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RAC1 induces nuclear alterations through the 
LINC complex to enhance melanoma invasiveness

ABSTRACT RHO GTPases are key regulators of the cytoskeletal architecture, which impact a 
broad range of biological processes in malignant cells including motility, invasion, and metas-
tasis, thereby affecting tumor progression. One of the constraints during cell migration is the 
diameter of the pores through which cells pass. In this respect, the size and shape of the nu-
cleus pose a major limitation. Therefore, enhanced nuclear plasticity can promote cell migra-
tion. Nuclear morphology is determined in part through the cytoskeleton, which connects to 
the nucleoskeleton through the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex. 
Here, we unravel the role of RAC1 as an orchestrator of nuclear morphology in melanoma 
cells. We demonstrate that activated RAC1 promotes nuclear alterations through its effector 
PAK1 and the tubulin cytoskeleton, thereby enhancing migration and intravasation of mela-
noma cells. Disruption of the LINC complex prevented RAC1-induced nuclear alterations and 
the invasive properties of melanoma cells. Thus, RAC1 induces nuclear morphology altera-
tions through microtubules and the LINC complex to promote an invasive phenotype in 
melanoma cells.

INTRODUCTION
RHO GTPases are key regulators of cellular functions such as cy-
toskeletal regulation, cellular anchorage, cell motility, and migra-
tion, all essential processes for cancer progression and meta-
static dissemination (Vega and Ridley, 2008; Bid et al., 2013; 

Moshfegh et al., 2014; Maldonado and Dharmawardhane, 2018). 
Among RHO GTPases, RAC isoforms display a significant muta-
tional rate in some tumors. Indeed, The Cancer Genome Atlas 
(TCGA) data show that RAC is up-regulated or mutationally acti-
vated in over 10% of human cancers, including glioblastoma, 
melanoma, bladder, skin, esophageal, gastric, head and neck, 
liver, pancreatic, prostate, and uterine carcinomas (Kazanietz and 
Caloca, 2017). In particular, the driver mutation P29S appears in 
a significant proportion of melanomas and breast cancer cases 
(Krauthammer et al., 2012; Davis et al., 2013). Likewise, deregu-
lation of upstream regulators such as the exchange factors Dbl, 
Vav, Trio, T-cell invasion and metastasis gene product (Tiam-1), 
epithelial cell transforming gene 2 (Ect2), and phosphatidylinosi-
tol-3,4,5-trisphosphate (PIP3)-dependent Rac exchange factor 1 
(P-Rex-1) also contribute to aberrant RHO GTPases activity in a 
substantial number of tumors (Lindsay et al., 2011; Wertheimer 
et al., 2012; Cook et al., 2014).

Nuclear atypia, abnormal nuclear morphology, is frequently ob-
served in tumors, in many cases associated with an unfavorable 
prognosis (Erhardt et al., 1989; Takeshima et al., 1998). Recent 
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evidence indicates that nuclear plasticity is a critical factor in cell 
migration, as nuclear size and shape constitute the limiting factor in 
allowing cells to squeeze through small spaces (Wolf et al., 2013). In 
this respect, the connection between the nucleus and the cytoskel-
eton is critical for the transmission of the force necessary to drive 
nuclear deformation (Starr et al., 2001; Zhang et al., 2009; Lombardi 
et al., 2011). The Linker of Nucleoskeleton and Cytoskeleton com-
plex (LINC), composed of KASH and SUN proteins, connects the 
nucleus to cytoskeletal filaments and performs diverse functions in-
cluding nuclear positioning and mechanotransduction (Chang et al., 
2015). The importance of this connection is reflected in the fact that 
mutations in the proteins that participate in this union contribute to 
diseases such as muscular dystrophy of Emery-Dreifuss, ataxia, pro-
geria, and multiple tumors (Chen et al., 2012; Luxton and Starr, 
2014).

As master regulators of the cytoskeleton (Hall and Nobes, 2000; 
Abreu-Blanco et al., 2014), it is therefore conceivable that RHO 
GTPases should play a major role in the regulation of nuclear shape. 
The findings reported herein support a model in which RAC1, 
among other RHO GTPases, acts as a key orchestrator of nuclear 
morphology by a process dependent on the tubulin cytoskeleton 
and LINC complex integrity to promote an invasive phenotype in 
melanoma cells.

RESULTS
RHO GTPases induce alterations in nuclear morphology in 
melanoma cells
To gain an initial insight into the participation of RHO GTPases in 
nuclear shape control in melanoma cells, we investigated whether 
the overexpression of constitutively active, GTP-bound (QL) mutant 
forms had an effect on nuclear morphology. To precisely score those 
cells expressing the GTPases, these were fused to GFP. In all mela-
noma cell lines tested, the three GTPases under study, RAC1, 
RHOA, and CDC42, elicited nuclear alterations, although the pro-
portion of affected nuclei was higher in those cells overexpressing 
RAC1 or CDC42 (Figure 1a).

To study this phenomenon in further depth, we established a 
classification of the nuclei based on the morphologies resulting from 
the overexpression of the GTPases: rounded (normal), kidney 
shaped, multinucleated, multilobed, elongated, and doughnut 
(Figure 1b) and scored the emergence of these nuclear morpholo-
gies depending on the GTPase. Forty percent of A375p cells ex-
pressing activated RHO exhibited nuclear abnormalities. This pro-
portion rose to nearly 60% in the case of RAC1 and CDC42. Kidney 
shaped was the most abundant nuclear aberration in cells overex-
pressing activated RAC1 and RHO, whereas CDC42 yielded mainly 
multinucleated cells. Thus, although RAC1 and CDC42 elicited a 
similar proportion of aberrant nuclei, the resulting nuclear morphol-
ogies were different. Furthermore, in cells overexpressing the active 
GTPases, we observed nuclear phenotypes that almost never ap-
peared in control cells, such as elongated and doughnut-shaped 
nuclei (Figure 1c). To demonstrate that nuclear changes were a con-
sequence of the activation, not of the overexpression, of the RHO 
GTPases, we performed the same experiment but using dominant 
inhibitory mutant forms of the GTPases, constitutively bound to 
GDP. In this case, no significant nuclear alterations were detected in 
any case (Supplemental Figure S1). These results demonstrated that 
the ectopic expression of constitutively active forms of RHO GTPases 
can bring about marked alterations in nuclear morphology.

To investigate whether the activation of the endogenous 
GTPases could also elicit nuclear alterations, we expressed an onco-
genic form of the exchange factor Vav2, a bona fide activator of 

RAC1, RHO, and CDC42 (Abe et al., 2000; Liu and Burridge, 2000). 
Remarkably, onco-Vav2 overexpression evoked nuclear alterations 
that mostly resembled those resulting from the overexpression of 
Rac1QL, with the greatest proportion corresponding to kidney-
shaped nuclei and to a lesser extent multiple and multilobed nuclei 
(Figure 1d). As further proof of the effect of physiological RAC1 ac-
tivation on nuclear morphology, we analyzed nuclear pleomorphism 
in IGR-1 melanoma cells that endogenously express RAC1 harbor-
ing the P29S mutation, which causes the constitutive activity of the 
GTPase and promotes melanocyte proliferation and migration 
(Davis et al., 2013). When comparing these to A375p cells overex-
pressing RAC1Q61L, we found similar numbers of nuclei with an 
altered morphology (Figure 1e), although in the case of IGR-1 cells, 
the number of multilobed nuclei was greater than in A375p-
RAC1QL. Overall, these results demonstrated that hyperactivity of 
RHO GTPases, particularly RAC1, induces profound alterations in 
nuclear morphology.

Alterations in nuclear morphology are independent of RHO 
GTPases-evoked gene expression
We wanted to clarify whether the effect of RHO GTPases on nuclear 
morphology was being exerted directly from the cytoplasm through 
mechanical effects or, rather, it was a consequence of transcriptional 
programs switched on by the GTPases. To this end, the import of 
proteins into the nucleus was prevented by the expression of RAN 
Q69L (Steggerda and Paschal, 2002), thereby preventing the nuclear 
entry of transcription factors that have been activated by the GTPases. 
It was observed that the pattern of nuclear pleomorphism evoked by 
the RHO GTPases was largely unaltered in the presence of RANQL, 
with the exception of a minor increase in kidney-shaped cells in cells 
expressing CDC42QL (Figure 2a). Conversely, RANQ69L markedly 
reduced the activity of a luciferase reporter under the control of a se-
rum response element (SRE; Figure 2b) known to respond transcrip-
tionally to RHO GTPases stimulation (Posern and Treisman, 2006; 
Busche et al., 2008; Croft and Olson, 2011). To further study this 
point, we assessed by qPCR the transcriptional status of the RAC1-
dependent SRF/MRTF transcription program in A375p cells overex-
pressing RAC1Q61L and RANQ69L. Recently it has been described 
that active RAC1 activates SRF/MRTF transcription program in mela-
nocytes (Lionarons et al., 2019); however, we did not found transcrip-
tional changes in these genes in A375p cells harboring BRAFV600E 
mutation when overexpressing RAC1Q61L and RANQ69L (Supple-
mental Figure S2).

Therefore, these results allowed us to conclude that the ability of 
RHO GTPases to induce alterations in nuclear morphology is inde-
pendent of their role in gene regulation.

RAC1QL alters nuclear morphology through the actin and 
tubulin cytoskeletons
Consequently, we decided to analyze whether RAC1 was evoking 
nuclear deformation through the cytoskeleton. To this end we 
treated cells with nocodazole, which blocks tubulin polymerization, 
thereby preventing the assembly of microtubules (Vasquez et al., 
1997). In this case, the proportion of cells displaying nuclear abnor-
malities in cells expressing RAC1Q61L was dramatically diminished, 
particularly those with kidney-shaped nuclei, and the distribution of 
the different nuclear morphologies was very similar to that of con-
trol cells (Figure 3a). Likewise, we tested if the acto-myosin cytoskel-
eton was involved in RAC-induced nuclear deformation by treating 
cells with cytochalasin D and blebbistatin (Straight et al., 2003; 
Atilla-Gokcumen et al., 2010). By contrast, in these cases the total 
number of abnormal nuclei resulting from these treatments was 
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FIGURE 1: RHO GTPases induce nuclear morphology alterations in melanoma cells. (a) Percentage of nuclei affected by 
the overexpressed RHO GTPases in different melanoma cell lines. (b) Classification of the nuclear morphology resulting 
from the overexpression of the GTPases. Fluorescence microscopy images showing the different nuclear shapes elicited by 
RHO GTPases in A375p cells. (c) Quantification of nuclear morphological alterations in A375p cells transfected with 
activated RHO GTPases (1 μg each) and analyzed by fluorescence microscopy. Left panel: Representative immuno
fluorescence images of cells transfected with GFP (control), RAC1QL, RHOAQL, and CDC42QL. Right panel: Quantification 
of nuclei morphologies. Bottom panel: immunoblot showing the expression of the GTPases. (d) Vav2 overexpression 
increases the number of aberrant nuclei in A375p cells. (e) Distribution of altered nuclear morphologies in IGR1 cells. Left 
panel: Representative fluorescence microscopy images of IGR1 cells shows high number of kidneyshaped nuclei. Blue, 
DAPI; red, Phalloidin. Right panel: quantification of the different nuclear morphologies in IGR1 cells compared with A375p 
cells expressing RAC1QL. Scale bar in all cases = 10 μm. Arrows show representative nuclear deformities. Asterisks mark 
the p values obtained relative to control (n = 3 independent experiments each performed in triplicate).



Volume 31 December 1, 2020 RAC1 enhances melanoma invasiveness | 2771 

FIGURE 2: Alterations in nuclear morphology are independent of Rho GTPasesevoked gene expression. (a) Effect of 
the RHO GTPases on nuclear morphology in the presence of RanQL (1 μg each). Arrows show representative nuclear 
deformities. (b) Effects of RanQL overexpression on the transactivation of an SRE promoter by the activated GTPases. 
Data show average SEM from three independent experiments, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 by 
Student’s t test.
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largely unaltered, although an increase in the number of binucle-
ated cells was observed in both cases (Figure 3), which was not 
surprising, given that these treatments result in a failure in cytokine-
sis. We concluded that the effect of RAC1 activation on nuclear 
shape was mainly exerted through the microtubule cytoskeleton.

To further substantiate this point, we used several RAC1 mutants 
deficient for engaging different effector pathways; RAC1Q61L F37A 
activates effector proteins such as PAK1 or JNK; however, it does 
not induce alterations of the actin cytoskeleton (Joneson et al., 
1996; Joneson and Bar-Sagi, 1998). On the other hand, RAC1Q61L 

FIGURE 3: RAC1QL alters nuclear morphology through the tubulin cytoskeleton. (a) Effects of drugs acting on the 
tubulin and actin citoskeleton on RAC1QLinduced nuclear alterations in transfected A375p cells. Images and 
quantitations showing the effect of nocodazole (noc: 0.5 μM/24 h), Cytochalasin D (cytD: 1 μM/24 h), and blebbistatin 
(bleb: 5 μM/24 h). (b) Effects on nuclear morphology by the RAC1QL F37A and RAC1QL Y40C mutants (1 μg each). 
(c) Effects on nuclear morphology of a constitutively active PAK1 T423E mutant (1 μg each). Arrows show representative 
nuclear deformities. Data show average ± SEM from 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.005 by 
Student’s t test.
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Y40C induces membrane ruffling; therefore, it is capable of modify-
ing the actin cytoskeleton (Joneson et al., 1996; Lamarche et al., 
1996), but since it does not activate PAK1 it cannot inhibit stathmin, 
thereby preventing microtubule depolymerization (Wittmann et al., 
2004). When compared with RAC1Q61L, both mutants induced 
nuclear pleomorphism to a lesser extent, particularly in the case of 
the Y40C mutant (Figure 3b), incapable of preventing microtubule 
depolymerization, consistent with the results obtained in the previ-
ous experiment using nocodazole. Furthermore, overexpression of 
a constitutively active form of PAK1, PAK1 T423E (Zenke et al., 
1999), was sufficient to induce marked alterations on nuclear shape. 
However, the nuclear morphologies yielded by PAK activation dif-
fered considerably from those elicited by active RAC1, with elon-
gated nuclei being the most abundant deformation (Figure 3c). As 
in the case of RAC1, nocodazole treatment completely abolished 
the nuclear alterations evoked by active PAK1 (Figure 3c), confirm-
ing microtubules as mediators of nuclear shape control by RAC1 
and PAK1.

Overall, we can conclude that RAC1 activation can induce nu-
clear alterations mainly through its ability to regulate microtubule 
polymerization. However, there seems to be additional RAC1-regu-
lated mechanisms affecting nuclear shape, since tampering with the 
actin cytoskeleton also impacts on nuclear morphology and PAK1 
activation alone yields different patterns of nuclear deformation.

LINC complex proteins mediate in the regulation of nuclear 
morphology by RAC1
Since the LINC complex constitutes the physical connection be-
tween the cytoskeleton and the nucleus (Lombardi and Lammerd-
ing, 2011), we asked whether the effect of RAC1 on nuclear mor-
phology was transmitted through this complex. To this end, we 
utilized mutant forms of SUN and KASH proteins, which act as domi-
nant inhibitory mutants when overexpressed. These mutant proteins 
interfere in the interactions of endogenous components of the LINC 
complex, resulting in a drop on the concentration of nesprins in the 
outer nuclear membrane, thereby severing the connections with the 
cytoskeleton (Crisp et al., 2006; Stewart-Hutchinson et al., 2008). 
Indeed, the expression of these dominant-negative proteins mark-
edly decreased the percentage of anomalous nuclei when cotrans-
fected with RAC1QL (Figure 4a).

To further substantiate this point, we analyzed how the disrup-
tion of the LINC complex affected the dynamics of the nuclear 
changes induced by active RAC1. To analyze the rate of change in 
nuclear morphology, captions of the nuclei were taken every 10 min 
during a 3-h period, and three parameters were evaluated: nuclear 
area, perimeter, and roundness. We found that cells expressing 
RAC1QL showed a high nuclear morphology alteration rate with 
respect to the three parameters measured, as opposed to control 
cells where changes were hardly detectable. Noticeably, expression 
of KASH DN markedly reduced the dynamics of nuclear alterations, 
particularly in the case of nuclear roundness (Figure 4b). We con-
cluded that the breakdown of the LINC complex largely prevents 
nuclear morphology changes induced by the activation of RAC1.

RAC1QL induces LINC-dependent invasion and 
intravasation of melanoma cells
RHO GTPases are functionally connected to cellular migration and 
the invasive capacity of cells (Schmitz, Govek et al., 2000; Lawson 
and Ridley, 2018). Therefore, we hypothesized that nuclear defor-
mation, as induced by RHO GTPases, could provide advantages in 
invasive processes by facilitating cell passage through narrow 
spaces, as the nucleus is the largest and most rigid organelle, 

thereby posing the limiting factor in this respect (Wolf et al., 2013). 
Thus, we analyzed if the degree of nuclear deformation correlated 
with greater invasive capacity by using a matrigel transwell migra-
tion assay. We found that A375p cells overexpressing active RHO 
GTPases, particularly RAC1QL, invaded in greater numbers with re-
spect to control cells (Figure 5a, Supplemental Figure S3, and Sup-
plemental Video).

Based on these results, we analyzed invasion in vivo by using the 
chick embryo chorioallantoid membrane (CAM) model (Deryugina 
and Quigley, 2008). In this context, we found that the expression of 
the constitutively active GTPase in A375p melanoma cells did not 
result in significant variations with respect to the growth rate of the 
primary tumor (Figure 5b). Contrarily, it could be observed that the 
overexpression of RAC1Q61L conferred A375p cells with a remark-
able ability to intravasate (Figure 5b).

Finally, we studied whether the integrity of the LINC complex 
affected the invasion process, as induced by RAC1QL. Overexpres-
sion of the KASH DN dominant-negative mutant had no effect on 
tumor growth, but dramatically reduced the ability of RAC1Q61L-
expressing cells to intravasate (Figure 5c). This result was further 
confirmed using the intramesodermal chicken embryo model to 
quantify cell escape from the primary microtumors, linking cell mo-
tility and invasion to tumor cell intravasation (Casar et al., 2014). 
Within 5 d after microinjections, tumor cells could be observed es-
caping from well-formed microtumors and invading the surrounding 
stroma. It was observed that the number of RAC1QL-expressing 
cells escaping the tumor was markedly reduced when expressing 
KASH DN (Figure 5d), thereby demonstrating that the connection of 
the cytoskeleton with the nucleus through the LINC complex is es-
sential for melanoma cell intravasation.

DISCUSSION
Herein we demonstrate that activated RHO GTPases, particularly 
RAC1, induce nuclear shape alterations to regulate the migratory 
and invasive properties of melanoma cells. We show that such al-
terations are not a consequence of gene expression-regulated 
events, but rather mechanically evoked via the cytoskeleton, primar-
ily the tubulin cytoskeleton, in connection with the LINC complex.

Our results are quite in line with previous data showing that mi-
crotubules are responsible for maintaining the nuclear structure 
(Tremblay et al., 2013) and can exert forces on the nucleus capable 
of changing its appearance (Hampoelz et al., 2011; Zwerger et al., 
2011). Likewise, the participation of RHO GTPases in nuclear shape 
control via the actin cytoskeleton has been previously proposed 
(Khatau et al., 2009; Versaevel et al., 2012). While there is ample evi-
dence on the regulation of the tubulin cytoskeleton by RHO 
GTPases (Bartolini et al., 2008; Pleines et al., 2013; Tivodar et al., 
2015), it is somehow surprising that the control of nuclear morphol-
ogy in melanoma cells by RHO GTPases is exerted primarily through 
microtubules rather than through its main effector, the actin cyto-
skeleton. Intriguingly, RAC1 can also induce nuclear alterations from 
within the nucleus through nuclear actin (Navarro-Lerida et al., 
2015). In this respect, our data suggest that RAC1 regulates nuclear 
shape through its effector PAK1. This can be envisioned by the fact 
that nuclear deformation is impaired to a large extent in a RAC1QL 
mutant defective for activating PAK1 and also as a constitutively ac-
tive PAK1 can readily induce aberrant nuclei. Indeed, PAK1 is known 
to regulate tubulin polymerization through the phosphorylation of 
stathmin (Wittmann et al., 2004), serving as the mechanistic link to 
connect RAC1 activation to the regulation of the tubulin cytoskeleton. 
However, our results demonstrate that the patterns of nuclear alter-
ations elicited by RAC1 and PAK1 are different, hinting that it is 
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unlikely that PAK1 would be the only RAC1 effector involved in the 
regulation of nuclear morphology.

It has been demonstrated that preventing the nucleo–cytoplas-
mic connection by disrupting the LINC complex has a negative 

effect on nuclear dynamics (Khatau et al., 2009; Petrie et al. 2014). 
In line with these results, we have observed that disrupting the 
cytoskeleton–LINC complex connection completely reverts nuclear 
deformation as induced by active RAC1. Furthermore, the LINC 
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FIGURE 4: The LINC complex mediates in the regulation of nuclear morphology by RAC1. (a) Expression of SUN and 
KASH dominantnegative mutants (1 μg each) affects the proportion of anomalous nuclei induced by RAC1QL. 
(b) Effects of the expression of KASH dominantnegative mutant on the dynamics of nuclear alteration parameters: 
nuclear area, perimeter, and roundness monitored by timelapse microscopy in A375p cells. For each condition, 
10 nuclei were analyzed during 3 h. Quantitation of nuclear alteration parameters showing changes relative to the 
control (right panels). Asterisks mark the p values obtained from three independent experiments, each performed in 
triplicate. Data show average ± SEM, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001 by Student’s t test.
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FIGURE 5: Activated RAC1 induces LINCdependent invasion and intravasation of melanoma cells. (a) Representative 
results from a transwell migration assay of A375p cells expressing the different activated RHO GTPases. (b) Effects of 
RAC1QL expression in A375p on tumor growth (left panel) and intravasation (right panel), using the chick embryo CAM 
model. (c) Effects of the expression of KASH dominantnegative mutant on tumor growth and intravasation induced by 
RAC1QL (1 μg each) in A375p cells xenografted in the chick embryo CAM model. (d) Ex ovo analysis of cells escaping 
from the microtumor using the chicken embryo intramesodermal model. In all cases, graphs show mean value ± SD. NS, 
nonsignificant, *P < 0.05, **P < 0.01 by Student’s ttest.
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complex is critical for the transmission of force between the cyto-
plasm and the nucleus, and breaking the interaction between these 
two compartments leads to failures in the position of the nucleus, 
resulting in a diminished cellular migration (Lombardi et al., 2011). 
In agreement with this notion, we demonstrate that the invasive 
properties of melanoma cells harboring active RAC1 are markedly 
impaired when the cytoskeleton–LINC complex connection is dis-
rupted by the use of KASH- and SUN-dominant inhibitory mutants.

Nuclear atypia, including invaginations of the nuclear envelope, 
lobulated, and kidney-shaped nuclei, among other deformities, is 
frequent in many types of cancer (de Las Heras et al., 2013). In this 
study, we also analyzed the implications of nuclear deformation in 
biological processes relevant for tumorigenesis, such as invasion. 
We have shown that the expression of activated RAC1 enhances 
invasive processes in melanoma cells, both in vitro using the tran-
swell assays and in vivo with the chick embryo model, quite in line 
with previous reports (Lorentzen et al., 2011). However, we have 
demonstrated that the disruption of the LINC complex, preventing 
nuclear deformation, forestalls melanoma cells dissemination. 
Thus, it is tempting to speculate that the ability of tumor cells to 
deform the nucleus via RAC1 activation would confer them with 
enhanced invasive abilities. Indeed, many human tumors are char-
acterized by overexpression or hyperactivation of RAC1 (Karlsson 
et al., 2009), while in others, such as those harboring RAS onco-
genes, cross-talk with RHO GTPases via activation of exchange 
factors such as TIAM (Lambert et al., 2002) would facilitate this pro-
cess. Thus, interfering with RHO GTPases ability for nuclear defor-
mation could be a valid strategy for preventing metastatic 
dissemination.

MATERIALS AND METHODS
Cell culture and transfection
A375p (Cat #CRL-3224, RRID: CVCL_6233, ATCC, Manassas, VA) 
and IGR-1 (CLS Cat #300219/p483_IGR-1, RRID:CVCL_1303) cells 
were obtained from the American Type Culture Collection and 
grown in DMEM supplemented with 10% fetal bovine serum (FBS; 
Life Technologies, Waltham, MA). Mycoplasma testing was under-
taken every month using commercial Mycoplasma testing kits 
(Biotools, Madrid, Spain). All cell lines used in this work have been 
authenticated every 12 mo by short tandem repeat profiles using 
the Applied Biosystems Identifier kit in the Genomic Facility at 
IBBTEC (Institute of Biomedicine and Biotechnology of Cantabria). 
The plasmids pEGFP, pEGFP RAC1Q61L, pEGFP RAC1N17, pEGFP 
RHOA Q63L, pEGFP CDC42 Q61L, pEGFP RAC Q61L F37A, pEGFP 
RAC Q61L Y40C, pEGFP OncoVAv2, and pSRE luc were provided 
by Xosé R. Bustelo. pEGFP KASH DN was provided by Cathy Sha-
nahan and pCDHEF1-SUNDN by Sue Shackleton. pCEFL HA RAC 
N17, pCEFL HA RHOA N17, and pCEFL HA CDC42 N17 plasmids 
were generated by PCR and cloned into pCEFL HA vector. Where 
applicable, stable lines cells were generated by transfection with 
Lipofectamine (Invitrogen, NY) or FuGene following manufacturer’s 
instructions and selected with 750 μg/ml G418 (Invitrogen) where 
necessary. For biochemical analyses, subconfluent cells were trans-
fected with Lipofectamine 2000 and 3000 (Invitrogen). For immuno-
fluorescence studies, cells were transfected with FuGENE transfec-
tion reagent (Roche, Basel, Switzerland).

Immunoblotting
Cell lysates were prepared in lysis buffer supplemented with prote-
ase and phosphatase inhibitor cocktail (Thermo Scientific). Equal 
amounts of protein, as measured by BCA protein assay, were re-
solved in 4–12% Bis-Tris gradient gels and transferred electropho-

retically on a nitrocellulose membrane. Membranes were blocked 
for 1 h at room temperature in 4% bovine serum albumin (BSA) in 
Tris-buffered saline (TBS)T before being incubated overnight at 4°C 
with the primary antibodies. All primary antibodies were diluted in 
4% BSA. After three washes of 5 min in TBST, horseradish peroxi-
dase–conjugated secondary antibodies (Bio-Rad Laboratories, Her-
cules, CA) were diluted 1:5000 in 0.4% BSA in TBST and incubated 
for 1 h at room temperature. After another three washes in TBST, 
detection of the signal was achieved by incubating with ECL chemo-
luminiscence detection (GE Healthcare, Little Chalfont, Bucking-
hamshire, UK) and exposing it on autoradiography films from 
Denville Scientific (Metuchen, NJ).

The primary antibodies used were mouse monoclonal anti-
GFP (1:2000 dilution, Sigma-Aldrich Cat #SAB4200681, 
RRID:AB_2827519), anti-tubulin (1:5000 dilution, Sigma-Aldrich 
Cat #T8328, RRID:AB_1844090), and mouse monoclonal anti-HA 
(1:1000 dilution, Sigma-Aldrich Cat #H6533, RRID:AB_439705).

cDNA-synthesis and qRT-PCR analysis
cDNA was synthesized using iScript cDNA Synthesis Kit (Bio-Rad) 
using 1 μg of isolated RNA per reaction by Speedtools Total RNA 
extraction Kit (Biotools, Madrid, Spain). Reverse transcription was 
performed in an Applied Biosystems Thermal Cycler with the follow-
ing settings: 25°C for 5 min, 46°C for 20 min, and 95°C for 1 min.

qPCR reactions were performed in triplicate using SYBR Select 
Master Mix (Applied Biosystems) in a StepOnePlus Real-Time PCR 
System (Thermo Fisher Scientific) with standard conditions: 50°C for 
2 min (UDG activation) and 95°C for 2 min (Polymerase activation) 
followed by 40 cycles of 95°C for 15 s (denaturation) and 60°C for 1 
min (annealing and elongation). Target genes were normalized to S14 
expression. Human primer sequences were the following: TCACCTA
CCAGGTGTCGGAGTC(Srf_f), GTGCTGTTTGGATGGTGGAGGT 
(Srf_r), CACCATTGGCAATGAGCGGTTC (Actg1_f), AGGTCTTTGC-
GGATGTCCACGT (Actg1_r), GGAAAAGGCAGCTCACTGAAGC 
(Cyr61_f), GGAGATACCAGTTCCACAGGTC (Cyr61_r), GGTGGA-
CATTGGCGTCAAGTAC (Cnn2_f), GGGTCATAGAGATGCCTTCTCG 
(Cnn2_r), TATCACCGCCCTACACATCA(S14_f), and GGGGTGA-
CATCCTCAATCC (S14_r).

Matrigel invasion assay
In Matrigel invasion assays, the upper side of membranes (8 μm 
pore Transwell, Fisher Scientific) was precoated with 2 μg Matrigel 
(BD Biosciences), and 10% FBS-DMEM was added as a chemoat-
tractant in the lower chamber; 1 × 105 A375p cells were plated in 
150 μl of SF-DMEM in the upper chamber. Two hours after seed-
ing the cells, real-time invasion was analyzed by confocal micros-
copy (TCS SP-5, Leica) for 24 h taking pictures every 30 min. 
Hoechst 33258 (0.2 μg/μl, Thermo Fisher Scientific) was added to 
dye the nuclei. Images were processed and analyzed using Fiji 
ImageJ (National Institutes of Health [NIH], Bethesda, MD). 
Following 48 h incubation, the invaded cells were fixed and 
analyzed by fluorescence microscopy and counted after crystal 
violet staining.

Time-lapse immunofluorescence
Cells were grown on polylysine-coated, glass-bottom dishes and 
transiently cotransfected with indicated plasmids. Cells were placed 
into a microscope chamber and treated with agonists. Confocal im-
ages (512 × 512 pixels; 0.15 pixel size) were acquired at 37°C in a 
TCS SP-5 confocal microscope (Leica) with a 40×, 1.25 NA oil 
objective, a 1 Airy pinhole, and 200 Hz speed. Images were cap-
tured every 2 min. Cells were excited with 405-, 458-, and 543-nm 
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laser lines. Images are presented after digital adjustment of bright-
ness and contrast to maximize signal. Images were processed and 
analyzed using Fiji ImageJ (NIH, Bethesda, MD).

Confocal immunofluorescence
Cultured cells were washed twice in PBS, fixed with ice-cold metha-
nol for 5 min, and washed with PBS. They were rinsed in PBS–0.05% 
Tween 20 (Sigma, Saint Louis, MO), incubated for 2 h with the pri-
mary antibodies washed, and incubated for 1 h with the appropriate 
secondary antibodies conjugated to FITC or Texas Red. Coverslips 
were mounted in VECTASHIELD-DAPI (Vector Laboratories, Burlin-
game, CA) and sealed. Confocal microscopy was performed with an 
LSM510 microscope (Carl Zeiss, Thornwood, NY) by using excitation 
wavelengths of 488 nm (for FITC) and 543 nm (for Texas Red). The 
images were then processed and analyzed using Fiji ImageJ (NIH, 
Bethesda, MD).

Dual luciferase reporter assay
A Renilla-luciferase reporter assay was carried out to examine the 
effect of ERα and CBP knockdown on pS2 promoter activity. A total 
of 5 × 104 cells were seeded on a 24-well plate in antibiotic free 
media for 24 h. Cells were transfected with 12.5 ng Renilla vector 
(used as an internal control) pRL Null Renilla and pSRE luc. After 
24 h of transfection, cells were harvested for 16 h, stimulated with 
EGF (100 ng/ml for 2 h), and lysed. Luciferase activity was tested 
using the Dual-Luciferase Reporter Assay System (Promega) as in-
structed by the manufacturer, and luciferase detection was mea-
sured on Monolight 3010 Luminometer (Promega, Madison, WI). 
Experiments were carried out in duplicate in three independent 
experiments.

Intramesodermal microtumor model for tumor cell escape 
and invasion in vivo
Escape from microtumors and invasion of cells in vivo was carried 
out in live chick embryos (Granja Gibert, Tarragona, Spain) as de-
scribed (Casar et al., 2014). Briefly, A375p cells were labeled with 
CellTracker Green CMFDA (Molecular Probes, Invitrogen) and in-
jected into the mesoderm layer of the CAM of 9-day-old chicken 
embryos. Five to seven small boluses of tumor cells (3–5 μl) were 
injected directly into the CAM mesoderm of chick embryos devel-
oping ex ovo. At day 5, portions of the CAM containing microtu-
mors were excised and immediately imaged using a Carl Zeiss Axio 
Imager microscope. Quantification of tumor cell escape and inva-
sion was performed using ImageJ software (NIH, Bethesda, MD). 
The mean number of the cells escaped and the mean of invasion 
distances from the tumor-CAM border were determined for each 
microtumor. A total of 12 to 15 individual microtumors from five to 
eight embryos was analyzed for each variable in three independent 
experiments.

The chick embryo model for tumor cell dissemination and 
metastasis
Analysis of spontaneous intravasation and dissemination of A375p 
cells carried out in chick embryos was as described (Casar et al., 
2012). Briefly, chick embryos (Granja Gibert, Tarragona, Spain) were 
allowed to develop in a humidified 37°C incubator. After 10 d of 
incubation, 1 × 106 A375p cells were grafted through a window in 
the eggshell onto the CAM of each embryo. On day 7, primary tu-
mors were removed and weighed, and portions of the distal CAM 
and livers were excised and analyzed by Alu-qPCR to determine 
actual numbers of human cells in the chicken tissue, essentially as 
described (Casar et al., 2012).

Statistical analyses
Throughout, graphed data are expressed as mean ± SEM. All statis-
tical analyses were carried out using GraphPad Prism software 
(GraphPad Software, San Diego, CA). The number of replicates and 
the statistical tests used in each case are indicated in the figure leg-
ends. In all cases, *p < 0.05, **p < 0.01, and ***p < 0.005. For experi-
ments involving cultured cells, unless otherwise stated, values are 
expressed as means ± SEM of three independent experiments; P 
values were calculated with the two-tailed Student’s t test, 95% sig-
nificance, and two-way ANOVA. To test for the homogeneity of vari-
ances, we ran a previous F test of equality of variances. Significance 
was assessed using parametric or nonparametric tests as 
appropriate.
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