
OPEN

RhoA modulates functional and physical interaction
between ROCK1 and Erk1/2 in selenite-induced
apoptosis of leukaemia cells

F Li1, Q Jiang1, KJ Shi1, H Luo1, Y Yang1 and CM Xu*,1

RhoA GTPase dysregulation is frequently reported in various tumours and haematologic malignancies. RhoA, regulating Rho-
associated coiled-coil-forming kinase 1 (ROCK1), modulates multiple cell functions, including malignant transformation,
metastasis and cell death. Therefore, RhoA/ROCK1 could be an ideal candidate target in cancer treatment. However, the roles of
RhoA/ROCK1 axis in apoptosis of leukaemia cells remain elusive. In this study, we explored the effects of RhoA/ROCK1 cascade
on selenite-induced apoptosis of leukaemia cells and the underlying mechanism. We found selenite deactivated RhoA/ROCK1
and decreased the association between RhoA and ROCK1 in leukaemia NB4 and Jurkat cells. The inhibited RhoA/ROCK1
signalling enhanced the phosphorylation of Erk1/2 in a Mek1/2-independent manner. Erk1/2 promoted apoptosis of leukaemia
cells after it was activated. Intriguingly, it was shown that both RhoA and ROCK1 were present in the multimolecular complex
containing Erk1/2. GST pull-down analysis showed ROCK1 had a direct interaction with GST-Erk2. In addition, selenite-induced
apoptosis in an NB4 xenograft model was also found to be associated with the RhoA/ROCK1/Erk1/2 pathway. Our data
demonstrate that the RhoA/ROCK1 signalling pathway has important roles in the determination of cell fates and the modulation
of Erk1/2 activity at the Mek–Erk interplay level.
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Acute promyelocytic leukaemia (APL) is characterised by
differentiation arrest at promyelocytic stage and augmentation
of haematopoietic stem cells.1 Owing to the abnormal
aggregation of immature precursors and the repression of
normal haemopoiesis, APL presents as amedical emergency,
with a high rate of early fatalities from haemorrhaging.2

Although all-trans retinoic acid (ATRA) has been shown to be
effective in APL therapy, the relapse still occurs in 20% of
patients because of an elevation in white blood cell count
induced by ATRA treatment.3 In this context, targeting mutant
or hyperactivated molecules to elicit specific apoptosis of
leukaemia cells would be a rational approach for more
efficacious therapy and may even result in complete
remission.
RhoA, the prototype protein of Rho GTPases superfamily,

cycles from a GDP-bound inactive state to a GTP-bound
active state.4 RhoA is involved in a variety of cellular functions,
including cytoskeleton organisation, cell cycle, cell survival,
cell polarity and cell migration. Once activated, RhoA
transmits signals to pleiotropic effectors by binding to its
immediate downstream target, Rho-associated coiled-coil-

forming kinase 1 (ROCK1). From an autoinhibited form,
ROCK1 is activated when its C-terminal region binds to
RhoA.5 Upregulation of RhoA and ROCK1 has been well
documented in tumours and are related to cancer progres-
sion, metastasis and poor prognosis.6,7 Perturbations in the
RhoA/ROCK1 pathway have been reported in leukaemia cells
as well.8 Thus, the RhoA/ROCK1 pathway may be a
promising target for cancer therapy. Indeed, inhibition of
RhoA/ROCK1 pathway leads to tumour cell death and
reducedmetastasis.9,10 Although growing investigations have
shown that the RhoA/ROCK module interacts with various
signalling molecules to affect apoptosis in solid tumours, little
is known about the roles of this signalling pathway in
leukaemia cell survival and death. A better understanding
of RhoA/ROCK1 regulation on leukaemia cells could be
contributing to develop new modalities for treating haemato-
logic malignancies.
In this study, we investigated the modulation of the RhoA/

ROCK1 axis on leukaemia cell fates and explored the
potential underlying mechanism. We demonstrated that
inhibition of the RhoA/ROCK1 pathway increased the
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susceptibility of NB4 and Jurkat cells to the cytotoxic
compound selenite. The ablated RhoA/ROCK1 signalling
led to the reinforced activation of Erk1/2. Moreover, the
enhanced phosphorylation of Erk1/2 promoted programmed
cell death. Interestingly, the physical interaction between
ROCK1 and Erk1/2 was involved in the interplay between
RhoA/ROCK1 signalling and Erk1/2. These results indicate
that targeting RhoA/ROCK1 axis could be an optional
therapeutic strategy for leukaemia.

Results

Selenite treatment inhibited RhoA/ROCK1 axis in leu-
kaemia cells. Our previous studies have shown that sodium
selenite induces apoptosis in malignant cells.11,12 To further
elucidate the underlying mechanisms, we examined the
effects of selenite on leukaemic cells and normal monocytes.
As shown in Figure 1a, 20 mM of selenite induced the
apoptosis of leukaemia cell lines NB4 and Jurkat in a time-
dependent manner, which is consistent with our previous
reports.12 Immunoblot analysis showed the increased clea-
vages of caspase 9 and caspase 3, especially at 18 h after
selenite treatment. Annexin V/PI staining showed apoptosis
occurred in about 40% and 37% of NB4 and Jurkat cells at
18 h, respectively. Conversely, selenite failed to cause
apoptotic death in normal blood cells (Supplementary
Figure S1a).
Next, we evaluated the effects of selenite on RhoA and

ROCK1 in leukaemia cells. Immunoblot analysis revealed that
the activation of RhoA (shown as RhoA-GTP) was reduced

robustly at 6 h and was maintained at low levels through
6–18h (Figure 1b). Consistently, the phosphorylated level of
myosin phosphatase (MYPT1) was significantly inhibited at
6 h by selenite and that decreased level was maintained
(Figure 1b). As a well-established substrate of ROCK1,13

phosphorylation of MYPT1 is associated with the activity of
ROCK1. This result indicated ROCK1, the direct substrate of
RhoA, also was probably inhibited by selenite. As the binding
with activated RhoA is believed to keep ROCK1 activation,5

we performed Co-immunoprecipitation (Co-IP) and immuno-
fluorescence analysis to check whether the selenite-induced
inactivation of RhoA is related to ROCK1 downregulation. Co-
IP assay showed the association between RhoA and ROCK1
was robustly interfered since 6h (Figure 1c), in consistent with
the changes of RhoA and ROCK1 activities. Moreover, the
immunofluorescence assay revealed that ROCK1 predomi-
nantly co-localised with RhoA in untreated cells (Figure 1d).
But this co-location was smeared after selenite treatment
(Figure 1d), supporting the finding that the molecular binding
of RhoA to ROCK1 declined. These results together indicate
that selenite inhibits the activation of RhoA, decreases the
association of RhoA with ROCK1, and thereafter deactivates
ROCK1.

RhoA modulated cell apoptosis via ROCK1. The RhoA/
ROCK1 pathway is reported to be involved in the modulation
of cell survival.14,15 As shown above, RhoA/ROCK1 axis was
inhibited by selenite in leukaemia cells undergoing apoptosis,
whereas this axis was little affected in normal counterparts
that remained intact (Supplementary Figures S1a and S1b).

Figure 1 Selenite-induced apoptosis and inhibition of the RhoA/ROCK1 pathway. (a) NB4 and Jurkat cells were treated with selenite (20mM). Upper, the cleaved
caspase-9 and caspase-3 were visualised by immunoblotting at various time points as indicated. Lower, apoptosis ratio was determined using an Annexin V/PI staining kit.
(b) At different time points after selenite treatment, the expressions and activities of RhoA and ROCK1 were determined by immunoblot analysis. RhoA-GTP was evaluated
using Rhotekin RBD-GST pull-down as described in the Materials and Methods, and GST proteins were probed to confirm equal loading. (c) Effects of selenite on the
association of RhoA and ROCK1. Cells were treated with selenite for 6 and 18 h. Antibodies against RhoA and ROCK1 were used to precipitate proteins from cell lysates, and
bound proteins were probed. b-Actin in whole-cell lysate (WCL) was probed to confirm equal loading. (d) Immunofluorescence microscopy. Cells treated with selenite or PBS
for 18 h were fixed, and RhoA (green) and ROCK1 (red) were stained with primary antibodies, followed by staining with secondary antibodies conjugated with FITC or Cy3. The
nucleus was labelled with DAPI. Images were acquired using a confocal microscope. The statistical graphs are presented as mean±S.D. of three independent experiments;
*Po0.05. Scale bar, 10mm
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Thus, we tested whether the RhoA/ROCK1 axis regulates
the fate of leukaemia cells after selenite treatment.
Leukaemia cells were pre-treated with RhoA inhibitor, C3
transferase, or ROCK1 inhibitor, Y27632. Both inhibitors
efficiently blocked their corresponding signalling, as demon-
strated by immunoblotting of RhoA-GTP and phosphorylated
MYPT1 (Supplementary Figures S2a and S2b). Leukaemia
cells treated with C3 transferase or Y27632 showed
significantly increased apoptosis following 18 h of selenite
treatment (Figure 2a). Immunoblot analysis demonstrated
the expression levels of cleaved caspase-9 and caspase-3
were enhanced when RhoA or ROCK1 were inhibited
(Supplementary Figures S2a and S2b), indicating that RhoA
and ROCK1 negatively regulates apoptosis. Additionally,
RhoA inhibition led to the deactivation of ROCK1
(Supplementary Figure S2a), supported our aforementioned
finding that RhoA acts upstream of ROCK1. Subsequently,
siRNA knockdown experiments were performed to validate
the roles of RhoA and ROCK1 in cell apoptosis. Decreased
expressions of RhoA or ROCK1 were achieved with different
siRNAs (siRhoA-1 and siRhoA-2 for RhoA knockdown;
siROCK1-1 and siROCK1-2 for ROCK1 knockdown)
(Supplementary Figures S2c and S2d). Similar to the effects
of specific inhibitors, siRNAs targeting RhoA or ROCK1

upregulated the populations of apoptotic cells and the
accumulations of apoptosis-related proteins, including
cleaved caspase-9 and caspase-3 (Figure 2b;
Supplementary Figures S2c and S2d). These observations
demonstrated both RhoA and ROCK1 have important roles
in apoptosis. However, it is uncertain whether RhoA employs
ROCK1 to exert effects on cell death. To answer this
question, we ectopically expressed the myc-tagged consti-
tutively-active RhoA plasmids (RhoA L63-myc) alone or in
combination with Y27632 treatment in leukaemia cells. As
expected, the expression of RhoA L63-myc enhanced
ROCK1 activation and decreased selenite-induced apoptosis
(Supplementary Figure S2e; Figure 2c). However, these
effects were completely reversed by ROCK1 inhibitor. As
shown in Figure 2c and Supplementary Figure S2e, selenite-
induced apoptosis was remarkably enhanced by combina-
tional use of Y27632 in cells expressing constitutively-active
RhoA. In comparison with vehicle-treated cells, Y27632
treatment in cells expressing RhoA L63 led to additional cell
death and enhanced cleavage of caspase 9 and caspase 3
(Figure 2c; Supplementary Figure S2e). This result indicated
that ROCK1 is indispensible for RhoA to exert its modulatory
effects on cell apoptosis. In summary, the suppression of
RhoA/ROCK1 cascade results in apoptosis in leukaemia

Figure 2 RhoA/ROCK1 cascade was implicated in apoptotic regulation. (a) Apoptotic rates of cells were assessed using Annexin V/PI staining. NB4 and Jurkat cells pre-
treated with C3 transferase (4 mg/ml) and Y27632 (20 mM) were incubated with selenite for 18 h, and cells were then stained and analysed using a flow cytometer. (b) Ratio of
apoptosis in RhoA- or ROCK1-silenced cells. Cells were transfected with siRNAs targeting RhoA (siRhoA-1 and siRhoA-2) or ROCK1 (siROCK1-1 and siROCK1-2) for 24 h,
then exposed to selenite for another 18 h, and apoptosis was determined with flow cytometry analysis. (c) Twenty-four hours after constitutively active RhoA L63-myc plasmid
was transfected into cells, Y27632 (20 mM) were added into one group of cells, then all three groups of cells were treated with selenite for 18 h. Apoptotic cells were quantified
using a flow cytometer. Cells in the vehicle group were treated with the same procedures except for plasmids and siRNAs. The data are presented as mean±S.D. of three
independent experiments; *Po0.05
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cells, and ROCK1 acts as the direct effector of RhoA in cell
death progression.

RhoA/ROCK1 negatively regulated Erk1/2 activity. Erk1/2
has important roles in selenite-induced apoptosis.16,17 Given
that the RhoA/ROCK1 signal pathway is engaged in the
regulation of Erk1/2 activity,18,19 we monitored the interaction
between RhoA/ROCK1 and Erk1/2 in selenite-induced
apoptosis. Firstly, we checked the changes of Erk1/2. Time-
cause analysis showed Erk1/2 was dynamically activated by
selenite treatment and the peak activation was observed at
6 h (Figure 3a). Nevertheless, the expression of total Erk1/2
protein was not altered after selenite treatment. In the next,
experiments were performed to illuminate the relationship
between RhoA/ROCK1 and Erk1/2. As shown in Figure 3b
and Supplementary Figure S3a, the selenite-induced stimula-
tion of Erk1/2, especially in the first 6 h, was markedly
enhanced when RhoA was attenuated by an inhibitor
treatment or siRNA transfection. Unexpectedly, the activity
of upstream Mek1/2 was not affected. Similarly, the inactiva-
tion of ROCK1 enhanced selenite-induced phosphorylation of
Erk1/2 at early stage, but did not change the level of phospho-
Mek1/2 (Figure 3c; Supplementary Figure S3b). These
results suggested RhoA and ROCK1 negatively affect the
activation of Erk1/2. We further checked the phosphorylation
of Erk1/2 in cells transfected with RhoA L63-myc plasmid.
Immunoblot analysis revealed that the amount of phosho-
Erk1/2 in cells expressing constitutively-activated RhoA was
obviously decreased compared with control cells at 0 h and
6h (Figure 3d; Supplementary Figure S3c). However, this
suppression was reversed by Y27632 treatment before
selenite dosing. In cells expressing constitutively-activated
RhoA, the inhibition of ROCK1 induced an increase in Erk1/2

phosphorylation that was even stronger than that in control
cells (Figure 3d; Supplementary Figure S3c). Impressively,
the selenite-induced activation of Mek1/2 remained unaf-
fected in these assays (Figure 3d). Taken together, it
suggests ROCK1 mediates the negative regulation of RhoA/
ROCK1 signalling on the activity of Erk1/2.

RhoA regulated the physical interaction between ROCK1
and Erk1/2. Generally, the phosphorylation of Erk1/2 is in
concert with the activation of Mek1/2. However, we found the
activation of Mek1/2 was little affected, whereas RhoA/
ROCK1 axis induced apparent changes of Erk1/2 activities.
Jimenez-Sainz et al.20 reported an independent stimulation
of Erk1/2 was resulted from the specific association of Mek1/2
with regulatory proteins. Considering the similarity that Erk1/2
was separately regulated, we performed Co-IP experiments
to test whether RhoA/ROCK1 bind to Mek1/2. Unexpectedly,
endogenous ROCK1 was not found in complex with Mek1/2
(Supplementary Figure S4b). Hoever, an association was
identified between Erk1/2 and ROCK1, which was decreased
after selenite incubation (Supplementary Figure S4a). Con-
sistently, the immunofluorescence data showed the signal of
ROCK1 was overlapped with that of Erk1/2 and selenite
interfered with the co-localisation between ROCK1 and Erk1/
2 (Figure 4a). To further consolidate the interaction between
ROCK1 and Erk1/2, leukaemia cells were transfected with
wild-type Erk2 (Erk2-HA) plasmid. As shown in Figure 4b,
both the Erk2-HA and endogenous Erk2 achieved maximal
phosphorylation at 6 h post selenite treatment. Meanwhile,
the association between ROCK1 and Erk2-HA was tremen-
dously hampered by selenite at 6 h and remained at low
levels (Figure 4b). In addition, RhoA was located in the
complex containing ROCK1 and Erk2-HA as well (Figure 4b).

Figure 3 RhoA/ROCK1 axis negatively regulated the activity of Erk1/2. (a) Selenite induced kinetic changes in Erk1/2 activation. Cells treated with selenite for various time
periods were lysed, and immunoblotted for Erk1/2, phospho-Erk1/2 (Thr202/Tyr204), Mek1/2 and phospho-Mek1/2 (Ser217/221). (b–d) Immunoblot indicating the
phosphorylation of Erk1/2 and Mek1/2. (b) Cells were transfected with siRNA targeting RhoA for 24 h or pre-treated with C3 transferase (4mg/ml), then treated with selenite.
The targeted proteins were detected with corresponding antibodies at indicated time points. (c) Cells transfected with siRNA targeting ROCK1 for 24 h or pre-treated with
Y27632 (20mM) were treated with selenite. The expressions of targeted proteins were determined using corresponding antibodies at indicated time points. (d) Cells were
transfected with constitutively-active RhoA plasmid for 24 h in the presence or absence of Y27632 (20 mM), and then were treated with selenite. Proteins were immunoblotted
in cell lysates using indicated antibodies
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This co-existence was also observed at the endogenous
level (Supplementary Figure S4a). Similar to ROCK1, RhoA
showed a decreased combination with Erk2-HA or endo-
genous Erk1/2 in selenite-treated cells. These observations
suggest that Erk1/2 probably has a physical association
with RhoA and/or ROCK1. To determine whether there is a
direct association between those proteins, Glutathione
S-transferase (GST) pull-down assay was performed.
Saturating amounts of GST-fused Erk2 were incubated
with cell lysates, and the precipitated endogenous proteins

were identified. As shown in Figure 4c, only ROCK1,
but not RhoA, had an interaction with GST-Erk2, and this
interaction was challenged by selenite treatment as the
activity of ROCK1 was decreased. This observation
illuminates that ROCK1 is directly associated with Erk1/2
and this interaction probably depends on the activity
of ROCK1.
RhoA directly regulates the activity of ROCK1 as we

described above, and is physically proximal to Erk1/2.
Therefore, we inferred that RhoA probably modulates the

Figure 4 RhoA regulated the interaction between ROCK1 and Erk1/2. (a) Immunofluorescence staining. Erk1/2 (red) and ROCK1 (green) were stained with primary
antibodies in selenite-treated or untreated cells, followed by staining with secondary antibodies conjugated with FITC or Cy3. The nucleus was labelled with DAPI. (b) Co-IP of
ROCK1 and Erk2-HA. Cells were transfected with wild-type Erk2-HA plasmids and treated with selenite for different time points. Then cells lysates were prepared and
immunoprecipitated with anti-ROCK1 and anti-HA antibodies, after which RhoA, ROCK1 and Erk2-HA in the immunoprecipitated products were detected by immunoblot. The
expression of phosphorylated MYPT1 and Erk2-HA in WCL were probed using antibodies against phospho-MYPT1 (Thr853) and phospho-Erk1/2 (Thr202/Tyr204),
respectively, and b-actin in WCL were probed to confirm equal loading. (c) ROCK1 associated with Erk2 in vitro. GST-Erk2 fusion proteins (2 mg) were incubated with cell
lysates in the presence of GSH beads, and the immobilised ROCK1 and GST-Erk2 were probed. The expressions of phospho-MYPT1 and b-actin in WCL were also
determined using immunoblot. (d) Cells were transfected with 2, 4 or 8 mg of RhoA-myc L63 plasmids and 4 mg of Erk2-HA, and extracts were precipitated with antibodies
against ROCK1 or HA. The eluted proteins or whole-cell lysates were analysed using immunoblot. (e) Co-IP of ROCK1 and Erk2-HA. Cells were transfected with RhoA
L63-myc plasmids or pre-treated with C3 transferase, and then treated with selenite for 6 h. The antibodies against ROCK1 and HA were used to precipitate proteins from cell
lysates, and bound proteins were probed. The expressions of phospho-MYPT1 and phospho-Erk2-HA were detected using immunoblot. b-actin was probed to confirm equal
loading. Black arrow indicates phospho-Erk2-HA. As the phosphorylation of Erk2-HA was detected using the antibody against phospho-Erk1/2 (Thr202/Tyr204), the bands of
phospho-Erk2 (about 43 kDa) were also developed
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interaction between ROCK1 and Erk1/2. To confirm this
hypothesis, cells were transfected with various amounts of
RhoA L63 plasmids and a fixed amount of Erk2-HA, then the
association between ROCK1 and Erk1/2 was determined
using Co-IP test. We found that the activity of ROCK1 was
increased when its association with RhoA was enhanced
(Figure 4d). More importantly, the association between
ROCK1 and Erk2-HA was elevated as ROCK1 was upregu-
lated (Figure 4d), suggesting that the binding with Erk1/2 is
dependent on ROCK1. Meanwhile, the phosphorylated level
of Erk2-HA was decreased correspondingly, indicating that
the physical association between ROCK1 and Erk1/2 prob-
ably regulates the activity of Erk1/2. Indeed, we found
selenite-induced activation of Erk2-HA was inhibited when
the association of ROCK1 with Erk2-HA was enhanced in
cells (Figure 4e), where ROCK1 was upregulated by
constitutively-active RhoA expression. Conversely, the phos-
phorylation of Erk2-HA was increased while the association

between ROCK1 and Erk2-HA was attenuated by RhoA
inhibitor treatment (Figure 4e). These results together
illustrate that the association between ROCK1 and Erk1/2
negatively regulates the activation of Erk1/2 and RhoA
modulates this physical binding.

Erk1/2 acted downstream of RhoA/ROCK1 in selenite-
induced apoptosis. Initially, leukaemia cells were treated
with Erk1/2 antagonist, PD98059, before selenite dosing.
Immunoblot assay revealed that the accumulations of
cleaved caspase-9 and caspase-3 were substantially
reduced in PD98059-treated cells (Figure 5a). An apparent
decline in apoptotic populations was observed in PD98059-
treated cells as well (Figure 5a). This result indicated that
Erk1/2 positively regulates the selenite-induced apoptosis.
Thereafter, we examined whether Erk1/2 is the downstream
module of RhoA/ROCK1 signalling during apoptosis regula-
tion. As shown in Figure 5b, ROCK1 inhibition enhanced

Figure 5 Erk1/2 was indispensible for apoptosis induction. (a) Cells were pre-treated with Erk1/2 inhibitor, PD98059 (20 mM), and then exposed to selenite for 6 h or 18 h.
Upper, expressions of phospho-Erk1/2, cleaved caspase-9, and cleaved caspase-3 were investigated using immunoblot; lower, apoptotic cells were detected using a flow
cytometry. (b) Cells were treated with Y27629 (20 mM) alone or with PD98059 (20mM) before selenite dosing. Upper, cell lysates were subject to immunoblot assay; lower,
proportion of apoptotic cells was determined by Annexin V/PI staining. * indicates Po0.05
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selenite-induced apoptosis. Compared with Y27632-treated
cells, the co-incubation of Y27632 and PD98059 led to a
reduction in apoptosis, manifested as declined apoptotic
populations and reduced accumulations of apoptosis-related
proteins (Figure 5b). This result indicates that Erk1/2 is a
pivotal downstream effector of RhoA/ROCK1 axis in selenite-
induced apoptotic death.

RhoA/ROCK1/Erk1/2 signalling was involved in selenite-
induced apoptosis in vivo. We next investigated the
effects of selenite on tumour growth of leukaemia cells
in vivo. It was shown that tumour growth was markedly
suppressed 28 days after implantation in selenite-injected
mice (Figure 6a). TUNEL staining showed that selenite
induced obvious DNA fragmentations in xenografts
(Figure 6b). To further certificate the apoptotic mechanism
found in vitro, the proteins of interest were examined for
expressions and activations. Immunoblots of tumour tissues
demonstrated that the expressions of RhoA, ROCK1 and
phospho-MYPT1 were impaired, whereas Erk1/2, phospho-
Erk1/2, cleaved caspase-9 and caspase-3 were upregulated
in selenite-injected mice (Figure 6c). In addition, immunohisto-
chemistry assay confirmed the changes of key components,
including RhoA, ROCK1, phospho-Erk1/2 and cleaved
caspase-3, were similar to those observed in leukaemia cell
lines in vitro (Figure 6d). These findings imply that the
selenite-induced apoptosis in vivo is associated with the
inhibition of RhoA/ROCK1 and activation of Erk1/2.

Discussion

Previous reports have suggested the importance of RhoA/
ROCK1 axis in cell survival. Tsai and Wei10 reported that the
activated RhoA and ROCK1 prevented cell death in a heat
shock-triggered stress model. Li et al21 reported that the
inactivation of RhoA/ROCK1 by chemical antagonists caused
dose-dependent cell death. In consistent with those reports,
we observed that the survival of normal monocytes was not
affected by selenite while the RhoA/ROCK1 axis was not
downregulated. However, malignant cells underwent apopto-
tic cell death when RhoA/ROCK signalling was wrecked in
leukaemia cells and xenograft models, indicating the RhoA/
ROCK1 pathway has key roles in the fate determination of
haematologic cells. Together with other 22 Rho GTPases,
RhoA contributes to multifaceted functions of blood cells in
various physiologic processes and pathologic states.22,23 The
roles of RhoA in haematologic malignancies have attracted
great interests, although it is less studied. Multiple haemato-
logical disorder-associated oncoproteins, including KIT, FMS-
like tyrosine kinase-3 (FLT3) and BCR-ABL, are reported to
overactive RhoA/ROCK1 pathway.24,25 Deactivating this
pathway interferes in the proliferation and transformation of
progenitor cells.25,26 Moreover, studies on primary leukaemia
cells have confirmed that the inhibition of RhoA/ROCK1
signalling promotes cell death.26–28 These reports indicate
that the RhoA/ROCK1 pathway is a potential target for
leukaemia therapy. In this study, we demonstrated that the
RhoA/ROCK1 signalling was implicated in apoptosis of APL

Figure 6 Selenite demonstrated antitumor activity and induced apoptosis in xenograft animal model. Fourteen days after NB4 cells inoculation, nude mice (6 mice per
group) were injected with PBS or selenite (3 mg/kg, every 2 d, i.p.). (a) Tumour volumes were calculated at the indicated intervals. Data are presented as means±S.D.
(b) Representative images of in situ labelling of apoptotic cells using TUNEL assay. Tumours obtained from animals 32 days after selenite exposure were fixed, and stained to
detect apoptosis using a TUNEL staining kit. (c) Pooled tumour tissues were lysed and subjected to immunoblot analysis. (d) Fixed tumour samples were subjected to
immunohistochemistry assay using indicated antibodies. Representative images from PBS- and selenite-treated samples are shown *Po0.05. Scale bar, 100mm
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and ATL cells resulted from chemical toxin assaults. When
selenite was added into leukaemia cells, RhoA/ROCK1
cascade was inhibited, which eventually led to the pro-
grammed cell death. More importantly, when this pathway
was further inhibited, the selenite-induced apoptosis was
aggravated. These results support our notion that the RhoA/
ROCK1 pathway has key roles in the survival of malignant
cells, and it is an ideal target for leukaemia therapy.
Although the RhoA/ROCK1 module has been proved to

determine cell fates, the mechanism by which it exerts effects
on apoptosis is largely unknown. Here, we found that Erk1/2
was employed by RhoA/ROCK1 in apoptosis induction. Many
substrates of ROCK1 have been identified, including MYPT,
ERM family and LIMK.29 MAPKs, such as Akt and JNK, have
also been reported to be regulated by RhoA/ROCK1 axis.29,30

Another MAPK, Erk1/2, was also reported to be regulated by
RhoA and ROCK1.31,32 However, this modulation is usually
indirect. Gallagher et al.33 reported that MEKK1, which
phosphorylated Mek to modulate the activity of Erk1/2, was
regulated by RhoA. In another study, the RhoA/ROCK1
module was found to regulate the very upstream component
of the Mek/Erk pathway.34 Unexpectedly, we found RhoA/
ROCK1 cascade directly regulated the phosphorylation of
Erk1/2. Without altering the phosphorylated level of Mek1/2,
RhoA and ROCK1 negatively regulated the activity of Erk1/2.
Owing to the remarkable change of RhoA/ROCK1 activity at
early stage after selenite treatment, the activity of Erk1/2 was
dominantly influenced by this signal during first 6 h. Further-
more, we observed a direct association between ROCK1
and Erk1/2. This finding is supported by a study from von
Kriegsheim and co-workers.35 They observed the combina-
tion of ROCK1 with Erk1/2 in neuron cells as well. Moreover,
we found there were two conserved Erk1/2 docking motifs,
which are recognised by a common docking domain in Erk1/2,
in the primary sequence of ROCK1 by using a computational
approach (Data not show). It is tempting to believe that
ROCK1 has a direct interaction with Erk1/2.
This direct interaction between ROCK1 and Erk1/2

depends on the intensity of RhoA/ROCK1 signalling. When
ROCK1 was downregulated, the binding became weakened
and the activity of Erk1/2 was increased. Conversely, the
upregulation of ROCK1 increased the physical connection
and enhanced the Erk1/2 activation. Therefore, we speculate
that the ROCK1-mediated Erk1/2 regulation takes place at the
Mek–Erk interface and probably depends on the molecular
binding. Jimenez-Sainz et al.20 reported a similar result that
the phosphorylation of Erk1/2 was changed, whereas Mek1/2
activation stayed intact. They suggested this regulation was
related to the subcellular localizations of MAPK cascade
components. The spatial regulation of Mek1/2 and Erk1/2 is
crucial for Erk1/2 activation. In this study, we observed that
RhoA was presented in the ROCK1-Erk1/2 complex as well.
Moreover, this association with Erk1/2 was positively related
to the activity of RhoA (Figures 4b and d). Consistently,
endogenous RhoA and Erk1/2 were observed to be physically
proximal whenRhoAwasactivated (Supplementary FigureS4a).
Once activated, RhoA is shuttled to the cell membrane.36,37

Indeed, we observed the membrane localisation of RhoA was
more obvious in unstimulated cells (Figure 1d). Therefore, this
interaction with activated RhoA probably locates Erk1/2

proximally to the cellular membrane. The immunofluores-
cence analysis of Erk1/2 distribution supported this notion
(Supplementary Figure S4c). Erk1/2 was located near the
plasma membrane in unstimulated cells but in the cytoplasm
after selenite treatment. Although occasionally translocating
into the nucleus,38 the activated Mek1/2 is exclusively located
in the cytoplasmwhere it phosphorylates Erk1/2.39 Herein, we
infer that active RhoA specifically targets Erk1/2 to membrane
away from the activated Mek1/2 via ROCK1, resulting in the
independent regulation of Erk1/2 phosphorylation when RhoA
is inhibited. But the exact mechanism by which RhoA/ROCK1
regulates the activation of Erk1/2 still needs to be carefully
examined.
In summary, we have demonstrated a negative correlation

between RhoA/ROCK1 signalling and Erk1/2 activity in
human leukaemia cells. As shown in Figure 7, the activated
RhoA/ROCK1 cascade directly suppresses the activation of
Erk1/2. When RhoA/ROCK1 signal is downregulated by
selenite, Erk1/2 is hyperactivated in a Mek-independent
manner and induces apoptosis. The ROCK1 inhibitor has
been found to enhance leukaemia cells apoptosis,26 when
combined with clinical drugs. In this context, it would help to
develop more effective therapy regimens of leukaemia to
elucidate the detailed mechanism of RhoA/ROCK1 signalling-
induced apoptosis.

Materials and Methods
Cell culture. APL NB4 cell line and acute T-cell leukaemia-derived Jurkat cells
were cultured in RPMI 1640 medium supplemented with 10% foetal bovine serum,
100 units/ml penicillin and 100mg/ml streptomycin at 37 1C in a 5% CO2 humidified
environment.

Antibodies and reagents. Antibodies against RhoA, Erk1/2, phospho-Erk1/2
(Thr202/Tyr204), phospho-Mek1/2 (Ser217/221), Mek1/2, phospho-MYPT1
(Thr853), cleaved caspase-9, cleaved caspase-3, HA-tag and myc-tag were
purchased from Cell Signalling Technology (Danvers, MA, USA). The antibody
against ROCK1 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-b-actin and anti-GST antibodies were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Y27632 and PD98059 were purchased from Calbiochem
(Darmastadt, Germany). The C3 transferase was purchased from Cytoskeleton
(Denver, CO, USA). Sodium selenite was purchased from Sigma-Aldrich.

Immunoblot, immunoprecipitation and pull-down. Immunoblot and
immunoprecipitation were carried out according to the previously published
procedures.12 For the GST pull-down test, cells were lysed, and the protein
concentrations were adjusted to 2 mg/ml. Then, 2 mg of GST-Erk2 fusion
proteins (Merck Millipore, MA, USA) and 40ml of glutathione agarose beads

Figure 7 A schematic diagram illustrating the role of RhoA/ROCK1 cascade in
modulation of Erk1/2 activation and cell fates
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(Sigma- Aldrich) were incubated with 200ml of lysates for 4 h at 4 1C. The beads
were separated by centrifugation at 500� g for 2 min at 4 1C and washed three
times with RIPA buffer. Bound proteins were eluted and subjected to SDS-PAGE.

siRNA, plasmid and transfection. Small interfering RNAs were
synthesised by GenePharma (Shanghai, China) as previously reported
(Supplementary Table 1). pRK5-myc RhoA L63 and pcDNA3-HA-ERK2 WT,
which were shared at www.Addgen.org, were constructed by Nobes et al.40 and
Shin et al.,41 respectively. Cells were transfected using Lipofectamine 2000
(Invitrogen, CA, USA) according to the manufacturer’s instructions.

RhoA activation assay. RhoA activity was determined using Rhotekin RBD
beads. Briefly, 200mg of clear-cell lysates was incubated with GST-Rho binding
domain (RBD) proteins immobilised on glutathione-sepharose beads for 2 h at
4 1C, centrifuged and washed. The active RhoA bound to Rhotekin RBD beads
was eluted in SDS loading buffer. The eluted samples were subjected to
immunoblot and analysed with antibodies against RhoA and GST.

Immunofluorescence. Cells were washed, fixed on glass slides and stained
with primary antibodies, followed by staining with secondary antibodies conjugated
with FITC or CY3 (Jackson ImmunoResearch Laboratories, PA, USA). Stained
cells were observed using an Olympus laser scanning confocal FV1000
microscope (Olympus, Tokyo, Japan) and acquired images were analysed using
Olympus Fluoview software (Tokyo, Japan).

Cell apoptosis assay. Apoptosis was detected using an Alexa Fluor 488
Annexin V/Dead Cell Apoptosis Kit (Invitrogen). Cells (B2� 105) were
centrifuged, washed and incubated with 2 ml of Annexin V and 0.1ml of propidium
iodide (1 mg/ml) in 200ml Annexin binding buffer (pH 7.4, 10mM HEPES, 140mM
NaCl and 2.5 mM CaCl2). The stained cells were analysed with a flow cytometer.

In vivo study. Twelve of male nu/nu mice (5 weeks old) were subcutaneously
injected with NB4 cells (5� 106). After 14 days, when the tumours were visible,
the mice were randomly divided into two groups (6 mice per group). The control
group received vehicle (PBS) injection i.p., and the treatment group was
administered selenite i.p. every 2 days at a dose of 3mg/kg. Eighteen days later,
mice were sacrificed, tumours were excised and measured, and tissues were fixed
in 10% formalin. After embedding in paraffin, DNA fragmentation in situ, which is
an indicator of apoptosis, was visualised with TUNEL staining (FragEL DNA
Fragmentation Detection Kit, Calbiochem).

Immunohistochemistry. Tumour tissues from mice were subjected to IHC
to detect the expression or phosphorylation of proteins of interest. IHC tests were
performed as the procedures previously described.42 Briefly, tumour tissues were
isolated from control or selenite-treated mice and embedded in paraffin. Four-
micron tissue sections were deparaffinized, rehydrated and washed in PBS.
Endogenous peroxidase activity was blocked with 3% (v/v) hydrogen peroxide for
10min. Antigen retrieval was achieved by incubating the sections in 0.01 M citrate
(pH6.0) for 20min at 95 1C. Following incubation with 10% goat serum for 30min,
sections were incubated with anti-RhoA, ROCK1, Erk1/2, phosphor-Erk1/2 and
cleaved caspase-3 antibodies at room temperature for 60min. Subsequently,
sections were incubated with mouse/rabbit-labelled polymer from mouse EnVision
kit (Dako, Glostrup, Denmark) for 30min at room temperature, and signal was
detected using diaminobenzidine staining (Dako). Sections were counterstained
with haematoxylin and mounted.

Statistical analyses. The SPSS programme (SPSS Inc., Chicago, IL, USA)
was used for all of the statistical analyses. Statistical analysis was performed using
a one-way ANOVA. The data shown are representative of at least three
independent experiments. The data are presented as the mean±S.D., and the
results were considered significantly different at a Po0.05.
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