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Tauroursodeoxycholic acid reduces the invasion of MDA-MB-231
cells by modulating matrix metalloproteinases 7 and 13
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Abstract. Tauroursodeoxycholic acid (TUDCA) is a
conjugated form of UDCA that modulates several signaling
pathways and acts as a chemical chaperone to relieve endo-
plasmic reticulum (ER) stress. The present study showed that
TUDCA reduced the invasion of the MDA-MB-231 metastatic
breast cancer cell line under normoxic and hypoxic conditions
using an in vitro invasion assay. Quantitative polymerase chain
reaction assay revealed that the reduced invasion following
TUDCA treatment was associated with a decreased expres-
sion of matrix metalloproteinase (MMP)-7 and -13, which play
important roles in invasion and metastasis. Inhibitors and short
hairpin RNAs were used to show that the effect of TUDCA
in the reduction of invasion appeared to be dependent on the
protein kinase RNA-like ER kinase pathway, a downstream
ER stress signaling pathway. Thus, TUDCA is a candidate
anti-metastatic agent to target the ER stress pathway.

Introduction

The endoplasmic reticulum (ER) is the central compartment
for producing and folding cell surface receptors and secreted
proteins. The ER is also involved in calcium balance regula-
tion and the biosynthesis of cholesterol and steroids (1).
Perturbations in ER homeostasis lead to the accumulation of
misfolded proteins, which activates an adaptation response
called the ER stress response, also known as the unfolded
protein response (2). The ER stress response is mediated by
three main pathways: The inositol-requiring enzyme 1 (IRE1),
protein kinase RNA-like ER kinase (PERK) and activating
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transcription factor 6 (ATF6) pathways. The activation of
these pathways is associated with stress relief and ER function
restoration (3).

Cancer cells are associated with various stressors, such as
hypoxia, nutrient deprivation and pH changes, which activate
cellular stress response pathways, including the ER stress
response (4). The ER stress response is therefore crucial to
cancer progression and other cancer cell phenotypes, including
invasion and migration. Li et al (5) showed that activating
ER stress in breast cancer cells through use of Adriamycin
or Tunicamycin enhances the invasion and migration associ-
ated with heparinase. Hypoxia-enhanced migration of breast
cancer cells occurs through the PERK-ATF4 pathway during
the ER stress response (6). These results suggest that activating
ER stress in breast cancer cells enhances their invasion and
migration. The ER stress pathway is activated in breast cancer
cells even in the absence of external stress, and the activation
status is associated with cancer growth, relapse and mainte-
nance of a cancer stem cell population (7).

Tauroursodeoxycholic acid (TUDCA) is a taurine
conjugated form of UDCA that has been used to treat jaundice
in Asian countries and has been approved by the US Food and
Drug Administration for treating primary biliary cirrhosis (8).
TUDCA acts as a chemical chaperone and modulates several
signaling pathways (9).

The present study investigated whether basal ER stress is
associated with the invasion and migration of breast cancer
using TUDCA as a chemical chaperone. TUDCA reduced the
invasiveness of the MDA-MB-231 metastatic breast cancer cell
line under normoxic and hypoxic conditions. In addition, the
PERK pathway appeared to be involved in cancer cell inva-
sion when using inhibitors and short hairpin RNAs (shRNAs).
These results suggested that the ER stress pathway may serve
as a therapeutic target for the development of anti-metastatic
drugs and chemical chaperones, such as TUDCA, may be
candidates for anti-metastatic agents.

Materials and methods

Cell culture. MDA-MB-231 cells were purchased from the
American Type Culture Collection (Manassas, VA, USA).
Cell culture and transfection were performed as previously
described (10). Sense and antisense oligonucleotides for
shRNAs targeting human PERK-299 (5'-GCGGCAGGTCAT
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TAGTAATTA-3") and PERK-506 (5'-GCATGGAAACAG
TTCCTTTCA-3'") were generated, annealed and cloned into
the pSUPER .puro vector (Oligoengine, Seattle, WA, USA),
according to the manufacturer's instructions. For transient
transfections of sShRNAs, MDA-MB-231 cells were electro-
porated using Neon® Transfection System (Thermo Fisher
Scientific Inc., Waltham, MA, USA), according to the manu-
facturer's protocol. TUDCA (Sigma-Aldrich, St. Louis, MO,
USA), an ATF6 inhibitor [4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride], an IRE1 inhibitor (4u8C) and a PERK
inhibitor (GSK2606414) (Calbiochem, San Diego, CA, USA)
were used. Cell viability was evaluated using the ADAM-MC
Automatic Cell Counter (NanoEnTek, Inc., Seoul, Korea). An
MTT assay was performed using the CellTiter 96 Non-Radio-
active Cell Proliferation Assay kit (Promega, Madison, WI,
USA), according to the manufacturer's instructions.

Hypoxia treatment. Cells were exposed to hypoxia using an
anaerobic system (Thermo Scientific, Inc., Marietta, OH,
USA) using mixed gas (1% O,, 5% CO,, N, balance). Oxygen
concentration was checked with an O, sensor (New Cosmos,
Osaka, Japan) prior to hypoxia treatment. Cells were kept in
37°C incubation chamber in an anaerobic system.

Invasion assay. Upper membranes of cell culture inserts
(BD Biosciences, Franklin Lakes, NJ, USA) were coated with
Matrigel diluted in Opti-MEM®I Reduced Serum Medium
(1:10 ratio; Thermo Fisher Scientific, Inc.) for 1.5 h and then
rehydrated with serum-free Dulbecco's modified Eagle's
medium (DMEM) for 1 h. Next, ~2.5x10* cells suspended in
serum-free DMEM were seeded into the upper layer of cell
culture inserts, and DMEM with 10% fetal bovine serum was
added to the lower chambers for 24 h at 37°C. The inserts
were then removed from the medium, fixed in 100% methanol
and stained with 0.1% crystal violet dye for 10 min. The
upper surfaces of the inserts were wiped with swaps, and the
membranes were isolated from the inserts to prepare slides.
The invaded cells were observed and images were captured
using an Eclipse 80i Upright microscope (Nikon, Tokyo,
Japan) and the Image-Pro Plus software (Media Cybernetics
Inc., Rockville, MD, USA).

Wound-healing assay. The MDA-MB-231 cells were treated
with either the vehicle control (EtOH) or TUDCA, and their
migration ability was compared using the wound-healing assay.
Briefly, 1x10° cells were plated into 6-well plates. Following
24 h of incubation, the cell monolayers were scratched using
a 200-ul pipette tip, and the medium was changed for fresh
medium containing the vehicle control (EtOH) or 0.5 mM
TUDCA. The widths of the scratches were monitored for
54 h, and images were captured at 0, 6, 24 and 54 h using
a Nikon Eclipse TS100 (Nikon) inverted microscope and the
Image-Pro Plus software.

RNA purification, cDNA synthesis and reverse transcrip-
tion-quantitative polymerase chain reaction (RT-gPCR). Total
cellular RNA was extracted using the RNeasy Mini kit
(Qiagen, Valencia, CA, USA), according to the manufacturer's
instructions. RNA (1 pg) was used for cDNA synthesis using
the AccuPower RT PreMix and oligo(dT) primers (Bioneer,

PARK et al: EFFECT OF TUDCA ON BREAST CANCER CELL INVASION

Daejeon, South Korea). RT-qPCR was performed with the
cDNA, Maxima SYBR Green qPCR Master Mix (Thermo
Fisher Scientific, Inc.) and the specific primers listed below
using the CFX96 Real-Time System (Bio-Rad, Hercules, CA,
USA). The primer sequences were as follows: MMP-7 forward,
5'-GTATGGGACATTCCTCTGATCC-3' and reverse, 5'-CCA
ATGAATGAATGAATGGATG-3'; MMP-13 forward, 5'-AAC
CAGGTCTGGAGATATGATGA-3' and reverse, 5S-TGTATG
GGTCCGTTGAAAAA-3"; and GAPDH forward, 5'-GAA
ATCCCATCACCATCTTCCAGG-3' and reverse, 5'-GAG
CCCCAGCCTTCTCCATG-3'. The qPCR parameters were
5 min at 95°C, followed by 40 cycles of 10 sec at 95°C, 10 sec
at 60°C and 10 sec at 70°C. A melting curve step (65-95°C at
increments of 0.5°C) was performed at the end of the qPCR.
Relative quantification of target gene expression was calcu-
lated by the quantitative threshold cycle (Cq) method, using
GAPDH as an endogenous reference gene for normaliza-
tion (11). RT-qPCR was performed >3 times for each gene and
representative results are shown.

Statistical analysis. Results are expressed as the mean + stan-
dard deviation. Statistical significance was analyzed using the
SPSS version 18 software for Windows (SPSS Inc., Chicago,
IL, USA). Significant differences between two groups were
evaluated by Student's t-test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

TUDCA reduces invasion by MDA-MB-231 breast cancer
cells. In the present study, TUDCA was used as a chemical
chaperone to investigate the role of ER stress in breast cancer
cell invasiveness. MDA-MB-231 cells were treated with
TUDCA for 16 h and then used in the invasion assay with
Matrigel-coated membranes. TUDCA did not significantly
modulate cell viability, however, it did significantly reduce
MDA-MB-231 cell invasion (36.6%; P=2.122x10° vs. vehicle;
Fig. 1). TUDCA did not significantly modulate the migration
or density of the MDA-MB-231 cells following a 54-h incuba-
tion period (Fig. 2). These results suggested that the reduced
invasion following the TUDCA treatment was not due to
reduced migration or proliferation.

Reduced invasion due to TUDCA is associated with reduced
expression of MMP-7 and -13. Several molecules associ-
ated with invasion were tested using western blotting and
RT-gqPCR. the expression of MMP-7 and -13 was found
to be significantly decreased following treatment with
TUDCA (38.4% and 24.7%, respectively; P=5.863x10-¢ and
P=1.006x107 vs. vehicle, respectively; Fig. 3), suggesting that
TUDCA may reduce invasion by decreasing MMP-7 and -13
expression. As cancer cell invasion is associated with hypoxia,
the possibility of TUDCA modulating invasion under hypoxic
conditions was also investigated. Consistent with the normoxic
result, TUDCA significantly decreased MDA-MB-231 cell
invasion (28.9%; P=8.971x107 vs. vehicle; Fig. 4A). Further-
more, the decreased invasion was shown to be associated
with decreased MMP-7 and -13 expression under hypoxic
conditions (41.1% and 28.7%, respectively; P=1.668x10* and
P=3.569x10* vs. vehicle, respectively; Fig. 4B).
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Figure 1. TUDCA reduced breast cancer MDA-MB-231 cell invasion without affecting cell viability. MDA-MB-231 cells were treated with 0.5 mM TUDCA
for 16 h and were analyzed using an invasion assay. The number of cells invading the Matrigel was normalized against vehicle control cells invading the
Matrigel to 100%. Cell viability following vehicle or TUDCA treatment is shown. Representative invasion assay images are shown. Data are presented as the
mean = standard deviation. "P<0.000005 vs. vehicle. TUDCA, tauroursodeoxycholic acid.
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Figure 2. TUDCA does not modulate MDA-MB-231 breast cancer cell migration. A wound-healing assay was performed to evaluate MDA-MB-231 cell
migration during treatment with vehicle or 0.5 mM TUDCA. Images were captured at the indicated time points. TUDCA, tauroursodeoxycholic acid.
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Figure 3. Reduced MDA-MB-231 breast cancer cell invasion in response to TUDCA is associated with reduced MMP-7 and -13 expression. MDA-MB-231
cells were treated with 0.5 mM TUDCA, total RNA was purified and cDNA was synthesized. Reverse transcription-quantitative polymerase chain reaction was
performed using SYBR Green. mRNA levels were normalized to those of glyceraldehyde-3-phosphate dehydrogenase and plotted by setting the expression of
the vehicle control to 100%. Data are presented as the mean + standard deviation. "P<0.00001 and “P<0.00005 vs. vehicle. MMP, matrix metalloproteinase;

TUDCA, tauroursodeoxycholic acid.

PERK inthe ER stress pathwayis associatedwith MDA-MB-231
cell invasion. The ER stress pathway includes three down-
stream pathways: ATF6, IRE1 and PERK. The present study
used inhibitors of these downstream pathways to investigate
which pathway is involved in ER stress-mediated invasion.
Only the PERK inhibitor significantly decreased the invasion
of the MDA-MB-231 cells (75.9%; P=1.197x107 vs. vehicle;

Fig. 5A). As the PERK inhibitor may have inhibited other
signaling pathways, shRNAs targeting PERK were used
to confirm the results. shRNAs targeting different PERK
mRNA regions were prepared and used in the invasion assay.
Consistent with the results of the use of the inhibitor, depleting
PERK with the shRNAs was found to decrease MDA-MB-231
cell invasion (64.7%; P=7.961x10* vs. vehicle; Fig. 5B). These
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Figure 4. TUDCA reduces MDA-MB-231 breast cancer cell invasion under hypoxic conditions. (A) MDA-MB-231 cells were treated with 0.5 mM TUDCA
for 16 h under hypoxic conditions (~1% O,) and used in the invasion assay. The number of cells invading the Matrigel was normalized by setting the number
of vehicle control cells invading the Matrigel to 100%. Representative invasion assay images are shown. (B) Total RNA was purified, and complementary
DNA synthesized. Reverse transcription-quantitative polymerase chain reaction was performed using SYBR Green. mRNA levels were normalized to those
of glyceraldehyde-3-phosphate dehydrogenase and plotted by setting the expression of the vehicle control to 100%. Data are presented as the mean + standard
deviation. "P<0.000001 and ““P<0.0005 vs. vehicle. MMP, matrix metalloproteinase; TUDCA, tauroursodeoxycholic acid.
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Figure 5. PERK in the endoplasmic reticulum stress pathway is involved in MDA-MB-231 breast cancer cell invasion. (A) MDA-MB-231 cells were incubated with the
indicated inhibitors (300 uM ATFi, 50 uM IREli and 10 M PERKi) and used in the Matrigel-based invasion assay. The same number of cells was plated on a 24-well
plate and used in the MTT assay to evaluate cell viability, which was used for normalization. The number of cells invading the Matrigel was normalized by setting the
number of vehicle control cells invading the Matrigel to 100%. Representative invasion assay images are shown. Data are presented as the mean + standard deviation.
“P<0.005 for PERK:i vs. vehicle. (B) shLuc and shPERK were transfected into MDA-MB-231 cells and used in the Matrigel-based invasion assay. The same number of
cells was plated on a 24-well plate and used in the MTT assay to evaluate cell viability, which was used for normalization. The number of cells invading the Matrigel
was normalized by setting the number of vehicle control cells invading the Matrigel to 100%. Representative invasion assay images are shown. Data are presented as
the mean + standard deviation. “P<0.001 vs. shLuc. ATF6i, activating transcription factor 6 inhibitor; PERKi, protein kinase RNA-like endoplasmic reticulum kinase
inhibitor; IREi, inositol-requiring enzyme 1 inhibitor; shRNA, short hairpin RNA; shLuc, control sShiRNA; shPERK, shRNA targeting PERK mRNA.

results suggested that the PERK pathway may be involved in  invasion by activating heparinase (5); however, this is the first

the invasiveness of metastatic breast cancer. study to report the involvement of the ER stress pathway in the
regulation of MMP-7 and -13 during breast cancer cell invasion

Discussion under basal conditions without an external stimulus-activated
ER stress response.

MMPs are a family of zinc-dependent endopeptidases that are The majority of solid tumors have hypoxic regions, due

used in extracellular matrix remodeling and are associated with ~ to impaired angiogenesis. Hypoxia is associated with metas-
embryogenic tissue remodeling, and angiogenic and patholog-  tasis, particularly in patients with hypoxic tumors (15-17).
ical processes, such as cancer cell invasion and arthritis (12).  The present study showed that TUDCA reduced the invasion
Cancer cells detach from primary cancers and invade through ~ of MDA-MB-231 cells under hypoxic conditions. Hypoxia
the basement membrane and extracellular matrix cleaved by  has been shown to activate the ER stress pathway in cancer
MMPs. The present study found that the expression of MMP-7  cells (18,19). Therefore, TUDCA may decrease the ER stress
and -13 decreased significantly following TUDCA treatment.  response activated by hypoxia, resulting in reduced invasion.

These MMPs are involved in cell invasion in gastric cancer In the present study, TUDCA was shown to act as a chem-
and Kaposi's sarcoma (13,14). ER stress activation in breast ical chaperone that reduces the invasion of the MDA-MB-231
cancer cells using Adriamycin has been shown to enhance  metastatic breast cancer cell line by decreasing the basal ER
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stress response, suggesting that the ER stress pathway may be
involved in breast cancer cell invasion, as well as survival against
stressors such as hypoxia, glucose starvation and pH changes.
Furthermore, TUDCA was found to reduce breast cancer cell
invasion under hypoxic conditions, which suggested that the
ER stress pathway may be a good therapeutic target for cancer
metastasis, and that chemical chaperones, such as TUDCA, may
be useful for that purpose. TUDCA is not currently approved
by the Food and Drug Administration, but UDCA, which is
approved, is metabolized to TUDCA in the liver.
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