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OPEN ACCESS Sauchinone, a lignan isolated from Saururus chinenesis, is known to exhibit
anti-inflammatory and anti-oxidant effects. Recently, sauchinone has been reported
to inhibit the growth of various cancer cells, but its effects on breast cancer cells remain
poorly understood. In the present study, we investigated the effects of sauchinone on
the growth of breast cancer cells along with the underlying molecular mechanisms. Our
results show that sauchinone treatment markedly inhibited the proliferation, migration,
and invasion of breast cancer cells. Sauchinone reduced the phosphorylation of Akt, ERK,
and CREB increased by transforming growth factor- (TGF-f). In particular, sauchinone
treatment suppressed the expression of matrix metalloproteinase (MMP)-13 (MMP13) by
regulating the Akt-CREB signaling pathway. Sauchinone was less effective in inhibiting cell
migration in Mmp13-knockdown cells than in control cells, suggesting that MMP13 may be
a novel target for sauchinone. Our study suggests that sauchinone inhibits the growth of
breast cancer cells by attenuating the Akt-CREB-MMP13 pathway. In addition, the targeted
inhibition of MMP13 by sauchinone represents a promising approach for the treatment of
breast cancer.

Introduction
Breast cancer is one of the most common cancers among women worldwide [1]. Although breast cancer
treatment has improved substantially, many patients continue to manifest serious side effects, treatment
resistance, and risk of recurrence and metastasis [2]. Effective patient-specific treatment of breast can-
cer requires the discovery of a variety of therapeutic targets in addition to typical cellular targets such as
estrogen receptors (ERs), progesterone receptors, and human epidermal growth factor receptor 2. In addi-
tion, effective therapeutic agents with few side effects and clear molecular targets are needed. Toward this
end, it is important to evaluate the anti-cancer efficacy of natural ingredients and elucidate the underlying
molecular mechanisms.

Sauchinone, a lignan isolated from Saururus chinensis (Saururaceae), is known to exhibit var-
ious pharmacological properties such as anti-inflammatory and anti-oxidant activities. Among the
methanol extracts obtained from the roots of S. chinensis, sauchinone and sauchinone B decreased
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Figure 1. Chemical structure of sauchinone

the anti-oxidant enzymes catalase and superoxide dismutase [10]. Its protective effect against oxidative stress was
also induced by up-regulating Nrf2-dependent heme oxygenase-1 (HO-1) expression [11]. Sauchinone inhibited
pro-inflammatory mediators by increasing the expression and activity of HO-1 in monocyte/macrophage-like cells
such as RAW264.7 cells [12].

Increased evidence in recent years suggests that sauchinone exhibits anti-tumor effects. Sauchinone in-
duced apoptosis in prostate and breast cancer cells via activation of caspase-3 [13]. Sauchinone suppressed the
epithelial-mesenchymal transition (EMT) in pancreatic ductal adenocarcinoma cells [14] and gastric cancer cells
[15]. Sauchinone has been reported to inhibit migration and invasion of hepatocellular carcinoma cells by tar-
geting AMPK [16] or STAT3 [17] signaling pathway. In addition, the anti-cancer effect of sauchinone in lung
adenocarcinoma cells was mediated via down-regulation of EIF4EBP1 [18]. Although many studies reported the
anti-inflammatory, anti-oxidant and anti-cancer efficacy of sauchinone, its effects on breast cancer cells and their
molecular mechanisms are still unknown.

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases that induce EMT, cell migration, and
metastasis [19]. The MMPs are highly expressed in breast cancer cells during breast cancer progression [20-22].
In microarray results, the mRNA expression of MMP1, -9, -11, -12, and -13 was increased in higher grades of breast
cancer compared with normal breast tissues [23]. MMP9 synthesized in breast cancer cells is important for invasion
and lung metastasis in a mouse orthotopic model of basal-like breast cancer [24]. Among MMPs, MMP13 is well
known for its effects on breast cancer progression. MMP13 is one of the secreted proteins overexpressed in breast
cancer tissues compared with normal adjacent tissues [25]. Overexpression of MMP13 at the tumor-bone interface
triggered mammary tumor-induced osteolysis [26]. MMP13 was involved in breast cancer progression induced by
ETV4 transcription factor [27], Golgi membrane protein 1 [28], and gremlin-1 (GREM1) [29]. These findings suggest
that MMP13 is a major molecular target in breast cancer growth.

In the present study, we investigated whether sauchinone exerts anti-tumor effects in breast cancer cells. Our re-
sults show that sauchinone attenuated the proliferation, migration, and invasion of breast cancer cells by suppressing
Akt-CREB-MMP13 signaling pathway.

Materials and methods

Cell culture and reagents

MDA-MB-231 and MTV/TM-011 cells were originally obtained from American Type Culture Collection and Ko-
rean Cell Line Bank. MDA-MB-231 cells were cultured in DMEM (Corning Inc., NY, U.S.A.) containing 10% fe-
tal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA, U.S.A.) and 1% penicillin/streptomycin (Corning
Inc.). MTV/TM-011 cells were cultured in RPMI (Corning Inc.) containing 10% FBS and 1% penicillin/streptomycin.
Cells were maintained at 37°C in a humidified atmosphere with 5% CO,/95% air. Sauchinone (Cat#. SML0783)
(Figure 1) and 666-15 (Cat#. 538341) were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). Recombinant
human/mouse transforming growth factor-31 (TGF-f31) were obtained from SinoBiological (Beijing, China, Cat#.
10804-HNAC/50698-M08H). Anti-phospho-STAT3 (Cat#. 9145), anti-STAT3 (Cat#. 9139), anti-phospho-CREB
(Cat#. 9198), anti-CREB (Cat#. 9197), anti-phospho-ERK (Cat#. 4370), anti-ERK (Cat#. 4695), anti-phospho-Akt
(Cat#. 4060), anti-Akt (Cat#. 4691), anti-N-cadherin (Cat#. 13116), anti-Twist (Cat#. 46702), anti-Slug (Cat#. 9585),
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anti-MMP2 (Cat#. 40994), anti-MMP3 (Cat#. 14351), and anti-MMP9 (Cat#.13667) were obtained from Cell Signal-
ing Technology (Danvers, MA, US.A.). Anti-MMP13 (sc-515284) and anti-(3-actin (sc-47778) antibody were pur-
chased from Santa Cruz Biotechnology (Dallas, TX, U.S.A.), U0126 (Cat#. S1102) and LY294002 (Cat#. S1105) were
obtained from Selleckchem (Houston, TX, U.S.A.).

Gene silencing

Endogenous MMP13 was knocked down using specific small interfering RNAs (siRNAs) (Bioneer, Daejeon, Ko-
rea, Cat#. 17386). Briefly, cells were transiently transfected with siRNAs by reverse transfection using Lipofectamine
RNAiIMAX (Invitrogen, Carlsbad, CA, U.S.A.).

Western blot analysis

Standard sodium dodecyl sulfate/polyacrylamide gel electrophoresis (SDS/PAGE) and Western blotting were used to
analyze the expression of various proteins. Cells were lysed in the lysis buffer (Cell Signaling Technology, Cat#. 9803)
containing protease inhibitors and phosphatase inhibitors (Roche, Basel, Switzerland). The quantitative protein con-
centration was determined by BCA Protein Assay Kit (Thermo Fisher Scientific, Cat#. 23225) and equal amounts
of protein were loaded on 8-12% SDS/PAGE. Proteins were transferred to polyvinylidene difluoride membrane
(Merck Millipore, Burlington, MA, U.S.A.) and subjected to immunoblotting using various antibodies overnight at
4°C, followed by further incubation with the secondary antibody (AbFrontier, Seoul, Korea, Cat#. LF-SA8001 and
LF-SA8002) at room temperature for 1 h. Visualization of protein bands was detected with Westsave Gold detection
reagents (AbFrontier, Cat#. LF-QC0103).

Cell proliferation assay

Cells were seeded in 96-well plates (1 x 10*/well) and incubated with DMSO or sauchinone for 2 days. The cells were
then treated with 20 pl of CellTiter 96® Cell Proliferation Assay (Promega, Madison, W1, U.S.A., Cat#. G3582) for 2 h
at 37°C. The absorbance of each well was detected at 490 nm with a Multiskan, GO microplate reader (Thermo Fisher
Scientific). All procedures were performed according to the manufacturer’s instructions. For the colony formation
assay, 1 x 10° cells were plated in the 24-well plates, incubated with DMSO or sauchinone, and allowed to grow for
10-14 days. After the medium was removed, cells were fixed with 10% formalin for 15 min, and stained with Crystal
Violet to visualize the colonies.

Wound healing assay

Cells were seeded into 12-well culture dishes and wounded by manual scratching of the surface with a 1-ml pipette
tip. The scratched surface was washed with PBS to remove cell debris. Dishes containing these cells were then treated
with the medium containing each compound and incubated at 37°C for 48 h. Also, the cells were seeded at the density
of 3 x 10°/ml into Ibidi Culture Inserts (Ibidi, Gewerbehof, Germany). After incubation for 24 h, Ibidi Culture Inserts
were gently removed. Cells were incubated with each compound at 37°C for an additional 48 h. Images of wound sites
were captured at 0 h (control) and 48 h using an inverted microscope (40X total magnification). Each wound area
was determined using Image] software.

Invasion assay

MTV/TM-011 cells (1 x 10° cells) were suspended in serum-free medium containing each compound and seeded
into the upper transwell inserts (Corning Inc., Cat#. 354480). The lower chambers were filled with medium containing
20% FBS. After incubation for 30 h, the bottom of transwell inserts was fixed with cold methanol and stained with
0.5% Crystal Violet. The non-invaded cells were wiped off and the invaded cells were counted in four randomly
selected fields using an inverted microscope (100x total magnification).

Statistical analysis

Data were expressed as the mean + SD of results obtained from at least three independent experiments. Significant
differences were determined by a Student’s ¢ test or one-way ANOVA. A P-value of less than 0.05 was considered to
be statistically significant. *, P < 0.05; **, P < 0.01; and ***, P < 0.001.
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Figure 2. Effect of sauchinone on breast cancer cell growth

(A) Cell growth was determined after treatment with or without 12.5, 25, and 50 1M sauchinone for 48 h. The cell viability was mea-
sured using MTS assay. (B,C) MDA-MB-231 and MTV/TM-011 cells were seeded in 24-well plates (1 x 10%/well). After incubation
for 24 h, sauchinone was treated at various concentrations (12.5, 25, and 50 uM) for 10-14 days. Data are presented using triplicate
wells per group and statistical significance was determined by one-way ANOVA. *, P < 0.05; ***, P < 0.001; NS, not significant.

Results

Sauchinone suppresses breast cancer cell growth

To evaluate the effect of sauchinone on cell viability, breast cancer cell lines (MDA-MB-231 and MTV/TM-011) were
treated with various concentrations of sauchinone (12.5, 25, and 50 pM) and then analyzed via MTS assay. Sauchinone
significantly inhibited the viability of breast cancer cells in a dose-dependent manner (Figure 2A). Next, a colony
formation assay was performed to assess the effect of sauchinone on the proliferation of breast cancer cells. Specifically,
sauchinone treatment at 25 and 50 pM concentrations markedly inhibited colony formation in both MDA-MB-231
and MTV/TM-011 cells (Figure 2B,C). As shown in Supplementary Figure S1, cell viability of MCF-10A was not
affected by sauchinone treatment at 25 and 50 uM for 72 h, which suppressed the viability of breast cancer cells.
These results were also confirmed in another normal bronchial epithelial cell line, Beas-2B. Based on these results,
further experiments were performed by selecting a sauchinone concentration of 25 uM.

Sauchinone inhibits migration and invasion of breast cancer cells

To further elucidate the effect of sauchinone on cell mobility, we performed wound healing assay in MDA-MB-231
and MTV/TM-011 cells. As shown in Figure 3A,B, TGF-3-stimulated cells showed increased mobility after 48 h com-
pared with control cells, but the increased cell migration was significantly inhibited by sauchinone treatment. Next,
we investigated whether sauchinone inhibits TGF-3-induced EMT markers. TGF-[3 treatment of MDA-MB-231 and
MTV/TM-011 cells increased the protein levels of N-cadherin, Slug, and Twist, which are involved in the mesenchy-
mal cell phenotype. However, their levels were decreased by additional sauchinone treatment (Figure 3C). In addition,
MTV/TM-011 cells stimulated with TGF-3 showed a 2.27-fold increase in invasiveness compared with control cells,
but the invasiveness of TGF-[3-stimulated cells was remarkably suppressed by sauchinone treatment (Figure 3D,E).
These results suggest that sauchinone inhibits the migration and invasion of breast cancer cells.

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 3. Effect of sauchinone on migration and invasion of breast cancer cells

(A,B) MDA-MB-231 and MTV/TM-011 cells were seeded in 12-well plates and wounded by 1-ml pipette tip. The cells were incubated
with TGF-f (10 ng/ml) or sauchinone (25 uM) for 48 h, separately or in combination. Scale bar = 200 um. (C) Cells were pretreated
with TGF-f (10 ng/ml) for 24 h and then incubated with sauchinone (25 uM) for another 24 h. Proteins were performed by Western
blot analysis. (D,E) MTV/TM-011 cells were seeded in Matrigel-coated inserts and incubated with TGF-f (10 ng/ml) or sauchinone
(25 uM) for 30 h, separately or in combination, followed by invasion assay. The invaded cells were counted and quantified using
Imaged. Scale bar = 200 um. Data are presented using triplicate wells per group and statistical significance was determined by
one-way ANOVA. *, P < 0.05; **, P < 0.01; **, P < 0.001; NS, not significant.

Sauchinone inhibits MMP13 expression

To explore the mechanisms underlying the regulation of migration and invasion in breast cancer cells follow-
ing sauchinone treatment, we first screened representative MMPs (MMP2, MMP3, MMP9, and MMP13) via im-
munoblotting analysis. Interestingly, TGF- 3 stimulation up-regulated the expression of MMP13, which was markedly
suppressed by sauchinone treatment in MDA-MB-231 and MTV/TM-011 cells (Figure 4A). Also, the expression of
MMP13 was inhibited by sauchinone in a concentration-dependent manner (Figure 4B,C).

To evaluate MMP13 as a potent treatment target, we analyzed the effect of sauchinone on cell migration after
knockdown of Mmp13 in MTV/TM-011 cells. First, the knockdown of Mmp13 expression by transferring siRNAs
#1 and #2 was assessed via immunoblotting analysis (Figure 4D). Cell migration was attenuated by siMmp13-#1, but
treatment of Mmp 13-knockdown cells with sauchinone did not significantly inhibit cell migration compared with
control cells (Figure 4E,F). This phenomenon was also observed using a cell invasion assay (Supplementary Figure S2).
In addition, we performed an MMP13 rescue experiment with the Mmp 13-knockdown breast cancer cells to ensure
that MMP13 is a potential target for the inhibitory effect of sauchinone on breast cancer cell migration. The wound
area was 78% in Mmp 13-knockdown cells treated with sauchinone compared with that of the control cells. When
MMP13 was overexpressed in Mmp 13-knockdown cells, the wound area was increased to 89% by the sauchinone
treatment (Supplementary Figure S3).

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 5
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Figure 4. Effect of sauchinone on the expression of MMP13

(A) MDA-MB-231 and MTV/TM-011 cells were pretreated with TGF- (10 ng/ml) for 24 h and then incubated with sauchinone
(25 uM) for another 24 h. The effect of sauchinone on the expressions of MMP2, MMP3, MMP9, and MMP13 were assessed by
Western blot analysis. (B,C) Cells were treated with sauchinone at different concentrations (12.5 and 25 uM) for 48 h and the lysed
proteins were subjected to immunoblotting analysis. Protein expression was quantified using Imaged. (D) The expression of MMP13
in MTV/TM-011 cells expressing siCtrl, siMmp13-#1, or siimp13-#2 was evaluated by Western blot analysis. (E,F) MTV/TM-011
cells expressing siCtrl or siMmp13-#1 were seeded in culture-inserts and incubated with sauchinone (25 uM) for 48 h. Scale bar
= 200 um. Data are presented using triplicate wells per group and statistical significance was determined by one-way ANOVA. *,
P < 0.05; **, P < 0.01; **, P < 0.001; NS, not significant.

Sauchinone suppresses MMP13 expression by regulating Akt-CREB

activation
Next, we investigated the intracellular signaling pathways mediating the inhibitory effect of sauchinone against
MMP13 expression. As shown in Figure 5A, sauchinone treatment inhibited the increased phosphorylation of Akt
and ERK by TGF-f3 in MDA-MB-231 and MTV/TM-011 cells. To further elucidate the underlying molecular mech-
anisms of sauchinone, we investigated the effect of sauchinone on the activation of STAT3 and CREB, which are the
representative transcription factors involved in the regulation of MMP13 expression. Sauchinone treatment did not
significantly affect the inhibition of STAT3 phosphorylation, but inhibited the phosphorylation of CREB (Figure 5B).
Additionally, the phosphorylation of Akt and ERK increased by TGF-3 mediated the activation of CREB. As shown in
Figure 5C,D, the increased levels of CREB phosphorylation by TGF- 3 were reduced by treatment with an Akt kinase
inhibitor (LY294002) or ERK kinase inhibitor (U0126).

To examine that the activation of Akt, ERK, or CREB regulates the expression of MMP13, MDA-MB-231 and
MTV/TM-011 cells were treated with their respective inhibitors in the absence or presence of TGE-f3. TGF-f3 treat-
ment increased the expression of MMP13, which was markedly suppressed by LY294002 treatment (Figure 5E), but

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 5. Effect of sauchinone on Akt-CREB signaling

(A,B) MDA-MB-231 and MTV/TM-011 cells were cotreated with TGF-{3 (10 ng/ml) and sauchinone (25 M) for 30 min. The lysates
were immunoblotted with the indicated antibodies. (C,D) MDA-MB-231 and MTV/TM-011 cells were pretreated with LY294002 (25
uM) or U0126 (25 uM) for 2 h and then incubated with TGF-3 (10 ng/ml) for another 30 min. The lysates were immunoblotted with
the indicated antibodies. (E,F) Cells were pretreated with TGF-{3 (10 ng/ml) for 24 h and then incubated with LY294002 (25 M) or
U0126 (25 uM) for another 24 h. (G) Cells were cotreated with TGF-f (10 ng/ml) and 666-15 (5 1M) for 30 min (pCREB and CREB)
or 48 h (MMP13).
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not significantly by U0126 treatment, particularly in MDA-MB-231 cells (Figure 5F). Similar to LY294002, the CREB
inhibitor 666-15 also significantly inhibited the increase in MMP13 expression by TGF- 3 (Figure 5G). Taken together,
these results suggest that sauchinone inhibits MMP13 expression by reducing the activation of Akt-CREB signaling.

Discussion

S. chinenesis is known as one of the drugs for the treatment of edema and inflammatory diseases in Korea and
China. To date, many studies have reported the pharmacological effects of S. chinensis extracts [30,31]. In particular,
sauchinone is known to exhibit anti-inflammatory and anti-oxidant effects in various inflammatory models in vitro
and in vivo [3,4,10,11]. However, to date, there are few studies on the anti-cancer effects of sauchinone. In particular,
the effect of sauchinone on breast cancer cells and its underlying molecular mechanisms are not well known. In this
study, sauchinone treatment inhibited the growth, migration, and invasion of breast cancer cells. To the best of our
knowledge, this is the first report showing that sachinone inhibits MMP13 expression by suppressing Akt-CREB
signaling in breast cancer cells.

Breast cancer is still one of the leading cancers worldwide, and even after treatment, there is a high risk of recurrence
and metastasis [32]. When breast cancer spreads, it most commonly involves the bones, liver, lungs, and brain [33].
Overexpression of MMP13 in tumors is associated with aggressive tumor phenotype in breast cancer patients [34].
MMP13 expression is associated with increased breast cancer cell growth, EMT, migration and invasion [28,29,35].
In particular, MMP13 has been reported to promote the metastasis of breast cancer cells to organs such as bones and
lungs [29,36,37]. Therefore, MMP13 is an important molecular target in breast cancer progression, highlighting the
need to identify and develop clinically effective therapeutic agents.

Interestingly, several natural products have been reported to inhibit the expression of MMP13 [38-40]. The extract
of Urtica dioica, a perennial herb, inhibited breast cancer cell migration by regulating microRNA-21 and several
MMPs including MMP13 [39]. The ethanol extract of baked Gardeniae fructus inhibited the expression of MMP9
and MMP13, thereby suppressing the migration and invasion of human fibrosarcoma cells [40]. In this study, we
also identified MMP13 as a new molecular target for sauchinone’s efficacy in inhibiting breast cancer cell growth,
migration, and invasion.

Since cancer progression entails the expression of numerous genes, it is important to regulate the specific transcrip-
tion factors directly involved in the expression of these oncogenes. Sauchinone has been reported to modulate the ac-
tivity of various transcription factors underlying the anti-inflammatory, anti-oxidant, and anti-cancer effects. Sauchi-
none is known to inhibit the expression of cytokines and inflammatory molecules by suppressing the activity of tran-
scription factors such as NF-kB [7,41] and STAT3 [42]. Additionally, sauchinone induces anti-inflammatory effects
by increasing the activity of Nrf2, a representative transcription factor that regulates the expression of anti-oxidant
enzymes [11,43]. Sauchinone has been reported to inhibit the growth of cancer cells by inhibiting the activity of
transcription factors such as HIF-1x [16] and STAT3 [17]. CREB is a transcription factor involved in a variety of
cellular processes, including cell proliferation, differentiation, immune response, and memory [44]. Sauchinone has
not been shown to inhibit LPS-induced CREB activity in RAW264.7 cells [45]. However, our study demonstrated that
sauchinone inhibits MMP13 expression by inhibiting the phosphorylation of CREB in breast cancer cells.

The breast cancer cell lines MDA-MB-231 and MTV/TM-011 were used in the present study. The MDA-MB-231
cell line is one of the most well-known triple-negative human breast cancer cells with strong metastatic properties
[46]. The presence of the ERs in the MTV/TM-011 cell line has not yet been reported. MTV/TM-011 is a murine
mammary carcinoma cell line that strongly induces lung metastasis [29]. As a result of this study, it is not possible to
evaluate the effect of sauchinone on breast cancer cells depending on the state of ER. However, our findings clearly
show that sauchinone treatment inhibits the growth, migration, and invasion of highly metastatic breast cancer cells.

In conclusion, our study is the first to establish that sauchinone suppresses the proliferation and invasion of
metastatic breast cancer cells by inhibiting MMP13 expression. Here, we have identified the key molecules and molec-
ular mechanisms underlying the effects of sauchinone in breast cancer cells. Sauchinone treatment inhibited MMP13
expression by down-regulating Akt-CREB signaling pathway in breast cancer cells. These results suggest that sauchi-
none may be a useful therapeutic agent for breast cancer treatment, and that the Akt-CREB-MMP13 axis may be a
promising target for sauchinone.

Data Availability
All data are available from the corresponding author on reasonable request.

8 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

202 I1dy €2 uo 3s8nb Aq ypd°2901-1.202-1S4/8£6226/L901 L Z02HSS/0 L/ | ¥/4pd-8|d1E/d81105010/W0d"IBYIIBAIIS HOd//:dRY WOl papeojumoq



Bioscience Reports (2021) 41 BSR20211067 °
https://doi.org/10.1042/BSR20211067 '. (] EROE%ELAND
°

Competing Interests
The authors declare that there are no competing interests associated with the manuscript.

Funding
This work was supported by the Soonchunhyang University Research Fund; and the National Research Foundation of Korea
(NRF) grant funded by the Korea Government (MSIT) [grant number 2019R1F1A1060089].

CRediT Author Contribution

Na Hui Kim: Data curation, Formal analysis, Writing—original draft. Nam Ji Sung: Data curation, Formal analysis,
Writing—original draft. Seokwon Shin: Validation. Deok-Seon Ryu: Writing—review & editing. Hyung-Sun Youn: Writing—review
& editing. Sin-Aye Park: Conceptualization, Supervision, Project administration, Funding acquisition.

Abbreviations

CREB, cAMP response element-binding protein; EMT, epithelial-mesenchymal transition; ER, estrogen receptor; HO-1, heme
oxygenase-1; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; Nrf2 , nuclear factor erythroid 2-related factor 2; TGF-3
, transforming growth factor-f3.

References

1 Harbeck, N., Penault-Llorca, F, Cortes, J., Gnant, M., Houssami, N., Poortmans, P. et al. (2019) Breast cancer. Nat. Rev. Dis. Primers 5, 66,
https://doi.org/10.1038/s41572-019-0111-2

2 Redig, A.J. and McAllister, S.S. (2013) Breast cancer as a systemic disease: a view of metastasis. J. Intern. Med. 274, 113-126,
https://doi.org/10.1111/joim.12084

3 Seo, C.S., Lee, YK, Kim, Y.J., Jung, J.S., Jahng, Y., Chang, H.W. et al. (2008) Protective effect of lignans against sepsis from the roots of Saururus
chinensis. Biol. Pharm. Bull. 31, 523-526, https://doi.org/10.1248/bph.31.523

4 Min, H.J., Won, H.Y.,, Kim, Y.C., Sung, S.H., Byun, M.R., Hwang, J.H. et al. (2009) Suppression of Th2-driven, allergen-induced airway inflammation by
sauchinone. Biochem. Biophys. Res. Commun. 385, 204-209, https://doi.org/10.1016/j.bbrc.2009.05.039

5 Han, H.J., Li, M., Son, J.K., Seo, C.S., Song, S.W., Kwak, S.H. et al. (2013) Sauchinone, a lignan from Saururus chinensis, attenuates neutrophil
pro-inflammatory activity and acute lung injury. Int. Immunopharmacol. 17, 471-477, https://doi.org/10.1016/j.intimp.2013.07.011

6 Gao, Y., Zhao, H. and Li, Y. (2018) Sauchinone prevents IL-1beta-induced inflammatory response in human chondrocytes. J. Biochem. Mol. Toxicol. 32,
€22033, https://doi.org/10.1002/jbt.22033

7 Wu, D, Jin, S., Lin, Z., Chen, R., Pan, T., Kang, X. et al. (2018) Sauchinone inhibits IL-1beta induced catabolism and hypertrophy in mouse
chondrocytes to attenuate osteoarthritis via Nrf2/H0-1 and NF-kappaB pathways. Int. Immunopharmacol. 62, 181-190,
https://doi.org/10.1016/j.intimp.2018.06.041

8 Xiao, J., Wang, J., Chen, Y., Zhou, Z., Gao, C. and Guo, Z. (2020) Sauchinone ameliorates intestinal inflammation and promotes Th17 cell production of
IL-10 via Blimp-1. Biochem. Biophys. Res. Commun. 522, 435-441, https://doi.org/10.1016/j.bbrc.2019.11.122

9 Xiu, W, Chen, Y., Chen, Q., Deng, B., Su, J. and Guo, Z. (2020) Sauchinone attenuates inflammatory responses in dendritic cells via Blimp-1 and
ameliorates dextran sulfate sodium (DSS)-induced colitis. Biochem. Biophys. Res. Commun. 527, 902-908,
https://doi.org/10.1016/j.bbrc.2020.05.022

10 Choi, L.Y,, Yan, H., Park, Y.K. and Kim, W.K. (2009) Sauchinone reduces oxygen-glucose deprivation-evoked neuronal cell death via suppression of
intracellular radical production. Arch. Pharm. Res. 32, 1599-1606, https://doi.org/10.1007/s12272-009-2113-1

11 Jeong, G.S., Lee, D.S., Li, B., Byun, E., Kwon, D.Y., Park, H. et al. (2010) Protective effect of sauchinone by upregulating heme oxygenase-1 via the P38
MAPK and Nrf2/ARE pathways in HepG2 cells. Planta Med. 76, 41-47, https://doi.org/10.1055/s-0029-1185906

12 Li, B., Lee, D.S., Choi, H.G., Kim, K.S., Kang, D.G., Lee, H.S. et al. (2011) Sauchinone suppresses pro-inflammatory mediators by inducing heme
oxygenase-1in RAW264.7 macrophages. Biol. Pharm. Bull. 34, 1566—1571, https://doi.org/10.1248/bpb.34.1566

13 Kim, H.Y., Choi, T.W., Kim, H.J., Kim, S.M., Park, K.R., Jang, H.J. et al. (2011) A methylene chloride fraction of Saururus chinensis induces apoptosis
through the activation of caspase-3 in prostate and breast cancer cells. Phytomedicine 18, 567-574, https://doi.org/10.1016/j.phymed.2010.10.013

14 Qiao, Y., Yan, L.J. and Yan, C. (2020) Sauchinone inhibits hypoxia-induced epithelial-mesenchymal transition in pancreatic ductal adenocarcinoma cells
through the Wnt/beta-catenin pathway. Anticancer Drugs 31, 918-924, https://doi.org/10.1097/CAD.0000000000000956

15 He, Z., Dong, W., Li, Q., Qin, C. and Li, Y. (2018) Sauchinone prevents TGF-beta-induced EMT and metastasis in gastric cancer cells. Biomed.
Pharmacother. 101, 355-361, https://doi.org/10.1016/j.biopha.2018.02.121

16 Kim, Y.W., Jang, E.J., Kim, C.H. and Lee, J.H. (2017) Sauchinone exerts anticancer effects by targeting AMPK signaling in hepatocellular carcinoma
cells. Chem. Biol. Interact. 261, 108—117, https://doi.org/10.1016/j.cbi.2016.11.016

17 Gong, Q.Z., Xiao, D., Feng, F., Wen, X.D. and Qu, W. (2018) Ent-Sauchinone as potential anticancer agent inhibiting migration and invasion of human
liver cancer cells via suppressing the STAT3 signaling pathway. Chem. Biodivers. 15, e1800024, https://doi.org/10.1002/cbdv.201800024

18 Li, S.Q., Feng, J., Yang, M., Ai, X.P.,, He, M. and Liu, F. (2020) Sauchinone: a prospective therapeutic agent-mediated EIF4EBP1 down-regulation
suppresses proliferation, invasion and migration of lung adenocarcinoma cells. J. Nat. Med. 74, 777787,
https://doi.org/10.1007/s11418-020-01435-4

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons 9
Attribution License 4.0 (CC BY).

¥20¢ I1dy €2 uo 3senb Aq ypd°2901-1202-1SA/8E6226/L901 1.20ZHSE/0 /1 y/4pd-8joile/da1i0s01q/wod JleydIaA|is Hod)/:dpy woly papeojumoq


https://doi.org/10.1038/s41572-019-0111-2
https://doi.org/10.1111/joim.12084
https://doi.org/10.1248/bpb.31.523
https://doi.org/10.1016/j.bbrc.2009.05.039
https://doi.org/10.1016/j.intimp.2013.07.011
https://doi.org/10.1002/jbt.22033
https://doi.org/10.1016/j.intimp.2018.06.041
https://doi.org/10.1016/j.bbrc.2019.11.122
https://doi.org/10.1016/j.bbrc.2020.05.022
https://doi.org/10.1007/s12272-009-2113-1
https://doi.org/10.1055/s-0029-1185906
https://doi.org/10.1248/bpb.34.1566
https://doi.org/10.1016/j.phymed.2010.10.013
https://doi.org/10.1097/CAD.0000000000000956
https://doi.org/10.1016/j.biopha.2018.02.121
https://doi.org/10.1016/j.cbi.2016.11.016
https://doi.org/10.1002/cbdv.201800024
https://doi.org/10.1007/s11418-020-01435-4

™ Bioscience Reports (2021) 41 BSR20211067
.... FF:F?E%ELAND https://doi.org/10.1042/BSR20211067

19 Kleiner, D.E. and Stetler-Stevenson, W.G. (1999) Matrix metalloproteinases metalloproteinases metastasis. Cancer Chemother. Pharmacol. 43 Suppl,
§42-S51, https://doi.org/10.1007/s002800051097

20 Radisky, E.S. and Radisky, D.C. (2015) Matrix metalloproteinases metalloproteinases breast cancer drivers and therapeutic targets. Front. Biosci.
(Landmark Ed.) 20, 1144-1163, https://doi.org/10.2741/4364

21 Ren, F, Tang, R., Zhang, X., Madushi, W.M., Luo, D., Dang, Y. et al. (2015) Overexpression of MMP family members functions as prognostic biomarker
for breast cancer patients: a systematic review and meta-analysis. PLoS ONE 10, e0135544, https://doi.org/10.1371/journal.pone.0135544

22 Duffy, M.J., Maguire, T.M., Hill, A., McDermott, E. and O’Higgins, N. (2000) Metalloproteinases: role in breast carcinogenesis, invasion and metastasis.
Breast Cancer Res. 2, 252-257, https://doi.org/10.1186/bcr65

23 Merdad, A., Karim, S., Schulten, H.J., Dallol, A., Buhmeida, A., Al-Thubaity, F. et al. (2014) Expression of matrix metalloproteinases (MMPs) in primary
human breast cancer: MMP-9 as a potential biomarker for cancer invasion and metastasis. Anticancer Res. 34, 1355-1366

24 Mehner, C., Hockla, A., Miller, E., Ran, S., Radisky, D.C. and Radisky, E.S. (2014) Tumor cell-produced matrix metalloproteinase 9 (MMP-9) drives
malignant progression and metastasis of basal-like triple negative breast cancer. Oncotarget 5, 2736—2749, https://doi.org/10.18632/oncotarget.1932

25 Chang, H.J., Yang, M.J., Yang, Y.H., Hou, M.F,, Hsueh, E.J. and Lin, S.R. (2009) MMP13 is potentially a new tumor marker for breast cancer diagnosis.
Oncol. Rep. 22, 1119-1127

26 Nannuru, K.C., Futakuchi, M., Varney, M.L., Vincent, T.M., Marcusson, E.G. and Singh, R.K. (2010) Matrix metalloproteinase metalloproteinase regulates
mammary tumor-induced osteolysis by activating MMP9 and transforming growth factor-beta signaling at the tumor-bone interface. Cancer Res. 70,
3494-3504, https://doi.org/10.1158/0008-5472.CAN-09-3251

27 Dumortier, M., Ladam, F., Damour, |, Vacher, S., Bieche, I., Marchand, N. et al. (2018) ETV4 transcription factor and MMP13 metalloprotease are
interplaying actors of breast tumorigenesis. Breast Cancer Res. 20, 73, https://doi.org/10.1186/s13058-018-0992-0

28 Zhang, R., Zhu, Z., Shen, W., Li, X., Dhoomun, D.K. and Tian, Y. (2019) Golgi membrane protein 1 (GOLM1) promotes growth and metastasis of breast
cancer cells via regulating matrix metalloproteinase-13 (MMP13). Med. Sci. Monit. 25, 847-855, https://doi.org/10.12659/MSM.911667

29 Sung, N.J., Kim, N.H., Surh, Y.J. and Park, S.A. (2020) Gremlin-1 promotes metastasis of breast cancer cells by activating STAT3-MMP13 signaling
pathway. Int. J. Mol. Sci. 21, 9227, https://doi.org/10.3390/ijms21239227

30 Yoo, H.J., Kang, H.J., Jung, H.J., Kim, K., Lim, C.J. and Park, E.H. (2008) Anti-inflammatory, anti-angiogenic and anti-nociceptive activities of Saururus
chinensis extract. J. Ethnopharmacol. 120, 282—-286, https://doi.org/10.1016/j.jep.2008.08.016

31 Lee, E., Haa, K., Yook, J.M., Jin, M.H., Seo, C.S., Son, K.H. et al. (2006) Anti-asthmatic activity of an ethanol extract from Saururus chinensis. Biol.
Pharm. Bull. 29, 211-215, https://doi.org/10.1248/bpb.29.211

32 Scully, 0.J., Bay, B.H., Yip, G. and Yu, Y. (2012) Breast cancer metastasis. Cancer Genomics Proteomics 9, 311-320

33 Patanaphan, V., Salazar, 0.M. and Risco, R. (1988) Breast cancer: metastatic patterns and their prognosis. South. Med. J. 81, 1109-1112,
https://doi.org/10.1097/00007611-198809000-00011

34 Zhang, B., Cao, X., Liu, Y., Cao, W., Zhang, F., Zhang, S. et al. (2008) Tumor-derived matrix metalloproteinase-13 (MMP-13) correlates with poor
prognoses of invasive breast cancer. BMC Cancer 8, 83, https://doi.org/10.1186/1471-2407-8-83

35 Shi, G., Cheng, Y., Zhang, Y., Guo, R., Li, S. and Hong, X. (2020) Long non-coding RNA LINC00511/miR-150/MMP13 axis promotes breast cancer
proliferation, migration and invasion. Biochim. Biophys. Acta Mol. Basis Dis. 165957, https://doi.org/10.1016/j.bbadis.2020.165957

36 Yao, B., Wang, J., Qu, S., Liu, Y., Jin, Y., Lu, J. et al. (2019) Upregulated osterix promotes invasion and bone metastasis and predicts for a poor
prognosis in breast cancer. Cell Death Dis. 10, 28, https://doi.org/10.1038/s41419-018-1269-3

37 Sendon-Lago, J., Seoane, S., Eiro, N., Bermudez, M.A., Macia, M., Garcia-Caballero, T. et al. (2014) Cancer progression by breast tumors with
Pit-1-overexpression is blocked by inhibition of metalloproteinase (MMP)-13. Breast Cancer Res. 16, 505,
https://doi.org/10.1186/s13058-014-0505-8

38 Ryu, B., Li, Y., Qian, Z.J., Kim, M.M. and Kim, S.K. (2009) Differentiation of human osteosarcoma cells by isolated phlorotannins is subtly linked to
COX-2, iINOS, MMPs, and MAPK signaling: implication for chronic articular disease. Chem. Biol. Interact. 179, 192-201,
https://doi.org/10.1016/j.cbi.2009.01.006

39 Mansoori, B., Mohammadi, A., Hashemzadeh, S., Shirjang, S., Baradaran, A., Asadi, M. et al. (2017) Urtica dioica extract suppresses miR-21 and
metastasis-related genes in breast cancer. Biomed. Pharmacother. 93, 95-102, https://doi.org/10.1016/j.biopha.2017.06.021

40 Im, M., Kim, A. and Ma, J.Y. (2016) Ethanol extract of baked Gardeniae Fructus exhibits in vitro and in vivo anti-metastatic and anti-angiogenic activities
in malignant cancer cells: role of suppression of the NF-kappaB and HIF-1alpha pathways. Int. J. Oncol. 49, 2377-2386,
https://doi.org/10.3892/ij0.2016.3742

41 Hwang, B.Y,, Lee, J.H., Jung, H.S., Kim, K.S., Nam, J.B., Hong, Y.S. et al. (2003) Sauchinone, a lignan from Saururus chinensis, suppresses iNOS
expression through the inhibition of transactivation activity of RelA of NF-kappaB. Planta Med. 69, 1096—1101, https://doi.org/10.1055/s-2003-45189

42 Song, S.Y., Jung, Y.Y., Hwang, C.J., Lee, H.P., Sok, C.H., Kim, J.H. et al. (2014) Inhibitory effect of ent-Sauchinone on amyloidogenesis via inhibition of
STAT3-mediated NF-kappaB activation in cultured astrocytes and microglial BV-2 cells. J. Neuroinflammation 11, 118,
https://doi.org/10.1186/1742-2094-11-118

43 Kay, H.Y., Kim, Y.W.,, Ryu, D.H., Sung, S.H., Hwang, S.J. and Kim, S.G. (2011) Nrf2-mediated liver protection by sauchinone, an antioxidant lignan, from
acetaminophen toxicity through the PKCdelta-GSK3beta pathway. Br. J. Pharmacol. 163, 1653—1665,
https://doi.org/10.1111/j.1476-5381.2010.01095.x

44 Conkright, M.D. and Montminy, M. (2005) CREB: the unindicted cancer co-conspirator. Trends Cell Biol. 15, 457-459,
https://doi.org/10.1016/j.tcb.2005.07.007

45 Lee, AK., Sung, S.H., Kim, Y.C. and Kim, S.G. (2003) Inhibition of lipopolysaccharide-inducible nitric oxide synthase, TNF-alpha and COX-2 expression
by sauchinone effects on I-kappaBalpha phosphorylation, C/EBP and AP-1 activation. Br. J. Pharmacol. 139, 11-20,
https://doi.org/10.1038/sj.bjp.0705231

10 (© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

¥20¢ I1dy €2 uo 3senb Aq ypd°2901-1202-1SA/8E6226/L901 1.20ZHSE/0 /1 y/4pd-8joile/da1i0s01q/wod JleydIaA|is Hod)/:dpy woly papeojumoq


https://doi.org/10.1007/s002800051097
https://doi.org/10.2741/4364
https://doi.org/10.1371/journal.pone.0135544
https://doi.org/10.1186/bcr65
https://doi.org/10.18632/oncotarget.1932
https://doi.org/10.1158/0008-5472.CAN-09-3251
https://doi.org/10.1186/s13058-018-0992-0
https://doi.org/10.12659/MSM.911667
https://doi.org/10.3390/ijms21239227
https://doi.org/10.1016/j.jep.2008.08.016
https://doi.org/10.1248/bpb.29.211
https://doi.org/10.1097/00007611-198809000-00011
https://doi.org/10.1186/1471-2407-8-83
https://doi.org/10.1016/j.bbadis.2020.165957
https://doi.org/10.1038/s41419-018-1269-3
https://doi.org/10.1186/s13058-014-0505-8
https://doi.org/10.1016/j.cbi.2009.01.006
https://doi.org/10.1016/j.biopha.2017.06.021
https://doi.org/10.3892/ijo.2016.3742
https://doi.org/10.1055/s-2003-45189
https://doi.org/10.1186/1742-2094-11-118
https://doi.org/10.1111/j.1476-5381.2010.01095.x
https://doi.org/10.1016/j.tcb.2005.07.007
https://doi.org/10.1038/sj.bjp.0705231

Bioscience Reports (2021) 41 BSR20211067 °
https://doi.org/10.1042/BSR20211067 '. (] EROE%ELAND
°

46 Chavez, K.J., Garimella, S.V. and Lipkowitz, S. (2010) Triple negative breast cancer cell lines: one tool in the search for better treatment of triple
negative breast cancer. Breast Dis. 32, 35-48, https://doi.org/10.3233/BD-2010-0307

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution 1 1
License 4.0 (CC BY).

202 I1dy €2 uo 3s8nb Aq ypd°2901-1.202-1S4/8£6226/L901 L Z02HSS/0 L/ | ¥/4pd-8|d1E/d81105010/W0d"IBYIIBAIIS HOd//:dRY WOl papeojumoq


https://doi.org/10.3233/BD-2010-0307

