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A B S T R A C T

Active GTPase-Rac1 is associated with cellular processes involved in carcinogenesis and expression of Bcl-2
endows cells with the ability to evade apoptosis. Here we provide evidence that active Rac1 and Bcl-2 work in a
positive feedforward loop to promote sustained phosphorylation of Bcl-2 at serine-70 (S70pBcl-2), which sta-
bilizes its anti-apoptotic activity. Pharmacological and genetic inactivation of Rac1 prevent interaction with Bcl-
2 and reduce S70pBcl-2. Similarly, BH3-mimetic inhibitors of Bcl-2 could disrupt Rac1-Bcl-2 interaction and
reduce S70pBcl-2. This effect of active Rac1 could also be rescued by scavengers of intracellular superoxide
(O2.−), thus implicating NOX-activating activity of Rac1 in promoting S70pBcl-2. Moreover, active Rac1-
mediated redox-dependent S70pBcl-2 involves the inhibition of phosphatase PP2A holoenzyme assembly.
Sustained S70pBcl-2 in turn secures Rac1/Bcl-2 interaction. Importantly, inhibiting Rac1 activity, scavenging
O2.− or employing BH3-mimetic inhibitor significantly reduced S70pBcl-2-mediated survival in cancer cells.
Notably, Rac1 expression, and its interaction with Bcl-2, positively correlate with S70pBcl-2 levels in patient-
derived lymphoma tissues and with advanced stage lymphoma and melanoma. Together, we provide evidence of
a positive feedforward loop involving active Rac1, S70pBcl-2 and PP2A, which could have potential diagnostic,
prognostic and therapeutic implications.

1. Introduction

Apoptosis resistance is a hallmark of cancer, which is partly dictated
by an altered redox metabolism [1–3]. In particular, a pro-oxidant in-
tracellular milieu endows cells the ability to evade death signals and
promote pro-survival networks [2,4–7]. In this case, our previous work
has highlighted that a slight increase in intracellular superoxide (O2.-)
could protect cancer cells from death-inducing stimuli such as staur-
osporine and etoposide [5,8,9]. To that end, we previously linked the

activation of Rac1 (GTP-loaded) [10] to inhibition of apoptosis via its
ability to trigger NADPH oxidase (NOX)-mediated O2.- production [8].
Supporting its oncogenic role, Rac1 overexpression has also been re-
ported in various malignancies including lymphoma, leukemia and
breast cancer [11–13]. Intriguingly, the death-inhibitory activity of the
anti-apoptotic B-cell lymphoma/leukemia-2 (Bcl-2) protein is also
linked to its ability to induce a pro-oxidant intracellular milieu through
an increase in mitochondrial O2.- [9,14–16]. Notably, inhibiting Rac1
activity or its gene knockdown not only alleviates O2.- production but
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also restores apoptotic signaling in Bcl-2 overexpressing cancer cells
[8]. This regulatory effect of Rac1 on Bcl-2-mediated O2.- production
was later shown to involve interaction between the two pro-oncogenic
proteins in cell lines and primary cells from lymphoma patients [9].
The Bcl-2 protein possesses a putative unstructured loop, adjacent to

its BH3 domain, that is important for its anti-apoptotic function [17].
This region contains the serine-70 residue that is amenable to phos-
phorylation [5,17–24]. To that end, our recent work showed that Bcl-2
phosphorylation at serine-70 (S70pBcl-2) promoted apoptosis re-
sistance in cancer cells [5]. More relevantly, we showed that S70pBcl-2
was mediated by peroxynitrite (ONOO−)-generated by the reaction of
O2.- with nitric oxide (NO)-which nitrates the Bcl-2-recognizing and
-bound B56δ subunit of protein phosphatase-2A (PP2A) and prevents its
assembly with the catalytic core of PP2A. This in turn inactivates the
PP2A activity and permits the accumulation of S70pBcl-2, thereby
sustaining the anti-apoptotic activity of Bcl-2 [5]. Intriguingly, Rac1
has also been implicated in S70pBcl-2 induction via JNK activation
[25].
Despite these findings, the activation status and redox activity of

Rac1 in the interaction with Bcl-2 and induction of S70pBcl-2 remain
elusive. Similarly, although O2.--induced inhibition of PP2A assembly
promotes chemo-resistance via sustained S70pBcl-2, the relationship
between Rac1 and PP2A in the context of pro-oxidant state, S70pBcl-2
and Rac1/Bcl-2 interaction is unknown. Also, the involvement of
phosphorylation sensitive serine-70 residue in the interaction with Rac1
has yet to be elucidated.
Here we provide evidence that active Rac1 (GTP-bound) binds to

Bcl-2, which subsequently permits the accumulation of S70pBcl-2 via
redox-mediated inhibition of PP2A assembly. Increased S70pBcl-2 le-
vels in turn secure the interaction between Rac1 and Bcl-2, thereby
suggesting a feedforward loop that could sustain S70pBcl-2 and elicit
apoptosis resistance. Importantly, data from patient-derived primary
lymphoma cells strongly support our in vitro work as well as provide
significant evidence of association with advanced disease stage in
lymphoma and melanoma patients.

2. Materials and methods

Detailed materials and methods can be found in supplementary text.

2.1. Cell lines

Human leukemia CEM cells stably expressing pcDNA3.1 vector
containing either the neomycin (CEM/Neo) or human Bcl-2 and

neomycin genes (CEM/Bcl-2) were cultured in RPMI-1640 (10%FBS,
2mM L-Glut, 20 μg/ml antibiotic G418). Human leukemia Jurkat cells
were cultured in RPMI-1640 (10%FBS, 2mM L-Glut). Human M14
melanoma cells stably expressing pIRES vector containing either the
hygromycin or constitutively active human Rac1 mutant and hygro-
mycin gene (G12V), were cultured in DMEM (10%FBS, 2mM L-Glut,
0.5%antibiotic hygromycin-B). Cell lines were authenticated by Short
Tandem Repeat method, from Transcend (NUHS) and Promega.

2.2. Proximity ligation assay

The Duolink® In-Situ Red Starter Kit Mouse/Rabbit was purchased
from Sigma Aldrich (Cat.#DUO92101). Aside from the 24-h primary
antibody incubation, the assay was performed according to manufac-
turer's protocol. Prepared samples were subsequently imaged for red
signals with confocal microscopy for indication of protein-protein in-
teraction.

2.3. 3D-spheroid formation assay

2000 cells in fresh 200 μl antibiotic-free medium (2mM L-glutamine
and 10%FBS) was seeded on a 96-format spheroid microplate (tripli-
cate/sample)(Corning®) following drug treatments and incubated for
72 h at 37 °C, 5%CO2, 95%humidity. Images of spheroid sizes were then
captured under light microscope (Carl Zeiss). Areas of spheroids were
calculated using Carl Zeiss ZEN-2 (Blue version) software.

2.4. Rac1 activation assay

1million cells were harvested following seeding or treatment of
NSC23766 for colorimetric-based Rac1 activity assay. Assay was per-
formed according to manufacturer's protocol (Cytoskeleton,
Cat.#BK128).

3. Results

3.1. Active Rac1-induced Rac1/Bcl-2 interaction is implicated in S70pBcl-2
induction

A previous report suggested the involvement of active Rac1 in the
phosphorylation of Bcl-2 albeit in monkey kidney fibroblast-like cells
(COS-7) [25], however, the underlying mechanism(s) particularly from
the standpoint of redox-modifying activity of Rac1 remains obscure.
Similarly, although Rac1 has been shown to interact with Bcl-2 [9],

Abbreviation list

S70pBcl-2Serine-70 phosphorylated Bcl-2
O2.- Superoxide anion
Bcl-2 B-cell lymphoma/leukemia-2
PP2A Protein Phosphatase-2A

PLA Proximity Ligation Assay
ONOO- Peroxynitrite
DPI Diphenyleneiodonium
NOX NADPH Oxidase
ROS Reactive Oxygen Species
ABT199 Venetoclax
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there is no evidence to demonstrate if an active GTP-bound Rac1 is
crucial for its interaction with Bcl-2 as well as a prerequisite for the
induction of S70pBcl-2. Intrigued by these mechanistic gaps, we pro-
ceeded to investigate the possibility of a physical crosstalk between
active Rac1 and Bcl-2 in S70pBcl-2 induction. Firstly, we confirmed the
involvement of active Rac1 in promoting S70pBcl-2 in CEM and Jurkat
leukemia as well as M14 melanoma cancer cells. We genetically
knocked down RAC1 with a single sequence-specific or smart-pool
siRNA in Bcl-2 overexpressing CEM cells (CEM/Bcl-2), or inhibited
Rac1 activation with NSC23766 or transiently expressed the dominant
negative mutant Rac1T17N (Rac1N17) in CEM/Bcl-2 and Jurkat cells.
Conversely, constitutively active Rac1G12V (Rac1V12) was stably ex-
pressed in M14 melanoma cells. Indeed, we observed that gene knock
down of RAC1 or Rac1N17 expression as well as pharmacological in-
hibition of Rac1 activity reduced S70pBcl-2 in CEM/Bcl-2 and Jurkat
cells (Fig. 1a–c, 1e). Rac1 inhibition with NSC23766 was also accom-
panied by reduced Rac1 activity (Fig. 1d, S1; positive control). On the
other hand, stable overexpression of Rac1V12 showed enhanced
S70pBcl-2 in M14 cells (Fig. S2). These data collectively implicate ac-
tive Rac1 in sustaining S70pBcl-2 in cancer cells.
Given that Rac1-induced S70pBcl-2 is implicated in cancer cells, we

proceeded to investigate if active Rac1 is required for the physical in-
teraction between Rac1 and Bcl-2. Indeed, co-IP analysis showed that
inhibition of Rac1 activation by NSC23766 or transient transfection of
Rac1N17 prevented the interaction between Rac1 and Bcl-2 in CEM/Bcl-
2 cells. This is accompanied by a reduction in S70pBcl-2 (Fig. 2a, S3a).
As S70pBcl-2 stabilizes the anti-apoptotic activity of Bcl-2, we observed
that S70pBcl-2 reduction also resulted in a decrease in Bcl-2 seques-
tration of the BH3-only pro-apoptotic protein NOXA (Figs. S3a–b).
Reciprocally, co-IP analysis and PLA revealed interaction between Rac1
and Bcl-2 (Fig. 2b–d) as well as higher S70pBcl-2 (Fig. 2b) in con-
stitutively active Rac1V12 M14 cells, compared to pIRES vector-trans-
fected cells. Similarly, sustained S70pBcl-2 facilitates binding to NOXA
(Fig. S3c). In addition, blank samples of PLA with only secondary an-
tibodies or IgG controls for co-IP showed absence of non-specific signals
(Fig. 2c–d, S3d). To ascertain that active Rac1-induced interaction is
important for sustained S70pBcl-2, we proceeded to use two different
Bcl-2 inhibitors, HA14-1 and BH3-mimetic ABT199 (venetoclax), to
disrupt the interaction between Rac1 and Bcl-2 (Fig. 2e–f). Indeed, as

Rac1/Bcl-2 interaction is reduced by either HA14-1 or ABT199, we
observed a significant decrease in S70pBcl-2 in CEM/Bcl-2 cells
(Fig. 2g–h). This is similarly seen in Jurkat cells treated with ABT199
(Fig. S4). Together, these results show that active Rac1-mediated in-
teraction with Bcl-2 is implicated in sustained S70pBcl-2.

3.2. Rac1-induced S70pBcl-2 is ROS-dependent

Active Rac1 is involved in NOX-dependent intracellular O2.- pro-
duction [8]. Therefore, we asked if scavenging O2.- would similarly
reduce S70pBcl-2. Indeed, treatment with O2.- scavenger, tiron
(5–10mM, 24 h), inhibited S70pBcl-2 in CEM/Bcl-2 and Jurkat cells
(Fig. 3a–b). Similarly, treatment with NOX inhibitor, diphenyleneio-
donium (DPI), reduced S70pBcl-2 in Jurkat cells (Fig. 3c). Reciprocally,
M14 Rac1V12 cells that displayed higher intracellular O2.- levels con-
currently showed a higher S70pBcl-2 level (Fig. 3d and f). Treatment
with tiron (10mM, 24 h) not only reversed the increased intracellular
O2.- but also reduced S70pBcl-2 levels in M14 Rac1V12 cells (Fig. 3e–f).
Importantly, the reduction of Bcl-2 phosphorylation is specific to
S70pBcl-2 as residue such as T69pBcl-2 was not affected (Fig. S5).
These data link active Rac1 and its downstream O2.- production to
sustained S70pBcl-2.

3.3. Active Rac1 sustains S70pBcl-2 via redox-dependent inhibition of
PP2A assembly

Given that Rac1-induced ROS is critical for S70pBcl-2 induction, we
next examined if Rac1-induced S70pBcl-2 via O2.- is JNK-dependent. As
shown in Fig. 4a, tiron failed to inhibit JNK activation as shown by its
unchanged phosphor-activating status, indicating that Rac1-induced
S70pBcl-2 via O2.- is independent of JNK. Interestingly, we recently
uncovered a novel mechanism underlying O2.--dependent S70pBcl-2
that involved ONOO−-induced nitration of the Bcl-2-regulatory B56δ
subunit. This inhibited the assembly of B56δ to the catalytic core of
PP2A, thereby inactivating PP2A and preventing the dephosphorylation
of S70pBcl-2 [5]. Stimulated by our findings linking active Rac1-in-
duced O2.- to sustained S70pBcl-2, we asked whether a similar PP2A-
dependent mechanism was operative in mediating the effect of active
Rac1. To do so, M14 Rac1V12 cells were incubated with increasing

Fig. 1. Rac1 is implicated in S70 phosphorylation of Bcl-2.
(a) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 48-h Rac1 knockdown with either a Rac1 specific siRNA sequence or a Rac1 specific
siRNA smartpool (150 nM) in CEM leukemia cells stably overexpressing Bcl-2 (CEM/Bcl-2). n = 4. Bar chart showing fold change in densitometry of S70pBcl-2
normalized to Bcl-2. (b–c) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 24-h treatment of increasing dose of Rac1 inhibitor,
NSC23766, in CEM/Bcl-2 and Jurkat cells. n = 3, n = 5 respectively. Bar charts showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. (d)
Measurement of Rac1 activity following 24-h treatment of 50 μM NSC23766 in CEM/Bcl-2 cells. n = 3. (e) Western Blot analysis showing S70pBcl-2, Bcl-2, Myc-
tagged Rac1 (N17) and β-actin in CEM/Bcl-2 cells transiently transfected with Myc-tagged dominant negative Rac1 mutant, N17, or empty vector, pIRES. n = 3. Bar
chart showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. All bar charts displaying mean and SD. Paired T-test was used for experiments with 2
samples. One way-ANOVA and Tukey's multiple comparisons tests were used for experiments with more than 2 samples. * and ** indicate P-value< 0.05 and <
0.02 respectively.
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concentrations of FeTPPS, a ONOO− decomposition catalyst. Indeed, a
dose-dependent decrease in S70pBcl-2 was observed (Fig. 4b), thereby
prompting us to explore the involvement of PP2A. To that end, results
show that B56δ subunit recruitment to the catalytic subunit (C-subunit)
of PP2A was inhibited in M14 Rac1V12 cells (Fig. 4c). IgG control is
displayed in Supplementary Fig. S6. Furthermore, we provide evidence
that, similar to our recent findings in hematopoietic cells [5], B56δ is
also the regulatory subunit that binds to S70pBcl-2 (for its subsequent
dephosphorylation) in M14 cells (Fig. 4d). Supporting that, a significant
increase in S70pBcl-2 is detected in cells upon B56δ knockdown
(Fig. 4d; Input). To further corroborate our co-IP data on B56δ/C-sub-
unit interaction, PLA with B56δ and C-subunit proteins in M14 pIRES
cells showed significantly more interacting signals (red) as compared to
that of Rac1V12 (Fig. 4e–f). Importantly, treatment of ABT199, shown to
prevent the binding of Bcl-2 to Rac1 (Fig. 2f), enhanced the binding of
B56δ to its C-subunit, while concurrently interacting with Bcl-2 in
CEM/Bcl-2 cells (Fig. 4g). Similarly, tiron could prevent the inhibition
of B56δ recruitment to the C-subunit, while in the presence of Bcl-2, in
M14 Rac1V12 cells (Fig. 4h). Collectively, these data implicate Rac1/
Bcl-2 interaction in the redox-mediated inhibition of PP2A assembly
and S70pBcl-2 dephosphorylation.

3.4. S70pBcl-2 secures the interaction between Rac1 and Bcl-2

Intriguingly, scavenging Rac1-induced O2.- not only reduced
S70pBcl-2 but also decreased Rac1/Bcl-2 interaction (Fig. 5a), thereby
suggesting that S70pBcl-2 could have an additional role in stabilizing
the interaction between the two proteins. To verify this, we transiently
overexpressed wild-type (WT) Bcl-2 in M14 cells and artificially
clamped down S70pBcl-2 via pharmacological inhibition of JNK
(SP600125); JNK phosphorylates Bcl-2 independent of O2.-. A dose-

dependent decrease in S70pBcl-2 and downstream target of JNK,
phospho-c-Jun, were observed following 6hour-treatment of SP600125
(Fig. 5b, S7a). Similar effects of JNK inhibition were observed in M14
Rac1V12 cells (Fig. S7b). Importantly, the decrease in S70pBcl-2 also
correlates with the decrease in Rac1/Bcl-2 interaction (Fig. 5c), thereby
suggesting that S70pBcl-2 could further stabilize this protein-protein
interaction.
To ascertain this hypothesis, we performed co-IP-Western analyses

upon transient overexpression of WT Bcl-2, phosphorylation-inefficient
mutant (S70A) or phosphomimetic mutant (S70E) in M14 cells. Our
data show a significant increase in S70pBcl-2 in S70E-transfected cells,
and most noticeably strong Rac1/Bcl-2 interaction (Fig. 5d), which was
absent in S70A-transfected cells (Fig. 5e). It is also worth mentioning
that the increase in Rac1/Bcl-2 interaction in WT Bcl-2-transfected cells
could be attributed to the increased endogenous S70pBcl-2 (Fig. 5d–e;
inputs). Notably, as S70E mutant displayed an enhanced S70pBcl-2
compared to WT Bcl-2, this suggests that the S70 phospho-specific
antibody could cross-react with S70E phosphomimetic mutant. This is
supported by the authenticity of the antibody as Bcl-2 knockdown could
eliminate S70pBcl-2 in Jurkat cells expressing WT Bcl-2 or S70E as well
as sequencing of S70E plasmid verified the site-directed mutation (Figs.
S8a–b).
Corroborating our co-IP data, PLA with Bcl-2 and Rac1 proteins in

CEM cells transiently overexpressing the S70E and WT Bcl-2 showed
significantly more interacting signals (red) as compared to that of S70A
and pcDNA3.1 (Fig. 5f–g, S8c; successful transfection). Collectively,
these findings indicate an additional role of S70pBcl-2 in securing the
interaction between Rac1 and Bcl-2, thereby suggesting a positive
feedforward loop that involves the interaction between active Rac1 and
Bcl-2 to permit redox-mediated inactivation of PP2A and subsequent
accumulation of S70pBcl-2, which in turn further secures the

Fig. 2. Active Rac1 is implicated in Rac1/Bcl-2 interaction for the induction of S70 phosphorylation of Bcl-2.
(a) Western blot analysis showing the immunoprecipitation of Bcl-2 and immunoblotting of Rac1 and their respective immunoblotted inputs of S70pBcl-2, Bcl-2,
Rac1 and β-actin following 24-h treatment of 50 μM NSC23766 in CEM/Bcl-2 cells. n = 3. Rac1 was first immunoblotted followed by Bcl-2. This immunoblotting
sequence is similar in all Rac1/Bcl-2 co-immunoprecipitation analyses. (b) Western blot analysis showing the immunoprecipitation of Bcl-2 and immunoblotting of
Rac1 and their respective immunoblotted inputs of S70pBcl-2, Bcl-2, Rac1 and β-actin in M14 Melanoma cells stably expressing the Myc-tagged constitutively active
Rac1 mutant, V12, or empty vector, pIRES. n = 3. (c) Proximity ligation assay (PLA) showing red dot appearances (white arrow) upon Bcl-2 and Rac1 interaction of
pIRES and Rac1 V12 M14 Melanoma cells. Red dots were calculated from 30 cells from randomly selected images. Blank images indicate only secondary antibodies
used to check for non-specific signal. n = 3. (d) Quantification of total red dots from 30 cells from randomly selected images for target and blank samples of 3
independent sets. (e–f) Western blot analysis showing the immunoprecipitation of Bcl-2 and immunoblotting of Rac1 and their respective immunoblotted inputs of
Bcl-2, Rac1 and β-actin following 24-h treatment of 10 μM HA14-1 or 1 μM ABT199 in CEM/Bcl-2 cells. n = 3. (g) Western Blot analysis showing S70pBcl-2, Bcl-2,
Rac1 and β-actin following 24-h treatment of increasing doses of BH3 mimetic, HA14-1, in CEM/Bcl-2 cells. n = 4. Bar chart showing fold change in densitometry of
S70pBcl-2 normalized to Bcl-2. (h) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 24-h treatment of 1 μM Bcl-2-specific BH3 mimetic,
ABT-199, in CEM/Bcl-2 cells. n = 4. Bar chart showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. All bar charts displaying mean and SD. Paired
T-test was used for experiments with 2 samples. One way-ANOVA and Tukey's multiple comparisons tests were used for experiments with more than 2 samples. **
indicates P-value<0.02. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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interaction between Rac1 and Bcl-2.

3.5. Pharmacological disruptions of the Active Rac1-S70pBcl-2 feedforward
loop sensitizes cancer cell to apoptosis

To understand the functional relevance of our findings in the con-
text of cancer cell fate, we next investigated the effect of disrupting this
feedforward loop on cancer cell response to apoptotic stimuli. Indeed,
in silico RAC1 knockdown, a computational simulation generated by
Cellworks™, or in vitro Rac1 inhibition (NSC23766, 24 h) resulted in a
significant reduction in viability of CEM/Bcl-2 and Jurkat cells
(Fig. 6a–b, S9a-b, S10). Alternatively, Rac1V12 expression endowed
M14 cells the ability to resist staurosporine-induced apoptosis (Fig. 6c).
As Rac1V12 upregulates S70pBcl-2 via an increase in intracellular O2.-,
we then evaluated the effect of scavenging O2.- on drug sensitivity.
Indeed, a priori treatment of Rac1V12 cells with tiron for 1 h significantly
increased the sensitivity of cells to staurosporine (24 h) (Fig. 6c). As we
showed that ABT199 could similarly reduce S70pBcl-2, a similar pre-
treatment with non-cytotoxic concentration of ABT199 (1 μM) for 1 h
synergized with non-cytotoxic concentration of staurosporine (50 nM,
24 h) in decreasing the viability of CEM/Bcl-2 cells (Fig. 6d). Re-
ciprocally, transient overexpression of S70E and to a lesser extent WT
Bcl-2, but not S70A, protected M14 cells from staurosporine-induced
cell death (Fig. 6e). These data were further corroborated by assaying
the ability of 2000 cells to survive, proliferate and form 3D-spheroids in
72 h following similar treatments. 3D-spheroid formed by Rac1V12-ex-
pressing M14 cells was minimally affected by staurosporine. However,
pre-treatment with tiron resulted in a significant reduction in spheroid-
forming ability, thereby providing testimony to the involvement of in-
tracellular O2.- in apoptosis resistance induced by active Rac1
(Fig. 6f–g). More importantly, the effect of staurosporine on 3D-
spheroid formation was significantly blocked by transient expression of
S70E, whereas S70A mutant had no significant effect in M14 cells
(Fig. 6h–i). We also verified the status of S70pBcl-2 under all treatment
conditions. Notably, scavenging O2.- (tiron) or preventing Rac1/Bcl-2
interaction (ABT199) resulted in a significant reduction in the elevated

levels of S70pBcl-2 seen in M14 Rac1V12 or CEM/Bcl-2 cells, respec-
tively, while staurosporine treatment had only modest to no effect
(Fig. 6j–k). As expected, S70E mutant expression showed much higher
S70pBcl-2 expression (Fig. S11). Taken together, targeting cellular
redox state and/or physical interaction between active Rac1 and
S70pBcl-2 in the feedforward loop could have therapeutic implications,
particularly in cancer cells exhibiting reliance on active Rac1 and/or
Bcl-2.

3.6. Concordance between Rac1 and S70pBcl-2 expression in clinical
lymphomas

Prompted by our findings in leukemia cell lines, we proceeded to
investigate the clinical relevance of the positive loop between active
Rac1 and S70pBcl-2. Firstly, analysis of lysates from primary tissue of
lymphoma patients (n=34) showed a striking positive correlation
between the protein levels of Rac1 and S70pBcl-2 (Fig. 7a). Compara-
tive statistical analyses (Pearson Correlation Coefficient; PCC) of the
various permutations revealed highly significant correlations (p-va-
lues< 0.0001) between Rac1 and S70pBcl-2 (PCC = 0.66) and Rac1
and Bcl-2 (PCC = 0.87) (Fig. 7b, S12, S14). Importantly, 6 of our 34
lymphoma samples with sufficient lysates were subjected to co-IP-
Western analysis for verifying the interaction between Rac1 and Bcl-2.
Indeed, Rac1 co-precipitated with Bcl-2 in lysates from 4 of the 6
clinical samples (Fig. 7c). More importantly, Rac1/Bcl-2 interaction
showed a strong positive correlation with S70pBcl-2 (PCC = 0.95; p-
value = 0.0038) (Fig. 7d), and as expected with Bcl-2 (PCC = 0.95; p-
value = 0.004) and Rac1 (PCC = 0.94; p-value = 0.005) (Fig. S13a-b,
S14-S15).

3.7. Increased levels of Rac1 and S70pBcl-2 are associated with advanced
stage lymphomas

Based on the expression analyses of Rac1, Bcl-2 and S70pBcl-2 in 34
patient lymphoma samples, we proceeded to explore the crosstalk be-
tween the two proteins in relation to disease stage/severity. Of note,

Fig. 3. Rac1-induced S70 phosphorylation of Bcl-2 is ROS-dependent.
(a–b) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 24-h treatment of increasing doses of Tiron in CEM/Bcl-2 and Jurkat cells. n= 4.
Bar charts showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. (c) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 12-
h treatment of increasing doses of DPI in Jurkat cells. n= 4. Bar chart showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. (d) Measurement of O2.-

production in M14 Melanoma cells stably expressing the Myc-tagged constitutively active Rac1 mutant, V12, or empty vector, pIRES. n= 3. (e) Measurement of O2.-

production following 24-h treatment of 10 mM Tiron in M14 Melanoma cells stably expressing the Myc-tagged constitutively active Rac1 mutant, V12. n = 3. (f)
Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 24-h treatment of 10 mM Tiron in M14 Melanoma cells stably expressing the Myc-tagged
constitutively active Rac1 mutant, V12. pIRES served as control. n = 4. Bar chart showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. All bar
charts displaying mean and SD. Paired T-test was used for experiments with 2 samples. One way-ANOVA and Tukey's multiple comparisons tests were used for
experiments with more than 2 samples. * and ** indicate P-value< 0.05 and < 0.02 respectively.
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increased protein levels of Rac1 and S70pBcl-2 (and Bcl-2) strongly
correlated with advanced stage of the disease (stage 3–4) in clinical
lymphomas (Fig. 7e–g, S14); protein levels were significantly higher
compared to lysates from stage 0–2 lymphomas (S70pBcl-2: p-value =
0.011; Bcl-2: p-value= 0.024; Rac1: p-value= 0.037). A similar positive
correlation was observed between disease severity and Rac1/Bcl-2 in-
teraction (Fig. 7h, S14-S15); however, statistical significance could not
be determined due to the small sample size (n=6). Furthermore, Rac1
relative mRNA level positively correlates with advanced disease stage
in malignant melanoma from TCGA database (Fig. S16). Collectively,
our findings strongly support the in vivo existence of a positive feed-
forward loop between active Rac1 and S70pBcl-2 in an interactive and
redox-dependent manner to sustain S70pBcl-2 for cancer cell survival
and progression (Fig. 8).

4. Discussion

4.1. A feedforward loop involving Active Rac1, S70pBcl-2 and their
interaction is critical for S70pBcl-2 maintenance and its anti-apoptotic
function

Our previous work has implicated the ‘pro-oxidant’ activity of active
Rac1 or Bcl-2 in promoting cancer cell survival and/or chemo-re-
sistance [5,8,9,16]. Interestingly, inhibiting Rac1 activity alleviated
Bcl-2-induced increase in mitochondrial O2.- [8,9], thus suggesting a
clear role for active Rac1 in the apoptosis inhibitory function of Bcl-2.
In this report we provide evidence that GTP-loaded Rac1 (active) ex-
hibits higher affinity for Bcl-2 and that this physical proximity promotes

the sustained S70pBcl-2, which stabilizes its anti-apoptotic activity.
Intriguingly, the observation that S70pBcl-2 further enhances the

binding between Bcl-2 and active Rac1 argues in favor of a positive
feedforward loop to sustain S70pBcl-2. The feedforward loop between
Rac1 and S70pBcl-2 is corroborated by the inability of S70A to bind to
Rac1, while S70E elicited avid interaction. A plausible explanation
could be that the initial binding of active Rac1 to Bcl-2 is rapid and
transient, which allows for the induction of ROS-dependent S70pBcl-2
to further stabilize the binding of Rac1 to Bcl-2. Alternatively, the
binding of Rac1 to Bcl-2 could happen due to JNK-mediated en-
dogenous S70pBcl-2, thereby first prompting the binding of active Rac1
to Bcl-2 and subsequently further enhancing S70pBcl-2 through active
Rac1-induced ROS.
The critical involvement of the BH3 domain and its juxtaposed non-

structured loop region (contains the S70 residue) of Bcl-2 in the inter-
action with active Rac1 are highlighted. The use of BH3-mimetic in-
hibitors to disrupt Rac1/Bcl-2 interaction hints the possibility of a
competitive binding between BH3-mimetic inhibitors and Rac1 at the
BH3 domain of Bcl-2. Alternatively, the binding between BH3-mimetic
inhibitors and Bcl-2 could change the conformation of Bcl-2, thereby
disrupting the interaction between Rac1 and Bcl-2 at other domains;
potentially the juxtaposed non-structured loop region. Nevertheless,
our data provide support to the latter hypothesis, whereby a drop in
S70pBcl-2 is accompanied by both decreases in Rac1 or NOXA inter-
action with Bcl-2. Reciprocally, Bcl-2 concurrently binds to both Rac1
and NOXA upon active Rac1-induced S70pBcl-2 in Rac1V12 cells.
Furthermore, Deng et al. demonstrated that maximal association of Bcl-
2 to Bax requires S70pbcl-2 [26], which is correspondingly important

Fig. 4. Active Rac1-induced Rac1/Bcl-2 interaction is required for the inhibition of PP2A assembly in a ROS-dependent manner.
(a) Western blot analysis showing T183/Y185pJNK, JNK, S70pBcl-2, Bcl-2 and β-actin of M14 Melanoma cells stably expressing the Myc-tagged constitutively active
Rac1 mutant, V12, or empty vector, pIRES as well as following 24-h treatment of 10 mM Tiron in M14 Melanoma cells stably expressing the Myc-tagged con-
stitutively active Rac1 mutant, V12. n = 3. (b) Western blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 6-h treatment of increasing doses of
FeTPPS in M14 Melanoma cells stably expressing the Myc-tagged constitutively active Rac1 mutant, V12. n = 3. (c) Western blot analysis showing the im-
munoprecipitation of B56δ subunit of PP2A and immunoblotting of catalytic subunit of PP2A and their respective immunoblotted inputs of B56δ, catalytic subunit
and β-actin in M14 Melanoma cells stably expressing the Myc-tagged constitutively active Rac1 mutant, V12, or empty vector, pIRES. n = 3. (d) Western blot analysis
showing the immunoprecipitation of B56δ subunit of PP2A and immunoblotting of catalytic subunit of PP2A and Bcl-2 and their respective immunoblotted inputs of
B56δ, catalytic subunit, β-actin, S70pBcl-2, Bcl-2 and β-actin following 48-h B56δ subunit knockdown (150 nM) in M14 Melanoma cells stably expressing the Myc-
tagged constitutively active Rac1 mutant, V12. n = 3. (e) PLA showing red dot appearances (white arrow) upon interaction between B56δ and catalytic subunits of
PP2A in pIRES and Rac1 V12 M14 Melanoma cells. Red dots were calculated from 30 cells from randomly selected images. Blank images indicate only secondary
antibodies used to check for non-specific signal. n = 3. (f) Quantification of total red dots from 30 cells from randomly selected images for target and blank samples
of 3 independent sets. Bar chart displaying mean and SD. One way-ANOVA and Tukey's multiple comparisons tests were used. ** indicates P-value< 0.02.
Quantitated blank values in Fig. 4f is similar to that of Fig. 2c-d as both Rac1/Bcl-2 and B56δ/Catalytic of pIRES and Rac1 V12 M14 Melanoma samples were stained
and concurrently compared to the similar secondary antibody blanks. (g) Western blot analysis showing the immunoprecipitation of B56δ subunit of PP2A and
immunoblotting of catalytic subunit of PP2A and Bcl-2 and their respective immunoblotted inputs of B56δ, catalytic subunit, S70pBcl-2, Bcl-2 and β-actin following
24-h treatment of 1 μM ABT199 in CEM/Bcl-2 cells. n= 3. (h) Western blot analysis showing the immunoprecipitation of B56δ subunit of PP2A and immunoblotting
of catalytic subunit of PP2A and Bcl-2 and their respective immunoblotted inputs of B56δ, catalytic subunit, S70pBcl-2, Bcl-2 and β-actin following 24-h treatment of
10mM Tiron in M14 Melanoma cells stably expressing the Myc-tagged constitutively active Rac1 mutant, V12. n=3. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
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for Bcl-2/Rac1 binding. On the other hand, as Rac1 status is implicated
in the interaction between Rac1 and Bcl-2, interests arise if other gain-
of-function Rac1 mutations, such as Rac1P29S and Rac1b [6,27–30],
could also contribute to the interaction between Rac1 and Bcl-2 via a
potential change in Rac1 conformation, its activation status or affinity
towards Bcl-2. With that said, narrowing down the actual interacting
domains of Bcl-2 and Rac1 would undoubtedly provide important in-
formation in the specific targeting of Rac1/Bcl-2 interaction and the
resultant S70pBcl-2.
Notably, our data also demonstrated that Rac1V12 could stabilize

Bcl-2 protein. Indeed, Rac1V12 could induce an increase in T69pBcl-2,
which has been shown to stabilize Bcl-2 protein via Pyruvate Kinase M2
(PKM2) [31]. Nevertheless, our data showed that T69pBcl-2 is not
regulated by O2.-, suggesting that while T69pBcl-2 could stabilize Bcl-2,
it does not take part in the redox regulation of Bcl-2/Rac1 interaction
and S70pBcl-2 induction. Nonetheless, as JNK and PKM2 could phos-
phorylate Bcl-2 [25,31], it is possible that T69pBcl-2 is a function of
active Rac1-induced JNK or PKM2 activation [32].

4.2. Active Rac1-induced S70pBcl-2 involves the interaction of Rac1 with
Bcl-2 as well as its redox activity to inhibit PP2A assembly

While S70pBcl-2 is phosphorylated by JNK [25], we demonstrated
that Rac1-induced S70pBcl-2 via O2.- is not JNK-dependent but more
relevantly the redox-dependent inhibition of PP2A holoenzyme as-
sembly. To that end, PP2A functions as a putative tumor suppressor by
regulating the phosphorylation-dependent activation/stability of on-
cogenic proteins such as c-Myc, Akt, IKK and Bcl-2 [5,33–35]. More-
over, PP2A has been shown to bind to and regulate Rac1 activity, thus
influencing Rac1-mediated migration/invasion [36]. Intrigued by the
involvement of active Rac1 in not only creating a ‘pro-oxidant’ milieu

but also in promoting sustained S70pBcl-2, we questioned whether the
latter was a function of disrupting PP2A-mediated dephosphorylation of
S70pBcl-2. Our present work indeed re-capitulated the redox-depen-
dent inhibition of PP2A-B56δ assembly [5], resulting in an increase in
S70pBcl-2 in a Rac1-dependent manner. In addition, as S70pBcl-2 binds
to active Rac1 and B56δ, it is plausible that B56δ-bound S70pBcl-2
places B56δ in close proximity of active Rac1 and amenable to redox-
dependent modification. This hypothesis is plausible as our previous in
vivo work demonstrated that B56δ-bound S70pBcl-2 has disrupted in-
teraction with PP2A C-subunit [5], which is in accordance to our pre-
sent in vivo evidence that S70pBcl-2 is highly bound to Rac1.

4.3. Increased Rac1 and S70pBcl-2 as predictive marker(s) of advanced
disease as well as potential nodes for therapeutic strategy against refractory
tumors

Our findings demonstrate that active Rac1, S70pBcl-2 and their
physical interaction function in tandem to promote survival and drug
resistance. Of note, this functional synergy is verified in clinical samples
obtained from patients with lymphoma; levels of Rac1, S70pBcl-2 (and
Bcl-2) and their interaction are positively correlated with higher stage
lymphomas, thereby underscoring the presence of a novel crosstalk that
maintains a conducive cellular redox environment for the growth and
progression of cancer cells. Based on the strong clinical correlation, one
is tempted to speculate that the co-expression of Rac1 and S70pBcl-2 as
well as their physical interaction could serve as markers for disease
stratification and potential nodes for therapeutic intervention. The
latter would highlight the potential of novel combinational approaches
to target S70pBcl-2, particularly with drugs that are FDA-approved
[37–41]. As a proof-of-concept, we provide evidence that combina-
tional approach using tiron or ABT199 with staurosporine, significantly

Fig. 5. S70 phosphorylation of Bcl-2 further secures interaction between Rac1 and Bcl-2.
(a) Western blot analysis showing the immunoprecipitation of Bcl-2 and immunoblotting of Rac1 following 24-h treatment of 10 mM Tiron in M14 Melanoma cells
stably expressing the Myc-tagged constitutively active Rac1 mutant, V12. n = 3. (b) Western blot analysis showing S70pBcl-2, Bcl-2 and β-actin following 6-h
treatment of increasing doses of JNK inhibitor, SP600125, in M14 Melanoma cells transiently transfected with wild type Bcl-2. OE: Overexpression. n = 3. (c)
Western blot analysis showing the immunoprecipitation of Bcl-2 and immunoblotting of Rac1 following 6-h treatment of increasing doses of JNK inhibitor,
SP600125, in M14 Melanoma cells transiently transfected with wild type Bcl-2. n = 3. (d–e) Western blot analysis showing the immunoprecipitation of Bcl-2 and
immunoblotting of Rac1 in M14 Melanoma cells transiently transfected with 2 μg empty vector, pcDNA3.1, wild type (WT) Bcl-2, phosphomimetic S70E mutant Bcl-2
and non-phosphorylatable S70A mutant Bcl-2 for 48 h and their respective immunoblotted inputs of S70pBcl-2, Bcl-2, Rac1 and β-actin. n = 3. (f) PLA showing red
dot appearances (white arrow) upon Bcl-2 and Rac1 interaction of CEM cells transiently transfected with 2 μg pcDNA3.1, WT Bcl-2, S70A or S70E plasmids for 48 h.
Red dots were calculated from 30 cells from randomly selected images. Blank images indicate only secondary antibodies used to check for non-specific signal. n = 3.
(g) Quantification of total red dots from 30 cells from randomly selected images for target and blank samples of 3 independent sets. All bar chart displaying mean and
SD. One way-ANOVA and Tukey's multiple comparisons tests were used. ** indicates P-value<0.02. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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amplifies drug sensitivity of cancer cells by inhibiting S70pBcl-2. Col-
lectively, these observations indicate that targeting the feedforward
loop could be an excellent chemo-sensitizer particularly in Rac1-or
S70pBcl-2-driven malignancies.
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Fig. 6. Pharmacological interventions targeting the active Rac1-induced S70pBcl-2 loop sensitizes to apoptotic stimulus.
(a–b) Measurement of cell viability (%) of CEM/Bcl-2 and Jurkat cells following 24-h treatment of increasing doses of NSC23766. n = 3. (c) Measurement of cell
viability of pIRES and Rac1 (V12) M14 Melanoma cells following 1-h pre-treatment of 10 mM Tiron and subsequent 24-h treatment of 0.5 μM of staurosporine. Cell
viability of tiron and/or staurosporine-treated cells normalized to that of untreated cells in (%). n = 3. (d) Measurement of cell viability (%) of CEM/Bcl-2 cells
following 1-h pre-treatment of 1 μM ABT199 and subsequent 24-h treatment of 50 nM of staurosporine. n = 3. (e) Measurement of cell viability of M14 Melanoma
cells transiently transfected with pcDNA3.1, WT Bcl-2, S70A and S70E following 24-h treatment of 0.5 μM of staurosporine. Cell viability of staurosporine-treated
cells normalized to that of untreated cells in (%). n = 3. (f) 72-h spheroid formation of pIRES and Rac1 (V12) M14 Melanoma cells following 1-h pre-treatment of
10 mM Tiron and subsequent 24-h treatment of 0.5 μM of staurosporine. n = 3. (g) Quantification of spheroid size (%) of pIRES and Rac1 (V12) M14 Melanoma cells
following 1-h pre-treatment of 10 mM Tiron and subsequent 24-h treatment of 0.5 μM of staurosporine. (h) 72-h spheriod formation of M14 Melanoma cells
transiently transfected with empty vector pcDNA3.1, wild-type Bcl-2, non-phosphorylatable S70A mutant Bcl-2 and phosphomimetic S70E mutant Bcl-2 following
24-h treatment of 0.5 μM of staurosporine. n = 3. (i) Quantification of spheroid size of M14 Melanoma cells transiently transfected with empty vector pcDNA3.1,
wild-type Bcl-2, non-phosphorylatable S70A mutant Bcl-2 and phosphomimetic S70E mutant Bcl-2 following 24-h treatment of 0.5 μM of staurosporine. Spheroid size
of staurosporine-treated cells normalized to that of untreated cells in (%). (j) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 1-h pre-
treatment of 10 mM Tiron and subsequent 24-h treatment of 0.5 μM of staurosporine in pIRES and Rac1 (V12) M14 Melanoma cells. n = 4. Bar charts showing fold
change in densitometry of S70pBcl-2 normalized to Bcl-2. (k) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and β-actin following 1-h pre-treatment of 1 μM
ABT199 and subsequent 24-h treatment of 50 nM of staurosporine. n = 3. Bar charts showing fold change in densitometry of S70pBcl-2 normalized to Bcl-2. All bar
chart displaying mean and SD. One way-ANOVA and Tukey's multiple comparisons tests were used. * and ** indicates P-value< 0.05 and 0.02 respectively.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.canlet.2019.05.009.
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Fig. 7. Rac1 and S70pBcl-2 expression as well as S70pBcl-2 and Rac1/Bcl-2 interaction are positively correlated and implicated in more advanced stage
lymphomas.
(a) Western Blot analysis showing S70pBcl-2, Bcl-2, Rac1 and GAPDH of 34 patient lymphoma samples. Jurkat cell lysate is used as a control. n= 1. A more detailed
clinical diagnosis of these lymphoma samples is displayed in Supplementary Fig. S14. (b) Scatter plot showing the positive correlation of protein band densities
(arbitrary unit) normalized to their respective control proteins from Jurkat lysate of Rac1 and S70pBcl-2 of 34 patient lymphoma samples as well as their respective
Pearson correlation coefficient, R, and P values. P-value is calculated using ANOVA. Raw values are displayed in Supplementary Fig. S14. (c) Western blot analysis
showing the immunoprecipitation of Bcl-2 and immunoblotting of Rac1 of 6 lymphoma patient samples. Input is displayed in Fig. 7a labelled in red patient numbers.
n= 1. (d) Scatter plot showing the positive correlation of protein band densities (arbitrary unit) normalized to their respective control proteins from Jurkat lysate of
S70pBcl-2 against density of Rac1 from immunoprecipitated Bcl-2 of 6 patient lymphoma samples as well as their respective Pearson correlation coefficient, R, and P-
values. P-value is calculated using ANOVA. Raw values are displayed in Supplementary Figs. S14 and S15. (e–h) Box plots showing the correlations of S70pBcl-2, Bcl-
2, Rac1 and Rac1/Bcl-2 Binding to tumor stages of lymphoma patient samples. Raw values are displayed in Supplementary Figs. S14 and S15. Box plot displaying
median, inter-quartiles and whiskers in horizontal lines and mean in “x”. P-value is calculated using paired T test. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Diagram depicting the crosstalk between active Rac1 and S70pBcl-
2.
(1) Active Rac1 binds to Bcl-2, thereby permitting Rac1 to be in close proximity
of Bcl-2-bound B56δ for (2) NOX/O2.-- and ONOO−-mediated nitration and (3)
inhibition of PP2A assembly. (4) This reciprocally induces the accumulation of
kinase (JNK)-induced S70pBcl-2, which in turn (5) further secures the binding
between Bcl-2 and active Rac1, resulting to a positive feedforward loop. This
loop potentially sustains S70pBcl-2 and thereby (6) inhibits cell death.
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