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Triple-negative breast cancers (TNBCs) are aggressive cancers,
which currently do not have effective treatment options. Migra-
tion and establishment of metastatic colonies require dynamic
cytoskeletal modifications characterized by polymerization
and depolymerization of actin. Studies have demonstrated a
directmolecular link between the integrin-focal adhesion kinase
(FAK) pathway and cytoskeletal modifications. Nimbolide, a
major bioactive compound present in neem leaves, shows prom-
ising anti-cancer effect on various cancers. In this study, we have
demonstrated the growth and metastasis inhibitory potential of
nimbolide on TNBC cells. Nimbolide inhibited cell prolifera-
tion, migratory, and invasive abilities of TNBC cells and also
changed the shape of MDA-MB-231 cells, which is correlated
with cytoskeletal changes including actin depolymerization.
Furthermore, analysis revealed that integrins aV and b3, ILK,
FAK, and PAK levels were downregulated by nimbolide. Even
in cells where Rac1/Cdc42 was constitutively activated, nimbo-
lide inhibited the formation of filopodial structures. Immuno-
fluorescence analysis of phosphorylated p21 activated kinase
(pPAK) showed reduced expression in nimbolide-treated cells.
Nimbolide significantly reduced the metastatic colony forma-
tion in lung, liver, and brain of athymic nude mice. In conclu-
sion, our data demonstrate that nimbolide inhibits TNBC by
altering the integrin and FAK signaling pathway.

INTRODUCTION
Triple-negative breast cancers (TNBCs) are highly aggressive cancers
that frequently metastasize,1,2 which is the major cause of mortality.
Despite their initial response to chemotherapeutic drugs, a major
fraction of TNBCs develop chemoresistance.1,3 Hence, it is essential
to identify new therapeutic targets/agents to reduce metastasis and
TNBC-associated mortality.

Metastatic progression requires migration, invasion, and colony estab-
lishment.2,4Migration andestablishmentofmetastatic colonies requires
dynamic cytoskeletal modifications.5,6 Actin cytoskeletal modifications
are initiated and regulatedmainly by extracellularmatrix (ECM) factors
through integrin-focal adhesion kinase (ITG-FAK) signaling.7–11

In response to binding with ECM, ITG-FAK forms complexes with
ILK/parvin-B/PINCH to activate, Rac1/Cdc42 signaling.8–11 This
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phosphorylates PAK1, which leads to inactivation of cofilin, which re-
sults in actin depolymerization.12 The ITG-FAK-mediated cofilin inac-
tivation is critical for migration and metastatic colonization.

Nimbolide is a terpenoid lactone molecule, which is rich in leaves and
flowers of Azadirachta indica, widely known as neem. Several lines of
studies have established the anticancer effects of nimbolide in various
cancers.13–20 Anticancer properties of nimbolide are attributed to the
induction of reactive oxygen species stimulation of apoptosis and
inhibition of proliferation. Nimbolide treatment inhibits cancer cell
invasion and migration through various mechanisms, including inhi-
bition of PI3K/AKT signaling, ERK1/2 inhibition, suppression of
MMPs, and induction of RECK in various cancers.13–20 In the present
study, we have evaluated the inhibitory potential of nimbolide on
TNBC cell growth and metastasis. Many cancer cells overexpress
FAK, and it plays a vital role in cancer progression and metastasis.
Further, a variety of cellular functions that are essential for cancer pro-
gression and metastasis are impacted by integrins and Rho GTPases
and Cdc42. These findings indicate the significant role played by
this signaling axis in cancer. Though nimbolide has been studied as
an anticancer agent, its influence on the ITG/FAK/Rac1/Cdc42 axis
has not been investigated. Our study indicates that nimbolide in-
hibited an array of molecular pathways, in particular FAK-integrin-
Rac1/Cdc42 signaling, to suppress tumor growth and metastasis.

RESULTS
Nimbolide inhibits TNBC cell proliferation

Treatment with different concentrations of nimbolide significantly
reduced the growth of the TNBC cells (Figure 1A). The IC50 concentra-
tion of nimbolide was �7.5 mM and �8.5 mM for MDA-MB-231 and
MDA-MB-468, respectively, andwe used this concentration for further
experiments (Figure 1A). Nimbolide caused significant reduction in the
S phase of the cell cycle (Figures 1B and 1C). Analysis of cell cycle reg-
ulatory proteins revealed that nimbolide increased the accumulation of
thors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Nimbolide inhibits the growth of TNBC cells

(A) Measurement of cell viability. MDA-MB-231, MDA-MB-468, and MCF10A cells were treated with indicated concentrations of nimbolide for 24 h and the cell viability was

measured usingMTS assay. Data are themean ±SD of three independent experiments (with 5 replicates) (n = 3). *p < 0.05 versus UT. (B andC) Cell cycle analysis. MDA-MB-

231 cells were treated with nimbolide (7.5 mM) for 12 h and 24 h and stained with propidium iodide, and we analyzed the DNA content in the flow cytometer. Data are the

mean ± SD of three independent experiments. *p < 0.05 versus control (n = 3). (D and E) Immunoblotting was performed to analyze the mTOR, p70S6K, 4EBP1, pAKT, and

MAPK signaling in MDA-MB-231 cells treated with nimbolide for the indicated time points (n = 3).
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cyclin E and decreased CDK2 phosphorylation (Figures S1A and S1B).
Further, nimbolide treatment increased gH2AX and 14-3-3s levels,
indicating the occurrence of DNA damage and cell cycle arrest21 (Fig-
ures S1A and S1B). Nimbolide inhibited the activation of AKT and
mTOR and its downstream molecular targets p70S6K and 4EBP1 as
early as 3 h after treatment (Figure 1D). Further, nimbolide inhibited
the activation of ERK1/2 and increased the phosphorylation of JNK
as early as 30 min until 6 h (Figure 1E). These data demonstrate that
nimbolide inhibits TNBC cell proliferation by inhibiting cell cycle pro-
gression andalso by inhibitingAKT/mTOR signaling. Further, elevated
levels of 14-3-3s and inhibition of pERK1/2 couldbe another reason for
inhibition of cell proliferation by nimbolide.

Nimbolide induced apoptosis and inhibited invasion and

migration

Our immunofluorescence studies revealed that nimbolide treatment
drastically increased the expression of active caspase 3 (Figure 2A).
Flow cytometric analysis of MDA-MB-231 cells treated with nimbo-
lide showed 15.6% increase in apoptotic cell death (Figure S1C).
Further, molecular markers of apoptotic cell death like cleaved
PARP and cleaved caspase 3 levels were elevated in the nimbolide-
treated cells at 6 h and kept rising until 24 h, whereas the pro-caspase
3 levels started to decline as early as 30min (Figure 2B). Pro-apoptotic
proteins Bax, Bak, and Bim levels were increased in response to nim-
bolide treatment, and anti-apoptotic proteins Bcl2 and Bcl-xl levels
were reduced (Figure 2C). Collectively, these data indicate that nim-
bolide induces apoptosis in TNBC cells through both extrinsic13,14

and intrinsic pathways.

Our results indicated that there was a 10-fold reduction in both inva-
sion and migration of nimbolide-treated cells, clearly indicating the
inhibitory effect of nimbolide (Figures 2D and 2E). Further, investiga-
tion of epithelial-to-mesenchymal (EMT) markers indicated that
nimbolide drastically suppressed the EMT-associated transcription
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Figure 2. Nimbolide inhibits the migration and invasion of MDA-MB-231 cells

(A) MDA-MB-231 cells were treated with nimbolide for 6 h and analyzed for cleaved caspase 3 expression by immunofluorescence analysis using confocal microscopy. Cl-

Casp3, cleaved caspase 3. (B) MDA-MB-231 cells were treated with nimbolide for indicated time points, and the lysates were analyzed for the expression of cleaved PARP,

pro, and cleaved caspase 3. (C) Cell lysates fromMDA-MB-231 cells treated with nimbolide for indicated timeswere analyzed by immunoblotting using indicated pro and anti-

apoptotic protein-specific antibodies. (D and E) Nimbolide inhibits invasion and migration of MDA-MB-231 cells. Cells were treated with nimbolide for 24 h, and cell invasion

and migration were evaluated by using Matrigel invasion assay and scratch assay, respectively. (F) Nimbolide altered the expression of EMT markers in MDA-MB-231 cells.

Immunoblotting of cells treated with nimbolide was performed to analyze the expressions of E-cadherin, Slug, Zeb1, and b-catenin (n = 3).
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factors slug and zeb1 along with b-catenin (Figure 2F). In contrast,
expression of epithelial marker E-cadherin level was increased by
nimbolide, indicating suppression of EMT (Figure 2F).

Nimbolide modifies cellular cytoskeleton by inducing actin

depolymerization

We noticed a drastic change in the cell morphology in response to
nimbolide treatment. The elongated MDA-MB-231 cells underwent
morphological changes and became round in shape rapidly, in
30min after nimbolide treatment (Figure 3A). Almost 90% of the cells
acquired round morphology by 3 h of nimbolide treatment (Fig-
ure 3A). Cellular shape is primarily regulated by cytoskeletal proteins,
and the morphological changes observed due to nimbolide treatment
598 Molecular Therapy: Oncolytics Vol. 20 March 2021
prompted us to investigate changes in the cytoskeletal proteins. The
immunofluorescent imaging of actin indicated that the wild-type
MDA-MB-231 cells have a long, elongated shape with a well-defined
network of actin stress fibers. Nimbolide treatment disrupted the
actin network in a dose-dependent manner (Figure S2A). We also
observed the initiation of apoptosis at early time points due to nimbo-
lide treatment (Figure S2B). The live observation of actin filaments
(F-actin) continuously for 100 min after nimbolide treatment indi-
cated that nimbolide-induced actin cytoskeletal modification started
as early as 10 min and affected almost all the cells by 90 min (Fig-
ure 3B; Video S1). Further, we noticed that the cells that are long
and elongated in structure are impacted first and the most (Video
S1). Live cell imaging analysis also indicated that actin filaments



Figure 3. Nimbolide induced cellular reorganization through actin depolymerization

(A) Phase contrast microscopic image of MDA-MB-231 cells treated with nimbolide for 30 min, 1 h, and 3 h showing change in cellular morphology. (B) Live cell fluorescence

microscopic images of MDA-MB-231 cells treated with nimbolide showing reduction in actin cytoskeletal network with increase in time. MDA-MB-231 cells were incubated

with SiR-actin (fluorescent, cell membrane permeable molecule binds specifically to F-actin) for 1 h and treated with nimbolide for further 90 min. The cellular events were

captured every 10 s using Leica microscope (with 63� objective) (F-actin, red). (C) Actin depolymerization assay was performed using MDA-MB-231 cell lysates treated with

nimbolide for 30 min, 1 h, and 3 h. Cell lysates were added to the pyrene-labeled actin filaments and change in fluorescence intensity was recorded using BMG microplate

reader. (D) Actin depolymerization was analyzed quantitatively by analyzing the reduction in pyrene fluorescence using ClARIOstar software version V5.61. Data represent

mean ± SD of three independent experiments. *p < 0.05 versus control. (E) Nimbolide treatment reduced the expression of F-actin. F-actin was isolated from MDA-MB-231

cells treated with nimbolide at indicated time points, run on SDS-PAGE, and probed with actin antibody. The expression of F-actin was analyzed using densitometry; the data

represent mean ± SD of three independent experiments. *p < 0.05 versus control. (F) Immunofluorescent analysis of a-actinin and actin in MDA-MB-231 cells after treatment

with nimbolide (n = 3).
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underwent rapid depolymerization post nimbolide treatment. Our re-
sults further indicated that there was a drastic increase in actin depo-
lymerization after the addition of nimbolide. The depolymerization
caused by nimbolide increase with time (30 min [180%], 1 h
[196%], and 3 h [278%]) compared to controls (Figures 3C and
3D). Furthermore, F-actin levels declined in nimbolide-treated cells
at different time points (30 min [70%], 1 h [56%], and 3 h [36%])
compared to controls (Figure 3E). Our confocal microscopy data
indicated that in the control cells the expression and co-localization
of a-actinin was primarily found inside the cells and mainly at the
base of lamellipodia structures (Figure 3F; Video S2). Predominantly,
in the nimbolide-treated cells, the localization of a-actinin was at the
surface, and most of the a-actinin was co-localized with actin, indi-
cating the strong stress fiber formation at the cell boundary (Figure 3F;
Video S3). Collectively, the data demonstrated that nimbolide altered
the cellular cytoskeleton by inducing actin depolymerization and dis-
rupted the actin cytoskeletal network of the cells leading to change in
cellular morphology.

Nimbolide inhibits FAK signaling

FAK signaling is a key signaling pathway that influences invasion and
migration and also controls actin dynamics.22 Our FAK-focused PCR
array data indicated that ITG-FAK signaling pathway-associated
components were downregulated in the nimbolide treatment,
including integrin aV (�6.22), b3 (�7.43), ILK (�3.95), FAK
(�6.53), and PAK (�4.72) (Figure 4A). Our immunoblot analysis
also revealed that integrins aV, b3, and b4 levels were reduced 3 h af-
ter nimbolide treatment, and the reduction was prominent after 1 h
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Figure 4. Nimbolide inhibits the expression of integrin and associated FAK signaling

(A) Focal adhesion kinase pathway-focused PCR array of cells treated with nimbolide (6 h) was performed. The differential expression of genes over 2-fold compared to

control were represented in the bar diagram. The data represent mean ± SD of three replicates. (B) Immunoblotting of MDA-MB-231 cells treated with nimbolide for indicated

times reveals the inhibition of integrin-FAK signaling axis. (C) Co-localization of actin and paxillin (focal adhesion point protein) was evaluated by immunofluorescence analysis

(FAK, focal adhesion kinase; PAX, paxillin). (D) Immunoblot analysis of MDA-MB-231 cells treated with nimbolide at different time points shows that phosphorylated

vasodilator stimulated phosphoprotein (pVASP) (both S157 and S239) and Diaphanous 1 (Diaph1) were increased (n = 3).
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(Figure 4B). Further, diminished levels of ILK and pFAK were also
observed at early time points (Figure 4B). The major downstream ef-
fect of ITG-FAK signaling is Rac1/Cdc42 activation, and our results
showed that active Cdc42 levels were drastically decreased in the nim-
bolide-treated cells as early as 15 min (Figure 4B). Phosphorylation of
PAK and cofilin, molecular targets of active Rac1/Cdc42, was declined
drastically at 15 min after nimbolide treatment (Figure 4B). Addition-
ally, nimbolide treatment strikingly downregulated the expression of
pFAK, and the actin networks were not complete (Figure S3; Videos
S4 and S5). Collectively, these data suggest that nimbolide inhibited
the activation of FAK, Rac1/Cdc42, PAK, and cofilin. We next inves-
tigated the co-localization status of FAK and paxillin in the cells in
response to nimbolide treatment. In the control cells, expression of
FAK and paxillin was high and also co-localized completely, whereas
600 Molecular Therapy: Oncolytics Vol. 20 March 2021
in the nimbolide-treated cells the expression of FAK was low and the
co-localization of FAK and paxillin was also markedly reduced (Fig-
ure 4C). Vasodilator stimulated phosphoproteins (VASPs) are known
to inhibit Arp2/3-induced actin branching and thereby inhibit lamel-
lipodia formation. Immunoblot data showed that nimbolide treat-
ment increased the levels of phosphorylated VASP (pVASP) (S157),
pVASP (S239), and Diaphanous1 (Diaph1) (Figure 4D). Our confocal
microscopy results showed that in the control cells the expression of
pVASP was very low and confined to the middle of the cells (Fig-
ure 5A). In the nimbolide-treated cells, the expression of pVASP
increased and was distributed all over the cell (Figure 5A). Immuno-
fluorescence data show that diaph1 levels were moderate in the con-
trol cells but were spread throughout the cell, indicating that diaph1
could also be a reason for active actin network formation (Figure 5B).



Figure 5. Nimbolide altered the expression of proteins associated with actin dynamics

(A–C) Immunofluorescence images of MDA-MB-231 cells treated with nimbolide shows the localization of (A) F-actin and pVASP, (B) F-actin and Diaph1, and (C) F-actin and

phosphorylated p21 activated kinase (pPAK). (D) Nimbolide-induced actin depolymerization is overcome by Rac1/Cdc42 activation. MDA-MB-231 cells were treated with

1 mg/mL of Rac1/Cdc42 activator (bacterial cytotoxic necrotizing factor [CNF] toxin-based G-switch reagent) for 1 h and followed by nimbolide for indicated times. The cells

were analyzed for F-actin and pPAK expression using immunofluorescence analysis (n = 3).
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At 30 min after nimbolide treatment, we observed that diaph1 was
mainly localized to the cell membrane, and this could be the cause
of increased stress fiber formation at 3 h of nimbolide treatment
(Figure 5B).

Rac1/Cdc42 activation overrides the nimbolide induced actin

depolymerization

FAK-induced activation of Rac1/Cdc42 is known to regulate the sta-
bility of polymerized actin. Active Cdc42 stabilizes F-actin mainly
by phosphorylating the actin-severing protein cofilin, which results
in inactivation of cofilin.23,24 To identify the impact of nimbolide on
cofilin, we evaluated PAK1, the immediate upstream regulator of co-
filin. Phospho PAK1 expression was diminished in the cells treated
with nimbolide (Figure 5C). In our next experiment, we constitutively
activated Rac1/Cdc42 by using a bacterial cytotoxic necrotizing toxin-
based inhibitor and analyzed the expression of active PAK1, a down-
stream molecule of Rac1/Cdc42 signaling, which directly phosphory-
lates cofilin and inactivates it. The activation of Rac1/Cdc42 increased
the lamellipodia and filopodia formation in the control cells, while
nimbolide treatment inhibited the filopodial structures remarkably
Molecular Therapy: Oncolytics Vol. 20 March 2021 601
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Figure 6. Nimbolide (20 mg/kg BW) inhibits xenograft tumor growth and metastatic colony formation

(A) Tumor volume measurements of control and nimbolide-treated mice showing significant reduction in tumor growth of mice treated with nimbolide. (B) Representative

images of tumor-bearing mice treated with vehicle and nimbolide. (C) Xenograft tumors from control and nimbolide-treated mice were subjected to immunoblotting of

proteins involved in proliferation, apoptosis, and integrin-FAK signaling. (D) In vivo imaging of mice injected with MDA-MB-231 cells expressing GFP shows the metastatic

colonies in lung, liver, and brain of mice from both (control and nimbolide) groups. (E) Representative images and the corresponding number of metastatic colonies of lung,

liver, and brain from mice treated with vehicle and nimbolide. Each bar represents the mean ± SD of IHC slides from 5 animals, *p < 0.05 (n = 3).
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(Figure 5D). The phosphorylation of PAK1wasnot affected bynimbo-
lide treatment in the Rac1/Cdc42-activated cells, and we also observed
prominent, well-structured actin filament networks (Figure 5D), indi-
cating that nimbolide inhibits upstream of PAK1 signaling. Further,
we performed Rac/Cdc42 rescue experiments to investigate the effect
of nimbolide on proliferation, migration, and invasion. Activation of
Rac/Cdc42 diminished the anti-proliferative, anti-migratory, and
anti-invasive effect of nimbolide, indicating that nimbolide could be
exerting its anticancer effects through Rac/Cdc42 (Figures S4A–S4C).

Nimbolide inhibits in vivo tumor growth and metastatic colony

formation

Nimbolide treatment (20 mg/kg body weight [BW]) significantly sup-
pressed the growth of MDA-MB-231 xenograft tumors (Figures 6A
602 Molecular Therapy: Oncolytics Vol. 20 March 2021
and 6B). Xenograft tumors receiving nimbolide showed strong reduc-
tion in pAKT, pmTOR, p44/42, andBcl2 levels, suggesting that cellular
proliferation and survival mechanisms are considerably reduced (Fig-
ure 6C). On the other hand, apoptotic markers such as cleaved caspase
3 and Bax were increased, demonstrating the induction of apoptosis in
these xenograft tumors (Figure 6C).We also analyzed the components
of ITG-FAK signaling, which revealed that nimbolide treatment sup-
pressed the expression of integrins b3, b4, pFAK, and ILK (Figure 6C).
Further, active Rac1+Cdc42, phosphorylated p21 activated kinase
(pPAK1), and pCofilin quantities were also reduced in the nimbo-
lide-treated xenograft tumors, suggesting the inhibition of Rac1/
Cdc42 signaling (Figure 6C). We observed a strong spread and estab-
lishment of metastatic colonies in the control animals, predominantly
in the lungs and a few colonies in the brain and liver (Figures 6D and
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6E). However, the metastatic spread of MDA-MB-231 cells was
reduced drastically in nimbolide-treated animals (Figures 6D and
6E). Altogether, these results suggest that nimbolide treatment signif-
icantly suppresses the aggressiveness of TNBC cells.

DISCUSSION
In this study, our primary objective was to evaluate the anti-prolifer-
ative and anti-metastatic potential of nimbolide against TNBC. Our
results demonstrate that nimbolide is cytotoxic to TNBC cells by in-
hibiting the AKT/mTOR axis, and it also blocks metastasis through
inhibition of the ITG-FAK pathway. Studies have shown that the
AKT/mTOR pathway is the major signaling pathway that is upregu-
lated in cancer cells.25,26 However, targeting the AKT/mTOR pathway
alone is not enough to control cancer progression, because of the acti-
vation of alternative proliferative mechanisms, including MAPK
signaling. We and others have demonstrated that nimbolide blocks
several significant cell survival and proliferative pathways to inhibit
the growth of cancers.17–19 Nimbolide is also shown to activate
apoptotic signaling through various mechanisms, including reactive
oxygen species (ROS), TRAIL, death receptor, and nuclear factor
kB (NF-kB)-mediated pathways.13,14 The ITG/FAK/Rac1/Cdc42
axis plays a major role in cancer progression and metastasis. We at-
tempted to investigate how nimbolide influenced this pathway to
inhibit TNBC. The risk of cancer increases with age, and mutations
drive the evolution of cancers. Plant products like nimbolide are cyto-
toxic by causing DNA damage and could influence the mutations that
drive cancers. Though they can influence these processes in cancer
cells, they might also do the same in some normal cells, which could
be the reason for undesirable side effects. Based on our in vivo data,
nimbolide is well tolerated, without major side effects. Considering
the metastatic progression of cancer cells, FAK signaling is a major
player, which arguably enhances the extravasation step by increasing
cell migration and invasion. Studies evaluating the effect of nimbolide
on these lines are limited. In our studies, we observed prominent
alteration in 14-3-3s and DNA damage marker gH2AX and specu-
late that this increase in 14-3-3s could have played a role in induction
of cell cycle arrest and subsequent DNA damage.

In our experiments, we noticed a drastic change in cell shape and
structure in response to nimbolide, which prompted us to investigate
its influence on cytoskeletal modifications and eventually on metasta-
tic progression. Nimbolide induced actin depolymerization by inhib-
iting ITG-FAK and Rac1/Cdc42 pathways. These are key pathways
that are involved in the metastatic colonization immediately after
extravasation.27,28 ITG-FAK signaling primarily regulates actin dy-
namics through focal adhesion points, where FAK binds to and reg-
ulates actomyosin stress fibers.29,30 Disruption of ITG-FAK signaling
and subsequent induction of actin depolymerization is a promising
approach to reduce metastasis. Phosphorylation of FAK was blocked
by nimbolide inside the cell. Though there was stress fiber formation
in the edges, it did not form a complete actin filament network like
control cells (Videos S4 and S5). Nimbolide, by disrupting FAK acti-
vation, dismantles the actin cytoskeletal network, which in turn in-
hibits migration, invasion, and ensuing metastasis.
Activation of PAK by Rac1/Cdc42 induces formation of lamellipodia,
filopodia, membrane ruffles, stress fibers, and focal adhesion
points.31,32 Nimbolide treatment drastically reduced the levels of
active Rac1/Cdc42. Enhanced levels of active (unphosphorylated) co-
filin due to decreased pPAK indicates that nimbolide induces actin
depolymerization through inhibition of Rac1/Cdc42/PAK signaling.
In our experiments, constitutive activation of Rac1/Cdc42 increased
the number of filopodia-like structures, while the nimbolide treat-
ment drastically reduced these structures. On the other hand, nimbo-
lide treatment did not promote actin depolymerization in Rac1/
Cdc42-overexpressing cells. This suggests that nimbolide inhibits
the upstream regulators of Rac1/Cdc42 signaling. Further, our data
also suggested that activation of Rac1/Cdc42 was effective in reducing
the anticancer effect of nimbolide, indicating that nimbolide could be
exerting its action through the Rac1/Cdc42-signaling axis.

VASPs are critical regulators of actin dynamics, specifically at the
membrane protrusions. Studies indicate that VASPs can inhibit the
actin cytoskeleton by binding to actin polymerizing enzymes such
as formins, profilins, and Arp2/3.33,34 Nimbolide increased the phos-
phorylation of VASP at S157 and S239. VASP mainly binds to the
actin monomer and blocks the binding of actin polymerizing enzymes
at the lamellipodial structures and inhibits actin polymerization.35

We speculate that nimbolide, by increasing pVASP, blocked actin
polymerization, and this could be the reason for inhibition of Rac1/
Cdc42-induced filopodial structures. Molecular analysis of tumor tis-
sues displayed that active forms of major signaling molecules of the
integrin-FAK pathway were downregulated. Though this is not
considered as direct evidence, the downregulation of FAK signaling
is also a factor in nimbolide-induced suppression of TNBC metas-
tasis. We and others have also shown that nimbolide can influence
its anticancer properties through ROS signaling.19,36,37 In addition,
it has also been demonstrated that nimbolide impacts various
signaling pathways, including the NF-kB pathway,14,38 the Wnt/
b-catenin pathway,14 and the STAT-3-signaling pathway.36

To summarize, our findings demonstrate that nimbolide inhibits
TNBC growth by inhibiting AKT/mTOR and MAPK signaling and
induces apoptosis. Nimbolide also exerts its anti-metastatic effects
through inhibition of ITG-FAK and Rac1/Cdc42-signaling pathways
to stimulate actin depolymerization. Thus, our results provide evi-
dence for the anti-cancer and anti-metastatic effects of nimbolide
against TNBCs.

MATERIALS AND METHODS
Cell lines and cell culture

TNBC cell lines MDA-MB-231, MDA-MB-468, and non-malignant
breast epithelial cell line MCF10A were obtained from the American
Type Culture Collection. MDA-MB-231 and MDA-MB-468 cell lines
were maintained in RPMI 1640 medium supplemented with 10% (v/
v) fetal bovine serum (FBS) and 1% penicillin/streptomycin antibiotic
mixture. MCF10A cells were cultured in mammary epithelial basal
media (MEBM) supplemented with SingleQuots. Cells were cultured
at 37�C, in an atmosphere of 95% air and 5% CO2.
Molecular Therapy: Oncolytics Vol. 20 March 2021 603
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Cell viability assay

Cell viability was evaluated using the CellTiter 96 AQueous One So-
lution Cell Proliferation Assay kit as per the manufacturer’s protocol.
Briefly, cells were seeded in a 96-well plate at a density of 3� 103 cells/
well and incubated at 37�C overnight. Then the cells were treated with
various concentrations of nimbolide (2.5–10 mM) for 24 h. Rac1/
Cdc42 rescue experiments were performed by using Rac/Cdc42 acti-
vator I. Control cells were treated with equal amount of DMSO, and
the amount of DMSO added was less than 0.05% of total volume. At
the end of the experimental period, AQueous One reagent was added
to each well and incubated for 1 h, and the optical density (OD) was
measured at 490 nm using a microplate reader.

Cell death assay

Cell death analysis was performed using annexin V-fluorescein iso-
thiocyanate (FITC) apoptosis detection kit. Briefly, cells (2 � 105)
were plated in 6-well plates and incubated with IC50 concentration
of nimbolide for 24 h and 48 h. At the end of the treatment period,
cells were collected and stained with annexin V-FITC and propidium
iodide. Stained cells were analyzed in a C6 Accuri tabletop flow
cytometer.

Cell cycle analysis

Cells were treated with IC50 concentration of nimbolide for 12 h and
24 h. After the treatment, cells were harvested in cold PBS, fixed in
70% ethanol, and stained with propidium iodide for 30 min. The
cell cycle was assessed using LSR II FACScan analyzer. The data
were analyzed, and the distribution of cells in different phases of
the cell cycle were calculated using FlowJo software.

Immunoblot analysis

MDA-MB-231 cells were incubated with IC50 concentration of nim-
bolide at different time points (0–6 h). After each time point, cells
were lysed using mammalian protein extract reagent. Total proteins
were resolved by gel electrophoresis and transferred to PVDF mem-
branes. Blots were probed with the respective primary antibodies
(Table S1). The blots were re-probed with b-actin antibody (Sigma-
Aldrich) as a loading control. Blots were exposed with enhanced
chemiluminescence (ECL) reagent, and the signals were captured us-
ing Fujifilm LAS-4000 luminescent image analyzer.

Migration assay

MDA-231 cells (3 � 105 cells/well) were cultured in a monolayer in
each well of a 6-well plate. Scratches were made using a 200 mL pipette
tip, then washed with PBS to remove dead cells and also the cells in
the scratch area. Cells were treated with 5 mM concentration of nim-
bolide or with DMSO as a control. The 6-well plate was placed in a
BioStation CT that was programed to capture images every 2 h.
Cell migration was analyzed by calculating the distance migrated after
48 h.

Matrigel invasion assay

The invasiveness was measured using the Matrigel-coated Transwell
chambers as described previously.39 The effect of 5 mM nimbolide on
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percentage of invaded cells was calculated by analyzing the images us-
ing NIS-Elements AR software.

FAK pathway-focused PCR array and real-time RT-PCR

Total RNA was extracted from MDA-MB-231 cells using Trizol. The
concentration of RNA was determined using NanoDrop 2000, and
1 mg of total RNA was converted to cDNA using the single-strand
synthesis kit and used for the PCR array. Real-time PCR was per-
formed, and the fold change in gene expression was calculated using
the SABiosciences web-based PCR array analysis software.

Live cell imaging

Live cell imaging of F-actin was performed using the SiR-actin Kit.
MDA-MB-231 cells (1 � 104 cells/chamber) were plated in a Nunc
Lab-Tek four-chamber slide. 1 mM SiR-actin in RPMI 1640 medium
containing 10% FBS was added to the cells and incubated at 37�C for
1 h. Cells were then treated with nimbolide and live cell images were
recorded at every 10 s using DMI 6000 B confocal microscope. LAS X
software was used to analyze the images and make movies.

Immunofluorescence

MDA-MB-231 cell (1 � 104 cells/chamber) were seeded on a cover-
slip and treated with IC50 concentration of nimbolide for 30 min, 1
h, and 2 h. After treatment, the cells were fixed with 4% paraformal-
dehyde in PBS for 15 min. Cells were permeabilized with 0.1% Triton
X-100 and blocked with 3% BSA for 30 min. Indicated primary anti-
bodies were added and incubated for 1 h, washed, and probed with
appropriate secondary antibody. The coverslips were mounted using
DAPI-containing mounting medium. For staining F-actin, acti-stain-
488 or acti-stain-555 was used. Cells were observed using a confocal
microscope.

Actin depolymerization assay

The effect of nimbolide on actin polymerization was evaluated using
the Actin Polymerization Biochem Kit. MDA-MB-231 cells were
treated with IC50 concentration of nimbolide for 30 min, 1 h, and 3
h, and the cells were extracted with 20 mM HEPES and 20 mM
NaCl containing protease inhibitors. Pyrene F-actin was prepared us-
ing G-actin stock. Buffer and F-actin were added to a 96-well plate
and change in fluorescence was monitored every 60 s using ClARIOs-
tar fluorimeter until the signal was stable. Protein extract from control
and nimbolide-treated samples was added to the plate and change in
fluorescence was monitored for 40 min. The fluorescence intensity
was analyzed using MARS data analysis software.

Cellular F-actin assay

Cellular F-actin levels were analyzed using G-Actin/F-Actin In Vivo
Assay Biochem Kit. Cells were collected and lysed in the F-actin sta-
bilization buffer and centrifuged at 100,000 � g for 1 h at 37�C to
collect the F-actin pellet. Then F-actin was depolymerized with F-
actin depolymerization solution, run on SDS-PAGE, and transferred
to polyvinylidene fluoride (PVDF) membrane. The blot was then
probed with anti-actin rabbit primary antibody followed by anti-rab-
bit-horseradish peroxidase (HRP) secondary antibody. Blot was
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exposed with ECL reagent, and the chemiluminescent signals were
captured using Fujifilm LAS-4000 luminescent image analyzer.

Xenograft tumor growth assay and metastatic colony formation

assay

All animal experiments were performed in accordance with guide-
lines and regulations approved by Texas Tech University Health Sci-
ences Center Animal Care and Use Committee. MDA-MB-231 cells
(2 � 106) were mixed with 50 mL of Matrigel (Corning) and injected
into the flanks of 7-week-old athymic nude mice purchased from
Harlan Laboratories. The tumors were allowed to grow up to
�50 mm3 and the animals were divided into 2 groups as control
and nimbolide treated (n = 6). Control animals received DMSO,
and the experimental group of mice were intraperitoneally adminis-
tered with 20 mg/kg BW nimbolide, twice/week. The growth of the
tumors was monitored for 5 weeks, and the tumor volume was calcu-
lated using the formula 4/3p� r1

2� r2. At the end of the experiment,
mice were euthanized, and tumors were excised and used for molec-
ular analysis.

For metastatic colony formation assay, MDA-MB-231 cells express-
ing GFP plasmid (Cell Biolabs) were used. Briefly, 1 � 106 cells
were injected into the mice through tail vein. The mice were divided
into 2 groups; the control mice received DMSO and the experimental
mice received 20 mg/ kg BW of nimbolide intraperitoneally, twice/
week for 3 weeks. The formation of metastatic colonies was moni-
tored using IVIS imaging system. After 3 weeks of treatment, the
mice were euthanized; liver, lung, and brain were excised and fixed
in 0.1% paraformaldehyde for 10 min and perfused in OCT medium
for immunofluorescence analysis. Images were taken using DMI 6000
B confocal microscope and were processed using LAS X software.

Statistical analysis

All studies were performed as three independent experiments with 6
experimental replicates and are represented as the mean ± SD. Six an-
imals per group were used to study the effect of nimbolide in vivo. Dif-
ferences between the control and experimental groups were analyzed
by unpaired Student’s t test, using GraphPad Prism, version 7.0
(GraphPad Prism Software, San Diego, CA, USA). p values < 0.05
were considered statistically significant.
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