OPEN

ORIGINAL ARTICLE

Citation: Blood Cancer Journal (2014) 4, e260; doi:10.1038/bcj.2014.74
© 2014 Macmillan Publishers Limited All rights reserved 2044-5385/14

@,

www.nature.com/bcj

Nimbolide targets BCL2 and induces apoptosis in preclinical
models of Waldenstroms macroglobulinemia

K Chitta'®, A Paulus™®, TR Caulfield? S Akhtar!, M-KK Blake', S Ailawadhi?, J Knight1, MG Heckman?, A Pinkerton® and A Chanan-Khan®

Neem leaf extract (NLE) has medicinal properties, which have been attributed to its limonoid content. We identified the NLE
tetranorterpenoid, nimbolide, as being the key limonoid responsible for the cytotoxicity of NLE in various preclinical models of
human B-lymphocyte cancer. Of the models tested, Waldenstréms macroglobulinemia (WM) cells were most sensitive to nimbolide,
undergoing significant mitochondrial mediated apoptosis. Notably, nimbolide toxicity was also observed in drug-resistant
(bortezomib or ibrutinib) WM cells. To identify putative targets of nimbolide, relevant in WM, we used chemoinformatics-based
approaches comprised of virtual in silico screening, molecular modeling and target-ligand reverse docking. In silico analysis
revealed the antiapoptotic protein BCL2 was the preferential binding partner of nimbolide. The significance of this finding was
further tested in vitro in RS4;11 (BCL2-dependent) tumor cells, in which nimbolide induced significantly more apoptosis compared
with BCL2 mutated (Jurkat BCL2°%"/%!3) cells, Lastly, intraperitoneal administration of nimbolide in WM tumor xenografted mice,
significantly reduced tumor growth and IgM secretion in vivo, while modulating the expression of several proteins as seen on
immunohistochemistry. Overall, our data demonstrate that nimbolide is highly active in WM cells, as well as other B-cell cancers,

and engages BCL2 to exert its cytotoxic activity.
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INTRODUCTION

Waldenstréms macroglobulinemia (WM) is an indolent Non-
Hodgkin’s lymphoma characterized by clonal proliferation of
lymphoplasmacytoid B-cells in the bone marrow, spleen and the
lymph nodes. Patients can present with signs or symptoms
associated with cytopenias, lymphadenopathy, splenomegaly
and/or hepatomegaly. The malignant WM tumor clone character-
istically produces and secretes excessive amounts of immuno-
globulin M (IgM), which can cause hyperviscosity syndrome.’

The pathological behavior of WM cells relies on aberrant B-cell
receptor and Toll-like receptor signaling and is intricately
supported by malfunctions in initiation of apoptosis.>* In this
dynamic, a complex shift between functionally active pro-
apoptotic and anti-apoptotic proteins from the BCL2 family occurs
and bestows the malignant cells with a significant survival
advantage>™ This defective apoptotic signaling is associated
with aggressive clinical behavior, chemoresistance and a poor
prognosis in many B-cell cancers, including WM.>” Thus, B-cell
receptor- or Toll-like receptor-induced proliferation and abnormal
apoptotic signaling act in concert for the assurance of the
malignant WM cells survival.

There are currently no Food and Drug Administration approved
treatments for WM, and the disease remains incurable. Manage-
ment of symptomatic malignancy is currently conducted using
therapeutics commonly employed for other lymphoid cancers,
such as alkylating agents (cyclophosphamide), purine analogs
(fludarabine), monoclonal antibodies (CD20 targeting rituximab)
and the use of the proteasome inhibitor, bortezomib. However

none of these strategies is curative and the median survival of WM
patients is ~5 years.®

Over the last three decades ~70% of the Food and Drug
Administration approved drugs have been developed from
natural sources.’ Naturally occurring compounds remain a critical
reservoir for drug development. Several are currently under
investigation for cancer therapy either as whole compounds or
their components.'®"" Neem is one such natural herb with
demonstrable anti-cancer properties and is a source of several
limonoids, which are a class of oxygenated triterpenes called
tetranorterpenoids. These limonoids are responsible for the anti-
tumor effects of neem leaf extract (NLE).'? Of the NLE
tetranorterpenoids, it has been reported that nimbolide is the
most cytotoxic; however, its mechanism of action remains to be
conclusively established. Being a primary constituent of NLE,
nimbolide, is anticipated to trigger multiple cell death pathways
through activation of apoptosis machinery (through BCL2 family
proteins),’® induction of heat shock proteins and the tumor
suppressor TP53,'371°

Unfortunately, because of their mechanistic ambiguity, many
phytochemicals with observable anti-tumor efficacy are often
precluded from being developed as viable therapeutic agents. The
experimental deduction of a precise biological target for a
particular ligand is a complicated and time-consuming process.
Analogous to experimental target finding techniques (affinity
chromatography, nuclear magnetic resonance), an emerging
technology that capitalizes on computational approaches is
increasingly being implemented to determine the biological
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target(s) for a given chemical compound of interest.'” ™" This in
silico approach relies on the mapping of the compounds
biochemical structure into known structure-activity relationship
space by querying large biologically annotated protein databases
(virtual screening). Using this technique and large chemogenomic
repositories that contain the three-dimensional crystal structures
of numerous biological proteins, a molecular model can be
designed where the bioactive compound is ‘reverse docked’ to
the protein to determine its binding site and preferred
orientation.”® This in turn can be used to predict the binding
affinity between the compound and the protein, which is
quantitatively relayed by a scoring function.'® The utility of these
rapid and cost-effective virtual methods has been applied to
elucidate the ligand-target (including unperceived off-target)
interactions for synthetic therapeutics such as PRIMA-1,%° 4 H-
tamoxifen,?’ torcetrapib®? as well as organic compounds such as
vitamin E2' catechin (a polyphenol)*® and baicalein (a flavo-
noid).>*

Through a systematic approach combining in silico computa-
tional techniques and experimental methods, we investigated
nimbolide to ascertain its exact protein targets and decipher its
mechanism of anti-tumor activity in B-cancer cells. As such, this is
the first mechanistic analysis of nimbolide demonstrating 1) its
activity in WM cancer cells in vitro, 2) the use of virtual screening
methods to classify its molecular targets and 3) its ability to be
safely administered and produce anti-tumor effects in an in vivo
model of hematologic malignancy.

MATERIALS AND METHODS

Cell lines, cell culture and animal experiments

Heparinized peripheral blood was obtained from healthy human donors
(n=3). Peripheral blood mononuclear cells from healthy human donors
were isolated as previously described.'®* WM (BCWM.1, MWCL-1 and RPCI-
WMT1) cell lines, multiple myeloma cell lines (U266, KMS11 and OPM2) and
their unique corresponding bortezomib resistant (BR) or ibrutinib-resistant
(IR) clones (BCWM.1/BR, BCWM.1/IR, MWCL-1/BR, U266/BR, OPM2/BR and
KMS11/BR), which were developed in our laboratory, were used in
experiments. In addition, BCL2-dependent leukemia cells (RS4;11), BCL2
mutated cells (Jurkat Bcl2°¢7%A1%) and Burkitts lymphoma cells (Raji) were
also used in this study and purchased from ATCC (Manassas, VA, USA).
All cell lines were cultured in RPMI-1640 containing 10% FBS and penicillin
(100U ml~ ") and streptomycin (100 ug ml™ '). Culture medium was replaced
every three days. Cell viability was maintained at>90% and was measured
by trypan blue exclusion assay using ViCell-XR viability counter.

All animal experiments were performed with the approval of the
Institutional Animal Care and Use Committee of Mayo Clinic. A xenograft
model of WM was established as previously described.?>2®

Please see the Supplemental Materials & Methods for additional
information.

RESULTS

NLE induces cell death in preclinical models of B-cell cancers and
its cytotoxic effects are primarily mediated through nimbolide in a
tumor-specific manner

We recently reported the proapoptotic effects of NLE in malignant
CLL patient cells.”® To investigate if this effect was also evident in
other B-cell cancers, we evaluated the activity of NLE and its
individual limonoids in cancer cell lines representing human MM,
Non-Hodgkin’s lymphoma and WM in vitro. Tumor cell viability
was determined by trypan blue exclusion assay after treating the
cancer cell lines with NLE and its individual limonoids, nimbolide,
azadirachtin or gedunin. In comparing the antineoplastic effects of
the three limonoids with NLE, we observed that cell proliferation
was most significantly inhibited by NLE and that this effect was
most comparably mimicked by nimbolide (Figure 1a). As
compared with azadirachtin and gedunin whose ICsy values in
BCWM.1 cells were ~13 and 3puwm, respectively, the 1C5, of
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Figure 1. Nimbolide significantly reduces cell viability and induces

apoptotic cell death in B-cell cancer models. MM (U266, U266/BR,
KMS, OPM2, OPM2/BR), WM (BCWM.1, BCWM.1/BR) and Non-
Hodgkin’s lymphoma (Raji) cell lines were treated with NLE or its
limonoid components for 24 h. (a) Cell viability was determined by
trypan blue exclusion assay. All cell lines showed significant
sensitivity to nimbolide with maximum effect noted in the WM
model. Cells from each representative model were treated with
DMSO and used as a control. (b) MM, WM and Non-Hodgkin’s
lymphoma cells were treated with indicated concentrations of NLE
or its limonoid components and apoptosis was measured by ELISA
(Roche, Indianapolis, IN, USA). All plasma cell cancer models
demonstrated significant apoptosis in presence of nimbolide.
Notably the proapoptotic effect of nimbolide was most significant
in BR models. *P < 0.05; **P < 0.01; BR; bortezomib-resistant model.

nimbolide was considerably lower (200nm) (Supplementary
Figure 1). Apoptosis ELISA confirmed that nimbolide was the
most potent inducer of apoptotic cell death, and this was
independent of the disease model studied (Figure 1b). This effect
was evident even in the drug-resistant models; bortezomib
sensitive cell lines as well as BR derivatives were equally
susceptible to nimbolide. Although cell viability (Figure 1a) was
most reduced in presence of NLE, programmed cell death
(apoptosis ELISA using cell culture supernatants) was more
evident in nimbolide treated cells, with WM models showing the
greatest sensitivity. Observing that apoptosis was the primary
means of nimbolide-induced WM cell death, we treated WM cells
with different concentrations of nimbolide ranging from 0.1 to
1 um for 6 h and conducted annexin-V and PI staining followed by
flow cytometry to assess the degree of apoptosis across the
different models. Nimbolide was able to produce apoptotic cell
death in a dose-dependent manner (Figure 2a). Using our most
drug-resistant model (RPCI-WM1 that was established from a
therapy-resistant and terminal WM patient),?® we noted significant
induction of apoptosis with nimbolide (26% apoptosis). Interest-
ingly, the ibrutinib-resistant (IR) WM subclones were the most
sensitive with ~53% of the cells undergoing apoptosis (Figure 2b).
Under similar experimental conditions, nimbolide exerted minimal
effect on the induction of apoptosis in peripheral blood
mononuclear cells from healthy donors (Figure 2c). Lastly, tumor
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Figure 2.

Nimbolide induces dose-dependent apoptosis in WM cells. (a and b) WM cell lines were treated with nimbolide at different

concentrations for 6 h. Cell death was analyzed by annexin V staining followed by flow cytometry. Nimbolide induced apoptosis was dose
dependent with maximum cell death at 1pm, most notably in ibrutinib-resistant (BC/IR) cells (51% cell death). (c) Peripheral blood
mononuclear cells from healthy human donors (n = 3) were treated with indicated concentrations of nimbolide and stained with annexin V to
assess apoptosis. Toxicity from nimbolide was minimal ranging between 0.15 and 4.7% of % control cell death, with the latter only seen at the
highest concentration tested (1 pm). (d) Western blot analysis of WM cells treated with nimbolide at 0 and 1 pm confirms apoptosis by cleavage
of caspases 3, 9 and PARP-1. All experiments were performed in triplicate. NS, Not statistically significant; **P < 0.01. WM tumor cell lines: BC,
BCWM.1; BC/IR, BCWM.1/IR; BC/BR, BCWM.1/BR; MW, MWCL-1; RP, RPCI-WM1

cell apoptosis was also confirmed on immunoblot analysis by
detection of PARP-1, initiator caspase-9 and executioner caspase-3
cleavage, signifying involvement of the intrinsic (death receptor
independent) apoptotic system (Figure 2d). All together, these
experiments confirmed that nimbolide is the most potent
component of NLE and it induces cytotoxicity through apoptotic
mechanisms.

The mitochondrial transmembrane potential of WM cells is altered
in presence of nimbolide

To further understand the mechanism of apoptosis induced by
nimbolide in WM cell lines in vitro, we focused our study on the
effect of nimbolide on mitochondrial integrity. Disturbance of the
mitochondrial transmembrane potential (Aym), through an
increase in mitochondrial outer membrane permeability (MOMP)
is a hallmark of apoptosis that occurs autonomous of death
receptor activation.?’ Thus we investigated whether Aym was
altered in the presence of nimbolide. Wild-type, BR and IR WM cell
lines (total n=7) were treated with increasing concentrations of
nimbolide for 6 h followed by incubation with tetramethylrhoda-
mine methyl ester (TMRM) for 15 min. MOMP was measured by
examining TMRM fluorescence in tumor cells versus control cells
(% MOMP) using flow cytometry. Nimbolide treatment resulted in
dose-dependent MOMP activation in all the WM cell lines tested
(Figure 3a). Nimbolide-treated cells showed substantially less
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TMRM fluorescence, which specified disruption of the Aym and
suggested mitochondrial leakiness and caspase release from
mitochondria into the cytoplasm. To further confirm the
consequence of compromised mitochondrial integrity, we inves-
tigated the activation of caspases 9 and 3, which signify the
complete activation of the intrinsic apoptotic pathway. Both
initiator caspase-9 and executioner caspase-3 cleavage was
significantly increased in cells treated with nimbolide as compared
with control untreated cells (see Figure 2d).

Nimbolide restores the cytotoxic activity of bortezomib or
ibrutinib in drug-resistant WM models

We previously demonstrated that the proapoptotic effects of
nimbolide are maintained despite drug resistance. In our BR
model system we investigated if nimbolide could restore
bortezomib sensitivity. On a 48h MTS assay, we noted that
nimbolide significantly decreased the established ECs, of borte-
zomib (50-fold) in BCWM.1/BR cells (Figure 4a). Similar effects were
noted in our IR model, wherein; we assessed the ability of
nimbolide to restore the IR cells sensitivity toward ibrutinib. We
examined cell death in BCWM.1/IR cells using escalating doses of
ibrutinib (5-20 um). Even at the highest dose tested (20 um),
ibrutinib could only achieve 10.37% cell death. We observed that
when a sub-lethal concentration of nimbolide (0.1 pm) was added
to ibrutinib-treated BCWM.1/IR cells, the combination activity
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Nimbolide alters MOMP in WM cells. (a and b) WM cell lines were treated with nimbolide at different concentrations for 6 h and

1 MOMP

subsequently incubated with 20 nm TMRM for 15 min followed by flow cytometry for analysis of MOMP. MOMP was most activated at 1 pm,
particularly bortezomib-resistant (BC/BR) WM cells (69% MOMP). All experiments were performed in triplicate. **P < 0.01. WM tumor cell lines:
BC, BCWM.1; BC/IR, BCWM.1/IR; BC/BR, BCWM.1/BR; MW, MWCL-1; RP, RPCI-WM1.

significantly increased BCWM.1/IR cell death (44.81%) compared
with when either agent was used alone (Figure 4b). These
observations demonstrate (a) the ability of nimbolide to reverse
drug resistance and (b) its capacity to be successfully combined
with either a proteasome inhibitor (bortezomib) or a BTK-inhibitor
(ibrutinib) for enhanced anti-WM tumor Kkill.

Chemoinformatics and molecular modeling of nimbolide-target
interactions identifies BCL2 as a primary binding partner of
nimbolide

The rapid and potent cytotoxic effect of nimbolide on all the B-cell
cancer cell lines tested was intriguing and indicated that the
limonoid targets important survival pathways biologically relevant
to lymphoid cells and independent of acquired resistance to
bortezomib or ibrutinib. To further understand the intracellular
targets of nimbolide, we performed a chemoinformatics analysis
to determine its biochemical and molecular properties
(Supplementary Table 1). Briefly, nimbolide is a 466.52 Dalton
small molecule with an atomic formula of C,;H3,0; (chemical
structure shown in Supplementary Figure 2), which has the
IUPAC nomenclature methyl-[(2 aR,5aR,6S,6 aR,8R,9aR,10 aS,10bR,
10 cR)-8-(3-furyl)-2a,5a,6a,7-tetramethyl-2,5 dioxo-2a,5a,6,6a,8,
9,9a,10a,10b,10c-decahydro-2 H,5 H cyclopenta[blfuro[2',3',4":4,5]
naphtho[2,3-dIfuran-6-yllacetate. It has a polar surface area of
92.04 A%, solvent accessible surface area of 651.41A% and
calculated geometric volume of 417.32 A% In addition, nimbolide
has excellent characteristics exemplified by zero violations of
either Lipinski Rule of 5 or Jorgensen Rule of 3.

Next, we conducted virtual screening using in silico target
identification coupled with detailed all-atom molecular docking
experiments (reverse docking) to identify targets of nimbolide
relevant in WM. Molecular optimization algorithms to determine
relative ranking of protein affinity with nimbolide were
utilized.?®3” Using the pre-docking filter LASSO (Ligand Activity
by Surface Similarity Order) as a broad screen, we first identified a
pool of over 50 proteins with which nimbolide potentially
interacted (top 3 proteins shown in Supplementary Table 2). Next
we conducted a docking analysis on all proteins of interest and
their different isoforms (total protein targets, n=286) from the
pre-docking screen. Using comprehensive algorithms (see
Supplementary Methods section) that ensured statistical
mechanics output and thermodynamic validity, we identified the
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BCL2 protein proper as displaying the highest affinity for
nimbolide with a binding energy of -84.86 (MM-GBSA score).
Nimbolide interacts with highest affinity within the P4 pocket of
BCL2 (Figure 5a) and uses optimal binding energy at particular
residues (Figure 5b). These BCL2 residues react with both furan
moieties and carbonyl oxygens of nimbolide (Figure 5c). There is a
strong interaction with Asn143 and the methyl carboxylic acid at
the carbonyl oxygen, which is at the closest opening of the cavity
facing the BCL2 molecule. Overall, nimbolide-BCL2 binding is a
dynamic process and the kinetics of the system are such that the
optimal substrate will occupy the enzyme binding site most
frequently, but it will still undergo dissociation and rebinding
(see Supplementary Movie 1). The regions and thermodynamic
interactions that are contributing the most energy for nimbolide—
BCL2 binding are shown in Supplementary Figures 3A and B. Thus
taken together, this unique approach of using in silico docking
technologies for determining protein affinity validated prior
reports on the role of these potential nimbolide targets and
prompted further experimental investigation.

BCL2 protein levels are modulated by nimbolide in vitro as well as
the protein profiles of additional nimbolide-related interactions

We were encouraged to find that our in silico analysis
corroborated prior findings that BCL2 is an important and
preferential target of nimbolide.*™'® This finding was validated
in WM cells, where BCL2 protein levels were assessed by western
blot and appeared to decrease after cell exposure to the limonoid
(Figure 6). Recognizing that nimbolide is a promiscuous molecule
(as many phytochemicals tend to be), with additional targets,*® we
sought to examine other potential binding partners identified in
the virtual screening campaign. Whereas BCL2 ranked highest in
terms of binding affinity, HSP90 and PI3K (p110y) ranked second
and third most likely by MM-GBSA calculations to interact with
nimbolide, respectively (see Supplementary Table 2). In nimbolide
treated WM cells, we did not observe a direct shift in HSP9O;
however, a marked induction of HSP70 and a decrease in MAPK
signaling (p-ERK1/2) was observed, which was indicative of HSP90
inhibition.3*%° Next we looked for evidence of PI3K (p110y)
modulation in nimbolide-treated cells and found its downstream
targets, protein kinase B (AKT) and p-AKT, were notably decreased.
In addition to its well-known effects on AKT, PI3K inhibition has
been noted to mitigate NFkB signaling.”’ We found a marked
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Figure 4. Acquired resistance to bortezomib or ibrutinib is reversed
in presence of nimbolide. (a) Bortezomib-resistant (BCWM.1/BR) WM
cells (ICsp >0.5 um) were treated with indicated concentrations of
nimbolide for 48 h with increasing concentrations of bortezomib
and cell growth measured by MTS assay. Nimbolide significantly
lowered the ECs, of bortezomib from 0.585 to 0.0010 pm.
(b) lbrutinib-resistant (BCWM.1/IR) (IC5o ~45 pm) cells were treated
with DMSO or ibrutinib ranging from 10-50 pm (20 pm concentration
shown); separately, BCWM.1/IR cells were treated with nimbolide at
a suboptimal concentration (0.1 um) alone or in combination with
ibrutinib (10-50 pm) and stained with annexin-V for analysis of cell
death. At a 20 pm concentration, ibrutinib treatment resulted in
10.37% cell death. However, when nimbolide was combined with
ibrutinib (20 pw), significantly more apoptosis was observed (~44%)
over ibrutinib (~10%) or nimbolide treatment alone (~12%).

decrease in NFkB (p65) expression following nimbolide treatment
of WM cells, which is consistent with reports by other
investigators.*> Overall, these effects were evident in all WM cell
lines (to varying extent) and show that BCL2 and other potential
nimbolide targets are modulated in response to the limonoid.

BCL2-dependent cells are highly sensitive to the cytotoxic effects
of nimbolide

With virtual screening and immunoblot analysis pointing toward
BCL2 as a primary target of nimbolide, we hypothesized that the
effects of the limonoid would be catastrophic in tumor cells that
are completely reliant on BCL2. Conversely, we postulated that
activity of the limonoid would be diminished in BCL2-independent
cells. To test this, we used RS4;11 tumor cells, which are BCL2-
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dependent*® and Jurkat BCL2°¢7°A" cells, which served as a BCL2-
independent model. Neo Jurkat cells were used as a neutral
control. As anticipated, RS4;11 cells were sensitive to nimbolide,
undergoing significant apoptosis (P < 0.00008, 82% apoptosis at
1um) and activation of MOMP in a dose-dependent manner as
compared with Jurkat BCL2°®7°"2 cells (28% apoptosis at 1 um)
(Figures 7a and b). These corroborated our in silico observations
that BCL2 is a central mediator of nimbolide cytotoxicity.

Nimbolide significantly inhibits tumor growth in a xenograft
model of WM

Although nimbolide has been examined in murine models of
various cancers,'**>* its activity and effects on specific protein
targets have not been assessed in in vivo models of WM (or any
B-cell cancer). We hypothesized that systemically delivered
nimbolide would engage its target(s) in vivo to induce WM cell
death at pharmacologically achievable doses. Using our murine
xenograft model of WM,?® we administered nimbolide via
intraperitoneal injection in two separate cohorts of mice, testing
two doses, 100 and 200mgkg ' (see Supplementary section).
Compared with the control group (DMSO-treated mice), we
observed a 48% reduction in tumor volume in the nimbolide
treated mice (100 mg kg ' cohort, P < 0.05; Figures 8a and b and
Supplementary Figure 4) and a corresponding decrease in human
IgM secreted by the xenografted WM cells (P < 0.05) (Figure 8c).
A higher dose (200 mg kg~ ") had a more pronounced impact on
IgM reduction but not on tumor volume (vs that observed in the
100 mg kg~ ' mice cohort). Immunohistochemistry (IHC) analysis
was conducted on tumor tissues obtained from the animals
treated with nimbolide (100mgkg~") or DMSO alone. In vivo
activity was validated by a notable decrease of IgM and BCL2 in
nimbolide treated mice vs control. Likewise, an increase in tumor
cell apoptosis (cleaved caspase-3 stain) and decrease in cell
proliferation (Ki-67 stain) was noted in these tissues (Figure 8d).
These data provide sufficient evidence that nimbolide can be
safely administered in WM xenografted mice, elicit a significant
anti-tumor effect and modulate important WM cell death and
apoptotic pathways.

DISCUSSION

Nimbolide is a potent limonoid triterpene that is derived from the
neem plant. It has been shown to produce anti-tumor responses in
various preclinical solid tumor cancer models including
melanoma,”®  osteosarcoma,*®  choriocarcinoma,”’”  cervical
cancer,*® breast cancer,*® prostate adenocarcinoma,'>>° colorectal
carcinoma®?®' and glioblastoma.'® However, the study of its
activity in hematologic malignancies is limited; it has only been
examined in MM, T-cell leukemia, myeloid leukemia and mono-
cytic leukemia/lymphoma cell lines.**** Our report provides
critical insight into the mechanisms of nimbolide’s cytotoxic
potential in lymphoid cells and reveals that malignant WM
(lymphoplasmacytic) cells are highly sensitive to the limonoid.
We have previously demonstrated that the anti-leukemic
capabilities of NLE are mediated through caspase activation and
engagement of the intrinsic apoptotic pathway.'> Being a
powerful component of NLE, we anticipated that nimbolide
would catalyze a similar cascade of death receptor-independent
apoptotic signaling events in WM cells in vitro, as evidenced by
cleavage of caspase-9. For activation of initiator caspase-9,
destabilization of mitochondrial membrane permeability must
occur>® As such, we detected a dose-dependent increase in
MOMP (indicating loss of Apm) in nimbolide treated WM cells and
this correlated with nimbolide-mediated cytotoxicity. Although we
identified caspase-9 induction and cleavage in nimbolide treated
cells, nimbolide has been shown to also engage the death
receptor-dependent apoptotic pathway.'****° These observations
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Figure 5.

Detailed interaction of nimbolide with BCL2 as identified by in silico docking analysis. (a) Nimbolide binds with BCL2 in reported P4-

binding pocket. Hydrophobic binding pocket termed P4 is shown with nimbolide bound. The protein is shown with solvent-accessible surface
threshold attenuated to reveal crevices and side chain details, and carbon atoms are colored gray, oxygen atoms red and nitrogen atoms blue.
A box denoting the P4 pocket is shown at higher resolution in panel (b) where nimbolide is shown in detail with nearby residues, in particular
Asn134 as part of a loop segment at the end of the helix. (c) Nimbolide 2D structure is shown with chirality. The residues Ala100, Asp103,
Phe104, Arg107, Tyr108, Phe112, Leu137, Trp144, Gly145, Arg146, Val148, Ala149, Phe198, Leu201 and Tyr202 all form close proximity with
nimbolide. The interactions are given as hydrophobic in green, charge in blue or blue and dashed arrow indicate H-bond

were made in preclinical models of breast, colon and buccal
pouch carcinoma and attest to the unique properties of this
limonoid in inducing (perhaps simultaneously) both intrinsic and
extrinsic apoptotic signaling cascades. However, the degree to
which nimbolide distinctly activates the respective apoptotic
systems and their overall contribution toward imminent cell death
maybe tumor-cell type dependent and remains to be investigated
in cells of lymphocytic lineage.

Currently, management of WM entails the use of bortezomib-
based regimens®* with reports of promising activity of the BTK
inhibitor, ibrutinib, in relapsed/refractory WM patients.>> However,
as in most B-cell cancers, drug resistance eventually develops and
remains a daunting yet inevitable clinical challenge. As such, we
were encouraged to find that nimbolide’s cytotoxic effects were
maintained in bortezomib or ibrutinib-resistant cell lines (BR and
IR models, respectively) underscoring its potential role in these
clinical settings. More intriguingly, BCWM.1/IR cells appeared most
susceptible to nimbolide therapy exhibiting notably more
apoptosis compared to ibrutinib sensitive (BCWM.1, MWCL-1)
models. Using our IR model, we also observed that ibrutinib
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resistance could be ‘reversed’ by treating BCWM.1/IR cells with
ibrutinib combined with a suboptimal dose of nimbolide.
Together, the two agents induced significantly more apoptosis
(48%; P < 0.05), which indicates that nimbolide distinctively
disrupts key oncogenic cellular networks engaged in ibrutinib
resistance.

The capability of nimbolide to concurrently modulate several
biological pathways has been previously described in solid tumor
models where NFkB, TP53 and BCL2 associated proteins have
been proposed to be the primary mediators of nimbolide’s
cytotoxicity.'**28°¢ |t is likely that the anti-tumor effects of
nimbolide are based on increased dependence of the tumor cell
toward one (or more) of these pro-survival molecular pathways
that are cell type-specific and are more vulnerable to modification
by the limonoid. With compounds such as nimbolide, where the
exact biological target is not known and the possibility of multiple
oncotargets exists, the in silico technique of virtual screening is
being increasingly utilized for its rapid and accurate prediction of
compound-ligand interactions.'® Thus, to identify potential
endogenous binding partners of nimbolide, we used a
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chemoinformatics-based approach to reverse dock all known
human biological proteins that were similar in shape, structure
and biochemical properties (descriptors) to nimbolide and with
which it could potentially associate with. Others and we have
previously reported that NLE modulates the expression of BCL2,
an anti-apoptotic protein that plays a major role in preventing
malignant B-cell (including WM) death."*'® We hypothesized that
the anti-tumor activity of nimbolide might also be mediated
through similar interactions. Our analysis suggests the BCL2-
nimbolide interaction is critical for the antitumor activity of
nimbolide and for the first time predicts the exact amino acid
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Figure 6. Nimbolide shifts expression of BCL2 and proteins

associated with other potential targets, identified on in silico screen.
WM cells (BCWM.1, MWCL-1 and RPCI-WM1) were treated with
different concentrations of nimbolide for 6 h and western blot
analysis was performed. Among the concentrations tested, nimbo-
lide effects were most evident at 1 pm (nimbolide 0.1 and 0.5 pm data
not shown).
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residues along with the thermodynamic and molecular mechan-
ical exchanges that occur between these two molecules.

BCL2 functional biology is complex and tightly regulated by a
number of post-translational modifications, which include phos-
phorylation, proteolytic cleavage, ubiquitination and proteasomal
degradation.”” Phosphorylation of BCL2 in tumor cells has been
shown to prolong the stability of BCL2, enhance its antiapoptotic
activity and delay G1/S transition of the cell cycle.®®*® Thus a post-
translational modification, such as a phosphorylation-disrupting
event, could destabilize BCL2 and render it vulnerable to
proteolytic destruction, potentially explaining its partial down-
regulation in nimbolide treated cells. BCL2 phosphorylation can
occur at multiple sites in the flexible loop domain, but it occurs
notably at Ser70, Ser87, Thr56 and Thr74. However, its phosphor-
ylation at Ser70 is widely accepted to support malignant cell
survival and resistance to therapy. Because in silico screening
identified BCL2 as the prime target we sought to validate the
results in vitro by testing the cytotoxicity of nimbolide in a tumor
cell model where the BCL2 protein is absolutely critical for cell
survival, comparing against a model where the function of BCL2
has been attenuated by mutation and is not detrimental to tumor
subsistence. We used RS4;11 tumor cells, which have been shown
to express increased BCL2.** Using a BH3 profiling technique, it
was demonstrated that RS4;11 cells functionally rely on BCL2
(versus other BCL2 antiapoptotic members) for survival and were
most sensitive to the anti-tumor effects of the BH3 mimetic
ABT-737.%* For comparison, we also utilized Jurkat BCL2%¢"70-Al2
cells in which the Ser70 residue of the BCL2 flexible domain has
been mutated to alanine and prevents full phosphorylation of
BCL2, in effect reducing the antiapoptotic potential of the protein.
Our finding that BCL2 mutated cells tolerated nimbolide
treatment significantly (P < 0.00008) more so than RS4;11 cells
provides further support to the notion that nimbolide affects BCL2
and that the phosphorylational capacity of the protein indeed
impacts the ability of the limonoid to produce an apoptotic
reaction.

Lastly, we resolved to determine whether nimbolide could
mitigate WM cell tumor expansion in vivo and how this effect was
carried out. In vivo kinetics and toxicity profiling of nimbolide has

=A== Neo Jurkat (control)
——o— RS4;11 (BCL2 dependent)
Jurkat BCL2 S70A (Bcl-2 independent)
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BCL2-dependent tumor cells are highly sensitive to nimbolide whereas BCL2-independent tumor cells are not. (a) RS4;11, Neo Jurkat

and Jurkat BCL2%¢"7%A12 tymor cells were treated with different concentrations of nimbolide for 6 h and apoptosis was measured by annexin V
staining and flow cytometry. BCL2-dependent cells (RS4;11) were significantly sensitive to 1 um nimbolide (82% cell death) as compared with
BCL2-independent Jurkat BCL2%¢"7%A1 tumor cells (28% cell death, P < 0.00008) or Neo Jurkat cells (40% cell death, P < 0.0001). (b) MOMP
activation was also more significant in RS4;11 cells as compared with Jurkat BCL2%¢7°A! or Neo Jurkat cells. *P < 0.0001, **P < 0.00008.
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Figure 8. Nimbolide exerts anti-tumor activity in a human WM xenograft model. Female SCID mice (n=20) were subcutaneously implanted
with 1x 10° RPCI-\WM1 cells (as described in the Supplementary methods). Progressive increase in IgM was measured in the serum and this
corresponded with tumor growth in a time-dependent fashion. On average, WM tumor tissues grew to a median of 3cm and IgM levels
reached a median of 823 ng ml~' by Day 30 post-implantation. (a) Average tumor reduction in the nimbolide 100 mg kg ™" cohort was 48%
with no additional anti-WM benefit noted in the 200 mgkg~' cohort. (b) Tumors from two representative mice (control and nimbolide
100 mg kg ") show a significant reduction in nimbolide-treated mice (~50%). () Human IgM levels measured by ELISA were significantly
lower in nimbolide treated mice vs control (DMSO). Data from 15 mice is shown as representatives of the 3 different treatment groups.
*P < 0.005. (d) IHC analysis of tumor samples taken from DMSO and nimbolide (100 mg kg~ ') treated mice shows changes in IgM, Ki-67 and

BCL2. The TP53 protein did not appear changed. Cleaved caspase-3 (Casp-3) was notably increased in nimbolide-treated mice.

been described previously, but no data exists in tumor models of
lymphoid malignancy. The LDs, of nimbolide administered via
intraperitoneal route in adult female mice has been reported as
280 mgkg ™' body weight.?® As such, for our initial study we
opted to use two doses of nimbolide: a lower dose that was ~65%
of the LDso (100 mg kg~ ') and a higher dose 200 mg kg ', which
was ~ 35% of the LDs, reported. Using these doses, we anticipated
minimal toxicity with preliminary indication of anti-tumor efficacy,
which was more prominent in the higher dose cohort. However,
we did not observe any additional tumor volume reduction in the
200 mg kg ' arm; rather this dose was less tolerated resulting in
the death of two mice. In mice treated with the 100 mg kg~ ' dose,
we noted an approximate 50% decrease in tumor volume and
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IgM. This was an impressive finding and indicated that nimbolide
had the potency to significantly (P < 0.005) kill WM cells in vivo,
particularly in a xenograft model that contains tumor cells
developed from a terminally refractory WM patient. Additionally,
IHC analysis provided valuable insight into the putative in vivo
targets of nimbolide. A notable decrease in BCL2 was evident but
we did not find any change in TP53 in nimbolide treated mice.
This is largely consistent with our in vitro findings that indicated a
negligible decrease in TP53 protein, which was observed on
immunoblot (data not shown). The ability of nimbolide to act
through TP53-independent and TP53-dependent mechanisms'++%>6
is not entirely surprising as it is a derivative of NLE. We previously
demonstrated that NLE is equally active in TP53 intact and TP53™~
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CD19+ CLL cells and TP53 protein expression is decreased by NLE
treatment.'®> With TP53 mutations and deletions being prevalent
in the more aggressive stages of cancer, this finding warrants
attention because an anti-cancer compound with activity in TP53
defective patients is highly desirable.

In summary, we have extensively examined the biochemical
features of nimbolide in preclinical models of B-cell cancer. Our
data unequivocally demonstrate that its anti-tumor effects, most
notably in WM cancer cells in vitro and in vivo, are mediated
through the intrinsic apoptotic pathway. Nimbolide directly
targets BCL2 and this appears to be a central mechanism for its
cytotoxic activity in lymphoid cancer cells. Other potential targets
such as HSP90 and PI3K (p110y), identified through in silico reverse
docking, may also be affected as indicated by modulation of their
associated proteins. Ongoing studies will examine their signifi-
cance and interplay through a more in depth manner. Our
investigations also show that nimbolide is capable of being
combined with established anti-WM therapeutics and sensitizes
drug resistant WM cells to the effects of bortezomib or ibrutinib.
Collectively, the data provided in this report lay the foundational
studies and provide a firm rationale for additional testing of
nimbolide and its consideration for further development as an
anti-WM therapeutic.
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