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A novel triazole, NMK-T-057, induces autophagic cell death in
breast cancer cells by inhibiting ␥-secretase–mediated
activation of Notch signaling
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Notch signaling is reported to be deregulated in several malignancies, including breast, and the enzyme ␥-secretase plays an
important role in the activation and nuclear translocation of
Notch intracellular domain (NICD). Hence, pharmacological
inhibition of ␥-secretase might lead to the subsequent inhibition of Notch signaling in cancer cells. In search of novel
␥-secretase inhibitors (GSIs), we screened a series of triazolebased compounds for their potential to bind ␥-secretase and
observed that 3-(3ⴕ4ⴕ,5ⴕ-trimethoxyphenyl)-5-(N-methyl-3ⴕ-indolyl)-1,2,4-triazole compound (also known as NMK-T-057)
can bind to ␥-secretase complex. Very interestingly, NMK-T057 was found to inhibit proliferation, colony-forming ability,
and motility in various breast cancer (BC) cells such as MDAMB-231, MDA-MB-468, 4T1 (triple-negative cells), and MCF-7
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(estrogen receptor (ER)/progesterone receptor (PR)–positive
cell line) with negligible cytotoxicity against noncancerous cells
(MCF-10A and peripheral blood mononuclear cells). Furthermore, significant induction of apoptosis and inhibition of epithelial-to-mesenchymal transition (EMT) and stemness were
also observed in NMK-T-057–treated BC cells. The in silico
study revealing the affinity of NMK-T-057 toward ␥-secretase
was further validated by a fluorescence-based ␥-secretase activity assay, which confirmed inhibition of ␥-secretase activity in
NMK-T-057–treated BC cells. Interestingly, it was observed
that NMK-T-057 induced significant autophagic responses in
BC cells, which led to apoptosis. Moreover, NMK-T-057 was
found to inhibit tumor progression in a 4T1-BALB/c mouse
model. Hence, it may be concluded that NMK-T-057 could be a
potential drug candidate against BC that can trigger autophagymediated cell death by inhibiting ␥-secretase–mediated activation of Notch signaling.

Breast cancer (BC)6 is the most common cancer in women
and accounts for almost 15% of all cancer-related deaths in
6

The abbreviations used are: BC, breast cancer; NICD, Notch intracellular
domain; GSI, ␥-secretase inhibitor; NMK-T-057, 3-(3⬘4⬘,5⬘-trimethoxyphenyl)-5-(N-methyl-3⬘-indolyl)-1,2,4-triazole compound; ER, estrogen receptor; PR, progesterone receptor; PBMC, peripheral blood mononuclear cell;
TNBC, triple-negative breast cancer; PSEN-1, Presenilin-1; APH-1, anterior
pharynx-defective 1; PTEN, phosphatase and tensin homolog; NMK, NMKT-057; PI, propidium iodide; BW, body weight; SGOT, serum glutamate oxaloacetate transaminase; SGPT, serum glutamate pyruvate transaminase;
ALP, alkaline phosphatase; EMT, epithelial-to-mesenchymal transition;
ALDH, aldehyde dehydrogenase; CSC, cancer stem cell; TIC, tumor-initiating cell; pAkt, phosphorylated Akt; DAPT, N-[N-(3,5-difluorophenacetyl)-Lalanyl]-S-phenylglycine t-butyl ester; dnp, 2,4-dinitrophenyl; NMA,
N-methyl aspartic acid; LC3, light chain 3; MDC, monodansylcadaverine;

J. Biol. Chem. (2019) 294(17) 6733–6750
Published in the U.S.A.

6733

NMK-T-057 inhibits ␥-secretase–mediated Notch activation
women worldwide (1, 2). In recent years, the rate and incidence
of BC have increased in India at an alarming rate. Presently, BC
is the most common cancer in the female population, preceding
cervical cancer, in India with a very high mortality rate (3, 4). BC
may be classified into distinct molecular subtypes, including
normal-like, luminal A and B, HER2⫹, and basal-like (5). The
basal-like subtype, also known as triple-negative breast cancer
(TNBC) due to the absence of estrogen receptor (ER), progesterone receptor (PR), and HER2, is characterized by resistance
to chemotherapy, acquisition of stemness, and poor prognosis
(6, 7). Hence, development of novel drug candidates against
BCs as well as identification of novel cellular targets has become
a major thrust area of research.
The Notch signaling pathway has been reported to be highly
deregulated in several human malignancies, including lung,
cervical, colon, pancreatic, and renal carcinoma to name a few
(8 –11). It has also been reported that elevated expression levels
of Notch-1 and its ligand Jagged-1 are associated with the poor
prognosis, lower survival rate, and development of chemoresistance in breast cancer (12–17). Moreover, Notch signaling is
also known to be the key regulator of stemness in breast cancer
(18 –20). Hence, targeting Notch signaling has gained immense
importance in the development of novel anticancer regimes
against breast cancer (19, 21, 22).
Activation of Notch signaling requires the interaction
between Notch receptor and its ligand Jagged-1 or Jagged-2
followed by a series of proteolytic cleavages. Notch receptors
are transmembrane heterodimeric proteins consisting of an
extracellular domain, a transmembrane domain, and a cytoplasmic domain (17). The initial cleavage, or S1, of the Notch
precursor is initiated in the Golgi network by a furin-like convertase to generate a heterodimeric receptor at the cell surface
(23). Binding of Notch receptor to its ligands triggers the
second, or S2, cleavage. This is catalyzed by a family of metalloendopeptidases known as ADAM (a disintegrin and metalloproteinase) or TACE (tumor necrosis factor-␣– converting
enzyme), which cleaves the Notch receptor at an extracellular
site (S2) between Ala (1710) and Val (1711) residues, thus
releasing a fragment, known as Notch extracellular domain
(24). The remaining receptor fragment then undergoes the
third proteolytic cleavage (S3) by a membrane-bound protease
known as ␥-secretase complex to release the activated Notch
intracellular domain (NICD) into the cytosol (24). ␥-Secretase
is a multisubunit enzyme complex consisting of four subunits,
namely Presenilin-1 (PSEN-1), Nicastrin, anterior pharynx-defective 1 (APH-1), and Presenilin enhancer 2 (PEN-2). Presenilin is an aspartyl protease that forms the catalytic core, whereas
Nicastrin is required for substrate recognition (24). The activated NICD then translocates to the nucleus and modulates the
transcription of its downstream targets genes such as Hes-1,
Hey-1, Akt, and PTEN (21, 25). Due to its important role in the
activation of Notch signaling, ␥-secretase complex has become
3-MA, 3-methyladenine; Z, benzyloxycarbonyl; fmk, fluoromethyl ketone;
PCNA, proliferating cell nuclear antigen; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; MTT, 3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide; HRP, horseradish peroxidase;
PE, phycoerythrin; PEN-2, Presenilin enhancer 2.
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a potential target for specific inhibitors, known as ␥-secretase
inhibitor (GSIs), which are reported to show significant anticancer properties against several carcinomas, including breast,
and a few of them have also entered phase I and phase II clinical
trials (26, 27).
In search of novel GSIs, we investigated the Notch inhibitory
properties of a triazole-based compound, 3-(3⬘4⬘,5⬘-trimethoxyphenyl)-5-(N-methyl-3⬘-indolyl)-1,2,4-triazole (also known as
NMK-T-057), consisting of 1,2,4-triazole ring linked with an
indole moiety (Fig. 1A). The presence of an indole ring system is
known to attribute diverse medicinal and pharmacological
properties to small molecules of both natural and synthetic origins (28). When the indole ring is linked with five-member
heterocyclic triazoles, the resultant compounds have been
reported to gain potent anticancer properties (29). Moreover,
available literature indicates that 1,2,4-triazole derivatives possess potent anticancer properties (29 –31) and are also effective
against breast cancer cells (32, 33). Hence, in the present study,
we have investigated the anticancer mechanism of the novel
indolyl triazole derivative NMK-T-057 against several breast
cancer cell lines by monitoring different oncogenic parameters,
including migratory properties, epithelial-to-mesenchymal
transition, and stemness. Because Notch signaling is known to
be a regulator of epithelial-to-mesenchymal transition (EMT)
and stemness in BC (34, 35), we also investigated whether
NMK-T-057 can target Notch signaling in BC cells. To delineate the specific mechanism of Notch inhibition by NMK-T057, we monitored ␥-secretase activity in NMK-treated cells.
Furthermore, it has been reported that inhibition of Notch signaling leads to autophagic cell death in BC cells (36, 37). Hence,
we have also investigated whether inhibition of ␥-secretase–
mediated Notch activation by NMK-T-057 leads to autophagic
cell death in BCs. Thus, the present study highlighted a very
specific mechanism by which the triazole-based drugs can
inhibit BC cells.

Results
NMK-T-057 inhibits the oncogenic potential of BC cells with
minimal toxicity in Swiss albino mice
Treatment of TNBC cells such as MDA-MB-231, MDA-MB468, and 4T1 and non-TNBC cell type MCF-7 with NMK-T057 for 24 h resulted in the loss of viability in a dose-dependent
manner (Fig. 1, B and C). However, comparatively lesser cytotoxicity was observed when noncancerous cell types such as
MCF-10A and peripheral blood mononuclear cells (PBMCs)
were treated with NMK-T-057, with respective IC50 values ⬎50
M. Effects of NMK-T-057 on TNBCs such as MDA-MB-231,
MDA-MB-468, and 4T1 cells were more or less similar, with
the observed IC50 values ranging between 8 and 12 M, whereas
MCF-7 was found to be most susceptible to NMK-T-057, with
the IC50 observed at 5 M (Fig. 1C).
The colony-forming ability of BC cells such as MDA-MB-231
and MCF-7 cells in the presence or absence of NMK-T-057 was
determined by in vitro clonogenic assay, following the protocol
described under “Experimental procedures.” Viable cells were
seeded at a density of 5000 cells/ml for colony formation and
simultaneously treated with different concentrations of NMK-
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Figure 1. NMK-T-057 inhibits oncogenic potential and induces apoptosis in BC cells. A, chemical structure of the novel indolyl triazole derivative NMK-T057. B, effect of NMK-T-057 on viability of BC cells such as MDA-MB-231, MDA-MB-468, 4T1, and MCF-7 and noncancerous cells such as MCF-10A and PBMCs
determined by MTT assay after 24 h of treatment. C, respective IC50 values of NMK-T-057 on the above-mentioned cell lines. Data are expressed as mean ⫾ S.E.
(n ⫽ 6); p ⬍ 0.05. D, effect of NMK-T-057 on colony formation of MDA-MB-231 and MCF-7 cells. Colony formation was visualized by staining with crystal violet.
The image represents the best of the replicates (n ⫽ 3). E, spectrophotometric analysis of the colony-forming efficiency of MDA-MB-231 and MCF-7 cells
(absorbance at 600 nm). Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control. F, apoptosis assay on three different BC cells, MDA-MB-231,
MDA-MB-468, and MCF-7, treated with NMK-T-057 (0 –10 M). Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated cells). G, inhibition
of spontaneous transwell migration of MDA-MB-231, MDA-MB-468, and MCF-7 treated with NMK-T-057 (0 –10 M). Data are expressed as mean ⫾ S.E. (n ⫽ 3);
*, p ⬍ 0.05 versus control (untreated cells). Error bars represent S.E. in respective panels.

T-057 (0 –10 M) from the 2nd to the 6th day. Crystal violet
staining of the viable colonies revealed that NMK-T-057 significantly inhibited the colony-forming properties of MDAMB-231 and MCF-7 cells in a dose-dependent fashion (Fig.
1, D and E).
To determine the mode of cell death in NMK-treated BC
cells we checked the induction of apoptosis by annexin V/pro-

pidium iodide (PI) double staining method using FACS. We
observed that treatment of MDA-MB-231, MDA-MB-468, and
MCF-7 cells with different concentrations of NMK-T-057
resulted in a dose-dependent induction of apoptosis (Fig. 1F
and Fig. S1). In the presence of 5 M compound, the apoptotic
population was found to increase 25% from 2% in untreated
MDA-MB-231 cells, whereas in MDA-MB-468 cells, the apoJ. Biol. Chem. (2019) 294(17) 6733–6750
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ptotic population increased from 1.5 to 35%. Similarly, when
treated with 10 M compound, the apoptotic population
increased to 37% in MDA-MB-231 cells and 42% in MDA-MB468 cells, respectively. Consistent with the cell viability results,
MCF-7 cells showed higher responsiveness to NMK-T-057–
induced apoptosis. In the presence of 3 M compound, the apoptotic population increased to 30% as compared with 1.2% in
control cells, whereas in the presence of 5 M compound, the
apoptotic population increased to 45%.
Migratory ability of various BC cells in the presence and
absence of NMK-T-057 was assessed by Boyden chamber assay.
Migratory activities of BC cells were found to be significantly
decreased by NMK-T-057 in a dose-dependent fashion (Fig.
1G). In the presence of 5 M NMK-T-057, the extent of migration was decreased by 1.9- and 1.5-fold for MDA-MB-231 and
MDA-MB-468 cells, respectively. Similarly, treatment with 10
M NMK-T-057 resulted in a decrease of migration by 2.7- and
2.4-fold, respectively. Consistent with our previous results,
treatment of MCF-7 cells with NMK-T-057 resulted in drastic
inhibition of cell migration. In the presence of 3 and 5 M
NMK-T-057, migration of MCF-7 cells was decreased by 2.7and 4.8-fold, respectively (Fig. 1G).
After demonstrating the noncytotoxic effect of NMK-T-057
in noncancer cells, we further assessed its toxicity in female
Swiss albino mice. NMK-T-057 was injected intraperitoneally
in female mice at different doses of (10 –100 mg/kg-BW). On
the 7th day of i.p. treatment, different hematological and clinical parameters were determined to assess the toxicity of NMKT-057. We observed that NMK treatments did not significantly
affect the red blood cell count or hemoglobin levels in mice
compared with the control group. Only minor alterations in the
total white blood cell counts were observed, particularly the
differential counts for neutrophils and lymphocytes in NMKtreated groups compared with the control group. Additionally,
we also observed that NMK-T-057 had no added toxic effects
on the liver, as revealed by measuring serum glutamate oxaloacetate transaminase (SGOT), serum glutamate pyruvate
transaminase (SGPT), and alkaline phosphatase (ALP) levels in
serum from each experimental set. No significant alterations in
serum SGOT, SGPT, and ALP levels were observed in NMKtreated mice compared with control mice (Table S1), and all the
values fell within the normal range. Thus, consistent with in
vitro results, NMK-T-057 showed limited toxicity in in vivo
conditions as well.
NMK-T-057 reverses EMT in TNBCs
Epithelial-to-mesenchymal transition is an important physiological process responsible for the acquisition of migratory
and invasive phenotype by BC cells that enhances their ability
to invade the surrounding tissues (38). It has been reported that
remodeling of the actin cytoskeleton plays an important role in
the EMT process (39). Actin stress fibers are found in abundance in mesenchymal cells, whereas few stress fibers are
observed in epithelial cells (39). MDA-MB-231 cells, which are
known to be highly aggressive and invasive, possess a spindleshaped morphology similar to the mesenchymal type. Staining
the actin cytoskeleton with phalloidin-FITC revealed an organized network of F-actin filaments in the untreated cells. How-
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ever, on treatment with sublethal concentrations of NMK-T057 (3–5 M), we observed that the mesenchymal morphology
of MDA-MB-231 cells was altered to epithelial type accompanied by disruption of the actin stress fibers (Fig. 2A).
We further investigated the status of several EMT markers in
NMK-T-057–treated MDA-MB-231 cells. Interestingly, we
observed that proteins like vimentin, N-cadherin, and TWIST,
which are essential for maintaining the mesenchymal phenotype, were significantly down-regulated by NMK-T-057 in a
dose-dependent fashion. Conversely, epithelial markers such as
E-cadherin and cytokeratin-19 were also found to be significantly up-regulated in NMK-T-057–treated MDA-MB-231
cells (Fig. 2, B and C). We also observed that the CD44high/
CD24low population, responsible for the metastatic potential
and stemness properties of BC cells (40, 41), was drastically
reduced in the presence of NMK-T-057 (Fig. 2D).
NMK-T-057 attenuates stemness in TNBCs
After confirming the inhibitory effect of NMK-T-057 on
mesenchymal markers, we determined the status of aldehyde
dehydrogenase (ALDH) 1A, the hallmark of stemness (42, 43),
in NMK-treated TNBC cells by FACS (Fig. 3A). We observed
that treatment of MDA-MB-231 cells with NMK-T-057
resulted in drastic reduction of the ALDH-positive population
from 40% in the control to 21 and 8% in the presence of 3 and 5
M NMK-T-057, respectively (Fig. 3A).
Cancer stem cells (CSCs) are known to be the driving force of
tumorigenesis, and one of the key hallmarks of CSCs is the
ability to grow independently of anchorage under serum-free
culture conditions, thus resulting in the formation of tumorspheres (44 –46). A subpopulation of the basal-like triple-negative MDA-MB-231 cells is reported to form mammospheres
when propagated under nondifferentiating culture conditions
(47, 48). The cells that escape chemotherapy and result in
tumor relapse and acquisition of chemoresistance properties
are known as tumor-residual cells or tumor-initiating cells
(TICs) (49 –51). To determine whether NMK-T-057 can attenuate the stemness properties of TNBC cells, spheroid-forming
abilities of untreated and NMK-treated MDA-MB-231 were
assessed. A drastic reduction in the number and size of primary
spheroids was observed in a dose-dependent fashion due to
NMK-treatment. In the presence of 5 M NMK-T-057, the
number of spheroids was reduced from 46 in control to 12 in
the treated group. To investigate, whether NMK-T-057 can target the TICs, we prepared secondary spheroids from the
untreated and NMK-treated primary spheroids, but the spheroids were propagated in the absence of NMK-T-057. Very
interestingly, we observed that even in the absence of NMK-T057, the number of secondary spheroids derived from NMKtreated primary spheroids was drastically reduced compared
with the control (Fig. 3, B and C). Around 32 spheroids were
obtained from the control primary spheroids, but only five
spheroids were formed from those treated with 5 M NMK-T057. Hence, it might be concluded that treatment of TNBCs
with NMK-T-057 attenuates the stemness properties of MDAMB-231 cells.

NMK-T-057 inhibits ␥-secretase–mediated Notch activation

Figure 2. NMK-T-057 induces reprogramming of EMT in BC cells. A, stress fiber assay of MDA-MB-231 cells treated with NMK-T-057 (0 –5 M) for 24 h in two
different doses. Cells were stained with FITC-phalloidin to visualize actin stress fibers. Treatment resulted in disruption of actin filaments as compared with
untreated controls. The image represents the best of the replicates (n ⫽ 3). Scale bars, 10 m. B, Western blot images of vimentin, N-cadherin, E-cadherin,
keratin-19, and TWIST in MDA-MB-231 cells treated with NMK-T-057 (0 –5 M). The blots represent the best of the replicates (n ⫽ 3). C, relative band intensities
of vimentin (Vim), N-cadherin (N-cad), E-cadherin (E-cad), keratin-19 (K-19), and TWIST in MDA-MB-231cells treated with NMK-T-057 (0 –5 M). Data are
expressed as mean ⫾ S.E. (n ⫽ 3; *, p ⬍ 0.05 versus control (untreated cells). D, immunophenotyping with CD24-FITC and CD44-PE in MDA-MB-231 cells treated
with 5 M NMK-T-057. The data represent the best of the replicates (n ⫽ 3). Error bars represent S.E. in respective panels.

NMK-T-057 inhibits the progression of tumor residual cells
Malignant breast tumors often consist of a small subset of cell
populations known as TICs or CSCs. This subpopulation of BC
cells is known to be CD44-positive (CD44⫹/⫹) with negligible
or no CD24 (CD24low/⫺) and are responsible for the acquisition
of chemoresistance properties and tumor recurrence (47–49).
After the treatment with NMK-T-057 (5 and 10 M, respectively, for 24 h), the residual viable cells were collected and
monitored for their abilities to form colonies and spheroids
along with the percentage of CD44high/CD24low population.
MDA-MB-231 cells that survived the drug treatment were
allowed to grow for 5–7 days, and the above-mentioned properties were monitored. Very interestingly, we observed that the
TICs surviving post-drug treatment were highly impaired in
colony formation and spheroid formation (Figs. 4, A–D). Also,
the CD44high/CD24low population was found to be drastically
reduced in NMK-treated TICs (Fig. 4E).
NMK-T-057 down-regulates Notch/Akt axis in BC cells
Although Notch and Akt signaling pathways have distinct up
stream modulators, they were reported to be interrelated in
several cancers, including breast cancer (21, 25, 52). It has been
reported that Notch-1 activates the phosphatidylinositol 3-ki-

nase/AKT signaling pathway by direct repression of PTEN via
the Notch target gene Hes-1 (25), and inhibition of ␥-secretase
down-regulates the phosphatidylinositol 3-kinase/Akt pathway
in BC cells (52). Moreover, Notch signaling is also known to be
the key modulator of stemness in breast cancer (18 –20).
Hence, we investigated the status of Notch-1, Hes-1, PTEN,
and pAkt in MDA-MB-231 cells treated with different concentrations of NMK-T-057 (0 –10 M). We observed that in the
presence of different concentrations of NMK-T-057, expression levels of Notch-1, Hes-1, and pAkt were significantly
down-regulated, whereas PTEN was up-regulated in a dose-dependent fashion (Fig. 5, A and B). Thus, it might be predicted
that NMK-T-057 targets Notch signaling components in BC
cells.
Expression of Notch-1 modulates cytotoxic potential of
NMK-T-057 in BC cells
Previous results showed that NMK treatment resulted in the
down-regulation of Notch signaling in MDA-MB-231 cells (Fig.
5, A and B). Hence, we investigated whether Notch expression
can modulate the cytotoxicity of NMK-T-057 in BC cells. Interestingly, we observed that siRNA-mediated depletion of
Notch-1 enhanced the cytotoxic potential of NMK-T-057 in
J. Biol. Chem. (2019) 294(17) 6733–6750
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Figure 3. NMK-T-057 inhibits stemness in MDA-MB-231 cells. A, ALDEFLUOR assay of MDA-MB-231 cells treated with NMK-T-057 (0 –5 M) for 24 h. The data
represent the best of the replicates (n ⫽ 3). B, phase-contrast microscopy images of primary (upper panel) and secondary (lower panel) mammospheres from
MDA-MB-231 cells treated with NMK-T-057 (0 –5 M) for 24 h. Images were taken under 20⫻ magnification and represent the best of the replicates (n ⫽ 3). Scale
bar, 100 m. C, graph showing the number of primary and secondary spheroids versus NMK-T-057 (0 –5 M). Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍
0.05 versus control (untreated cells). Error bars represent S.E. in respective panels.

Figure 4. NMK-T-057 inhibits colony-forming ability and stemness in tumor residual cells. A, MDA-MB-231 cells were treated with different concentrations of NMK-T-057 (0 –10 M) for 24 h. The remaining viable cells were collected and subjected to colony formation assay in the absence of the compound. Con,
control. B, spectrophotometric analysis of the colony-forming efficiency of residual cells (MDA-MB-231 at 600 nm). Data are expressed as mean ⫾ S.E. (n ⫽ 3);
*, p ⬍ 0.05 versus control. Scale bar, 100 m. C, phase-contrast microscopy images of primary (upper panel) and secondary (lower panel) mammospheres from
residual cells (MDA-MB-231). Images taken under 20⫻ magnification and represent the best of the replicates (n ⫽ 3). D, graph showing the number of primary
and secondary spheroids from the residual cells. Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated cells). E, immunophenotyping
with CD24-FITC and CD44-PE in residual cells (MDA-MB-231) treated with 5 M NMK-T-057. The data represent the best of the replicates (n ⫽ 3). Error bars
represent S.E. in respective panels.
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Figure 5. NMK-T-057 inhibits Notch signaling in BC cells. A, Western blot images of NICD, Hes-1, PTEN, pAkt, and Akt in MDA-MB-231 cells treated with
NMK-T-057 (0 –10 M). The blots represent the best of the replicates (n ⫽ 3). B, relative band intensities of NICD, Hes-1, PTEN, pAkt, and Akt in MDA-MB-231 cells
treated with NMK-T-057 (0 –10 M). Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated cells). C, silencing Notch-1 in MDA-MB-231
cells results in decreased protein expression (⬃0.7-fold) of NICD as compared with scrambled control. ␤-Actin was used as the loading control. The blots
represent the best of the replicates (n ⫽ 3). D, cell viability assay of MDA-MB-231 cells after transfection with scrambled siRNA (Con) or si-Notch-1 in the
presence of different doses of NMK-T-057 (0 –50 M). Data are expressed as mean ⫾ S.E. (n ⫽ 6); *, p ⬍ 0.05 versus control (untreated cells). E, overexpression
of NICD in MCF-7 cells. There was an ⬃2-fold increase in band intensity compared with vector control (VC). The data represent the best of the replicates (n ⫽
3). F, cell viability assay of MCF-7 cells after transfection with vector control or NICD-GFP in the presence of different doses of NMK-T-057 (0 –50 M). Data are
expressed as mean ⫾ S.E. (n ⫽ 6); *, p ⬍ 0.05 versus control (untreated cells). Error bars represent S.E. in respective panels.

MDA-MB-231 cells (Fig. 5, C and D). In MDA-MB-231 cells
transfected with the scrambled siRNA, the IC50 of NMK-T-057
was around 10 M, whereas in Notch-1 knockout cells, the IC50
of NMK-T-057 was reduced to 3 M (Fig. 5D). Moreover, to
determine the mode of cell death, we investigated the involvement of apoptosis by annexin V-FITC/PI double staining. In the
presence of 3 M NMK-T-057, only 10% of cells were found
to be apoptotic. However, depletion of Notch-1 either by
siRNA-mediated transfection or treatment with DAPT, a
␥-secretase inhibitor (10 M), resulted in the significant induction of apoptosis in MDA-MB-231 cells (Fig. S2). Excessive
induction of apoptosis was observed when the Notch-1–
depleted cells were further treated with NMK-T-057 (3 M). In
si-Notch-1–transfected cells treated with 3 M NMK-T-057,

⬃61% of cells were found to be apoptotic, whereas 7% of cells
were necrotic. Similar trends were observed when MDA-MB231 cells were treated with a combination of DAPT (10 M) and
NMK-T-057 (3 M). A total of 38% of cells were found to be
apoptotic, and 12% of cells were necrotic due to this combination treatment (Fig. S2). These results corroborate the
previous reports, which suggest that silencing Notch-1 resulted in growth arrest and apoptosis in breast cancer cells
(35, 53). It might be concluded that depletion of Notch-1
significantly reduced the malignant properties of MDA-MB231 cells and made them sensitive to NMK-T-057 treatment.
Also, involvement of any other target for NMK-T-057, which
might become functional in the absence of Notch-1, could
not be ruled out.
J. Biol. Chem. (2019) 294(17) 6733–6750
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Figure 6. NMK-T-057 inhibits ␥-secretase activity in BC cells. A, a diagrammatic representation indicating the determination of ␥-secretase activity in
BC treated with NMK-T-057 using a fluorogenic substrate. B–D, determination
of comparative dose-dependent inhibition of ␥-secretase activity by NMK-T057 and DAPT in MDA-MB-231, MDA-MB-468, and MCF-7 cells, respectively.
Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated
cells). Ex, excitation; Em, emission. Error bars represent S.E. in respective
panels.

Conversely, transfection of MCF-7 cells with active NICDGFP plasmid impaired the cytotoxic potential of NMK-T-057
(Fig. 5, E and F). When MCF-7 cells were transfected with the
empty vector and treated with NMK-T-057, the IC50 was
around 5 M, but in the cells transfected with NICD-GFP plasmid, the IC50 value drastically increased to around 30 M. This
is a very significant result that clearly indicates that expression
levels of intracellular Notch-1 modulate the cytotoxic potential
of NMK-T-057 in BC cells.
NMK-T-057 inhibits the activity of ␥-secretase enzyme in TNBC
cells
The enzyme ␥-secretase plays an important role in the activation and nuclear translocation of Notch-1 (23, 24). The
PSEN-1 component of ␥-secretase catalyzes S3 cleavage of
Notch precursor to release the activated NICD into the cytosol
(24). Because the mechanism of action of NMK-T-057 was
found to be quite similar to that of DAPT, we examined
whether NMK-T-057 could inhibit ␥-secretase activity in
TNBC cells. We measured ␥-secretase activity in MDA-MB231 and MDA-MB-468 cells using the fluorogenic substrate
NMA-Gly-Cys-Gly-Val-Leu-Leu-Lys(dnp)-Arg-Arg-NH2 trifluoroacetate, which mimics the Gly-Val-Leu sequence
required for S3 cleavage (54) (Fig. 6A). We observed that both
NMK-T-057 and DAPT treatment resulted in a dose-dependent inhibition of ␥-secretase activity in MDA-MB-231 and
MDA-MB-468 cells as well as MCF-7 cells (Fig. 6, B–D). Thus,
this result suggests that NMK-T-057 down-regulates the
expression of active Notch-1 by inhibiting ␥-secretase activity.
NMK-T-057 binds to the interface of Nicastrin and APH-1
subunits of ␥-secretase complex
To identify the putative binding site of NMK-T-057 and
DAPT on ␥-secretase, molecular docking was performed using
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the software UCSF Chimera 1.11 and AutodockTools 1.5.6.
DAPT is known to bind to PSEN-1 subunit (55). Our blind
docking studies suggest that DAPT binds at the interface of the
subunits PSEN-1 (subunit B) and APH-1 (subunit C) (Fig. 7,
A–C). The binding pocket was found to be stabilized by hydrophobic interactions and van der Waals interactions between
DAPT and selective amino acids of these two subunits. The
C16, C17, and C18 atoms of the t-butyl methoxy group of
DAPT were involved in strong alkyl type hydrophobic interaction with Ala (C39), Val (B412), Leu (B415), Val (C36), Leu
(C35), Ile (C127), and Ile (C128) (A, chain Nicastrin; B, chain
Presenilin1; C, chain APH1A; D, chain Presenilin2). A strong
interaction was observed between the  orbital electron located
at the benzene ring of DAPT and that of the benzene ring of
phenylalanine (B411) and the alkyl chain of isoleucine (B411).
Moreover, the valine residues (C131 and C32) of APH-1 stabilize the complex with van der Waals attractive forces (Fig. 7C).
The estimated binding energy was found to be ⫺7 kcal/mol.
We followed the same procedure to identify the putative
binding site of NMK-T-057 on ␥-secretase enzyme complex.
Very interestingly, we observed that NMK-T-057 binds to
␥-secretase complex at 4.2 Å apart from DAPT-binding site,
and the binding pocket is a loop made up of Nicastrin and
APH-1 subunits (Fig. 7, D and E). The protein–ligand complex
was found to be stabilized by H-bonding, hydrophobic interactions, and van der Waals interactions. Docking studies revealed
that H1 and C18 atoms of NMK-T-057 were forming H-bonds
with Tyr (C119), Ser (A683), and Pro (C16) residues. Among
different types of hydrophobic interactions, –alkyl type interaction contributes the most. The  electron–rich aromatic
rings of NMK-T-057 were interacting with alkyl chains of Leu
(C20), Ile (A690), Val (C176), Ala (C228), and Ala (C232) residues. The  electrons present in the benzene ring of NMK-T057 were found to interact with the C–H  electron of Leu
(C169), whereas the  electrons of the 1,3,4-triazole ring of
NMK-T-057 interact with the  electrons of the benzene ring
of the phenylalanine (C173) residue (Fig. 7F). The estimated
binding energy was found to be ⫺8 kcal/mol. Detailed information of the interactions of NMK-T-057 and DAPT with ␥-secretase complex has been documented in Table S2.
NMK-T-057 induces autophagy in BC cells
Previously, it has been reported that inhibition of Notch signaling induces autophagy in BC cells (36, 37). Autophagy is
characterized by the appearance of stress vacuoles and recruitment of the microtubule-associated protein light chain 3 (LC3)
to autophagosomes as LC3-I and subsequent formation of
LC3-II (56). To investigate the induction of autophagy in NMKtreated MDA-MB-231 cells, we quantified the autophagic
stress vacuoles by flow cytometry and confocal microscopy
using the fluorescent dye monodansylcadaverine (MDC) that
specifically stains autophagosomes. MDA-MB-231 cells were
treated with 3 and 5 M NMK-T-057, which are concentrations
that are lesser than the IC50 concentration but significantly
inhibited ␥-secretase activity, and with a sublethal dose of
DAPT (10 M), at which significant inhibition of ␥-secretase
had been observed. Flow cytometry studies revealed that treatment of MDA-MB-231 cells with NMK-T-057 resulted in a
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Figure 7. In silico docking study of the binding of DAPT and NMK-T-057 to ␥-secretase subunits. To identify the putative binding site of the novel
compound and DAPT on ␥-secretase tetramer, molecular docking was performed using UCSF Chimera 1.11 and AutodockTools 1.5.6. A–C, binding interactions
of DAPT with the multisubunit enzyme ␥-secretase. D–F, binding interactions of NMK-T-057 with the multisubunit enzyme ␥-secretase.

significant induction of autophagy as evident from the increase
in the MDC-positive population from 2.8% in control to 20 and
28% in the presence of 3 and 5 M NMK-T-057, respectively.
Very interestingly, treatment of MDA-MB-231 cells with
DAPT also resulted in the increase of the MDC-positive population to 25% compared with the control. Administration of
the autophagy inhibitor 3-methyladenine (3-MA) completely
attenuated the MDC-positive population in the treatment sets
(Fig. 8A and Fig. S3). This result was further validated by confocal microscopy, which showed a similar pattern of autophagy
induction in MDA-MB-231 cells treated with both NMK-T057 and DAPT (Fig. 8B). Autophagy-inducing proteins like
Beclin-I and LC3-I/II were also found to be significantly up-regulated in MDA-MB-231 cells treated with NMK-T-057 and
DAPT (Fig. 8C), a very interesting observation suggesting that
pharmacological inhibition of ␥-secretase–mediated Notch
activation resulted in the induction of autophagic responses.

NMK-T-057 induces autophagy-dependent apoptosis in BC
cells
Although apoptosis and autophagy are two different physiological processes, it has been reported that these two events
might be interdependent or mutually independent (57). Hence,
we investigated in detail whether these two processes play a
part in NMK-mediated cytotoxicity independently or whether
they are interdependent. First, we monitored time-dependent
induction of both autophagy and apoptosis in NMK-treated
MDA-MB-231 cells. Within 6 h of treatment, a significant
increase in autophagic flux was observed, maximum autophagic response was observed after 12 h, and this response was
found to be decreased after 24 h. However, no significant apoptotic population was observed after 6 and 12 h of treatment.
The apoptotic population was found to be significantly increased only after 24 h of treatment (Fig. 8D and Fig. S4). The
J. Biol. Chem. (2019) 294(17) 6733–6750
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Figure 8. NMK-T-057 induces autophagy-dependent apoptosis in BC cells. A, induction of autophagy in MDA-MB-231 cells treated with NMK-T-057 (0 –5
M), DAPT (10 M), and autophagy inhibitor 3-MA (500 M) as determined by FACS using the fluorescent dye MDC. Data are expressed as mean ⫾ S.E. (n ⫽ 3);
*, p ⬍ 0.05 versus control (untreated cells). ⫹ve, positive. B, confocal images of autophagic vacuoles in MDA-MB-231 cells treated with NMK-T-057 (0 –5 M) and
DAPT (10 M) after staining with MDC. The images represent the best of the replicates (n ⫽ 3). Scale bar, 10 m. C, Western blot analysis of LC3-I/LC3-II and
Beclin-I in MDA-MB-231 cells treated with NMK-T-057 (0 –5 M) and DAPT (10 M). The blots represent the best of the replicates (n ⫽ 3). D, time-dependent
induction of autophagy and apoptosis in MDA-MB-231 cells treated with 5 M NMK-T-057. Data were collected by staining with MDC and annexin V-FITC using
FACS after intervals of 6, 12, and 24 h. Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated cells). E, cross-inhibitor study of autophagy
and apoptosis in MDA-MB-231 cells treated with 5 M NMK-T-057, preincubated with the autophagy inhibitor 3-MA and apoptosis inhibitor Z-VAD-fmk. Data
are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus control (untreated cells). F, cell viability assay of MDA-MB-231 cells treated with NMK-T-057 (5 and 10 M)
and NMK-T-057 ⫹ 3-MA. Data are expressed as mean ⫾ S.E. (n ⫽ 3); *, p ⬍ 0.05 versus NMK-T-057 treated cells. Con, control. Error bars represent S.E. in respective
panels.

results clearly indicate that autophagy precedes apoptosis in
NMK-treated cells.
Second, to further investigate whether these two events are
parallel or interdependent, we administered specific inhibitors
for autophagy and apoptosis and then evaluated the effect on
each other (Fig. 8E and Fig. S5). Very interestingly, we observed
that administration of Z-VAD-fmk, an apoptosis inhibitor,
increased the autophagic population from 27 to 55% in NMKtreated MDA-MB-231 cells, but administration of the autophagy inhibitor 3-methyladenine significantly reduced the
apoptotic population (Fig. 8E and Fig. S5). A small population
of cells were also found to be necrotic due to NMK treatment
(⬃5%) but were absent in the presence of the autophagy inhibitor 3-methyladenine. Furthermore, it was also observed that
application of 3-methyladenine restored the viability of NMK-
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treated MDA-MB-231 cells to a significant extent (Fig. 8F).
Cumulatively, these results indicate that autophagy was induced as an early event in NMK-treated cells and finally led to
apoptosis-mediated cell death.
NMK-T-057 inhibits the progression of breast tumors in 4T1
xenograft model
After in vitro confirmation of the anticancer potential of
NMK-T-057, we further investigated its efficacy under in vivo
conditions using 4T1–BALB/c syngeneic pair model. Female
BALB/c mice carrying palpable tumors formed of 4T1 cells at
their mammary fat pads were treated with different concentrations of NMK-T-057 (0 –50 mg/kg-BW) for 3 weeks. Significant
reduction in tumor volume was observed in the presence of
NMK doses of 25 and 50 mg/kg-BW. A lesser extent of tumor
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Figure 9. NMK-T-057 reduces tumor volume and mass in 4T1 cell–
induced tumor in BALB/c mice. A, comparative representative photographs
of tumor volume in control and NMK-T-057 (10, 25, and 50 mg/kg-BW)treated BALB/c mice after 15 days of treatment. B, graph showing the reduced
tumor volume in treated groups as compared with control tumor (Con),
respectively. D, graph representing dissected tumor mass of control and
NMK-T-057 (10, 25, and 50 mg/kg-BW)-treated tumors from BALB/c mice. All
data are expressed as mean ⫾ S.E. (n ⫽ 6); *, p ⬍ 0.05 versus control. Error bars
represent S.E. in respective panels.

inhibition was observed in the presence of 10 mg/kg-BW NMK
(Fig. 9, A and B). Subsequently, a significant reduction of tumor
mass was observed in a dose-dependent manner in treated
groups (Fig. 9C). Moreover, by immunohistochemistry and immunofluorescence studies, we confirmed the reduction of proliferating cells in NMK-treated tumors (PCNA-staining) and
induction of apoptosis as determined by TUNEL assay and
caspase-3 staining. A dose-dependent decrease in PCNA-positive cells and increase in TUNEL/caspase-3–positive cells were
observed in NMK-treated tumors (Fig. 10). Thus, cumulatively,
the results indicate antitumor efficacy of NMK-T-057 in the
4T1 xenograft tumor model.
NMK-T-057 down-regulates Notch expression in tumor
samples
Because a significant down-regulation of active Notch
(NICD) was observed in NMK-treated BC cells, we further
monitored the expression of NICD in NMK-treated tumors.
We observed a drastic reduction in NICD expression in
NMK-treated tumors (Fig. 11, A and B). Expression of NICD
was found to be significantly reduced, especially at those
concentrations of NMK-T-057 that effectively inhibited
tumor progression.

Discussion
The increasing incidence of breast cancer has become a lifethreatening risk to the female population globally. The mortality rate in the female population of India due to BC has also
increased significantly in recent years (3, 4). Notch signaling,
an evolutionarily conserved pathway, is known to play a pivotal
role in a variety of physiological processes such as cell– cell
communication, cellular proliferation, differentiation, and
embryogenesis (58). Despite important cellular functions,
Notch signaling was also found to be highly deregulated in sev-

Figure 10. NMK-T-057 inhibits proliferation and induces apoptosis in
control and treated tumor in BALB/c mice. The photographs show the
immunohistochemistry of PCNA and caspase-3 and immunofluorescence of
TUNEL assay in control and NMK-T-057 (10, 25, and 50 mg/kg-BW)-treated
tumors. The photographs represent the best of the replicates (n ⫽ 3). Scale
bars, 10 m.

eral human malignancies, including breast cancer (8 –11), and
responsible for the acquisition of drug resistance and stemness
in breast cancer (12–17). Thus, developing novel therapies targeting the Notch signaling pathway at different levels of the
cascade is of growing interest in the development of anticancer
therapeutics against breast cancer (19, 21, 22). To date, several
strategies of Notch inhibition have been reported, including
antibodies against Notch receptors or ligands, GSIs, and siRNA,
but the most effective mode of inhibition was shown to be the
application of GSIs (27). The multisubunit enzyme ␥-secretase
catalyzes the critical step of Notch activation, thus releasing
activated NICD into the cytosol (24). Hence, inhibition of the
␥-secretase–mediated activation of Notch signaling might be
an effective therapeutic approach to inhibit the growth and
progression of cancer cells. Moreover, GSIs are also known to
suppress the stem cell characteristics of breast cancer cells,
including TNBCs (59).
In our study, we have observed that the indolyl triazole derivative NMK-T-057 significantly reduced the viability and colony-forming property of several types of BC cells, with negligible
cytotoxicity toward the noncancerous cells. Moreover, this
compound also induced apoptosis and inhibited the migratory
properties of several types of BC cells. The drastic change in
morphology of BC cells such as MDA-MB-231 treated with
NMK-T-057 further encouraged us to investigate its effect on
EMT and stemness. Very interestingly, we observed that NMK
treatment of MDA-MB-231 cells resulted in the reprogramming of EMT and simultaneously inhibited the stemness,
which is a positive indication of better tumor prognosis and
reduction of the risk of future tumor relapse. Further investigations revealed that NMK-T-057 targets the Notch-1/Akt axis in
TNBC cells and that its cytotoxic potential is related to the
presence or absence of intracellular active NICD.
J. Biol. Chem. (2019) 294(17) 6733–6750
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Figure 11. NMK-T-057 down-regulates active Notch (NICD) expression in vivo in 4T1-BALB/c tumors. A, photographs representing immunohistochemistry of NICD in control and NMK-T-057 (10, 25, and 50 mg/kg-BW)-treated tumors. The photographs represents the best of the replicates (n ⫽ 3). Scale bars, 10
m. B, Western blot of NICD in tumors of control and treated groups. C, schematic representation of the mechanism of action of NMK-T-057 in breast cancer.

Down-regulation of Notch signaling could be achieved by the
pharmacological inhibition of ␥-secretase by ␥-secretase inhibitors or GSIs, which are reported to show significant anticancer
properties against several carcinomas, including breast, and a
few of them have also entered clinical trials (26, 27). Because
NMK-T-057 can efficiently down-regulate Notch signaling, we
investigated the effect of this compound on ␥-secretase activity
in BCs. Very interestingly, we observed that NMK-T-057 effectively inhibits the activity of ␥-secretase in MDA-MB-231 and
MDA-MB-468 cells, and the extent of inhibition is slightly
better than the commercially available ␥-secretase inhibitor
DAPT. Furthermore, docking studies revealed that NMK-T057 has a binding site on ␥-secretase complex, consisting of a
loop composed of Nicastrin and APH-1 subunits.
Accumulating experimental evidence suggests a correlation
between induction of autophagy and inhibition of Notch signaling (11, 36, 60), and particularly down-regulation of Notch-1
triggers autophagy-mediated cell death in cancer cells (36, 37).
However, there has been no report so far about the induction
of autophagy by GSIs. Henceforth, we monitored whether
GSIs such as NKM-T-057 and DAPT can induce autophagy in
BCs. We observed that both NMK-057 and DAPT induced significant autophagy in MDA-MB-231 cells along with drastic
up-regulation of inducing proteins like Beclin-I and LC3-I.
There have been several reports that have suggested that
autophagy might be the inducer of apoptosis in cancer cells
treated with certain anticancer drugs (61–63). Moreover,
excessive autophagy is also known to cause cell death via
necroptosis, a process known as autosis (64, 65). To investigate
whether autophagy plays any role in NMK-induced apoptosis,
we performed time kinetics and cross-inhibitor studies to
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determine the interdependence between these two processes.
Both the results indicated that autophagy is an event that precedes apoptosis in NMK-treated cells. All these results indicate
that the triazole derivative NMK-T-057 has the potential to
suppress Notch signaling in BCs, by inhibiting the activity of
␥-secretase complex, via direct binding to the interface of Nicastrin and APH-1 subunits. Another interesting finding of this
study is that GSIs such as DAPT and NMK-T-057 induce
autophagy in BCs as an early event, which is then followed by
apoptosis as the cell death mechanism.
Small-molecule inhibitors of ␥-secretase or GSIs were initially designed to prevent the accumulation of amyloid plaques
in Alzheimer’s disease. However, considering the importance
of Notch signaling in a variety of aggressive cancers, GSIs have
been repurposed to block the enzyme activity as a promising
approach to treat cancer (59, 66). Depending on their ability to
directly bind the active site of the enzyme, GSIs can be broadly
classified into transition-state inhibitors, which can competitively bind to the active site of the enzyme, and nontransitionstate analogues, which bind to sites other than the active site
(67). DAPT is an early-generation nontransition-state inhibitor
that was found to be effective against several carcinomas,
including breast cancer, and is also known to inhibit the
metastasis of breast cancer to the brain (68 –71). Later, several small-molecules (e.g. LY411575, LY450139, RO4929097,
BMS906024, and MK0752) were developed and have been
tested in phase I/phase II clinical trials (67). In this context, we
have observed that NMK-T-057 exhibited significant inhibitory effects on ␥-secretase activity, impaired EMT and stemness in BCs, and induced profound cytotoxicity against BC
under in vitro and in vivo conditions. Hence, NMK-T-057, hav-
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ing a unique intracellular target, can be a good drug candidate
against BC. The mode of action of NMK-T-057 against BC has
been demonstrated in Fig. 11C.

Experimental procedures
Dulbecco’s modified Eagle’s medium (DMEM) (supplemented with 1 mM L-glutamine), fetal bovine serum (FBS),
penicillin-streptomycin solution, amphotericin B, and hydrocortisone were purchased from HyClone (GE Healthcare).
Trypsin-EDTA and Boyden chambers were purchased from
HiMedia, India. MDC, trypan blue, PI, dimethyl sulfoxide
(DMSO), Ficoll-Hypaque, phalloidin-FITC, and ␥-secretase
assay kits were purchased from Sigma. 3-(4,5-Dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide (MTT), annexin
V-FITC, Lipofectamine 2000, and Opti-MEM, were obtained
from Thermo Fischer. Control scrambled siRNA (sc-44230),
si-Notch-1 (sc-36095), mouse monoclonal anti-␤-actin antibody (sc-47778; C4), mouse monoclonal anti-Beclin-I (sc48341; E8), mouse monoclonal anti-vimentin (sc-6260; V9),
mouse monoclonal anti-E-cadherin (sc-71009), mouse monoclonal anti-N-cadherin (sc-59987; 13A9), rabbit polyclonal
anti-TWIST (sc-15393), mouse monoclonal anti-HES1 (sc166410; E-5), mouse monoclonal anti-PCNA (sc-56), and
mouse monoclonal anti-PTEN (sc-7974; A2B1) antibodies
were purchased from Santa Cruz Biotechnology (Santa Cruz,
CA). Rabbit monoclonal cleaved Notch-1 (4147; D3B8), rabbit
monoclonal anti-cleaved caspase-3 (9661), rabbit monoclonal
anti-LC3 antibody (catalogue number 3868; clone-D11), rabbit
monoclonal anti-phospho-Akt (Ser-473) (4060; D9E), and rabbit monoclonal anti-Akt (4691; C67E7) antibodies were purchased from Cell Signaling Technology. The Qproteome Cell
Compartment kit was purchased from Qiagen. The Bradford
protein estimation kit, goat anti-mouse IgG horseradish peroxidase (HRP), and rabbit anti-goat IgG-HRP were purchased
from Genei (India). All other reagents and chemicals were analytical grade and were purchased from Sisco Research Laboratories (India). NMK-T-057 (Fig. 1A) was provided by the laboratory of Dr. Dalip Kumar, and the synthesis of this compound
has been published previously (29).
Cell culture and maintenance
Normal breast epithelial cells (MCF-10A cells) were cultured
in complete DMEM/F-12 (50:50, v/v) growth medium supplemented with 10% FBS, 100 units/ml penicillin, 100 g/ml streptomycin, 0.5 g/ml hydrocortisone, 10 g/ml insulin, 100
ng/ml cholera toxin, 10 ng/ml epidermal growth factor, and 1%
(w/v) L-glutamine. MDA-MB-231, MDA-MB-468, 4T1, and
MCF-7 cells were supplemented with 10% FBS, 100 units/ml
penicillin, and 100 g/ml streptomycin at 37 °C in a humidified
chamber.
Human blood collection from adult healthy volunteers and
experiments with human peripheral blood mononuclear cells
were approved by the Institutional Bioethics Committee for
animal and human research studies, University of Calcutta,
following the Code of Ethics of the World Medical Association
(Declaration of Helsinki) for experiments involving humans.
Human PBMCs were isolated from the whole blood of healthy
adult donors using the density gradient Ficoll-Hypaque

method. Whole blood collected from the donor was mixed with
an equal volume of Ficoll-Hypaque. The mixture was then centrifuged at 400 ⫻ g for 30 min at room temperature, and PBMCs
were collected from the plasma/Ficoll-Hypaque interphase.
Isolated PBMCs were washed in sterile PBS and resuspended in
RPMI 1640 complete medium supplemented with 10% FBS.
Animals
Female Swiss albino and BALB/c mice (body weight, 20 ⫾
22 g) from Central Research Institute and Bose Institute, Kolkata, India, respectively, were housed in polypropylene cages
under standard laboratory conditions of 50 ⫾ 10% relative
humidity, 22 ⫾ 2 °C temperature, and 12-h/12-h light– dark
cycle for 10 days prior to commencement of experiments. All
animal experiments were conducted according to the approval
and guidelines of the Institutional Animal Ethical Committee,
Government of India (registration numbers 885/ac/05/CPCSEA and IAEC/BI/114/2018). Mice were maintained with water
and standard diet ad libitum. They were acclimatized to laboratory conditions 10 days before commencement of experiments and fasted overnight before experimentation. Food was
restored after injections but withdrawn 6 h prior to sacrifice
and analysis. Effects of NMK-T-057 on different pathophysiological parameters of mice were assessed following published
protocols (72).
Cytotoxicity assays in mice and treatment strategies
Because NMK-T-057 is poorly soluble in water, a suitable
vehicle is required to dissolve and deliver it intraperitoneally.
Among different techniques available, emulsion is the safest
and most widely used technique for the administration of
water-insoluble drugs (73). We have used Food and Drug
Administration–approved, commercially available excipients
like polysorbate-20 (as surfactant), propylene glycol (as cosurfactant), and castor oil to make oil/water (oil/water emulsion)
(73) of NMK-T-057. In short, 12 mg of the drug was dissolved in
a mixture of 150 mg of castor oil and 300 mg of polysorbate-20
by vortexing for 10 min. Then 50 l of propylene glycol was
added and mixed thoroughly by vortexing for 15 min. Finally,
500 l of Milli-Q water was added dropwise with continuous
mixing to make the oil/water emulsion. This emulsion was
administered intraperitoneally in female Swiss albino mice at
different NMK-T-057 doses (10 –100 mg/kg-BW).
For the toxicity study, five mice kept as controls were injected
with the oil emulsion. The rest of the mice were injected with
NMK doses (25–100 mg/kg-BW in oil emulsion; n ⫽ 5). All
animals, including control groups, were subjected to intraperitoneal injection daily up to 7 days. At the end of the experiment,
animals were weighed and sacrificed for further analysis.
The immediate toxic impact of drugs can be elucidated from
interactions with different blood cells in vivo. Prior to determining the effects of NMK doses on cancer cells, it was imperative to assess whether the compound conferred toxicity on
hematological parameters of normal animals. Effects of NMK
on blood parameters like red blood cell, white blood cell (total
and differential), and hemoglobin content were determined in
normal mice. A 7-day treatment schedule was maintained at
equivalent doses of 25 and 50 mg/kg in two sets. Serum was
J. Biol. Chem. (2019) 294(17) 6733–6750
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isolated from the blood of control and NMK-treated mice by
centrifugation at 2000 ⫻ g for 5 min. SGPT, SGOT, and ALP
were estimated using Robonik威 (India) following the manufacturer’s protocol.
MTT assay
Different TNBC cells such as MDA-MB-231, MDA-MB-468,
and 4T1; non-TNBC MCF-7 cells; and noncancerous MCF10A cells and PBMCs were grown to a density of 104 cells/ml
and treated with different concentrations of NMK-T-057 (0 –5
M) for 24 h. Cell viability was evaluated by MTT assay. After
treatment, MTT solution (5 mg/ml) was added to each well, and
the formation of the formazan complex was measured at 595
nm using a SpectraMax 340 microplate reader (Molecular
Devices). Cell viability (%) was determined using the following
formula: (Absorbance of treated cells ⫺ Absorbance of medium
only)/(Absorbance of untreated cells ⫺ Absorbance of medium
only) ⫻ 100. Untreated cells present in the medium were considered to be 100% viable (74).
Colony forming assay
To determine the colony-forming ability, MDA-MB-231 and
MCF-7 cells were trypsinized, and single-cell suspensions were
prepared. The colony forming assay was initiated by seeding the
cells from single-cell suspension at a density of 103 cells/ml.
Colony formation was monitored for 5 days in the absence and
presence of NMK-T-057 (0 –5 M). Viable colonies were then
stained with crystal violet, and images were taken.
Determination of apoptosis by annexin V/propidium iodide
double staining
BC cells such as MDA-MB-231, MDA-MB-468, and MCF-7
cells were grown to a density of 104 cells/ml and then treated
with different concentrations of NMK-T-057 (0 –10 M) for
24 h. Apoptosis was determined by the annexin V-FITC/PI
double staining method using flow cytometry. After treatment,
cells were washed twice with 1⫻ PBS, incubated with annexin
V-FITC in binding buffer, and then counterstained with PI.
Results were obtained on a FACSCalibur flow cytometer (BD
Biosciences) using Cell Quest software (BD Biosciences).
Determination of migration by Boyden chamber assay
Migratory properties of the breast cancer cells were determined by Boyden chamber assay using track-etched poly(ethylene terephthalate) membranes (HiMedia). BC cells such as
MDA-MB-231, MDA-MB-468, and MCF-7 cells were grown to
a density of 105 cells/ml and then treated with different concentrations of NMK-T-057 (0 –10 M) for 24 h. After treatment,
cells were trypsinized and seeded in the upper chamber of the
Boyden chamber at a density of 103 cells/ml. The whole system
was incubated for 24 h at 37 °C in a humidified atmosphere with
5% CO2. After incubation, the cells of the upper side of the
membranes, which had not migrated, were removed by gently
wiping with a cotton swab, and the cells that had migrated to
the lower surface of the membranes were stained with crystal
violet. The resultant crystal violet complex was then dissolved
in 10% acetic acid, and the absorbance was measured at 600 nm
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using a microplate reader (SpectraMax 340) to determine the
extent of migration.
Immunofluorescence microscopy
Cultured MDA-MB-231 cells were grown on glass coverslips
and then treated with NMK-T-057 (0 –5 M) for 24 h. Treated
cells were washed with PBS and fixed with 2% formaldehyde for
30 min upon incubation at room temperature. Cells were then
permeabilized by incubation with sodium citrate buffer (0.1%
sodium citrate and 0.1% Triton X-100) for 15 min, and nonspecific binding was blocked with 5% BSA. The F-actin network
was stained using the actin-specific dye phalloidin-FITC (1:100
dilution), and images were obtained with an Olympus LSM
IX81 confocal microscope.
Mammosphere assay
The ability of MDA-MB-231 cells to form spheres in the
presence and absence of NMK-T-057 was monitored by mammosphere assay following the protocol published previously
(43). Cultured MDA-MB-231 cells were grown to a density of
1 ⫻ 105 cells/ml and then treated with different concentrations
of NMK-T-057 (0 –5 M) for 24 h. After treatment, cells were
seeded in 6-well ultralow-attachment plates at a density of 1 ⫻
104 cells/ml in each well containing DMEM/F-12 medium
supplemented with recombinant epidermal growth factor
(20 ng/ml), bovine insulin (5 g/ml), B27 supplement, and
antibiotic-antimycotic mixture. The culture of the primary
mammospheres was continued up to 7 days, and images of
the spheres from each set were taken to quantify the number
of spheres formed. For serial passaging, mammospheres
were enzymatically dissociated into single cells and reseeded
in low-attachment plates to monitor the formation of secondary mammospheres.
Determination of CD44high/CD24low population by flow
cytometry
Cultured MDA-MB-231 cells were grown to a density of 105
cells/ml and then treated with different concentrations of
NMK-T-057 (0 –5 M) for 24 h. Next, the status of the
CD44high/CD24low population in control and NMK-treated
cells was determined by flow cytometry following a published/
standard protocol (43). After treatment, cells were resuspended
in buffer and incubated with PE-conjugated CD44 and FITCconjugated CD24. The CD44high/CD24low population was
determined using flow cytometry (BD FACSAriaTM III, BD Biosciences), and the results were analyzed using BD FACSDiva
v6.1.3/v.7 software.
Detection of ALDHⴙ population by flow cytometry
Enhanced expression and activity of ALDH1 enzyme is
known to be a hallmark of cancer stem cells in several malignancies, including breast cancer (42, 75). The stem cell–
enriched ALDH⫹ population can be determined by FACS using
the ALDEFLUORTM assay kit (43). Cultured MDA-MB-231
cells were grown to a density of 1 ⫻ 105 cells/ml and then
treated with different concentrations of NMK-T-057 (0 –5 M)
for 24 h. After treatment, cells were suspended in ALDEFLUOR
assay buffer containing ALDH substrate (Bodipy-aminoacetal-
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dehyde) and processed further following the manufacturer’s
protocol. ALDH1-expressing cells (ALDH1high) showing bright
fluorescence were quantified using the green fluorescence
channel (520 –540 nm) of FACSAria III.
siRNA/plasmid transfection
Cultured MDA-MB-231 cells were transfected with 100 nM
control scrambled siRNA or si-Notch-1 using Lipofectamine
2000 according to the manufacturer’s instructions and incubated in Opti-MEM for 24 h. After 24 h, Opti-MEM was
replaced with normal growth medium, and cells were harvested after a further 48 h of incubation.
The activated NOTCH1 (pEGFP-NICD) and empty vector
constructs were obtained as a generous gifts from Dr. Amit
Dutt (Tata Memorial Centre Advanced Centre for Treatment,
Research and Education in Cancer (ACTREC), Mumbai, India).
Cultured MCF-7 cells were transfected with each of the plasmids (500 g/ml) using Lipofectamine 2000 according to the
manufacturer’s instructions.
In vitro ␥-secretase assay

␥-Secretase activity in MDA-MB-231 and MDA-MB-468
cells was measured using the fluorogenic substrate NMA-GlyCys-Gly-Val-Leu-Leu-Lys(dnp)-Arg-Arg-NH2 trifluoroacetate (Sigma-Aldrich) following the manufacturer’s protocol.
To perform the ␥-secretase assay, membrane fractions were
first prepared from untreated, NMK-treated (0 –10 M), and
DAPT-treated (0 –10 M) MDA-MB-231 and MDA-MB-468
cells using a Qproteome Cell Compartment kit. Briefly, cell
suspensions from NMK/DAPT-treated and untreated cells
(⬃106 cells/ml) were prepared and centrifuged at 500 ⫻ g for 10
min at 4 °C. The supernatant was discarded carefully, and the
pellet was suspended in 1 ml of ice-cold Extraction Buffer CE1
for 10 min at 4 °C under shaking conditions. The suspension
was then centrifuged at 1000 ⫻ g for 10 min at 4 °C. The supernatant containing the cytosolic proteins was discarded, and the
pellet was suspended in 1 ml of ice-cold Extraction Buffer CE2
for 10 min at 4 °C under shaking conditions. The suspension
was then centrifuged at 6000 ⫻ g for 10 min at 4 °C, and the
supernatant containing the membrane proteins was collected.
Total protein present in the membrane fraction was measured
using the Bradford protein estimation kit. Approximately 100
g of membrane proteins from each sample was incubated with
10 M fluorogenic substrate for 5 h at 37 °C, and fluorescence
was monitored at 335-nm excitation and 440-nm emission.
In silico docking studies
To identify the putative binding site of the novel compound
and DAPT on ␥-secretase tetramer, molecular docking was
performed using UCSF Chimera 1.11 and AutodockTools 1.5.6,
the most widely used docking program (76). MarvinSketch
16.3.28 was used to draw and generate three-dimensional
structures of ligands. The crystalline structure of ␥-secretase
(Protein Data Bank (PDB) code 5a63) was used as the template
for the docking studies. Blind docking was performed using
Autodock Vina (UCSF Chimera 1.11), considering a grid box
covering the whole protein molecule. The best favorable site
was further studied for docking using Autodock 4.1 (Autodock-

Tools 1.5.6). Grid boxes of 60 ⫻ 60 ⫻ 60 grid point with grid
spacing 0.375 Å were constructed around the center coordinate
of the active sites. The Lamarckian genetic algorithm was
employed with the default parameters; g_eval was set to
2,500,000 (medium). All other parameters were kept at default
values. Discovery Studio Client 2016 was used for molecular
graphics and analysis of interactions.
Detection of autophagic vacuoles by the fluorescent dye
monodansylcadaverine (MDC)
Cultured MDA-MB-231 cells were grown to a density of 104
cells/ml and then treated with different concentrations of
NMK-T-057 (0 –5 M) and DAPT (10 M) for 24 h. Formation
of autophagic vacuoles was monitored by confocal microscopy
as well as FACS using the fluorescent dye MDC. For flow
cytometry, treated and untreated cells were stained with MDC
by incubating cells with 0.05 mM MDC at 37 °C for 30 min. After
incubation, cells were washed three times with PBS, and the
MDC-positive population was quantified using a FACSCalibur
flow cytometer. The data were then analyzed using Cell Quest
software.
For confocal microscopy, cultured MDA-MB-231 cells were
grown on sterile glass coverslips and subjected to treatment
with the above-mentioned compounds. After 24 h of treatment,
old medium was replaced with new medium containing 0.05
mM MDC. Control and NMK/DAPT-treated cells were incubated with medium containing 0.05 mM MDC for 30 min at
37 °C. After incubation, each set was washed thrice with 1⫻
PBS and incubated with propidium iodide (1 g/ml) for 5 min
at room temperature to stain the nucleus. The images were
captured by an Olympus LSM IX81 confocal microscope. To
monitor the effect of autophagy inhibitor, prior to NMK/DAPT
treatment cells were pretreated with 500 M 3-MA for 1 h.
Western blot analysis
Western blot analysis was performed to determine the
expression levels of the EMT-related proteins such as vimentin,
N-cadherin, E-cadherin, keratin-19, and TWIST; Notch-targeting proteins such as Notch-1 (NICD), Hes-1, PTEN, pAkt,
and Akt; and autophagy markers such as LC3 and Beclin in
control and NMK-treated MDA-MB-231 cells. After treatment, cell lysates were prepared by adding lysis buffer containing 50 mM Tris-HCl, pH 8.0, 0.1% SDS, 150 mM NaCl, 1% Nonidet P-40, and a protease inhibitor mixture including 1 g/ml
aprotinin, 1 g of leupeptin, and 1.0 mM phenylmethylsulfonyl
fluoride. Equal amounts of protein were loaded for 7.5–10%
SDS-PAGE and transferred onto a nitrocellulose membrane.
Membranes were incubated with specific primary antibodies
overnight followed by secondary antibodies. Primary and secondary antibody dilutions were made according to the manufacturer’s protocols.
Tumor formation in female BALB/c mice by 4T1 xenograft
Cultured 4T1 cells (2 ⫻ 105) were suspended in 0.1 ml of PBS
and injected subcutaneously into the mammary fat pad of each
mouse for the development of palpable tumor (⬎50 mm3).
After tumor development, mice were divided into control and
treatment groups (n ⫽ 6). In the treatment group, mice were
J. Biol. Chem. (2019) 294(17) 6733–6750
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injected intraperitoneally (alternate days) with different doses
of NMK-T-057 (10, 25, and 50 mg/kg-BW) once for 15 days.
After 15 days of treatment, mice were euthanized, and dissected
tumors were collected for further investigations. Tumor volume was calculated by the following formula: 0.5 ⫻ w2 ⫻ l
where w is width and l is length (77).
Immunohistochemistry
All immunohistochemistry experiments were performed
using a Histostain-Plus IHC kit (Life Technologies) following
the protocol published previously (77). Briefly, after microwave
treatment of deparaffinized sections in citrate buffer and
endogenous peroxide blocking, the sections were incubated in
specific antibody solution overnight at 4 °C in a moist chamber.
The immunoreactivity was detected by 3,3⬘-diaminobenzidine,
and the sections were counterstained with hematoxylin.
Statistical analysis
All data are presented as the mean ⫾ S.E. of n independent
measurements as indicated in the corresponding figure legends. Statistical comparisons between treated and untreated
control groups were calculated by Student’s t tests using
GraphPad Prism 6, and multiple groups were compared by
analysis of variance test using Newman–Keuls post-analysis. A
value of p ⬍ 0.05 was considered significant.
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