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Abstract
Background

Triple-negative breast cancer (TNBC) is the most di�cult cancer to be treated. TNBC expresses high level
of matricellular cysteine-rich protein CYR61/CCN1 that plays a key role in producing cancer metastases
and is an important target for metastasis chemoprevention. Nitric oxide (NO) can covalently bind to the
thiol group of cysteines (termed S-nitrosylation) resulting in regulation of the targeted protein functions.

Methods

Protein S-nitrosylation were detected by biotin-switch assay and western blotting assay. CYR61 protein S-
nitrosylated sites and 3D structure were determined by mass spectrometry and MODELLER software.
Adhesion assay, cell morphology assay, wound healing assay and transwell invasion assay were used to
evaluate effects of CYR61 S-nitrosylation on the cell metastatic ability. In vivo metastasis activity of
CYR61 S-nitrosylation were tested by intravenous injection and mammary xenograft implantation mouse
metastatic models.

Results

S-nitrosylation by GSNO of CYR61 reached a plateau quickly and was con�rmed by spectroscopic
analysis and biotin-switch assay. Mass-spectrometry proteomic analysis revealed that S-nitrosylation
predominantly occurred at Cys100, Cys117, Cys229 and Cys239, resulting in CYR61 structure relaxed and
unstable evidenced by protein structure modeling. S-nitrosylation of MDA-MB-231 cells, their CYR61-
overexpressed and CYR61–silenced counterparts signi�cantly attenuated the metastatic ability of these
cells, including their ability of adhesion, mobility, invasion, and interplay with platelets, and made the
adhered cells unattached. The attenuation in metastatic ability proportionally increased with the degree
of S-nitrosylation to CYR61 naturally-expressed or genetically-manipulated cells, and was demonstrated
in mice, where, S-nitrosylation of these cell lines not only inhibited their acute seeding to lungs after an
intravenous injection, but also inhibited the late development of these cells into the metastatic nodes
after mammary xenograft implantation. Furthermore, orthotopically-implanted MDA-MB-231 developed
mammary tumors and later lung metastasis; whereas, the same cells with S-nitrosylation developed no
tumor and metastasis at all.

Conclusion

we present the �rst evidence that S-nitrosylation of CYR61 can signi�cantly inhibit metastatic
aggressiveness of the TNBC MDA-MB-231 cells. This conceptual creative study opens a new avenue to
prevent the most aggressive TNBC from metastases by S-nitrosylation to CYR61.

Background
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Breast cancer is the most frequently diagnosed cancer and the leading cause of cancer death in females
worldwide, accounting for 23% of the total new cancer cases and 14% of the total cancer deaths. Triple
negative breast cancer (TNBC) lacked the expression of estrogen receptors (ER), progesterone receptors
(PgR) and HER2 accounts for approximately 15% of all breast cancer diagnosis and is responsible for a
great share of mortality [1], few therapeutic strategies are proved e�cient against TNBC once it
metastasizes.

The human cysteine-rich protein 61 (CYR61/CCN1) belongs to the CCN family of genes, and plays a key
role in cancer cell activities, including proliferation, migration, adhesion, invasion, and differentiation, and
survival. This secreted matricellular protein is a member of CCN family, consists of 381 amino acids,
including 38 conserved cysteine [2]. CYR61 is highly expressed in breast cancer, in particular, in the TNBC
cell line MDA-MB-231. The high expression of CYR61 in MDA-MB-231 cells is also demonstrated by our
recent pharmacoproteomic analysis [3, 4].

Nitric oxide (NO) serves as an endogenous signaling molecule, binds to cysteine thiol side-chains in
multiple proteins to form S-nitrosothiols (RSNOs). The covalent addition of an NO group to the thiol group
of cysteine is termed S-nitrosylation, which represents an important cellular regulatory mechanism in
primarily cardiovascular system [5–11]. NO reacts with reducing sulfhydryl group of the sulfhydryl
compounds to produce S-nitrosothiols such as S-nitrosoglutathione (GSNO) and S-nitrosocaptopril [12,
13], which are more stable than NO.

Post-translational modi�cation of proteins plays a critical role in the living body. The biological process
complicates the structure, optimizes the function and elaborates the regulation of proteins to gain their
speci�city. S-nitrosylation of proteins has been shown to confer NO-like biological activities and to
regulate protein functions. S-nitrosylation is precisely targeted with respect to both protein substrates and
speci�c subject to modi�cation under pathophysiological conditions, and is precisely regulated in space
and time by nitrosylating and denitrosylating mechanisms that play the regulatory role in myriad signal
transduction cascades, including hemoglobin [14, 15], G protein-coupled receptors [16], and many others.

Inspired by our previous successes in S-nitrosylation of various molecules, which indeed alter functions
of the tested molecules [13–15], we here examine our hypothesis that S-nitrosylation of CYR61 (CYR61-
SNO) may change CYR61 functionality, resulting in attenuation of character, and reduce the metastatic
aggressiveness of TNBC MDA-MB-231. The study may further reveal the pathophysiological relevance of
CYR61, and discover a new path to overcome CYR61-related TNBC metastasis.

Materials And Methods

Materials
SiRNA-CYR61 and negative SiRNA-control were purchased from Sangon Biotech (Shanghai). Pierce S-
Nitrosylation western blot kit, immobilized anti-TMT Resin and TMT elution buffer were purchased from
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Thermo scienti�c. Anti-CYR61 was from Abcam. The recombinant plasmid of pcDNA3.1-CYR61 was
constructed by our lab.

Cell lines and culture
MDA-MB-231 cells were obtained from American Type Culture Collection (ATCC, Manassas, VA), and were
incubated with Leibovitz’s L-15 medium (Catalog No. 30-2008) containing 10% fetal bovine serum,
100 U/ml penicillin and 100 µg/ml streptomycin at 37℃ in a free gas exchange with atmospheric air.
Human pulmonary microvascular endothelial cells (HPMEC) were purchased from Promocell, and were
cultured in ECM with 10% fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin at 37℃ in
5% CO2 atmosphere.

Construction of Si-CYR61 and OE-CYR61 MDA-MB-231 cells
SiRNA oligos and recombinant plasmid pcDNA3.1-CYR61 were constructed by our lab. SiRNA sequence:
5’-AACAUCAGUGCACAUGTAUUG-3’. CYR61 cDNA cloning primer: sense, 5’-taa aag ctt atg agc tcc cgc atc
gcc ag-3’ and antisense, 5’-ccc ctc gag tta gtc cct aaa ttt gtg aat gtc-3’. Transient transfection of MDA-MB-
231 cells with siRNA oligos (100 pmol) and recombinant plasmid pcDNA3.1-CYR61 (4 µg/well) was
carried out using Lipofectamine®3000 Transfection Reagent Protocol (life technologies), according to
the manufacturer’s instructions. Nontargeting siRNA and empty pcDNA3.1 vector were served as negative
controls, respectively. These cells were harvested 24 h after transfection and used for further analysis.

Biotin switch assay
Biotin-switch assay was performed to verify protein S-nitrosylation [17, 18]. In brief, cell lysates were
diluted with HENS buffer (Pierce) and then treated with methyl methanethiol-sulfonate (MMTS) (Pierce)
in a �nal concentration of 20 mM at room temperature. After 30 min, MMTS was removed by passing the
samples through a spin column three times. The samples were then incubated with ascorbic acid (Pierce)
to release the NO from the thiol group, and were subsequently biotinylated by incubating with biotin-TMT
(Pierce). The biotinylated proteins were then precipitated by incubating the samples with 50 µl of
neutravidin-agarose (Pierce). The neutravidin-agarose was then pelleted and washed 5 times using HENS
buffer. The biotinylated proteins were eluted by TMT-elution buffer (Pierce).

Spectroscopic analysis
MDA-MB-231 s were lysed by RIPA with 1% PMSF, and the cell’s protein concentrations were measured by
BCA. Lysates were treated with 1- and 10-fold acidi�ed NO2

− for 20 min, respectively, and were then
scanned with UV-visible spectroscopy.

S-nitrosylation optimization
The degree of S-nitrosylation (S-nitrosylated protein/total protein) was used to evaluate the trans-
nitrosylation reaction between GSNO and proteins. Brie�y, MDA-MB-231 s and OE-CYR61 MDA-MB-231 s
were cultured with GSNO (10 and 30 µM) for different times and were lysed in HENS buffer. Biotin switch
assay was used to label S-nitrosylated protein with -TMT. The total protein amount was measured by BCA
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assay. The S-nitrosylated proteins were collected by the a�nity resin column and quantitatively measured
by the BCA assay.

Western blotting assay
Western blotting assay was performed to evaluate protein expression levels as we described previously
[19]. Brie�y, MDA-MB-231 cells cultured in the present of GSNO (0, 10 and 30 µM) were lysed by RIPA with
1% PMSF. Antibodies used for western blotting analysis included CYR61 antibody and TMT.
Immunodetection of electrophoresis-resolved proteins was accomplished using the enhanced
chemiluminescence based on the standard protocols. The signal intensity was quanti�ed with a
quantitative digital imaging system (Quantity One, Bio-Rad).

S-nitrosylation veri�cation
MDA-MB-231 s were cultured with GSNO, GSH, and GSNO plus DTT (all 30 µM), respectively. Biotin switch
assay and western blotting assay were performed to detect protein S-nitrosylation. The S-nitrosylated
protein was collected by the a�nity resin column. Western blotting assay was performed to detect CYR61
S-nitrosylation.

Determination of S-nitrosylated Cys in CYR61
S-nitrosation of the recombinant CYR61 was determined liquid chromatography with tandem mass
spectrometry (LC-MS/MS) analysis [20, 21]. Recombinant CYR61 protein (PeproTech) was incubated with
GSNO (30 µM) for 30 min at room temperature. Proteins were trypsinized and desalted by using a C18
desalting column, followed by protein lyophilization. The lyophilized powder was dissolved in solution A
(100% water, 0.1% formic acid) and injected into a C18 Nano-Trap column (2 cm × 75 µm, 3 µm) and
separated by an analytical column (15 cm × 150 µm, 1.9 µm), using a linear gradient elution as listed in
Supplementary Table 1. The separated peptides were analyzed by Q Exactive HF-X mass spectrometer
(Thermo Fisher), with ion source of Nanospray Flex™ (ESI), spray voltage of 2.3 kV and ion transport
capillary temperature of 320 °C. Full scan range from m/z 350 to 1500 with resolution of 60000 (at m/z
200), an automatic gain control (AGC) target value was 3 × 106 and a maximum ion injection time was
20 ms. The top 40 precursors of the highest abundant in the full scan were selected and fragmented by
higher energy collisional dissociation (HCD) and analyzed by the MS/MS, where the resolution was
15000 (at m/z 200), the AGC target value was 1 × 105, the maximum ion injection time was 45 ms, the
normalized collision energy of 27%, the intensity threshold of 2.2 × 104, and the dynamic exclusion
parameter of 20 s. The resulting spectra from each fraction were searched by the search engines:
Proteome Discoverer 2.2 (PD 2.2, Thermo). The search parameters were set as follows: mass tolerance
for precursor ion was 10 ppm and mass tolerance for product ion was 0.02 Da. Carbamidomethyl was
speci�ed in PD 2.2 as �xed modi�cations. Oxidation of methionine and acetylation of the N-terminus
were speci�ed in PD 2.2 as variable modi�cations. The maximum of 2 missed cleavage sites was
allowed. The identi�ed protein contains at least 1 unique peptide with FDR no more than 1.0%.

In vitro cytotoxicity studies
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Cell viability was assessed using MTT assay as we described previously [19, 22, 23]. MDA-MB-231 cells
were trypsinized and seeded on 96-well plates at 8 × 103 cells/well. After 24-h culture and adhesion,
GSNO (0, 10, 50, 100, 200 and 500 µM) was added to the cell culture for another 12-h incubation. Then,
MTT (5 mg/ml, 100-µl per well) was added and incubated for 4 hours. The MTT solution was aspirated
and replaced with 100 µl/well dimethyl sulfoxide solution (DMSO). After 30-min mixing, the plates were
measured at wavelength 570 nm using an in�nite M200 Pro microplate reader (Tecan, Switzerland). Each
experiment was performed in triplicate.

Heterotypic cell adhesion assay
Quanti�cation of MDA-MB-231 cell adhesion to endothelial cells was carried out as we described
previously [3, 23, 24]. Brie�y, HPMECs (105 each well) were grown to con�uence on 24-well plates. Then
TNF-α (�nal concentration 10 ng/ml) was used to activate HPMECs for 4 hours. GSNO (0, 10 and 30 µM)
and Rhodamine 123-labeled MDA-MB-231 cells and their genetically-transfected CYR61 cell lines were co-
cultured with the HPMECs monolayers in each well for 2 hours. Non-adhered MDA-MB-231 s were
removed by PBS wash. Ten random visual �elds for each well were selected and photographed using a
�uorescence microscope (Zeiss Axio Observer A1, Germany). Mean inhibition of adhesion for 10 visual
�elds was calculated by using the equation: % of control adhesion= [the number of adhered cells /the
number of adhered cells in the MDA-MB-231 control group] × 100%. Each experiment was performed in
triplicate.

Cell-matrix adhesion assay
To conduct a cell-matrix adhesion assay, HPMECs were replaced with gelatins, the later was used to
simulate the extracellular matrix. The 24-well plate was coated with 100 µL gelatin per well and incubated
for 24 hours. The gelatin-coated 24-well plates were blocked with PBS containing 1% BSA for 30 min
before the adhesion assay. BSA was thoroughly removed with PBS for three times. Rhodamine 123-
labeled MDA-MB-231 cells and their genetically-transfected CYR61 cell lines were cultured with GSNO (0,
10 and 30 µM) for 2 hours. Non-adhered MDA-MB-231 s were removed by PBS. Ten random visual �elds
for each well were selected and taken pictures using a �uorescence microscope (Zeiss Axio Observer A1,
Germany). Mean inhibition of adhesion for 10 visual �elds was calculated by using the equation: % of
control adhesion= [the number of adhered cells /the number of adhered cells in the MDA-MB-231 control
group] × 100%. Each experiment was performed in triplicate.

Wound healing assay.

Wound healing assay was performed to analyze cell migration in vitro as we described previously[25, 26].
MDA-MB-231 cells and their genetically-transfected CYR61 cell lines were seeded in 12-well plates and
incubated to become con�uent. Sterile tips were used to scratch the cell layers, which were subsequently
washed with PBS for three times, and then cultured with 1 mL of L-15 media containing 2% FBS and
different concentrations (0, 10, 30 µM) of GSNO. The cells were photographed by using a �uorescence
microscope (Zeiss, Germany) at 0, 24 and 48 h. Each experiment was performed in triplicate.
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Cell invasion assay.

Matrigel is the trade name for a gelatinous protein mixture secreted by Engelbreth-Holm-Swarm (EHS)
mouse sarcoma cells. The transwell invasion assay was conducted as we described previously [25]. The
upper chambers of the transwells (24-well, 8 µm pore size) were treated with Matrigel (Becton Dickinson,
Waltham, MA, USA) and air-dried. The lower chambers were �lled with 750 µL of media containing 20%
FBS. MDA-MB-231 cells and their genetically-transfected CYR61 cell lines were seeded at the density of 3 
× 104 per well (200 µL) on the upper chambers in L-15 media containing GSNO (0, 10 and 30 µM) and 1%
FBS. After 24 hours, the cells that had invaded through the Matrigel membrane were stained with crystal
violet, and photographed by using a �uorescence microscope (Zeiss, Germany) (�ve random �elds). Each
experiment was performed in triplicate.

Platelet adhesion assay
Platelet adhesion assay was performed as we described previously [27]. Freshly anticoagulated whole
blood was centrifuged at 200 × g for 10 minutes, and the supernatant (platelet rich plasma, PRP) was
collected followed by centrifugation at 1500 × g for 15 minutes, Platelets were precipitated, and the
supernatant was platelet-poor plasma (PPP). Platelets were resuspended and adjusted to the range of 1–
3 × 106/µL by diluting with autologous PPP. MDA-MB-231 cells and their genetically-transfected CYR61
cell lines were grown to con�uence on 12-well plates, respectively. Then, CFSE-labeled platelets and
GSNO (0, 10 and 30 µM) were co-cultured with the MDA-MB-231 s monolayers in each well, followed by
addition of ADP (20 µM) to stimulate the platelet activation. After 1-hour incubation at 37 °C, non-adhered
platelets and cells were removed by three times of PBS wash. Ten random visual �elds for each well were
selected and photographed by using the Leica TCS SP8 confocal microscope. The mean inhibition of
adhesion for 20 visual �elds was calculated by using the equation: % of control adhesion = [the number
of adhered cells / the number of adhered cells in the MDA-MB-231 control group] × 100%. Each
experiment was performed in triplicate.

Cell morphology assay
MDA-MB-231 cells (2.5 × 104) were cultured with GSNO (30 µM) in a 35-mm cell culture dish (NEST, GBD-
35-20). Morphology change of the cells was analyzed by using a time-lapse photography program of the
leica TCS SP8 confocal microscope.

Mice
BALB/C nude mice (20 ± 2 g, 4–6 weeks old) were purchased from Shanghai SLAC Laboratory and
maintained under clean conditions. Mice were housed in clean, pathogen-free room in an environment
with controlled temperature (26 ℃), humidity (55%), and a 12-hour light/dark cycle, and maintained with
free access to pellet food and water in microinsulator cages. All animals used in the investigation were
handled in accordance with the Guide for the Care and Use of Laboratory Animals (National Research
Council, 1996), and approved by the institutional animal care and use committee of Fuzhou University.
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MDA-MB-231 lung metastasis experiment
The nude mice were divided into nine groups (n = 8 per group). The CFSE-labeled MDA-MB-231 cells and
their genetically-transfected CYR61 cell lines were pre-treated with GSNO (0, 10 and 30 µM) for 30 min
and washed 3 times in PBS. The cells (5 × 106) were resuspended in 200 µl of PBS, and injected into the
lateral tail vein of mice. Four hours after the injections, the nude mice were sacri�ced and their lungs were
excised, and frozen sectioned, and photographed by using the leica TCS SP8 confocal microscope.

In vivo tumor pulmonary metastasis study

The nude mice were divided into treatment groups and control group randomly (n = 8 per group). MAD-
MB-231 s were treated with GSNO (0, 10 and 30 µM) for 30 min and washed 3 times in PBS. The cells (5 
× 106) were resuspended in 200 µl of PBS, and injected into the lateral tail vein of the mice. Ten weeks
after the injection, the nude mice were sacri�ced and their lungs were excised. The number of surface
lung tumor nodules was counted. The lungs were then para�n-embedded and stained with hematoxylin
and eosin (H&E) for histological examination.

In vivo tumor xenograft study

The nude mice were divided into three groups (8–10 per group). MDA-MB-231 cells treated with or
without GSNO were resuspended in 50 µl of PBS, respectively, and injected into mammary fat pad
(group1: MDA-MB-231 s and GSNO-treated MDA-MB-231 cells were injected orthotopically into the
different mammary fat pad of the same immunode�cient mouse; group 2: MDA-MB-231 s were injected
orthotopically into mammary fat pad; group 3: GSNO-treated MDA-MB-231 cells were injected
orthotopically into mammary fat pad). Two weeks after the injections, the tumor growth was observed.
Six weeks after the injections, the nude mice were sacri�ced and their lungs were excised and
photographed.

Statistical analysis
Data are presented as the mean ± standard error of the mean (SEM), or mean ± standard deviations (SD).
Statistical analysis was performed using the student’s t-test and one-way analysis of variance. A P-value
less than 0.05 was considered statistically signi�cant.

Results

Quantitative and qualitative analysis of CYR61 S-
nitrosylation
As shown in Fig. 1, MDA-MB-231 cells and their genetically-manipulated cell lines, which were either
transfected with CYR61-related recombinant plasmid pcDNA3.1-CYR61 to overexpress cysteine-rich
protein 61 (OE-CYR61 MDA-MB-231 cells), or with siRNA oligos (Si-CYR61 MDA-MB-231 cells) to reduce
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CYR61 expression, were exposed to GSNO at 0, 10 and 30 µM for different times in order to determine 1)
the optimal exposure time for intramolecular transfer of NO from GSNO to thiols of CYR61 and the whole
cells; 2) if the trans-S-nitrosylation reaction is GSNO concentration-dependent.

The iodo TMT labeling reagent was added to the whole cell protein to transfer S-nitrosylated molecules
(RSNO) to RS-TMT. The total protein and its RSNO portion were measured by the BCA protein assay and
the biotin-switch assay, respectively. After quantifying the S-TMT group by using the biotin-switch assay,
the RS-TMT protein was obtained from the a�nity resin column following the buffer elution, and
quantitatively determined by the BCA protein assay. Among the RS-TMT protein, the amount of CYR61
was further determined by the CYR61 Western Blotting assay, and was assumed to be equivalent to that
of CYR61-SNO.

To demonstrate that this nitrosylation reaction modi�es proteins of MDA-MB-231 cells, we treated the
tested cell lysis with excess acidi�ed NO2

−. The resultant solutions were scanned with UV-visible
spectroscopy, which showed absorption maxima at 350 and 540 nm, indicative of nitrosation and S-
nitrosylation products formed [11]. The optical absorption density increased proportionally with the
increasing quantities of NO2

− (Fig. 2A).

To �nd out the optimal time for intermolecular transfer of NO from GSNO to cysteine rich protein and the
whole cell protein, we incubated MDA-MB-231 and OE-CYR61 MDA-MB-231 cell lines with GSNO of low
and high concentrations (10 and 30 µM) for different times, and then determined the ratio of S-
nitrosylated protein to the total cell protein for optimizing S-nitrosylation conditions. As shown in Fig. 2B,
the intermolecular transfer of NO from GSNO to the tested cell lines reached the maximum at 30 min of
cell incubation with GSNO. Longer incubation of the cell lines with GSNO did not produce more the trans-
S-nitrosylation reaction, probably because the limited source of GSNO has been exhausted and converted
to GSSG and RSNO, we thus used 30 min as the optimal reaction time for the intermolecular transfer of
NO from GSNO to the tested cell lines throughout the present study. Interestingly, there was trace amount
of S-nitrosylated products detected by the biotin-switch assay at 0 min before addition of GSNO to the
reaction system (Fig. 2B). The trace amount of CYR61-SNO was also shown in Fig. 2D when no GSNO
was added to the reaction system. The noise RSNO detected by the assay may result from the
endogenous RSNO existing in the cells and cell medium, or from the TMT-SR eluted from the a�nity resin
column. Nonetheless, production of CYR61-SNO was GSNO concentration-dependent (Fig. 2D). Figure 2C
showed all the S-nitrosylated proteins detected by the biotin-switch assay in MDA-MB-231 cells treated
with 30 µM of GSNO for 30 min. DTT abolished the trans-S-nitrosylation reaction between GSNO and
thiol-rich protein (the far-right lane of Fig. 2C), and the result is consistent with what we reported that DTT
antagonized vasorelaxation induced by S-nitrosylated cysteine (CysNO) [28]. Included in the same
sample, we also detected CYR61 protein by using the Western Blotting assay speci�c for CYR61. The
result showed that CYR61 amount was proportional to the total RSNO amount in the cells. In addition, the
stain intensity of Western Blotting for CYR61 was directly related to GSNO concentrations of 10 and
30 µM (Fig. 2D), con�rming the formation of CYR61-SNO. We therefore named MAD-MB-231 and its alike
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samples treated with 0, 10 and 30 µM of GSNO as the control, low and high CYR61-SNO for clear
presentation of the present study.

To further explore if the speci�c S-nitrosylation occurred at CYR61, we incubated the three cell lines
expressing low, medium, and high levels of CYR61 with 30 µM of GSNO for 30 min along with their non-
targeting siRNA and empty pcDNA3.1 vector as the controls, and measured the CYR61-SNO produced
from each of the cell lines. As shown in Fig. 2E, Si-CYR61 MDA-MB-231 cells produced signi�cantly lesser
CYR61-SNO than MDA-MB-231 cells (47% vs. 100%). By contrast, OE-CYR61 MDA-MB-231 cells produced
signi�cantly more CYR61-SNO than MDA-MB-231 (236% vs. 100%), re�ecting the speci�c trans-S-
nitrosylation mainly from GSNO to CYR61.

To con�rm that there was no cytotoxic effect with 30 µM of GSNO that would otherwise kill the tested
cells directly, we conducted the cell viability study by using a broad range of GSNO from 10 µM- 500 mM.
As shown in Fig. 2F, we could not reach the IC50 value (the concentration causing 50% growth inhibition
of the cells) GSNO, con�rming that the effects of GSNO on cell activities observed in the present study
result directly from its biological S-nitrosylation e�cacy, not from any apoptotic or cytotoxic effect.

S-nitrosylation of cysteine residues in CYR61 and thereafter
To identify which cysteine residues were speci�cally S-nitrosylated, we incubated the recombinant CYR61
protein with GSNO (30 µM) for 30 min, and determined the site S-nitrosylation reaction by using LC-
MS/MS based proteomic analysis [23]. As shown in Fig. 3A, cysteine residues at 100, 117, 229 and 239
were found to be S-nitrosylated, respectively, and the S-nitrosylated sites in the primary structure of
CYR61 were red-highlighted in Fig. 3B. The four residues may represent the important functions of CYR61
as we showed with other Cys-containing proteins before [11, 14]. MODELLER software was then used for
comparative modeling of CYR61 protein 3D structure before and after S-nitrosylation. Since the 3D
structure of CYR61 protein is unknown, we extracted various pieces of the similar short structural
fragments from the known protein library for comparative docking analysis[29]. Figure 3C shows the 3D
structure of CYR61 protein subunit 1 (Glu96-Asp164) and subunit 2 (Lys228 -Gly273). Surprisingly, after
S-nitrosylation, MODELLER could not build a stable structure of the two subunits, suggesting that S-
nitrosylation make CYR61 structure relaxed and less stable.

S-nitrosylation down-regulates CYR61 adhesion ability
CYR61 plays an important role in cellular adhesion. To test if S-nitrosylation of the cysteine-rich molecule
could change the adhesion ability of MDA-MB-231, we incubated MDA-MB-231, OE-CYR61-MDA-MB-231,
and Si-CYR61-MDA-MB-231, respectively, with gelatin (Fig. 4A and Supplementary Fig. 1) or HPMECs
(Fig. 4B and Supplementary Fig. 2) in the presence and absence of GSNO, and measured the change in
adhesion ability of these cell lines.

As shown in Fig. 4A and compared with the untreated normal MDA-MB-231 control, S-nitrosylation
signi�cantly reduced adhesion of MDA-MB-231 cells to gelatin by 70% and 60% (low and high CYR61-
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SNO), respectively. OE-CYR61 MDA-MB-231 adhered more to gelatin than the untreated MDA-MB-231
control (130%). After S-nitrosylation, the aggressive adhesion ability of OE-CYR61 MDA-MB-231 cells
signi�cantly reduced to 58% (high CYR61-SNO) in comparison with the untreated OE-CYR61 MDA-MB-231
cells, which was 72% reduction from the untreated control. In comparison with the untreated MDA-MB-
231 control, Si-CYR61 MDA-MB-231 adhered less to gelatin (88%), and S-nitrosylation signi�cantly
reduced the adhesion ability of Si-CYR61 MDA-MB-231 cells to 63% (high CYR61-SNO) in comparison
with the untreated Si-CYR61 MDA-MB-231 cells, which was 25% reduction from the untreated Si-CYR61
MDA-MB-231 control.

As shown in Fig. 4B and compared with the untreated MDA-MB-231 control, S-nitrosylation signi�cantly
reduced heterotypic adhesion of MDA-MB-231 cells to HPMECs to 73% and 52% (low and high CYR61-
SNO), respectively. OE-CYR61 MDA-MB-231 adhered more to HPMECs than the untreated MDA-MB-231
control (129%). After S-nitrosylation, the aggressive adhesion ability of OE-CYR61 MDA-MB-231 cells
signi�cantly reduced to 75% and 49% (low and high CYR61-SNO), respectively, in comparison with the
untreated OE-CYR61 MDA-MB-231 cells, which was 80% reduction from the untreated control. In
comparison with the untreated MDA-MB-231 control, Si-CYR61 MDA-MB-231 adhered less to HPMECs
(85%), and S-nitrosylation signi�cantly reduced the adhesion ability of Si-CYR61 MDA-MB-231 cells to
55% (high CYR61-SNO) in comparison with the untreated Si-CYR61 MDA-MB-231 cells, which was 30%
reduction from the untreated Si-CYR61 MDA-MB-231 control.

CYR61 S-nitrosylation inhibits migration and invasion ability
of MDA-MB-231
Migration and invasion are the key steps of the breast cancer metastatic cascade. To examine if CYR61
S-nitrosylation could attenuate the aggressive metastatic ability of MDA-MB-231, we further tested the
effect of CYR61 S-nitrosylation on cell motility (Fig. 4C-D). After 48 h incubation of the three cell lines
with low and high levels of GSNO, the ability of the three cell lines to migrate to heal the scratch wound
was signi�cantly attenuated: the average migration distance of the MDA-MB-231 control was 252 nm; the
MDA-MB-231 of low CYR61-SNO, 204 nm; and the MDA-MB-231 of high CYR61-SNO, 153 nm.
Overexpression of CYR61 signi�cantly enhanced the migration ability of the cells: the average migration
distance of the OE-CYR61 MDA-MB-231 control was 304 nm; the OE-CYR61 MDA-MB-231 of low CYR61-
SNO, 255 nm; and the OE-cry61 MDA-MB-231 of high CYR61-SNO, 161 nm. By contrast, CYR61
knockdown signi�cantly alleviated the migration ability of the cells: the average migration distance of the
Si-CYR61 MDA-MB-231 control was 220 nm; the Si-CYR61 MDA-MB-231 of low CYR61-SNO, 174 nm; and
the Si-cry61 MDA-MB-231 of high CYR61-SNO, 153 nm. Si-CYR61 MDA-MB-231 migration distance was
shortened from 220 nm, 174 nm to 153 nm, respectively. CYR61 overexpression increased migration
distance and CYR61 knockdown reduced. In general, compared with MDA-MB-231 cells, the migration
ability of OE-CYR61 MDA-MB-231 was relatively strong, and that of Si-CYR61 MDA-MB-231 was relatively
weak. The % inhibition by CYR61 S-nitrosylation of migration ability was thus more signi�cant in OE-
CYR61 MDA-MB-231 than in Si-CYR61 MDA-MB-231 (Fig. 4C-D).
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CYR61 S-nitrosylation reduced the invasion ability of the aggressive MDA-MB-231 cells. Overexpressed
CYR61 enhanced the invasion ability of the transfected cells as evidenced by that more OE-CYR61 MDA-
MB-231 cells passed through the transwell membrane micropores than the Si-CYR61 MDA-MB-231 cells.
On the other hand, the degree of invasion reduction by the CYR61 S-nitrosylation was more signi�cant in
OE-CYR61 MDA-MB-231 cells than in Si-CYR61 MDA-MB-231 cells as shown in Fig. 4E-F. For example, for
MDA-MB-231 cells, the invasion ability was reduced to 47% (low CYR61-SNO) and 24% (high CYR61-SNO)
from the control, respectively. The invasion ability of OE-CYR61 MDA-MB-231 cells was reduced to 80%
(low CYR61-SNO) and 21% (high CYR61-SNO), a fall of 125% from the OE-CYR61 MDA-MB-231 control.
The invasion ability of Si-CYR61 MDA-MB-231 cells were changed by S-nitrosylation as well, but to a
lesser degree in comparison with the overexpressed CYR61 cells because the former have lesser CYR61
available to be S-nitrosylated than the latter.

CYR61 S-nitrosylation inhibits adhesion between MDA-MB-
231 and platelet and changes the cell morphology
Interplay between cancer cells and platelets often results in the so-called tumor cell-induced platelet
aggregation (TCIPA) [30], which enhances the metastatic ability of cancer cells. Oppositely, GSNO inhibits
aggregation of platelets[31]. We here explored the possibility that CYR61 S-nitrosylation could inhibit
interplay between platelets and MDA-MB-231. We �rst grew MDA-MB-231 and its CYR61-transfected cell
lines on the 24-well plate to > 80% con�uence, and then we added GSNO and the ADP-activated platelets
that were labelled with CFSE (carboxy�uorescein diacetate succinimidyl ester) to the plates for 30-min
incubation. After 1-hour incubation, we washed out the unattached CFSE-labelled platelets, and
quantitated those platelets attached to the cancer cells. As shown in Fig. 5, the ADP-activated platelets
adhered to the cells. In comparison with MDA-MB-231 cells, OE-CYR61 MDA-MB-231 increased, but Si-
CYR61 MDA-MB-231 decreased their adhesion with platelets, indicating the key role of CYR61 in the
biological adhesion. CYR61 S-nitrosylation attenuated the adhesion, and the attenuation was dependent
on the degree of CYR61 S-nitrosylation (Fig. 5A-B). As a result, the reduction in the adhesion was more
signi�cant in OE-CYR61 MDA-MB-231 cells, and less signi�cant in Si-CYR61 MDA-MB-231 cells. The
upper panel of Fig. 5A showed the CFSE-labeled platelets adhered to these cell lines. The middle panel
showed the MDA-MB-231 and their transfected cells under bright �elds (BF) of �uorescence microscopy,
and the lower panel showed the interplay between the platelets and the MDA-MB-231, as well as their
transfected cells after merging the upper and middle images. The above data demonstrated the
important role of CYR61 S-nitrosylation in attenuating the interplay between platelets and cancer cells.

To determine if the non-toxic concentration of GSNO (30 µM) could change the morphology of MDA-MB-
231, we watched the cell behaves carefully under confocal microscopy focusing on the same spot of
MDA-MB-231 cells. The observation revealed separation effect of S-nitrosylation against adhesion ability
of CYR61 per se (Fig. 5C). GSNO gradually changed the cell body from spindle to more round shape (see
the arrows). More interestingly, the originally adhered cells became separated from each other after GSNO
treatment (see the square), suggesting that S-nitrosylation change the adhesion/invasion characters of
MDA-MB-231 conferred by CYR61.
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CYR61 S-nitrosylation reduced mouse lung metastasis by
MDA-MB-231
To test if the in vitro inhibition by CYR61 S-nitrosylation of metastatic behaves of MDA-MB-231 cells
could be reproduced in vivo, we cultured enough amounts of these cell lines, and incubated them with
GSNO for 30 min and removed GSNO completely before tail injection of the treated cells to BALB/C nude
mice. Four hours after the cell injections, we examined the acute adhesion and accumulation of the three
cell lines in mouse lungs. As shown in Fig. 6A-B, OE-CYR61 MDA-MB-231 cells adhered more, but Si-
CYR61 MDA-MB-231 cells adhered less to mouse lungs in comparison with MDA-MB-231 cells. Treatment
of the cell lines with GSNO signi�cantly weakened the metastatic aggressiveness of the cells with the
CYR61-overexpressed cells being affected most. We left the same batch of the mice alive for examining
the subacute formation of the tumor nodes in the mouse lungs 4 weeks after cell injections. As shown in
Fig. 6C-D, 30-min GSNO treatment signi�cantly reduced the number of tumor nodes induced by MDA-MB-
231 cells in a GSNO-concentration dependent manner. Both microscopic examination for micrometastatic
foci and HE staining for tumor section (Fig. 6D) further con�rmed that, once CYR61 protein was S-
nitrosylated, the metastatic aggressiveness of MDA-MB-231 cells could be signi�cantly attenuated.

To further test our hypothesis that S-nitrosylation of CYR61 may attenuate the metastasis
aggressiveness of NTBC MDA-MB-231 cells, both the GSNO-treated (30 µM, 30 min) and untreated MDA-
MB-231 cells from the same batch were injected orthotopically into the different mammary fat pad of the
same immunode�cient mouse. After 2 weeks of the implantation, the untreated MDA-MB-231 cells grew
aggressively in the mammary fat pad (left side) and reached an average tumor diameter of 108 ± 23 mm
(n = 8) (Fig. 6E). Whereas, the same cell population treated with GSNO grow smaller tumor of 36 ± 18 mm
in the right pad (Fig. 6F). Furthermore, the untreated MDA-MB-231 cells were more metastatic to the lungs
from the orthotopic site 6 weeks after the primary tumor resection and the same cells treated with GSNO
produced no lung metastasis at all, recapitulating the phenotypes observed with the tail vein metastasis
assay. The in vivo data suggest that S-nitrosylation of CYR61 attenuate TNBC metastasis ability
(Fig. 6G).

Discussion
The present study demonstrates that, for the �rst time, S-nitrosylation of the cysteine-rich CYR61 protein
leads to attenuation of the in vitro adhesion/invasion ability of the TNBC MDA-MB-231 cells (Fig. 3–5),
and their in vivo metastatic potential in the circulating cancer cell model and the mammary
orthotopically-implanted metastatic model (Fig. 6). S-nitrosylation of CYR61 impaired the extravasation
of the circulating MDA-MB-231 cells to the lung during the �rst 4 hours after tail vein injection (Fig. 6A-B),
and signi�cantly inhibited cancer metastasis induced by the circulating cancer cells to lungs after 10-
week observation (Fig. 6).

Overexpression of the matricellular protein CYR61 was associated with more aggressive adhesion,
migration and motility of MDA-MB-231 cells in comparison with their non-transfected MDA-MB-231 cells.
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Whereas, silencing of CYR61 decreased the adhesion, migration and motility of the cells (Fig. 3–5),
indicating the importance of CYR61 as a culprit in inducing cancer metastasis. The matricellular protein
CYR61 contains unusually high cysteine residue content (10% or 38 in total), and is exquisitely sensitive
to a wide range of microenvironmental perturbations. Its transmembrane conserved cysteine can be
easily modi�ed by the S-nitrosylation and the present proteomic analysis (Fig. 3) reveals that the S-
nitrosylation site occurred primarily at cysteine residues 100, 117, 229 and 239 of CYR61, resulting in
relaxed CYR61 and its less stability. The result is further supported by the fact that after S-nitrosylation,
MDA-MB-231 cells became unattached (Fig. 5C). Indeed, incubation of the CYR61-overexpressed MDA-
MB-231 cells with GSNO for a short period inhibited the cells’ metastatic ability more signi�cantly than
MDA-MB-231 and their CYR61 silenced cell lines, and the inhibition was GSNO concentration-dependent
(Fig. 4). Our �ndings strongly suggest the key role of the cysteine-rich CYR61 in causing cancer
metastasis, and the novel strategy to antagonize the relevant metastasis by S-nitrosylation of CYR61.

Once trans-S-nitrosylation from GSNO to CYR61 was completed, or reached a plateau with a well-
balanced RSNO/ protein stoichiometry, the S-nitrosylation of CYR61 could be maintained in equilibrium
for at least 24 h as shown in Fig. 2A. S-nitrosylation confers the cells with NO-like biological activities, in
particular, against platelet aggregation. Platelets are considered pro-metastatic by forming a physical
shield around circulating tumor cells to promote cell adhesion and prevent circulating tumor cells from
attack by natural killer cells [32, 33]. As shown in Fig. 5A-B, the adhesion between platelets and the tested
cell lines were signi�cantly attenuated by S-nitrosylation, which also kept the MDA-MB-231 cells apart
(Fig. 5C).

Although reactivity and functional consequences of nitrosylation could occur at a variety of nucleophilic
centers in proteins, biochemical analyses show that nitrosylation with thiols is the most reactive
functionality [11]. Polynitrosylation by exposing the MDA-MB-231 cellular membrane to molar excess
acidi�ed nitrite showed spectroscopic characteristic peaks at 345 nm and 540 nm (Fig. 2), indicative of
nitrosation and S-nitrosylation formations, respectively [11, 14]. The speci�city for S-nitrosylation reaction
was also demonstrated by the biotin switch assay [34] under well-controlled conditions and with
appropriate controls. The speci�city for S-nitrosylated CYR61 was quantitatively determined by
subtracting the CYR61 amount from the total S-nitrosylated proteins measured by the Western Blotting
assay. It is important to note that CYR61 has 38 conserved cysteine residues. Thus, there is the possibility
of, as yet undiscovered, distinct effects of these cysteine residues on CYR61 activity and function by
nitrosylation at these cysteine residues. S-nitrosylation of these individual cysteine residues may be
differentially regulated, perhaps as a result of their association with different pools of endogenous nitric
oxide synthase. S-nitrosylation signaling reactions are argued to play important modulatory roles in
mediating the actions of NO in health and various diseases. Nonetheless, the present novel �ndings
demonstrate that both endogenous and exogenous S-nitrosylation of CYR61 can operate in concert to
attenuate the metastatic aggressiveness of the cysteine-rich TNBC, which offer new therapeutic
implications.
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Conclusions
In summary, our current work elucidated the key role of CYR61 S-nitrosylation in inhibiting TNBC
metastasis. We demonstrated that S-nitrosylation of CYR61 protein leads to attenuation of the in vitro
adhesion/invasion ability and in vivo metastatic aggressiveness of the TNBC MDA-MB-231 cells. This
conceptual creative study opens a new avenue to prevent the most aggressive TNBC from metastases by
S-nitrosylation to CYR61.
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Figure 1

Work�ow for quantifying S-nitrosylated CYR61 in MDA-MB-231 and its genetically-transfected cell lines.
MDA-MB-231 cells and their genetically-transfected CYR61 cell lines were exposed to GSNO (10 and 30
µM) for different times to transfer cellular thiols to S-nitrosylated molecules (RSNO). The iodo TMT
labeling reagent was added to the whole cell protein to transfer RSNO to RS-TMT. The total protein and its
RSNO portion were measured by the BCA protein assay and the biotin-switch assay (for quantifying the S-
TMT group), respectively. The RS-TMT protein was collected by the a�nity resin column, and was
quantitatively measured by the BCA assay. The amount of CYR61 including the RS-TMT protein was
further determined by the CYR61 Western Blotting assay, and was assumed to be equivalent to that of
CYR61-SNO.
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Figure 2

S-nitrosylation by GSNO of total MDA-MB-231 thiol protein, CYR61 protein and resulting cell viability. A.
UV-visible spectroscopic characterization of S-nitrosylated CYR61; MDA-MB-231 lysates were treated with
NO2- and then spectroscopically scanned, showing two characteristic peaks at 350 nm for nitrosation,
and 540 nm for S-nitrosylation. B. S-nitrosylation dynamics of the total thiol protein (RS-NO) in MDA-MB-
231 and CYR61-overexpressed MDA-MB-231 cell lines (OE-CYR61 MDA-MB-231). The S-nitrosylation was
induced by GSNO (10, 30 µM) and measured by using the biotin-switch method against the total protein
at assigned time points following S-nitrosylation. C. S-nitrosylation of the total protein and its
proportionated CYR61 protein in MDA-MB-231 cells after 30-min treatments with GSNO, GSH, and GSNO
plus DTT (all 30 µM), respectively. The proportional S-nitrosylated CYR61 was demonstrated by the
biotin-switch assay and the anti-CYR61 Western Blotting analysis (the lowest panel). D. GSNO
concentration-dependent CYR61 S-nitrosylation demonstrated by the biotin-switch assay and the anti-
CYR61 Western Blotting analysis. E. Relative amount of S-nitrosylated CYR61 by 30 µM GSNO in MDA-
MB-231 cell lines with CYR61 genetically-silenced or –overexpressed. F. Very low cytotoxicity of GSNO to
MDA-MB-231 cells; at 10 and 30 µM, GSNO produced almost no toxic effect on MDA-MB-231 cells. The
data represent mean± SEM (n = 3), **, P< 0.01 vs. the controls.
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Figure 3

Proteomic and docking analyses of S-nitrosylated cysteine residues in CYR61. A. S-nitrosation of
recombinant CYR61 protein was detected by using LC-MS/MS. Sequence-in-formative fragmentation ions
were summarized on the peptide sequence and annotated in red (b-ions) and blue (y-ions). B. Protein
sequence of human CYR61 and its S-nitrosylated sites (red-highlighted). C. The 3D structure of the CYR61
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protein subunit 1 (Glu96-Asp164) and subunit 2 (Lys228-Gly273) were modeled by using MODELLER
software.

Figure 4

CYR61 S-nitrosylation inhibited adhesion, migration and invasion of MDA-MB-231 cell lines. A and B.
Quantitative analysis of the effect of CYR61 S-nitrosylation by GSNO (10, 30 μM; i.e., low and high
CYR61-SNO) on adhesion of the cell lines expressing high and low CYR61 (OE-CYR61 MDA-MB-231 and
Si-CYR61 MDA-MB-231) to Matrigel (A) and HPMECs (B). C. Quantitative analysis of the effect of S-
nitrosylation on cell migration of MDA-MB-231, OE-CYR61 MDA-MB-231 and Si-CYR61 MDA-MB-231
treated with GSNO of 10 and 30 μM (i.e., low and high CYR61-SNO) for 24 h. D. Representative images
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showing that cell migration of MDA-MB-231, OE-CYR61 MDA-MB-231 and Si-CYR61 MDA-MB-231 was
slowed down by S-nitrosylation. E. Quantitative analysis of the effect of S-nitrosylation on invasion of
MDA-MB-231, OE-CYR61 MDA-MB-231 and Si-CYR61 MDA-MB-231 treated with GSNO (0, 10 and 30 μM)
for 48 h. F. Representative images showing that the invasion ability of the tested cells was attenuated
after S-nitrosylation. The data are expressed as the mean± SEM (n=3). **, P< 0.01 vs. the untreated
controls.

Figure 5
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CYR61 S-nitrosylation inhibited adhesion between platelets and MDA-MB-231 cell lines. A. Representative
images showing that adhesion between platelets and the tested cell lines was attenuated after S-
nitrosylation. The upper panel showing that the CFSE-labeled platelets adhered to the tested cell lines
with or without S-nitrosylation. The middle panel shows the MDA-MB-231 and their transfected cells
under bright �elds (BF) of �uorescence microscopy. The lower panel shows adhesion between the ADP-
activated platelets and MDA-MB-231 cells, or their transfected cells after washing out all the unattached
platelets. B. Quantitative analysis of the effect of S-nitrosylation on adhesion between platelets and MDA-
MB-231, OE-CYR61 MDA-MB-231 and Si-CYR61 MDA-MB-231 treated with GSNO of 10 and 30 μM (i.e.,
low and high CYR61-SNO) for 24 h. C. Confocal microscopy images focused on the same spot to show
the morphological changes of the same MDA-MB-231 cells with time after S-nitrosylation. Note, the cell
body changed from spindle to more round shape (see the arrows), and the attached cells gradually
became unattached after GSNO treatment (see the squares). The data are expressed as the mean± SEM
(n=3). **, P< 0.01 vs. the untreated controls. The images represent �ve individual observations (scale bar
50 μm). CFSE, carboxy�uorescein diacetate succinimidyl ester.

Figure 6

Effects of CYR61 S-nitrosylation on in vivo metastasis of MDA-MB-231 cell lines. A. Quantitative analysis
of the acute adhesion and accumulation of three MDA-MB-231 cell lines in lungs of female BALB/C nude
mice 4 hours after tail vein injections of the cells (n= 5/group). The three cell lines were pretreated with
GSNO (0, 10 and 30 μM) for 30 min followed by washing the GSNO off before injections of the cells into
the mice. B. Representative images of the acute lung adhesion and accumulation of the three cell lines
with or without 30-min pretreatment with GSNO (30 μM). C. Photography evidence (upper panel) of
mouse lung metastasis and the corresponding HE histology staining (lower panel) ten weeks after
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injection of MDA-MB-231 cells with or without 30-min pretreatment with GSNO (0, 10 and 30 μM). D.
Number of tumor nodes formed by MDA-MB-231 cells ten weeks after their injections via tail vein into
female BALB/C nude mice (n= 8-10/group). The cells were pretreated with GSNO (0, 10 and 30 μM) for 30
min followed by washing GSNO off before cell injections. High level of S-nitrosylation signi�cantly
attenuated lung metastasis by MDA-MB-231 cells. E. Quantitative analysis of the tumor diameter of 2
weeks after injections of untreated MDA-MB-231 cells (Control) and the GSNO-treated MDA-MB-231 cells
(high CYR61-SNO) to mammary fat pad. The GSNO-treated MDA-MB-231 cells resulted in no lung
metastasis 6 weeks after the implantation, whereas, MDA-MB-231 cells produced the positive metastasis.
F. Representative photograph shows orthotopic primary tumor formation 2 weeks after injections of MDA-
MB-231 cells (left mammary fat pad) and the GSNO-treated MDA-MB-231 cells (right mammary fat pad)
to the same nude mouse, respectively. Smaller tumor formation on the right mammary fat pad (n=
8/group). G. S-nitrosylation of the cysteine-rich CYR61 protein leads to attenuation of the
adhesion/invasion/metastasis ability of the triple-negative breast cancer (TNBC) MDA-MB-231 cells. The
data are expressed as the mean± SEM. *, P< 0.05; **, P< 0.01, and ***, P< 0.001 vs. the untreated controls.


