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Human BCL-2–associated death promoter (hBAD) is an apoptosis-
regulatory protein mediating survival signals to carcinoma cells
upon phosphorylation of Ser99, among other residues. Herein, we
screened multiple small-molecule databases queried in a Laplacian-
modified naive Bayesian-based cheminformatics platform and iden-
tified a Petasis reaction product as a site-specific inhibitor for hBAD
phosphorylation. Based on apoptotic efficacy against mammary car-
cinoma cells, N-cyclopentyl-3-((4-(2,3-dichlorophenyl) piperazin-1-yl)
(2-hydroxyphenyl) methyl) benzamide (NPB) was identified as a
potential lead compound. In vitro biochemical analyses demon-
strated that NPB inhibited the phosphorylation of hBAD specifically
on Ser99. NPB was observed to exert this effect independently of
AKT and other kinase activities despite the demonstration of AKT-
mediated BAD-Ser99 phosphorylation. Using a structure-based bio-
informatics platform, we observed that NPB exhibited predicted
interactions with hBAD in silico and verified the same by direct binding
kinetics. NPB reduced phosphorylation of BAD-Ser99 and enhanced
caspase 3/7 activity with associated loss of cell viability in various hu-
man cancer cell lines derived from mammary, endometrial, ovarian,
hepatocellular, colon, prostatic, and pancreatic carcinoma. Furthermore,
by use of a xenograft model, it was observed that NPB, as a single
agent, markedly diminished BAD phosphorylation in tumor tissue and
significantly inhibited tumor growth. Similar doses of NPB utilized in
acute toxicity studies in mice did not exhibit significant effects. Hence,
we report a site-specific inhibitor of BAD phosphorylation with efficacy
in tumor models.

BAD phosphorylation | AKT-PKB | NPB | carcinoma | Laplacian-modified
naive Bayesian classifier

The BCL-2–associated death promoter (BAD) plays a pivotal
role in regulating apoptosis by interacting with BCL-2, BCL-

xL, and BCL-w (1). Human BAD (hBAD) is phosphorylated at
Ser75 (equivalent of the murine Ser112 residue) by p44/42 MAP
kinase and at Ser99 (equivalent of the murine Ser136 residue) by
AKT/p70S6K (2). Both serine residues are also phosphorylated by
Pim family kinases and function to prevent apoptosis (3). Phos-
phorylation of BAD at either of these residues results in the loss of
the ability of hBAD to heterodimerize with BCL-xL or BCL-2 (4).
Phosphorylated BAD protein is heterodimerized with the 14-3-
3 protein and is sequestered in the cytoplasm (5). This association
can be reversed by dephosphorylation of BAD, following which it
can dimerize with BCL-2, BCL-xL, or BCL-w, which allows acti-
vation of BAK/BAX and promotes the release of cytochrome C to

the cytoplasm with the subsequent promotion of the intrinsic ap-
optotic pathway (6, 7). Independent of its phosphorylation status,
BAD also interacts with TP53 and forms a BAD/TP53 complex at
mitochondria to induce apoptosis (8). The critical involvement of
BAD and its phosphorylation status in tumor initiation and disease
progression has been documented (9). Phosphorylated BAD is also
observed to be a predictive marker for drug response, chemo-
sensitivity, and prognosis in various malignancies (9). For example,
increased BAD phosphorylation has been reported to predict poor
overall survival in ovarian cancer (10) and to be associated with
resistance to cisplatin (9, 10). Phosphorylated BAD has been ob-
served in more than 80% of the CD44+ cancer stem cell (CSC)
population in breast cancer, and BAD phosphorylation has been
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reported to be essential for CSC survival (11). Furthermore, BAD
phosphorylation is critically associated with acquired resistance to
chemotherapeutic agents such as vemurafenib in melanoma (12)
and other inhibitors of the RAS/MAP kinase and PI3K/AKT/
mTOR pathways (9). Therefore, inhibition of BAD phosphoryla-
tion may be useful to improve clinical endpoints in oncology.
We performed virtual screening of 1.7 million compounds

using a cheminformatics platform against a broad range of pro-
teins and identified title compounds that were predicted to target
BAD protein. The derivatives of the lead scaffold were synthesized
using the Petasis reaction and were screened for their apoptotic
efficacy in cancer cells. Among the derivatives, N-cyclopentyl-3-((4-
(2,3-dichlorophenyl) piperazin-1-yl) (2-hydroxyphenyl) methyl)
benzamide (NPB) was identified as a lead compound which inhibits
site-specific (Ser99) phosphorylation of BAD. We have further
validated the in vitro and in vivo inhibitory activity of NPB against
BAD phosphorylation.

Results
A Cheminformatics Approach to Identify Ligands Targeting hBAD.We
screened 1.7 million compounds for predicted interaction with
BAD using a unique in silico mapping of chemical space in the
drug-discovery area (13). The structures of small molecules used in
the study were retrieved from ZINC (14) and from traditional
Chinese and Ayurvedic medicinal compound databases (15). A
number of the title compounds were predicted to interact with
BAD (Fig. 1A). We next utilized the Petasis reaction for the syn-
thesis of derivatives of title compounds. The Petasis reaction is a
three-component boronic Mannich-type reaction that contributes
significantly to the advancement of organic transformations by
providing greater flexibility, novelty, and efficiency (16). An anti-
malarial agent, Mefloquine, was previously generated using the
Petasis reaction and is known to inhibit autophagy and induce cell
death of various mammary carcinoma (MC) cells (17). With the
goal of preparing a library of druggable small molecules, we used
boronic acid as a potential nucleophilic species, salicylaldehyde and
substituted piperazines to form the new C–C bond of the title
compounds (Fig. 1B). The Petasis reaction proceeds via the for-
mation of an iminium species, which reacts with the boronic acid to
yield tertiary amines (SI Appendix, Supporting Information 1).

NPB Identified as a Lead Candidate Which Inhibits the Viability of
Carcinoma-Derived Cells. We first investigated the effect of newly
synthesized small-molecule compounds against MCF7 cells using
an AlamarBlue cell-viability assay. Among the series of small-
molecule compounds, NPB (compound 4i) (Fig. 1C and SI Ap-
pendix, Supporting Information 5) was identified as a highly effi-
cacious small-molecule compound reducing the viability of MCF7
cells compared with DMSO-treated cells (Fig. 1D). We next de-

termined the IC50 of NPB in the various carcinoma-derived cell
lines tabulated in Table 1. As normal cell controls, we also included
MCF10A and MCF12A (mammary epithelial cells) and LO2 (he-
patocytes) in the panel of cell lines. Next, we examined cell viability,
cytotoxicity, and apoptotic cell death of the carcinoma cell lines
after exposure to NPB or DMSO using the ApoTox-Glo Triplex
Assay Kit. Exposure of normal hepatocytes or mammary epithelial
cells to NPB did not produce substantial changes in cell viability,
cytotoxicity, or apoptosis compared with DMSO-exposed cells.
Exposure of carcinoma cells to NPB decreased cell viability sig-
nificantly (P < 0.05) and increased caspase 3/7 activities (apoptosis)
compared with DMSO-treated carcinoma cells (Fig. 2). A slight but
significant cytotoxic effect of NPB was observed in a small
number of the carcinoma cell lines compared with DMSO-
exposed control cells specified in SI Appendix, Supporting
Information 2A.

NPB Suppresses MC Cell Proliferation by Stimulating Apoptotic Cell
Death. Using flow cytometry, we next examined whether NPB
treatment of MCF7 cells promotes apoptotic cell death. NPB
treatment of MCF7 cells significantly stimulated early (PI−,
FITC-Annexin V+) and late (PI+, FITC-Annexin V+) apoptotic
cell death compared with DMSO-exposed cells (Fig. 3A). Con-
comitantly, cell-cycle analysis of MCF7 cells after exposure to
NPB demonstrated significantly increased cell populations in the
sub-G1 phase along with increased numbers of cells in the G2M
phase and reduced numbers of cells in the S phase compared
with DMSO-exposed cells (SI Appendix, Supporting Information
2B). Subsequently, we also assessed the effect of NPB on pre-
grown colonies of MCF7 cells in 3D Matrigel. Our analyses dem-
onstrated that NPB treatment significantly suppressed the growth
of these cells as indicated by cell viability and live-cell calcein AM
staining (Fig. 3B). NPB treatment of MCF7 cells also suppressed
the growth of colonies pregrown in soft agar and also foci formation
as compared with DMSO-exposed cells (Fig. 3 C and D). Thus,
NPB treatment of MCF7 cells decreased cell proliferation and
anchorage-independent growth by stimulating apoptotic cell death.

In Silico and Surface Plasmon Resonance Analysis Predicts an Interaction
of NPB Compound with the BAD Protein. The Laplacian-modified
naive Bayesian classifier algorithm analysis identified a high-
probability score of NPB for hBAD interaction (SI Appendix,
Supporting Information 3). In silico docking analyses were then
performed for NPB, which was predicted to occupy the hydro-
phobic groove within the protein–protein interface of BCL-2/
BAD. These observations were found to be in concordance
with other known BCL-2 inhibitors (18). The dichlorophenyl
moiety of NPB was predicted to occupy an additional hydrophobic
side pocket within the BCL-2/BAD interface formed by the side

A

B C D

Fig. 1. A cheminformatics approach to identify ligands
that target hBAD. (A) Laplacian-modified naive Bayesian
classifier algorithm analysis predicted a high-probability
score for hBAD. (B) The Petasis reaction is a three-
component boronic Mannich-type reaction. The method
utilizes boronic acids as a potential nucleophilic species,
salicylaldehyde, and substituted piperazines to form the
new C–C bond of the formula I compound in which R is
selected from group comprising chlorine, methyl, fluo-
rine, and N-cyclopentylacetamido groups and X is
selected from the group comprising chlorine and
hydrogen or the tautomers, isomers, analogs, derivatives,
or salts thereof, by the Petasis reaction. (C) The three-
dimensional structure of NPB. (D) Dose-dependent ef-
fect of NPB (the chemical structure) on the viability of
MCF7 cells measured using the AlamarBlue viability assay
as described in Materials and Methods. Points are the
mean of triplicate determinations; error bars indicate SD.
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chains of Leu97 (Leu94 in mouse), Trp144 (Trp141 in mouse), and
Phe198 (Phe195 in mouse) in contrast to a BCL-2 inhibitor
(Fig. 4A).
We next performed surface plasmon resonance (SPR) mea-

surement with immobilized BAD protein using NPB as the ana-
lyte. This potential interaction was analyzed using the BIAcore
system, and the recombinant BAD was immobilized on a CM5
sensor chip. Various concentrations of NPB were injected onto
the BAD-coated surface of the sensor chip, and the association
and dissociation curves were recorded. The overlaid sensorgrams
are shown in Fig. 4B and were analyzed collectively. The calcu-
lation of kinetic parameters for the interaction of NPB with BAD
revealed an association rate constant (Ka) of 1.4± 0.4 × 103M/s and a
dissociation rate constant of 5.4 ± 0.38 × 103 s of binding affinity,
which yielded dissociation equilibrium constants (Kds) of 37.12 μM
(Fig. 4B). These kinetic parameters provide substantial evidence for
the interaction of NPB with BAD protein.

NPB Inhibits Site-Specific Phosphorylation of BAD at Ser99 in
Carcinoma Cells Independently of AKT Signaling. Phosphorylation
of hBAD at residues Ser75 (ser112 in mouse) and Ser99 (ser136 in
mouse) is crucial in regulating the activity of the BCL-2 family of
proteins (4). To further validate BAD as a target, we first analyzed
the effect of NPB on phosphorylation of hBAD at Ser99 by
Western blot (WB) analysis. Treatment of MCF7 cells with NPB
produced a dose-dependent decrease in phosphorylation of hBAD
at Ser99 without a significant change in total hBAD protein (Fig.
4D). The calculated IC50 for the inhibition of BAD phosphorylation
at Ser99 by NPB was 0.41 ± 0.21 μM, using WB analysis (Fig. 4C).
To determine the possibility that NPB decreased hBAD phos-

phorylation at Ser99 by modulation of kinase activity, we assessed

the effects of NPB on various kinases using a human phospho-
kinase antibody array. No significant changes in kinase activity or
phosphorylated substrates were observed in MCF7 cells exposed
to NPB compared with DMSO-exposed cells despite NPB in-
hibition of hBAD phosphorylation at Ser99 in the same extract (SI
Appendix, Supporting Information 4 A and B). Specifically, the
phosphorylation of the direct AKT substrate [GSK-3 α/β (S21/S9)]
(19) was not affected by NPB treatment, despite NPB inhibition of
hBAD phosphorylation at Ser99 in the same cell extract (SI Ap-
pendix, Supporting Information 4B). Furthermore, we also con-
firmed that NPB had no effect on AKT kinase activity after
cellular treatment with NPB or in the in vitro kinase assays (SI
Appendix, Supporting Information 4C).
We analyzed the effects of NPB exposure on upstream kinases

reported to phosphorylate hBAD at Ser99 (2, 20). BAD phosphory-
lation at Ser99 was decreased upon increasing NPB dosage; neither
the levels of phosphorylated and total AKT nor the levels of phos-
phorylated and total p70S6K were altered by NPB, as indicated by
WB analysis (Fig. 4D). Also, analysis of other BCL-2 family members
(BAK, BAX, BCL-2, and BCL-xL) and cell-cycle markers (CDKN1A,
CDK2, and CDK4) demonstrated no changes in protein levels.
Concomitantly, however, the protein levels of apoptosis-related
markers (CASP7, CASP9, and TP53) were increased, and the pro-
tein levels of Ki67 were decreased after exposure to NPB (Fig. 4E).
We next analyzed the effect of NPB on phosphorylation of

hBAD at both Ser75 and Ser99 by WB analysis in 25 carcinoma
cell lines derived from seven different types of cancer. It was
observed that NPB inhibited the phosphorylation of BAD at the
Ser99 site in all the tested carcinoma cell lines; however, NPB
demonstrated no effect on the phosphorylation of hBAD at the
Ser75 site in the same cells, indicating that NPB specifically
inhibited phosphorylation of hBAD at Ser99 (Fig. 5A).
We next determined whether NPB inhibits the phosphorylation of

hBAD at Ser99 by modulating AKT activity (as indicated by phos-
phorylation at Ser473) using WB analysis. We observed no change
in the levels of pAKT or of total AKT protein after exposure of four
different carcinoma cell lines to 10 μMNPB (Fig. 5B). However, all
NPB-treated carcinoma cell lines exhibited inhibition of BAD
phosphorylation at the Ser99 site with no change in the level of total
BAD protein. Additionally, we examined BAD phosphorylation
after depletion of AKT using two independent shRNAs targeting
AKT expression or the inhibition of AKT activity with AKT in-
hibitor IV as a positive control in the different carcinoma cell lines.
We observed that reduced expression of AKT in the carcinoma cell
lines was associated with a concomitant decrease in pAKT levels at
Ser474 and pBAD levels at Ser99 compared with control cells.
Therefore, BAD phosphorylation at Ser99 is AKT dependent in all
tested carcinoma cell lines, as previously reported by others (2, 4,
21–23). Hence, NPB inhibits the phosphorylation of BAD specifi-
cally at Ser99, independently of the upstream AKT-kinase.

siRNA-Mediated Depletion of BAD Expression Prevented the Effect of
NPB in Carcinoma Cell Lines. As previously described, the function
of hBAD in apoptosis/cell survival is determined by its phos-
phorylation status, primarily on residues Ser75 and Ser99, with
phosphorylated BAD promoting cell survival (9, 20, 24–26).
Extensive experimental evidence in the literature clearly dem-
onstrates that neither depletion nor forced expression of BAD
(27–29) affects cell viability, whereas forced expression of BAD
phosphorylation-deficient mutants (11, 30) results in loss of cell
viability. Hence, the equilibrium between nonphosphorylated
and phosphorylated BAD, rather than the level of BAD protein
per se, apparently determines the cellular response. We there-
fore exploited this attribute of BAD to confirm the functional
specificity of NPB directed to the BAD protein by examining the
effect of NPB exposure after siRNA-mediated depletion of BAD
expression in six carcinoma cell lines (Fig. 6A). Transient
transfection of the different carcinoma cells with siRNA directed

Table 1. IC50 values of NPB in a panel of carcinoma cell lines

Tissue Cell line NPB IC50* ± SD, μM

Mammary MCF10A† NV
MCF12A† NV
MCF7 6.5 ± 1.06
T47D 7.24 ± 1.91
BT474 5.31 ± 2.04
BT549 4.88 ± 1.31

MDA-MB-231 6.94 ± 1.86
Endometrial Ishikawa 7.51 ± 2.08

ECC1 2.61 ± 0.97
RL95-2 6.38 ± 1.85
AN3 11.37 ± 2.61

Ovarian SK-OV-3 7.34 ± 2.03
OVCAR-2 4.21 ± 1.74
Caov-3 3.95 ± 0.93
HEY C2 6.82 ± 1.94
Ovca433 9.79 ± 2.48

Hepatocellular #LO2 NV
Hep3B 6.94 ± 1.07
H2P 4.18 ± 0.83
H2M 5.57 ± 2.61

Colon HCT116 7.29 ± 2.02
DLD-1 2.46 ± 0.91
Caco-2 3.08 ± 0.76

Prostate PC3 3.77 ± 1.51
LNCaP 8.02 ± 3.3
DU145 6.99 ± 1.72

Pancreatic AsPC-1 3.83 ± 1.14
BxPC-3 7.25 ± 2.09

Cell viability was measured using the AlamarBlue cell viability assay. NV,
no value.
*IC50 values were calculated using GraphPad Prism software (version 5.0).
†Normal cells.
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to the BAD transcript decreased BAD expression and also
decreased levels of phospho-Ser99 BAD compared with levels in
control cells (transfected with scrambled oligo), as observed by
WB analysis (Fig. 6A). No significant change in cell viability or
apoptosis was observed upon siRNA-mediated depletion of BAD
in carcinoma cells (Fig. 6 B and C), as previously reported (25,
28, 31–34). As described above, NPB treatment of the control
transfected carcinoma cell lines decreased BAD phosphorylation
at Ser99 compared with vehicle-treated control cells. Concomi-
tantly, exposure of the same carcinoma cell lines to NPB de-
creased cell viability and increased caspase 3/7 activity compared
with vehicle-exposed cells. In contrast, NPB did not affect cell
viability or caspase 3/7 activity in carcinoma cell lines with de-
pleted expression of BAD (Fig. 6 B and C).

Pharmacological Features of NPB. We determined the pharmaco-
logical features of NPB (SI Appendix, Supporting Information 5).
The solubility of NPB was found to be 37.7 ± 3.2 μM at 24 h at
23 °C in universal buffer (pH 7.4) as determined by the filtration
method using multiscreen plates. We next determined the
pharmacokinetic (PK) characteristics of NPB via i.v. and oral
administration in Wistar rats. Following a single 2-mg/kg i.v.
dose, NPB showed multiexponential disposition with first-order
kinetics, a moderate clearance of 1.2 L−1·h−1·kg−1 (37% of rat
liver blood flow), a high volume of distribution at steady state (Vss)
of 3.1 L/kg, and a moderately long terminal t1/2 of 6.1 h. Following a
single oral dose of 10 mg/kg, NPB showed slow zero-order ab-
sorption (tmax = 4 h) characterized by a low phase up to 8 h post-
dose followed by an apparent monoexponential disposition. The
maximum concentration (Cmax), area under the plasma concentra-
tion-time curve (AUC)last, and t1/2 were 73.4 ng/mL, 991 ng·h−1·mL−1,
and 5.4 h, respectively. The absolute oral bioavailability was low
(∼12%). We also performed acute toxicity analysis on mice to de-
termine the suitability of NPB for in vivo use by i.p. injection of
5 or 20 mg/kg NPB. Various standard parameters of toxicity
analyses did not exhibit any significant effects in the NPB-treated
mice (SI Appendix, Supporting Information 6–8). However, the
exposure of mouse mammary carcinoma cells (MMC) 4T1 and
67NR to NPB significantly inhibited Bad phosphorylation at
Ser136 and decreased cell viability in a dose-dependent manner

compared with the DMSO-treated control cells (SI Appendix,
Supporting Information 9).

NPB Inhibits Phosphorylation of BAD at Ser99 in MC and Inhibits
Tumor Growth. Finally, we examined the in vivo efficacy of NPB
in a xenograft model (MCF7) of MC. Randomly grouped mice
with preformed tumors (volume ∼150 cm3) were injected i.p.
with vehicle or NPB at 5 mg/kg or 20 mg/kg. A significant re-
duction in tumor volume was observed in NPB-treated mice
compared with their vehicle-treated counterparts (Fig. 7A).
During this period, animal weight was not significantly different
between the groups (Fig. 7A, Lower). However, the tumor weight
of NPB-treated animals was reduced in a dose-dependent man-
ner compared with vehicle-treated mice (Fig. 7B). We further
analyzed the effect of NPB on the levels of hBAD phosphory-
lation at Ser99 in tumor tissue using WB analysis. NPB treatment
significantly inhibited BAD phosphorylation at Ser99 in tumor
tissues compared with control specimens, as demonstrated by
WB analysis (Fig. 7C and SI Appendix, Supporting Information 9).
No significant difference was observed in total levels of BAD
protein between the NPB-treated and vehicle-treated tumors (SI
Appendix, Supporting Information 10).
Histological analyses of tumor specimens resected from the ani-

mals treated with NPB showed significantly reduced pBAD at
Ser99 compared with vehicle-treated tumors (Fig. 7D), whereas
BAD protein was not significantly different between the groups.
Animals treated with NPB exhibited a significantly decreased per-
centage of Ki67+ cells in tumors and significantly increased TUNEL
positivity compared with vehicle-treated animals (Fig. 7D).

Discussion
The AKT/protein kinase B (PKB)-signaling pathway has a
prominent role in promoting cell survival in most carcinomas,
including hepatocellular, cervical, pancreatic, and mammary
cancers (35–38). Multiple reports have demonstrated the per-
sistent activation of AKT in carcinomas with resultant phos-
phorylation of BAD at Ser99 to promote cell survival (29, 35).
Aberrant activation of AKT is positively associated with a poor
prognosis in carcinomas and with resistance to endocrine therapy
and chemotherapy in MC (39). Previous reports have also

A

B
Fig. 2. NPB suppresses cell viability and promotes
apoptosis in carcinoma cell lines. Effect of NPB (5 μM)
on the viability of carcinoma cells including, mam-
mary, endometrial, ovarian, liver, colon, prostate,
and pancreatic carcinoma cell lines. (A) Cell viability
and (B) caspase 3/7 activities were evaluated using
the ApoTox-Glo Triplex Assay Kit as described in
Materials and Methods. Statistical significance was
assessed by an unpaired two-tailed Student’s t test
using GraphPad Prism 5. The bars represent the
mean of triplicate determinations; error bars indicate
SD. **P < 0.001, *P < 0.05. #, nontransformed, im-
mortalized epithelial cells; MB-231, MDA-MB-231;
RFU, relative fluorescence units; RLU, relative lumi-
nescence units.
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demonstrated that AKT inhibitors also decrease the phosphory-
lation of BAD at Ser99, and numerous AKT inhibitors, including
ARQ 092, AZD5363, GSK690693, GDC-0068, and MK-2206,
have been advanced to clinical trial and have shown encour-
aging results (40, 41). However, high degrees of homology in
the ATP-binding domain between AKT, protein kinase A
(PKA), and protein kinase C (PKC) and mutations in the AKT
gene present possible significant obstacles for the clinical
specificity and efficacy of AKT inhibitors (42). Some small-
molecule inhibitors of BCL-2 proteins, such as ABT-199,
ABT-263, ABT737, TW-37, and navitoclax, have also been
reported (43). Single-agent activity of these compounds has
observed in clinical trials for hematological malignancies.
However, thus far, the response in solid tumors has been lim-
ited (44, 45). One explanation is that BCL-xL expression is
increased more often than BCL-2 expression in solid tumors
(43). This notion is exemplified in a recent report that in-
vestigated the response of colon carcinoma stem cell-like cells
to a selective inhibitor of BCL-2 (ABT199), a BCL-2/BCL-xL
dual inhibitor (ABT737), and a selective inhibitor of BCL-xL (WEHI-
539). No efficacy of ABT199 was observed, but ABT737 and
WEHI-539 both promoted apoptosis of the colon carcinoma cells
utilized (43, 46). Compounds targeting BAD, such as NPB,
would be useful in solid tumors regardless of whether a tumor
was predominantly dependent on BCL-2 or BCL-xL, because
both BCL-2 and BCL-xL are BAD dimerization partners (23,
43). Indeed, targeting BAD phosphorylation would prevent the
alternate utilization of BCL-2 or BCL-xL as an escape mecha-
nism promoting cellular resistance to therapeutics targeting either
one individually. Furthermore, BAD appears to exert BCL-2

protein-independent functions by interacting with 14-3-3 (5,
47), by modulating apoptosis in a complex with p53 (8), by
mediating PAK1- and RAF (including BRAF-V600E)-stimulated
proliferation and survival (48, 49) and cytokine-stimulated pro-
liferation mediated by CaMKII-γ (50). Regardless of the different
sites of hBAD phosphorylation utilized for these different functions,
inhibition of BAD phosphorylation at Ser99 by NPB would pro-
mote apoptosis and hence negate the other cellular functions of
BAD. Also, by the use of clinico-genomic datasets, the BAD-
mediated apoptotic pathway has been reported to be highly signif-
icantly associated with the development and progression of breast,
ovarian, colon, and endometrial cancers (51). Our work herein has
shown a broad apoptotic response of carcinoma cells originating
from various organs to the inhibition of BAD phosphorylation at
Ser99 by NPB. Hence, NPB inhibition of BAD function by di-
minished phosphorylation of Ser99 could be expected to provide a
broadly efficacious therapeutic response in various solid tumors.
Indeed, we demonstrated herein that NPB [at fold lower doses than
those used for ABT-737 (52)] inhibited the growth of an MC xe-
nograft model. Further use of various xenograft or spontaneous
tumor models should assist in elucidating the potential clinical
utility of NPB.
The paucity of single-agent efficacy of BCL-2 protein inhibi-

tors such as ABT-737 or ABT-199 (52, 53) in solid tumors has
prompted the examination of these compounds in combination
therapy (54). NPB could be useful in all situations in which BCL-
2 protein inhibitors are used in combination with other thera-
peutics, including tamoxifen treatment of breast cancer and
treatment of other cancers with cytotoxic agents such as doce-
taxel (55). Also, NPB could be used as single-agent therapy in
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Fig. 3. NPB stimulates apoptotic cell death in
MCF7 cells. (A) Apoptotic cell death of MCF7 cells
measured after treatment with 10 μM NPB using
flow cytometry analysis. Annexin V-FITC staining is
indicated on the x axis, and PI staining is indicated on
the y axis. The lower left quadrants represent live
cells, the lower right quadrants represent early ap-
optotic cells, the upper left quadrants represent ne-
crotic cells, and the upper right quadrants display
late apoptotic cells. Acquisition of Annexin V and PI
data are presented as a percentage (%) in each
quadrant. (B, Upper) Cell viability was determined
using the AlamarBlue viability assay of colonies
generated by MCF7 cells cultured for 14 d in 3D
Matrigel after exposure to NPB or DMSO. (Lower)
Microscopic visualization of calcein AM-stained col-
onies generated by MCF7 cells cultured in 3D
Matrigel after exposure to NPB or DMSO. (C) Cell
viability determined using the AlamarBlue viability
assay of colonies generated by MCF7 cells cultured in
soft agar after exposure to NPB or DMSO. (D) Crystal
Violet staining of foci in colonies generated by
MCF7 cells after exposure to NPB or DMSO. All assays
were performed as described inMaterials and Methods.
Statistical significance was assessed by an unpaired
two-tailed Student’s t test using GraphPad Prism 5.
The bars represent the mean of triplicate determi-
nations; error bars indicate SD. ***P < 0.0001, **P <
0.001.
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tumors in which high BAD expression or high BAD phosphor-
ylation is associated with clinical outcome. Such examples would
include ovarian cancer, in which BAD phosphorylation has been
positively associated with dismal survival outcomes (10). Specific
chemotherapeutics such as cisplatin have also been reported to
stimulate BAD phosphorylation via PIM kinases, promoting
cisplatin resistance (56), and NPB could prove useful as a com-
bination therapy to improve therapeutic outcome. The next step
in augmenting the potential clinical utility of NPB would be to
design various analogs to improve the oral bioavailability while
retaining activity.
No significant toxicities of NPB were observed herein. BCL-xL

is critical for determining platelet lifespan (57). Therefore, the

effective dose-limiting toxicity observed with the use of BCL-xL
inhibitors such as ABT-263 was thrombocytopenia (43). Such
toxicity was not observed with BCL-2–only inhibitors such as
ABT-199. It could be postulated that inhibition of BAD phos-
phorylation, as a heterodimerizing partner of BCL-xL, may also
result in thrombocytopenia. However, BAD gene-deleted mice
mature to adulthood and are largely indistinguishable from con-
trol mice, except that their seminiferous tubules demonstrated
prominent multinucleated giant cells (33) and ∼20% developed B
cell lymphoma at 18 mo. Furthermore, mice containing a triple
knock-in mutation of three functional serine residues in bad
(Ser112, Ser136, and Ser155 in murine bad) displayed no gross
abnormalities, although they demonstrated increased sensitivity to
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Fig. 4. Cheminformatics and SPR analysis predict an interaction of NPB with BAD protein. (A) Docking studies of NPB toward the Bcl-2/BAD interface. (i)
Modeled complex of Bcl-2 (green cartoon) and a 25-residue helical fragment of BAD (blue cartoon) based on the structures of Protein Data Bank ID code
2O22 and 1G5J (70, 74). (ii) NMR-derived structure of a small molecule [(4-(4,4-Dimethylpiperidin-1yl)-N-(4-(2-methyl-1-(phenylthio)-propan-2-ylamino)-3-
nitrophenylsulfonyl) benzamide] in stick representation binding to a groove within the protein–protein interface of Bcl-2 (70). (iii) Predicted binding mode of NPB to
Bcl-2: NPB occupies a binding region similar to that of a known Bcl-2 binder but additionally exploits a hydrophobic pocket formed by Leu94, Trp141, and Phe195 (in
mouse) (shown as lines) in the BCL-2/BAD interface. (B) Sensorgrams obtained by SPR analysis of NPB with the BAD protein subunit. The BAD protein subunit was
immobilized on the surface of a CM5 sensor chip. A solution of NPB at variable concentrations (20–100 μM) was injected to generate the binding responses (RU)
recorded as a function of time (s). The results were analyzed using BIA evaluation 4.1. (C, Upper) WB analysis was used to assess the level of BAD phosphorylation at
Ser99 in MCF7 cells after treatment with NPB. (Lower) IC50 of NPB calculated from the dose–response curves for BAD phosphorylation at Ser99, BAD, and β-actin
using ImageJ software (NIH) (https://imagej.nih.gov/ij/). (D) WB analysis was used to assess the level of multiple proteins upstream of BAD in MCF7 cells after
treatment with NPB. (E) WB analysis was used to assess the level of multiple proteins involved in cell survival and cell proliferation in MCF7 cells after treatment with
NPB. β-Actin was used as an input control for cell lysate. The sizes of detected protein bands are shown on the left. For WB analysis, soluble whole-cell extracts (30 μg
for C and 50 μg for D and E) were run on an SDS/PAGE gel and were immunoblotted as described in Materials and Methods.
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apoptotic stimuli (loss of growth factor-dependent lymphocyte
survival) (23). NPB did not significantly alter lymphocyte or
platelet number in the acute toxicity studies herein. Mice deficient
for BAD or expressing the triple serine mutation described above
also display fasting hyperglycemia (58). AKT inhibitors such as
ARQ092 (59) also raise blood glucose levels clinically (which is
successfully treated with metformin), as is consistent with AKT-
dependent phosphorylation of BAD (60). Given the current in-
terest in cancer cell dependence on glucose (61), it is noteworthy
that glucose deprivation results in BAD dephosphorylation and
BAD-mediated apoptosis (58). Hence, to date, there is no evi-
dence that NPB inhibition of BAD phosphorylation at Ser99 will
exhibit short-term toxicity.
In conclusion, NPB is a potent inhibitor of hBAD phosphor-

ylation at Ser99. Further preclinical progression of this molecule
is warranted.

Materials and Methods
Cell Lines and Reagents. The human immortalized mammary epithelial cell
lines MCF10A and MCF12A and the immortalized hepatocellular epithelial
cell line LO2 were obtained from the American Type Culture Collection
(ATCC) and were cultured per ATCC propagation instructions. MCF7, T47D,
BT474, BT549, and MDA-MB-231 (denoted as “MB-231”); Ishikawa, ECC1,
RL95-2 and AN3; Hep3B, H2P, and H2M; HCT116, DLD-1, and Caco-2; and
LNCaP and DU145 cells were obtained from the ATCC. SK-OV-3, OVCAR-2,
Caov-3, HEY C2, and Ovca433 cells were obtained from Ruby Huang’s lab-
oratory at The Cancer Science Institute of Singapore (CSI), National Univer-
sity of Singapore (NUS). Pancreatic carcinoma cell lines were obtained from
H. Phillip Koeffler’s laboratory at CSI, NUS. The MMC cell lines 4T1 and 67NR
were obtained from ATCC. All carcinoma cell lines were cultured per ATCC
propagation instructions. AKT inhibitor IV was purchased from Calbiochem.
BAD directed stealth (sh)-RNA-BAD (shRNA-BAD1, 5′-GCUCCGCACCAUGA-

GUGACGAGUUU-3′ and shRNA-BAD2, 5′-AAACUCGUCACUCAUCCUCCGG-
AGC-3′) were purchased from Life Technologies. AKT-directed shRNA
(shRNA-AKT1, 5′-CCGGCGCGTGACC ATGAACGAGTTTCTCGAGAAACTCGT-
TCATGGTCACGCGTTTTTG-3′ and shRNA2-AKT, 5′-CCGGGGACTACCTGCACT-
CGGAGAACTCGAGTTCTCCGAGTGCAGGTAG TCCTTTTTG-3′) were purchased
from Life Technologies and were cloned into PLKO.1 vector (Sigma). Cells were
transiently transfected with 20 nM AKT or BAD shRNA or with universal negative
control (Invitrogen) using FuGENE HD (Promega) for 24 h, and further assays
were performed. Alanine transaminase, aspartate transaminase, lactate de-
hydrogenase, creatine kinase, and blood urea nitrogen commercial kits were
purchased from Agappe Diagnostics Ltd.

Cheminformatics Assay.Using in silico chemogenomics approaches,we analyzed
large set of small molecules retrieved from ZINC (14) and from a traditional
Chinese and Ayurvedic medicinal compounds database (15). Initially, we
employed the Laplacian-modified naive Bayesian classifier to rank hBAD as the
target for the queried compounds (62). The classifier was trained on a large
dataset obtained from ChEMBL (63). The hBAD protein target was normalized
by comparing the predicted targets in the dataset used in this study with target
predictions of a background dataset comprising 3,000 compounds in total from
PubChem, GDB13, and ChEMBL; a probability of 0.05 or higher was considered
“as predicted” in this case.

Synthesis of the Petasis Reaction Products. The synthesis of the Petasis reaction
products was performed as described previously (16). The desired product was
obtained by separation using column chromatography. All compounds were
characterized entirely using advanced techniques including IR, NMR, electro-
spray ionization-MS, and elemental analyses. The complete characterization of
the tested library is provided in SI Appendix, Supporting Information 1.

Oncogenicity Assays. The AlamarBlue viability assay, 3DMatrigel growth assay,
soft agar colony-formation assay, and foci-formation assay were performed as
previously described (64–66). Whole-cell viability, apoptosis, and cytotoxicity

A

B

Fig. 5. NPB specifically inhibits BAD phosphorylation at Ser99 in carcinoma cell lines independently of AKT signaling. (A) WB analysis was used to assess the
levels of phosphorylated hBAD at Ser75 and Ser99 and BAD protein in a range of carcinoma cell lines, including mammary, ovarian, pancreatic, endometrial,
hepatocellular, colon, and prostate cancer, after treatment with NPB (5 μM). Total BAD was used as an input control for cell lysate. (B) WB analysis was used to
assess the levels of pBAD at Ser99, pAKT at Ser473, AKT, and BAD in MCF7, Caov-3, Ishikawa, and AsPC-1 cells. AKT inhibitor IV, and NPB (5 μM each) were
used to treat cells. Depletion of AKT expression was achieved using transient transfection of shRNA (1 and 2) directed to the AKT transcript as described in
Materials and Methods. β-Actin was used as an input control for cell lysate. For WB analysis, soluble whole-cell extracts were run on an SDS/PAGE gel and
were immunoblotted as described in Materials and Methods. The sizes of detected protein bands in kDa are shown on the left. #, nontransformed im-
mortalized cell line.
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were assessed using the ApoTox-Glo Triplex Assay Kit (Promega) according to
the manufacturer’s instructions (www.promega.com/resources/protocols/?
utm_source=promega&utm_medium=Vanity&utm_campaign=promegahttp://
www.promega.com/tbs/). Fluorescence and luminescence were determined
using a Tecan microplate reader for fluorescence (Tecan). Phosphatidylserine
treatment and cell death were assessed using the Annexin-V-FLUOS Staining
Kit (Life Technologies) and propidium iodide (PI)-stained cells as described
previously (65, 67). Samples were analyzed using a BD FACSAria cell sorter
(BD Biosciences).

SPR Analysis. Molecular interactions were analyzed based on SPR using a
BIAcore 2000 system (BIAcore AB). hBAD recombinant protein (catalog no.
MBS143012; MyBioSource) was immobilized on a sensor chip as described by
the manufacturer’s protocol. For the interaction of BAD with NPB, various
concentrations of NPB (20–100 μM) in the running buffer were injected onto
the surface of the BAD-immobilized sensor chip with a flow rate of 15 μL/min
per the manufacturer’s directions. The kinetic parameters were measured us-
ing BIA evaluation software 4.1 (BIAcore AB).

Immunoblot Analysis.WB analysis was performed as previously described (18,
64) using the following antibodies: rabbit anti-pBAD (Ser112), goat anti-
pBAD (Ser136), mouse anti-BAD, mouse anti-BAK, mouse anti-BAX, mouse
anti–BCL-2, mouse anti–BCL-XL, mouse anti-CDKN1A, mouse anti-CDK2,
rabbit anti-CDK4, mouse anti-CYCS, and mouse anti-TP53 from Santa
Cruz Biotechnology; rabbit anti-caspase 7, mouse anti-caspase 9, and rabbit
anti-Ki67 from Abcam; rabbit anti-p70S6K (Ser424), rabbit anti-70S6K,
rabbit anti-pAKT (Ser473), rabbit anti-AKT, rabbit anti-pBAD (Ser155),
and rabbit anti–pBCL-2 (Ser70) from Cell Signaling; and a mouse anti–
β-actin (Santa Cruz Biotechnology).

Proteome Profiler Array and Akt Kinase Kit. Phospho-kinases were detected
using a Western blotting array (Proteome Profiler Human Phospho-Kinase
Array Kit, ARY003B; R&D Systems) according to the manufacturer’s instruc-
tions. After cell extraction using lysis buffer provided by the kit, 200 μg of
protein was added per sample. Spots were analyzed using ImageJ software
(https://imagej.nih.gov/ij/). For significant changes reading, a statistical cut-
off for mean pixel density was set to ≥25 present.

AKT kinase activity was detected using the Akt Kinase Activity Kit (Non-
Radioactive) from Enzo Life Science (catalog no. ADI-EKS-400A) according

to the manufacturer’s instructions (SI Appendix, Supporting Information 4C).
The intensity of color was measured in a Tecan microplate reader at 450 nm.

Molecular Docking Analysis. We employed computational docking to validate
the bindingmode of NPB and other compounds to the Bcl-2/BAD interface.We
docked the series of compounds to the exposed Bcl-2/BAD protein–protein
interface known to bind small molecules (68). We used protonate3D of MOE
(69) to prepare the NMR-derived structure of a Bcl-2 small-molecule complex
(70). Afterward, we docked the compound set using MOE’s default setting and
the affinity dG scoring function, aiming at a reasonable description of hy-
drophobic interactions. We retained the highest-scoring pose for each com-
pound out of 30 intermediate docking runs for later comparison.

In Vivo Tumor Studies. In vivo studies were performed according to The
Guide for the Care and Use of Laboratory Animals (71), approved by Lab-
oratory Animal Ethics Committee, at Jinan University, Guangzhou. Briefly,
5- to 6-wk-old BALB/c-nu female mice were s.c. implanted in the scruff of the
neck with 17β-estradiol pellets (Innovative Research of America) at 0.72 mg
per pellet with a 60-d release. After 3 d mice were injected s.c. in the right
flank with 100 μL of cell suspension (1 × 107 cells). Tumor growth was mon-
itored by measuring the tumor size using calipers. About 10 d after implan-
tation mice were randomized and divided into three groups (each group, n =
8) according to treatment, and were administered of vehicle or 200 μL NPB
[dissolved in 5% DMSO, 50% PEG400, and 45% water (pH 5.0)] by i.p. in-
jection every day for 7 d. The first group of mice was treated with vehicle, the
second was treated with a 5-mg/kg dose of NPB, and the third was treated
with a 20-mg/kg dose of NPB. Animal weight and tumor volumes were
measured daily. After completion, tumors were excised, photographed,
weighed, and fixed or stored in liquid nitrogen for later analysis. Histological
analysis was performed as previously described (64, 72, 73).

Pharmacological Features and Acute Toxicity Methodology. The kinetic solu-
bility of NPB was determined using multiscreen filter plates from Millipore.
This method gives the kinetic solubility of NPB. Briefly, a saturated solution of
NPB was prepared in universal buffer (45 mM ethanolamine, 45 mM po-
tassium dihydrogen phosphate, 45 mM potassium acetate dissolve in Milli-Q
water, pH 7.4) (1% DMSO, vol/vol), agitated for a fixed period, and filtered.
The concentration of the filtrate was determined by UV spectroscopy to
give an estimate of solubility. PK studies were performed by TheraIndx
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Fig. 6. siRNA-mediated depletion of BAD expression prevents the effect of NPB in carcinoma cell lines. (A) WB analysis was used to assess the levels of pBAD at
Ser99 activity and BAD protein in MCF7, BT474, Caov-3, Ishikawa, AsPC-1, and DLD-1 cells after treatment with 5 μMNPB. Depletion of BAD expression was achieved
using transient transfection of siRNA directed to the BAD transcript. Soluble whole-cell extracts were run on an SDS/PAGE gel and were immunoblotted as described
inMaterials and Methods. β-Actin was used as input control. (B and C) Effects of NPB (5 μM) in MCF7, BT474, Caov-3, Ishikawa, AsPC-1, and DLD-1 cells. Cell viability
(B) and caspase 3/7 activities (C) were evaluated using the ApoTox-Glo Triplex Assay Kit. All assays were performed as described inMaterials andMethods. Statistical
significance was assessed by an unpaired two-tailed Student’s t test (P < 0.05 was considered as significant) using GraphPad Prism 5. The bars represent the mean of
triplicate determinations; error bars indicate SD. **P < 0.001, *P < 0.05. RFU, relative fluorescence units; RLU, relative luminescence units.
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Lifesciences Pvt. Ltd. The animal work followed ethical practices as laid down
in the guidelines for animal care (registration no. 1852/PO/Rc/S/16/CPCSEA).
Approval was obtained from the Institutional Animals Ethics Committee of
the test facility of Theralndx Lifesciences Pvt. Ltd. (protocol no. IAEC/01/2016/
024). Briefly, the i.v. and oral dose PK of NPB (2 and 10 mg/kg in the vehicle,
respectively) was characterized in male Wistar rats. The animals were anes-
thetized before a cannula was inserted into the jugular vein 1 d before the
PK study. The animals were fasted on the day before the study (SI Appendix,
Supporting Information 6–8).

Statistical Analysis. One-way ANOVA followed by Bonferroni’s posttest
correction was used to analyze acute cytotoxicity. For in vitro assays, the
statistical differences among subgroup analyses were compared using an

unpaired two-tailed Student t test. All analyses were done using GraphPad
Prism software (version 5.0). P < 0.05 was considered statistically
significant.
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Fig. 7. NPB inhibits BAD phosphorylation at Ser99 in mammary carcinoma and inhibits tumor growth. (A) Measurement of tumor volume in BALB/c-nu
female mice as described in Materials and Methods. Animals (n = 5 in each group) were treated with vehicle, 5 mg/kg NPB, or 20 mg/kg NPB, and
relative tumor burden was recorded. Animal weight was measured daily for the duration of the experiment. Red arrowheads indicate the days on
which NPB was administered. (B, Left) Tumors were excised after the NPB treatment regime and weighed. (Right) Representative resected tumors. (C )
WB of tumor tissue to determine levels of pBAD at Ser99 and BAD. Soluble whole-cell extracts were run on an SDS/PAGE gel and were immunoblotted
as described in Materials and Methods. β-Actin was used as an input control. The sizes of detected protein bands in kDa are shown on the left. (D,
Upper) Histological analyses of pBAD at Ser99, BAD, Ki67, and TUNEL staining. Statistical significance was assessed by an unpaired two-tailed Student’s
t test (P < 0.05 was considered as significant) using GraphPad Prism 5. The points represent the means of triplicate experiments; error bars indicate SD.
**P < 0.001. (Lower) Tumor tissue sections were immunolabeled with goat anti-pBAD (Ser136) polyclonal antibody (Santa Cruz Biotechnology), mouse
anti-BAD monoclonal antibody (Santa Cruz Biotechnology), and anti-Ki67 antibody (ab15580; Abcam) and were stained with hematoxylin. (Scale bar,
100 μm.) Apoptotic DNA fragmentation was detected using the TUNEL Apoptosis Detection Kit (GenScript USA, Inc.) as described in Materials and
Methods.
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