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ABSTRACT

MicroRNAs are small noncoding RNAs acting as novel biomarkers of various diseases
and potential regulators of protein expression and functions. Syndecan-1 is the heparan
sulfate proteoglycan associated with malignancy of various cancers, including breast
cancer. In this study, we proposed a experimental workflow to investigate potential
microRNAs that regulate SDC1 expression and affect breast cancer cell mobility.

MicroRNA candidates were selected from available Gene Expression Omnibus
datasets on breast malignancy. Further in silico duplex hybridization and multiplex
PCR approach were used to screen potential microRNAs. Analysis showed increased
syndecan-1 expression but decreased miR-122-5p level upon breast malignancy.
Western blot and in vitro luciferase assay confirmed the targeting of 3’-untranslated
region of syndecan-1 and suppression of syndecan-1 expression by miR-122-5p. The
suppression of syndecan-1 expression by miR-122-5p or shRNAs against syndecan-1
increased breast cancer cell mobility; while overexpression of syndecan-1 inhibited cell
mobility. In further, miR-122-5p was enriched in liver cell-derived exosomes that was
able to suppress syndecan-1 expression and increase cell mobility in breast cancer cells.

In conclusion, our results suggested the downregulation of SDC1 by miR-122-5p
or liver-cell-derived exosomes would enhance breast cancer cell mobility. Metastasis
or mobility of breast cancer cells might be affected by circulating miR-122-5p and not
directly correlated with progression of breast cancer.

INTRODUCTION

Syndecan-1 (SDC1) is a heparan sulfate proteoglycan
that acts as a binding acceptor for many soluble growth
factors, cytokines, chemokines, and membrane-bound
receptors [1]. SDC-1 regulates cellular activity through cell
signaling associated with cell proliferation, differentiation,
and cell-matrix interaction [2—4]. Increased levels of SDC1

are associated with the malignancy of various cancers
[5], including breast cancer [6, 7]. SDCI1 expression
was decreased or increased in various tumor types and
associated with histologic grades or malignancy. Higher
SDCI1 expression was associated with higher histologic
grade and inversely related to hormonal receptor status
of breast cancer cells [8]. Several literatures implied that
distant metastasis of breast cancer would correlate with
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acute liver failure [9, 10]. However, no possible mechanism
was proposed to explain the liver-specific metastasis.

MicroRNAs (miRNAs) are small ribonucleotides
with 18~24 residues that regulate the expression of target
proteins [11]. In general, miRNAs target the 3'-untranslated
region (3'UTR) of target mRNAs and result in translational
repression or mRNA degradation [12, 13]. Thus, miRNAs
are key regulators of cell proliferation, apoptosis, tumor
formation, and tumor metastasis [14]. Recently, circulating
miRNAs had been found in the microvesicles (or exosomes)
present in most biofluids, including serum. The miRNAs
might act as ectopic stimuli and communicators between
donor and target cells and alter gene expression [15].

In this study, we analyzed available Gene
Expression Omnibus (GEO) data from patients with
breast cancer to search potential miRNAs regulating
SDCI1 expression. The role of miR-122-5p in suppressing
SDC1 expression was validated. The presence of
exosomal miRNA-122-5p secreted from liver cells
would influence breast cancer mobility through SDC1
downregulation, that a mechanism affecting the
metastasis of breast cancer was proposed.

RESULTS

Strategy to screen potential miRNAs in SDC1
regulation

SDC1 was demonstrated to be highly expressed in
patients with malignant breast cancer, which was correlated
with poor prognoses and aggressive phenotypes [6, 16].
A strategy to screen potential miRNAs regulating SDC1
expression in breast cancer cells was established. First,
we analyzed GEO data for SDC1 expression and miRNA
profiling of clinical samples from breast cancer patients.
SDCI1 expression profile in GDS3853 showed increased
expression levels in ductal carcinoma in sifu (DCIS) and
invasive ductal carcinoma (IDC) compared with those in
healthy breast tissue (Figure 1A). SDC1 expression did
not change significantly in patients with breast cancer at
different prechemotherapy stages, different BMN grades, or
estrogen receptor (ER) ER+/ER— genotypes as revealed in
GEO profiles GDS4056 and GDS4057 (Figure 1B). Those
suggested the involvement of SDCI in initial stages of
transformation and contribution to the malignancy of breast
cancer cells.

Second, we screened potential downregulated
miRNAs correlating with SDCI1 upregulation. GEO
profiling of miRNA expression levels between normal
tissue and breast carcinoma (GSE7842) suggested several
miRNAs acted as tumor markers [17]. GEO data collected
clinical samples of normal breast tissues and tumor tissues
at different tumor stages and with different BMN grades,
vascular invasion indexes, prognosis indexes, and ER
expression levels. Comparison of averaged data from
normal tissues and tumor tissues showed relative changes

in miRNA expression levels (Figure 1C). Totally, 28
miRNAs (Figure 2A) were characterized as downregulated
miRNAs in malignant breast tissues.

Third, bioinformatics analysis was further used to
screen potential miRNAs regulating SDC1 expression (Figure
2A). RNA22 would predict the targeting sites on the 3'UTR
of SDCI by these candidate miRNAs. RNA22 adapted a
pattern-based algorithm to determine miRNA-targeting
sites on a user-defined nucleotide sequence without cross-
organism conservation constraints [18]. Totally, 15 potential
miRNAs were found with folding energy of miRNA-target
heteroduplex less than —25 kcal/mol as determined by Vienna
RNA package [19] (Figure 2A and 2B).

Forth, a novel multiplex PCR analysis was used
to screen potential miRNAs in further. This in vitro
assay was used to visualize the miRNA-targeting site
experimentally [20]. The pcDNA3.1 plasmid with the
3'UTR sequence of SDCI gene was constructed and used
as PCR template. Mature miRNA oligonucleotide was
used as reverse primer and site-specific oligonucleotides
targeting at upstreams of SDC/-3'UTR sequence were
used as forward primers in the multiplex PCR [20].
Successful PCR products were generated only by higher
affinity interaction existed between the miRNA and
target sequences. To distinguish specific binding from
nonspecific binding, two different forward primers (fp1l
and fp2) that target at upstream sequences of SDCI-
3'UTR with a 200-bp interval were designed (See
Supplementary Table 1). Two individual PCR reactions
were performed using reverse primer (mature miRNA)
and site-specific forward primer (fpl or fp2), and PCR
products were displayed by agarose gels. As shown in
Figure 2C, the targeting of miR-122-5p (as the reverse
primer) at position 1,700 of the 3'UTR sequence along
with the fpl forward primer generated a 1,700-bp PCR
product, while the PCR product generated by miR-122-
Sp and the fp2 forward primer generated a 1,500-bp
fragment. The size of the PCR product was characterized
by comparing with DNA markers in the histogram
(Figure 2C). Only the miRNA-targeting that generated
PCR products differing in size of 200-bp were considered
as valid targeting. Of all the 15 candidate miRNAs, only
hsa-miR-122-5p, -149-5p, and -423-5p were valid in the
multiplex PCR, and the targeting sites were consistent
with the RNA22 prediction (Figure 2B). The hsa-miR-
122-5p targeted position 1,720 to 1,741 of the SDCI-
3'UTR with higher folding energy (—33.1 kJ/mol) and
with 7 base pairings at the seed region of miR-122-5p
(Figure 2B). In addition, GEO data (GSE7842) showed
decreased expression of miR-122-5p in patients with
all stages and grades of breast cancer (Supplementary
Figure 1A and 1B), which was correlated with
aforementioned results of SDC1 expression. A dramatic
decrease was observed in patients with prechemotherapy
stage 1 or BMN grade 1 cancer, which implied the
involvement of miR-122-5p in the early stages of breast
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cancer malignancy. However, the change for miR-149-5p
and miR-423-5p were subtle comparing to that of miR-
122-5p (Supplementary Figure 1A and 1B). We thus
selected miR-122-5p to study in further.

Regulation of SDC1 protein expression by hsa-
miR-122-5p

The expression of SDCI protein and hsa-miR-122-
5p were examined in two breast cancer cell lines, MCF-7
and MDA-MB-231, with western blotting and PCR. MDA-
MB-231 breast cancer cells were more mobile than MCF-
7 cells. It was also reported that lower SDC1 expression
was correlated with higher cell mobility of breast cancer
cells [21]. Cell lysate were pretreated with heparinase to
remove glycosaminoglycan chains, and SDCI protein was
visualized at 67-kDa by western blot. We demonstrated that
MCEF-7 cells expressed more SDC1 protein compared with
that in MDA-MB-231 cells (Supplementary Figure 1C),
which was consistent with previous publication [22]. It was
also correlated with less mobility and invasiveness of MCF-
7 cells. As shown in Supplementary Figure 1D, MCF-7
cells exhibited less miR-122-5p expression compared with

MDA-MB-231 cells. These results suggested miR-122-5p
level might correlated with SDC1 protein expression and
breast cancer cell mobility.

To characterize whether SDC1 protein expression
was downregulated by miR-122-5p, we constructed a
miRNA expression plasmid that contained pre-miRNA-122
sequence. Hairpin RNA structure of miR-122 was
expressed and further processed into mature miRNA-122-
S5p in mammalian cells. Upon transfection into MCF-7 cells,
expression levels of miR-122-5p were quantified by PCR
(Figure 3A). SDC1 mRNA expression was slightly reduced
(data not shown), but protein expression was significantly
inhibited by miR-122-5p transfection in MCF-7 cells
(Figure 3A). This indicated that miR-122-5p might reduce
SDCI protein levels through translation blockage without
significant mRNA degradation [13].

To confirm the direct targeting of miR-122-5p to
SDC1-3'UTR, a luciferase reporter assay was performed.
We cloned the 3'UTR of SDC/ gene and ligated it
into a luciferase reporter plasmid, which was used to
validate miRNA—target interaction in vitro. As shown
in Figure 3B, miR-122-5p suppressed luciferase activity
only in the presence of SDC1 3'UTR. In addition, we
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Figure 1: SDC1 and miRNA expression in GEO profile. (A) SDC1 expression profile in GDS3853 showed increased expression
levels in ductal carcinoma in situ (DCIS; n = 9) and invasive ductal carcinoma (IDC; n = 5) comparing with healthy breast tissue (n = 5).
Two nucleotide probes against SDC1 were used. (B) SDC1 expression in datasets GDS4056 and GDS4057 showed no significant difference
in breast cancer patients at different pre-chemotherapy stages (n = 2, 40, 80, respectively), BMN grades (n = 2, 38, 74, respectively), or
ER+/ER- genotypes (n = 84 and 58, respectively). (C) Comparison in relative change of miRNA expressions in normal tissues (» = 5) and
malignant tissues (7 = 93) using GEO data GSE7842. Data were mean + S.E. “p < 0.01. “p < 0.05.
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mutated the 3’'UTR nucleotide sequence at seed region
of miRNA-targeting site (Supplementary Figure 1E),
which was expected to reduce the affinity of miR-122-5p
toward this specified targeting site. The 3'UTR mutation
did eliminate the suppressive effect of miR-122-5p in
luciferase reporter assay as well to abolish the PCR
product in multiplex PCR (data not shown). These results
confirmed the direct targeting and binding of miR-122-
5p to SDCI-3'UTR.

Downregulation of SDC1 protein by miR-122-5p
enhanced cell mobility

We examined whether the mobility of MCF-7
cells was increased by the downregulation of SDC1 by
shRNAs or miR-122-5p. We suppressed SDC1 expression
by transfection of shSDC1, the gene-specific shRNA to
suppress SDC1 expression. We also transfected a SDC1-
expression construct to overexpress SDC1 protein in
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Figure 2: Potential microRNAs regulated SDC1 gene expression in breast cancer cells. (A) Strategy to screen potential
miRNAs regulating SDC1 protein expression. The downregulated miRNAs in GSE7842 were listed and filtered by RNA22 tools and
multiplex PCR approach. Three downregulated miRNAs (hsa-miR-122-5p, -149-5p, and -423-5p) were selected. (B) Prediction of
miRNA-SDCI1_3'UTR duplex by RNA22 algorithm with folding energy of heteroduplex > 25 kcal/mol (C) Multiplex PCR approach was
used to validate the microRNA targeting sites. Two site-specific forward primers (fp1 and {p2), which targeted at locations with defined
interval, were used individually in two independent PCR reactions. The histograms were generated by Image]J to allocate the sizes of PCR
products. The PCR products generated by site-specific forward primers (fp1 or fp2), which were consistent with prediction in Figure 2B
were indicated by white arrowheads in the gels and arrows in the histograms. The peaks of DNA marker corresponded to the DNA size in
100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1500, 2000, and 3000 bp, respectively.
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MCF-7 cells (Figure 4A). As shown in Figure 4B and
Supplementary Figure 2A, the suppression of SDCI
expression by miR-122-5p or shSDCI1 increased cell
mobility, and the overexpression of SDC1 reduced cell
mobility. This was consistent that the migratory ability
of breast cells was inversely correlated with the levels
of the SDC1 protein [16], which were regulated by miR-
122-5p. Downregulation of miR-122-5p (Supplementary
Figure 1A and 1B) promoted upregulation of SDC1 in the
clinical samples (Figure 1A), admission or upregulation
of miR-122-5p might suppress the malignancy of breast
cells in term of cell proliferation, but potentially enhanced
cell mobility.

Presence of miR-122-5p in hepatoma-derived
exosome regulated breast cancer cell mobility

The miR-122-5p is specially enriched in liver tissue
[23], that would be specific source to release miR-122-
5p. Currently, it was known that intracellular miRNAs
could be released as circulating miRNAs under specific
circumstance through the machinery of exosomes
[24, 25]. For instance, miR-122-5p was recognized as a
specific marker of liver injury, and it was found in biofluid
samples [25-27]. We had demonstrated that miR-122-5p
suppressed SDC1 expression and enhanced the mobility
of MCF-7 breast cancer cells, we examined whether liver-
derived exosomes containing miR-122-5p would affect the
mobility of breast cancer cells.
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Exosomes secreted from hepatoma cells were
characterized with transmission electron microscopy and
western blot. As shown in Figure 5A, positive-negative
contrast staining showed exosomes that were approximately
30 nm in diameter. The sizes of exosomes typically ranged
from 30 to 100 nm depending on the cell source. We further
characterized the presence of exosome-specific marker
protein CD63 [28] by western blot. As shown in Figure
5B, CD63 was present in exosomes derived from hepatoma
Huh-7 or Hep3B cells. In contrast, intracellular levels of
CD63 were hardly seen in Huh-7 and Hep3B cells. The
levels of miR-122-5p in the hepatoma-derived exosomes
were characterized by PCR. As shown in Figure 5C, miR-
122-5p was present inside both the Huh-7 and Hep3B cells,
and in both cell-derived exosomes. The relative contents of
miR-122-5p in Hep3B cell-derived exosomes were more
than that inside Hep3B cells. As to miR-423-3p, it showed
high level in Huh-7 or Hep3B cells, but was absent in cell-
derived exosomes. The small RNA loading control U6-RNA
was present in hepatoma cells but it was also rare in the cell-
derived exosomes. This suggested the enrichment of miR-
122-5p in exosomes secreted from both Huh-7 and Hep3B
hepatoma cells. There would exist one unique mechanism
to enrich miR-122-5p.

Interestingly, the treatment of MCF-7 cells with
hepatoma-derived exosomes reduced both the levels of
SDC1 mRNA and protein expression (Figure 5D). The
miR-122-5p expressing vector slightly reduce SDCI
mRNA of MCF7 cells (data not shown) but reduced

— Vector
miR-122-5p SDC1
| SDC1 JUTR
*%

Figure 3: miR-122-5p targeted at SDC1_3'UTR and downregulated SDC1 expression. (A) Overexpression of miR-122-5p
inhibited SDC1 protein expression. (B) Luciferase reporter assay showed direct targeting of miR-122-5p at SDC1_3'UTR. Mutation at
miRNA-binding sites at 3'UTR abolished inhibitory effect. Data were mean = S.E. "p <0.01, p < 0.05.
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SDC1 protein expression (Figure 3A), but treatment
of miR-122-containing exosome significantly reduced
SDC1 mRNA (Figure 5D). We suspected other exosomal
components contributed to this effect. To examine
whether the effects of exosome treatment correlated with
the function of miR-122-5p, we generated a construct
containing the complementary sequence of miR-122-5p,
which acted as a miRNA-specific inhibitor or so-called
miRNA sponge [29]. As shown in Figure SE, miR-122-
Sp sponge interfered with the ability of miR-122-5p in
downregulation of SDC1 expression. MCF-7 breast cancer
cells were treated with hepatoma-derived exosomes, and
then wound healing assays were performed. As shown in
Figure SF and Supplementary Figure 2B, the treatment
of MCEF-7 cells with exosomes enhanced cell mobility.
However, the mobility of sponge-transfected MCF-7 cells
was not affected by exosome pretreatment. Our results
indicated that the liver-derived exosomes increased the
mobility of breast cancer MCF-7 cells though SDCI1
downregulation mediated by exosomal miR-122-5p. We
had found that the exosomal level of miR-122-5p was
increased upon hepatoma cell damage treated by apoptotic
agent (Supplementary Figure 1F). We suggested that liver
injury might be the risk factor associated with metastasis
of breast cancer cells. The mechanism of increased cell
mobility would be mediated by SDC1 downregulation
contributed by exosomal miR-122-5p.

DISCUSSION

SDCI1 in breast carcinomas was correlated with
poorer prognosis and an aggressive phenotype [7].
Membrane-bound SDC1 promoted cell proliferation
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but inhibited cell invasiveness; while soluble SDC1 that
shed from cell membrane played the opposite role [16].
It had been published that SDC1 could be regulated by
miR-10b in breast cancer [21], miR-143 in melanoma
[30], miR-126 and -149 in prostate cancer [31], and miR-
145 in urothelial carcinoma [32]. Although miR-10b-5p
was downregulated in breast malignancy as analyzed
in GEO data (Figure 2A), RNA22 analysis did not give
significant binding (—25 kcal/mol). This might be due to
less continuous pairing in the duplex structure [21].

Although tumor malignancy correlated with the
potential of tumor development and metastasis, we
suggested the potential of tumorigenesis might not
directly coupled with potential of tumor metastasis.
Tumor development in the view of cell proliferation
depends on extracellular stimuli though cell surface
receptor or proteoglycans. Upregulation of SDC1 would
promote the progression and transformation of breast
cancer (Figure 1A). Our unpublished data showed miR-
122-5p suppressed breast cancer cell proliferation as
similar to the previous literature [33]. However, tumor
cell mobility is more complicated and determined by the
context of cell-matrix interaction, matrix degradation, as
well the rearrangement of intracellular cytoskeleton. Our
observation at downregulation of SDC1 expression did
enhance cell mobility, which was consistent with previous
observation [21].

According to the GEO data (Figure 1A), progression
of breast cancer was correlated with upregulation of SDC1
expression. Recently, one GEO dataset (GSE86995)
provide the information on the association of breast
cancer malignancy with microRNA expressions. The
miR-122-5p was in higher level in distant metastases than
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Figure 4: SDC1 expression level affected breast cancer cell mobility. (A) Change of SDCI1 protein expression by transfection
of shRNA against SDC1 or SDC1 overexpression. (B) Cell mobility of MCF-7 cells as assayed by wound healing assay showed increased
recovery by suppression of SDC1 expression (transfection of shRNA against SDC1 or miR-122-5p), and decreased mobility by SDC1

overexpression. Data were mean + S.E. “p < 0.01. p < 0.05.
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in primary breast tumors either as DCIS or primary IDC.
This suggested the acquisition of high mobility through
epithelial-mesenchymal transition from primary cancer
cells into metastatic breast cancer cells [21]. The breast
cell mobility was increased upon SDC1 downregulation
by admission of miR-122-5p (Figure 4B) or liver-derived
exosome treatment (Figure 5F). This proposed one possible
mechanism to explain the metastasis of breast cancer cells
and the association with acute liver failure [9, 10]. Recent
paper indicated that higher level of circulating miR-122
associated with metastasis in breast cancer patients, which
was explained by suppression of glucose uptake by niche
cells but increase of glucose uptake by breast cancer cells
using cancer-cell-secreted miR-122 [34]. However, it still
lacks direct evidences to support our mechanism that liver-
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derived exosomes released at chronic normal condition or
under acute liver damage might promote distant metastasis
of breast cancer from primary tumors. Nevertheless, it is
worthy to evaluate and develop anti-miR-122-5p strategy
after initial therapy to prevent distant metastasis. In
addition, specific evaluation at other exosomal components,
including other miRNAs, mRNA, and proteins, that might
affect and alter the cellular activities of target cells.

MATERIALS AND METHODS

Cell culture

Human hepatoma Huh-7, Hep3B cells, human
embryonic kidney Hek293 cells, breast carcinoma MCF-
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Figure 5: Presence of miR-122-5p in hepatoma-derived exosome affected breast cancer cell mobility through
SDC1 down-regulation. (A) Characterization of hepatoma cell-derived exosomes by transmission microscopy. Bar = 100 nm. (B)
Characterization of hepatoma cell-derived exosomes by the presence in CD63 by western blot. (C) The level of miR-122-5p in hepatoma
cells and hepatoma cell-derived exosomes as analyzed by PCR. It showed the enrichment of miR-122-5p in the exosomes, but not for
miR-423-3p (control) or U6 small RNA. (D) Treatment of breast cancer cells with hepatoma cell-derived exosomes (5 pg) gave decreased
SDC1 mRNA and protein expression. (E) Transfection of miR-122-5p-specific sponge into MCF-7 cells rescued the suppression of SDC1
downregulation by miR-122-5p (the third and fourth lanes) comparing with those transfected with mock sponge (the first and second
lanes). (F) Treatment of MCF-7 cells with hepatoma cell-derived exosomes increased cell mobility as observed by increased recovery in
wound healing assay (in mock-transfected cells). The presence of miR-122-5p-specific sponge abolished the effect of exosome treatments.

Data were mean + S.E. “p < 0.01, "p < 0.05. ns: not significant.
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7, and MDA-MB-231 cells were all purchased from
Bioresource Collection and Research Center (BCRC;
Hsinchu, Taiwan) with authentication. They were
maintained in DMEM medium supplemented with 10%
(v/v) fetal bovine serum (FBS) at 37° C under 5% CO,
and 100 % humidity. Plasmid transfection was done
using transit-LT1 transfection reagent (Mirus Bio LLC.,
Medison, WI, USA) according to the manufacturer’s
instruction. Transfected cells were selected and enriched
with culture medium containing G418, hygromycin B,
or puromycin. For the treatment of exosome at MCF-7
cells, 2 x 10° cells were plated overnight and incubated
at serum-free medium for 4 hr. Exosome solution with
desired protein equivalent was added and pipetted gently
into the medium and kept at incubator for additional 24 hr.
The cells were then harvested for PCR, or western blot.

Exosome preparation

The exosome-producing medium was prepared
to remove residual exosomes from FBS as referred [35]
with modification. Generally, 50% (v/v) FBS in DMEM
medium was centrifuged at 2,000 x g for 10 min, and
then centrifuged at 100,000 x g (Beckman Optima L90-K
with 90Ti rotor; Beckman Coulter Taiwan Inc., Taipei,
Taiwan) for 16 hr at 4° C. The supernatant were collected
and diluted into 10% (v/v) FBS by serum-free DMEM,
and were sterile through 0.22 pum filter. For production
of hepatoma-derived exosomes, 1 x 10° Hep3B or Huh7
cells were plated in culture medium overnight, and were
replaced into exosome-producing medium for successive
culture for 2 days. Exosome-containing medium (100 mL)
were collected and exosomes were isolated by Total
Exosome Isolation kit (Life Technologies, Grand Island,
NY, USA) according to suggested protocol. The pellets
containing secreted exosomes were further washed by
DEPC-treated PBS, centrifuged at 100,000 x g for 60 min
(Beckman Optima MAX-E with TLA-120.2 rotor), and
repeated twice to remove residual serum protein. The
protein content in the exosome solution was determined
by protein assay reagent (Thermo Fisher Scientific Inc.,
Pittsburgh, PA, USA).

PCR

The levels of mRNA in cultured cells were analyzed
by PCR. The total RNA was extracted using Trizol
reagent (Life Technologies, Grand Island, NY, USA).
The cDNAs were synthesized by MMLV HP reverse
transcriptase (Epicentre, Madison, WI, USA) according to
vendor’s protocol. PCR reaction was done using McTaq
DNA polymerase (Won-Won Biotechnology, Co. Ltd..,
Taishan, New Taipei City, Taiwan), freshly prepared
c¢DNA pools and specific primers. PCR reactions were
carried out using gene-specific primers: human SDCI1;
5'-getctggggatgactctgac-3’ and  5'-gtattctcccccgaggttte-

3’ human GAPDH; 5'-gagtcaacggatttggtcgt-3' and
5'-gatctcgetectggaagatg-3'. Quantitative real-time PCR
were performed using VeriQuest Fast SYBR green qPCR
reagent (Affymetrix Inc., Santa Clara, CA, USA) in a
StepOne Plus real-time PCR system (Thermo Fisher
Scientific Inc., Pittsburgh, PA, USA). The 22T method
was used to determine the relative gene expression using
GAPDH as control. For PCR analysis of mature miRNA,
the small RNAs were purified by miRNA isolation kit
(Geneaid biotech Ltd., Shijr, NewTaipei City, Taiwan).
The specific RT primer for reverse transcription of small
RNAs into cDNA was listed in Supplementary Table 1.
For PCR assay, the DNA segment corresponding to
mature miRNA and one universal reverse primer (see
Supplementary Table 1) were used as forward primer and
reverse primer, respectively.

Plasmid constructions and preparation

The recombinant DNA experiments were practiced
under the National Institutes of Health Guidelines and
approved by Fu Jen Catholic University Biosafety
committee with approval number B9712. The shRNA
constructs for SDCI1 silencing were purchased from
National RNAi Core Facility located at the Institute of
Molecular Biology / Genomic Research Center, Academia
Sinica, NanKang, Taiwan. The construction for miR-
122 overexpression plasmid was done by the following
procedure. PCR cloning was done by Unipol enzyme
mixture (Ampliqon, Skovlunde, Denmark). The primers
used for cloning of pri-miR-122 sequence are listed
in Supplementary Table 1. The PCR product was then
digested by Bgl/ll and Hindlll (Thermo Fisher Scientific
Inc., Pittsburgh, PA, USA) and ligated with the pEGFP-N1
plasmid (kindly gifted from Dr. Burton Yang, Sunnybrook
Health Science Center, ON, Canada) digested with the
same enzymes. Cloning of SDCI coding sequence or
3'UTR sequence was done by PCR using UniPol enzyme
mixture, cDNA pools from MCF-7 cells, and specific
primers (see Supplementary Table 1). The PCR product
was digested by Spel and HindlIll, and then ligated into
the pMIR-REPORT™ luciferase vector (Thermo Fisher
Scientific Inc., Pittsburgh, PA, USA) predigested with
the same enzymes. The miR-122-5p sponge and mock
sponge (as control) were designed to suppress miR-122-5p
inhibitory activity accordingly [29], and were constructed
using specific primers (Supplementary Table 1). The
mock plasmid was designed to act complementary against
CXCR4 sequence as referred [29]. The PCR product was
digested by Hindlll and Xhol, and then ligated into the
pCDNA3.1 vector predigested with the same enzymes.
The ligated plasmids were then transformed into HIT™.-
DH5a cells (Real Biotech Corporation, NewTaipei City,
Taiwan) and single bacterial colonies were selected. They
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were amplified, isolated from bacteria, and sequence-
characterized to confirm the fidelity of clones.

GEO data analysis

SDCI1 expression data from GEO datasets were
extracted using interactive webtool GEO2R; https://
www.ncbi.nlm.nih.gov/geo/geo2r/. SDCI1  expression
level increased in cancerous tissues (GDS3853), but not
significantly changed with tumor subtypes, grades, or
stages (GDS4056 and GDS4057). The miRNA expression
data in GSE7842 were grouped into normal tissues and
tumor tissues regardless of tumor subtypes, grade or stages.
The data for each miRNA expression were averaged, and
relative changes were calculated using the formula: relative
change (%) = [(expression in tumor tissues - expression in
normal tissues)/(expression in normal tissues)] x 100.

Multiplex PCR

For in vitro interactions of miRNAs with 3'UTR of
SDCI1, one multiplex PCR approach [20] was adapted.
The pcDNA3.1 plasmid containing 3'UTR of SDC1 was
used as template. Two different forward primers were used
in two independent PCR reactions. Forward primer 1 (fp1,
Supplementary Table 1) targeted at starting of 3'UTR of
SDCI1 gene; while forward primer 2 (fp2, Supplementary
Table 1) located at 200-bp downstream of fp1-targeting
site. Nucleotide correspond to mature miRNA sequence
was used as reverse primer in multiplex PCR. The PCR
mixture contained reaction buffer, plasmid template,
10 uM dNTPs, 1 uM primer, and 1 U DNA polymerase.
The parameters for the PCR reaction were: one cycle at
94° C for 10 min; 35 cycles at 94° C for 2 min, 42° C
for 2 min, 72° C for 2 min; and a final elongation step at
72°C for 10 min. The PCR products were then visualized
with a 1.5% agarose gel. The histogram was generated and
analyzed by Image J [36].

Western blot

For western blotting analysis, cells were washed,
disrupted by lysis buffer of 10 mM Tris-HCI, 5 mM
EDTA, pH 8.0, 1 (w/v) % TritonX-100, and protease
inhibitors (Sigma-Aldrich Inc., Shanghai, China) and
kept on ice for 30 min. The lysate was then centrifuged
at maximum speed using a desktop centrifuge at 4° C for
10 min. Protein concentrations were quantified by protein
assay kit (Bio-Rad Laboratories Inc., Hercules, CA, USA).

For western blot characterization of SDCI
protein, 50 pg cell lysate was pretreated with
0.83 mIU heparinase [, 0.83 mlIU heparinase
II, 0.83 mlIU heparinase III, and 0.83 mIU
chondroitinase in 200 ul reaction buffer (20 mM Tris-HCI,
pH 7.5, 4 mM CaCl,, and 0.1 % (w/v) BSA) at 37° C for
16 hr. The proteins were precipitated by trichloroacetic
acid and solubilized by solubilizing solution (10 mM Tris-

HCI, pH8.0, 5 mM EDTA, and 2 M urea) then subjected
to SDS-PAGE, and transferred onto a PVDF membrane.
Standard western blot procedure was performed using
primary antibody (B-A38; 1:1000) for 2 hr at room
temperature, and HRP-conjugated secondary antibody
(1:2000) for 1 hr at room temperature. The blots were
visualized by enhance chemiluminescent detection
(EMD-Millipore, Inc., Billerica, MA, USA). The primary
antibody against CD63 and B-actin were obtained from
GeneTex Inc., Hsinchu, Taiwan.

Wound healing assay

Wound healing assay was used to evaluate cell
mobility by filling the gap between confluent MCF-7
cells. The gaps with ~500 um width were generated using
silicon culture insert (Ibidi GmbH, Planegg, Germany)
according to manufacturer’s instruction. In general,
7 x 10* cells were plated at each well of insert. The culture
inserts were removed carefully. Cell layers were carefully
washed by PBS, and supplied with culture medium for gap
closure. For exosome treatments, exosomes with desired
protein equivalence were pretreated upon cell seeding and
incubated overnight before insert removal. The gap images
at the same locations were recorded under microscopy at
different time intervals. The percent recovery of gap was
calculated by the formula: (the empty area at specific time
interval / the area right after the insert removal) x 100%.

In vitro luciferase activity assay

Luciferase activity assays were performed using
pMIR-REPORT™ miRNA expression reporter vector
system (Thermo Fisher Scientific Inc., Pittsburgh, PA,
USA). The vectors containing luciferase gene with or
without 3'UTR of SDCI were transfected into cells and
compared the luciferase activities in the presence of
miRNA-122-5p expression. In general, Hek293 cells
were seeded (4 x 10 cells per well) into 24-well plates
till 70~80% confluence. Totally 1 pg DNAs containing
luciferase-UTR construct, p-Gal vector, and miRNA-
expression vector with the ratio of 1:1:10 were transfected
using Turbofect transfection reagent (Thermo Fisher
Scientific Inc., Pittsburgh, PA, USA). Cells were then
harvested using trypsin/EDTA, and the B-Gal activity
and luciferase activity were assayed using luciferase
assay system (Promega corporation, Madison, WI, USA).
Experiments were repeated four times and luciferase
activities were normalized against B-Gal activity.

Transmission electron microscopy analysis of
exosomes

The preparation of grids containing hepatoma-
derived exosomes was performed accordingly [35].
In general, 5 pL of paraformaldehyde-fixed exosome
solution was coated onto a formvar-carbon coated EM
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grid (Electron Microscopy Sciences, Hatfield, PA,
USA). The contrast staining by uranyl-oxalate solution
and successive methyl cellulose-uranyl acetate solution
was conducted on ice. The imaging of hepatoma-derived
exosomes was taken by JEOL JEM-1400 transmission
electron microscopy (JEOL USA Inc., Peabody, MA,
USA) at 80 kV.

Statistical analysis

The statistical analysis of qPCR data or GEO data
were done by Origin7.0 software (OriginLab Corporation,
USA) using unpaired/one-tailed two sample #-test.
The p-value of < 0.05 was considered as statistically
significant. The p-value of < 0.01 was considered as
extremely significant.

Abbreviations

SDCI1: Syndecan-1; miRNA: MicroRNAs; 3'UTR:
3'-untranslated region; GEO: Gene Expression Omnibus;
FBS: fetal bovine serum; DCIS: ductal carcinoma in situ;
IDC: invasive ductal carcinoma.

Author contributions

YHU acquired information, edited manuscript,
and finalized manuscript; JWW edited manuscript, and
finalized manuscript; CCW acquired information, edited
manuscript; YJ designed and performed experiments;
JYC designed and performed experiments; TTT designed
and performed experiments; MJS acquired information;
SCL designed experiments, supervised this study, wrote
manuscript, and finalized manuscript; All authors read and
approved the final manuscript.

ACKNOWLEDGMENTS

We thanked Dr. Burton B. Yang in Sunnybrook
health science center, University of Toronto, Canada,
for kindly providing the miRNA-expressing vector. We
thanked JenChih Tseng for the assistance of western blot
and cell experiments. We thanked for technical assistance
of Electron Microscope Laboratory of Tzong Jwo Jang,
College of Medicine, Fu Jen Catholic University.

CONFLICTS OF INTEREST

The authors declare that they have no competing
interests.

GRANT SUPPORT

This research was supported by Chi Mei hospital
(103-CM-FJU-08, and CMFJ10205), and Cardinal Tien
hospital (CTH-98-1-2A31).

REFERENCES

10.

11.

12.

13.

14.

15.

16.

Lambaerts K, Wilcox-Adelman SA, Zimmermann P.
The signaling mechanisms of syndecan heparan sulfate
proteoglycans. Curr Opin Cell Biol. 2009; 21:662—669.
Multhaupt HA, Yoneda A, Whiteford JR, Oh ES, Lee W,
Couchman JR. Syndecan signaling: when, where and why?
J Physiol Pharmacol. 2009; 60:31-38.

Okina E, Manon-Jensen T, Whiteford JR, Couchman JR.
Syndecan proteoglycan contributions to cytoskeletal
organization and contractility. Scand J Med Sci Sports.
2009; 19:479-489.

Ramani VC, Purushothaman A, Stewart MD,
Thompson CA, Vlodavsky I, Au JL, Sanderson RD. The
heparanase/syndecan-1 axis in cancer: mechanisms and
therapies. FEBS J. 2013; 280:2294-2306.

Szatmari T, Dobra K. The Role of Syndecan-1 in Cellular
Signaling and its Effects on Heparan Sulfate Biosynthesis
in Mesenchymal Tumors. Front Oncol. 2013; 3:310.
Leivonen M, Lundin J, Nordling S, von Boguslawski K,
Haglund C. Prognostic value of syndecan-1 expression in
breast cancer. Oncology. 2004; 67:11-18.

Gotte M, Kersting C, Ruggiero M, Tio J, Tulusan AH,
Kiesel L, Wulfing P. Predictive value of syndecan-1
expression for the response to neoadjuvant chemotherapy of
primary breast cancer. Anticancer Res. 2006; 26:621-627.
Nguyen TL, Grizzle WE, Zhang K, Hameed O, Siegal GP,
Wei S. Syndecan-1 overexpression is associated with
nonluminal subtypes and poor prognosis in advanced breast
cancer. Am J Clin Pathol. 2013; 140:468-474.

Nazario HE, Lepe R, Trotter JF. Metastatic breast cancer
presenting as acute liver failure. Gastroenterol Hepatol (N'Y).
2011; 7:65-66.

Giuliani J, Bonetti A. Acute Liver Failure Caused by
Metastatic Breast Cancer: Can We Expect Some Results
from Chemotherapy? Dig Dis Sci. 2015; 60:2541-2543.
Hutvagner G, Zamore PD. A microRNA in a multiple-turnover
RNAI enzyme complex. Science. 2002; 297:2056-2060.

Chen K, Rajewsky N. The evolution of gene regulation by
transcription factors and microRNAs. Nat Rev Genet. 2007;
8:93-103.

Wilson RC, Doudna JA. Molecular mechanisms of RNA
interference. Annu Rev Biophys. 2013; 42:217-239.

Pencheva N, Tavazoie SF. Control of metastatic progression
by microRNA regulatory networks. Nat Cell Biol. 2013;
15:546-554.

Grasedieck S, Sorrentino A, Langer C, Buske C, Dohner H,
Mertens D, Kuchenbauer F. Circulating microRNAs
in hematological diseases: principles, challenges, and
perspectives. Blood. 2013; 121:4977-4984.

Nikolova V, Koo CY, Ibrahim SA, Wang Z, Spillmann D,
Dreier R, Kelsch R, Fischgrabe J, Smollich M, Rossi LH,
Sibrowski W, Wulfing P, Kiesel L, et al. Differential roles
for membrane-bound and soluble syndecan-1 (CD138)

www.oncotarget.com

28174

Oncotarget



17.

18.

20.

21.

22.

23.

24.

25.

26.

in breast cancer progression. Carcinogenesis. 2009;
30:397-407.

Blenkiron C, Goldstein LD, Thorne NP, Spiteri I, Chin SF,
Dunning MJ, Barbosa-Morais NL, Teschendorff AE, Green
AR, Ellis 10, Tavare S, Caldas C, Miska EA. MicroRNA
expression profiling of human breast cancer identifies new
markers of tumor subtype. Genome Biol. 2007; 8:R214.

Loher P, Rigoutsos I. Interactive exploration of RNA22
microRNA target predictions. Bioinformatics. 2012;
28:3322-3323.

Lorenz R, Bernhart SH, Honer Zu Siederdissen C, Tafer H,
Flamm C, Stadler PF, Hofacker IL. ViennaRNA Package
2.0. Algorithms Mol Biol. 2011; 6:26.

Lee SC, Fang L, Wang CH, Kahai S, Deng Z, Yang BB. A
non-coding transcript of nephronectin promotes osteoblast
differentiation by modulating microRNA functions. FEBS
Lett. 2011; 585:2610-2616.

Ibrahim SA, Yip GW, Stock C, Pan JW, Neubauer C, Poeter
M, Pupijalis D, Koo CY, Kelsch R, Schule R, Rescher U,
Kiesel L, Gotte M. Targeting of syndecan-1 by microRNA
miR-10b promotes breast cancer cell motility and
invasiveness via a Rho-GTPase- and E-cadherin-dependent
mechanism. Int J Cancer. 2012; 131:E884—-896.

Gotte M, Kersting C, Radke I, Kiesel L, Wulfing P. An
expression signature of syndecan-1 (CD138), E-cadherin
and c-met is associated with factors of angiogenesis and
lymphangiogenesis in ductal breast carcinoma in situ.
Breast Cancer Res. 2007; 9:R8.

Jopling C. Liver-specific microRNA-122: Biogenesis and
function. RNA Biol. 2012; 9:137-142.

Camussi G, Deregibus MC, Bruno S, Cantaluppi V,
Biancone L. Exosomes/microvesicles as a mechanism of
cell-to-cell communication. Kidney Int. 2010; 78:838-848.

Bala S, Petrasek J, Mundkur S, Catalano D, Levin I, Ward
J, Alao H, Kodys K, Szabo G. Circulating microRNAs in
exosomes indicate hepatocyte injury and inflammation in
alcoholic, drug-induced, and inflammatory liver diseases.
Hepatology. 2012; 56:1946—-1957.

Roderburg C, Benz F, Vargas Cardenas D, Koch A,
Janssen J, Vucur M, Gautheron J, Schneider AT, Koppe C,
Kreggenwinkel K, Zimmermann HW, Luedde M, Trautwein
C, et al. Elevated miR-122 serum levels are an independent

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

marker of liver injury in inflammatory diseases. Liver Int.
2015; 35:1172-84.

Starckx S, Batheja A, Verheyen GR, Jonghe SD, Steemans
K, Dijck BV, Singer M, Bogdan N, Snoeys J, Vinken P,
Sasaki JC, Gompel JV, Guzzie-Peck P, et al. Evaluation of
miR-122 and other biomarkers in distinct acute liver injury
in rats. Toxicol Pathol. 2013; 41:795-804.

Pols MS, Klumperman J. Trafficking and function of the
tetraspanin CD63. Exp Cell Res. 2009; 315:1584-1592.

Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges:
competitive inhibitors of small RNAs in mammalian cells.
Nat Methods. 2007; 4:721-726.

LiR, Zhang L, Jia L, Duan Y, Li Y, Wang J, Bao L, Sha N.
MicroRNA-143 targets Syndecan-1 to repress cell growth
in melanoma. PLoS One. 2014; 9:¢94855.

Fujii T, Shimada K, Tatsumi Y, Fujimoto K, Konishi N.
Syndecan-1 responsive microRNA-126 and 149 regulate
cell proliferation in prostate cancer. Biochem Biophys Res
Commun. 2015; 456:183—189.

Fujii T, Shimada K, Tatsumi Y, Hatakeyama K, Obayashi C,
N. microRNA-145 promotes
differentiation in human urothelial carcinoma through down-
regulation of syndecan-1. BMC Cancer. 2015; 15:818.
Wang B, Wang H, Yang Z. MiR-122 inhibits cell
proliferation and tumorigenesis of breast cancer by targeting
IGF1R. PLoS One. 2012; 7:¢47053.

Fong MY, Zhou W, Liu L, Alontaga AY, Chandra M,
Ashby J, Chow A, O’Connor ST, Li S, Chin AR, Somlo G,
Palomares M, Li Z, et al. Breast-cancer-secreted miR-122

Fujimoto K, Konishi

reprograms glucose metabolism in premetastatic niche to
promote metastasis. Nat Cell Biol. 2015; 17:183-194.
Thery C, Amigorena S, Raposo G, Clayton A. Isolation and
characterization of exosomes from cell culture supernatants
and biological fluids. Curr Protoc Cell Biol. 2006; Chapter
3:Unit 3.22.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to
Imagel: 25 years of image analysis. Nat Methods. 2012;
9:671-675.

www.oncotarget.com

28175

Oncotarget



