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Abstract 

In this study, we observed that brown seaweed fucoidan inhibited human breast cancer 
progression by upregulating microRNA (miR)-29c and downregulating miR-17-5p, thereby 
suppressing their target genes, a disintegrin and metalloproteinase 12 (ADAM12) and phosphatase 
and tensin homolog (PTEN), respectively. Moreover, fucoidan reduced the luciferase activity of 
3’-untranslated region reporter; treatment of cells with the miR-29c mimic or miR-17-5p inhibitor 
also produced similar results. These effects of fucoidan inhibited the epithelial–mesenchymal 
transition in breast cancer cells, as evidenced by an increase in E-cadherin and a drop in 
N-cadherin, and inhibited breast cancer cell survival, as evidenced by the activation of the 
phosphoinositide 3-kinase/Akt pathway. Taken together, these findings demonstrate that fucoidan 
inhibits breast cancer progression by regulating the miR-29c/ADAM12 and miR-17-5p/PTEN axes. 
Fucoidan is a potential chemopreventive/chemotherapeutic agent for breast cancer. 
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Introduction 
Breast cancer is associated with high morbidity 

and mortality and is the fifth leading cause of 
cancer-related death worldwide [1, 2]. Breast cancer 
has also become a critical issue in Taiwan, where it is 
the fourth leading cause of cancer death because of its 
high recurrence rate after resection and poor 
prognosis [3], which are primarily related to tumor 
invasion and distant metastasis [4, 5]. Regarding 
breast cancer treatment, the estrogen receptor (ER), 
progesterone receptor (PR), and Her2 expression 
levels determine the choice of therapeutic regimens in 
addition to predicting progression in breast cancer 
patients. Among the different subtypes of breast 

cancer, the triple-negative subtype, defined as no/low 
ER, PR, and Her2 expression levels, accounts for 
10%–20% of all breast cancers, and this subtype is 
associated with a high risk of tumor recurrence 
because of the lack of a reliable, specific targeted 
chemotherapeutic agent [6]. In recent years, the trend 
of systemic treatment for breast cancer has shifted 
more toward targeted therapy and combined 
therapies rather than nonspecific cytotoxic 
chemotherapy or hormone therapy [7, 8]. Many 
different signaling pathways and molecular 
mechanisms regulate the metastatic processes of 
breast cancer [9]. Accumulating evidence indicates 
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that microRNAs (miRNAs) play crucial roles in 
tumorigenesis and metastasis, suggesting that 
targeting miRNAs is a promising approach for 
treating human cancers [10, 11]. Moreover, miRNAs 
are a class of endogenous, noncoding regulatory 
RNAs of approximately 20–25 nucleotides in length 
that negatively regulate gene expression by inducing 
messenger RNA degradation or by inhibiting 
translation through base pairing with the 
3’-untranslated region (UTR) of target mRNAs [12, 
13]. 

The miR-29 family consists of miR-29a, -29b, and 
-29c with shared regulatory capacities. The miR-29 
family exerts various effects on cellular apoptosis [14], 
cell cycle regulation, epigenetic modification, and 
metastasis inhibition [15] to prevent cancer 
progression and carcinogenesis. Downregulation of 
miR-29 expression has been reported in multiple 
cancers including breast cancer [16, 17]. A crucial 
downstream target of miR-29c is a disintegrin and 
metalloproteinase 12 (ADAM12) [18]. ADAM12 is a 
member of the metalloproteinase-disintegrin family 
and a breast cancer-associated gene. ADAM12 
expression is strongly upregulated in preinvasive and 
invasive carcinomas [19-23]. In addition, miR-29b/c 
and miR-200b/c post-transcriptionally mediate the 
downregulation of ADAM12 by directly targeting the 
3’-UTR of ADAM12, resulting in degradation or 
decreased translation of target mRNAs. A significant 
negative correlation was recently demonstrated 
between ADAM12 and miR-29c in breast invasive 
carcinomas [24]. Identifying agents that can modulate 
the miR-29c-ADAM12 axis may lead to the 
development of improved breast cancer treatments  

The miR-17/92 cluster is a crucial oncomiR 
group with vital roles in cancer development. The 
miR-17/92 cluster is upregulated in various cancers 
including breast, lung, colon, pancreas, prostate, and 
gastric cancer [25, 26]. Caloric restriction and 
radiotherapy downregulate the expression of 
members of the miR-17/92 cluster by suppressing 
extracellular matrix (ECM) mRNAs that exhibit 
miR-17-5p binding sites, thus reducing the metastatic 
potential of triple-negative breast cancer (TNBC) [27, 
28]. The seven members of the miR-17~92 cluster play 
vital roles predominantly in phosphatase and tensin 
homolog (PTEN) and programmed cell death 4, which 
promote migration and invasion of metastatic cancer 
cells [29]. These findings collectively demonstrate the 
oncogenic character of the miR-17/92 cluster. TNBC 
with elevated oncomiR levels is associated with low 
expression levels of the tumor suppressor protein 
PTEN [30, 31]. 

Previous studies have confirmed the potential of 
natural dietary components as cancer therapeutics. 

Dietary components, namely curcumin, resveratrol, 
genistein, epigallocatechin-3-gallate, indole-3- 
carbinol, and 3, 3ʹ-diindolylmethane, exerted 
antiproliferative and proapoptotic effects on cancer 
cells by regulating one or more miRNAs [32]. 
Therefore, natural products represent an abundant 
source of miRNA regulators. 

Fucoidan, a heparin-like molecule with high 
percentages of L-fucose and sulfated ester groups and 
low percentages of D-xylose, D-galactose, D-mannose, 
and glucuronic acid, was present in the cell wall 
matrix of brown seaweed [33]. Brown seaweed 
fucoidan was reported to demonstrate various 
biological activities such as antioxidant, 
anti-inflammatory, antiproliferative, and 
proapoptotic activities [34, 35]. Fucoidan was also 
revealed to inhibit the growth of breast and lung 
cancer in animal models [36, 37]. Fucoidan treatment 
induces the degradation of transforming growth 
factor (TGF)-β receptor and the consequent inhibition 
of the epithelial–mesenchymal transition (EMT) in 
cancer cells. In addition to these molecular 
mechanisms, it is imperative to investigate the 
potential of fucoidan as a miRNA regulator for breast 
cancer treatment and thus delineate the molecular 
mechanisms underlying the anticancer effects of 
fucoidan. 

In this study, we investigated the effects of 
fucoidan on the regulation of miR-29c and miR-17-5p 
in human breast cancer cells. We observed that 
fucoidan increased miR-29c expression and reduced 
miR-17-5p expression, which suppressed ADAM12 
and PTEN, respectively. The effects were confirmed 
by the inhibition of the EMT and invasiveness of 
breast cancer cells. Our findings suggest a regulatory 
role of fucoidan in the cross-talk between miR-29c and 
miR-17-5p, which epigenetically control the migration 
and invasion of breast cancer cells. 

Materials and Methods 
Reagents 

Fucoidan powder from Sargassum hemiphyllum 
was obtained from the commercial product Hi-Q 
Oligo-fucoidan® manufactured by Hi-Q Marine 
Biotech International Ltd. (New Taipei City, Taiwan). 
The powder was dissolved in double-distilled H2O 
and stirred at 25°C for 30 min. The dissolved solution 
was filtered through 0.22-μm sterile filters (Millipore, 
Billerica, MA, USA). 

Cell culture 
Human mammary gland epithelial 

adenocarcinoma (MCF-7 and MDA-MB-231) and 
human normal mammary gland epithelial fibrocystic 
(MCF-10A) cell lines were purchased from American 
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Tissue Cell Culture (Manassas, VA, USA). The 
MCF-10A cells were maintained in complete 
MCF-10A culture medium; that is, a 1:1 mixture of 
Dulbecco’s modified Eagle medium (DMEM) and 
Ham F12 supplemented with 100 ng/mL cholera 
enterotoxin, 10 μg/mL insulin, 0.5 μg/mL 
hydrocortisol, and 20 ng/mL epidermal growth factor 
(Life Technologies, Rockville, MD, USA). The MCF-7 
and MDA-MB-231 cells were maintained in DMEM 
(Gibco, Grand Island, NY, USA) supplemented with 
10% fetal bovine serum (FBS). All cell lines were 
grown at 37°C in a humidified 5% CO2 atmosphere. 
These cells were also free of mycoplasma 
contamination. 

Evaluation of cell viability using MTS assay 
Cells at a density of 5 × 103 cells per well were 

seeded in 96-well plates in medium containing 1% 
FBS. The cells were allowed to adhere for 24 h and 
were then incubated with the indicated drug 
concentrations. Each condition was tested in triplicate 
wells. Cell viability was assessed using the Celltiter96 
Aqueous1 solution reagent (Promega, Madison, WI, 
USA) according to the manufacturer’s instructions. 
The amount of MTS formazan product was measured 
at a wavelength of 490 nm by using a PowerWave X 
Microplate ELISA Reader (Bio-TeK Instruments, 
Winoski, VT, USA). 

Determination of cell cycle phases using flow 
cytometry 

Cells were seeded in 6-well tissue culture dishes 
at 1 × 105 cells per well. The cells were allowed to 
adhere for 24 h and were then incubated with the 
indicated drug concentrations. Each condition was 
tested in triplicate wells. The cell cycle phases of the 
treated cells were determined by quantifying their 
DNA content through staining with propidium iodide 
staining, and the cell cycle phases were analyzed by a 
FACS scanner (Becton Dickinson Immunocytometry 
Systems, San Jose, CA, USA) and quantified by Cell 
Quest software (Becton Dickinson Immunocytometry 
Systems). 

Colony formation assay 
Cells were seeded in 6-well tissue culture dishes 

at 4 × 103 cells per well. After 2 weeks of culture, 
colonies were fixed with 4% paraformaldehyde and 
stained with 0.05% crystal violet. The total number of 
colonies in each well was counted. 

Invasion assay 
The invasiveness of breast cancer cells was 

evaluated using a transwell invasion assay. Briefly, 
cells were plated in 200 μL of serum-free medium 
with or without fucoidan (200 μg/mL) in the upper 

chamber inserts coated with 50 μL of 1% Matrigel® 
(BD Biosciences, San Jose, CA, USA). Moreover, 600 
μL of medium containing 10% FBS was added to the 
lower chamber and was used as a chemoattractant to 
stimulate cell migration. After 24-h incubation, cells 
on the upper surface of the inserts were gently 
removed using a cotton swab. All cells were stained 
with 0.1% crystal violet and counted in five fields 
under an inverted microscope. All experiments were 
repeated in three times independently. 

RNA isolation and quantitative 
reverse-transcription polymerase chain 
reaction 

After cells were treated with fucoidan for 48 h, 
total RNA was isolated using Trizol (Invitrogen, 
Grand Island, NY, USA) according to the 
manufacturer’s instructions. To analyze the 
expression of mature miR-29c and miR-17-5p, 
complementary cDNA was synthesized using 
sequence-specific primers and the TaqMan 
MicroRNA Reverse Transcription Kit (Applied 
Biosystems, Foster City, CA, USA). For cDNA 
amplification, quantitative reverse-transcription 
polymerase chain reaction (qRT-PCR) was performed 
on the ABI 7500 real-time system (Applied 
Biosystems) by using sequence-specific primers from 
the TaqMan MicroRNA Assays Kit. After 
normalization to the internal controls, the values of 
the vehicle-treated cells served as a basal level of 
miRNA expression; ΔCt values (Ctfucoidan − Ctcontrol) 
were used to determine their relative expression as 
multiples of changes. U6 was used as the internal 
control for evaluating miR-29c and miR-17-5p 
expression. 

miRNA profiling 
Total RNA was isolated from MDA-MB-231 cells 

treated with vehicle or fucoidan (200 μg/mL) for 48 h. 
The samples were then analyzed using the Affymetrix 
GeneChip miRNA 2.0 Array (Affymetrix, Santa Clara, 
CA, USA) containing 4560 probe sets for human small 
RNAs. All steps of the procedure were performed 
according to the Affymetrix standardized protocol for 
the miRNA 2.0 array. 

miRNA mimic and inhibitor and construction 
of target gene 3’-UTR vectors 

A miR-29c mimic (5’-UAGCACCAUUUGAAAU
CAGUGUU-3’), miR-17-5p inhibitor (5’-GUUUCACG
AAUGUCACGUCCAUC-3’), and scrambled control 
(5’-UUCUCCGAACGUGUCACGUTT-3’) were 
obtained from Dharmacon (Lafayette, CO, USA). The 
mimic is a single-stranded RNA oligonucleotide that 
can bind to complimentary, mature miRNA strands. 
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ADAM12 and PTEN 3’-UTR, which are 
approximately 300 bp in length and contain miR-29c 
and miR-17-5p binding sites, respectively, were 
cloned into the downstream region of the luciferase 
gene to create a pGL3-ADAM12 and pGL3-PTEN 
3’-UTR. Site-directed mutagenesis was performed to 
generate the pGL3-ADAM12 and pGL3-PTEN 
3’-UTR-mut, in which the miR-29c and miR-17-5p 
binding sites were mutated. For luciferase reporter 
experiments, ADAM12 and PTEN 3’-UTR segments of 
978 and 823 bp, respectively, were amplified from 
human genomic DNA by using PCR and inserted into 
the pGL3-control vector with the SV40 promoter 
(Promega) by using the XbaI site immediately 
downstream from the stop codon of luciferase. 

Transfection and luciferase reporter assay 
The miR-29c, miR-17-5p, or scrambled miRNA 

mimic (100 nM); ADAM12 and PTEN 3’-UTR firefly 
luciferase report vectors (wild-type or mutated type); 
and the control vector containing the Renilla 
luciferase pRL-TK vector (Promega) were 
cotransfected into breast cancer cells by using 
Lipofectamine-2000 transfection reagent (Invitrogen), 
according to the manufacturer’s protocol. The 
medium was changed after 16 h. For the luciferase 
reporter assay, cells were harvested after culturing for 
48 h. Firefly and Renilla luciferase activities were 
consecutively measured using the Dual-Luciferase® 
Reporter Assay System (Promega). The experiments 
were performed in triplicate. 

Western blotting 
After cells were treated with fucoidan for 48 h, 

cell lysates were separated by electrophoresis on a 
sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) gel. After gel 
transference to polyvinylidene fluoride membranes 
(Millipore), the membranes were incubated with 
antibodies against E-cadherin (sc-8426, Santa Cruz, 
CA, USA), occludin (ab31721, Abcam, Cambridge, 
MA, USA), N-cadherin (sc-8424, Santa Cruz, CA, 
USA), vimentin (sc-6260, Santa Cruz, CA, USA), 
ADAM12 (ab16049, Abcam), TGF-βR2 (sc-220, Santa 
Cruz, CA, USA), PTEN (sc-7974, Santa Cruz, CA, 
USA), p-phosphoinositide 3-kinase (PI3K; ab182651, 
Abcam), t-PI3K (ab86714, Abcam), p-AKT (sc-16646, 
Santa Cruz, CA, USA), t-AKT (sc-8312, Santa Cruz, 
CA, USA), and glyceraldehyde-3-phosphate 
dehydrogenase (sc-25778, Santa Cruz, CA, USA). 
Subsequently, the membranes were incubated with 
suitable secondary antibodies. Bands for specific 
molecules were detected using enhanced 
chemiluminescence (ECL; Millipore). 

 

Statistical analyses 
All statistical analyses were performed using 

GraphPad Prism software (version 4.0). All values are 
expressed as mean ± standard error of the mean 
(SEM). The significance level was set at p < 0.05. 
Student’s t test was used to compare cell viability, cell 
death, luciferase activity, and gene expression. 

Results 
Effects of fucoidan on the growth, 
clonogenicity, and invasiveness of human 
breast cancer cells 

The effects of fucoidan on the growth of breast 
cancer cells were determined by evaluating the 
viability of MCF-7 and MDA-MB-231 cells in the MTS 
assay. Varying degrees of growth inhibition were 
observed after treatment with fucoidan (50–200 
µg/mL) for 48 h (Figure 1). Fucoidan (200 µg/mL) 
inhibited 12% and 21% of cell growth in the MCF-7 
and MDA-MB-231 cells, respectively. By contrast, 
fucoidan exerted no inhibitory effect on the growth of 
the normal human breast cell line MCF-10A (Figure 
1), suggesting that fucoidan preferentially suppresses 
cancer cells. Fucoidan exerted stronger inhibitory 
effects on the triple-negative type MDA-MB-231 cells 
than on the luminal A-type MCF-7 cells. To 
demonstrate the effect of fucoidan on the cell cycle 
phases of cancer cells, we determined the changes in 
the cell cycle phase pattern through a flow cytometric 
analysis of cellular DNA content (Figure 1). The 
results revealed that fucoidan treatment induced 
G2/M arrest in both the MCF-7 and MDA-MB-231 
cells. 

We next examined the effects of fucoidan on the 
clonogenicity of MCF-7 and MDA-MB-231 cells. The 
results revealed that fucoidan (200 µg/mL) 
significantly reduced colony formation in the MCF-7 
and MDA-MB-231 cells to 53% and 64%, respectively, 
relative to the baseline values (Figure 2). To evaluate 
the dose-dependent effects of fucoidan, the MCF-7 
and MDA-MB-231 cells were treated with 100 and 200 
µg/mL fucoidan, respectively, and clonogenicity was 
measured. The results revealed that fucoidan affected 
the clonogenicity of these cells in a dose-dependent 
manner (Figure 2). 

 In addition to tumor growth, invasion and 
distant metastasis play crucial roles in the poor 
clinical outcomes of breast cancer. Therefore, we also 
investigated the effect of fucoidan on the invasiveness 
of MCF-7 and MDA-MB-231 cells by using a transwell 
invasion assay. As shown in Figure 3, fucoidan (200 
µg/mL) significantly reduced the invasion of the 
MCF-7 and MDA-MB-231 cells to 62% and 43%, 
respectively, relative to the baseline values. 
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Figure 1. Inhibitory effects of fucoidan on the viability of human immortalized normal breast cells and breast cancer cells. MCF-10A, MCF-7, and MDA-MB-231 cells 
were incubated with various concentrations of fucoidan (0, 50, 100, and 200 µg/mL) for 48 h, and the proliferation of the cells was measured using the MTS assay. 
Values are expressed as mean ± standard error of three independent experiments. Changes in the cell cycle phase pattern were determined by a flow cytometric 
analysis of cellular DNA content. Significant differences are shown (*p < 0.05 and **p < 0.01, compared with the control group). 

 
Figure 2. MCF-7 and MDA-MB-231 cells were treated with 100 and fucoidan (200 µg/mL), and clonogenicity was measured. (*p < 0.05 and **p < 0.01, compared 
with the control group). 
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Figure 3. MCF-7 and MDA-MB-231 cells were treated with fucoidan (200 µg/mL) for 24 h, and invasiveness was measured using a two-chamber transwell assay. 
Significant differences are shown (*p < 0.05, compared with the control group). 

 

Fucoidan modulates miRNA expression 
Because the regulation of miRNAs has become a 

novel approach for cancer treatment, we analyzed the 
miRNA expression profile of fucoidan-treated 
MDA-MB-231 cells by using the Affymetrix GeneChip 
miRNA 2.0 Array. The results showed that fucoidan 
increased the expression levels of tumor-suppressive 
miRNAs such as miRNAs belonging to the miR-29 
and miR-34 families (Table 1). The expression levels of 
miR-29c, miR-29b, and miR-29a were 10.6-, 8.4-, and 
7.3-fold higher, respectively, in the fucoidan-treated 
MDA-MB-231 cells than in the control. By contrast, 
fucoidan markedly suppressed the expression of 
oncogenic miRNAs such as the miR-17~92 cluster. 
Moreover, the expression levels of miR-17-5p, 
miR-18a, and miR-92a were 9.1-, 7.9- and 6.9-fold 
higher, respectively, in fucoidan-treated 
MDA-MB-231 cells than in the control (Table 1). 

Our data (Figure 4) revealed that fucoidan 
upregulated miR-29c expression but downregulated 
miR-17-5p expression. To determine whether any 
cross-talk occurs between these two miRNAs, MCF-7 
and MDA-MB-231 cells were treated with the miR-17 
or miR-29c inhibitor followed by verifying the 
expression of miR-17-5p and miR-29c, respectively. 
The results revealed no interference between miR-29c 
and miR-17-5p expression (Figure 4). Thus, we 
conclude that the miR-29c-ADAM12 pathway and the 
miR-17-5p-PTEN pathway are totally independent. 
These results are consistent with those of the miRNA 
2.0 array shown in Table 1. 

 

Table 1. Effects of fucoidan on the microRNA profile of human 
breast cancer cells. 

miR-ID Increased 
Fold-Changes 

miR-ID Decreased Fold-Changes 

miR-29c 10.6 miR-17-5p 9.1 
miR-29b 8.4 miR-18a 7.9 
miR-34 7.6 miR-10b 7.5 
miR-29a 7.3 miR-92a 6.9 
miR-200c 6.1 miR-21 6.3 
miR-31 4.5 miR-183 5.2 
miR-221 3.7 miR-96 4.8 
miR-1258 3.4 miR-210 3.6 
miR-205 2.8 miR-182 2.7 
miR-200b 2.3 miR-154 2.2 
Total RNA was isolated from MDA-MB-231 cells treated with vehicle or fucoidan 
(200 μg/mL) for 48 h. The samples were then analyzed using the Affymetrix 
GeneChip miRNA 2.0 Array containing 4560 probe sets for human small RNAs. 
Values represent increased or decreased multiples of change in expression. 

 
 

Fucoidan increases miR-29c expression to 
suppress ADAM12 

  The functional targets of miR-29c were 
predicted using the PicTar (http://pictar.mdc- 
berlin.de/) and TargetScan (http://targetscan.org/) 
databases. The results showed that ADAM12 had a 
higher score and appeared to be a potential miR-29c 
target gene. The 3’-UTR of the ADAM12 gene matches 
the seed sequence of miR-29c and represents the 
putative binding site. To validate the repression of 
ADAM12 by miR-29c in breast cancer cells, we 
created luciferase reporter constructs containing the 
300-bp 3’-UTR of ADAM12 (nt 1182–1209 of ADAM12 
mRNA) with a wild-type or mutated miR-29c binding 
site, as described previously (Figure 5A). In 
accordance with the marked increase in miR-29c 
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expression by fucoidan (Figure 4), the luciferase 
activity of the wild-type, but not the mutated, 
ADAM12 3’-UTR reporter was repressed to 
approximately 50%–60% in MCF-7 and MDA-MB-231 
cells after treatment with fucoidan for 48 h (Figure 5B, 
black bars). As expected, similar and compatible 
results were observed for MCF-7 and MDA-MB-231 
cells transfected with the miR-29c mimic (Figure 5B, 
gray bars). These findings indicate that fucoidan 
increases miR-29c expression to negatively regulate 
ADAM12 in breast cancer cells. 

Fucoidan reduces miR-17-5p expression to 
restore PTEN 

  The functional targets of miR-17-5p were 
predicted using the PicTar (http://pictar.mdc- 
berlin.de/) and TargetScan (http://targetscan.org/) 
databases. The results showed that PTEN had a 
higher score and appeared to be a potential miR-17-5p 
target gene. The 3’-UTR of the PTEN gene matches the 

seed sequence of miR-17-5p and represents the 
putative binding site. To validate the repression of 
PTEN by miR-17-5p in breast cancer cells, we created 
luciferase reporter constructs containing the 300-bp 
3’-UTR of PTEN (nt 915–942 of PTEN mRNA) with a 
wild-type or mutated miR-17-5p binding site, as 
described previously (Figure 5C). In accordance with 
the marked increase in miR-17-5p expression by 
fucoidan (Figure 4), the luciferase activity of the 
wild-type, but not the mutated, PTEN 3’-UTR reporter 
was repressed to approximately 50%–60% in MCF-7 
and MDA-MB-231 cells after treatment with fucoidan 
for 48 h (Figure 5D, black bars). As expected, similar 
and compatible results were observed for MCF-7 and 
MDA-MB-231 cells transfected with the miR-17-5p 
inhibitor (Figure 5D, gray bars). These findings 
indicate that fucoidan reduces miR-17-5p expression 
to negatively regulate PTEN in breast cancer cells. 

 

 
Figure 4. Fucoidan upregulated microRNA-29c but downregulated microRNA-17-5p. To determine whether cross-talk occurs between the two micro RNAs, 
MCF-7 and MDA-MB-231 cells were treated with the microRNA-17 or microRNA-29c inhibitor followed by verifying the expression of microRNA-17-5p and 
microRNA-29c, respectively. (*p < 0.05 and **p < 0.01, compared with the control group). 
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Figure 5. Fucoidan modulates microRNAs to target the 3’-UTR region of ADAM12 and PTEN and represses their expression in human breast cancer cells. (A) (C) 
Schematic representation of 3’-UTRs of ADAM12 and PTEN showing the putative miR-29c and miR-17-5p target sites. (B) (D) After transfection of cells, the 
ADAM12- and PTEN-dependent luciferase activity of breast cancer cells was measured using the Dual-Luciferase® Reporter Assay System 48 h after treatment, as 
indicated. The experiments were performed in triplicate. Values were normalized to Renilla luciferase activity (transfection efficiency control) and are plotted as 
relative luciferase activities. SCR, scrambled control. Significant differences are shown (*p < 0.05 and **p < 0.01, compared with the control group). 

 
Fucoidan modulates protein expression of 
ADAM12, PTEN, EMT markers, and survival 
markers 

miRNAs can reduce protein expression by 
inducing mRNA degradation. Western blotting was 
performed to confirm the repression of ADAM12 by 
fucoidan, as demonstrated by the luciferase reporter 
assay results shown in Figure 5. A previous study 
reported ADAM12 overexpression in clinical breast 
cancer specimens [20]. In this study, the protein levels 
of ADAM12 and TGF-βRII were dose-dependently 
repressed in fucoidan-treated MCF-7 and 
MDA-MB-231 cells (Figure 6A). MCF-7 is a weakly 
metastatic and E-cadherin-expressing breast cancer 
cell line that expresses little or no N-cadherin and 
ADAM12; MDA-MB-231 is a highly invasive breast 
cancer cell line that lacks E-cadherin expression but 

expresses high levels of N-cadherin and ADAM12 [38, 
39]. Gruel et al. reported that the loss of TGF-βRII in 
cancers may reduce junction stability, which 
ultimately promotes the EMT and metastasis [19]. 
Accordingly, in this study, the increase in E-cadherin 
and occludin and the reciprocal drop in N-cadherin 
and vimentin (Figure 6A) indicated that fucoidan 
inhibited the EMT in breast cancer cells. 

As shown in Figure 6B, fucoidan 
dose-dependently modulated the protein expression 
levels of PTEN, PI3K, and AKT in MCF-7 and 
MDA-MB-231 cells. Fucoidan dose-dependently 
increased PTEN protein expression in these breast 
cancer cells (Figure 6B). Moreover, the diminished 
phosphorylation of PI3K and AKT proteins (Figure 
6B) indicated that fucoidan inhibited the survival of 
breast cancer cells. 
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Figure 6. Fucoidan regulates the miR-29c/ADAM12 and miR-17-5p/PTEN axes to inhibit the epithelial–mesenchymal transition (EMT) and cancer cell survival in 
MCF-7 and MDA-MB-231 cells. (A) After treatment with fucoidan (0, 50, 100, 200 μg/mL) for 48 h, protein levels of E-cadherin, occludin, N-cadherin, vimentin, 
ADAM12, TGF-βRII, and were analyzed by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. (B) Protein levels 
of PTEN, phosphor- and total-PI3K, and phosphor- and total-AKT were analyzed by Western blotting. GAPDH was used as a loading control. 

 

 
Figure 7. Scheme for the proposed molecular mechanism of action of fucoidan 
in inhibiting breast cancer progression through the regulation of the 
miR-29c/ADAM12 and miR-17-5p/PTEN axes. 

The results of this study indicate that fucoidan 
inhibits the invasion, metastasis, and survival of 
human breast cancer cells by regulating the 
miR-29c/ADAM12 and miR-17-5p/PTEN axes. This 
proposed molecular mechanism of action of fucoidan 
is illustrated in Figure 7. 

Discussion 
 Evidence accumulated over the past two 

decades indicates that fucoidan is a potent anticancer 
agent with chemopreventive and chemotherapeutic 
potential. Hsu et al. demonstrated that fucoidan 
inhibited the EMT and invasion of lung and breast 
cancer cells through TGF-β receptor degradation [36, 
37]. TGF-β can also suppress miR-29c expression [40]. 
The induction of miR-29c by fucoidan in breast cancer 
cells might contribute to TGF-β receptor degradation. 
Additional studies should investigate the association 
of fucoidan-induced TGF-β receptor degradation with 
miR-29c expression in cancer cells. However, the 
precise mode of action of fucoidan is not completely 
understood, hindering its incorporation into 
mainstream clinical treatment regimens. 
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Recent experimental evidence reveals that 
dietary nutraceuticals such as curcumin and 
resveratrol have great potential as epigenetic agents. 
In contrast to genetic changes, epigenetic changes can 
be modified by environmental, dietary, or 
pharmacological interventions. To investigate the 
epigenetic modification mechanism of fucoidan, we 
used MCF-7 and MDA-MB-231 cells for in vitro 
studies. Our results demonstrate that fucoidan 
treatment caused a moderate reduction in 
tumorigenesis in MDA-MB-231 cells (Figure 1), 
because of alterations in the miRnome expression 
profile. Specifically, the fucoidan-treated 
MDA-MB-231 cells exhibited significant increases in 
the expression of miRNAs involved in the EMT 
(miR-29c, miR-29b, miR-29a, miR-200c, and miR-200b) 
and significant increases in the expression of tumor 
suppressors (miR-34a and miR-205). Significant 
reductions were observed in the expression of 
oncomiRNAs promoting tumorigenesis (the 
miR-17/92 cluster) [41] and oncomiRNAs promoting 
metastasis (the miR-96–182–183 family) (Table 1). The 
MCF10A human breast epithelial cell line is the most 
commonly used normal breast cell model. Western 
blotting was performed to determine whether 
fucoidan targets the protein expression of PTEN in 
MCF10A cells. High PTEN expression was observed 
in MCF10A cells; thus, PTEN expression was not 
inhibited by fucoidan treatment (Figure S1). 
Moreover, p-Akt expression was not observed in 
MCF10A cells. We conclude that the regulation of cell 
growth in the MCF10A cell line is different from that 
in the MCF-7 and MDA-MB-231 cells. Taken together, 
those studies demonstrated for the first time that 
fucoidan can inhibit the growth of MDA-MB-231 cells. 
Moreover, fucoidan exerts its anticancer effect 
through the dysregulation of miRNA expression, 
which is a hallmark of numerous carcinomas and 
consistent with the less-aggressive phenotype. 

Fucoidan exhibits unique activities that regulate 
miRNA expression during multiple disease states, 
including cancer. miRNAs are small, noncoding RNA 
molecules that can inhibit target gene expression by 
binding to the 3’-UTR of target mRNAs, resulting in 
RNA degradation or translation inhibition. Thus, 
aberrant miRNA expression has been correlated with 
the development of tumors, progression of cancer, 
formation of cancer stem cells, and acquisition of the 
EMT phenotype. This study identified, for the first 
time, fucoidan as a novel agent that can alter miRNAs 
regulating the EMT and metastasis in breast cancer 
cells. Previous studies have also revealed that 
resveratrol and curcumin can alter miRNAs involved 
in breast cancer prevention and apoptosis, 
respectively [32]. These results indicate the existence 

of a mechanism by which dietary agents can modulate 
the activity of miRNAs crucial for cancer progression. 
Moreover, miRNAs are characterized as biomarkers 
of diagnosis and prognosis; thus, they are becoming 
attractive targets for cancer therapy. We found that in 
addition to the induction of the tumor-suppressive 
miR-29 family, fucoidan repressed the oncogenic 
miR-17/92 cluster. The finding demonstrates that 
fucoidan has multiple functions in miR regulation. 
The members of the miR-17/92 cluster have been 
suggested to play crucial roles in normal development; 
the dysregulation of their expression may lead to 
diseases including cancers and diseases related to the 
immune, nervous, and cardiovascular systems [41]. 
Such miR-17/92 cluster repression might contribute 
to fucoidan-induced inhibition of growth and 
invasion in breast cancer cells. Additional studies 
should clarify this hypothesis. Accumulating 
evidence suggests that natural agents are useful for 
targeting miRNAs and can subsequently enhance the 
efficacy of conventional cancer therapies. Therefore, 
the use of natural agents such as fucoidan, curcumin, 
and resveratrol to target miRNAs is a potential novel 
strategy toward designing combination approaches 
with conventional therapies for preventing tumor 
recurrence and achieving successful treatment 
outcomes for cancer patients. 

Loss of expression of epithelial adherens 
junction proteins (e.g., E-cadherin and occludin) with 
a concomitant gain of mesenchymal marker 
expression (e.g., N-cadherin and vimentin) is a 
biochemical hallmark of EMT [42]. Loss of E-cadherin 
expression is associated with increased invasion of 
breast cancer cells [43]. In the current study, as shown 
in Figure 6A, the expression levels of E-cadherin and 
occludin were extremely low in the MDA-MB-231 cell 
line, which is a highly invasive “triple negative” type 
that lacks the three molecular markers (the expression 
of ER and PR and amplification of HER-2/Neu). By 
contrast, the MCF7 cell line is “luminal A” type and is 
ER and PR positive [44, 45]. Therefore, Western 
blotting could not detect N-cadherin expression in 
this study. Moreover, miRNAs frequently mediate 
post-transcriptional gene regulation. The 3’-UTR of 
the mouse ADAM12 gene contains a well-conserved 
potential target site for the miR-29 family, comprising 
miR-29a, miR-29b, and miR-29c. According to a recent 
study, miR-29b regulates the expression of ADAM12 
in human trabecular meshwork and NIH-3T3 
fibroblast cells [18, 46]. In the current study, the 
protein expression of ADAM12 was not observed in 
MCF-7 cells (Figure 6A). Therefore, we examined 
whether ADAM12 expression in MCF-7 cells is 
modulated by miR-29c (Figure 5). Fucoidan may 
downregulate E-cadherin expression by mediating 
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the binding of Snail, Zeb, and Twist to the E-cadherin 
promoter directly. We plan to clarify the mechanism 
by which fucoidan downregulates E-cadherin 
expression in an additional study. ADAM12 
expression has been reported to be increased in 
human breast cancer and breast cancer cell lines [47]. 
ADAM12 confers tumor cells with enhanced 
resistance against apoptosis and contributes to tumor 
progression [48]. ADAM12 is associated with the 
early onset and progression of breast cancer [49]. Loss 
of expression of PTEN is associated with poor 
outcomes in breast cancer [50]. PTEN may also 
suppress breast cancer cell growth by downregulating 
PI3K signaling, leading to the blockage of cell cycle 
progression and the induction of cell death 
sequentially [51]. Loss of expression of PTEN is a 
predictor of early-onset and familial breast cancer in 
women [52]. 

Patients with hormone receptor-positive breast 
cancer should receive hormone therapy to reduce the 
risk of breast cancer recurrence and breast 
cancer-related mortality [53-55]. Moreover, patients 
with HER2-positive breast cancer should receive 
trastuzumab after undergoing surgery with or 
without chemotherapy [56]. However, no endocrine 
therapy or target therapy exists for TNBC. In this 
study, the promising results of the anticancer effect of 
fucoidan for TNBC are obvious. Thus, fucoidan might 
be a therapeutic option for TNBC patients for 
reducing the relatively high risk of tumor recurrence. 
In the future, a large-scale randomized trial should 
administer a suitable fucoidan regimen to carefully 
selected breast cancer patients and should compare 
standard approaches to obtain crucial information on 
population specificity and disease occurrence. 

In this study, we investigated the functional 
significance of fucoidan for miR-29c and miR-17-5p in 
human breast cancer cells and identified novel targets 
for these miRNAs. Fucoidan inhibits breast cancer 
progression by regulating the miR-29c/ADAM12 and 
miR-17-5p/PTEN axes (Figure 7). To the best of our 
knowledge, this study is the first to define the 
epigenetic effects of fucoidan on miRNAs and report 
the direct biological consequences of fucoidan in 
breast cancer cells. Considering our results and the 
relative nontoxicity of fucoidan, we suggest that 
fucoidan offers a valuable chemopreventive or 
therapeutic advantage in the clinical management of 
refractory breast cancer over other standard 
treatments. 
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