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ORIGINAL ARTICLE

RhoB loss induces Rac1-dependent mesenchymal cell invasion
in lung cells through PP2A inhibition
E Bousquet1,2,3,5, O Calvayrac1,2,3,5, J Mazières1,2,4, I Lajoie-Mazenc1,2,3, N Boubekeur1,2,3, G Favre1,2,3 and A Pradines1,2,3

Non-small-cell lung cancer (NSCLC) is the leading cause of cancer-related death worldwide, which is mainly due to its high risk of
metastatic dissemination. One critical point of this process is the ability of cancer cells to detach from the primary tumor and
migrate through the extracellular matrix; however, the underlying molecular mechanisms are not yet fully understood. In the
present study, we identified the small GTPase RhoB as a key regulator of bronchial cell morphology in a three-dimensional (3D)
matrix. RhoB loss, which is frequently observed during lung cancer progression, induced an epithelial–mesenchymal transition
(EMT) characterized by an increased proportion of invasive elongated cells in 3D. The process was mediated by Slug induction and
E-cadherin repression. In addition, downregulation of RhoB induced Akt1 activation, which in turn activated Rac1 through the
guanine-exchange factor Trio to control cell shape rearrangement. Further, we provide evidence that RhoB interacted with and
positively regulates phosphatase PP2A through the recruitment of its regulatory subunit B55, which was found to be crucial for Akt
dephosphorylation. B55 inhibition completely suppressed RhoB-mediated PP2A regulation. Finally, we show that PP2A inactivation,
by targeting either its catalytic or its regulatory B55 subunit, completely reversed RhoB-dependent morphological changes and also
fully prevented the ability of RhoB to decrease the invasiveness of bronchial cells. Altogether, these results highlight a novel
signaling axis and describe new molecular mechanisms that could explain the tumor suppressor role of RhoB in lung cancer.
Therefore, we propose that RhoB could be responsible for early metastatic prevention by inhibiting the EMT-derived invasiveness of
lung cells through the control of PP2A activity.

Oncogene advance online publication, 6 July 2015; doi:10.1038/onc.2015.240

INTRODUCTION
The metastatic process causes most of the fatal outcomes in lung
cancer patients, and underlines the need for a better under-
standing of the associated molecular events. During this process,
tumor cells interact with their environment and move in three-
dimensional (3D) structures. The development of metastases is a
complex process and involves several cellular and biochemical
modifications that trigger the migratory and invasive phenotype.
First, cells from the primary tumor undergo epithelial–mesench-
ymal transition (EMT) induced by several EMT transcription factors
(EMT-TFs), such as Snail, Zeb-1 or Slug.1 These EMT-TFs notably
control the expression of proteins that mediate cell–cell contact,
such as E-cadherin, expression of mesenchymal markers such as
vimentin and matrix metalloproteinases, and participate in
cystoskeleton remodeling.2 EMT allows the polarized epithelial
cell to be converted into a motile cell that can detach from the
primary tumor and invade through the basement membrane into
the vasculature. Cells that have undergone EMT can use two
modes of migration—mesenchymal migration, in which cells
adopt an elongated shape and depend on ECM proteolysis via
matrix metalloproteinases’ activity, or amoeboid migration, which
is characterized by squeezing movements that allow cancer cells
to glide through matrix barriers. Cell plasticity, which allows
cells to rapidly switch between both states by a so-called
amoeboid–mesenchymal transition, depends on microenviron-
mental changes and matrix stiffness that can occur during tumor

progression and therapeutic treatments,3 and favors cancer
dissemination.
The Rho family members are small GTPases that belong to the

Ras family4 and are involved in multiple cellular processes
including cytoskeleton organization, cell motility, cell adhesion
and transcription, and thus are key players of metastatic
dissemination. For example, RhoA is well known to stimulate cell
migration.5,6 RhoA and RhoC expression correlates positively with
metastasis in a number of cancer types.5 In contrast, Rnd3/RhoE
downregulation controls cellular invasion in hepatocellular
carcinoma.7 RhoGTPases have a dynamic role in EMT,8 such as
RhoA and RhoC in colon carcinoma9 and amoeboid–mesenchymal
transition, where Rac1 activation triggers a mesenchymal
phenotype,10 whereas RhoA regulates the highly contractile
amoeboid migration via the ROCK–myosin II signaling axis.11

The RhoB protein is distinguishable from its homologs RhoA
and RhoC. Indeed, RhoB acts as a tumor suppressor12–14 and
its expression is frequently downregulated in cancer.15–17

We reported that, in lung cancer, RhoB expression was inversely
correlated with tumor progression.18 Moreover, it has been
highlighted, by in vitro and in vivo experiments, that RhoB has a
negative role in migration and invasion,19–21 which is most
notable in human bronchial cells.22 We and others have shown
that RhoB regulates the migratory and invasive properties via the
regulation of Akt activity in bronchial,22 breast23 and gastric
cancer cells.24
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In order to deepen our knowledge on the role of RhoB in
metastatic dissemination during lung cancer, we studied the role
of this GTPase in lung cell behavior using a 3D approach to
decipher the role of RhoB in invasion of bronchial cells and the
involved signaling pathway. Data presented herein reveal a novel
pathway that controls bronchial cell morphology in a 3D
environment and could contribute to a better understanding of
the metastatic process in lung cancer.

RESULTS
RhoB depletion induces EMT in bronchial cell lines and increases
cell invasion
To investigate the role of RhoB on cell behavior in 3D culture, we
first determined the morphology of several lung cell lines in a 3D
matrix. Cells were embedded in droplets composed of a Matrigel/
collagen mixture, which mimicked the pulmonary extracellular
matrix.25 In this 3D environment, lung cancer cells displayed
heterogeneous morphologies classified into three groups: (i) cells
that displayed a rounded shape (for example, H520, H460 and
H4006); (ii) cells with an elongated fibroblast-like shape with
cellular protrusions (for example, Calu-1, H1975 and H1650); and
(iii) cells that presented a mixed phenotype (for example, H2935,
H23 and the immortalized bronchial cells BEAS-2B; Supplementary
Figure S1A).
The analysis of RhoB expression by western blot and RT–qPCR

(quantitative reverse transcription PCR) analysis showed that
rounded cells displayed significantly higher levels of RhoB
compared with elongated cells (Supplementary Figures S1B and C),
suggesting a direct role of RhoB expression on the 3D cell
morphology.
Thus, we then assessed the effect of modulation of RhoB

expression (either by short interfering RNA (siRNA)-mediated RhoB
silencing or by adenoviral-mediated RhoB overexpression) on the
3D cell morphology of one selected cell line from each group
(H520 for rounded cells, Calu-1 for elongated cells and BEAS-2B as
a model for the mixed phenotype). RhoB downregulation by two
distinct siRNAs resulted in a significant increase in the percentage
of elongated cells in the three cell types, whereas RhoB
overexpression induced the opposite effect on immortalized
BEAS-2B and Calu-1 cells (Supplementary Figure S2 and Figures 1a
and b). RhoB overexpression had no effect on H520 cell
morphology as almost all control cells already displayed a
rounded morphology (data not shown). Furthermore, the down-
regulation of RhoB expression following transformation of the
BEAS-2B cells by the oncogenic mutant K-RasV12 (Supplementary
Figure S2A), as previously shown,22 induced a strong increase in
the percentage of elongated cells (Figures 1a and b). Consistent
with the above observations, all three RhoB-depleted cell lines, as
well as the KRasV12-BEAS-2B cells, showed a marked increase in
cell-extension size, whereas adenoviral-mediated RhoB overex-
pression in BEAS-2B and Calu-1 resulted in a significant reduction
in protrusion size (Figures 1a and c).
We previously showed that the loss of RhoB expression

promotes invasiveness and metastatic dissemination in vivo of
BEAS-2B cells.22 Thus, we determined whether RhoB silencing
impacts on BEAS 2B cell dynamic movements in the 3D matrix,
monitored by time-lapse microscopy. The majority of control cells
showed a rounded morphology and slow random movements. In
contrast, siRhoB-transfected cells displayed a more elongated
shape and moved more quickly with dynamic protrusion
extension (Supplementary Figure S3A, Supplementary Movies 1
and 2). The cell shape dynamics was quantified by determining
the difference of the Feret’s diameter (or maximum caliper length)
over time. This parameter was significantly higher in RhoB-
depleted cells compared with control cells, and was correlated to

the quick formation of protrusions (as shown in Supplementary
Figures S3B and C).
Moreover, in a 3D wound-healing assay, we showed that RhoB

downregulation induced an elongated morphology at the front of
the migration and favored cell migration toward the wound in 3D
matrix (Supplementary Figure S3D).
These results suggested that RhoB silencing in lung cells

induces an elongated morphology in a 3D model, correlated with
higher cell dynamics and migration. The switch between
elongated and rounded cells could be the result of EMT/
mesenchymal–epithelial transition or amoeboid–mesenchymal
transition/MAT. In our 3D model, rounded cells did not present
obvious amoeboid characteristics such as membrane blebbing or
high contractility (Supplementary Figure S1A, Supplementary
Movie S1). Thus, to assess whether the elongated shape and
invasiveness after RhoB modulation were the result of an EMT
process, we further evaluated the expression of several EMT
markers in BEAS-2B cells following RhoB knockdown. RhoB
silencing significantly increased the mRNA levels of Slug, but
surprisingly decreased the mRNA expression of Snail (Figure 2a).
Similar results were observed at the protein level (Figure 2b).
Consistent with the stimulation of Slug expression, E-cadherin
mRNA and protein expression levels were significantly down-
regulated (Figures 2a and b). Moreover, we observed a strong
induction of Slug and inhibition of E-cadherin expression in
KRasV12-BEAS-2B. Consistently, adenoviral-mediated RhoB over-
expression led to the opposite (Supplementary Figure S4A).
Interestingly, the elongated lung cells H1975, Calu-1 and H1650

exhibited Snail and/or Slug expression, whereas no expression was
detected in the rounded cells H520, H460, A549 and H4006
(Supplementary Figure S4B), bearing out that elongated cells have
undergone EMT.
We then examined whether siRhoB-mediated Slug induction

accounted for the morphological changes and increased
invasiveness of cells. The depletion of Slug (Supplementary
Figure S4C) totally suppressed the effect of RhoB silencing on
the morphological changes and suppressed the invasiveness of
cells (Figures 2c and d). This suggested that Slug was required for
the effects of RhoB silencing in these cells.
Altogether, these data indicate that RhoB inhibition could

promote EMT in lung cells, resulting in increased mesenchymal
morphology and invasiveness of BEAS-2B cells through a Slug-
dependent mechanism.

RhoB depletion induces EMT via activation of an Akt1–Rac1
signaling pathway
Recent publications reported that the Akt pathway controls Slug
expression.26–29 Moreover, we previously showed that the
activation of Akt1 and Rac1 mediates the migration and invasion
induced by RhoB silencing in lung cells.22 We then assessed the
role of Akt1 and Rac1 in the RhoB-dependent EMT control in
BEAS-2B using a siRNA co-transfection strategy. As expected,
siRNA-mediated RhoB downregulation significantly increased the
proportion of mesenchymal cells, whereas Rac1 or Akt1 silencing
suppressed the effect of RhoB downregulation on EMT (Figure 3a).
Inhibiting Akt and Rac1 activity using Triciribine and NSC23766,
respectively, confirmed these results (Figure 3a). This strongly
suggested that RhoB loss induced a mesenchymal morphology
dependent on Akt1 and Rac1.
To define the signaling axis regulated by RhoB, we first analyzed

the effect of Rac1 inhibition on siRhoB-mediated Akt1 activation,
either by siRNA knockdown or by pharmacological inhibition. As
shown in Figure 3b, Rac1 inhibition failed to prevent Akt1
phosphorylation on Ser473 residue induced by RhoB knockdown,
indicating that Rac1 did not participate in Akt1 activation.
We then analyzed the effect of Akt inhibition on Rac1 activation,

and showed that Triciribine prevented Rac1 activation triggered
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by RhoB depletion (Supplementary Figure S5A). To assess whether
Akt1 was the only Akt isoform involved in siRhoB-mediated Rac1
activation, we individually inhibited each Akt isoform using
specific siRNA, and determined the increased Rac1–GTP/Rac1
ratio resulting from RhoB depletion. Akt1, but neither Akt2 nor
Akt3 knockdown, prevented siRhoB-mediated Rac1 activation,
suggesting that only the Akt1 isoform was implicated in Rac1
activation (Figure 3c).
NSC23766 is a specific inhibitor of both Rac1-specific guanine-

exchange factors (GEFs), Trio and Tiam1.30 We therefore deter-
mined which of these GEFs was involved in the activation of
Rac1 by Akt1. Despite 90% reduction of Tiam1 mRNA expression
(Supplementary Figure S5B), we did not observe any modification
of the cell shape driven by RhoB silencing (Figure 3d). By contrast,
inhibition of Trio (Supplementary Figure S5B) efficiently reverted
siRhoB-induced EMT (Figure 3d). Interestingly, the downregulation

of Trio, but not of Tiam1, also dramatically suppressed the
invasiveness acquired by RhoB-depleted bronchial cells
(Supplementary Figure S5C).
Our results suggested that RhoB depletion induced Rac1

activation through Akt1 and the regulation of GEF Trio, leading
to EMT in a 3D context.

RhoB regulates Akt1 activity via the regulation of PP2A
phosphatase
We further examined by which mechanisms RhoB controls the Akt
phosphorylation level. This kinase might be phosphorylated by
phosphoinositide-3-kinase (PI3K), 3-phosphoinositide-dependent
protein kinase 1 and mammalian target of rapamycin complex 2,
or dephosphorylated by protein phosphatase 2A (PP2A), the
phosphatase and tensin homolog (PTEN), or the PH-domain
leucine-rich repeat-containing protein phosphatase (PHLPP1/2).

BEAS-2B Calu-1 H520

Figure 1. RhoB inhibition induces an elongated morphology of bronchial cell lines in a 3D matrix. (a) As indicated in the panel, different cell
lines (BEAS-2B, Calu-1 or H520) were either transformed by the oncogene K-RasV12 (K-RasV12), transfected with a control siRNA (siNeg), two
RhoB siRNAs (siB1 or siB2) or transduced with an adenovirus coding for GFP (Ad-Cont) or RhoB (Ad-RhoB), and were embedded in a 3D matrix.
Cells were observed by differential interference contrast (DIC) microscopy. (b) Quantification of the percentage of elongated cells.
(c) Measurement of cell-extension size using Nikon NIS-Element software. *Po0.05; **Po0.01; ***Po0.001.
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Inactivation of PTEN after short hairpin RNA-mediated RhoB
inhibition has been previously reported in ovarian OVCAR-3
cells.31 However, we did not observe modulation of its activity in
BEAS-2B cells (data not shown). Moreover, we have previously
observed an inhibitory effect of the PI3K inhibitor LY294002 on
bronchial cell migration induced by RhoB knockdown. Thus, we
tested the role of RhoB expression on PI3K activity and showed
that RhoB silencing by siRNA did not alter PI3K activity
(Supplementary Figure S6A).
As RhoB has been shown to interact with the catalytic subunit

of PP2A in murine NIH3-3T3 fibroblasts,32 we focused on the
possible involvement of this phosphatase in the regulation of Akt
during the EMT process mediated by RhoB loss, and on the
implicated molecular mechanisms. Inhibition of RhoB in bronchial
cells using siRNA substantially reduced PP2A activity, as evidenced
by the phosphatase-activity assay on immunoprecipitated PP2Acα,
whereas RhoB overexpression induced a significant increase in
PP2A activity (Figure 4a). RhoB silencing also increased phos-
phorylation of the PP2A catalytic alpha subunit (PP2Acα) on
tyrosine 370, which is known to inhibit phosphatase activity of the
complex33 to a similar degree to that observed with serum
treatment (Supplementary Figure S6B).
To determine the implication of PP2A in the EMT process driven

by RhoB depletion, BEAS-2B cells were transfected with two
different PP2Acα siRNAs, which efficiently decreased both mRNA
levels and phosphatase activity (Supplementary Figures S6C and D),
and we assessed the impact of PP2A loss on 3D morphological
cell changes caused by RhoB overexpression. As previously

observed, RhoB overexpression induced a significant decrease of
the mesenchymal proportion in control cells, but had no effect in
PP2A-depleted cells (Figure 4b), strongly supporting the hypo-
thesis that RhoB induced a 3D morphological reorganization
through PP2A regulation.
To further investigate the molecular mechanisms by which

RhoB regulated PP2A activity in bronchial cells, we first aimed to
determine whether these two proteins could interact in human
lung epithelial cells, as previously reported by Lee et al.32 in
the murine NIH3T3 fibroblast cell line. Using a glutathione
S-transferase (GST) pull-down assay, we showed that RhoB, but
not the closely related GTPase RhoA, efficiently bound PP2A
catalytic subunit α (PP2Acα) present in the BEAS-2B cell lysate
(Figure 4c), and also bound the isolated recombinant human
protein (Figure 4d), thus indicating a direct interaction between
both proteins. This interaction was confirmed by co-
immunoprecipitation of endogenous proteins using either a RhoB
or a PP2Acα antibody in BEAS-2B cell lysates (Figure 4e). These
results suggest that RhoB regulated PP2A activity by direct
interaction with its catalytic subunit in BEAS-2B cells.

RhoB regulates PP2A activity by regulating the binding of the B55
regulatory subunit
PP2A holoenzymes are composed of catalytic (C), scaffold (A)
and regulatory (B) subunits. Specificity and activity of the
heterotrimer are defined by the binding of the B regulatory
subunit. To date, at least 25 different B subunits have been
identified in mammalians and can be classified into four different
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families—the B (commonly known as B55/PR55), the B′ (B56/
PR61), the B″ (PR48/PR72/PR130) and the B″′ (PR93/PR110).34

Although multiplicity of possible combinations offers a great
number of putative active complexes, association of PP2A with
B55 or B56 subunits appears to confer specificity for Akt
targeting.35–37

Both subunits were expressed in BEAS-2B cells as revealed by
western blot analysis (Supplementary Figure S7A). However, only
B55 was able to bind PP2ACα in co-immunoprecipitation assays
(Supplementary Figure S7A), suggesting a preferential role of the
B55 subunit in BEAS-2B cells. Moreover, siRNA-mediated B55
inhibition led to a significant increase in Akt phosphorylation on
both Thr308 and Ser473 (Figure 5a).
Next, to assess whether RhoB was involved in the regulation of

Akt1 by B55-associated PP2A, a GST pull-down assay was first
performed in a BEAS-2B cell lysate using RhoB as bait. RhoB did
not bind B56 (Supplementary Figure S7B) but interacted with B55,
as well as with Akt1, indicating the existence of a complex formed
by RhoB, PP2ACα, B55 and Akt1 (Figure 5b). Moreover, RhoB
depletion resulted in a significant decrease in the PP2ACα− B55
interaction, whereas RhoB overexpression increased the propor-
tion of B55 bound to PP2A (Figure 5c). Furthermore, the
RhoB-induced increase of PP2A activity was fully prevented in
B55- but not in B56-depleted cells (Figure 5d and Supplementary
Figure S7C).
Finally, the role of the B55 subunit in the RhoB-dependent 3D

morphological changes and invasion was evaluated. B55, but not
B56 inhibition by siRNA, significantly suppressed the mesenchy-
mal–epithelial transition and completely reversed the decreased
invasion induced by RhoB overexpression (Figures 5e and f,
Supplementary Figures S7D and E). Altogether, these results

support the hypothesis of a nonparticipation of the B56 subunit in
the RhoB-mediated regulation of PP2A, and show that RhoB
regulates bronchial cell 3D morphology by modulating PP2A
activity in a specific B55-dependent mechanism.

DISCUSSION
In the present study, we provide evidence that RhoB depletion,
which occurs during lung cancer progression,18 favors mesench-
ymal migration in a 3D matrix, via the regulation of phosphatase
PP2A activity, by limiting the binding of its regulatory subunit B55.
This leads to activation of the Akt1–Trio–Rac1 signaling axis.
Herein we used a 3D culture model to more accurately match

the structure of native tissue, and thus to better characterize the
migration mode of tumor cells and underlying mechanisms. We
have shown that in these conditions lung tumor cells could adopt
distinct morphologies, which could reflect different migration
modes. Some cell lines displayed a fibroblast-like morphology
with long protrusions, whereas some others adopted a rounded
shape. RhoB expression was significantly lower in elongated cells
compared with rounded cells, suggesting a role for this GTPase in
the control of cell morphology in 3D. This hypothesis was
strengthened as we observed that RhoB loss by either siRNA or
KRasV12 transfection induced a transition toward a more elongated
shape with lengthening of cell protrusions along with a higher cell
dynamic and increased invasiveness, as we have previously
reported.22 Consistently, RhoB overexpression induced a more
rounded phenotype and decreased invasiveness.
These data prompted us to investigate whether this morpho-

logical change, associated with the acquisition of invasive
properties, could be the result of an EMT. Indeed we confirmed
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that EMT triggered the morphological changes observed in RhoB-
depleted cells, as expression of the EMT-TF Slug was increased
and the epithelial marker E-cadherin was inhibited after RhoB
depletion. We also observed that Slug and Snail were only
expressed in elongated cells, whereas no or weak expression was
detected in rounded cells.
Altogether, our data suggest that RhoB loss observed during

lung cancer progression18 could induce EMT of tumor cells and
drive metastatic dissemination. The loss of RhoB expression could
be an adaptive response favoring the aggressiveness and
development of metastases in lung cancer. We previously
reported that RhoB knockdown significantly increased the
dissemination of lung metastasis in a murine model.22 More
recently, we have shown that RhoB is not only a strong prognostic
factor in NSCLC but is also critical for the acquisition of an
aggressive phenotype of adenocarcinoma.38 However, in vivo
experiments have to be performed to determine the relationship
between the cell morphology and metastatic dissemination to
clarify the role of RhoB in these complex processes. Whether the
3D cell shape is correlated with invasiveness is still not clear.
Indeed, cancer cell invasion appears to be dependent on the cell
type and to be a heterogeneous and adaptive process regarding

notably the surrounding microenvironment, as well described
by Friedl et al.3 It could not be excluded that RhoB acts as
a metastasis suppressor independently of the morphological
changes. Notably, it was reported that RhoB has a critical role in
angiogenesis and controls stromal endothelial cells during breast
tumorigenesis.23,39

Among the transcriptional factors involved in mesenchymal
migration, we observed that Slug, one of the most thoroughly
investigated EMT regulators in lung cancer,40 was strongly
induced following RhoB loss. In parallel, E-cadherin, epithelial
marker of EMT known to be downregulated notably by Slug,
showed reduced levels of mRNA and protein. Similarly, it was
reported very recently in prostate cancer cells41 that RhoB
silencing reduced E-cadherin expression only at the protein level,
thus by a protein degradation rather than by a transcriptional
regulatory mechanism. Interestingly, Slug expression is associated
with poor survival in lung carcinoma,42 similar to the loss of RhoB
expression.43 Slug has been shown as a novel invasion-promoting
gene notably in lung carcinoma.29,44,45 Recent publications
reported that Slug expression is regulated through the signaling
axis involving Akt.26–29 Interestingly, we have demonstrated
herein that RhoB depletion induced a mesenchymal phenotype
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in a 3D environment via the sequential activation of Akt1 and Rac1
GTPase. In contrast to that observed in leukocytes,46 Rac1 did not
regulate Akt1 in the bronchial cell model. Our results are in
agreement with those of Xu et al.,47 who described that the
inhibition of the PI3K–Akt pathway in fibroblasts blocked Rac1
activation as well as cell migration.
Altogether, our results propose that the downregulation of

RhoB expression in lung cancer18 could be critical for the
acquisition and maintenance of a Rac1-dependent mesenchymal
morphology, probably resulting from an EMT process, and could
also be related to the invasive behavior of lung cancer cells.
We have deciphered the mechanism that regulates Rac1

through Akt1 by focusing on its GEFs, Trio and Tiam1. NSC23766
specifically inhibited both of these GEFs as well as the 3D
morphological changes induced by RhoB depletion. It is
noteworthy that both GEFs have been shown to be involved in
the regulation of migration and invasion in several cell types.48–50

Trio but not Tiam1 depletion blocked not only the activation of
Rac1 but also the EMT induced by RhoB depletion. A recent study
shows that Trio mediates TWEAK-induced migration and invasion
of glioblastoma cells through Rac1 activation.51 The molecular
mechanisms of Trio regulation are still unknown.50 It was recently
reported that Trio tyrosine phosphorylation by the Src kinase
Fyn is involved in Rac1 activation and neurite outgrowth in
neuroblastoma cells.52

In parallel, we examined the molecular mechanisms of Akt
regulation by RhoB. The activity of this kinase is finely regulated by
either phosphorylation, mainly by 3-phosphoinositide-dependent
protein kinase 1 and PDK2, or dephosphorylation, notably by
PP2A, PHLPP or PTEN, on two major sites—threonine 308 and
serine 473.53 We have previously observed an effect of the PI3K
inhibitor LY294002 on bronchial cell migration. However, RhoB
depletion did not alter PI3K activity. Moreover, whereas inactiva-
tion of PTEN after short hairpin RNA-mediated RhoB inhibition was
previously reported in ovarian OVCAR-3 cells,31 we did not
observe modulation of the inhibitory phosphorylation of serine
370 on PTEN in BEAS-2B cells.
Phosphatase PP2A is a tumor suppressor that has been shown

to be involved in the regulation of migration in different cancer
models,54,55 notably in the Lewis lung cancer model.24 We
evidenced that RhoB regulates PP2A activity, mediating morpho-
logical cell changes in a 3D matrix. We have pointed out that RhoB
interacts not only with the catalytic subunit alpha of PP2A from
bronchial cell lysates, as previously shown in murine NIH3T3
fibroblasts,32 but also with purified recombinant protein. This
indicates that both proteins bound directly to each other.
The mechanism by which PP2A is functionally inactivated

in tumor cells has not been clearly established. The PP2A
scaffold and regulatory subunits have been shown to be
mutated or aberrantly expressed in many different cancers,
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Figure 5. RhoB regulates PP2A activity by modulating its interaction with the B55 regulatory subunit. (a) BEAS-2B cells were transfected with a
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notably in lung cancers.34 Herein, we propose RhoB inhibition as
a new way to downregulate the tumor suppressor activity
of PP2A.
PP2A is a phosphatase formed from three distinct subunits—a

catalytic subunit (C), a scaffold subunit (A) and a regulatory
subunit (B). This last subunit regulates, spatially and temporally,
the activity of the protein, and then allows specificity with
different targets of PP2A.34,56 Among the 25 regulatory subunits,
B55 and B56 have been described to determine the specificity of
PP2A for Akt dephosphorylation.35,36 In BEAS-2B cells, only B55
could be immunoprecipitated with the PP2A catalytic subunit and
its silencing induced Akt phosphorylation. Interestingly, over-
expression of miR-222, found in several cancers including lung
cancer,57,58 has been shown to target and inhibit B55 and increase
Akt phosphorylation.59 Previous observations of the involvement
of B55 in Akt regulation indicate the specific targeting of T308
phosphorylation with no or only a negligible effect on the S473
residue of kinase.35 In our model, however, B55 inhibition led to
increased phosphorylation of both sites, suggesting a full
activation of the kinase, and thus strengthening the crucial role
of this regulatory subunit in Akt regulation.
Finally, we have provided evidence that RhoB interacts with the

B55 subunit together with Akt1 and favors the B55–PP2A
interaction. Moreover, B55 silencing reversed the rounded
phenotype induced by RhoB overexpression, showing that RhoB
could regulate 3D morphological changes by modulating the
recruitment of the regulatory B55 subunit to the PP2A complex in
order to reduce the Akt1 phosphorylation level.
Altogether, these results identify RhoB as a new direct regulator

of PP2A activity, via the recruitment of the B55 regulatory subunit.
During lung cancer progression, the downregulation of RhoB may
inhibit PP2A activity following B55 release, leading to the
activation of the Akt1–Trio–Rac1 signaling axis, triggering cell

plasticity, migration and invasion of bronchial tumor cells
(Figure 6).
Our results suggest that the K-Ras oncogenic pathway could be

linked to the PP2A tumor suppressor gene pathway through RhoB
in lung cancer cell lines. K-Ras-induced downregulation of RhoB
could therefore be one of the mechanisms that impair PP2A
activity and allow oncogene-transforming functions.
We have demonstrated that RhoB controls PP2A to modulate

Akt phosphorylation and 3D type of migration. A role of RhoB on
PP2A activity has also been shown in another cellular process, the
regulation of DNA double-strand breaks,60 but the involvement of
a direct RhoB–PP2A interaction remains to be elucidated. At the
time of targeted therapy in lung cancer, the level of RhoB
expression should be investigated as a putative surrogate marker
of tumor invasion and sensitivity to the PI3K/AKT/mTOR pathway
inhibitors.

MATERIALS AND METHODS
Cell culture and transfection
Human bronchial epithelial cell lines, BEAS-2B (ATCC, Manassas, VA, USA)
CRL-9609, and A549 (ATCC CCRL-185), issued from lung carcinoma, were
grown in DMEM supplemented with 10% fetal calf serum (FCS, Lonza,
Ambroise, France). Calu-1 cells (ATCC HTB-54), lung grade-III squamous
carcinoma cells, were grown in McCoy’s 5a (Gibco, Grand Island, NY, USA)
supplemented with 1.5 mM glutamine and 10% FCS. H460 (ATCC HTB-177)
issued from large cell carcinomas, H520 (ATCC HTB-182) issued from lung
squamous carcinomas, and H2935 (ATCC CRL-2869), H23 (ATCC CRL-5800),
H1650 (ATCC CRL-5883) and H1975 (ATCC CRL-5908) issued from lung
adenocarcinomas were grown in RPMI-1640 (Lonza) supplemented with
10% FCS. All cell lines were authenticated and tested for mycoplasma
contamination recently.
All cell lines were maintained at 37 °C in a humidified incubator with 5%

CO2. BEAS-2B cells transformed by K-RasV12 were previously obtained by
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Figure 6. A proposed pathway for the control of cell invasion, migration and 3D morphology by RhoB via regulation of the PP2A–Akt1–Rac1
axis. In bronchial cells, loss of RhoB, a phenomenon frequently observed during lung cancer progression, negatively affects the activity of
PP2A, one of the major cellular serine–threonine phosphatases, by promoting the dissociation of its regulatory subunit B55 from the complex.
Consequently, the decrease of B55-dependent phosphatase activity of PP2A promotes the activation of its target Akt, which in turn activates
Rac1 through its GEF Trio. This increases the capacity of cells to migrate to and invade through the extracellular matrix by regulating the EMT
process.
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transfection with the pZip–KRasV12 plasmid.22 Transient transfection of
small interfering RNA was performed using Oligofectamine (Invitrogen,
Grand Island, NY, USA), following the manufacturer’s instructions. The
different siRNAs are described in Supplementary Table 2. The pharmaco-
logical inhibitors Triciribine (3 μM) and NSC23766 (50 μM) were added 1 h
before and then maintained during the experiment.

Adenoviral transduction
Cells were plated-up at 24 h before transduction with an adenoviral vector
control that coded for GFP (Ad–Cont) or for RhoB (Ad–RhoB), as described
previously,22 at a multiplicity of infection of 10 for BEAS-2B cells and 5 for
Calu-1 cells.

Cell morphology in a 3D matrix
Cells were embedded in a 3D matrix constituted of collagen type I
(1.5 mg/ml, BD Biosciences) and Matrigel (1/10, BD Biosciences) in EMEM
(Eagle’s Minimal Essential Medium; 2 × , Lonza) at a concentration of
4 × 104 cells/ml. Drops (30 μl) were placed for 1 h upside down at 37 °C to
allow solidification of the matrix. The complete medium was then added.
After 6 h, the cells were fixed with 3.7% formaldehyde, and cell
morphology was observed under a Nikon inverted microscope.
Cell extension was measured using Nikon-NIS Element software, and
differential interference contrast images were captured using a Nikon
DS-Qi2 digital camera.

Invasion
The invasion assay was performed as described previously.22

Quantitative real-time reverse transcription PCR
For mRNA analysis, 3D-cultured cells were recovered by incubating the
collagen/matrigel drops with collagenase (100 U/ml) and dispase (2.5 U/ml)
at 37 °C for 30minutes, washed twice with PBS and then lysed
with corresponding buffer. Total RNA isolation and processing is
described in Supplementary Material, and primer sequences are listed in
Supplementary Table 1.

Co-immunoprecipitation and pull-down assays
Cells were lysed in chilled immunoprecipitation buffer containing 50mM

Tris–HCl (pH 7.4), 150mM NaCl, 1% NP-40, 10% glycerol, 1 mM EDTA, 1 mM

EGTA and 5mM MgCl2, supplemented with protease (Sigma, Saint-Louis,
MO, USA) and phosphatase (Pierce, Waltham, MA, USA) inhibitor cocktail.
The cleared lysate (500 μg) was then incubated with 3 μg of the indicated
antibody and 30 μl of protein-A agarose beads (Repligen, Waltham, MA,
USA) in 1ml of IP buffer for 3 h in rotation at 4 °C. After washing three
times in cold IP buffer, bead pellets were resuspended in 30 μl of 2 ×
Laemmli buffer and subjected to western blotting. For the pull-down
assays, antibody and protein A beads were replaced by 25 μl of GST or the
indicated GST-fusion proteins bound to glutathione sepharose 4B beads
(GE Healthcare, Waukeska, WI, USA), and the same protocol was followed.
For the pull-down assays of purified PP2Acα, the cell lysate was replaced
by 500 ng of human recombinant protein (Cayman Chemicals, Tallinn,
Estonia) resuspended in IP buffer, and the same protocol was followed.

Quantification of Rac1 activity
Cells were lysed in lysis buffer (50mM Tris–HCl pH 7.4, 1% Triton-X-100,
500mM NaCl, 10mM MgCl2, 2.5 mM EGTA and 0.5% sodium deoxycholate)
supplemented with protease and phosphatase inhibitors. Cleared lysates
were then incubated with GST-PAK for 30min at 4 °C. The precipitate was
then analyzed by immunoblotting.

Western blot analysis
For protein analysis, 3D-cultured cells were recovered and lysed as
described earlier. Cell extracts were separated on SDS–polyacrylamide gel
electrophoresis and electrotransferred onto a PVDF membrane. Blots were
probed with antibodies described in Supplementary Material.

PP2A activity
PP2A activity was quantified with a PP2A immunoprecipitation Phospha-
tase kit (Millipore, Molsheim, France), following the manufacturer’s

instructions. In brief, the cells were lysed in chilled PP2A lysis buffer
(20mM Imidazole-HCl, 2 mM EDTA, 2 mM EGTA) supplemented with
protease inhibitors (Sigma). After immunoprecipitation of the PP2A
catalytic subunit, the precipitate was incubated with a phosphopeptide
(K-R-pT-I-R-R). Then, the free phosphate was quantified by malachite green,
and absorbance was read at 620 nm.

Statistical analyses
The mean± s.d. values were calculated for each datum point. Differences
between groups were analyzed with the Student t test. Data are
representative of at least three independent experiments. Data were
considered significant at *Po0.05, **Po0.01 and ***Po0.001.
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