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S-Nitrosylation in endothelial cells 
contributes to tumor cell adhesion 
and extravasation during breast cancer 
metastasis
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Abstract 

Background Nitric oxide is produced by different nitric oxide synthases isoforms. NO activates two signaling path‑
ways, one dependent on soluble guanylate cyclase and protein kinase G, and other where NO post‑translationally 
modifies proteins through S‑nitrosylation, which is the modification induced by NO in free‑thiol cysteines in proteins 
to form S‑nitrosothiols. High levels of NO have been detected in blood of breast cancer patients and increased NOS 
activity has been detected in invasive breast tumors compared to benign or normal breast tissue, suggesting a posi‑
tive correlation between NO biosynthesis, degree of malignancy and metastasis. During metastasis, the endothelium 
plays a key role allowing the adhesion of tumor cells, which is the first step in the extravasation process leading 
to metastasis. This step shares similarities with leukocyte adhesion to the endothelium, and it is plausible that it may 
also share some regulatory elements. The vascular cell adhesion molecule‑1 (VCAM‑1) expressed on the endothe‑
lial cell surface promotes interactions between the endothelium and tumor cells, as well as leukocytes. Data show 
that breast tumor cells adhere to areas in the vasculature where NO production is increased, however, the mecha‑
nisms involved are unknown.

Results We report that the stimulation of endothelial cells with interleukin‑8, and conditioned medium from breast 
tumor cells activates the S‑nitrosylation pathway in the endothelium to induce leukocyte adhesion and tumor cell 
extravasation by a mechanism that involves an increased VCAM‑1 cell surface expression in endothelial cells. We 
identified VCAM‑1 as an S‑nitrosylation target during this process. The inhibition of NO signaling and S‑nitrosylation 
blocked the transmigration of tumor cells through endothelial monolayers. Using an in vivo model, the number 
of lung metastases was inhibited in the presence of the S‑nitrosylation inhibitor N‑acetylcysteine (NAC), which 
was correlated with lower levels of S‑nitrosylated VCAM‑1 in the metastases.

Conclusions S‑Nitrosylation in the endothelium activates pathways that enhance VCAM‑1 surface localization to pro‑
mote binding of leukocytes and extravasation of tumor cells leading to metastasis. NAC is positioned as an important 
tool that might be tested as a co‑therapy against breast cancer metastasis.
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Background
Nitric oxide (NO) is a labile gas (approximate half-life of 
5 s) that regulates different physiological functions in the 
organism [52]. It is produced by three different isoforms 
of nitric oxide synthases: endothelial (eNOS, mainly 
expressed in endothelium), inducible (iNOS, mainly 
expressed in the immune system) and neuronal (nNOS, 
expressed in the nervous system) [22]. NO produced by 
these isoforms exerts its functions through (a) the activa-
tion of soluble guanylate cyclase (GCs) or (b) the post-
translational modification of proteins through a process 
called S-nitrosylation, which consists of the coupling of a 
NO molecule to free thiol groups of protein cysteine resi-
dues, forming an S-nitrosothiol. This post-translational 
modification regulates protein interactions, protein 
phosphorylation and protein traffic [27, 42, 48, 55].

Breast cancer is the second most common cancer in 
women (https:// www. cancer. gov/ types/ breast). Increased 
NOS activity (eNOS, iNOS) and NO levels have been 
detected in metastatic breast tumors compared to benign 
or healthy breast tissue, suggesting a positive correlation 
between NO biosynthesis and degree of malignancy [47, 
71, 79]. Moreover, the inhibition or genetic deletion of 
eNOS or iNOS in animal models of breast cancer reduces 
tumor growth and metastasis [26, 30]. Most communica-
tions show a positive role of NO and S-nitrosylation at 
the beginning of tumor formation and at the early stages 
of metastasis [61, 69], although other reports indicate an 
inhibitory role of S-nitrosylation [9, 45, 54]. This had led 
to the notion that NO plays a double-edged role in breast 
cancer [47]. Metastasis research has focused mainly on 
tumor cells and how S-nitrosylation of tumor proteins 
leads to the activation of early steps in the metastasis, 
such as epithelial to mesenchymal transition, migration 
and invasion [50, 69]. However, it is unknown whether 
later stages of metastasis, such as extravasation of tumor 
cells, where the endothelium plays a fundamental role, 
can be regulated by S-nitrosylation.

Endothelial cells regulate the binding and extravasation 
of cancer cells in the metastatic site [63, 70]. The attach-
ment of cancer cells to the endothelium is the first step 
of the extravasation process. Cytokines and other fac-
tors produced by the primary tumor, circulating tumor 
cells and cells in the metastatic microenvironment pro-
mote binding between tumor cell integrins and endothe-
lial adhesion molecules [51, 66, 80]. VCAM-1 in the 
endothelium participates actively in the metastatic pro-
cess in different types of cancer, including breast cancer, 
by promoting adhesion of tumor cells to the endothelium, 

transmigration through endothelial monolayers and 
metastasis formation [34, 60, 65, 72, 78]. Alternatively, 
VCAM-1 in the endothelium also binds to monocytes 
and neutrophils that may bind tumor cells [37, 64, 66]. In 
fact, neutralizing VCAM-1 antibodies inhibit neutrophil 
and cancer cell infiltration and metastasis in in vivo mod-
els of breast cancer and melanoma [21, 78].

The fact that breast cancer cells adhere to sites of 
microcirculation that show an increase in NO produc-
tion [83] suggest that the NO in the endothelium plays 
a key role during metastasis. The aim of this work was to 
investigate how eNOS-induced NO regulates endothe-
lial function to promote metastasis. We demonstrated 
that IL-8 (a main cytokine produced by tumor cells) [20] 
and secreted factors from breast cancer cells activate NO 
signaling in the endothelium. The mechanism involves 
the increase in cell surface expression of VCAM-1 in the 
endothelium and VCAM-1-S-nitrosylation. Treatment 
with l-Nω-methylarginine (l-NMA, NOS inhibitor) and 
N-acetyl cysteine (NAC, an antioxidant that also inhib-
its S-nitrosylation) inhibited endothelial VCAM-1 cell 
surface expression, VCAM-1-S-nitrosylation, tumor cell 
transmigration through the endothelium and metastasis 
formation. Our results demonstrate that S-nitrosylation 
in the endothelium is an important regulator in the pro-
cess of extravasation during metastasis and that tackling 
S-nitrosylation in the endothelium might be an impor-
tant therapeutic strategy to control metastasis.

Results
IL‑8 and conditioned medium from MDA‑MB‑231 cells 
induce leukocyte adhesion activating NO signaling
The adhesion of tumor cells to the endothelium shares 
similarities with the adhesion of leukocytes to the 
endothelium, but the role of NO in these processes is 
unknown. For this reason, we first focused on testing 
whether NO signaling regulates leukocyte adhesion to 
the endothelium. We used the mouse cremaster muscle 
to study leukocyte adhesion in vivo by intravital micros-
copy. IL-8 and conditioned medium from MDA-MB-231 
cells (MDA-CM) were applied topically to the cremaster 
muscle. IL-8 induced a significant increase in the number 
of leukocytes adhering to the endothelium (Fig.  1A, C). 
The inhibition of NO signaling with l-NMA before IL-8 
application blocked this effect (Fig.  1A, C). Stimulation 
with MDA-CM also induced leukocyte adhesion to the 
endothelium, and it was also dependent on NO signaling 
(Fig. 1B, D). To demonstrate the involvement of eNOS-
derived NO, we measured eNOS activation using eNOS 

https://www.cancer.gov/types/breast
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phosphorylation at Ser 1177 in  vitro as index of activa-
tion of the enzyme. IL-8 and MDA-CM induced eNOS 
phosphorylation at times corresponding to their effect on 
leukocyte adhesion (Fig.  1E, F). We also measured NO 
levels in response to IL-8 using DAF-FM. Figure 1G illus-
trates a representative result of one experiment showing 
the increase in the fluorescence signal for NO in the time. 
Figure  1H shows a significant increase in the accumu-
lated fluorescence signal for NO after application of the 
agonist. These results demonstrate that IL-8 and MDA-
CM induce leukocyte adhesion by activating the NO 
pathway.

IL‑8 and MDA‑CM induce VCAM‑1 expression at the cell 
surface depending on NO signaling
VCAM-1 is an important protein implicated in tumor 
cell and leukocyte adhesion to endothelium [37, 59]. 
NO-mediated S-nitrosylation has been demonstrated to 
regulate protein traffic from and towards plasma mem-
brane [32, 41, 42]. Thus, we investigated the effect of NO 
on VCAM-1 traffic to the cell surface, where its increase 
is directly related to the increase in leukocyte adhesion. 
Figure 2A shows that IL-8 induced a significant increase 
in the level of VCAM-1 at the endothelial cell surface 
as soon as 5 min of stimulation. This increase was inde-
pendent of protein synthesis because total VCAM-1 lev-
els were unchanged. The increase in VCAM-1 endothelial 
cell surface expression was dependent on NO signal-
ing because it was inhibited in the presence of l-NMA 
(Fig.  2B). In the same way, MDA-CM also increased 
VCAM-1 endothelial cell surface expression (Fig. 2C), an 
effect that was inhibited by blocking NO signaling with 
l-NMA (Fig.  2D). These results demonstrate that IL-8 
and MDA-CM induce VCAM-1 traffic to the endothelial 
plasma membrane activating the NO pathway.

IL‑8 and MDA‑CM induce VCAM‑1 S‑nitrosylation
Because protein S-nitrosylation correlates with changes 
in protein localization [27, 32, 42], we tested whether or 
not VCAM-1 is S-nitrosylated by IL-8 or MDA-CM stim-
ulation. Figure  3A shows that stimulation of EAhy926 
cells with IL-8 induced VCAM-1 S-nitrosylation with 
stronger effect at 30 min of treatment, which was inhib-
ited in the presence of l-NMA (Fig. 3B). MDA-CM also 

induced VCAM-1 S-nitrosylation with stronger effect 
at 5  min of treatment, which was inhibited by l-NMA 
(Fig. 3C, D). These results demonstrate that the levels of 
VCAM-1-S-nitrosylation stimulated by IL-8 and MDA-
CM correlate with the increase in their expression at the 
cell surface.

S‑nitrosylation regulates breast cancer metastasis
The experiments described above suggest that NO signal-
ing regulates leukocyte adhesion by increasing VCAM-1 
in the endothelial cell surface. The same mechanism 
might occur when circulating tumor cells colonize sec-
ondary sites in the extravasation process. To test that, we 
used the 4T1 mouse model of metastatic breast cancer, 
since 4T1 cells have the same metastatic characteristics 
as MDA-MB-231 cells. In these in vivo experiments, we 
used NAC, an antioxidant that inhibits S-nitrosylation 
[42, 68], instead of l-NMA that would inhibit all NOS 
and could generate systemic physiological damage. 
Female BALB-C mice were injected with 4T1 cells into 
the mammary fat pad. After primary tumor formation, 
mice were separated in two groups: control and NAC 
treated (Fig. 4A). Immunohistochemical analysis showed 
that breast tumors were correctly formed (Fig. 4B). NAC 
treatment did not influence the final size and volume of 
primary tumor (Fig. 4C, D). However, there was a signifi-
cant reduction in the number of superficial metastases 
observed in the group treated with NAC compared to the 
control group (Fig. 4E, F).

Lung metastasis has increased levels of S‑nitrosylation 
and VCAM‑1‑S‑nitrosylation
Immunohistochemical analyses of lung metastasis 
showed high levels of S-nitrosylated proteins in lung 
tumors compared to non-tumor lung (Fig.  5A, upper 
panel). Treatment with NAC diminished the levels of 
S-nitrosylated proteins (Fig.  5A). Similarly, VCAM-1 
levels were increased in lung metastasis compared to 
normal tissue (Fig.  5A, lower panel), and NAC treat-
ment diminished VCAM-1 levels in lung metastasis. To 
test whether VCAM-1 is S-nitrosylated in lung metas-
tasis, we performed a biotin switch analysis. Figure  5B 
shows higher levels of S-nitrosylated VCAM-1 in lungs 
from tumors compared to lung from control mice. NAC 

(See figure on next page.)
Fig. 1  IL‑8 and MDA‑CM increase leukocyte adhesion through NO signaling. Cremaster muscle from Rockefeller mice was prepared 
for intravital microscopy. After stimulation with A IL‑8 or B MDA‑CM, leukocyte adhesion was recorded up to 30 min. Images show leukocyte 
adhesion at 5 min of stimulation with IL‑8 or MDA‑CM, respectively. Treatment with l‑NMA before stimulation prevented leukocyte adhesion. 
Black arrows indicate leukocytes adhered to the endothelial cell surface delimited by dash lines. C, D Bar graphs showing statistical analysis 
of leukocyte adhesion to the cremaster stimulated with IL‑8 and MDA‑CM, respectively. Two‑way ANOVA and Bonferroni’s Multiple Comparison 
Test, * p < 0.05 in comparison to time 0. n = 5. E, F Confluent EAhy926 cells were stimulated with IL‑8 or MDA‑CM for different periods of time 
and p‑eNOS was detected by Western‑blot. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test. * p < 0.05 in comparison to time 0; 
n = 5. G Representative image of real‑time detection of NO induced by IL‑8 in live EAHy926 cells. H Analysis of the increase in real‑time detection 
of NO induced by IL‑8 in live EAHy926 cells; paired t test, p < 0.0001; n = 5 independent experiments
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Fig. 1  (See legend on previous page.)
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treatment inhibited VCAM-1-S-nitrosylation in metas-
tasis (Fig. 5B). These results indicate that treatment with 
inhibitors of S-nitrosylation inhibit the levels of S-nitros-
ylated VCAM-1 in metastasis, which correlated with 
lower metastasis formation.

Effect of NAC on metastasis is due to effects on endothelial 
cells
To corroborate that the effect on metastasis is due to an 
effect on endothelial cells, we explored the effect of condi-
tioned medium from 4T1 cells (4T1-CM) on endothelial 
cells. We found that stimulation of endothelial cells with 
4T1-CM induces eNOS activation, VCAM-1 S-nitrosyla-
tion and VCAM-1 expression at the cell surface (Fig. 6A–
C). VCAM-1 expression at the cell surface was inhibited 
in the presence of NAC and l-NMA (Fig.  6D). These 

results suggest that the effects of NAC seen in metastasis 
might be due to a diminished VCAM-1 expression at the 
endothelial cell surface regulated by S-nitrosylation.

NO‑mediated S‑nitrosylation regulates tumor cell 
extravasation through endothelial monolayers
VCAM-1 expression is highly correlated with tumor 
cell adhesion and extravasation [37, 59]. To test the role 
of S-nitrosylation in tumor cell extravasation, we car-
ried out transmigration assays by incubating EAhy926 
endothelial cells with breast tumor cells MDA-MB-231 
stably expressing the fluorescent protein mCherry 
(MDA-mCherry). To determine the role of NO and 
S-nitrosylation in the extravasation of tumor cells, we 
used l-NMA and NAC. The analysis revealed a sig-
nificant number of MDA-mCherry cells transmigrating 

Fig. 2 IL‑8 and MDA‑CM increase VCAM‑1 endothelial cell surface expression through NO signaling. A EAhy926 monolayers were stimulated 
with IL‑8 for 5 or 15 min and VCAM‑1 in the cell surface was determined by cell surface biotinylation. IL‑8 significantly increased VCAM‑1 at the cell 
surface. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05 in comparison to time 0; n = 5. B Pretreatment of cell monolayers 
with l‑NMA inhibited IL‑8 stimulated VCAM‑1 at the endothelial cell surface. Two‑way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; 
n = 5. C MDA‑CM applied for 5 and 15 min significantly increased VCAM‑1 at the cell surface. One‑Way ANOVA and Bonferroni’s Multiple Comparison 
Test, * p < 0.05 in comparison to time 0; n = 5. D Pretreatment of cell monolayers with l‑NMA inhibited MDA‑CM induced VCAM‑1 at the cell surface. 
Two‑way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; n = 3
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through the endothelial monolayers (Fig.  7). Inhibition 
with l-NMA or NAC blocked tumor cell transmigration. 
These data indicate that tumor transmigration is regu-
lated by S-nitrosylation.

Discussion
Tumor cell adhesion to endothelial cells is the first step 
in the extravasation of tumor cells to the metastatic site. 
This adhesion is mediated directly by binding of tumor 
cells to adhesion proteins in the endothelium or indi-
rectly by binding to leukocytes that bind to the endothe-
lium using the same adhesion proteins. In this research, 
we demonstrate that IL-8 and conditioned medium from 

triple negative breast cancer cells induce leukocyte adhe-
sion and increase the levels of VCAM-1 at the cell sur-
face. These changes were dependent on the activation 
of the NO pathway and correlated with VCAM-1-S-
nitrosylation. Furthermore, inhibition of S-nitrosylation 
in  vivo, using NAC treatment, inhibited the develop-
ment of metastasis associated with diminished levels of 
VCAM-1 S-nitrosylation in the metastasis. The inhibi-
tion of the S-nitrosylation pathway also inhibited the 
transmigration of tumor cells through the endothelium.

Our results demonstrate that NO increases the levels 
of VCAM-1 at the cell surface. In a physiological situa-
tion, the stimulation of NO production may occur by 

Fig. 3 IL‑8 and MDA‑CM induce VCAM‑1 S‑nitrosylation depending on NO signaling. Confluent monolayers of EAhy926 cells were incubated 
with IL‑8 (A) or MDA‑CM (C) for 5 to 30 min. Cell lysates were obtained and processed by biotin switch to detect S‑nitrosylated VCAM‑1. Confluent 
monolayers of EAhy926 cells were incubated with IL‑8 (B) or MDA‑CM (D) in the presence or absence of l‑NMA. Cell lysates were obtained 
and processed by biotin switch to detect‑S‑nitrosylated VCAM‑1. For A and C, One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, * 
p < 0.05; n = 5. For B and D Two‑way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; n = 5
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Fig. 4 S‑Nitrosylation regulates lung metastasis in vivo. A Scheme of the treatments conducted in the murine syngeneic model of breast cancer. B 
Breast tumors were generated in BALB‑C female mice by 4T1 cell injection in the fourth mammary pair. Representative image of the tumor formed 
after four weeks post‑injection of 4T1 cells. Slices. C Bar graph showing the quantification of tumor weight. T‑test; n.s = non‑significant. D Bar graph 
showing the quantification of tumor volume. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; n = 7. E Representative images 
of lungs post‑euthanasia. Black arrows indicate surface metastases. F Graph showing the number of superficial metastases counted in each study 
group. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; n = 7
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the release of agents produced by the primary tumor, 
circulating tumor cells and cells in the metastatic micro-
environment. Pro-inflammatory cytokines secreted by 
breast tumor cells might bind to receptors in endothelial 
cells leading to the activation of eNOS signaling. In fact, 
we have demonstrated that the stimulation of endothe-
lial cells with different agonists secreted by tumor cells 
and elevated in serum of breast cancer patients activate 
eNOS and the S-nitrosylation pathway in the endothe-
lium resulting in loss of endothelial integrity [20, 42, 
82]. In addition, we have previously demonstrated that 
blocking of IL-8 receptor CXCR2 or depletion of Gal-8 
in tumor cells inhibits NO signaling mediated by con-
ditioned medium from glioblastoma and breast tumor 
cells [28, 82]. A similar mechanism might be activated 
by IL-8 binding to its receptor in endothelial cells that 
causes NO signaling, leading to VCAM-1 S-nitrosylation 

and localization in the plasma membrane to bind circu-
lating tumor cells. Furthermore, the physical trapping of 
tumor cells in small blood vessels [83] can increase the 
shear stress in the vessel wall stimulating NO production, 
and at the same time favor the local secretion of agents 
from circulating tumor cells that stimulate NO produc-
tion, which can cause an increased VCAM-1 cell surface 
expression on endothelial cells to bind tumor cells.

VCAM-1 expression has been described in several 
types of cancer including breast cancer [34, 60, 65, 72, 
78]. The administration of neutralizing VCAM-1 anti-
bodies impairs breast cancer cell adhesion to endothelial 
cells, transmigration through endothelial monolayers and 
metastasis formation [56, 60, 65]. Alternatively, VCAM-1 
in the endothelium also binds to monocytes and neu-
trophils [76] that may bind tumor cells. In fact, inhibi-
tion of PMNs infiltration can be achieved by pretreating 

Fig. 5 VCAM‑1 and VCAM‑1‑S‑nitrosylation in lung metastasis. Breast tumors were generated in BALB‑C female mice, the lungs were extracted 
after 28 days and processed to detect: A S‑nitrosylation (upper panel) and VCAM‑1 (lower panel) expression in the non‑tumor and tumor tissue 
by immunohistochemistry. n = 5. B S‑nitrosylated VCAM‑1 in lung tissues detected by biotin switch. n = 2
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Fig. 6 4T1‑CM increases VCAM‑1 cell surface expression by activating the eNOS‑S‑nitrosylation pathway. Confluent monolayers of EAhy926 cells 
were treated with 4T1‑CM for different periods of time and processed to detect: A p‑eNOS by Western‑blot. One‑Way ANOVA and Bonferroni’s 
Multiple Comparison Test, * p < 0.05; n = 5. B VCAM‑1‑S‑nitrosylation by biotin switch. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, 
* p < 0.05; n = 4. C Membrane VCAM‑1 by cell surface biotinylation. One‑Way ANOVA and Bonferroni’s Multiple Comparison Test, * p < 0.05; n = 4. 
D Membrane VCAM‑1 in the presence of l‑NMA and NAC. Two‑Way ANOVA and Bonferroni’s Multiple Comparison Test. * p < 0.05 in comparison 
to non‑treatment; n = 3

Fig. 7   l‑NMA and NAC inhibit tumor cell transmigration. MDA‑mCherry cells were added to EAhy926 monolayers growing in Transwell filters 
and previously incubated with 300 µM l‑NMA for 1 h or 2.5 mM NAC for 1.5 h. Transmigration was allowed for 6 h. Transwell inserts were removed, 
fixed, and mounted. MDA‑mCherry cells were counted on the basal side of the transwell in random fields. T test, * p < 0.05 in comparison to control 
(C:transmigrating cells with any compound); n = 4
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PMNs with soluble vascular cell adhesion molecule-1 
[14]. In addition, neutralizing VCAM-1 antibodies 
inhibit neutrophil and cancer cell infiltration and metas-
tasis in in  vivo models of breast cancer [21, 78]. Here, 
we demonstrate that increased VCAM-1 expression in 
the endothelial cell surface is mediated by NO signaling 
and correlated with VCAM-1 S-nitrosylation. NO and 
S-nitrosylation have been demonstrated to regulate pro-
tein traffic toward and from the plasma membrane [32, 
42]. In endothelial cells the treatment with a NO scav-
enger for a relative short period of time (24  h) inhibits 
the secretion of recombinant horse radish peroxidase 
(HRP), but sustained treatment improves secretion [40]. 
In neurons, NSF-S-nitrosylation increases α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors traffic to the plasma membrane [31]. In con-
trast, in endothelial cells, NSF-S-nitrosylation inhibits 
the translocation of Weibel-Palade bodies containing 
P-selectin to the plasma membrane [44]. Since we dem-
onstrated that VCAM-1 itself is S-nitrosylated, it is pos-
sible that this S-nitrosylation contributes to VCAM-1 
traffic to the plasma membrane. Very little is known 
about the transport route of VCAM-1 to the cell surface. 
Some reports have indicated that VCAM-1 cell surface 
expression requires its association to a family of proteins 
called tetraspanins CD151 or CD9 [13], which regulate 
biosynthetic maturation and traffic of their associated 
proteins [8]. Interaction of tetraspanins with partner pro-
teins occurs in the trans-Golgi network and facilitates 
their exit and transport to the plasma membrane [8]. 
Studies have suggested that adhesion proteins (VCAM-1 
and ICAM-1) co-cluster with tetraspanins through their 
transmembrane domains to promote their cell surface 
expression [5, 6]. Interestingly, cysteine 668 is located in 
the transmembrane domain of VCAM-1. S-nitrosylation 
of this residue might contribute to the interaction of 
VCAM-1 and tetraspanins to improve its transport to the 
cell surface. Interestingly, we observe that when we stim-
ulate with IL-8, S-nitrosylation occurs later than when we 
stimulated with MDA-MC. Furthermore, in the case of 
IL-8, S-nitrosylation occurs at times later than the arrival 
of VCAM-1 at the membrane. It could be that the initial 
arrival of VCAM-1 at the membrane depends on NO-
regulated mechanisms different than VCAM-1 S-nitros-
ylation and subsequent S-nitrosylation of this protein 
could stabilize it on the membrane.

We also demonstrated that S-nitrosylation regulates 
the transmigration of tumor cells through endothelial 
monolayers. This may result from an improved adhe-
sion of tumor cells to the endothelium. In fact, preceding 
reports have indicated that NO enhanced fibrosarcoma 
and squamous carcinoma cell adhesion to the endothe-
lium [58, 81]; breast tumor cells adhered to sites of 

microcirculation that show an increase in NO produc-
tion [83] and NOS inhibitors blocked the adhesion and 
transmigration of small cell lung carcinoma and breast 
tumor cell to the endothelium [19, 75] pointing out a 
predominant role of NO in cancer cell adhesion to the 
endothelium; however, the mechanism (sGC-PKG or 
S-nitrosylation) or the actors involved are unknown. The 
effect of S-nitrosylation on transmigration of tumor cells 
may also be due to a direct effect on the endothelial bar-
rier. We have previously demonstrated that conditioned 
medium from tumoral cells and agents secreted by tumor 
cells (i.e., Gal-8 and IL-8) induce S-nitrosylation of adher-
ens junction proteins destabilizing the endothelial barrier 
[28, 82], which might facilitate the passage of tumor cells.

Research in breast cancer has focused mainly on tumor 
cells, where it has been demonstrated that S-nitrosyla-
tion of tumor proteins leads to the activation of early 
steps in the metastasis, such as epithelial to mesenchy-
mal transition, migration and invasion [11, 18, 25, 50, 53, 
67–69, 77]. However, it is unknown whether later stages 
of metastasis, such as extravasation of tumor cells, where 
the endothelium plays a fundamental role, may be regu-
lated by S-nitrosylation. Ours is the first report demon-
strating that S-nitrosylation in the endothelium might 
regulate metastasis. This is important because tackling 
specifically S-nitrosylation offers the advantage to avoid 
collateral effects such as hypertension induced by general 
NOS inhibitors.

Our results showing NO as a signal that promotes cell 
adhesion to the endothelium are in strong contrast to 
studies showing an inhibitory role of NO in this process 
[16, 24, 38, 73]. Besides the differences in the cell and ani-
mal models used, we propose that these discrepancies 
can be explained by the fact that the physiological effects 
of NO strictly depend on its concentration, duration of 
exposure, location, and activity of NOS isoforms [2, 3]. 
In non-stimulated cells, basal NO production could 
maintain an anti-adhesive phenotype [23, 44]. A slight 
increase in NO, presumably induced by eNOS, can pro-
mote an adhesive phenotype in endothelial cells [35, 49]. 
On the other hand, NO produced at higher concentration 
by iNOS stimulation inhibits adhesion due to S-nitrosyla-
tion of NFKB, which blocks its entry to the nucleus lead-
ing to inhibition of adhesion protein synthesis [43].

In vivo, in the model of metastatic breast cancer, our 
results demonstrate increased levels of S-nitrosylation 
in the metastasis. Specifically, VCAM-1-S-nitrosyla-
tion was increased in lung metastasis. NAC treatment 
inhibited metastasis, total S-nitrosylation and VCAM-1 
S-nitrosylation in lung tissue. NAC is a widely known 
antioxidant, approved by the FDA in the treatment of 
chronic obstructive lung disease and as antidote to aceta-
minophen overdose [10, 46]. Because NAC use is already 
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approved by the FDA, the repositioning of this drug to 
treat breast cancer metastasis might be easily reached. 
In fact, NAC has been clinically tested as a chemo-pre-
ventive agent in USA and Europe [1, 57]. Several studies 
in vitro and in vivo have demonstrated an anti-carcino-
genic and anti-metastatic effect of NAC [1, 15, 17]. In 
contrast, other studies have shown no benefit of NAC in 
the development of tumors and metastasis [57, 74], and 
even an increased metastasis was observed after NAC 
treatment in estrogen receptor-positive breast cancer 
[57]. Therefore, the anti-metastatic properties of NAC 
are not clear. Furthermore, these studies have been per-
formed applying NAC at the beginning of tumor for-
mation and it is unknown if it can act after the primary 
tumor is formed to specifically stop the metastasis. 
Considering that breast cancer detection occurs after 
the primary tumor is formed and generally has already 
advanced, in our study we applied NAC after primary 
tumor formation as it would be applied in a possible 
treatment for cancer patients. NAC effects have been 
attributed to inhibition of functions in tumor cells such 
as reduced expression of vimentin, inhibition of EMT, 
inhibition of cell migration, invasion, and gelatinase pro-
duction [4, 62]. Our in  vitro experiments demonstrated 
that NAC treatment also affect endothelial function 
reducing tumor cell transmigration through endothelial 
monolayers, VCAM-1 traffic to the plasma membrane 
and VCAM-1 S-nitrosylation. Our results coincide with 
other studies showing that NAC inhibits the transmigra-
tion of MDA-MB-231 cells through HUVEC monolay-
ers, disruption of the adherens junction and VE-cadherin 
phosphorylation induced by interaction of MDA-MB-231 
cells with HUVECs [29]. Furthermore, we previously 
demonstrated that NAC inhibits the disruption in the 
endothelial barrier in response to pro-inflammatory 
agents by inhibiting VE-cadherin phosphorylation and 
S-nitrosylation of β-catenin, p120 and VE-cadherin 
[27, 42]. These data together indicate that NAC effects 
on metastasis are not only due to effects in tumor cells 
but also in endothelial cells. Our results have important 
implications in the process of extravasation of tumor cells 
at late stages of the metastasis and could be the basis for 
the development of new therapies using NOS inhibitors 
or NAC in combination with other drugs as therapeutic 
strategy to prevent metastasis in breast cancer. In fact, 
the possible application of l-NMA in combination with 
other drugs is already beginning to be addressed in clini-
cal trials [12, 39], however, the mechanism is unknown. 
Our results might also be extrapolated to other types of 
cancer that cause metastasis.

Conclusions
Overall, our data indicate that S-nitrosylation in the 
endothelium activates pathways that enhance surface 
localization of VCAM-1 to promote binding of leukocyte 
and/or tumor cells and extravasation leading to metas-
tasis. VCAM-1-S-nitrosylation might be considered as a 
marker of cancer progression. Furthermore, NAC, a drug 
approved by the FDA for the treatment of other diseases, 
is positioned as an important tool that could be tested as 
a co-therapy against breast cancer metastasis (Fig. 8).

Methods
Reagents
Recombinant IL-8 (Joseph et al. 36) was used at 100 nM 
in in  vitro experiments and at 1  µM in in  vivo experi-
ments. NG-methyl-l-arginine (l-NMA) (Sigma Chemi-
cals, St. Louis, MO) and N-acetyl-l-cysteine (NAC) 
(Calbiochem, San Diego, CA). l-NMA (150  µM) and 
NAC (2.5 mM) were added 1 h and 1.5 h before agonist 
application, respectively. Administration of chemicals 
was continued throughout the experiment.

Antibodies
Mouse anti-VCAM-1 (Abcam). Mouse anti-peNOS-
Ser1177 (BD Transduction Laboratories), mouse anti-
β-actin and rabbit anti-S-Nitroso-Cysteine (Cys-NO) 
(Sigma).

Cell culture and conditioned medium
Immortalized human venous endothelial cells, EAhy926 
(ATCC® CRL2922™), were grown in Dulbecco’s modified 
Eagle’s medium (DMEM) 10% FBS and supplemented 
with 2 mM l-glutamine, 100 U/ml penicillin, 100 µg/ml 
streptomycin, 2.5  μg/ml fungizone and 100  μM sodium 
hypoxanthine, 0.4  μM aminopterin, and 16  μM thymi-
dine. Human mammary adenocarcinoma cell line MDA-
MB-231 (ATCC® HTB-26™) were grown in DMEM-F12 
10% FBS and supplemented with 100 U/ml penicillin, 
100 µg/ml streptomycin, 2.5 µg/ml fungizone. We gener-
ated MDA-MB-231 cells stably expressing the mCherry 
member of monomeric red fluorescent proteins (MDA-
mCherry) by transfecting cells with the pmCherry-C1 
mammalian expression vector (Clontech) and expand-
ing a one-cell colony selected with 1  mg/ml Geneticin 
(G418) (Calbiochem). MDA-mCherry cells were grown 
as the parental cells, but additionally supplemented 
with 1 mg/ml G418. Murine breast cancer cell line 4T1 
(ATCC CRL-253) was grown in RPMI 10% FBS and sup-
plemented with 100 U/ml penicillin, 100 µg/ml strepto-
mycin, 2.5  μg/ml fungizone. Conditioned medium from 
MDA-MB-231 and 4T1 cells (MDA-CM and 4T1-CM) 
was obtained from 80% confluent cells growing for 48 h 
in medium without serum. The medium was decanted 
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and cleared by centrifugation at 1075×g for 5  min and 
stored at − 80 °C until use.

Western blot analysis
Confluent cells growing in a 100- or 35-mm plate were 
serum starved (2% FBS) overnight or 3 h minimum. IL-8, 
MDA-CM or 4T1-CM was applied to the cells for dif-
ferent periods of time. Cells were washed twice with ice 
cold PBS and scraped in 600 µL (100 mm plate) or 100 µl 
(35 mm plates) lysis buffer (50 mM Tris, 150 mM NaCl, 
0.1 mM EDTA, 0.1 mM EGTA, 1% Triton X-100 and pro-
tease inhibitor mixture) and incubated in ice with shak-
ing for 30  min. Lysates were obtained by centrifugation 
at 10,000×g for 15 min at 4  °C. Proteins were separated 
by SDS-PAGE and blotted onto PVDF membranes for 
detection with specific antibodies (anti-VCAM-1 1:750, 
anti p-eNOS 1:2000 and anti-ß-actin 1:5000). Proteins 
of interest were detected by ECL (Pierce). We analyzed 
Western blots quantitatively using the NIH ImageJ 
program.

Real‑time detection of NO
We use a modification of the protocol previously 
described by us [2]. Briefly, confluent EAHy926 cells were 
loaded with DAF-FM Diacetate (5 mM, Invitrogen, Cat. 
No. D-23844) and examined for increases in NO follow-
ing addition of IL-8 100  nM. For the real-time detec-
tion of NO, a spinning disk confocal system (CSU-X1, 
Yokogawa) equipped with a DMi8 inverted microscope, 
an oil immersed 63 × 1.4 NA objective (Leica Biosystems) 
and temperature (37 °C) and humidity control system was 
used (Chamlide TC Live Cell Imaging (LCI). To minimize 
exposure time, resolution was reduced at 2 × 2 binning on 
a CCD-based (EMCCD iXon Life 888, ANDOR, Oxford 
Instruments) and the excitation laser line of 488  nm 
(20w) was attenuated to 2%. Exposure times were 50 ms 
and multiple exposures over time were collected at one 
image per second for 500  s. The imaging sequence was 
initiated, and 30 s later the stimulus was added. For the 
analysis, 9 individual regions of interest (ROI) were ana-
lyzed for each plate using the software SlideBook 6 (Intel-
ligent Imaging Innovations (3i). Data are expressed as the 

Fig. 8  Secreted factors from tumor cells can activate the S‑nitrosylation pathway in the endothelium to promote VCAM‑1 expression in the cell 
surface leading to binding of tumor cell or leukocyte to promote extravasation and posterior development of metastasis
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mean fluorescence intensity (F) relative to the mean fluo-
rescence intensity before stimulus application (F0). This 
value is expressed as F/F0.

Cell surface biotinylation
Confluent cells growing in a 100-mm plate were serum 
starved (2% FBS) overnight or 3 h minimum. Endothelial 
cells were stimulated with IL-8 and conditioned medium 
from breast cancer cell lines for different periods of time. 
Endothelial cells were washed twice with PBS and incu-
bated with 1  mL of EZ-Link Sulfo-NHS-Biotin (Pierce) 
for 30 min at 4 °C. Endothelial monolayers were washed 
3 times with Tris buffered saline, scraped in 600 µl lysis 
buffer (50  mM Tris, 150  mM NaCl, 0.1  mM EDTA, 
0.1  mM EGTA, 1% Triton X-100, protease inhibitor 
mixture), and incubated on ice with shaking for 30 min. 
Precleared lysates were obtained by centrifugation at 
10,000×g for 5 min at 4  °C, and incubated afterward for 
2  h at 4  °C with 50 µl of NeutrAvidin-coated agarose 
beads (Pierce). Beads were collected by centrifugation at 
14,000×g and washed 6 times with lysis buffer. The beads 
with biotinylated proteins were suspended in loading 
buffer and proteins were separated by SDS-PAGE. Sepa-
rated proteins were blotted onto PVDF membranes and 
detected with antibodies specific for VCAM-1.

Biotin‑switch assay
One hundred µg of total protein obtained from cellu-
lar lysates were denatured with sodium dodecyl sulfate 
(SDS) in the presence of methyl methanethiosulfonate 
(MMTS) [33]. After acetone precipitation to remove 
excess MMTS, 1 mM ascorbate and 4 mM biotin-HPDP 
(N-[6-(biotinamido hexyl]-3′-(2′-pyridyldithio propi-
onamide) were added to reduce the S–NO bond and 
label the reduced thiol with biotin, respectively. Bioti-
nylated proteins were recovered and analyzed according 
to our previous publications [2, 28]. To analyze VCAM-1 
S-nitrosylation in the metastasis, lung tissue was 
extracted in lysis buffer and processed by biotin switch.

Extravasation assay
1 ×  105EAhy926 cells were grown to confluence onto 
gelatin coated Transwell inserts (8 µm pore size). 2 ×  104 
MDA-MB-231-mCherry cells in DMEM 1% FBS were 
added to the upper compartment of the chamber and 
DMEM 10% FBS was added to the lower compartment 
of the chamber. After incubation at 37 °C for 6 h, the top 
side of the insert membrane was scrubbed with a cotton 
swab and the bottom side was fixed with 4% paraform-
aldehyde to count tumor cells in 5 random visual fields 
and photographed under a fluorescence microscope. In 
the experiments using l-NMA and NAC, these inhibitors 

were added before tumor cells and maintained through-
out the experiment.

In vivo experiments
Protocols for animal experiments were approved by 
the Institutional Bioethics and Biosecurity Commit-
tee of the Universidad Austral de Chile (Protocol Nº 
56 and 332) and conducted according to NIH Guide-
lines for the use of animals in research. For leukocyte 
adhesion, we used 5 animals in each experimental 
group. Briefly, Rockefeller male mice (2–3 months old) 
were anesthetized with Ketamine-Xylazine mixture ip 
(K, 100  mg/kg; X, 10  mg/kg). The cremaster was gen-
tly exteriorized through a midline scrotum incision 
and visualized with an inverted microscope (objec-
tive: × 32, 0.4 N.A.) equipped with a TV camera (Hama-
matsu, Middlesex, NJ) connected to the microscope. 
IL-8 or MDA-CM was topically added to the cremas-
ter and leukocytes adhering to venules were filmed for 
30 min while a phosphate-buffered saline solution was 
applied topically. One venule was recorded per animal. 
In the experiments designed to assess the role of NO, 
l-NMA was administered at 50  mg/Kg for 30  min via 
the caudal tail vein before the stimulation with IL-8 
or MDA-CM. At the end of the experiment, animals 
were euthanized by an anesthetic overdose with Keta-
mine–Xylazine mixture ip. For lung metastasis studies, 
we followed protocols previously described (Bailey-
Downs et  al. 7). 8–10  week-old BALB/c female mice 
were injected orthotopically into the four mammary fat 
pad with 2 ×  105 4T1 cells. After primary tumor forma-
tion (4 days), mice were divided in two groups: (1) con-
trol injected daily with PBS and (2) injected daily with 
NAC (200 mg/kg). After 28 days, primary tumors were 
dissected from the surrounding tissues, weighed, and 
measured with calipers. Thickness, width, and length 
of the tumor were recorded. Lungs were extracted and 
superficial metastases were counted.

Histopathological analysis
Tumor and metastasis samples obtained from animals 
were embedded in paraffin wax and cut in 10  µm sec-
tions for hematoxylin–eosin staining. For lung immu-
nohistochemistry, 5 μm sections were cut, dewaxed, and 
rehydrated. Sections were treated with absolute metha-
nol/3%  H2O2 for 15  min to quench endogenous pseu-
doperoxidase activity, rinsed in distilled water and then 
in Tris–HCl buffer. After blocking non-specific bind-
ing for 20  min with horse serum (Vecton, Carpinteria, 
CA, USA), tissue sections were incubated with anti-
S-Nitroso-Cysteine. The antibody was reconstituted and 
diluted in 0.01  M PBS containing 1% IgG-free bovine 
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serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, 
USA) and 0.02%  NaN3. Bound antibodies were detected 
using the R.T.U VECTASTAIN Detection Kit (Vector 
Laboratories) and peroxidase was visualized with Liquid-
3,3ʹdiaminobenzidine (DAB) + Substrate Chromogen 
System (DAKO). Slides were counterstained with hema-
toxylin–eosin and mounted with mounting medium 
(DAKO). Cells were visualized using a light microscope 
(Zeiss).

Statistical analysis
Experiments were conducted in groups with a minimum 
of 5 replicates (n = 5). Data are expressed as mean ± stand-
ard error. Apparent differences were assessed for statis-
tical significance using GraphPad Prism and Sigma Plot 
software. Significance was accepted at p < 0.05. Details 
of the specific statistical analysis are indicated in each 
figure.

Abbreviations
IL‑8  Interleukin‑8
NO  Nitric oxide
eNOS  Endothelial nitric oxide synthase
l‑NMA  NG‑Methyl‑l‑arginine
SNO  S‑Nitrosylated
VCAM‑1  Vascular adhesion molecule‑1
GC‑1  Soluble guanylyl cyclase
NAC  N‑Acetyl‑cysteine

Acknowledgements
The imaging for DAF was obtained with a spinning disk microscope funded by 
(UMFLUCEL) Fondequip EQM 1501118 (to J.S.), Instituto de Fisiología, Facultad 
de Medicina, UACh, Valdivia, Chile. We thank Viviana Cavieres for growing and 
maintaining MDA‑mCherry cells. This article is dedicated to the memory of 
Andrés Rivera‑Dictter.

Author contributions
KT, CF, AG, SJ, JC and BM perform research and analyze data. KT, VM, EP per‑
form experiments, analyze data and wrote the paper. MG, LLA, WD wrote the 
paper. FS designed research, performed research, analyzed data and wrote the 
paper. All authors read and approved the final manuscript.

Funding
This work was financed by DID S‑2017‑48, FONDECYT 1130769, 
1201635, 1230983, NIH NHLBI R56HL134842‑01, R01HL146539, HL087823, NIH 
GM122940, ANID/BASAL/FB21008. VIDCA 2020. Centro Cientifico y Tecno‑
logico de Excelencia Ciencia & Vida, FB210008 (A.L.)

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Protocols for animal experiments were approved by the Institutional Bioethics 
and Biosecurity Committee of the Universidad Austral de Chile (Protocol Nº 56 
and 332) and conducted according to NIH Guidelines for the use of animals 
in research.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Instituto de Inmunología, Facultad de Medicina, Universidad Austral de Chile, 
511‑0566 Valdivia, Chile. 2 Escuela de Graduados de Ciencias, Universidad 
Austral de Chile, 511‑0566 Valdivia, Chile. 3 Instituto de Fisiología, Facultad de 
Medicina, Universidad Austral de Chile, 511‑0566 Valdivia, Chile. 4 Departa‑
mento de Fisiología, Facultad de Ciencias Biológicas, Pontificia Universidad 
Católica de Chile, 8331150 Santiago, Chile. 5 Cancer Cell Biology Lab., Centro 
de Biología Celular y Biomedicina (CEBICEM), Facultad de Medicina y Ciencia, 
Universidad San Sebastián, 7510157 Santiago, Chile. 6 Centro Ciencia & Vida, 
Fundación Ciencia & Vida, 7780272 Santiago, Chile. 7 Facultad de Medicina y 
Ciencia, Universidad San Sebastián, Santiago, Chile. 8 Department of Pharma‑
cology, Physiology and Neuroscience, New Jersey Medical School, Rutgers, The 
State University of New Jersey, Newark, NJ 07103, USA. 9 Instituto de Anatomía, 
Histología y Patología, Facultad de Medicina, Universidad Austral de Chile, 
511‑0566 Valdivia, Chile. 10 Centro Interdisciplinario de Estudios del Sistema 
Nervioso, Universidad Austral de Chile, 5110566 Valdivia, Chile. 11 Escuela de 
Medicina, Facultad de Medicina y Ciencia, Universidad San Sebastián, Valdivia, 
Chile. 

Received: 8 November 2022   Accepted: 23 August 2023

References 
 1. Agarwal A, Muñoz‑Nájar U, Klueh U, Shih SC, Claffey KP. N‑acetyl‑cysteine 

promotes angiostatin production and vascular collapse in an orthotopic 
model of breast cancer. Am J Pathol. 2004;164:1683–96. https:// doi. org/ 
10. 1016/ S0002‑ 9440(10) 63727‑3.

 2. Aguilar G, Cordova F, Koning T, Sarmiento J, Boric MP, Birukov K, et al. TNF‑
a‑activated eNOS signaling increases leukocyte adhesion through the 
S‑nitrosylation pathway. Am J Physiol Heart Circ Physiol. 2021;321:H1083–
95. https:// doi. org/ 10. 1152/ AJPHE ART. 00065. 2021.

 3. Aguilar G, Koning T, Ehrenfeld P, Sánchez FA. Role of NO and S‑nitros‑
ylation in the expression of endothelial adhesion proteins that regulate 
leukocyte and tumor cell adhesion. Front Physiol. 2020;11:1–13. https:// 
doi. org/ 10. 3389/ fphys. 2020. 595526.

 4. Albini A, D’Agostini F, Giunciuglio D, Paglieri I, Balansky R, De Flora S. 
Inhibition of invasion, gelatinase activity, tumor take and metastasis of 
malignant cells by N‑acetylcysteine. Int J Cancer. 1995;61:121–9. https:// 
doi. org/ 10. 1002/ ijc. 29106 10121.

 5. Barreiro O, Yáñez‑Mó M, Sala‑Valdés M, Gutiérrez‑López MD, Ovalle S, 
Higginbottom A, et al. Endothelial tetraspanin microdomains regulate 
leukocyte firm adhesion during extravasation. Blood. 2005;105:2852–61. 
https:// doi. org/ 10. 1182/ blood‑ 2004‑ 09‑ 3606.

 6. Barreiro O, Zamai M, Yáñez‑Mó M, Tejera E, López‑Romero P, Monk PN, 
et al. Endothelial adhesion receptors are recruited to adherent leuko‑
cytes by inclusion in preformed tetraspanin nanoplatforms. J Cell Biol. 
2008;183:527–42. https:// doi. org/ 10. 1083/ jcb. 20080 5076.

 7. Bailey‑Downs LC, Thorpe JE, Disch BC, Bastian A, Hauser PJ, Farasyn T, 
Berry WL, Hurst RE, Ihnat MA. Development and Characterization of a Pre‑
clinical Model of Breast Cancer Lung Micrometastatic to Macrometastatic 
Progression. PLoS ONE 9: e98624, 2014. https:// doi. org/ 10. 1371/ journ al. 
pone. 00986 24.

 8. Berditchevski F, Odintsova E. Tetraspanins as regulators of protein traf‑
ficking. Traffic. 2007;8:89–96. https:// doi. org/ 10. 1111/j. 1600‑ 0854. 2006. 
00515.x.

 9. Bouaouiche S, Ghione S, Sghaier R, Burgy O, Racoeur C, Derangère V, et al. 
Molecular sciences nitric oxide‑releasing drug glyceryl trinitrate targets 
JAK2/STAT3 signaling. Migr Invasion Triple‑Negative Breast Cancer Cells. 
2021. https:// doi. org/ 10. 3390/ ijms2 21684 49.

 10. Brok J, Buckley N, Gluud C. Interventions for paracetamol (acetami‑
nophen) overdose. Cochrane Database Syst Rev. 2006. https:// doi. org/ 10. 
1002/ 14651 858. CD003 328. pub2.

 11. Cañas A, López‑Sánchez LM, Peñarando J, Valverde A, Conde F, Hernán‑
dez V, et al. Altered S‑nitrosothiol homeostasis provides a survival advan‑
tage to breast cancer cells in HER2 tumors and reduces their sensitivity to 

https://doi.org/10.1016/S0002-9440(10)63727-3
https://doi.org/10.1016/S0002-9440(10)63727-3
https://doi.org/10.1152/AJPHEART.00065.2021
https://doi.org/10.3389/fphys.2020.595526
https://doi.org/10.3389/fphys.2020.595526
https://doi.org/10.1002/ijc.2910610121
https://doi.org/10.1002/ijc.2910610121
https://doi.org/10.1182/blood-2004-09-3606
https://doi.org/10.1083/jcb.200805076
https://doi.org/10.1371/journal.pone.0098624
https://doi.org/10.1371/journal.pone.0098624
https://doi.org/10.1111/j.1600-0854.2006.00515.x
https://doi.org/10.1111/j.1600-0854.2006.00515.x
https://doi.org/10.3390/ijms22168449
https://doi.org/10.1002/14651858.CD003328.pub2
https://doi.org/10.1002/14651858.CD003328.pub2


Page 15 of 16Koning et al. Biological Research           (2023) 56:51  

trastuzumab. Biochim et Biophys Acta Mol Basis Dis. 2016;1862:601–10. 
https:// doi. org/ 10. 1016/j. bbadis. 2016. 02. 005.

 12. Chung AW, et al. A phase 1/2 clinical trial of the nitric oxide synthase 
inhibitor L‑NMMA and taxane for treating chemoresistant triple‑negative 
breast cancer. Sci Transl Med. 2021;13:eabj5070.

 13. Cook‑Mills JM, Marchese ME, Abdala‑Valencia H. Vascular cell adhe‑
sion molecule‑1 expression and signaling during disease: regulation 
by reactive oxygen species and antioxidants. Antioxid Redox Signal. 
2011;15:1607–38. https:// doi. org/ 10. 1089/ ars. 2010. 3522.

 14. Cui A, Xiang M, Xu M, Lu P, Wang S, Zou Y, et al. VCAM‑1‑mediated neu‑
trophil infiltration exacerbates ambient fine particle‑induced lung injury. 
Toxicol Lett. 2019;302:60–74. https:// doi. org/ 10. 1016/J. TOXLET. 2018. 11. 
002.

 15. D’Agostini F, Bagnasco M, Giunciuglio D, Albini A, De Flora S. Inhibition by 
oral N‑acetylcysteine of doxorubicin‑induced clastogenicity and alopecia, 
and prevention of primary tumors and lung micrometastases in mice. Int 
J Oncol. 1998;13:217–24. https:// doi. org/ 10. 3892/ ijo. 13.2. 217.

 16. Davenpeck KL, Gauthier TW, Lefer AM. Inhibition of endothelial‑derived 
nitric oxide promotes P‑selectin expression and actions in the rat micro‑
circulation. Gastroenterology. 1994;107:1050–8. https:// doi. org/ 10. 1016/ 
0016‑ 5085(94) 90229‑1.

 17. De Flora S, Izzotti A, D ’agostini, F. Mechanisms of N‑acetylcysteine in 
the prevention of DNA damage and cancer, with special reference to 
smoking‑related end‑points protective effects of NAC were observed 
under a range of conditions produced by a variety of treatments or 
imbal. Carcinogenesis. 2001;22:999–1013. https:// doi. org/ 10. 1093/ carcin/ 
22.7. 999.

 18. Ehrenfeld P, Cordova F, Duran WN, Sanchez FA. S‑nitrosylation and its role 
in breast cancer angiogenesis and metastasis. Nitric Oxide. 2019;87:52–9. 
https:// doi. org/ 10. 1016/j. niox. 2019. 03. 002.

 19. El Hasasna H, Saleh A, Al Samri H, Athamneh K, Attoub S, Arafat K, et al. 
Rhus coriaria suppresses angiogenesis, metastasis and tumor growth of 
breast cancer through inhibition of STAT3, NFκB and nitric oxide path‑
ways OPEN. Sci Rep. 2016. https:// doi. org/ 10. 1038/ srep2 1144.

 20. Esquivel‑Velázquez M, Ostoa‑Saloma P, Palacios‑Arreola MI, Nava‑Castro 
KE, Castro JI, Morales‑Montor J. The role of cytokines in breast cancer 
development and progression. J Interferon Cytokine Res. 2015;35:1–16. 
https:// doi. org/ 10. 1089/ jir. 2014. 0026.

 21. Ferjančič S, Gil‑Bernabé AM, Bernabé B, Hill SA, Allen PD, Richardson P, 
et al. VCAM‑1 and VAP‑1 recruit myeloid cells that promote pulmonary 
metastasis in micě micě. Blood. 2013;121:3289–97. https:// doi. org/ 10. 
1182/ blood‑ 2012‑ 08.

 22. Förstermann U, Sessa WC. Nitric oxide synthases: regulation and function. 
Eur Heart J. 2012;33:829–37. https:// doi. org/ 10. 1093/ eurhe artj/ ehr304.

 23. Furuta S. Basal S‑nitrosylation is the guardian of tissue homeostasis. 
Trends Cancer. 2017;3:744–8. https:// doi. org/ 10. 1016/j. trecan. 2017. 09. 003.

 24. Gao F, Lucke‑Wold BP, Li X, Logsdon AF, Xu LC, Xu S, et al. Reduction 
of endothelial nitric oxide increases the adhesiveness of constitutive 
endothelial membrane ICAM‑1 through Src‑mediated phosphorylation. 
Front Physiol. 2018;8:1–14. https:// doi. org/ 10. 3389/ fphys. 2017. 01124.

 25. Garrido P, Shalaby A, Walsh EM, Keane N, Webber M, Keane MM, et al. 
Impact of inducible nitric oxide synthase (iNOS) expression on triple 
negative breast cancer outcome and activation of EGFR and ERK signal‑
ing pathways. Oncotarget. 2017;8:80568–88. https:// doi. org/ 10. 18632/ 
oncot arget. 19631.

 26. Granados‑Principal S, Liu Y, Guevara ML, Blanco E, Choi DS, Qian W, et al. 
Inhibition of iNOS as a novel effective targeted therapy against triple‑
negative breast cancer. Breast Cancer Res. 2015;17:1–16. https:// doi. org/ 
10. 1186/ s13058‑ 015‑ 0527‑x.

 27. Guequén A, Carrasco R, Zamorano P, Rebolledo L, Burboa P, Sarmiento 
J, et al. S‑Nitrosylation regulates VE‑cadherin phosphorylation and inter‑
nalization in microvascular permeability. Am J Physiol Heart Circ Physiol. 
2016;310:H1039–44. https:// doi. org/ 10. 1152/ ajphe art. 00063. 2016.

 28. Guequén A, Zamorano P, Córdova F, Koning T, Torres A, Ehrenfeld P, 
et al. Interleukin‑8 secreted by glioblastoma cells induces microvascular 
hyperpermeability through NO signaling involving S‑nitrosylation of 
VE‑cadherin and p120 in endothelial cells. Front Physiol. 2019. https:// doi. 
org/ 10. 3389/ fphys. 2019. 00988.

 29. Haidari M, Zhang W, Wakame K. Disruption of endothelial adherens 
junction by invasive breast cancer cells is mediated by reactive oxygen 

species and is attenuated by AHCC. Life Sci. 2013;93:994–1003. https:// 
doi. org/ 10. 1016/j. lfs. 2013. 10. 027.

 30. Heinecke JL, Ridnour LA, Cheng RYS, Switzer CH, Lizardo MM, Khanna C, 
et al. Tumor microenvironment‑based feed‑forward regulation of NOS2 
in breast cancer progression. Proc Natl Acad Sci USA. 2014;111:6323–8. 
https:// doi. org/ 10. 1073/ pnas. 14017 99111.

 31. Huang Y, Man HY, Sekine‑Aizawa Y, Han Y, Juluri K, Luo H, et al. S‑nitros‑
ylation of N‑ethylmaleimide sensitive factor mediates surface expression 
of AMPA receptors. Neuron. 2005;46:533–40. https:// doi. org/ 10. 1016/j. 
neuron. 2005. 03. 028.

 32. Iwakiri Y, Satoh A, Chatterjee S, Toomre DK, Chalouni CM, Fulton D, et al. 
Nitric oxide synthase generates nitric oxide locally to regulate compart‑
mentalized protein S‑nitrosylation and protein trafficking. Proc Natl Acad 
Sci USA. 2006;103:19777–82. https:// doi. org/ 10. 1073/ pnas. 06059 07103.

 33. Jaffrey SR, Snyder SH. The biotin switch method for the detection of 
S‑nitrosylated proteins. Sci Signal. 2001. https:// doi. org/ 10. 1126/ stke. 
2001. 86. pl1.

 34. Jeong K, Murphy JM, Rodriguez YAR, Kim JS, Ahn EYE, Lim STS. FAK inhibi‑
tion reduces metastasis of α4 integrin‑expressing melanoma to lymph 
nodes by targeting lymphatic VCAM‑1 expression. Biochem Biophys Res 
Commun. 2019;509:1034–40. https:// doi. org/ 10. 1016/J. BBRC. 2019. 01. 050.

 35. Joussen AM, Poulaki V, Qin W, Kirchhof B, Mitsiades N, Wiegand SJ, et al. 
Retinal vascular endothelial growth factor induces intercellular adhe‑
sion molecule‑1 and endothelial nitric oxide synthase expression and 
initiates early diabetic retinal leukocyte adhesion in vivo. Am J Pathol. 
2002;160:501–9. https:// doi. org/ 10. 1016/ S0002‑ 9440(10) 64869‑9.

 36. Joseph PRB, Sarmiento JM, Mishra AK, Das ST, Garofalo RP, Navarro J, Raja‑
rathnam K. Probing the role of CXC motif in chemokine CXCL8 for high 
affinity binding and activation of CXCR1 and CXCR2 receptors. Journal of 
Biological Chemistry 2010;285:29262–29269. https:// doi. org/ 10. 1074/ jbc. 
M110. 146555.

 37. Kong DH, Kim YK, Kim MR, Jang JH, Lee S. Emerging roles of vascular cell 
adhesion molecule‑1 (VCAM‑1) in immunological disorders and cancer. 
Int J Mol Sci. 2018;19:13–7. https:// doi. org/ 10. 3390/ ijms1 90410 57.

 38. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator 
of leukocyte adhesion. Proc Natl Acad Sci USA. 1991;88:4651–5. https:// 
doi. org/ 10. 1073/ pnas. 88. 11. 4651.

 39. Kwon Y. Possible beneficial effects of N‑acetylcysteine for treatment of 
triple‑negative breast cancer. Antioxidants (Basel). 2021;10(2):169. https:// 
doi. org/ 10. 3390/ antio x1002 0169.

 40. Lee J, Reich R, Xu F, Sehgal PB. Golgi, trafficking, and mitosis dysfunctions 
in pulmonary arterial endothelial cells exposed to monocrotaline pyrrole 
and NO scavenging. Am J Physiol Lung Cell Mol Physiol. 2009. https:// doi. 
org/ 10. 1152/ ajplu ng. 00086. 2009.

 41. Lima B, Forrester MT, Hess DT, Stamler JS. S‑nitrosylation in cardiovascu‑
lar signaling. Circ Res. 2010;106:633–46. https:// doi. org/ 10. 1161/ CIRCR 
ESAHA. 109. 207381.

 42. Marín N, Zamorano P, Carrasco R, Mujica P, González FG, Quezada C, et al. 
S‑Nitrosation of β‑catenin and p120 catenin: a novel regulatory mecha‑
nism in endothelial hyperpermeability. Circ Res. 2012;111:553–63. https:// 
doi. org/ 10. 1161/ CIRCR ESAHA. 112. 274548.

 43. Marshall HE, Stamler JS. Inhibition of NF‑κB by S‑nitrosylation. Biochemis‑
try. 2001;40:1688–93. https:// doi. org/ 10. 1021/ bi002 239y.

 44. Matsushita K, Morrell CN, Cambien B, Yang SX, Yamakuchi M, Bao C, et al. 
Nitric oxide regulates exocytosis by S‑nitrosylation of N‑ethylmaleimide‑
sensitive factor. Cell. 2003;115:139–50. https:// doi. org/ 10. 1016/ S0092‑ 
8674(03) 00803‑1.

 45. McCrudden CM, McBride JW, McCaffrey J, Ali AA, Dunne NJ, Kett VL, et al. 
Systemic RALA/iNOS nanoparticles: a potent gene therapy for metastatic 
breast cancer coupled as a biomarker of treatment. Mol Ther Nucleic 
Acids. 2017;6:249–58. https:// doi. org/ 10. 1016/j. omtn. 2016. 12. 010.

 46. Millea PJ. N‑acetylcysteine: multiple clinical applications. Am Fam Physi‑
cian. 2009;80:265–9.

 47. Mishra D, Patel V, Banerjee D. Nitric oxide and S‑nitrosylation in 
cancers: emphasis on breast cancer. Breast Cancer Basic Clin Res. 
2020;14:117822341988268. https:// doi. org/ 10. 1177/ 11782 23419 882688.

 48. Ozawa K, Whalen EJ, Nelson CD, Mu Y, Hess DT, Lefkowitz RJ, et al. 
S‑nitrosylation of beta‑arrestin regulates beta‑adrenergic receptor traf‑
ficking. Mol Cell. 2008;31:395–405. https:// doi. org/ 10. 1016/j. molcel. 2008. 
05. 024.S.

https://doi.org/10.1016/j.bbadis.2016.02.005
https://doi.org/10.1089/ars.2010.3522
https://doi.org/10.1016/J.TOXLET.2018.11.002
https://doi.org/10.1016/J.TOXLET.2018.11.002
https://doi.org/10.3892/ijo.13.2.217
https://doi.org/10.1016/0016-5085(94)90229-1
https://doi.org/10.1016/0016-5085(94)90229-1
https://doi.org/10.1093/carcin/22.7.999
https://doi.org/10.1093/carcin/22.7.999
https://doi.org/10.1016/j.niox.2019.03.002
https://doi.org/10.1038/srep21144
https://doi.org/10.1089/jir.2014.0026
https://doi.org/10.1182/blood-2012-08
https://doi.org/10.1182/blood-2012-08
https://doi.org/10.1093/eurheartj/ehr304
https://doi.org/10.1016/j.trecan.2017.09.003
https://doi.org/10.3389/fphys.2017.01124
https://doi.org/10.18632/oncotarget.19631
https://doi.org/10.18632/oncotarget.19631
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1186/s13058-015-0527-x
https://doi.org/10.1152/ajpheart.00063.2016
https://doi.org/10.3389/fphys.2019.00988
https://doi.org/10.3389/fphys.2019.00988
https://doi.org/10.1016/j.lfs.2013.10.027
https://doi.org/10.1016/j.lfs.2013.10.027
https://doi.org/10.1073/pnas.1401799111
https://doi.org/10.1016/j.neuron.2005.03.028
https://doi.org/10.1016/j.neuron.2005.03.028
https://doi.org/10.1073/pnas.0605907103
https://doi.org/10.1126/stke.2001.86.pl1
https://doi.org/10.1126/stke.2001.86.pl1
https://doi.org/10.1016/J.BBRC.2019.01.050
https://doi.org/10.1016/S0002-9440(10)64869-9
https://doi.org/10.1074/jbc.M110.146555
https://doi.org/10.1074/jbc.M110.146555
https://doi.org/10.3390/ijms19041057
https://doi.org/10.1073/pnas.88.11.4651
https://doi.org/10.1073/pnas.88.11.4651
https://doi.org/10.3390/antiox10020169
https://doi.org/10.3390/antiox10020169
https://doi.org/10.1152/ajplung.00086.2009
https://doi.org/10.1152/ajplung.00086.2009
https://doi.org/10.1161/CIRCRESAHA.109.207381
https://doi.org/10.1161/CIRCRESAHA.109.207381
https://doi.org/10.1161/CIRCRESAHA.112.274548
https://doi.org/10.1161/CIRCRESAHA.112.274548
https://doi.org/10.1021/bi002239y
https://doi.org/10.1016/S0092-8674(03)00803-1
https://doi.org/10.1016/S0092-8674(03)00803-1
https://doi.org/10.1016/j.omtn.2016.12.010
https://doi.org/10.1177/1178223419882688
https://doi.org/10.1016/j.molcel.2008.05.024.S
https://doi.org/10.1016/j.molcel.2008.05.024.S


Page 16 of 16Koning et al. Biological Research           (2023) 56:51 

 49. Radisavljevic Z, Avraham H, Avraham S. Vascular endothelial growth 
factor up‑regulates ICAM‑1 expression via the phosphatidylinositol 3 
OH‑kinase/AKT/nitric oxide pathway and modulates migration of brain 
microvascular endothelial cells. J Biol Chem. 2000;275:20770–4. https:// 
doi. org/ 10. 1074/ jbc. M0024 48200.

 50. Rahman MA, Senga T, Ito S, Hyodo T, Hasegawa H, Hamaguchi M. 
S‑nitrosylation at cysteine 498 of c‑Src tyrosine kinase regulates nitric 
oxide‑mediated cell invasion. J Biol Chem. 2010;285:3806–14. https:// doi. 
org/ 10. 1074/ jbc. M109. 059782.

 51. Reymond N, D’Água BB, Ridley AJ. Crossing the endothelial barrier during 
metastasis. Nat Rev Cancer. 2013;13:858–70. https:// doi. org/ 10. 1038/ 
nrc36 28.

 52. Ricciardolo FLM, Sterk PJ, Gaston B, Folkerts G. Nitric oxide in health and 
disease of the respiratory system. Physiol Rev. 2004;84:731–65. https:// doi. 
org/ 10. 1152/ PHYSR EV. 00034. 2003/ ASSET/ IMAGES/ LARGE/ Z9J00 30403 
111003. JPEG.

 53. Rizza S, Filomeni G. Role, targets and regulation of (de)nitrosylation in 
malignancy. Front Oncol. 2018. https:// doi. org/ 10. 3389/ fonc. 2018. 00334.

 54. Romagny S, Bouaouiche S, Lucchi G, Ducoroy P, Bertoldo JB, Terenzi H, 
et al. S‑Nitrosylation of cIAP1 SWITCHES CANCER CELL Fate from TNFα/
TNFR1‑mediated cell survival to cell death. Can Res. 2018;78:1948–57. 
https:// doi. org/ 10. 1158/ 0008‑ 5472. CAN‑ 17‑ 2078.

 55. Sánchez FA, Rana R, González FG, Iwahashi T, Durán RG, Fulton DJ, et al. 
Functional significance of cytosolic endothelial nitric‑oxide synthase 
(eNOS): regulation of hyperpermeability. J Biol Chem. 2011;286:30409–14. 
https:// doi. org/ 10. 1074/ jbc. M111. 234294.

 56. Sarvi S, Patel H, Li J, Dodd GL, Creedon H, Muir M, et al. Tumor biology and 
immunology kindlin‑1 promotes pulmonary breast cancer metastasis. 
Cancer Res. 2018. https:// doi. org/ 10. 1158/ 0008‑ 5472. CAN‑ 17‑ 1518.

 57. Sceneay J, Liu MCP, Chen A, Wong CSF, Bowtell DDL, Möller A. The antioxi‑
dant N‑acetylcysteine prevents HIF‑1 stabilization under hypoxia in vitro 
but does not affect tumorigenesis in multiple breast cancer models 
in vivo. PLoS ONE. 2013;8:1–15. https:// doi. org/ 10. 1371/ journ al. pone. 
00663 88.

 58. Scher RL. Role of nitric oxide in the development of distant metastasis 
from squamous cell carcinoma. Laryngoscope. 2007;117:199–209. 
https:// doi. org/ 10. 1097/ MLG. 0b013 e3180 2c6e83.

 59. Schlesinger M, Bendas G. Vascular cell adhesion molecule‑1 (VCAM‑1)—
an increasing insight into its role in tumorigenicity and metastasis. Int J 
Cancer. 2015;136:2504–14. https:// doi. org/ 10. 1002/ ijc. 28927.

 60. Serres S, Soto MS, Hamilton A, McAteer MA, Carbonell WS, Robson MD, 
et al. Molecular MRI enables early and sensitive detection of brain metas‑
tases. Proc Natl Acad Sci USA. 2012;109:6674–9. https:// doi. org/ 10. 1073/ 
pnas. 11174 12109.

 61. Sharma V, Fernando V, Letson J, Walia Y, Zheng X, Fackelman D, et al. 
S‑Nitrosylation in tumor microenvironment. Int J Mol Sci. 2021. https:// 
doi. org/ 10. 3390/ ijms2 20946 00.

 62. Shimojo Y, Akimoto M, Hisanaga T. Attenuation of reactive oxygen spe‑
cies by antioxidants suppresses hypoxia‑induced epithelial‑mesenchymal 
transition and metastasis of pancreatic cancer cells. Clin Exp Metast. 2013. 
https:// doi. org/ 10. 1007/ s10585‑ 012‑ 9519‑8.

 63. Sleeman JP, Nazarenko I, Thiele W. Do all roads lead to Rome? Routes to 
metastasis development. Int J Cancer. 2011;128:2511–26. https:// doi. org/ 
10. 1002/ ijc. 26027.

 64. Sökeland G, Schumacher U. The functional role of integrins during intra‑ 
and extravasation within the metastatic cascade. Mol Cancer. 2019;18:1–
19. https:// doi. org/ 10. 1186/ s12943‑ 018‑ 0937‑3.

 65. Soto MS, Serres S, Anthony DC, Sibson NR. Functional role of endothelial 
adhesion molecules in the early stages of brain metastasis. Neuro Oncol. 
2014;16:540–51. https:// doi. org/ 10. 1093/ neuonc/ not222.

 66. Strilic B, Offermanns S. Intravascular survival and extravasation of tumor 
cells. Cancer Cell. 2017;32:282–93. https:// doi. org/ 10. 1016/j. ccell. 2017. 07. 
001.

 67. Switzer CH, Cheng RYS, Ridnour LA, Glynn SA, Ambs S, Wink DA. Ets‑1 is a 
transcriptional mediator of oncogenic nitric oxide signaling in estrogen 
receptor‑negative breast cancer. Breast Cancer Res. 2012;14:R125. https:// 
doi. org/ 10. 1186/ bcr33 19.

 68. Switzer CH, Glynn SA, Cheng RYS, Ridnour LA, Green JE, Ambs S, et al. 
S‑nitrosylation of EGFR and Src activates an oncogenic signaling network 
in human basal‑like breast cancer. Mol Cancer Res. 2012;10:1203–15. 
https:// doi. org/ 10. 1158/ 1541‑ 7786. MCR‑ 12‑ 0124.

 69. Switzer CH, Ridnour LA, Cheng R, Heinecke J, Burke A, Glynn S, et al. 
S‑Nitrosation mediates multiple pathways that lead to tumor progression 
in estrogen receptor−negative breast cancer. Forum on Immunopatho‑
logical Diseases and Therapeutics. 2012;3:117–24. https:// doi. org/ 10. 
1615/ Forum Immun DisTh er. 20120 06108.

 70. Talmadge JE. Models of metastasis in drug discovery. In: Methods in 
molecular biology. Springer; 2010. p. 215–33. https:// doi. org/ 10. 1007/ 
978‑1‑ 60761‑ 058‑8_ 13.

 71. Thomas DD, Wink DA. NOS2 as an emergent player in progression of 
cancer. Antioxid Redox Signal. 2017;26:963–5. https:// doi. org/ 10. 1089/ ars. 
2016. 6835.

 72. Tichet M, Prodhomme V, Fenouille N, Ambrosetti D, Mallavialle A, Cerezo 
M, et al. Tumour‑derived SPARC drives vascular permeability and extrava‑
sation through endothelial VCAM1 signalling to promote metastasis. Nat 
Commun. 2015;6:6993. https:// doi. org/ 10. 1038/ ncomm s7993.

 73. Toyoshima T, Kamijo R, Takizawa K, Sumitani K, Hatori M, Nagumo M. 
Nitric oxide up‑regulates the expression of intercellular adhesion mol‑
ecule‑1 on cancer cells. Biochem Biophys Res Commun. 1999;257:395–9. 
https:// doi. org/ 10. 1006/ bbrc. 1999. 0476.

 74. Van Zandwijk N, Dalesio O, Pastorino U, De Vries N, Van Tinteren H. 
EUROSCAN, a randomized trial of vitamin A and N‑acetylcysteine in 
patients with head and neck cancer or lung cancer. J Natl Cancer Inst. 
2000;92:977–86. https:// doi. org/ 10. 1093/ jnci/ 92. 12. 977.

 75. Vidal MJ, Zocchi MR, Poggi A, Pellegatta F, Chierchia S. Involvement of 
nitric oxide in tumor cell adhesion to cytokine‑activated endothelial cells. 
J Cardiovasc Pharmacol. 1992;20(Suppl 1):S155–9. https:// doi. org/ 10. 
1097/ 00005 344‑ 1992.

 76. Walker T, Saup E, Nolte A, Simon P, Kornberger A, Steger V, et al. Transfec‑
tion of short‑interfering RNA silences adhesion molecule expression 
on cardiac microvascular cells. Thorac Cardiovasc Surg. 2011;59:322–8. 
https:// doi. org/ 10. 1055/s‑ 0030‑ 12711 42.

 77. Walsh EM, Keane MM, Wink DA, Callagy G, Glynn SA. Review of Triple 
negative breast cancer and the impact of inducible nitric oxide synthase 
on tumor biology and patient outcomes. Crit Rev Oncog. 2016. https:// 
doi. org/ 10. 1615/ CritR evOnc og. 20170 21307.

 78. Wieland E, Rodriguez‑Vita J, Liebler SS, Mogler C, Moll I, Herberich SE, 
et al. Endothelial notch1 activity facilitates metastasis. Cancer Cell. 
2017;31:355–67. https:// doi. org/ 10. 1016/j. ccell. 2017. 01. 007.

 79. Williams EL, Djamgoz MBA. Nitric oxide and metastatic cell behaviour. 
BioEssays. 2005;27:1228–38. https:// doi. org/ 10. 1002/ bies. 20324.

 80. Wolf MJ, Hoos A, Bauer J, Boettcher S, Knust M, Weber A, et al. Endothelial 
CCR2 signaling induced by colon carcinoma cells enables extravasation 
via the JAK2‑Stat5 and p38MAPK pathway. Cancer Cell. 2012;22:91–105. 
https:// doi. org/ 10. 1016/j. ccr. 2012. 05. 023.

 81. Yudoh K, Matsui H, Tsuji H. Nitric oxide induced by tumor cells activates 
tumor cell adhesion to endothelial cells and permeability of the endothe‑
lium in vitro. Clin Exp Metas. 1997;15:557–67. https:// doi. org/ 10. 1023/A: 
10184 87213 157.

 82. Zamorano P, Koning T, Oyanadel C, Mardones GA, Ehrenfeld P, Boric MP, 
et al. Galectin‑8 induces endothelial hyperpermeability through the 
eNOS pathway involving S‑nitrosylation‑mediated adherens junction 
disassembly. Carcinogenesis. 2019;40:313–23. https:// doi. org/ 10. 1093/ 
carcin/ bgz002.

 83. Zhang L, Zeng M, Fu BM. Inhibition of endothelial nitric oxide syn‑
thase decreases breast cancer cell MDA‑MB‑231 adhesion to intact 
microvessels under physiological flows. Am J Physiol Heart Circ Physiol. 
2016;310:H1735–47. https:// doi. org/ 10. 1152/ ajphe art. 00109. 2016.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1074/jbc.M002448200
https://doi.org/10.1074/jbc.M002448200
https://doi.org/10.1074/jbc.M109.059782
https://doi.org/10.1074/jbc.M109.059782
https://doi.org/10.1038/nrc3628
https://doi.org/10.1038/nrc3628
https://doi.org/10.1152/PHYSREV.00034.2003/ASSET/IMAGES/LARGE/Z9J0030403111003.JPEG
https://doi.org/10.1152/PHYSREV.00034.2003/ASSET/IMAGES/LARGE/Z9J0030403111003.JPEG
https://doi.org/10.1152/PHYSREV.00034.2003/ASSET/IMAGES/LARGE/Z9J0030403111003.JPEG
https://doi.org/10.3389/fonc.2018.00334
https://doi.org/10.1158/0008-5472.CAN-17-2078
https://doi.org/10.1074/jbc.M111.234294
https://doi.org/10.1158/0008-5472.CAN-17-1518
https://doi.org/10.1371/journal.pone.0066388
https://doi.org/10.1371/journal.pone.0066388
https://doi.org/10.1097/MLG.0b013e31802c6e83
https://doi.org/10.1002/ijc.28927
https://doi.org/10.1073/pnas.1117412109
https://doi.org/10.1073/pnas.1117412109
https://doi.org/10.3390/ijms22094600
https://doi.org/10.3390/ijms22094600
https://doi.org/10.1007/s10585-012-9519-8
https://doi.org/10.1002/ijc.26027
https://doi.org/10.1002/ijc.26027
https://doi.org/10.1186/s12943-018-0937-3
https://doi.org/10.1093/neuonc/not222
https://doi.org/10.1016/j.ccell.2017.07.001
https://doi.org/10.1016/j.ccell.2017.07.001
https://doi.org/10.1186/bcr3319
https://doi.org/10.1186/bcr3319
https://doi.org/10.1158/1541-7786.MCR-12-0124
https://doi.org/10.1615/ForumImmunDisTher.2012006108
https://doi.org/10.1615/ForumImmunDisTher.2012006108
https://doi.org/10.1007/978-1-60761-058-8_13
https://doi.org/10.1007/978-1-60761-058-8_13
https://doi.org/10.1089/ars.2016.6835
https://doi.org/10.1089/ars.2016.6835
https://doi.org/10.1038/ncomms7993
https://doi.org/10.1006/bbrc.1999.0476
https://doi.org/10.1093/jnci/92.12.977
https://doi.org/10.1097/00005344-1992
https://doi.org/10.1097/00005344-1992
https://doi.org/10.1055/s-0030-1271142
https://doi.org/10.1615/CritRevOncog.2017021307
https://doi.org/10.1615/CritRevOncog.2017021307
https://doi.org/10.1016/j.ccell.2017.01.007
https://doi.org/10.1002/bies.20324
https://doi.org/10.1016/j.ccr.2012.05.023
https://doi.org/10.1023/A:1018487213157
https://doi.org/10.1023/A:1018487213157
https://doi.org/10.1093/carcin/bgz002
https://doi.org/10.1093/carcin/bgz002
https://doi.org/10.1152/ajpheart.00109.2016

	S-Nitrosylation in endothelial cells contributes to tumor cell adhesion and extravasation during breast cancer metastasis
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Results
	IL-8 and conditioned medium from MDA-MB-231 cells induce leukocyte adhesion activating NO signaling
	IL-8 and MDA-CM induce VCAM-1 expression at the cell surface depending on NO signaling
	IL-8 and MDA-CM induce VCAM-1 S-nitrosylation
	S-nitrosylation regulates breast cancer metastasis
	Lung metastasis has increased levels of S-nitrosylation and VCAM-1-S-nitrosylation
	Effect of NAC on metastasis is due to effects on endothelial cells
	NO-mediated S-nitrosylation regulates tumor cell extravasation through endothelial monolayers

	Discussion
	Conclusions
	Methods
	Reagents
	Antibodies
	Cell culture and conditioned medium
	Western blot analysis
	Real-time detection of NO
	Cell surface biotinylation
	Biotin-switch assay
	Extravasation assay
	In vivo experiments
	Histopathological analysis
	Statistical analysis

	Acknowledgements
	References


