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To become metastatic, a tumor cell must acquire new adhesion properties that allow migration into the
surrounding connective tissue, transmigration across endothelial cells to reach the blood stream and, at
the site of metastasis, adhesion to endothelial cells and transmigration to colonize a new tissue. Hydrogen
peroxide (H2O2) is a redox signaling molecule produced in tumor cell microenvironment with high relevance for tumor development. However, the molecular mechanisms regulated by H2O2 in tumor cells are
still poorly known. The identiﬁcation of H2O2-target proteins in tumor cells and the understanding of their
role in tumor cell adhesion are essential for the development of novel redox-based therapies for cancer.
In this paper, we identiﬁed Ribosomal Protein SA (RPSA) as a target of H2O2 and showed that RPSA in
the oxidized state accumulates in clusters that contain speciﬁc adhesion molecules. Furthermore, we
showed that RPSA oxidation improves cell adhesion efﬁciency to laminin in vitro and promotes cell extravasation in vivo.
Our results unravel a new mechanism for H2O2-dependent modulation of cell adhesion properties and
identify RPSA as the H2O2 sensor in this process. This work indicates that high levels of RPSA expression
might confer a selective advantage to tumor cells in an oxidative environment.
& 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Abbreviations: 37LRP, 37 kDa laminin receptor precursor; 67LR, 67 kDa laminin
receptor; CCV, common cardinal vein; CTCF, corrected total cell ﬂuorescence; ECM,
extracellular matrix; EGFP, enhanced green ﬂuorescent protein; FAK, focal adhesion
kinase; hpf, hours post-fertilization; hpi, hours post injection; HUVEC, human
umbilical vein endothelial cells; IAM, Iodoacetamide; IAM-BODIPY, bodipy-conjugated iodoacetamide; IRES, internal ribosome entry site; ISV, intersomitic vessels;
M1, Manders' overlap coefﬁcient M1; Mut, RPSAmut; NAC, N-acetylcysteine; NEM,
N-ethylmaleimide; NLS, nuclear localization signal; pFAK, focal adhesion kinase
phosphorylated at Tyr397; PME, Particle-Mesh Ewald; RPSA, Ribosomal Protein SA;
RPSAmut, RPSA variant in which both cysteine residues were replaced by serine
residues (C148S and C163S substitutions); RPSAwt, wild-type RPSA; SEM, standard
error of mean; Wt, RPSAwt
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Metastasis formation is considered a critical step in cancer
outcome, since the colonization of organs by tumor cells is the
main cause of death among cancer patients. In order to form a
metastasis, tumor cells must overcome multiple challenges, including detachment from the primary tumor and loss of polarity,
entry into blood or lymphatic circulation (intravasation), survival
without attachment to the extracellular matrix (ECM), exit of circulation and invasion of a new organ (extravasation) and the formation of a secondary tumor [1]. In all these steps, the ability of
tumor cells to regulate adhesion to different extracellular components is critical for tumor progression [2].
H2O2 is an important regulator of tumor progression and metastasis [3,4]. This reactive oxygen species, which was initially
viewed as a damaging agent responsible for cell toxicity, is now
considered an important cell signaling regulator in several physiological and pathological conditions [5]. H2O2 signaling increases
tumor cell proliferation and motility, giving these cells a more
aggressive phenotype [6–8]. Recently, production of H2O2 by endothelial cells at the metastatic sites was also proven to be important for tumor cell adhesion during extravasation [9]. H2O2 can
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alter protein structure and function mainly by reacting with susceptible sulfhydryl groups of cysteine residues (SH). When redoxsensitive cysteine residues are critical for protein function,

H2O2-dependent oxidation can lead to dramatic alterations in
signaling pathways [10,11].
Although the relevance of H2O2 for cancer progression has been
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shown, very few thiol-regulated proteins have been identiﬁed as
H2O2 targets and the consequences of protein oxidation by H2O2
in vivo are still poorly understood [12].
In this paper, we identiﬁed RPSA as a H2O2 target. RPSA (or
p40) is also known as 37 kDa laminin receptor precursor (37LRP),
generally considered to be a precursor of the 67 kDa Laminin Receptor (67LR), though the precise identity of 67LR has not been
determined [13]. RPSA is highly expressed in tumor cells and
correlates directly with metastatic potential, having a role in cell
adhesion as one of its extraribosomal functions [13,14]. Here, we
show that RPSA oxidation leads to its accumulation in clusters at
the cell membrane level and that these clusters contain speciﬁc
integrins. Moreover, oxidized RPSA also improves cell adhesion
efﬁciency to laminin in vitro and promotes cell extravasation
in vivo. Our results suggest that H2O2, through the modulation of
the oxidation state of RPSA, is able to increase the metastatic potential of tumor cells.

2. Results
2.1. RPSA is a H2O2 protein target
In order to identify proteins which are H2O2 targets, we treated
non-tumor primary cells (HUVEC) for 15 min with H2O2 delivered
as a steady state (using a sublethal concentration of 8 mM, see
Supplementary Fig. 1). Protein extracts from control and
H2O2-treated cells were then incubated with bodipy-conjugated
iodoacetamide (IAM-BODIPY) that reacts with sulfhydryl (SH)
groups of cysteine residues and ﬂuorescently labels reduced proteins (Fig. 1A). After 2D electrophoresis, the obtained pattern of
spots was examined. The protein spots in H2O2-treated cells that
presented decreased ﬂuorescence compared with the ones from
control cells (oxidized proteins containing disulﬁdes (–S–S–) that
have not reacted with IAM-BODIPY) were selected and the corresponding proteins were identiﬁed by mass spectrometry. In these
experiments, RPSA was identiﬁed as a H2O2 target, which for
H2O2-treated cells displayed an average decrease in spot ﬂuorescence intensity of approximately 38% when compared with control
cells (Fig. 1B), for the same protein levels. Thus, these results indicate that RPSA was rapidly oxidized by sublethal concentrations
of H2O2.
2.2. RPSA oxidation results in the formation of an intramolecular
disulﬁde
Human RPSA contains two cysteine residues at positions 148
and 163 of its amino acid sequence. Cys163 is conserved among all
RPSA amino acid sequences of the eukaryotic organisms analyzed,
whereas Cys148 was only found in human, mouse, chick, frog and
zebraﬁsh (Supplementary Fig. 2). To test whether RPSA is also a
H2O2 target in tumor cells, HeLa cells were treated with a steady
state-delivered sublethal concentration of H2O2 (25 mM) [15] and
analyzed the oxidation state of the two cysteine residues by mass
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spectrometry. Reduced cysteine residues were tagged with
N-ethylmaleimide (NEM) and oxidized cysteine residues were
tagged with iodoacetamide (IAM) upon reduction by DTT (Fig. 1C),
and subsequently identiﬁed in the peptides resulting from trypsin
hydrolysis. The only oxidized forms of sulfur which are detected by
this method are disulﬁdes and sulfenic acids since DTT is not able
to reduce sulﬁnic or sulfenic acids. The 46% sequence coverage
observed encompasses the amino acid sequences where the two
cysteine residues are present. In the mass spectra from cells
treated with H2O2, we observed the peptides containing Cys148
and Cys163 conjugated with IAM (Fig. 1D). These results show that
both cysteine residues were oxidized in a reversible manner. In
non-treated samples, we found exclusively peptides containing
Cys148 and Cys163 conjugated with NEM.
In organisms where the two cysteine residues are present,
oxidation of RPSA might result in the formation of a disulﬁde,
since sulfenic acids are highly unstable [16] and the sulfur atoms
present in the sulfhydryl groups are close enough in the protein
structure to allow a bond formation (7.3 Å for human RPSA, from
crystal structure [PDB:3BCH] [17]). Alternatively, oxidation could
occur via glutathione molecules. However, the average solvent
accessible surface area (SASA) of both cysteine residues, calculated
from the human RPSA crystal structure, shows that both Cys148
and Cys163 present values similar to the one of a buried residue
(13 Å2 for Cys148 and 23.3 Å2) for Cys163 (Supplementary Table 1).
Since only very few water molecules access the cysteine residues,
this supports the idea that oxidation of these residues with glutathione molecules is highly unlikely due to space constrains.
Therefore, the oxidation of both cysteine residues strongly indicates the formation of an intramolecular disulﬁde.
To determine whether the formation of a disulﬁde between
Cys148 and Cys163 could induce alterations in the secondary
structure of RPSA and potentially modulate its function, we performed molecular dynamics simulations using the crystal structure of human RPSA. Our simulations showed that the putative
secondary structure of the oxidized molecule was not signiﬁcantly
different from the reduced one, which indicated that the overall
structure was maintained (Supplementary Table 2). Although the
main chain conformational alterations induced upon RPSA oxidation were minimal, the average solvent accessible surface area of
particular amino acid residues suffered important modiﬁcations
(Supplementary Table 1). Residues Phe32, Arg155, Pro194 and
Val197 showed decreased accessibility compared to the ones of
the reduced molecule (indicating an internalization), while
Asn165, Ile189, Glu196 and Tyr202 showed an increased accessible
surface (indicating an exposure of the residues to the solvent)
(Fig. 1E). Asn165 is present in the Peptide G, the 161–180 region of
RPSA that was reported to interact directly with laminin [18] and
Phe32 was also shown to be essential for laminin binding [19]. In
addition, Pro194, Glu196 and Tyr202 are present in the reported
RPSA ribosomal binding region [20]. These signiﬁcant changes in
the protein surface might change the interaction processes between RPSA and its preferred partners and, consequently, its
function.

Fig. 1. RPSA is a H2O2 target. (A) Bodipy-conjugated iodoacetamide (IAM-BODIPY) reacts with sulfhydryl groups (SH) of cysteine residues, ﬂuorescently labeling reduced
proteins. (B) Fluorescence of labeled RPSA protein diminished approximately 38% in the presence of H2O2 (0.175 in control vs 0.108 in H2O2; two-tailed Student's t test,
*p o0.05; N ¼3). (C) N-ethylmaleimide (NEM) reacts with SH groups of cysteine residues, labeling peptides containing reduced residues. After treatment with DTT, iodoacetamide (IAM) reacts with SH groups of cysteine residues, labeling peptides that were previously oxidized. (D) Representative mass spectra of peptides presenting IAM
and NEM modiﬁcations in control (red) and oxidizing (with H2O2, black) conditions. Both cysteine residues were found to be modiﬁed with IAM in oxidizing conditions
(peptides corresponding to the sequences ADHQPLTEASYVNLPTIALC(iam)NTDSPLR (m/z 2996.477) and YVDIAIPC(iam)NNK (m/z 1306.645), which represent peptides
containing Cys148 and Cys163 conjugated with IAM, respectively). In non-treated samples, only peptides containing Cys148 and Cys163 conjugated with NEM were found.
(E) Model of the RPSA structure (limited to residues 9–205) in the oxidized state, with an intramolecular disulﬁde. The protein structure shown is an example extracted from
the full conformational ensemble of the oxidized state. Cysteine residues are shown as balls and sticks with green carbon atoms. The side chain of residues that signiﬁcantly
change their solvent accessible surface area upon oxidation are shown in sticks with carbons colored orange (decreased) or cyan (increased). For clarity, aliphatic hydrogen
atoms were omitted. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 2. RPSA oxidation prevents cell adhesion inhibition to laminin in the presence of H2O2. In vitro cell adhesion assays with HeLa cells transfected with pCIC (mock), pCIC–
RPSAwt (wt) or pCIC–RPSAmut (mut) and in control or oxidizing (with H2O2) conditions on (A, B) laminin-coated plates, (C, D) ﬁbronectin-coated plates or (E, F) uncoated
plates (without ECM). (A), (C) and (E) show cell adhesion in the absence or presence of H2O2 (adherent cells normalized by total plated cells (tpc, see Section 5)). (B), (C) and
(F) show inhibition of cell adhesion by H2O2. In mock- and RPSAmut-transfected cells, cell adhesion in the presence of H2O2 was decreased compared to control cells
(without H2O2) on laminin-coated plates, an effect that was not observed in cells plated on ﬁbronectin-coated or uncoated plates. On laminin-coated plates, RPSAwt
overexpression prevented the inhibition of cell adhesion in the presence of H2O2 compared to cells transfected with pCIC, an effect that was not observed in RPSAmutoverexpressing cells (values show the mean and SEM; two-tailed Student's t test in (A), Tukey test in (B), *p o 0.05, **p o 0.01; N¼ 10–12). The raw data from these
experiments is supplied in a Supplementary ﬁle.

Altogether, these results indicate that the two conserved cysteine residues of human RPSA most likely form an intramolecular
disulﬁde without compromising the structural stability of the
protein, but inducing conformational changes that might account
for the regulation of protein function.
2.3. RPSA oxidation increases cell adhesion to laminin
RPSA expression has been implicated in cell adhesion, either by
direct interaction with laminin [21] or by the regulation of integrin
function [22]. Thus, we have tested whether RPSA oxidation alters
the properties of cell adhesion to laminin. To analyze RPSA function, we performed overexpression studies which allow the
functional study of particular amino acid residues and is also more
physiologically relevant in a tumor cell context, since RPSA is
highly expressed in a large variety of cancers with poor prognosis
[13,14]. In addition, the knockdown of RPSA has been shown to
induce cell death in several cell types [23–26]. Therefore, to analyze whether RPSA oxidation alters the properties of cell adhesion
to laminin, we used HeLa cells to overexpress wild-type RPSA
(RPSAwt, in pCIC–RPSAwt) or a RPSA variant in which both cysteine residues were replaced by serine residues to prevent protein

oxidation (RPSAmut, with C148S and C163S substitutions, in pCIC–
RPSAmut). Cells expressing RPSAwt or RPSAmut had the same
viability as cells transfected only with the empty vector pCIC
(Supplementary Fig. 2). For the cell adhesion assay, mock, RPSAwtor RPSAmut-overexpressing cells were allowed to adhere for
40 min to laminin-coated, ﬁbronectin-coated or uncoated plates in
the presence or absence of H2O2. In mock cells transfected only
with the empty vector pCIC and in the absence of H2O2, different
adhesion efﬁciencies to the different ECMs were observed. Speciﬁcally, HeLa cells adhered more to ECM-coated plates, and among
these, more to ﬁbronectin than to laminin (Fig. 2A, C and E). In the
presence of H2O2, adhesion to ﬁbronectin-coated or uncoated
plates was not affected. In clear contrast, adhesion to laminin
decreased by 51%, reaching adhesion levels similar to those obtained with uncoated plates (Fig. 2B), suggesting that H2O2 is able
to speciﬁcally inhibit HeLa cell adhesion to laminin. However, in
cells transfected with pCIC–RPSAwt, the inhibition of cell adhesion
to laminin in the presence of H2O2 was decreased (28%) (Fig. 2B).
This was not due to decreased H2O2 availability caused by H2O2
consumption by the cysteine residues present in RPSAwt, since the
consumption rates were similar for cells overexpressing RPSAwt
and RPSAmut (Supplementary Fig. 4). In contrast to the observed
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decreased inhibition of cell adhesion in the presence of H2O2 in
RPSAwt-overexpressing cells, RPSAmut-overexpressing cells presented laminin adhesion properties similar to mock-transfected
cells (49% and 51%, respectively) (Fig. 2B), showing that oxidation
of cysteine residues is essential in this process. In addition, both in
the presence of ﬁbronectin and in the absence of ECM, H2O2 had
no inﬂuence in cell adhesion of either mock, RPSAwt- or RPSAmutexpressing cells (Fig. 2D and F).
Altogether, these results clearly show that RPSA overexpression
and oxidation prevents the decrease in cell adhesion to laminin in
the presence of H2O2, while not affecting adhesion to ﬁbronectin
or to an uncoated surface.
2.4. RPSA redox state regulates its subcellular localization
The observed increase in the efﬁciency of cell adhesion to laminin in the presence of H2O2 could be due to altered expression
of RPSAwt at the plasma membrane level. To test this hypothesis,
we analyzed RPSA expression by immunoﬂuorescence in nonpermeabilized cells transfected with pCIC–RPSAwt or pCIC–
RPSAmut in control, oxidizing (treatment with H2O2) and reducing
conditions (treatment with N-acetylcysteine (NAC)). Our results
showed that protein levels remained similar between all conditions (Supplementary Fig. 5). However, RPSAwt accumulated in
speciﬁc regions after H2O2 incubation, whereas RPSAmut-expressing cells maintained a more widespread expression pattern
(Fig. 3). In the presence of NAC, RPSAwt and RPSAmut distributed
similarly to control (Fig. 3). These results show that RPSA oxidized
form accumulates in speciﬁc locations at the cell membrane level
forming clusters. In addition, the oxidation state of RPSA is also
important to regulate its presence in other subcellular localizations (see Ref. [27]).
Altogether, our results show that the oxidation state of RPSA is
important for its subcellular localization and that RPSAwt in the
oxidized state associates in clusters at the cell membrane level.
2.5. RPSA oxidation promotes colocalization with the
subunit

β1 integrin
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was observed for β1, the β5 integrin subunit was rarely present in
either RPSAwt or RPSAmut clusters both in the presence or absence of H2O2 (between 4 and 19%) (Fig. 4B). The analysis of M1
Manders' overlap coeﬁcient in each cell conﬁrmed that RPSAwt
and β1 integrin subunit colocalization (regions of RPSA expression
that also contained integrin subunit expression) increased in the
presence of H2O2 when comparing with the other conditions
tested. As expected, no differences in colocalization were observed
for RPSAmut in the presence of H2O2. In contrast with these results, colocalization of RPSAwt or RPSAmut with β5 integrin subunit did not change upon H2O2 addition (Fig. 4C).
Taken together, our results clearly show that RPSA oxidation
increases colocalization of RPSA and β1 integrin subunit in RPSA
clusters, but has no effect on RPSA and β5 integrin association.
These results indicate that RPSA oxidation increases the presence
of particular integrins in the clusters, which may account for the
observed differences in cell adhesion.
2.6. Focal adhesion kinase is phosphorylated in RPSA clusters
Integrin-mediated cell adhesion leads to integrin activation and
subsequent phosphorylation of focal adhesion kinase (FAK) [32].
To determine whether integrin activation occurred in RPSA clusters, we performed co-immunoﬂuorescence using speciﬁc antibodies for RPSA or FAK phosphorylated at Tyr397 (pFAK) in
RPSAwt- or RPSAmut-expressing cells. Our results showed that
RPSAwt and RPSAmut clusters contained pFAK (Fig. 5 and Supplementary Figs. 7 and 8). Interestingly, cells overexpressing high
levels of RPSA, either wild-type or mutant forms, always showed
high levels of pFAK compared with non-transfected cells in both
control and oxidizing conditions (Fig. 5A and Supplementary
Fig. 8A). Moreover, in these cells, the increased FAK phosphorylation was localized mainly in RPSA clusters (Fig. 5B, C and Supplementary Fig. 8B, C). These results indicate that RPSA clusters
present integrin activation and that increased RPSA expression in
these clusters is able to increase the levels of phosphorylated FAK,
independently of the oxidation state of RPSA.
2.7. RPSA oxidation increases cell extravasation in vivo

The formation of RPSA clusters at the cell membrane level
suggests the formation of adhesion complexes, which may account
for the observed differences in cell adhesion in the presence of
H2O2. Since it has been proposed that the role of RPSA in cell
adhesion to the ECM involves its cooperation with integrins [28–
30], we investigated whether RPSA clusters in speciﬁc cell locations also contained integrins. For this, the expression of RPSA
together with β1 or β5 integrin subunits was analyzed by performing co-immunoﬂuorescence in cells expressing RPSAwt or
RPSAmut, and incubated with or without H2O2 (Supplementary
Fig. 6 and Fig. 4A). β1 integrin subunit binds to various ECM molecules including laminin, while β5 integrin subunit does not bind
to laminin [31]. Our immunoﬂuorescence data revealed that RPSA
clusters overlapped completely with the expression domains of β1
or β5 integrin subunits in a subset of cells. In other cells the expression domains of RPSA only partially overlapped or had no
overlap with integrin subunit expression domains (Supplementary
Fig. 6 and Fig. 4A). β1 integrin subunit clusters totally overlapped
with RPSAwt clusters in 28% of cells. In the presence of H2O2, the
number of cells that presented total overlap between RPSAwt and
β1 integrin subunit subcellular distribution at the cell membrane
level increased to 39% (Fig. 4B). In clear contrast, RPSAmut expression only totally overlapped to that of β1 integrin subunit in
less than 22% of cells, both in the presence and absence of H2O2
(Fig. 4B). Thus, these results show that the number of cells with
totally overlapping RPSAwt and β1 integrin subunit clusters increases when RPSA is in its oxidized form. In clear contrast to what

β1 integrin subunit activation in tumor cells has been related to
increased cell extravasation in several human cancers [33]. Since
RPSA oxidation enhances β1 integrin subunit colocalization in its
clusters, we hypothesized that RPSA oxidation modulates cell extravasation. To test whether RPSA oxidation increased cell extravasation in vivo, RPSAwt- or RPSAmut-overexpressing cells were
injected into the circulation of 48 h post-fertilization (hpf) zebraﬁsh embryos (Fig. 6A), as previously described [34]. While,
RPSAmut is unable to be oxidized, RPSAwt can be oxidized by
endogenous H2O2 produced by the HeLa cells or the zebraﬁsh. For
these experiments we used Tg (ﬂi:EGFP) zebraﬁsh embryos, which
allow endothelial cell visualization by EGFP expression, and
quantiﬁed mCherry-NLS positive cells inside and outside intersomitic vessels (ISV) 24 h post injection (Fig. 6A–C). We counted
cells transfected with pCIC–RPSAwt and found that an average of
29.6% of cells extravasated from ISV (Fig. 6D). In clear contrast, we
found that an average of only 14.4% of cells transfected with pCIC–
RPSAmut extravasated from ISVs (Fig. 6D). This signiﬁcant difference in extravasation between cells transfected with pCIC–RPSAwt
or pCIC–RPSAmut clearly indicates that the redox state of RPSA is
implicated in the extravasation of cells in vivo.
3. Discussion
Tumor cells present a higher level of H2O2 compared with normal cells, which is directly related with tumor grade [35,36]. Besides
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Fig. 3. RPSA oxidation state regulates its subcellular expression. (A) Maximum intensity projections of confocal images of immunoﬂuorescence for RPSA in non-permeabilized HeLa cells transfected with pCIC–RPSAwt (wt) or pCIC–RPSAmut (mut) and in control, oxidizing (with H2O2) or reducing (with NAC) conditions. Protein accumulations (clusters) are indicated with arrows. (B) Quantiﬁcation of clustering level (see Section 5) shows that RPSAwt had a more heterogenous distribution in the presence of
H2O2 than RPSAwt or RPSAmut in all other conditions analyzed (values show the mean and SEM; two-tailed Student's t test, *p o 0.05, **po 0.01; N ¼ 2–6). Scale bar¼ 20 mm.

tumor cells, other tumor microenvironment components, such as
immune and endothelial cells, produce H2O2. This particular environment of primary tumors induces the oxidation of several proteins that function as regulators, promoting tumor cell survival and
aggressiveness. Although some proteins containing H2O2-sensitive
cysteine residues have been identiﬁed, the molecular players for
many redox-regulated cell functions are still unknown. In this study,
we have identiﬁed RPSA as a H2O2 target that, upon formation of an
intramolecular disulﬁde, increases cell adhesion to laminin in vitro
and promotes cell extravasation in vivo.

3.1. RPSA is a H2O2 sensor by forming an intramolecular disulﬁde
RPSA has two conserved cysteine residues that are unlikely to
contribute to the formation of 67LR [37] and that until now had no
known function. We have now shown that although both residues
are slightly internalized in the crystal structure of RPSA, as shown
by their low average SASA (13 and 23.3 Å2 for Cys148 and Cys163,
respectively), a disulﬁde formation might still occur in vivo. In
agreement, formation of an intramolecular disulﬁde between
vicinal thiols of cysteine residues was predicted to occur with
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Fig. 4. Distinct colocalization speciﬁcities between RPSAwt or RPSAmut and β1 or β5 integrin subunits. (A) Single optical sections from confocal images of co-immunoﬂuorescence for RPSA and β1 integrin or β5 integrin subunits in non-permeabilized HeLa cells transfected with pCIC–RPSAwt or pCIC–RPSAmut and in control or oxidizing
(with H2O2) conditions on laminin-coated plates. The presence of integrin subunit expression in RPSA clusters was deﬁned as total (all protein expression domains overlapping), partial (some protein expression domains overlapping) or none (no protein expression domains overlapping). Arrows and arrowheads indicate RPSA clusters with
or without integrin subunits expression, respectively. (B) Quantiﬁcation of the presence of integrin subunit expression in RPSA clusters, showing that RPSA oxidation
increased β1 integrin subunit expression in RPSA clusters but not that of β5 integrin subunit (N ¼ 4, 37–123 cells per condition). (C) Analysis by the M1 Manders' overlap
coefﬁcient showed increased colocalization between β1 integrin subunit expression and RPSA upon RPSA oxidation, whereas the same was not observed between β5 integrin
subunit and RPSA (whiskers box show the median and 25th and 75th percentiles; error bars are standard deviation and 10th and 90th percentiles are plotted as dots; Mann–
Whitney U test, *p o 0.05, **p ¼0.002; N ¼ 4, 16–75 cells per condition). Scale bar¼ 20 mm.
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Fig. 5. pFAK expression was increased in RPSA clusters. (A) Corrected total cell ﬂuorescence (CTCF) intensity levels of RPSA and pFAK, from confocal images of co-immunoﬂuorescence of non-transfected HeLa cells (black dots) and transfected (gray dots) with pCIC–RPSAwt or pCIC–RPSAmut. RPSA overexpressing cells present high pFAK
expression. Confocal images were obtained from ﬁelds with transfected cells that presented high levels of RPSA expression in clusters. Each chart contains results for cells
from one representative experiment. Squares indicate the cells shown in (B). (B) Sum projections of confocal images of co-immunoﬂuorescence for RPSA and pFAK of the
cells indicated in (A), showing that high pFAK expression occurred in RPSA clusters of RPSAwt- and RPSAmut-overexpressing cells. Arrows indicate RPSA clusters. (C) Surface
plots showing ﬂuorescence intensities of RPSA and pFAK in 5 alternated single optical sections of 10-sections Z-stacks (Z-step of 0.5 mm) of the cells shown in (B), conﬁrming
that high pFAK expression occurred in overexpressed RPSA that accumulated in clusters. Scale bar¼ 10 mm.
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Fig. 6. RPSA oxidation regulates extravasation from zebraﬁsh intersomitic vessels. (A) Schematic representation of a 48 hpf Tg(ﬂi:EGFP) zebraﬁsh embryo. HeLa cells were
injected in the common cardinal vein (CCV) of 48 hpf embryos and analyzed for extravasation in the posterior intersomitic vessels (ISV, rectangle area) 24 h later. (B, C)
Maximum intensity projections of confocal images showing magniﬁcations of posterior ISVs with transfected cells inside ISV (B) or cells that extravasated (C) (indicated by
arrows). (D) Analysis of the percentage of extravasation of transfected cells shows that cells overexpressing RPSAwt had a higher capacity to extravasate than the ones
overexpressing RPSAmut, indicating a requirement for RPSA oxidation in this process (values show the mean and SEM; two-tailed Student's t test, **p ¼ 0.003; N ¼ 4). Scale
bar¼ 50 mm.

SASA values as low as 1.3 Å2 [38]. Although the kinetics of this
oxidation reaction is unknown, we have shown that RPSA oxidation in endothelial cells occurred in the presence of as low as 8 mM
concentration of extracellular H2O2 in 15 min, in contrast to 1 mM
of H2O2 in 10 min as previously reported [39]. The determination
of the kinetics of this oxidation reaction has to take into account

not only local steady state concentrations of H2O2 and signaling
duration but also protein intrinsic properties, such as chemical
environment that affects pKa values and nucleophilicities [11]. In
addition, it is still to be determined whether the oxidation/reduction cycle of RPSA is mediated by other proteins such as peroxiredoxins and thioredoxins.
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3.2. RPSA oxidation increases cell adhesion to laminin
We have found that H2O2 promoted RPSA clustering at the cell
membrane level and also regulated its association to particular
integrins within the clusters, most likely contributing to alterations in cell adhesion properties such as binding speciﬁcity. Indeed, RPSA overexpression and oxidation speciﬁcally increased the
efﬁciency of cell adhesion to laminin while not affecting adhesion
to ﬁbronectin or to an uncoated surface. We have also shown that
RPSA colocalizes with speciﬁc integrins and increases pFAK levels.
Since RPSA was shown to directly interact with integrins [30] and
FAK [40], it might promote their interaction in a tripartite functional complex. However, it is still to be determined how the
presence of RPSA in clusters activates integrin signaling, either by
promoting FAK phosphorylation or preventing pFAK dephosphorylation. Interestingly, RPSAmut also colocalized with integrin
subunits and promoted activation of integrin signaling within its
clusters, showing that these are functional in the presence of reduced RPSA. This indicates that clusters of RPSA in either redox
state are able to engage in integrin signaling activation, but oxidation of RPSA regulates the integrin content of its clusters that
will most likely confer different binding speciﬁcities to various
substrates. Therefore, the cellular environment might be responsible for alterations in cell adhesion speciﬁcity and signaling
through the oxidation or reduction of RPSA, which would work as
a switch to confer different adhesion properties to cells. These
alterations in adhesion properties might regulate not only tumor
cell motility, but also tumor cell afﬁnity for basal membranes of
blood vessels, potentially increasing intravasation and extravasation to the blood stream. However, the molecular mechanisms by
which RPSA oxidation regulates the different binding speciﬁcities
to the ECM are still to be determined.
3.3. Role of RPSA oxidation in extravasation
During extravasation, H2O2 is produced locally in blood vessels
of metastization sites by endothelial cells and inﬂammatory cells
when stimulated by tumor cell-secreted factors [9], which may
contribute to RPSA oxidation. β1 integrin subunit has been described as a pro-metastatic molecule and its activation modulates
tumor cell extravasation and secondary tumor formation [41]. In
addition, “inside-out” activation of β1 integrin subunit has been
associated with cell extravasation [33]. Notably, we found that
oxidation of RPSA induced cell extravasation in vivo, suggesting a
crosstalk between RPSA and β1 integrin subunit in the metastatic
process. However, the mechanisms responsible for the observed
increased extravasation are still to be determined. After extravasation, tumor cells encounter the pre-metastatic niche, which is
a favorable microenvironment for tumor metastatic cell colonization in distant organs. This pre-metastatic niche is characterized
by primary tumor-derived secreted factors, such as cytokines and
growth factors that induce production of H2O2 by NADPH oxidases
[42]. Lysil oxidase, an enzyme responsible for collagen matrix remodeling, is also present at the pre-metastatic niche and produces
H2O2. Interestingly, RPSA induces expression of lysil oxidase in
tumor cells [43], which may potentiate tumor cell adhesion and
extravasation through RPSA oxidation.

4. Conclusion
The role of hydrogen peroxide (H2O2) as a signaling molecule in
the tumor development process is still poorly understood. In this
paper we have identiﬁed RPSA as a molecular target of H2O2 and
have shown that RPSA oxidation regulates its cell adhesion functions. In particular, RPSA oxidation modiﬁes the integrin content in

its clusters, improves cell adhesion efﬁciency to laminin in vitro
and promotes cell extravasation in vivo. Elevated levels of H2O2
produced both in primary tumors and secondary metastatic sites,
together with RPSA up-regulation, might confer a selective advantage to tumor cells in the metastatic process by contributing to
alterations in cell adhesion properties such as binding speciﬁcity.
The identiﬁcation of redox-regulated proteins such as RPSA and
the determination of their relevance in tumor development will be
essential to design more speciﬁc and efﬁcient redox-based therapies for cancer.

5. Materials and methods
5.1. Cell lines
Human umbilical vein endothelial cells (HUVEC) were kindly
provided by Sérgio Dias (Instituto de Medicina Molecular, Av. Prof.
Egas Moniz, 1649-028, Lisbon, Portugal) and cultured in EBM2supplemented medium (Lonza) with 5% (v/v) fetal bovine serum
(FBS, Sigma-Aldrich), in 0.2% (w/v) gelatin-coated plates (gelatin
was purchased from Sigma-Aldrich).
HeLa cervical carcinoma cells were purchased from American
Type Culture Collection (Manassas, VA, USA) and cultured in
DMEM (Hyclone, Thermo Scientiﬁc) supplemented with 10% (v/v)
FBS, penicillin–streptomycin solution (Hyclone, Thermo Scientiﬁc)
and 2 mM L-glutamine (Hyclone, Thermo Scientiﬁc) in uncoated or
10 mg/ml laminin-coated plates (laminin, L2020, was purchased
from Sigma-Aldrich).
5.2. H2O2 steady state delivery method
The steady state delivery method allows the maintenance of a
given H2O2 concentration throughout the experiment by adding
the amount of glucose oxidase that counteracts H2O2 consumption
by the cells. For this, the culture medium was replaced by RPMI
1640 (Hyclone, Thermo Scientiﬁc) supplemented with penicillin–
streptomycin solution and 2 mM L-glutamine 1 h before the assay.
Then, the steady state titration method was performed as previously described [44]. The amount of glucose oxidase to be added
was calculated after the determination of the consumption rates
for each cell type used. H2O2 concentration was veriﬁed during the
assay by using catalase and measuring O2 formation on an oxygen
electrode (Hansatech).
5.3. Identiﬁcation of proteins with cysteine oxidation
Reactive thiol proteome extraction and labeling with bodipyconjugated iodoacetamide (IAM-BODIPY) was performed as previously described [45]. Immediately after the stationary state incubation period of HUVEC (8 mM H2O2 during 15 min), the culture
medium was removed, cells were washed twice with PBS and
subsequently frozen in liquid nitrogen and stored at  80 °C.
Protein extraction and labeling were done simultaneously to prevent further oxidation during sample processing (see Supplementary materials and methods). Reactive thiol proteome was
resolved by bidimensional electrophoresis. IEF was performed
using Immobiline DryStrip gels pH 3–11 NL, 13 cm (GE Healthcare),
and run at 18,700 V-h (50 mA) at 20 °C. To achieve second dimension separation, the strips were loaded onto a 12% (w/v),
1 mm acrylamide gel and run at 25 mA at 10 °C. Fluorescent
images of 2D gels were acquired with a Typhoon 9210 (settings:
532 nm laser in conjunction with 526 SP emission ﬁlter, 600–
700 PMT, 50 μm pixel (GE Healthcare)). Detection of the global
protein pattern was achieved through silver staining. For each set
of 2D gels, we considered only the spots that displayed a
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difference equal or greater than 1.5 fold the normalized volume (3
independent experiments). Considering that an increase in a
protein's oxidation level can be attributed to a decrease in the total
amount of protein, we only considered proteins that presented
concomitantly an increase in the oxidation levels and an increase,
or maintenance, of their protein levels. Proteins from spots of interest were identiﬁed by mass spectrometry (see Supplementary
materials and methods).
HeLa cells were transfected with pCIC–RPSAwt to increase the
amount of RPSA in the cell and incubated with or without a sublethal concentration of 25 mM H2O2 for 30 min using the steady
state delivery method [15]. Immediately after the stationary state
incubation period, the culture medium was removed and cells
were washed twice with PBS before lysis. Reduced cysteine residues were labeled with N-ethylmaleimide (NEM) and protein
samples were analyzed by SDS-PAGE. Protein bands were extracted from the gel and the remaining oxidized cysteine residues
were reduced with DTT and alkylated with IAM. Finally, proteins
were identiﬁed by mass spectrometry (see Supplementary materials and methods).
5.4. Computational analysis
The starting structure for this work was the crystal structure of
human RPSA [PDB:3BCH] [17]. Molecular dynamics simulations
were performed with GROMACS version 4.0.7 [46,47] using the
GROMOS 54A7 force ﬁeld. The protein was solvated with 10,044
SPC water molecules in a dodecahedron box, using periodic
boundary conditions. The simulations were done using heat baths
of 300 K with separate couplings for the solute and solvent with a
relaxation time of 0.1 ps. A Berendsen pressure coupling was used
to keep the pressure at 1 bar with a relaxation time of 1.0 ps and
an isothermal compressibility of 4.5  10  5 bar  1. All bond
lengths were constrained using the parallel version of the LINCS
algorithm [47] while the SETTLE algorithm [48] was used for water. The Particle-Mesh Ewald (PME) electrostatics was applied
using 1.2 Å for the maximum grid spacing for the fast Fourier
transform, and a cutoff distance of 9 Å for both Lennard-Jones and
Coulomb. The system total charge was þ4 and 4 chloride ions
were added to obtain neutrality. Five replicates of 200 ns each
were done in both reduced and oxidized states.
5.5. Plasmid construction and cell transfection
To generate pCIC–RPSAwt, the coding region of human RPSA
[Uniprot:P08865] was ampliﬁed by PCR from HUVEC cDNA and
cloned in pCIC immediately upstream of the internal ribosome
entry site (IRES). To generate pCIC–RPSAmut, the coding region of
human RPSA was ampliﬁed by PCR, introducing two cysteine to
serine residue substitutions at positions 148 and 163, and cloned
in pCIC immediately upstream of IRES. See Supplementary materials and methods for more information on cloning procedures.
Both pCIC–RPSAwt and pCIC–RPSAmut were screened for the
correct orientation of the insert and veriﬁed by sequencing. pCIC,
pCIC–RPSAwt or pCIC–RPSAmut were transfected into HeLa cervical carcinoma cells through lipofection with Lipofectamine 2000
(Invitrogen) according to manufacturer's instructions. The presence of IRES:mCherry-NLS [49] in all plasmids allowed the
identiﬁcation of transfected cells.
5.6. Cell adhesion assays
HeLa cells were transfected with pCIC, pCIC–RPSAwt or pCIC–
RPSAmut 16 h before the assay. Cells were detached non-enzymatically with 2 mM EDTA in PBS to avoid hydrolysis of proteins
located at the cell surface. Each of these three populations of cells
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was split in two groups, to one of which 15 mM H2O2 was added by
bolus addition. All six groups of cells were then left to adhere on
laminin-coated, ﬁbronectin-coated or uncoated wells of a 96-well
plate for 40 min at 37 °C. After washing twice with PBS, adherent
cells were ﬁxed with 4% (w/v) paraformaldehyde (PFA) in PBS for
15 min at room temperature and stained with 0.5% (w/v) crystal
violet for 10 minutes. After washing with PBS, 5 representative
photos of each well were then taken under a microscope with a
10  objective and cells were manually counted with FiJi [50] (3
replicates per group, from 10 to 12 independent experiments). In
parallel, the six groups of cells were also left to adhere for 24 h on
uncoated wells, after which they were stained with crystal violet,
washed with PBS, incubated with 2% (w/v) SDS for 20 minutes to
solubilize, and absorbance was read at 550 nm. Cell counts of the
40 min incubation were then normalized by the corresponding
adherent cells after 24 h (total plated cells in Fig. 2). The raw data
from these experiments is supplied in a Supplementary ﬁle.
5.7. Immunoﬂuorescence and imaging
HeLa cells were plated on laminin-coated glass coverslips and
left to adhere for 24 h, after which they were transfected with
either pCIC–RPSA or pCIC–RPSAmut and incubated overnight. Cells
were then incubated with 30–50 mM H2O2 by bolus addition or the
steady state delivery method for 30 min, after which they were
ﬁxed in 2% or 4% (w/v) PFA in PBS for 15–20 min at room temperature (unless otherwise speciﬁed). Immunoﬂuorescence was
performed by standard procedures (see Supplementary materials
and methods). Immunoﬂuorescence images were obtained on a
Leica DMI 4000B inverted microscope using a spectral Leica TCS
SPE confocal. For this, we took Z-stacks for each of at least 5 independent ﬁelds per coverslip with a Leica ACS APO 63  /1.15
water objective, a step number of 5–20 and step size of 0.5–1 mm.
Wavelength selection bandwidths were: 500–560 nm for 488 nm
laser, 585–650 nm for 532 nm laser, 650–800 nm for 635 nm laser.
5.8. Quantiﬁcation of RPSA protein LEVELS and clustering
To measure RPSA sub-cellular distribution, HeLa cells were
transfected with pCIC–RPSAwt or pCIC–RPSAmut and incubated
with 30–50 mM H2O2 by bolus addition, 10 mM NAC or without any
treatment, followed by immunoﬂuorescence without permeabilization using α-RPSA (H141) antibody. Confocal images were obtained from random ﬁelds containing transfected cells
(mCherry-NLS þ ) and ﬂuorescence intensity and distribution in
each transfected or non-transfected cell were analyzed with FiJi
[50]. For this, the outlines of individual cells were manually delineated on bright-ﬁeld single optical sections to obtain regions of
interest. A small area was also drawn next to each cell to allow for
background subtraction. Sum projections of Z-stacks of the green
channel were then generated, and the areas, integrated densities,
mean gray values and standard deviations were measured in these
projections using the previously obtained regions of interest.
Background signal from each cell was then subtracted to calculate
the corrected total cell ﬂuorescence (CTCF¼ integrated density 
(area of selected cell  mean ﬂuorescence of background readings)). To calculate RPSA sub-cellular distribution, the ﬂuorescence
intensity standard deviation (StDev) of each cell was divided by its
CTCF. We then obtained the average StDev/CTCF ratio in transfected or non-transfected cells for each of the 4 conditions analyzed. Finally, in order to correct for endogenous expression and
immunoﬂuorescence procedure variations, we normalized the
average StDev/CTCF values obtained for the transfected cells with
the
values
obtained
for
the
non-transfected
cells
(StDev/CTCFtransfected: StDev/CTCFnon-transfected ratio for each condition). We, therefore, obtained normalized average StDev/CTCF
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values for the 6 different conditions (2–6 independent experiments per condition, for a total of 40–250 cells per condition).
For quantiﬁcation of protein levels of RPSA and pFAK in coimmunoﬂuorescence experiments, CTCF was calculated as described above (2 independent experiments, for a total of 30–49
transfected cells and 6–12 non-transfected cells per condition).
5.9. Colocalization analysis
Colocalization analysis between RPSA and β1 or β5 integrin
subunits in confocal Z-stacks was performed by determining the
Manders' overlap coefﬁcients, which reﬂect spatial correlations
independent of intensity levels and can have values between 0 and
1, with 1 corresponding to complete spatial overlap of pixels of
one channel over pixels of the other channel [51]. Because the
Manders' overlap coefﬁcients are highly sensitive to noise and
background, individual cells were ﬁrst cropped and deconvolved
with the Huygens software v14.10 (Scientiﬁc Volume Imaging),
and the remaining background removed by subtracting a median
ﬁltered image (20 pixel radius) with FiJi [50]. This strategy tends to
produce a more precise co-localization analysis since it conﬁnes
the co-localization analysis to spots with higher levels of staining.
The M1 Manders' overlap coefﬁcient (RPSA in channel 1, integrin
subunit in channel 2) was then calculated with the Coloc 2 plugin
of FiJi after applying Costes' automatic thresholding. Thus, the
thresholded M1 coefﬁcient corresponded to regions of RPSA expression (mostly clusters) that also contained integrin subunit
expression.
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5.10. Analysis of HeLa cell extravasation from zebraﬁsh intersomitic
vessels
Appendix A. Supplementary material
HeLa cells were transfected with pCIC–RPSAwt or pCIC–RPSAmut DNA 16 hours before the assay. Cells were detached nonenzymatically with 2 mM EDTA in PBS to avoid hydrolysis of
proteins located at the cell surface and injected into the circulation
of 48 h post-fertilization (hpf) Tg(ﬂi:EGFP) zebraﬁsh embryos at
the common cardinal vein (CCV) as previously described [34].
Transfected cells were analyzed for their ability to extravasate
from intersomitic blood vessels (ISVs) at 24 h post injection (hpi).
For this, we took Z-stacks for each zebraﬁsh embryo on a Leica
DMI 4000B inverted microscope using spectral Leica TCS SPE
confocal with a 20  objective, a step number of 20 and step size
of 1–5 mm. Cell extravasation was analyzed on single optical sections by counting mCherry-NLS þ cells. Number of cells analyzed
per condition: pCIC–RPSAwt-total of 227 cells in the ISVs of 72
embryos, in 4 independent experiments; pCIC–RPSAmut-total of
211 cells in the ISVs of 81 embryos, in 4 independent experiments.
See Supplementary materials and methods for details.
5.11. Statistical analysis
Statistical analysis was undertaken with SigmaStat (Systat
Software Inc.) using a two-tailed Student's t test or a Mann–
Whitney U test for comparison between means of two different
groups. For comparison of more than two different groups, analysis was undertaken using a one way analysis of variance (ANOVA), followed by a Tukey test. The results were considered to be
statistically signiﬁcant when p o0.05. p Values were classiﬁed as *
for p o0.05 and ** for p o0.01.
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