEBPA by induction of calreticulin in 

acute myeloid leukaemia. J Cell Mol Med. 14, 1509-1519 

97 Boden, G. and Merali, S. (2011) Measurement of the increase in endoplasmic 

reticulum stress-related proteins and genes in adipose tissue of obese, insulin-resistant 

individuals. Methods Enzymol. 489, 67-82 

98 Lee, J. Y., Chang, J. W., Yang, W. S., Kim, S. B., Park, S. K., Park, J. S. and Lee, 

S. K. (2011) Albumin-induced epithelial-mesenchymal transition and ER stress are 

regulated through a common ROS-c-Src kinase-mTOR pathway: Effect of imatinib 

mesylate. Am J Physiol Renal Physiol 

99 Pike, S. E., Yao, L., Jones, K. D., Cherney, B., Appella, E., Sakaguchi, K., 

Nakhasi, H., Teruya-Feldstein, J., Wirth, P., Gupta, G. and Tosato, G. (1998) 

Vasostatin, a calreticulin fragment, inhibits angiogenesis and suppresses tumor growth. 

J Exp Med. 188, 2349-2356 

100 Pike, S. E., Yao, L., Setsuda, J., Jones, K. D., Cherney, B., Appella, E., 

Sakaguchi, K., Nakhasi, H., Atreya, C. D., Teruya-Feldstein, J., Wirth, P., Gupta, G. 

and Tosato, G. (1999) Calreticulin and calreticulin fragments are endothelial cell 

inhibitors that suppress tumor growth. Blood. 94, 2461-2468 

101 Cai, K. X., Tse, L. Y., Leung, C., Tam, P. K. H., Xu, R. A. and Sham, M. H. 

(2008) Suppression of lung tumor growth and metastasis in mice by adeno-associated 

virus-mediated expression of vasostatin. Clinical Cancer Research. 14, 939-949 

102 Mesaeli, N. and Phillipson, C. (2004) Impaired p53 expression, function, and 

nuclear localization in calreticulin-deficient cells. Mol Biol Cell. 15, 1862-1870 

103 Lim, S., Chang, W., Lee, B. K., Song, H., Hong, J. H., Lee, S., Song, B. W., Kim, 

H. J., Cha, M. J., Jang, Y., Chung, N., Choi, S. Y. and Hwang, K. C. (2008) Enhanced 

calreticulin expression promotes calcium-dependent apoptosis in postnatal 

cardiomyocytes. Mol Cells. 25, 390-396 

104 Nanney, L. B., Woodrell, C. D., Greives, M. R., Cardwell, N. L., Pollins, A. C., 

Bancroft, T. A., Chesser, A., Michalak, M., Rahman, M., Siebert, J. W. and Gold, L. I. 



 
 

- 62 - 
 

(2008) Calreticulin enhances porcine wound repair by diverse biological effects. 

American Journal of Pathology. 173, 610-630 

105 Liu, M. H., Imam, H., Oberg, K. and Zhou, Y. H. (2005) Gene transfer of 

vasostatin, a calreticulin fragment, into neuroendocrine tumor cells results in 

enhanced malignant behavior. Neuroendocrinology. 82, 1-10 

106 Papp, S., Fadel, M. P. and Opas, M. (2007) Dissecting focal adhesions in cells 

differentially expressing calreticulin: a microscopy study. Biology of the Cell. 99, 

389-402 

107 Szabo, E., Feng, T. S., Dziak, E. and Opas, M. (2009) Cell Adhesion and 

Spreading Affect Adipogenesis from Embryonic Stem Cells: The Role of Calreticulin. 

Stem Cells. 27, 2092-2102 

108 Leunghagesteijn, C. Y., Milankov, K., Michalak, M., Wilkins, J. and Dedhar, S. 

(1994) Cell Attachment to Extracellular-Matrix Substrates Is Inhibited Upon 

down-Regulation of Expression of Calreticulin, an Intracellular Integrin 

Alpha-Subunit-Binding Protein. J Cell Sci. 107, 589-600 

109 Elton, C. M., Smethurst, P. A., Eggleton, P. and Farndale, R. W. (2002) Physical 

and functional interaction between cell-surface calreticulin and the collagen receptors 

integrin alpha 2 beta 1 and glycoprotein VI in human platelets. Thromb Haemostasis. 

88, 648-654 

110 Rathinam, R. and Alahari, S. K. (2010) Important role of integrins in the cancer 

biology. Cancer Metast Rev. 29, 223-237 

111 Alur, M., Nguyen, M. M., Eggener, S. E., Jiang, F., Dadras, S. S., Stern, J., 

Kimm, S., Roehl, K., Kozlowski, J., Pins, M., Michalak, M., Dhir, R. and Wang, Z. 

(2009) Suppressive Roles of Calreticulin in Prostate Cancer Growth and Metastasis. 

American Journal of Pathology. 175, 882-890 

112 Hanks, S. K., Ryzhova, L., Shin, N. Y. and Brabek, J. (2003) Focal adhesion 

kinase signaling activities and their implications in the control of cell survival and 

motility. Front Biosci. 8, D982-D996 

113 Daniel, J. M. and Reynolds, A. B. (1997) Tyrosine phosphorylation and 

cadherin/catenin function. Bioessays. 19, 883-891 

114 Schaller, M. D. (2001) Paxillin: a focal adhesion-associated adaptor protein. 

Oncogene. 20, 6459-6472 

115 Cai, H., Zhang, T., Tang, W. X. and Li, S. L. (2010) [Expression of paxillin in 

breast cancer cell with high and low metastatic potentiality]. Sichuan Da Xue Xue 

Bao Yi Xue Ban. 41, 91-94 

116 Hanks, S. K. and Polte, T. R. (1997) Signaling through focal adhesion kinase. 

Bioessays. 19, 137-145 

117 Guhaniyogi, J. and Brewer, G. (2001) Regulation of mRNA stability in 



 
 

- 63 - 
 

mammalian cells. Gene. 265, 11-23 

118 Gray, L. C., Hughes, T. R. and van den Berg, C. W. (2010) Binding of human 

antigen R (HuR) to an AU-rich element (ARE) in the 3'untranslated region (3'UTR) 

reduces the expression of decay accelerating factor (DAF). Mol Immunol. 47, 

2545-2551 

119 Peng, S. S., Chen, C. Y. and Shyu, A. B. (1996) Functional characterization of a 

non-AUUUA AU-rich element from the c-jun proto-oncogene mRNA: evidence for a 

novel class of AU-rich elements. Mol Cell Biol. 16, 1490-1499 

120 Nanbu, R., Montero, L., D'Orazio, D. and Nagamine, Y. (1997) Enhanced 

stability of urokinase-type plasminogen activator mRNA in metastatic breast cancer 

MDA-MB-231 cells and LLC-PK1 cells down-regulated for protein kinase 

C--correlation with cytoplasmic heterogeneous nuclear ribonucleoprotein C. Eur J 

Biochem. 247, 169-174 

121 Fini, M. E., Plucinska, I. M., Mayer, A. S., Gross, R. H. and Brinckerhoff, C. E. 

(1987) A gene for rabbit synovial cell collagenase: member of a family of 

metalloproteinases that degrade the connective tissue matrix. Biochemistry-Us. 26, 

6156-6165 

122 Nanbu, R., Menoud, P. A. and Nagamine, Y. (1994) Multiple 

instability-regulating sites in the 3' untranslated region of the urokinase-type 

plasminogen activator mRNA. Mol Cell Biol. 14, 4920-4928 

123 Lee, H. H., Kim, W. T., Kim, D. H., Park, J. W., Kang, T. H., Chung, J. W. and 

Leem, S. H. (2013) Tristetraprolin suppresses AHRR expression through mRNA 

destabilization. Febs Lett. 587, 1518-1523 

124 Xu, N., Chen, C. Y. and Shyu, A. B. (2001) Versatile role for hnRNP D isoforms 

in the differential regulation of cytoplasmic mRNA turnover. Mol Cell Biol. 21, 

6960-6971 

125 Sarkar, B., Xi, Q., He, C. and Schneider, R. J. (2003) Selective degradation of 

AU-rich mRNAs promoted by the p37 AUF1 protein isoform. Mol Cell Biol. 23, 

6685-6693 

126 Levy, N. S., Chung, S., Furneaux, H. and Levy, A. P. (1998) Hypoxic 

stabilization of vascular endothelial growth factor mRNA by the RNA-binding protein 

HuR. J Biol Chem. 273, 6417-6423 

127 Zhang, J. and Chen, Q. M. (2013) Far upstream element binding protein 1: a 

commander of transcription, translation and beyond. Oncogene. 32, 2907-2916 

128 Irwin, N., Baekelandt, V., Goritchenko, L. and Benowitz, L. I. (1997) 

Identification of two proteins that bind to a pyrimidine-rich sequence in the 

3'-untranslated region of GAP-43 mRNA. Nucleic Acids Res. 25, 1281-1288 

129 Chien, H. L., Liao, C. L. and Lin, Y. L. (2011) FUSE binding protein 1 interacts 



 
 

- 64 - 
 

with untranslated regions of Japanese encephalitis virus RNA and negatively regulates 

viral replication. J Virol. 85, 4698-4706 

130 Moriwaki, K., Noda, K., Furukawa, Y., Ohshima, K., Uchiyama, A., Nakagawa, 

T., Taniguchi, N., Daigo, Y., Nakamura, Y., Hayashi, N. and Miyoshi, E. (2009) 

Deficiency of GMDS leads to escape from NK cell-mediated tumor surveillance 

through modulation of TRAIL signaling. Gastroenterology. 137, 188-198 

131 Moriwaki, K., Shinzaki, S. and Miyoshi, E. (2011) 

GDP-mannose-4,6-dehydratase (GMDS) deficiency renders colon cancer cells 

resistant to tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor- 

and CD95-mediated apoptosis by inhibiting complex II formation. J Biol Chem. 286, 

43123-43133 

132 Zhu, J., Wang, Y., Yu, Y., Wang, Z., Zhu, T., Xu, X., Liu, H., Hawke, D., Zhou, D. 

and Li, Y. (2013) Aberrant fucosylation of glycosphingolipids in human hepatocellular 

carcinoma tissues. Liver Int 

133 Mehta, A. and Block, T. M. (2008) Fucosylated glycoproteins as markers of liver 

disease. Dis Markers. 25, 259-265 

134 Kaczmarek, R. (2010) [Alterations of Lewis histo-blood group antigen 

expression in cancer cells]. Postepy Hig Med Dosw (Online). 64, 87-99 

135 Numahata, K., Satoh, M., Handa, K., Saito, S., Ohyama, C., Ito, A., Takahashi, T., 

Hoshi, S., Orikasa, S. and Hakomori, S. I. (2002) Sialosyl-Le(x) expression defines 

invasive and metastatic properties of bladder carcinoma. Cancer. 94, 673-685 

136 Gu, J., Isaji, T., Xu, Q., Kariya, Y., Gu, W., Fukuda, T. and Du, Y. (2012) 

Potential roles of N-glycosylation in cell adhesion. Glycoconj J. 29, 599-607 

137 Rambaruth, N. D. and Dwek, M. V. (2011) Cell surface glycan-lectin interactions 

in tumor metastasis. Acta Histochem. 113, 591-600 

 



 
 

- 65 - 
 

Table 1. Expression of CRT in different cancers 

 

Cancer  

CRT levels in 

tumor tissue 

Clinical outcomes Reference 

Oral increased ─ [42] 

Esophagus  increased ↓survival (poor prognosis) [41] 

Breast increased ↑metastasis, ↑invasion, ↓survival [38, 43, 44] 

Pancreas increased ↑lymph node metastasis,     

↑UICC stage, ↓survival 

[40] 

Gastric increased ↑lymph node metastasis, ↑invasion, 

↑microvessel density, ↓survival 

[37] 

Colon increased ─ [45] 

Bladder increased ↑urinary CRT, ↑histological grade, 

↑pathological T stage 

[48-50] 

Prostate increased ─ [46] 

Ovarian  increased ↑solid metastasis [39] 

Vagina increased ─ [47] 

Neuroblastoma increased ↑differentiation , ↑survival [36] 

 

↑: increased; ↓: decreased 
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Table 2. Lung and liver metastatic incidence in CRT-stable cell lines. 

 

PCR 3.1 1 2 3 4 5 

Lung 
￥

++ + + +++ + 

Liver + NT + NT NT 

 

CRT-RNAi 1 2 3 4 5 6 7 

Lung + + NT + + + NT 

Liver NT NT NT NT NT NT NT 

 

￥ 
Metastatic Area: + <25%; ++ >25%; +++ >40%; NT: no tumor  
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Table 3. Genes down-regulated by CRT 

Gene 

Symbol 
Description 

CRT-RNAi/Control Ratio 

fold P value 

FGFBP1 Fibroblast growth factor binding protein 1 -4.35  0.00  

NNMT Nicotinamide N-methyltransferase -3.75  0.01  

TES Testis derived transcript (3 LIM domains) -2.99  0.01  

TESC Tescalcin -2.91  0.01  

ID2 
Inhibitor of DNA binding 2, dominant negative 

helix-loop-helix protein 
-2.69  0.04  

FUT1 
Fucosyltransferase 1 (galactoside 

2-alpha-L-fucosyltransferase, H blood group) 
-2.46  0.01  

KIF21B Kinesin family member 21B -1.96  0.02  

MAGED1 Melanoma antigen family D, 1 -1.86  0.00  

ACSL5 Acyl-CoA synthetase long-chain family member 5 -1.85  0.02  

NFIX 

Nuclear factor I/X (CCAAT-binding transcription 

factor) -1.77  0.03  

CSPG5 Chondroitin sulfate proteoglycan 5 (neuroglycan C) -1.71  0.04  

IGFBP2 Insulin-like growth factor binding protein 2, 36kDa -1.71  0.02  

CYP11A1 

Cytochrome P450, family 11, subfamily A, 

polypeptide 1 -1.62  0.04  

ALPP Alkaline phosphatase, placental (Regan isozyme) -1.60  0.00  

CENTB1 Centaurin, beta 1 -1.54  0.01  

EGR1 Early growth response 1 -1.42  0.00  

HSPB8 Heat shock 22kDa protein 8 -1.41  0.05  

ITGB1 

Integrin, beta 1 (fibronectin receptor, beta 

polypeptide, antigen CD29 includes MDF2, 

MSK12) 

-1.31  0.05  

VEGFA Vascular endothelial growth factor A -1.16  0.02  

TNFSF13 

Tumor necrosis factor (ligand) superfamily, 

member 13 -1.11  0.04  

SSTR2 Somatostatin receptor 2 -1.10  0.05  

TM4SF19 Transmembrane 4 L six family member 19 -1.10  0.00  

SCARA3 Scavenger receptor class A, member 3 -1.10  0.02  

DDIT4 DNA-damage-inducible transcript 4 -1.09  0.01  

PRSS35 Protease, serine, 35 -1.06  0.01  

CSAG2 CSAG family, member 2 -1.05  0.01  
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Table 4. Genes up-regulated by CRT 

Gene Symbol Description 
CRT-RNAi/ Control Ratio 

fold P value 

TRIP6 Thyroid hormone receptor interactor 6 5.94  0.00  

DNAJC10 DnaJ (Hsp40) homolog, subfamily C, member 10 2.80  0.00  

CSMD1 CUB and Sushi multiple domains 1 1.98  0.00  

CASP8 Caspase 8, apoptosis-related cysteine peptidase 1.57  0.01  

GPR37 

G protein-coupled receptor 37 (endothelin 

receptor type B-like) 1.47  0.04  

EPS8 

Epidermal growth factor receptor pathway 

substrate 8 1.44  0.01  

SERINC1 Serine incorporator 1 1.41  0.01  

LOC165186 Similar to RIKEN cDNA 4632412N22 gene 1.40  0.02  

FLJ41327 FLJ41327 protein 1.34  0.03  

FLJ23861 Hypothetical protein FLJ23861 1.28  0.00  

BZW1 Basic leucine zipper and W2 domains 1 1.26  0.05  

NAT14 N-acetyltransferase 14 1.24  0.01  

DALRD3 DALR anticodon binding domain containing 3 1.19  0.01  

OXR1 Oxidation resistance 1 1.09  0.01  

MAPK1 Mitogen-activated protein kinase 1 1.07  0.01  

RBM13 RNA binding motif protein 13 1.05  0.02  

PROSC 

Proline synthetase co-transcribed homolog 

(bacterial) 1.05  0.03  

NAP1L4 Nucleosome assembly protein 1-like 4 1.04  0.00  

HDDC2 HD domain containing 2 1.02  0.04  
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Figure 1. J82 bladder cancer cells were stably transfected with calreticulin (CRT) 

overexpressing and RNAi plasmids. (A) Cell morphology of CRT in differentially 

expressed cell lines in serum-containing medium. 
#
5y and 

#
5yCRT cells were 

stimulated with 1 µg/ml tetracycline for 48h to induce CRT expression. Bar, 200 µm. 

(B) mRNA expressions were confirmed by real-time PCR in CRT knockdown and 

overexpression stable cell lines. CRT mRNA expression was normalized to the 

internal control, GAPDH. (C) Western blot analysis demonstrates protein expression 

in CRT-RNAi stable cell lines. The human β-actin level was used as a loading control. 

(D) An endogenous CRT protein band (about 60 KD) was both detected in 
#
5y and 

#
5yCRT cells. An exogenous YFP-CRT fusion protein (about 87 KD) was only 

detected in 
#
5yCRT cells. All the results are repeated at least three independent 

experiments. (E) Cell morphology of CRT in differentially expressed cell lines. 

Compared to wild-type cells, J82 bladder cancer cells were spindle-shaped and 

differentiated when CRT was overexpressed. (F) Morphological changes in CRT 

knockdown and overexpression cells were assessed of the shape factor (sf = 4A/p2) 

by using Metamorph program. A shape factor of "1" represents a circular object, and a 

shape factor of "0" represents a flat object. Each bar of the histogram represents 

quantified results and are shown as the mean value ± SD. Statistical differences were 

compared to the control level (** p<0.01; *** p<0.001).
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Figure 2. Knockdown of calreticulin (CRT) altered the bladder cancer cell 

proliferation rate. (A) The cell cycle was analyzed by flow cytometry. CRT-RNAi 

cells showed proportionally more cells in the G1 phase than the S and G2M phases 

compared to the vector control group (PCR 3.1). Cells induced CRT expression did 

not promote cell cycle transit. (B) Cell proliferation was determined by MTT assay. 

Cells (2500 cells/well) were seeded in 96-well plate. Cell numbers were determined 

by measuring the absorbance of 550 nm at 24, 48 and 72 hours after plating. (C) 

Apoptosis was evaluated after starvation for 24 hours, and stained with annexin-V. 

Treatment of act-D (5µg/ml) is used as positive control. The number showed the 

percentage of early apoptotic cells (lower right quadrant). These results were 

confirmed by at least three independent experiments (** p<0.01; *** p<0.001). 
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Figure 3. Cell adhesion and migratory ability were regulated by CRT expression 

levels. (A) Cells (5 x 10
4
 cells/100µl) were seeded in 96-well collagen-coated (10 

μg/ml) plates for 20 min. Compared to transfected control vector cells, CRT-RNAi 

cells adhered poorly to type-I collagen. Cells with higher CRT levels showed a 

stimulation of attachment to type-I collagen. (B) Cells (1.5 x 10
4
cells/well) were 

loaded into the upper chamber of a modified Boyden’s chamber, and FBS was loaded 

into the lower chamber as a chemoattractant for cells. After 4 h, CRT-RNAi cells had 

migrated significantly slower than control (PCR 3.1) cells, and 
#
5yCRT cells exhibited 

an opposite effect than its control (
#
5y) cells. (C) T24 Cells (5 x 105 cells/ml) were 

seeded in 96-well collagen-coated (10 μg/ml) plates for 20 min. Compared to 

transfected control vector cells, CRT-RNAi cells adhered poorly to type-I collagen. 

One of three independent experiments, performed in triplicate, is shown. Each bar of 

the histogram represents quantified results and is shown as the mean value ± SD. 

Statistical differences were compared to the control level (* p<0.05; ** p<0.01; *** 

p<0.001). 
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Figure 4. Phosphorylation levels of FAK and paxillin were decreased in 

calreticulin (CRT) knockdown cells. (A) Western blot analysis indicated that the 

phosphorylation levels of paxillin and FAK were more downregulated in CRT-RNAi 

cells than in control cells. The proportion of phosphorylated Src was not altered in 

CRT-RNAi cells. (B) Quantitative results of the phosphorylated ratios of paxillin, 

FAK, and Src were normalized by each total protein expressions. One of three 

independent experiments was shown. Each bar of the histogram represents quantified 

results and is shown as the mean value ± SD. Statistical differences were compared to 

the control level. (* p<0.05; NS, no significant difference) 
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Figure 5. Knockdown of calreticulin (CRT) diminishes tumor formation in nude 

mice. (A) Mice were subcutaneously injected with vector control cells (closed circles) 

or CRT-RNAi cells (open circles), and tumor sizes were measured over time. After 20 

days, tumor sizes significantly differed between the two groups. Knockdown of CRT 

suppressed tumorigenesis in bladder cancer cells. (B) Determination of 

TUNEL-positive cells for injection of cells from mice (high power field, 200X). The 

arrows indicate the positive cells. There is no significant difference between the two 

groups. Each bar of the histogram represents quantified results of the 

TUNEL-positive/field and is shown as the mean value ± SD. (* p<0.05, *** p<0.001). 

  



A.

C
R

T
-R

N
A

i
PC

R
 3

.1
C

R
T

-R
N

A
i

PC
R

 3
.1

Lung HE stain Liver HE stainB.

- 81 -



C.

CRT-RNAi 1 2 3 4 5

Metastatic 
percentage (%)

6 7

10.0 7.8 24.8 7.6 16.8 21.6 20.1

Metastatic 
percentage (%) 27.1 1.9 5.9 42.3 12.6

Control 1 2 3 4 5

CRT-RNAi 1 2 3 4 5 6 7

Control 1 2 3 4 5

D.

- 82 -



 
 

- 83 - 
 

Figure 6. Knockdown of calreticulin (CRT) inhibits metastasis of bladder cancer 

cells. (A) Nude mice were subcutaneously injected with 10
7
 cells and sacrificed after 

45 days. There were obvious metastatic nodules in the liver of the control group 

(shown by arrows) but not in the CRT-RNAi group. (B) Lung and liver metastasis 

were performed by an intravenous injection. In total, 10
7
 cells (control and 

CRT-RNAi) were injected into the tail vein of SCID mice (n=5 and n=7, respectively). 

After 40 days, both groups had lung metastases, but the area of lung metastasis was 

higher in the control group. Liver metastasis was only observed in control mice. (C) 

Percentage of lung and liver metastatic areas. Both groups had lung metastases, and 

the metastatic percentages are shown. The arrows indicate the metastatic area of the 

lung. (D) Liver metastasis was only observed in the transfected vector control group, 

but none was shown in the CRT-RNAi group. 
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Figure 7. Integrin α2β1 was involved in CRT-mediated cell adhesion in J82 

bladder cancer cells. (A) To analyze the role of integrins in J82 cell adhesion, cells 

were pre-incubated with normal mouse IgG (M-IgG) or functional blocking 

antibodies  at 37℃ for 1hr. 5x10
4
 cells were seed in a 96-well collagen-coated plate 

(10μg/ml) for 20 min. (B) Western blot (WB) analysis showing no changes in the total 

β1-integrin expression levels between the control and CRT-knockdown cells. The 

human β-actin was used as a loading control. (C) FUT1-modified glycosylation on 

β1-integrin in J82 stable cell lines. Cell lysates were pulled down with UEA-1 or LTL 

followed by WB with anti-β1-integrin antibody. (D) WB analysis showing the 

glycomic differences between the control and CRT-knockdown cells. Cell lysates 

were separated on 10% SDS-PAGE and probed with biotin-labeled UEA-1. 

Representative data from three independent experiments was shown. Each bar of the 

histogram represents quantified results and is shown as the mean ± SD. Statistical 

differences were compared to the control level (** p < 0.01; *** p < 0.001). 
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Figure 8. FUT1 overexpression rescued cell adhesion in CRT-knockdown cells. 

Reintroduction of FUT1 in J82 CRT-RNAi cells. CRT-knockdown stable cells were 

infected with the control (EGFP) or FUT1 plasmid to generate FUT1-overexpressed 

stable cell lines. (A) mRNA expression was confirmed by real-time PCR in FUT1 

overexpression stable cell lines. GAPDH was used as an internal control. (B) Lectin 

pull-down assay was performed to assess whether overexpressed FUT1 could enhance 

glycosylation of β1-integrin. Cell lysates were pulled down with UEA-1 followed by 

WB with anti-β1-integrin antibody. Representative data from three independent 

experiments was shown. (C) Effects of FUT1 on CRT-mediated cell adhesion were 

performed by adhesion experiment. Cells (5x10
4
cells/100μl) were seeded in 96-well 

collagen-coated (10μg/ml) plates for 20 min. Each bar of the histogram represents 

quantified results and is shown as the mean ± SD. Statistical differences were 

compared to the vector control level (* p < 0.05; ** p < 0.01). #C, control cells; #R, 

CRT-RNAi cells; #R-EGFP, CRT-knockdown cells infected with EGFP; #R-FUT1, 

CRT-knockdown cells infected with FUT1/EGFP. 
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Figure 9. The activation of β1-integrin decreased by reduction in α1,2-linked 

fucosylation. (A) To evaluate the involvement of α1,2-linked glycan in 

integrin-collagen interaction, cells were pre-incubated with varying concentration of 

UEA-1 for 30 min . 5x10
4
 cells were seeded in 96-well collagen-coated plates 

(10μg/ml) for 20 min. Each point of the histogram represents quantified results and is 

shown as the mean ± SD. (B) The activity of β1-integrin was analyzed by flow 

cytometry. Cells were trypsinized and incubated with PE-conjugated anti-HUTS21 

antibody (active form of β1-integrin) for 20 min. Cells were also pre-treated with 

α1,2-fucosidase for 30 min before staining with anti-HUTS21 antibody to further 

analyze the effect of α1,2-linked fucosylation on β1-integrin activity. (C) 

FUT1-modified glycosylation on β1-integrin after treatment with α1,2-fucosidase. J82 

control cells were pre-treated with α1,2-fucosidase before lysed with NP-40 lysis 

buffer. Cell lysates were pulled down with UEA-1 or LTL followed by WB with 

anti-β1-integrin antibody. Representative data from three independent experiments 

was shown. The quantified results are shown as the geometric mean± SD. Statistical 

differences were compared to no-fucosidase group (* p < 0.05; NS: not significant). 

Fs, cells were treated with α1,2-fucosidase. 
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Figure 10. Calreticulin-knockdown inhibited the FUT1 protein and 3′-UTR 

mRNA expression levels but not the mRNA of coding region. (A) FUT1 mRNA 

levels were detected by real-time PCR in J82 control and CRT-knockdown cells. 

mRNA expression was normalized to the internal control, GAPDH. CDS, coding 

region sequence; 3′-UTR, 3′- untranslated region. (B) Western blot analysis 

demonstrates protein expression in J82 stable cell lines. The human β-actin level was 

used as a loading control. Each bar of the histogram represents quantified results and 

shown as the mean ± SD. Statistical differences were compared to the control level 

(NS, no significant; *** p < 0.001). 
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Figure 11. Calreticulin-knockdown destabilized FUT1 mRNA through AU-rich 

element. (A) Cells were treated with 5 μg/ml actinomycin-D for indicated time points. 

FUT1 mRNA was assessed by real-time PCR and normalized to the internal control, 

GAPDH. (B) Schematic diagram of reporter constructs containing EF1α-driven 

DsRed and CMV-driven EGFP fused to various ARE sequences. (C) Cells were 

transfected with the plasmids shown in Fig 5B. Total RNA was harvested after 24h of 

transfection. Each bar of the histogram represents the ratio of EGFP to the internal 

transfected control, DsRed. The quantified results were shown as the mean v± SD. 

Statistical differences were compared to the control level (** p < 0.01; *** p<0.001). 

ARE, AU-rich element; wild-type ARE (wtARE); mutated ARE (mARE); deleted 

ARE (dARE). 
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Figure 12. Calreticulin-knockdown suppressed far upstream element binding 

protein 1 that binds to ARE in FUT1 3′-UTR. (A) Biotinylated RNA probes (ARE 

or mARE) were incubate with recombinant CRT. The RNA-protein complex was 

separated by native PAGE and detected using chemiluminescence. (B) Whole cell 

lysates were incubated with biotinylated RNA probes (ARE or mARE). The 

RNA-protein complex was pulled-down by streptavidin beads and analyzed using 

Western blot with anti-CRT antibody. (C) Identification of FBP1 as the FUT1 ARE 

binding protein. Biotinylated RNA probes (ARE or mARE) were incubated with 

whole cell lysate and the RNA-protein complex was pulled down by streptavidin 

beads. Arrow indicates the putative binding protein. (D) Real-time PCR was 

performed to detect FBP1 expression levels in J82 control and CRT-RNAi cells. 

mRNA expression was normalized to the internal control, GAPDH. (E) Western blot 

analysis demonstrates protein expression in J82 stable cell lines. The human β-actin 

was used as a loading control. Each bar of the histogram represents quantified results 

mean ± SD. Statistical differences were compared to the control level (** p < 0.01). 

FBP1, Far upstream element-binding protein 1. 
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Figure 13. Schematic illustration summarizes the role of CRT in regulation of 

bladder cancer metastasis. 
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Bladder cancer is a common urothelial cancer.
Through proteomic approaches, calreticulin (CRT)
was identified and proposed as a urinary marker for
bladder cancer. CRT is a multifunctional molecular
chaperone that regulates various cellular functions
such as Ca2� homeostasis and cell adhesion. CRT is
overexpressed in various cancers, but its mechanism
of action in the development of bladder tumors re-
mains unclear. We generated J82 bladder cancer cells
lines that either stably overexpressed or knocked
down CRT to investigate the physiological effects of
CRT on bladder tumors. Compared with the trans-
fected control vector cells, the knockdown of CRT
suppressed cell proliferation, migration, and attach-
ment, whereas overexpression of CRT enhanced cell
migration and attachment. We further demonstrated
that the phosphorylation status of focal adhesion ki-
nase and paxillin, important regulators of the focal
adhesion complex, was also regulated in these cells.
In contrast, phosphorylation of Src, a protein ty-
rosine kinase reported to be affected by CRT, was not
significantly different between the control and CRT-
RNAi groups. Most importantly, we observed that tu-
mors derived from J82 CRT-RNAi cells were signifi-
cantly smaller and had fewer metastatic sites in the lung

and liver in vivo than did transfected control vector cells.
In conclusion, our results suggest that alteration of CRT
expression levels might affect bladder cancer progression
in vitro and in vivo. (Am J Pathol 2011, 179:1425–1433; DOI:

10.1016/j.ajpath.2011.05.015)

In the United States, bladder cancer was among the top 10
most frequently diagnosed cancers in 2009.1 The most
common type of bladder cancer is transitional cell carci-
noma, a malignant tumor that grows from the epithelium of
the bladder. Approximately 30% of patients present with a
muscle-invasive metastasis at the time of diagnosis, and
85% of these patients will die of the disease within 2 years
if left untreated.2 This means that metastasis is one of the
leading causes of cancer-related death for patients with
bladder cancer. Tumor cells detach, invade, and dissemi-
nate to other sites and form secondary tumors during me-
tastasis. Each step involves many molecules, including cell-
adhesion molecules, matrix degradation enzymes, and
various growth factors.3 However, the gene that regulates
metastasis in bladder cancer is still unclear.

Calreticulin (CRT) is a 46-kDa multifunctional molecu-
lar chaperone protein in the endoplasmic reticulum (ER)
that is conserved in various species.4 CRT functions have
been implicated in Ca2� homeostasis, signaling trans-
duction, gene expression, and glycoprotein folding.5–7
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Many studies elucidated that the alteration of CRT levels
affects cell adhesion ability.8–10 Cells with overexpressed
CRT have increased adhesiveness; in contrast, knock-
down of CRT suppresses adhesion.11–13 Moreover, it was
also reported that activation of matrix metalloproteinase
2, which plays an important role in cancer invasion and
metastasis, increases as a result of CRT overexpression
in rhabdomyosarcoma cells.14

In some cancers, tumor tissues express higher levels
of CRT compared with normal tissues. CRT expression is
significantly up-regulated in hepatoma, prostate, colon,
and vaginal cancers.15–18 Furthermore, not only do CRT
levels increase in urinary cancer tissues, but they also act
as a biomarker for bladder cancer.19,20 In addition to being
overexpressed in tumor tissues, CRT also regulates cancer
cell behavior. Chen et al21 showed that the overexpression
of CRT increased cell proliferation and migration and mod-
ulated several molecules related to cancer metastasis and
angiogenesis, such as connective tissue growth factor, vas-
cular endothelial growth factor, and placenta growth fac-
tor.21 These results indicate that CRT expression might play
a crucial role in cancer progression.

Although higher levels of CRT are found in urinary
cancer tissues and urinary CRT can be used as a bio-
marker for detection of bladder cancer, the mechanism of
CRT in bladder cancer is still poorly understood. To eval-
uate the metastatic behavior of bladder tumor, we used
an aggressive bladder cancer cell line J82 to investigate
the roles of CRT on progression of bladder cancer.22 In
this study, we established CRT overexpressed and
knockdown stable cell lines in J82 cells to clarify the role
of CRT in bladder cancer. We demonstrated that knock-
down of CRT suppressed cell proliferation, attachment,
and migration in bladder cancer; contrarily, overexpres-
sion of CRT enhanced cell attachment and migration.
Furthermore, we showed that CRT downexpression in
bladder cancer diminished tumor formation and metas-
tasis in vivo. Our results provide evidence that CRT plays
an important role in progression of bladder cancer.

Materials and Methods

Cell Culture

The J82 human bladder cancer cell line was purchased
from American Type Culture Collection (Manassas, VA).
Cells were cultured in Dulbecco’s modified Eagle’s me-
dium and supplemented with 10% fetal bovine serum
under a humidified atmosphere of 95% air and 5% CO2 at
37°C. For the subcultures, cells were trypsinized with
0.05% EDTA-trypsin.

Construction of Inducible Cell Lines

To set up a tetracycline-inducible CRT system, the
pEYFP-N1 was subcloned into pcDNA5/TO (Invitrogen, Ca-
marillo, CA) by KpnI and NotI to generate pcDNA5/TO-YFP
(#5y) used as control. CRT was amplified from HEK293
cDNA and subcloned into pcDNA5/TO-YFP to generate
pcDNA/TO-ss-YFP-CRT (#5yCRT) by the following primers:
ss-forward-NheI, 5=-CCGCTAGCTTGATGCTGCTATCCGT-

GCCGCTGC-3=, ss-reverse-HindIII, 5=-CCAAGCTTGGC-
GACGGCCAGGCCGAGGA-3=; YFP-forward-HindIII, 5=-CCA-
AGCTTGTGAGCAAGGGCGAGGAGCT-3=, YFP-reverse-
KpnI, 5=-AAGGTACCCTTGTACAGCTCGTCCATGC-3=;
CRT-forward-KpnI, 5=-AAGGTACCGAGCCCGCCGTC-
TACTTCAA-3=, and CRT-reverse-XbaI, 5=-AATCTAGACTA-
CAGCTCGTCCTTGGCCTGG-3=.

Transfection and Selection of Stable Cell Lines

For transfection experiments, J82 cells were plated 2 �
105 cells/well in 6-well plates, and 2 �g of plasmid DNA
for CRT overexpression (#5y and #5yCRT) or knockdown
(pCR3.1 and CRT-RNAi) was transfected into cells with
the use of 10 �L of Lipofectamine TM2000, (Invitrogen).
For single-cell selection, the transfected J82 cells were pas-
saged at a 1:10 dilution in 10-cm culture plate at 2 days
after transfection, and the stable cells were picked from a
single colony with the use of cloning rings. Medium with
antibiotics (200 �g/mL Hygromycin for #5y and #5yCRT
inducible clones and 700 �g/mL G418 for pCR3.1 and
CRT-RNAi stable clones) was replaced every 2 or 3 days.
Two months later, antibiotic-resistant single clones were
selected and amplified to test CRT mRNA and protein ex-
pressions. The inducible YFP, ss-YFP-CRT cell lines (#5y
and #5yCRT) were pretreated with 1 �g/mL tetracycline for
48 hours to perform the experiments.

Image Analysis

For analysis of cell shape, morphologic images of J82
cells were thresholded and outlined with the use of Meta-
Morph software (Sunnyvale, CA). Changes in cell shape
were assessed by a shape factor (sf � 4A/p2) calculated
from the area and the perimeter of the delineated object.
Value close to “1” represents a flat object, whereas a
value close to “0” represents a circular object.

Immunoblotting

Cells were plated at 2 � 105 cells/well in six-well plates
overnight. For harvesting cell lysates, cells were washed
with cold PBS and lysed with radioimmunoprecipitation
assay buffer [50 mmol/L Tris (pH 7.0), 150 mmol/L NaCl,
1% Triton X-100, 0.5% sodium deoxycholate, and 0.1%
SDS (pH 7.4)] containing protease inhibitors. Equal
amounts of each sample (30 �g) were boiled with 6�
sample buffer for 5 minutes and resolved by 10% SDS-
PAGE. After electrophoresis, the gel was transferred to a
polyvinylidene difluoride membrane. Membranes were
blocked by 5% bovine serum albumin in 10 mmol/L Tris,
150 mmol/L NaCl, and 0.1% Tween-20 (pH 7.4) at room
temperature for 2 hours. Blocked membranes were incu-
bated with the following primary antibodies: CRT, Upstate
Biotechnology (Lake Placid, NY) and Santa Cruz Biotech-
nology (Santa Cruz, CA); paxilln (pY118), Cell Signaling
(Danvers, MA); focal adhesion kinase (FAK; pY397), In-
vitrogen; FAK, paxillin, c-Src, and actin, Santa Cruz Bio-
technology; and Src (pY418), Biosource, for 2 hours or
4°C overnight. Membranes were washed and then incu-
bated with horseradish peroxidase–conjugated second-
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ary antibodies (1: 5000) for 1 hour. Immunoreactive
bands were quantified with TotalLab software version
2.01 (Durham, NC).

RNA Isolation and Real-Time PCR

Total RNA were isolate by the TRIzol reagent, following
the manufacturer’s instructions. RT-PCR was performed
with ReverTra Ace reverse transcriptase. Real-time PCR
was performed with the iCycle iQ real-time detection sys-
tem (Bio-Rad, Hercules, CA) with the DNA double-strand
specific SYBR Green I dye for detection. Cycling condi-
tion was 95°C for 15 minutes, followed by 40 cycles of
95°C for 30 seconds, 60°C for 30 seconds, and 72°C for
30 seconds. For quantification, the target gene was nor-
malized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), an internal control gene. Primer sequences were
forward 5=-GGTGGTCTCCTCTGACTTCAAC-3= and re-
verse 5=-TCTCTCTTCCTCTTGTGCTCTTG-3= for GAPDH
and forward 5=-AAGTTCTACGGTGACGAGGAG-3= and re-
verse 5=-GTCGATGTTCTGCTCATGTTTC-3= for CRT.

Cell Cycle Analysis and Proliferation Assay

Cells were starved overnight and then treated with cul-
tured medium (Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum) for 10 hours. Cells were
trypsinized and resuspended in 1 mL of PBS. Propidium
iodide was added to the suspensions and then incubated
in a 37°C water bath for 20 minutes in the dark. Propidium
iodide–stained cells were analyzed by flow cytometry,
and the percentages of different phases were automati-
cally analyzed by Partec FloMax software (Münster, Ger-
many). To estimate cell proliferation rate, cells were
plated in triplicates at 2500 cells/well in 96-well plates.
Ten microliters of 5 mg/mL MTT was added to each well
at 24, 48, and 72 hours after plating. After incubation for
4 hours at 37°C, MTT-containing medium was removed.
MTT metabolic products were subsequently dissolved in
100 �L of dimethyl sulfoxide for 20 minutes at 37°C,
followed by measurement of absorbance at 550 nm.

Cell Migration Assay

Migration rates of different cell lines were assayed in a
modified Boyden’s chamber (Neuro Probe, Gaithersburg,
MD). Cells suspended in 50 �L (1.5 � 104 cells/well) were
loaded in the upper chamber. Dulbecco’s modified Eagle’s
medium and fetal bovine serum were loaded in the lower
chamber as the negative control and chemoattractant, re-
spectively. After 4 hours, migrating cells were fixed and
quantified by a colorimetric measurement with the use of
crystal violet staining with TotalLab v2.01 software.

Cell Attachment Assay

The 96-well culture plates were coated with 10 �g/mL
collagen I and incubated at 37°C for 30 minutes followed
by a PBS wash. Cells (5 � 104 cells/100 �L) were seeded
in the well and incubated at 37°C for 20 minutes. After

removing the medium and non-attached cells, wells were
washed with PBS, and 0.1% crystal violet was added for
10 minutes. The plate was gently washed with PBS three
times. Then 10% acetic acid was added for 20 minutes,
and the plate was read at 550 nm.

Apoptosis Detection Assay

Cells were starved overnight and treated with 5 �g/mL
actinomycin D (Sigma, St. Louis, MO) as positive control
for 24 hours. Cell apoptosis rate was detected with the
use of fluorescein isothiocyanate Annexin V apoptosis
detection kit I (BD Pharmingen, San Diego, CA). Cells
were trypsinized and resuspended in 100 �L of 1� bind-
ing buffer. Fluorescein isothiocyanate, Annexin V, and
propidium iodide (5 �L) were added to the suspensions
and then incubated for 20 minutes at room temperature in
the dark. Annexin V–stained cells were analyzed by flow
cytometry. To measure end-stage apoptosis, TUNEL la-
beling was performed in tumor sections of the two groups
with the use of a DNA fragmentation detection kit (Calbi-
ochem, Gibbstown, NJ), following manufacturer’s instruc-
tions. Each section had been chosen for five images, and
TUNEL-positive cells were quantified under microscope
by high-power field (magnification, �200). For a positive
control, sections were incubated in DNase I before the
addition of equilibration buffer, whereas double distilled
water was used instead of terminal deoxynucleotide
transferase reaction mix in the negative control.

Subcutaneous Injection Model

For models of bladder cancer to measure tumorigenicity,
8-week-old male BALB/c nude mice (n � 10; National
Defense Medical Center, Taipei, Taiwan) were housed in
pathogen-free conditions and acclimatized for 1 to �2
weeks. Mice were randomized to one of two groups and
were subcutaneously injected with vector control (n � 5)
and CRT-RNAi (n � 5) cells in the inguinal region. Cells
(1 � 107) were suspended in PBS and Matrigel in a 1:1
(v/v) ratio. Tumors were measured every 3 days (width2 �
length � 0.5). Mice were sacrificed after 45 days, and
subcutaneous tumors were surgically excised.

Tail Vein Injection Model

For the metastasis model, 8-week-old male severe combined
immunodeficient mice (n � 12; BioLASCO, Taipei, Taiwan)
were used for tail vein injection. Cells (106) suspended in PBS
were injected through the tail vein. After 40 days, the lungs and
liver were resected and fixed in 3.7% formalin for paraffin
embedding in preparation for immunohistochemical analysis.
The percentage of the lung metastasis area was calculated as
the metastatic lung area/total lung area.

Statistical Analysis

Data were statistically analyzed with one-way analysis of
variance, followed by Fisher’s protected least-significant
difference test (StatView; Abacus Concept, Berkeley,
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CA). Each result was obtained from at least three inde-
pendent experiments, and a value of P � 0.05 was con-
sidered statistically significant.

Results

Generation of Stable Cell Lines

To clarify the effects of CRT in bladder cancer cells, we
attempted to select CRT overexpression and knockdown
stable cell lines. J82 bladder cancer cells were trans-
fected with a CRT overexpressed plasmid and a CRT-
RNAi plasmid and then selected by respective antibiot-
ics. After selection by G418 over 2 months, CRT-RNAi
cells were generated, and CRT knockdown efficiency
was confirmed with a real-time PCR and Western blotting
to detect mRNA (Figure 1B) and protein (Figure 1C) ex-
pression levels compared with the transfected control
vector cells (pCR3.1). However, during the stable cell line
selection, constitutive overexpression of CRT resulted in
cell spreading (see Supplemental Figure S1A at http://
ajp.amjpathol.org) followed by cell death within 2 weeks.
Therefore, an inducible-CRT bladder cancer cell line was
generated by tetracycline-regulated gene system. Cells
were treated with 1 �g/mL tetracycline for 48 hours to
induce CRT mRNA and protein expressions (Figure 1, B
and D). Cell morphology was shown in Figure 1A, and the
shape factors calculated by MetaMorph software were
not significantly different between pCR3.1 and CRT-RNAi
or between #5y and #5yCRT cells (see Supplemental
Figure S1B at http://ajp.amjpathol.org).

Cell Proliferation Rate Is Lower in CRT
Knockdown Cells

To understand how CRT regulates cell behavior, we used
functional assays to investigate the physiological effects of
CRT expression in bladder cancer cells. Their cell cycle
was analyzed by flow cytometry. In these assays, the CRT-
RNAi group showed more cells arrested in the G1 phase
(41%) than the control group (30%), which indicated that
CRT knockdown suppressed cell proliferation (Figure 2A,

left panel). Nevertheless, our results showed that there was
no significant difference between #5y and #5yCRT (Figure
2A, right panel). Cell proliferation rate was also assessed by
MTT assays over several time points after plating. The MTT
readings for CRT-RNAi cells were significantly lower than
the MTT readings from control cells (pCR3.1) at 24, 48, and
72 hours (Figure 2B, left panel). However, no significant
difference was observed between CRT overexpressed cells

Figure 1. J82 bladder cancer cells were stably transfected with CRT overexpressing and RNAi plasmids. A: Cell morphology of CRT in differentially expressed
cell lines in serum-containing medium. #5y and #5yCRT cells were stimulated with 1 �g/mL tetracycline for 48 hours to induce CRT expression. Scale bar � 200
�m. B: mRNA expressions were confirmed by real-time PCR in CRT knockdown and overexpression stable cell lines. CRT mRNA expression was normalized to
the internal control, GAPDH. C: Western blot analysis shows protein expression in CRT-RNAi stable cell lines. The human �-actin level was used as a loading
control. D: An endogenous CRT protein band (�60 kDa) was both detected in #5y and #5yCRT cells. An exogenous YFP-CRT fusion protein (�87 kDa) was only
detected in #5yCRT cells. All of the results are repeated in at least three independent experiments. Each bar of the histogram represents quantified results and are
shown as the mean � SD. Statistical differences were compared with the control level (*P � 0.01, **P � 0.001).

Figure 2. Knockdown of CRT altered the proliferation rate of bladder cancer
cells. A: The cell cycle was analyzed by flow cytometry. Left: CRT-RNAi cells
showed proportionally more cells in the G1 phase than the S and G2M phases
compared with the vector control group (pCR3.1). Right: Cells that induced
CRT expression did not promote cell cycle transit. B: Cell proliferation was
determined by MTT assay. Cells (2500 cells/well) were seeded in 96-well plate.
Cell numbers were determined by measuring the absorbance of 550 nm at 24,
48, and 72 hours after plating. C: Apoptosis was evaluated after starvation for 24
hours and stained with Annexin V. Treatment of actinomycin-D (act-D; 5 �g/mL)
is used as positive control. The number showed the percentage of early apop-
totic cells (lower right quadrant). These results were confirmed by at least
three independent experiments (*P � 0.01, **P � 0.001).
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and vector-transfected cells (Figure 2B, right panel). To
estimate whether the decreasing numbers in the CRT-RNAi
group was because of apoptosis, we used Annexin V/pro-
pidium iodide staining to determine the apoptotic cells.
pCR3.1 and CRT-RNAi cells were starved for 24 hours.
Actinomycin-D, which is a potent inducer for apoptosis in
several cell lines,23 was used as positive control. As shown
in Figure 2C, the percentage of Annexin V–positive cells
were �3% in both pCR3.1 and CRT-RNAi cells, which indi-
cated that knockdown of CRT did not induce apoptosis in
J82 cells. These results justified that down-regulation of
CRT inhibited proliferation of bladder cancer cells rather
than induction of apoptosis.

Alteration of CRT Levels Affects Cell Attachment
and Migration

We also used cell migration and attachment assays to
explore the effect of CRT levels in J82 cancer cells. Equal
numbers of cells were seeded on a collagen-coated plate
for 20 minutes. Results showed that the attachment ability
of the cell was suppressed in CRT-RNAi cells compared
with transfected vector control cells (Figure 3A, bars 1

and 2). On the contrary, CRT overexpression enhanced
cell attachment significantly than vector control cells (Fig-
ure 3A, bars 3 and 4). To determine whether the effects of
CRT are universal to bladder cancer, we used another
bladder cancer cell line to perform our experiments.
Down-regulation of CRT in T24 bladder cancer cells also
suppressed cell attachment to type-I collagen (see Sup-
plemental Figure S2 at http://ajp.amjpathol.org), suggest-
ing that the effects of CRT we observed are not only
specific to J82 cell line. Furthermore, with the use of the
modified Boyden chamber method, J82 cells with low
CRT expression had lower migration capacities than con-
trol cells (Figure 3B, bars 1 and 2), and cells with higher
CRT expression showed an opposite effect (Figure 3B,
bars 3 and 4). Consequently, these results showed a
positive correlation between CRT expression levels and
cell attachment and migration in bladder cancer cells.

Phosphorylation Levels of FAK and Paxillin Are
Lower in CRT Knockdown Cells

Papp and others12,13 reported that altering CRT expression
in fibroblasts can affect cell motility and adhesion through

Figure 3. Cell adhesion and migratory ability were regulated by CRT expression
levels. A: Cells (5 � 104 cells/100 �L) were seeded in 96-well collagen-coated (10
�g/mL) plates for 20 minutes. Compared with transfected control vector cells,
CRT-RNAi cells adhered poorly to type-I collagen. Cells with higher CRT levels
showed a stimulation of attachment to type-I collagen. B: Cells (1.5 � 104cells/well)
were loaded into the upper chamber of a modified Boyden’s chamber, and fetal
bovine serum was loaded into the lower chamber as a chemoattractant for cells.
After 4 hours, CRT-RNAi cells hadmigrated significantly slower than control (pCR3.1)
cells, and #5yCRT cells exhibited an opposite effect than its control (#5y) cells. One
of three independent experiments, performed in triplicate, is shown. Each bar of the
histogram represents quantified results and is shown as the mean � SD. Statistical
differences were compared with the control level (*P � 0.05, **P � 0.01, and ***P �
0.001).

Figure 4. Phosphorylation levels of FAK and paxillin were decreased in CRT
knockdown cells. A: Western blot analysis indicated that the phosphorylation
levels of paxillin and FAK were more down-regulated in CRT-RNAi cells than
in control cells. The proportion of phosphorylated Src was not altered in
CRT-RNAi cells. B: Quantitative results of the phosphorylated ratios of pax-
illin, FAK, and Src were normalized by each total protein expressions. One of
three independent experiments was shown. Each bar of the histogram rep-
resents quantified results and is shown as the mean � SD. Statistical differ-
ences were compared with the control level (*P � 0.05).
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regulating c-Src and FAK activity. Paxillin is one molecule of
the focal adhesion complex which regulates the cell adhe-
sion mechanism. On the basis of those previous studies, we
used Western blotting to analyze the downstream signaling
pathway affected by CRT in our system. Phosphorylation
levels of Src (pY418), FAK (pY397), and paxillin (pY118)
were also examined. As shown in Figure 4, the phosphor-
ylation levels of FAK (�40%) and paxillin (�40%) de-
creased in CRT knockdown cells, whereas no difference in
Src phosphorylation was observed.

Knockdown of CRT Inhibits Tumor Growth
in Vivo

Stably transfected cells were subcutaneously injected
into nude mice to determine the effects of CRT on tumor
growth. Tumor volumes were measured every 3 days.
Compared with tumors of control mice, tumors of mice
injected with CRT-RNAi were significantly smaller after 21
days. The mean volume of tumors of CRT-RNAi clones

was suppressed 60% more than that of control clones at
day 35 (Figure 5A). Moreover, we further determined the
end-stage apoptosis in the injection of cells from nude
mice. Tumor sections from both groups were analyzed by
TUNEL assays. The number of TUNEL-positive cells in
the control group was not significantly increased in com-
parison to the CRT-RNAi group (Figure 5B). These results
are consistent with our observations in vitro.

Knockdown of CRT Inhibits Metastasis of
Bladder Cancer Cells

In addition, we further confirmed that the metastatic ca-
pacity was lower in the CRT-RNAi subcutaneous injection
model. After sacrificing the mice, we found metastatic
nodules in the liver of control mice but not in CRT-RNAi-
injected mice (Figure 6A). These results strongly suggest
that expression levels of CRT are closely related to the
metastatic behavior of bladder cancer cells. To further
confirm this hypothesis, we performed a tail vein injection

Figure 5. Knockdown of CRT diminishes tumor formation in nude mice. A: Mice were subcutaneously injected with vector control cells (closed circles) or
CRT-RNAi cells (open circles), and tumor sizes were measured over time. After 20 days, tumor sizes significantly differed between the two groups. Knockdown
of CRT suppressed tumorigenesis in bladder cancer cells. B: Determination of TUNEL-positive cells for injection of cells from mice (high power field, �200). The
arrows indicate the positive cells. No significant difference was observed between the two groups. Each bar of the histogram represents quantified results of the
TUNEL-positive/field and is shown as the mean � SD.
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Figure 6. Knockdown of CRT inhibits metastasis of bladder cancer cells. A: Nude mice were subcutaneously injected with 107 cells and sacrificed after 45 days.
There were obvious metastatic nodules in the liver of the control group (shown by arrows) but not in the CRT-RNAi group. B: Lung and liver metastases were
performed by an intravenous injection. In total, 107 cells (control and CRT-RNAi) were injected into the tail vein of severe combined immunodeficient mice (n � 5
and n � 7, respectively). After 40 days, both groups had lung metastases, but the area of lung metastasis was higher in the control group. Liver metastasis was
only observed in control mice.
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experiment, which is a specific model used to investigate
cancer cell metastasis. Liver metastasis was observed to
be at 40% (2 of 5) in the control group and at 0% (0 of 7) in
the CRT-RNAi group. In comparison, 100% (5 of 5) of con-
trol cells and 71% (5 of 7) of CRT-RNAi-injected mice de-
veloped lung metastasis. Although lung metastasis was ob-
served in both groups, the percentage of metastatic areas
was much higher in the control group (Figure 6B; see also
Supplemental Figure S3 at http://ajp.amjpathol.org). From
the two mice models, we can conclude that vector control
cells induced tumor formation and visible liver and lung
metastasis, whereas CRT-RNAi cells formed smaller tumors
and fewer metastatic nodules in the liver and lungs. These
results are summarized in Table 1.

Discussion

CRT is well established as a multifunctional protein that
regulates cell behavior.4 In recent studies, it was shown
that CRT is located in the cytosol and extracellular envi-
ronments and on cell surfaces to modulate diverse phys-
iological and pathologic effects.24 Many researchers re-
ported that in some cancers CRT is up-regulated in tumor
tissues more often than in normal tissues. Kageyama et
al19 also identified that CRT levels are higher in urothelial
tissues of patients with bladder cancer, and that urinary
CRT can act as a biomarker for detection of bladder
cancer. In this study, we surveyed the ability of CRT
knockdown bladder cancer cells to suppress cell prolif-
eration, migration, and adhesion. We further proved that
in vivo downexpression of CRT diminishes tumorigenesis
and metastasis of bladder cancer.

ER is one of the important organelles for protein folding.
Some studies showed that abnormal expression of CRT, an
ER-resident chaperon, would trigger unfolded protein re-
sponse that results in ER stress.25,26 In the present study,
overexpressing CRT in bladder cancer caused morpho-
logic changes and cell death within 2 weeks. These
changes are consistent with a previous study showing that
albumin-induced ER stress caused a conversion to the
spindle-like morphology in tubular cells.27 Therefore, we
surmised that constitutively high levels of CRT expression
might disturb the ER stress regulation and lead to cells to
exhibit an abnormal morphology.

The N-terminal fragment of CRT, vasostatin, is an anti-
angiogenic factor and inhibits endothelial cell prolifera-
tion.28,29 This protein was implied to be an inhibitor of

lung tumor growth and metastasis in different mouse
models.30 However, there is no current study exploring
the effects of vasostatin in bladder cancer. Previous stud-
ies have showed that CRT affects nuclear localization
and activities of p53, which subsequently leads to apop-
tosis and cell-cycle arrest.31,32 In this study, inducible
CRT expression in J82 cells by tetracycline-regulated
gene system did not enhance cell proliferation. We sur-
mised that it might be because of the short induction time
(only 48 hours) for J82 cells to enhance CRT expression
transiently, which might not have profound effects on cell
proliferation. Nevertheless, there is a decreased cell pro-
liferation rate in the J82 CRT-RNAi cell line which has
been down-regulated of CRT stably. This correlates with
another study showing that exogenous addition of CRT
stimulates human keratinocyte and fibroblast prolifera-
tion.33 In addition, overexpression of CRT in gastric can-
cer enhances cell proliferation and up-regulates the ex-
pression and secretion of the well-known pro-angiogenic
factors, vascular endothelial growth factor and placenta
growth factor.21 This evidence is consistent with our re-
sults showing that knockdown of CRT inhibited tumor
growth in vivo. Moreover, neuroendocrine cells overex-
pressing vasostatin are also known to enhance malignant
behaviors in a nude mice model.34 Therefore, we spec-
ulated that the effects of CRT on cell proliferation and
tumorigenesis may be via regulation of the vascular en-
dothelial growth factor signaling pathway.

Cells that adhere to extracellular matrix are regulated
by various Ca2�-relative pathways. The roles of CRT in
cell adhesion have been extensively studied. Different
expression levels of CRT affect cell adhesiveness, motil-
ity, and spread in various cell types.8,9,11,35 In this study,
we demonstrated that up-regulated CRT expression in-
creased cell attachment to type-I collagen. Furthermore,
we also verified that down-regulation of CRT suppressed
that attachment of both J82 and T24 bladder cancer cells
to type-I collagen. These results suggested that CRT
plays an important role in regulation of bladder cancer
adhesion, and this effect may not be a specific event in
J82 cells. A previous study showed that CRT interacts
with integrins by binding to the cytoplasmic KXGFFKR
motif of the integrin �-subunit.36 Several studies men-
tioned that CRT is colocalized with the �3�1 integrin via
the N-domain, and surface CRT interacts with the colla-
gen receptors, �2�1 integrin and glycoprotein VI, in hu-
man platelets.37,38 Furthermore, active integrins increase
the association between CRT and �2�1 integrin.39 Abnor-
mal cell migration is a typical characteristic of cancer
metastasis, and integrins, an important modulator for cell
adhesion and migration, are involved in this process.40

Although CRT is proposed to play a suppressive role in
growth and metastasis of prostate cancer,41 it was also
shown that mRNA and protein expressions of CRT are
elevated in highly metastatic prostate cancer cell lines.42

This indicates a possible correlation between CRT and
metastasis. According to these references, we hypothe-
sized that our observation of down-regulated CRT dimin-
ishing cell migration, adhesion, and metastatic abilities in
bladder cancer cells might have been because of the
reduced interaction between CRT and integrins.

Table 1. Lung and Liver Metastatic Incidence in CRT-Stable Cell
Lines

1 2 3 4 5 6 7

PCR 3.1
Lung �� � � ��� �
Liver � NT � NT NT

CRT-RNAi
Lung � � NT � � � NT
Liver NT NT NT NT NT NT NT

Metastatic area is indicated by the following �, �25%; ��, �25%;
���, �40%.

NT, no tumor.
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Protein tyrosine phosphorylation is a major event for
the cell adhesive mechanism.43,44 Cell adhesiveness de-
creases in CRT-underexpressing mouse L fibroblasts
that contain higher levels of active c-Src.12 However, the
results of our experiments showed that c-Src activity is
unaltered, which led us to think that the relationship be-
tween CRT and c-Src activation may differ, depending on
the type of cell. Although there was no difference in c-Src
phosphorylation, we observed decreases in phosphory-
lation levels of other crucial focal contact proteins such
as FAK and paxillin. FAK is a cytoplasmic non-receptor
tyrosine kinase identified as the downstream signaling
molecule of integrin-dependent cell adhesion. It is also
known that the c-terminal of FAK is the binding site for the
integrin-mediated protein, paxillin.45 A previous study
showed that breast cancer cells with high metastatic
capacity have increased mRNA expression and paxillin
protein levels.46 In addition, FAK was also proven to be a
key signaling factor in tumor initiation, angiogenesis, and
metastasis.47 This evidence supports our data which
showed that decreased CRT expression in bladder can-
cer inhibits cancer metastasis through regulating FAK
and paxillin phosphorylation.

CRT regulates various cell behaviors which suggests
that it may also play a part in cancer development. Much
clinical research has shown a correlation between CRT
expression levels and clinicopathologic factors in differ-
ent cancers. CRT is highly expressed in gastric tumor
tissues and significantly correlated with tumor serosal
invasion, lymph node metastasis, and microvessel den-
sity.21 Moreover, CRT is up-regulated in bladder tumor
tissues, and the concentration of urinary CRT has a ten-
dency to increase in histologic grade and pathologic T
stage in bladder cancer.19,20 If a patient with bladder
cancer is diagnosed with advanced-stage (T2 to T4) tu-
mors, it means that the cancer cells possess a higher
invasive ability to grow into the muscle layer and can
even spread to areas outside the bladder which in-
creases the incidence of tumor metastasis. These results
provide strong evidence that supports the phenomenon
of bladder cancer cells that express lower levels of CRT
having diminished tumor growth and metastasis in mice
models. Therefore, we concluded that CRT might play an
important role in bladder cancer metastasis.

On the basis of the clinical data published by Kageyama
et al,19,20 our results further clarify how CRT modulates the
physiological mechanisms in bladder cancer progression.
These findings, for the first time, provide evidence that al-
tered CRT expression affects bladder cancer tumorigenesis
and metastasis. In the future, we will attempt to investigate
detailed mechanisms of CRT-mediated adhesion in bladder
cancer to optimize the research modality.
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Fucosylation regulates various pathological events in cells.
We reported that different levels of CRT (calreticulin) affect
the cell adhesion and metastasis of bladder cancer. However,
the precise mechanism of tumour metastasis regulated by
CRT remains unclear. Using a DNA array, we identified
FUT1 (fucosyltransferase 1) as a gene regulated by CRT
expression levels. CRT regulated cell adhesion through α1,2-
linked fucosylation of β1 integrin and this modification was
catalysed by FUT1. To clarify the roles for FUT1 in bladder
cancer, we transfected the human FUT1 gene into CRT-RNAi
stable cell lines. FUT1 overexpression in CRT-RNAi cells resulted
in increased levels of β1 integrin fucosylation and rescued
cell adhesion to type-I collagen. Treatment with UEA-1 (Ulex
europaeus agglutinin-1), a lectin that recognizes FUT1-modified

glycosylation structures, did not affect cell adhesion. In contrast,
a FUT1-specific fucosidase diminished the activation of β1
integrin. These results indicated that α1,2-fucosylation of β1
integrin was not involved in integrin–collagen interaction, but
promoted β1 integrin activation. Moreover, we demonstrated
that CRT regulated FUT1 mRNA degradation at the 3′-UTR.
In conclusion, the results of the present study suggest that
CRT stabilized FUT1 mRNA, thereby leading to an increase in
fucosylation of β1 integrin. Furthermore, increased fucosylation
levels activate β1 integrin, rather than directly modifying the
integrin-binding sites.

Key words: activation, adhesion calreticulin, fucosylation,
fucosyltransferase 1 (FUT1), integrin, RNA stability.

INTRODUCTION

Fucosylation is a common type of post-translational protein
glycosylation, which regulates various physiological and
pathological events in cells. This process is catalysed by at
least 11 types of FUTs (fucosyltransferases), which transfer a
fucose residue from GDP-fucose to oligosaccharides through
α1,2-, α1,3/4- or α1,6-linkages [1]. Aberrant expression of
fucosylated haptoglobin has been reported in various tumour
tissues, particularly during the advanced stages of cancers [2–
4]. In papillary carcinoma, higher FUT8 levels are significantly
correlated with tumour size and lymph node metastasis [5]. In
addition, fucosylated haptoglobin is considered to be a novel
biomarker for pancreatic cancer detection [6]. These results
suggest that fucosylation may be a key event in regulating cancer
development and progression.

FUT1 is a common type of FUT and is involved in catalysing
the addition of fucose via α1,2-linkage to galactose. It has been
reported that higher levels of Lewis Y antigen, catalysed by
FUT1 and FUT4, are found in over 60% of human epithelial
carcinomas [7–9]. Moreover, studies suggest that in certain cancer
cells, tumour growth and metastasis are regulated by changes in
FUT1 levels [10,11]. These results indicated that FUT1-regulated
fucosylation is closely associated with tumour progression.

Integrins are a family of receptors comprising α- and
β-subunits. They are involved in cell–cell and cell–matrix
interactions and regulate key physiological processes such
as cell migration and adhesion and cancer metastasis.
Accumulated evidence indicates that integrin function is
regulated by glycosylation [12,13]. Overexpression of GnT
(N-acetylglucosaminyltransferase)-V, which increases β1,6-
branching of N-linked glycan, enhanced α5β1 integrin-mediated

Abbreviations: Act-D, actinomycin D; ARE, AU-rich element; ARE-BP, ARE-binding protein; CDS, coding sequence; CMV, cytomegalovirus; CRT,
calreticulin; EF1α, elongation factor 1α; FBP1/FUBP1, far-upstream-binding protein 1; FUT, fucosyltransferase; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; GnT, N-acetylglucosaminyltransferase; HRP, horseradish peroxidase; LTL, Lotus tetragonolobus lectin; mARE, mutant ARE; NP40,
Nonidet P40; PE, phycoerythrin; REMSA, RNA EMSA; UEA-1, Ulex europaeus agglutinin-1.
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cell migration and invasion [14], whereas an increase in the
GlcNAc (N-acetylglucosamine) bisecting linkage of N-glycan
by GnT-III inhibited α5β1 integrin-mediated cell spreading and
migration [15]. Furthermore, FUT8-catalysed core fucosylation
(α1,6-fucosylation) of α5β1 integrins stimulated cell migration
via laminin 5 [16]. However, the consequences of FUT1
expression and its effect on integrins have not been surveyed
so far.

CRT (calreticulin) is a multifunctional chaperon protein
majorly localized to the ER (endoplasmic reticulum). It has
been reported that CRT participates in a variety of important
biological processes. Previously, CRT has been identified as an
RNA-binding protein that regulates mRNA stability [17]. Our
previous studies have shown that suppression of CRT levels
in human bladder cancer cell line diminishes cell adhesion
and migration, and subsequently inhibits cancer metastasis [18].
However, the precise mechanism by which CRT modulates the
above-mentioned processes remains unclear.

In order to evaluate the metastatic mechanisms of bladder
cancer, we generated stable CRT-knockdown cell lines and used
DNA microarrays to identify CRT-regulated genes. Compared
with control cells, FUT1 expression was significantly lower
in CRT-knockdown (CRT-RNAi) cells. Since several studies
have highlighted that CRT is essential for integrin-mediated cell
adhesion [19,20], we hypothesized that CRT may affect FUT1 and
regulate integrin functions as well as cell adhesion. In the present
study, we have demonstrated that CRT-RNAi lead to significantly
lower glycosylation of β1 integrins. Our results further indicated
that changes in β1 integrin fucosylation affected integrin
activity. Furthermore, we demonstrated that CRT regulated FUT1
expression levels by regulating its mRNA stability. In conclusion,
we suggested that FUT1-modified fucosylation play an important
role in β1 integrin activation and this process can enhance cancer
metastasis of bladder cancer.

EXPERIMENTAL

Cell culture and generation of stably transfected cell lines

Details of the CRT-knockdown human bladder cancer cell line
J82 (J82 CRT-RNAi) have been described previously [18]. J82
CRT-RNAi cells were infected with pLKO_AS2.zeo-EGFP and
selected with 250 μg/ml zeocin to generate J82 CRT-RNAi–
GFP cells. J82 CRT-RNAi–GFP cells were then infected with
pLKO_AS2.puro or pLKO_AS2.puro-FUT1 to generate the J82
CRT-RNAi–GFP Control (#R-EGFP) and J82 CRT-RNAi–GFP
FUT1 (#R-FUT1) cell lines. The stably infected cells were
selected using 500 μg/ml G418, 250 μg/ml zeocin and 2 μg/ml
puromycin. The J82 human bladder cancer cell line was cultured
in DMEM (Dulbecco’s modified Eagle’s medium) supplemented
with 10% FBS. For subcultures, cells were trypsinized with
0.05% EDTA/trypsin.

Plasmid construction

The coding region sequence of the FUT1 (NCBI Reference
Sequence NM_000148) gene was purchased from OriGene. The
lentival vectors for cDNA expression, including pLKO_AS2.puro
and pLKO_AS2.zeo were obtained from the National RNAi
Core Facility Platform, Academia Sinica, Taipei, Taiwan. EGFP
template was purchased from pEGFP-C1 (Clontech). PCR was
performed using Phusion High-Fidelity DNA polymerase
(Thermo Fisher Scientific). FUT1 was ligated into

pLKO_AS2.puro between the NheI and BsrGI sites to build
pLKO_AS2.puro-FUT1. EGFP was subcloned into pLKO_
AS2.zeo between the NheI and EcoRI sites to generate
pLKO_AS2.zeo-EGFP. The following primers were used
for FUT1 PCR: Fut1-forward-NheI, 5′-AAGCTAGCATGT-
GGCTCCGGAGCCATCGTCAG-3′ and Fut1-reverse-BsrGI,
5′-GGTGTACATCAAGGCTTAGCCAATGTCCAGAG-3′.

Cell adhesion assay

The 96-well culture plates were coated with 10 μg/ml type I
collagen (Sigma) and incubated at 37 ◦C for 30 min followed by
washing with PBS. The adhesion assay procedure was described
previously [18]. To determine the effects of various functional
blocking antibodies or lectin on cell adhesion, suspensions of J82
cells suspension was pre-incubated with an anti-integrin antibody
(1 μg/ml for α1, α2, α3, αV, β3 and αVβ3 and 0.25 μg/ml for
β1; Millipore) for 1 h or lectin (Vector Laboratories) for 30 min.
Adhesion then was determined by using the adhesion assay as
described previously [18].

Western blot analyses

The whole cell lysate were lysed with 1% NP40 (Nonidet P40)
lysis buffer and then incubated with the primary antibodies anti-
β1 integrin (1:2000 dilution; BD Transduction Laboratories and
GeneTex), anti-CRT (1:5000 dilution; Millipore), anti-(biotin-
labelled UEA-1) (where UEA-1 is Ulex europaeus agglutinin-
1; 1:5000 dilution; Vector Laboratories), and anti-FUT1 and
anti-FUBP1 (far-upstream-binding protein 1; 1:2000 dilution;
Santa Cruz Biotechnology) for 4 ◦C overnight. Membranes were
washed and then incubated with HRP (horseradish peroxidase)-
conjugated secondary antibodies or HRP-conjugated streptavidin
(1:5000 dilution) for 1 h. Immunoreactive bands were quantified
using the Total Lab V2.01 software.

Lectin pull-down assay

Detection of glycoproteins decorated with terminal galactose was
achieved by lectin pull-down assays using biotinylated UEA-1 or
LTL (Lotus tetragonolobus lectin; Vector Laboratories). Briefly,
500 mg of total cell lysates were incubated with biotinylated UEA-
1. Following a 16 h incubation at 4 ◦C, streptavidin–agarose beads
were added and incubated for an additional 6 h. The pulled-down
proteins were then subjected to Western blot analysis.

RNA isolation and real-time PCR

Total RNA was isolated using the TRIzol® reagent (Life
Technologies) following the manufacturer’s instructions. RT
(reverse transcription)–PCR was carried out using ReverTra Ace
reverse transcriptase (Toyobo). Real-time PCR was performed
using the iCycle iQ real-time detection system with the
dsDNA-specific SYBR Green I dye for detection (Bio-Rad
Laboratories). For quantification, the target gene was normalized
to GAPDH (glyceraldehyde-3-phosphate dehydrogenase),
an internal control gene. The primer sequences used were:
GAPDH, 5′-GGTGGTCTCCTCTGACTTCAAC-3′ (forward)
and 5′-TCTCTCTTCCTCTTGTGCTCTTG-3′ (reverse);
FUT1-CDS (coding sequence), 5′-AAGTTCTACGGTGA-
CGAGGAG-3′ (forward) and 5′-GTCGATGTTCTGCTCATGT-
TTC-3′ (reverse); FUT1-3′UTR, 5′-CGTGCTCATTG-
CTAACCACTGTC-3′ (forward) and 5′-TCGTGCTCCTG-
CCTGGATCT-3′ (reverse); EGFP, 5′-GTGAGCAAGGGCGA-
GGAG-3′ (forward) and 5′-CGTAGGTCAGGGTGGTCA-3′
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Figure 1 Integrin α2β1 was involved in CRT-mediated cell adhesion in J82 bladder cancer cells

(A) To analyse the role of integrins in J82 cell adhesion, cells were pre-incubated with normal mouse IgG or functional blocking antibodies at 37◦C for 1 h. Cells (5×104) were seeded in 96-well
collagen-coated plates (10 μg/ml) for 20 min. NS, not significant. (B) Western blot analysis showing no changes in the total β1 integrin expression levels between the control and CRT-knockdown
cells. Human β-actin was used as a loading control. (C) FUT1-modified glycosylation on β1 integrin in J82 stable cell lines. Cell lysates were pulled down with UEA-1 or LTL followed by Western
blotting with an anti-(β1 integrin) antibody. (D) Western blot analysis showing the glycomic differences between the control and CRT-knockdown cells. Cell lysates were separated by SDS/PAGE
(10 % gel) and probed with biotin-labelled UEA-1. Representative data from three independent experiments are shown. (A and B) Results are means +− S.D. **P < 0.01 and ***P < 0.001 compared
with the control cells.

(reverse); DsRed 5′-GAGGGCTTCAAGTGGGAG-3′ (forward)
and 5′-CATAGTCTTCTTCTGCATTACGG-3′ (reverse); and
FBP1 5′- TGGGACCATACAACCCTGCACCT-3′ (forward) and
5′-AGCTGGATCAGGAGCCTG-3′ (reverse).

Microarray analysis

Total RNA from control and CRT-RNAi cells were isolated
using the TRIzol® reagent and quantified using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific). The cRNA
was fragmented and then hybridized to a Human OneArrayTM

microarray (HOA 4.3; Phalanx Biotech) containing 30968
human gene probes. Arrays were scanned by Microarray
Scanner GenePix 4000B (Axon Instruments), and fluorescence
intensities were measured by GenePix Pro version 6.0 (Molecular
Devices). The raw data were preprocessed by log2 transformation
and global LOWESS (locally weighted scatterplot smoothing)
normalization.

Determination of integrin activation

Cells were trypsinized and re-suspended in 100 μl of PBS
containing α1,2-fucosidase (1:100 dilution; BioLabs) at 37 ◦C.
After 30 min, cells were stained with PE (phycoerythrin)-
conjugated anti-CD29 antibody (HUTS-21; BD Pharmingen) and
analysed by flow cytometry.

Determination of mRNA stability

J82 cells were treated with 5 μg/ml Act-D (actinomycin D;
Sigma) at the indicated time points. FUT1 mRNA was detected
by real-time PCR.

REMSA (RNA EMSA)

The synthesized biotinylated FUT1-ARE (AU-rich element)
and mARE (mutant ARE) probes (MDBio) were incubated
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Figure 2 FUT1 overexpression rescued cell adhesion in CRT-knockdown cells

Reintroduction of FUT1 in J82 CRT-RNAi cells. CRT-knockdown stable cells were infected with the control (EGFP) or FUT1 plasmid to generate FUT1-overexpressed stable cell lines. (A) mRNA
expression was confirmed by real-time PCR in FUT1-overexpressing stable cell lines. GAPDH was used as an internal control. (B) A lectin pull-down assay was performed to assess whether
overexpressed FUT1 could enhance glycosylation of β1 integrin. Cell lysates were pulled down with UEA-1 followed by Western blotting with the anti-(β1 integrin) antibody. Representative data
from three independent experiments are shown. (C) Effects of FUT1 on CRT-mediated cell adhesion were performed by adhesion experiment. Cells (5×104 cells/100 μl) were seeded in 96-well
collagen-coated (10 μg/ml) plates for 20 min. (A and C) Results are means +− S.D. *P < 0.05 and **P < 0.01 compared with the vector control level. #C, control cells; #R, CRT-RNAi cells; #R-EGFP,
CRT-knockdown cells infected with EGFP; #R-FUT1, CRT-knockdown cells infected with FUT1–EGFP.

with recombinant CRT protein (Abnova) for 10 min at 4 ◦C
in REMSA buffer (100 mM Hepes, 200 mM KCl, 10 mM
MgCl2 and 10 mM DTT) containing 2 μg of tRNA to a
final volume of 20 μl. Samples were analysed by native
PAGE [4 % polyacrylamide/bisacrylamide (37.5:1)]. Following
electrophoresis, the gel was transferred on to a nylon
membrane and the RNA–protein complexes were detected by
chemiluminescence following the manufacturer’s instructions
(Thermo Scientific).

RNA immunoprecipitation

The synthetic biotinylated FUT1-ARE and mARE probes were
incubated with whole cell lysate (500 μg) containing Streptavidin
Mag Sepharose (GE Healthcare) at 4 ◦C overnight. The pulled-
down RNA–protein complexes were analysed by Western blotting
using the anti-CRT antibody.

Statistical analysis

Data were statistically analysed using one-way ANOVA followed
by Fisher’s protected LSD (least-significant difference) test
(StatView; Abacus Concept). Each result was obtained from at

least three independent experiments and P < 0.05 was considered
statistically significant.

RESULTS

β1 Integrin participated in CRT-mediated cell adhesion in J82
human bladder cancer cells

It has been reported previously that down-regulation of CRT
in J82 cells suppresses cell adhesion and metastatic behaviour
[18]. Since integrins play a crucial role in cell adhesion, we
used a collagen-specific integrins investigator kit to identify
the type of integrins involved in CRT-mediated changes in
cell adhesion. As shown in Figure 1(A), functional blocking
antibodies for α2 or β1 integrin inhibited the adhesion in vector
control cells, but not in CRT-RNAi cells. Blocking other integrins
did not result in any significant differences in cell adhesion
between control and CRT-RNAi cells. These suggested that α2
and β1 integrin might be involved in CRT-mediated adhesion
on type I collagen. However, the level of total β1 integrin
showed no difference between the control and CRT-RNAi cells
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Figure 3 The activation of β1 integrin decreased by reduction in α1,2-linked fucosylation

(A) To evaluate the involvement of α1,2-linked glycan in integrin–collagen interaction, cells were pre-incubated with various concentrations of UEA-1 for 30 min. Cells (5×104) were seeded in 96-well
collagen-coated plates (10 μg/ml) for 20 min. Results are means +− S.D. (B) The activity of β1 integrin was analysed by flow cytometry. Cells were trypsinized and incubated with PE-conjugated
anti-CD29 antibody (HUTS21; active form of β1 integrin) for 20 min. Cells were also pre-treated with α1,2-fucosidase for 30 min before staining with the anti-CD29 antibody to further analyse the
effect of α1,2-linked fucosylation on β1 integrin activity. Representative data from three independent experiments are shown. Results are means +− S.D. *P < 0.05 compared with the no-fucosidase
group. #C, control cells; Fs, cells were treated with α1,2-fucosidase; NS, not significant; #R, CRT-RNAi cells. (C) FUT1-modified glycosylation of β1 integrin after treatment with α1,2-fucosidase.
J82 control cells were pre-treated with α1,2-fucosidase before being lysed with NP40 lysis buffer. Cell lysates were pulled down with UEA-1 or LTL followed by Western blotting with an anti-(β1
integrin) antibody.

(Figure 1B). Subsequently, we used DNA arrays to compare the
gene expression profiles between J82 control and CRT-RNAi
cells and identified many candidate genes whose expression was
likely to be CRT-regulated (Supplementary Tables S1 and S2
at http://www.biochemj.org/bj/460/bj4600069add.htm). Among
these, FUT1 was significantly suppressed in J82 CRT-RNAi
cells. Because previous studies have shown that changes in
glycosylation of β1 integrin modulates its function [21], we
performed a lectin pull-down assay using either LTL or UEA-1,
which are known to bind to α1,2-linkage oligosaccharides through
a reaction catalysed by FUT1. The pull-down samples were then
subjected to immunoblotting against antibodies specific for β1
integrin. The fucosylation levels of β1 integrin were decreased
profoundly in CRT-RNAi cells (Figure 1C). In addition, we also
performed glycomics analysis in our stable cell lines. J82 cells
had different UEA-1-positive glycoprotein expression patterns,
as shown by Western blotting, when we knocked down CRT
(Figure 1D). These results suggested that CRT mediates cell

adhesion through post-translational modification of β1 integrin
in bladder cancer.

FUT1 overexpression in CRT-knockdown cells enhanced cell
adhesion

Fucosylation is one of the common post-translational protein
modifications. It has been shown that transfection of FUT1 into
RMG-1 cells enhanced cell adhesion [22]. To further examine
the role of FUT1 on CRT-mediated changes in cell adhesion,
the FUT1 gene was stably transfected into CRT-RNAi cells to
generate J82 #R-FUT1 cells. FUT1 overexpression in J82 #R-
FUT1 cells was confirmed by real-time PCR (Figure 2A). To
investigate the effect of FUT1 on the changes in β1 integrin
fucosylation, we pulled down the lectin UEA-1 and probed for
β1 integrin, as described above. Binding of β1 integrin to UEA-1
lectin was increased significantly in J82 #R-FUT1 cells compared
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Figure 4 CRT knockdown inhibited the FUT1 protein and 3′-UTR mRNA
expression levels, but not the mRNA of the CDS

(A) FUT1 mRNA levels were detected by real-time PCR in J82 control and CRT-knockdown cells.
mRNA expression was normalized to the internal control GAPDH. (B) Western blot analysis
demonstrates protein expression in J82 stable cell lines. The human β-actin level was used as
a loading control. Results are means +− S.D. ***P < 0.001 compared with the control level. NS,
no significant.

with the control vector-transfected cells (Figure 2B). Furthermore,
as shown in Figure 2(C), reintroduction of FUT1 restored cell
adhesion in CRT-RNAi stable cells. These results suggested that
CRT modulated cell adhesion in bladder cancer by regulating β1
integrin fucosylation through FUT1.

Fucosylation status of β1 integrin affected integrin activation, but
not association between integrin and collagen

Since the fucosylation status of β1 integrin could influence cell
adhesion, we hypothesized that α1,2-linked fucosylated glycan
on β1 integrin might participate in β1 integrin and type I collagen
interaction. To assess the potential inhibitory effects of UEA-1, we
tested J82 cells in a cell adhesion assay in the presence of UEA-1
lectin. As shown in Figure 3(A), treatment with UEA-1 did not
show any effect on adhesion even at higher dosages. These results
prompted us to inspect the activation status of β1 integrin. Several
studies have revealed that variation in the glycosylation patterns of
β1 integrin has an influence on its functions [15,23,24]. To verify
the effect of fucosylation levels on β1 integrin activity, the active
forms of β1 integrin were detected by flow cytometry. We found
that active integrins were significantly lower in CRT-RNAi cells
(13.0 +− 2.6) than in control cells (22.9 +− 3.9) (Figure 3B). These

results suggested that β1 integrin fucosylation modified integrin
activity. To further confirm this hypothesis, cells were treated
with a FUT1-specific α1,2-fucosidase. Both the control and CRT-
RNAi cells showed reduced β1 integrin activity upon fucosidase
treatment (Figure 3B). Taken together, these findings suggested
that β1 integrin fucosylation affected the J82 cell adhesion
ability by activating β1 integrin, rather than directly modifying
the integrin-binding sites. The data for down-regulation of
α1,2-fucosylation after fucosidase treatment are shown in
Figure 3(C).

CRT knockdown suppressed FUT1 expression by regulating its
mRNA stability through an ARE

In order to verify how CRT affected FUT1 expression, real-
time PCR and Western blot analyses were performed in our
stable cell lines. The results showed that CRT down-regulation
attenuated the expression of FUT1 protein and mRNA levels of
the 3′-UTR, but not the mRNA level of the CDS (Figure 4). It
is known that certain specific sequences in 3′-UTR of mRNA
can influence the RNA stability and protein expression [25].
These reports prompted us to investigate whether CRT regulates
FUT1 expression levels by affecting mRNA stability rather than
transcription. An Act-D time course experiment was performed
to determine the degradation rate of FUT1 mRNA. We found
that FUT1 mRNA was significantly less stable following CRT
knockdown in J82 cells (Figure 5A). These results strongly
suggested that CRT down-regulation affected the mRNA stability
of FUT1.

Numerous studies have shown that in sequences rich in
adenosine and uridine nucleotides, called AREs, the 3′-UTRs
are important sequences for mRNA decay [26–28]. The FUT1
gene contains an ARE sequence at its 3′-UTR. J82 control and
CRT-RNAi cells were transfected with a CMV (cytomegalovirus)-
driven EGFP reporter fused to wild-type, mutated or ARE-deleted
FUT1 3′-UTR as shown in Figure 5(B). The EF1α (elongation
factor 1α)-driven DsRed was used as an internal control. EGFP
mRNA expression was measured by real-time PCR after 48 h
of transfection. Control cells showed a lower EGFP/DsRed ratio
when the ARE sequences from the FUT1 3′-UTR were mutated
or deleted (Figure 5C, left-hand panel). However, no significant
differences were observed between the wild-type, mutated or
ARE-deleted FUT1 3′-UTR constructs in CRT-knockdown cells
(Figure 5C, right-hand panel). Consequently, these results indicate
that CRT influenced FUT1 mRNA stability through the ARE
sequence.

Identification of FBP1 as an FUT1 mRNA-binding protein

The proteins which bind to AREs, called ARE-BPs (ARE-
binding proteins), play an important role in the regulation of
mRNA stability [26]. CRT was reported previously as an ARE-
BP that regulates mRNA degradation in various cell types
[29,30]. We carried out REMSAs using a biotin-labelled probe
and recombinant CRT to assess CRT–FUT1 ARE interaction
in vitro. No specific bands with a higher molecular mass than
the biotin-labelled probes were observed (Figure 6A). We next
incubated whole cell extracts with the biotin-labelled probes and
the bound proteins were pulled down with streptavidin. As shown
in Figure 6(B), CRT did not co-precipitate with the ARE or mARE
probes. These results indicate that CRT did not bind to the ARE
in the FUT1 3′-UTR.
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Figure 5 CRT-knockdown destabilized FUT1 mRNA through the ARE

(A) Cells were treated with 5 μg/ml Act-D for the indicated time. FUT1 mRNA was assessed by real-time PCR and normalized to the internal control GAPDH. (B) Schematic diagram of reporter
constructs containing EF1α-driven DsRed and CMV-driven EGFP fused to various ARE sequences. (C) Cells were transfected with the plasmids shown in (B). Total RNA was harvested after 24 h of
transfection. Results are the ratio of EGFP to the internal transfected control DsRed. Results are means +− S.D. **P < 0.01 and ***P < 0.001 compared with the control level. dARE, deleted ARE;
wtARE, wild-type ARE.

To identify the proteins that did bind to the FUT1 ARE,
the synthetic probe was incubated with whole cell lysate. We
performed an RNA pull-down assay and the RNA–protein
complex was separated by SDS/PAGE (8 % gel). In all three
independent experiments, we consistently noticed a band near
75 kDa, which was suppressed in the mARE samples (Figure 6C).
Using MS we identified this ARE-binding protein as FBP1. Our
results confirmed that both the protein and mRNA levels of
FBP1 were reduced in CRT-knockdown cells (Figures 6D and
6E). Consequently, these results suggest that CRT affected FUT1
mRNA stability through FBP1 regulation, which binds to the ARE
sequence in the FUT1 3′-UTR.

DISCUSSION

RNA stability is an important control point for gene expression.
It has been reported that interaction between specific sequences
(cis-acting elements) in the 3′-UTR of mRNA and specialized
RNA-binding proteins (trans-acting factor) regulate mRNA
degradation [31]. On the basis of the characteristics of the
cis-acting elements, there are three classes of mRNA, and
the most common type identified in the 3′-UTR is the ARE
[25,28,32,33]. A number of studies have shown that certain
metastasis-associated genes with AREs are overexpressed in

cancers [34–36]. Previously, we have reported that CRT levels
regulate the metastasis of bladder cancer cells [18]. In the
present study, we showed that CRT knockdown suppressed
FUT1 mRNA degradation in J82 cells. Screening using the
ARE database (http://brp.kfshrc.edu.sa/ARED/) classified FUT1
as class II cluster I of the ARE mRNA. In our fluorescence reporter
experiments, mutations or deletions in the FUT1 3′-UTR ARE
sequence resulted in a significant decrease in EGFP levels in
control cells. These results are consistent with previous reports
that the ARE sequence is important for regulating mRNA stability
[32,37]. Consequently, we suggested that CRT may modulate the
metastasis of bladder cancer by influencing FUT1 mRNA stability
in the ARE region.

Protein factors that bind to AREs are key regulators for
mRNA stability. Many ARE-BPs, including AUF1 (ARE RNA-
binding protein 1), HuR and TTP (tristetraprolin) have been well
studied [26]. Numerous studies have reported that these ARE-
BPs bind to AU-rich regions and influence the stability of certain
inflammatory and tumour-associated genes, including c-Myc,
c-Fos, GMCSF (granulocyte/macrophage colony-stimulating
factor), TNFA (tumour necrosis factor α) and VEGF (vascular
endothelial growth factor) [38–40]. CRT is a multifunctional
protein that participates in various cell processes. In 2002,
Nickenig et al. [29] first indicated CRT as a novel mRNA-binding
protein that destabilizes type I angiotensin II receptor mRNA by
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Figure 6 CRT knockdown suppressed FBP1 that binds to the ARE at the FUT1 3′-UTR

(A) Biotinylated RNA probes (ARE or mARE) were incubated with recombinant CRT. The RNA–protein complex was separated by native PAGE and detected using chemiluminescence. (B) Whole
cell lysates were incubated with biotinylated RNA probes (ARE or mARE). The RNA–protein complex was pulled down by streptavidin beads and analysed using Western blotting with an anti-CRT
antibody. IP, immunoprecipitation. (C) Identification of FBP1 as the FUT1 ARE-BP. Biotinylated RNA probes (ARE or mARE) were incubated with whole cell lysate and the RNA–protein complex
was pulled down by streptavidin beads. Arrow indicates the putative binding protein. (D) Real-time PCR was performed to detect FBP1 expression levels in J82 control and CRT-RNAi cells. mRNA
expression was normalized to the internal control GAPDH. Results are means +− S.D. **P < 0.01 compared with the control level. (E) Western blot analysis demonstrating protein expression in J82
stable cell lines. Human β-actin was used as a loading control.

binding to the AU-rich region at the 3′-UTR. Moreover, Totary-
Jain et al. [30] reported that CRT also binds to a specific element
in the 3′-UTR of glucose transporter-1 mRNA and destabilizes
the mRNA under high-glucose conditions. In the present study,
the fluorescence signal of mARE or ARE-deleted FUT1 was
suppressed in the control cells, but not in CRT-RNAi cells,
suggesting that CRT levels influence FUT1 mRNA stability.
However, we did not notice any direct association between CRT
and the FUT1 ARE directly in J82 cells. On the other hand, we
identified FBP1 as the protein that interacts with an FUT1 ARE
probe. Previous studies have indicated that FBP1 is an RNA-
binding protein that participates in mRNA translation and/or
stabilization [41–43]. In the present study, FBP1 levels were
significantly decreased in CRT-knockdown cells. Taken together,
our results suggested that CRT can stabilize FUT1 mRNA through
FBP1, which binds to the FUT1 ARE at the 3′-UTR.

Fucosylation-regulated cancer cell tumorigenesis and meta-
stasis has been studied extensively [1]. It has been reported that

FUT1/FUT4-knockdown by siRNA significantly diminishes cell
proliferation and tumour growth both in vitro and in vivo [10].
FUT1 overexpression restored cell adhesion in CRT-RNAi cells,
suggesting that FUT1-related fucosylation affects cell adhesion
and subsequent metastasis. Nevertheless, a deficiency in GDP-
mannose-4,6-dehydratase, resulting in a loss of fucosylation, has
been shown to cause colon cancer cell metastasis by escaping
from tumour immune surveillance [44,45]. Although those
studies contradicts the results of the present study, cumulative
evidence suggests that tumour tissues express higher levels of
fucosylation compared with normal tissues [46–48]. Furthermore,
Numahata et al. [49] showed that sialyl Lewis X, a blood
carbohydrate catalysed by fucosyltransferase, is a predictor of
an invasive and metastatic outcome of bladder cancer. These
findings suggested a positive correlation between fucosylation and
bladder cancer progression. Our results provided further evidence
that FUT1 plays an important role in the metastasis of bladder
cancer.
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Cell adhesion is one of the common features of cancer
metastasis. It is known that integrins are the main cell surface
molecules that regulate cell–matrix interaction. Many studies have
revealed that changes in glycan modification of integrins affect its
biological function [50,51]. A previous study showed that deletion
of core fucosylation (FUT8) on α3β1 integrin suppressed cell
migration on laminin 5 in MEFs (mouse embryonic fibroblasts)
[16]. In the present study, we found that FUT1 increased
fucosylation of β1 integrin and promoted the cell adhesion
of bladder cancer cells with type I collagen. Overexpression
of the FUT1 gene enhanced cell adhesion in CRT-knockdown
cells. However, higher levels of FUT1 only partially restored
cell adhesion in CRT-knockdown cells. Consequently, our results
provide evidence that FUT1-mediated fucosylation of β1 integrin
is one of the important mechanisms for cell adhesion in J82
bladder cancer cells. In another study FUT1 has been shown
to increase the total expression of α5β1 integrin and promote
RMG-1 cell adhesion on fibronectin [22]. Nevertheless, on the
basis of the results of the present study, we suggest that these
observations might due to increased activity of β1 integrin. We
also noticed a clear reduction in the activity of β1 integrin with
reduction in fucosylation in our stable cell lines. Most importantly,
cells treated with FUT1-specific α1,2-fucosidase effectively
diminished integrin activity. Taken together, our results suggest
that CRT regulates cell adhesion in bladder cancer by regulating
β1 integrin activity through FUT1-dependent fucosylation. Since
previous studies only indicated that changes in the glycosylation
of integrins may affect its cell adhesion and migration function,
the results of the present study provide further evidence showing
the role of fucosylation on the activity of β1 integrin. It is known
that there are 12 potential N-glycosylation sites on the β1 integrin
subunit [12]. Our stable cell lines can be excellent tools to identify
the functional fucosylation sites on β1 integrin.

We have shown previously that alterations in CRT expression
levels affect cell adhesion and the metastasis of bladder cancer.
In the present study we further analysed the mechanistic details
of CRT-dependent fucosylation and bladder cancer progression.
Our findings demonstrate that CRT stabilizes FUT1 mRNA
through affecting the level of the FBP1 ARE-BP. Therefore FUT1
activates β1 integrin by fucosylation, thereby enhancing bladder
cancer adhesion and subsequent metastasis. The present study
provides new insights into the biological function of α1,2-linked
fucosylation on β1 integrin. Studies are underway to address the
specific fucosylation modification site of β1 integrin. The results
of the present study can provide a new strategy towards therapeutic
development for bladder cancer.
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Table S1 Genes down-regulated by CRT

CRT-RNAi/control ratio

Gene symbol Description Fold P value

FGFBP1 Fibroblast growth factor-binding protein 1 − 4.35 0
NNMT Nicotinamide N-methyltransferase − 3.75 0.01
TES Testis-derived transcript (three LIM domains) − 2.99 0.01
TESC Tescalcin − 2.91 0.01
ID2 Inhibitor of DNA-binding 2, dominant-negative helix–loop–helix protein − 2.69 0.04
FUT1 Fucosyltransferase 1 (galactoside 2-α-L-fucosyltransferase, H blood group) − 2.46 0.01
KIF21B Kinesin family member 21B − 1.96 0.02
MAGED1 Melanoma antigen family D, 1 − 1.86 0
ACSL5 Acyl-CoA synthetase long-chain family member 5 − 1.85 0.02
NFIX Nuclear factor I/X (CCAAT-binding transcription factor) − 1.77 0.03
CSPG5 Chondroitin sulfate proteoglycan 5 (neuroglycan C) − 1.71 0.04
IGFBP2 Insulin-like growth factor-binding protein 2, 36 kDa − 1.71 0.02
CYP11A1 Cytochrome P450, family 11, subfamily A, polypeptide 1 − 1.62 0.04
ALPP Alkaline phosphatase, placental (Regan isozyme) − 1.6 0
CENTB1 Centaurin, β1 − 1.54 0.01
EGR1 Early growth response 1 − 1.42 0
HSPB8 Heat-shock 22 kDa protein 8 − 1.41 0.05
ITGB1 Integrin, β1 (fibronectin receptor, β polypeptide, antigen CD29 includes MDF2, MSK12) − 1.31 0.05
VEGFA Vascular endothelial growth factor A − 1.16 0.02
TNFSF13 Tumour necrosis factor (ligand) superfamily, member 13 − 1.11 0.04
SSTR2 Somatostatin receptor 2 − 1.1 0.05
TM4SF19 Transmembrane 4 L six family member 19 − 1.1 0
SCARA3 Scavenger receptor class A, member 3 − 1.1 0.02
DDIT4 DNA-damage-inducible transcript 4 − 1.09 0.01
PRSS35 Protease, serine, 35 − 1.06 0.01
CSAG2 CSAG family, member 2 − 1.05 0.01

1 These authors contributed equally to this work.
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Table S2 Genes up-regulated by CRT

CRT-RNAi/control ratio

Gene symbol Description Fold P value

TRIP6 Thyroid hormone receptor interactor 6 5.94 0
DNAJC10 DnaJ (Hsp40) homologue, subfamily C, member 10 2.8 0
CSMD1 CUB and Sushi multiple domains 1 1.98 0
CASP8 Caspase 8, apoptosis-related cysteine peptidase 1.57 0.01
GPR37 G-protein-coupled receptor 37 (endothelin receptor type B-like) 1.47 0.04
EPS8 Epidermal growth factor receptor pathway substrate 8 1.44 0.01
SERINC1 Serine incorporator 1 1.41 0.01
LOC165186 Similar to RIKEN cDNA 4632412N22 gene 1.4 0.02
FLJ41327 FLJ41327 protein 1.34 0.03
FLJ23861 Hypothetical protein FLJ23861 1.28 0
BZW1 Basic leucine zipper and W2 domains 1 1.26 0.05
NAT14 N-acetyltransferase 14 1.24 0.01
DALRD3 DALR anticodon-binding domain-containing 3 1.19 0.01
OXR1 Oxidation resistance 1 1.09 0.01
MAPK1 Mitogen-activated protein kinase 1 1.07 0.01
RBM13 RNA-binding motif protein 13 1.05 0.02
PROSC Proline synthetase co-transcribed homologue (bacterial) 1.05 0.03
NAP1L4 Nucleosome assembly protein 1-like 4 1.04 0
HDDC2 HD domain-containing 2 1.02 0.04
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