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Abstract
Purpose More than 90% of the breast cancer deaths occur due to the metastasis of the cancer cells to secondary organ sites. 
Increased Glucose-regulated protein 78 (GRP78) expression is critical for epithelial–mesenchymal transition (EMT) and 
invasion in breast cancer resulting in poor patient survival outcomes. Therefore, there is an urgent need of potential inhibi-
tors of GRP78 for the abrogation of invasion and metastasis in breast cancer.
Methods We investigated the effect of IKM5 (2-(1-(1H-indol-3-yl)octyl)-3-hydroxy-6-(hydroxymethyl)-4H-pyran-4-one) (a 
novel Indolylkojyl methane analogue) on invasion abilities of human breast cancer cells employing invadopodia formation, 
Matrigel invasion assays, and mouse models for metastasis. The mechanism underlying the anti-invasive effect of IKM5 was 
examined through molecular docking, immunoblotting, immunocytochemistry, co-immunoprecipitation analysis, siRNA 
silencing, and sub-cellular fractionation studies.
Results Treatment with IKM5 at its sub-toxic concentration (200 nM) suppressed invasion and invadopodia formation, and 
growth factor-induced cell scattering of aggressive human breast cancer MDA-MB-231, MDA-MB-468, and MCF7 cells. 
IKM5 spontaneously binds to GRP78 (Ki = 1.35 µM) and downregulates its expression along with the EMT markers MMP-
2, Twist1, and Vimentin. Furthermore, IKM5 amplified the expression and nuclear translocation of tumor suppressor Par-4 
to control NF-kB-mediated pro-EMT activities. Interestingly, IKM5 disrupts the interaction between GRP78 and TIMP-1 
by inhibiting GRP78 in a Par-4-dependent manner. Moreover, IKM5 inhibited tumor growth and lung metastasis at a safe 
dose of 30 mg/kg/body weight.
Conclusion Our study warrants IKM5, a potential anticancer agent that can abrogate invasion and metastasis, suggesting its 
clinical development for the treatment of patients with advanced breast cancer.
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Par-4  Prostate apoptosis response 4
NF-kB  Nuclear factor kappa B
ER  Endoplasmic reticulum
KA  Kojic acid

Introduction

Breast cancer is the most devastating type of cancer among 
women in developed countries. More than 90% of the breast 
cancer-related deaths occur due to its local invasion and 
metastasis to distant organs like, lung, liver, and brain [1–3]. 
Glucose-regulated protein, 78 kDa (GRP78), is an endoplas-
mic reticulum (ER) stress-regulated protein overexpressed in 
almost all types of cancer including breast cancer. It escapes 
cancer cells from undergoing apoptosis and promotes inva-
sion, metastasis; thus, facilitating cancer progression and 
chemoresistance [4, 5]. Therefore, GRP78 confers a promis-
ing therapeutic target for anticancer drug discovery in aca-
demia as well as industry. GRP78 has been well documented 
for promoting invasion and metastasis in most cancers 
through facilitating the matrix metalloproteases (MMP-2 
and MMP-9) and at the same time suppressing the cell-to-
cell adhesion molecule E-cadherin; whereas knockdown of 
GRP78 significantly affects the extracellular matrix degrada-
tion, invasion, and metastasis, ensuring attenuated MMP-2 
and MMP-9 levels in these cells [6, 7]. Strikingly, GRP78 
also favors epithelial–mesenchymal transition (EMT), an 
early step of cancer metastasis, characterized by prominent 
mesenchymal features with decreased cell-to-cell adhesion, 
increased cell scattering and migration [8, 9].

Kojic acid (KA) (5-hydroxy-2-hydroxymethyl-4H-pyran-
4-one) is a metabolic by-product produced by several fun-
gal species like; Aspergillus, Acetobacter, Penicillium etc., 
which is known for its cytotoxic, anti-tumor, antibacterial, 
anti-inflammatory, and antioxidant activities [10]. KA and 
its derivatives are known to inhibit cell proliferation by cell 
cycle arrest (sub-G1) and DNA fragmentation by blocking 
poly (ADP-ribose) polymerase and caspase cleavage [11]. 
A study by Yoo et al. reveals that KA derivatives modulate 
gliomas cell proliferation and Toll-like receptor 4 (TLR4)-
mediated functional activation of macrophage-managed 
tumor microenvironments. These derivatives also attenuate 
lipopolysaccharide (LPS)-induced nitric oxide production 
and Interleukin-6 (IL-6) expression [12]. KA also showed its 
efficacy in skin cancer model wherein the proteomic analysis 
of the A375, human malignant melanoma cells revealed that 
KA treatment modulates the expression of various proteins 
including GRP75, VIME, and 2AA that leads to suppression 
of melanogenesis and tumorigenesis as well [13]. However, 
KA lacks potency and target specificity in its anti-tumor 
activity; hence, better semi-synthetic derivatives of KA 
could amplify its therapeutic effect.

The present study uncovers the discovery and develop-
ment of a novel, potential Indolylkojyl methane analogue 
(IKM5) chemically evolved from less potent natural product 
KA. The IKM5 abrogates breast cancer proliferation, inva-
sion, and metastasis much more efficiently than KA with 
excellent in vivo efficacy as well as pharmacokinetics, which 
are the main themes of this study.

Materials and methods

Chemistry of IKM5

IKM5 (2-(1-(1H-indol-3-yl)octyl)-3-hydroxy-6-
(hydroxymethyl)-4H-pyran-4-one), an Indolylkojyl meth-
ane analogue was synthesized and characterized in-house 
in the Natural Product Chemistry Division, CSIR-IIIM, 
Jammu. Briefly, a mixture of Kojic acid (1 equiv.), octanal 
(1.2 equiv.), indole (1 equiv.), and Fe–Al pillared clay cata-
lyst calcined at 425 °C (0.5 mol%) in a test tube was heated 
with stirring at 90 °C for 2 h. After cooling, ethyl acetate 
was added to the reaction mixture, filtered, and washed 
(2 × 20 mL) to recover the catalyst. The filtrate was purified 
by column chromatography (methanol: dichloromethane 
0.5:9.5) to afford the pure product. The synthesis procedure, 
IUPAC name, molecular weight through HRMS, 1H NMR, 
and 13C NMR characterization and spectra are provided in 
supporting information file.

Cell culture and reagents

Human breast cancer cell lines used in this study: MDA-
MB-231, MDA-MB-468, MCF7, BT474, T47D, and human 
normal breast epithelial (fR2) cells were obtained from 
European Collection of Cell Cultures (ECACC). Mouse 
mammary carcinoma 4T1 cells were the generous gift from 
Dr. Avinash Bajaj, Regional Centre for Biotechnology, 
New Delhi, India. MDA-MB-231 cells were grown in L-15 
medium and all other cell lines were cultured in RPMI 1640 
medium supplemented with 10% FBS (Gibco), 1% penicil-
lin–streptomycin (Sigma) at 37 °C in a humidified incubator 
(Eppendorf) with 5%  CO2. Cells were sub-cultured in each 
2–3 days to maintain them in a healthy condition.

Doxorubicin, 6-Thioguanine, paraformaldehyde, phenyl-
methylsulfonyl fluoride (PMSF), 3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT), Bradford’s 
reagent, crystal violet, DMSO, and protease inhibitor cock-
tail were obtained from Sigma Chemicals. Recombinant 
human fibroblast growth factor basic, 146aa (bFGF), was 
purchased from R&D systems (Minneapolis, MN). Fluo-
rescein-5-isothiocyanate (FITC) was procured from Thermo 
Fischer Scientific, Massachusetts, USA.
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Cell viability assay

The cell viability of MDA-MB-231, MDA-MB-468, 
MCF7, T47D, and fR2 cells was determined in the pres-
ence of KA, IKM5, and/or doxorubicin by standard MTT 
assay method according to the procedure previously 
described [14, 15].

Automated docking

The crystallographic structure of GRP78 protein bearing 
PDBID: 3IUC [16] was modified and energy minimization 
was performed using Swiss PDB viewer [17]. The structure 
was utilized to study the binding modes of KA and its syn-
thesized variant IKM5. The two compounds were docked 
into the active site of GRP78 employing AUTODOCK 4.2 
tool [18]. The Lamarckian algorithm of the tool was used 
for the automated docking and calculations of the binding 
energies. The top five binding modes of the two compounds 
were analyzed using LIGPLOT+ [19], the interactions were 
further studied using Pymol [20].

Colony formation and cell scattering assay

Experiments were performed in MCF7, MDA-MB-468, and 
MDA-MB-231 cells according to the pre-standardized pub-
lished protocol [21]. For cell scattering assay, bFGF (20 ng/
mL) was added to the culture medium to stimulate cell scat-
tering. At least three random colonies from each field were 
observed under an inverted microscope, counted manually 
for the number of scattered cells, and photographed at ×20 
magnification. The number of scattered cells out of a colony 
was adjusted to the total cells in that particular colony [22].

Matrigel invasion assay

The effects of IKM5 on invasion capability of MDA-
MB-231 cells was evaluated by means of BD Biocoat 
Tumor Invasion Assay System (BD Bioscience, Bedford, 
MA, USA) according to the manufacturer’s instruction and 
our pre-standardized protocol [21, 22].

Invadopodia formation/in situ fluorescent gelatin 
degradation assay

Matrix degradation ability of invasive MDA-MB-231 cells 
by invadopodia formation was assessed in the presence of 
KA or IKM5 as described previously [21, 22]. Imaging of 
the degraded area/podosomes was carried out with the help 

of fluorescent microscope (Floid Cell Imaging Station, Life 
Technologies) at ×20 magnification.

Cell migration assay

MDA-MB-231 cells were examined for their migration capa-
bilities in the presence or absence of vehicle, KA, or IKM5 
by means of scratch-motility wound healing assay as per 
our previously published protocol with minor modifications 
[14, 21]. Wounded areas were progressively photographed 
under an inverted microscope with Nikon D3100 camera at 
×20 magnification.

Western blotting

Western blotting analyses were carried out with the indi-
cated conditions (mentioned in respective figure legends) 
according to the pre-standardized and published protocol 
[21, 23]. The list of antibodies and their working dilutions 
are provided in Supporting Table S1.

Immunofluorescence analysis

MCF7 and MDA-MB-231 cells were seeded in eight-well 
chamber slides and treated with indicated agents (please see 
figure legend). Immunocytochemistry experiments were per-
formed as described previously [21, 22]; list of antibodies 
and working dilutions are provided in Supporting Table S1. 
Cells were observed under Floid Cell Imaging Station and 
images were captured at ×20 magnification.

Transient transfection

The procedure was followed as previously described by our 
group with minor modifications [15, 22]. Briefly, MDA-
MB-468 cells (0.5 × 106 per well) were cultured in 6-well 
tissue culture plates for 24 h and then transiently trans-
fected with vector or pCMV BiP-Myc-KDEL-wt plasmid 
construct (Addgene) using Lipofectamine-3000 (Invitrogen, 
NY, USA) as per the manufacturer’s protocol. Twenty-four 
hours post-transfection, cells were treated with vehicle or 
IKM5 for 24 h, and whole-cell lysates were prepared and 
subjected to western blot analysis.

Co‑immunoprecipitation analysis

The experiment was performed on MDA-MB-231 cells with 
indicated treatments following our standardized protocol 
described earlier [22, 24].
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Preparation of cytoplasmic and nuclear extracts

Cytoplasmic and nuclear fractions were obtained according 
to the procedure described previously by our group [21]. 
Briefly, MDA-MB-231 cells following treatment with IKM5 
were harvested, washed with ice cold PBS and centrifuged. 
Cell pellets were then treated with ice cold hypotonic and 
hypertonic buffers to separate out the cytosolic and nuclear 
extracts, which were then subjected to western blot analysis 
to check the expression of various proteins.

siRNA knockdown studies

Small interfering RNA (siRNA) oligonucleotide duplexes 
targeted against human Par-4 was procured from Sigma-
Aldrich. Briefly, MDA-MB-231 cells were seeded in a 
90 mm petri dishes and after 24 h transiently transfected 
with scramble/siRNA Par-4 using Lipofectamine 3000 fol-
lowing the manufacturer’s protocol. After 24 h, the cells 
were subjected to treatment with vehicle/IKM5; 24 h of 
post-treatment, cells were harvested and the samples were 
processed for immunoprecipitation.

Mouse model for tumor growth and metastasis

The experiment was performed according to our estab-
lished protocol with some modifications [22]. To evaluate 
the in vivo anti-tumor and anti-metastatic efficacy of KA 
and IKM5, healthy female Balb/c mice (b.w. 18–23 g) were 
group-housed under conditions of constant photoperiod 
(12 h light/12 h dark) with ad libitum (free access to steri-
lized food and water). Proper care was taken to maintain 
them in a healthy condition and to avoid any risk of possi-
ble pathogenic contaminations. All the in vivo experimental 
protocols were approved by the Institutional Animal Eth-
ics Committee, CPCSEA, of Indian Institute of Integrative 
Medicine, Jammu, India. For tumor implantation, the mice 
were randomized into three groups of 5 mice per group 
and 1.5 × 106 4T1 cells per 200 µL of serum free RPMI 
media was injected subcutaneously into the mammary fat 
pad of each mouse adjacent to the right second mammary 
gland. A week after the tumor cell implantation or when 
the tumor volume attained the size of 100–150 mm3, mice 
were injected intraperitoneally with vehicle (normal saline) 
or KA (100 mg/kg/b.w.) or IKM5 (30 mg/kg/b.w.) in each 
alternate day for two weeks. Tumor size was recorded on 
each alternate day after implantation and body weights 
were recorded once per week. Mice were sacrificed in a 
humane way on the 15th day of treatment initiation and 
tumors were dissected out carefully for its measurement. 
Lungs of each animal were dissected out and metastatic lung 
nodules were counted and photographed under a dissect-
ing microscope. Lungs were then minced into fine pieces, 

suspended in collagenase/DNase solution and incubated in 
a 37 °C incubator with vigorous shaking for 2 h. Each lung 
suspension was then passed through the 70 μm cell strainer 
(BD Biosciences, USA) to get the single cell suspension. 
Then, the suspension was serially diluted for 3–4 times in 
selection medium containing 6-thioguanine and incubated 
at 37 °C and 5%  CO2 for the growing of 4T1 cell colonies. 
After 15 days of incubation, cells growing in the colonies 
were washed with PBS, fixed with methanol, and stained 
with 0.2% crystal violet solution for 1 h. The colonies were 
then observed, counted, and photographed under an inverted 
microscope at ×10 magnification.

Pharmacokinetic (PK) study

Healthy male Balb/c mice (25–30 grams each) were cho-
sen to access the PK profile of IKM5. There were 11 time 
points for blood collection and six animals were there in 
each sampling time point for maintaining accuracy of the 
experiment. Animals were administered with a single dose 
of IKM5 (2.5 mg/kg, b.w.) intravenously and control mice 
were administered with normal saline. A minimum of 100 
µL of plasma was collected from each animal at different 
time points, viz: (0.083, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 16, and 
24 h) following treatment with IKM5 and successively 400 
µL of acetonitrile was added to precipitate the plasma pro-
teins. The compound was extracted into the solvent, filtered, 
and analyzed by a 6410B Triple quadrupole LC–MS/MS 
system (Agilent Technologies, USA). Quantification was 
performed through multiple reaction monitoring (MRM) 
separately for all the six samples collected individually at 
each time point by comparing with the standard calibration 
curve prepared with the help of Agilent Mass Hunter soft-
ware (version B.04.00) (see supporting information file). 
Various PK parameters viz. half life  (t1/2) (h), C initial  C0 
(ng/mL), area under the curve AUC (0–∞) (ng*h/mL),  Vd (L/
kg), Cl (L/h/kg), and Mean Residence Time (h) were cal-
culated using non-compartmental pharmacokinetic data 
analysis.

In vitro hemolysis assay

The assay was performed according to the method previ-
ously reported and standardized by our group [25]. Briefly, 
fresh blood was collected from male Balb/c mice and washed 
three times with isotonic 0.01 M phosphate buffer saline 
(PBS, pH 7.4) solution by centrifugation at 4000 rpm for 
5 min. The red blood cells (RBCs) suspension (0.1 mL) was 
added with PBS solution (0.9 mL) containing various con-
centrations (10, 20 and 30 µg/mL) of IKM5. The blank PBS 
and distilled water were treated as positive and negative con-
trol, respectively. The samples were incubated at 37 ± 1 °C 
for 30 min in shaker incubator, centrifuged at 14,000 rpm 
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for 10 min, and the supernatants were analyzed for absorb-
ance at 540 nm in TECAN microplate reader (Tecan, Infinite 
M200 Pro, Austria). The percent hemolysis was calculated 
using the following formula:

where ABS,  ABS100, and  ABS0 are the absorbance of the 
samples, negative control (100% hemolysis) and positive 
control (0% hemolysis), respectively.

Drug potentiation assay

The study was carried out according to the standard proce-
dure with some modification [26]. MDA-MB-231, MCF7, 
and MDA-MB-468 cells were exposed to IKM5 (200 nM), 
doxorubicin (200 nM) and in combination of both (1:1 
ratio) for 48 h to examine cell viability via MTT method, 
for 5 days to evaluate colony formation ability and subjected 
to western blotting for the expression of GRP78 and Par-4. 
The ability of IKM5 to enhance cell killing was expressed 
as potentiation index (PI), which is the ratio of the % inhibi-
tion of IKM5 alone at the given dose and the % inhibition in 
combination with doxorubicin. Thus, PI > 1 indicates poten-
tiation and PI < 1 indicates protection.

Statistical analysis

All the data were expressed as mean ± S.D. of at least three 
independent experiments performed.  IC50 values were deter-
mined with the help of GraphPad Prism software Version 
5.0 (GraphPad Software, Inc., USA) by considering log of 
inhibitor versus response. For the pharmacokinetic study, 
a one way ANOVA was used on the values obtained from 
LC–MS analysis of plasma drug concentrations. Compari-
sons used Student’s t test and a two sided value of *P < 0.05 
was assigned significance.

Results

IKM5, compared to its parent compound KA 
efficiently abrogates proliferation, invasion, 
and motility of human breast cancer cells

IKM5 (2-(1-(1H-indol-3-yl)octyl)-3-hydroxy-6-
(hydroxymethyl)-4H-pyran-4-one) is a potential lead mol-
ecule grew out of the strategic semi-synthetic modification 
of its parent molecule KA (Fig. 1a) (Supporting information 
file). A patent application has been filed in India, United 
States, and European countries (International application 
number: PCT/IN2018/050060) for its superior anti-tumor 

Hem (%) =
ABS − ABS0

ABS100 − ABS0
× 100,

and anti-metastatic efficacy against breast cancer in com-
parison to KA. The cytotoxic profile of IKM5 in a panel of 
breast cancer cell lines revealed that the molecule is mod-
estly active in a lower nanomolar to micro-molar concen-
tration having  IC50 values 0.150 ± 0.095, 0.209 ± 0.265, 
0.54 ± 0.315 and 3.45 ± 0.255 µM in MCF7, MDA-MB-231, 
MDA-MB-468, and T47D cells respectively, whereas, 
the analogue was negligibly toxic towards normal human 
breast epithelial (fR2) cells  (IC50: 74± 2.6) indicating the 
molecule’s selectivity towards breast cancer cells (Fig. 1b; 
Supporting Table S2). Next, we examined the effects of 
IKM5 on proliferation, invasion and migration capabilities 
of breast cancer cells and the results showed that IKM5 at its 
sub-toxic concentration (200 nM) abrogated colony forma-
tion/proliferation ability of MCF7 and MDA-MB-468 cells 
substantially in comparison to vehicle (DMSO). However, 
there was hardly any inhibition of colony formation in pres-
ence of parent KA (100 µM) treated cells (Fig. 1c, d). To 
further envisage the effects of this lead molecule on motility 
related invadopodia formation ability of aggressive MDA-
MB-231 cells, our pre-standardized FITC-gelatin degrada-
tion assay unveiled massive degradations on fluorescent 
gelatin matrix (mimics to the extracellular matrix degrada-
tion in physiological condition) in vehicle and KA-treated 
cells, whereas, IKM5 (200 nM) significantly abrogated the 
degradation capability of these cells (Fig. 1e, f). We also 
checked the Matrigel invasion ability through Boyden cham-
ber assay system and the results depicted major inhibition in 
the invasion capabilities of MDA-MB-231 cells in IKM5-
treated wells (Fig. 1g, h). Notably, IKM5 suppressed migra-
tion of MDA-MB-231 cells and blocked the bFGF-induced 
stimulation of cell scattering in MCF7, MDA-MB-231, and 
MDA-MB-468 cells (Supporting Fig. S1; Fig. 1i, j). These 
results demonstrate that IKM5, a potential analogue of KA, 
effectively suppresses cell proliferation, invasion, and migra-
tion in breast cancer cells.

IKM5 abrogates the GRP78 expression and binds 
to GRP78 at the molecular level

The expression of GRP78 is considered as a biomarker 
for the cancer cell’s invasion and metastasis in majority of 
human cancers including breast cancer [4]. Therefore, we 
were interested to check the protein expression profile of 
GRP78 after exposure of breast cancer cells to the IKM5. 
Interestingly, our western blotting results unveiled that 
increasing concentrations of IKM5 (50, 100, and 200 nM) 
for 48 h steadily downregulated the expression of GRP78 in 
MDA-MB-231, MDA-MB-468, and MCF7 cells. However, 
we observed biphasic-type of expression of GRP78 in MDA-
MB-231 and MDA-MB-468 cells, but the expression was 
almost diminished at the higher concentrations (Fig. 2a, b). 
Time-dependent western blot analysis revealed that GRP78 
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expression was gradually decreased after 6 h exposure of 
compound IKM5 and diminished at 48 h time point in MDA-
MB-231, MDA-MB-468, and MCF7 cell lines (Fig. 2c, d). 
Further, our immunocytochemistry results implied suffi-
cient cytoplasmic expression and membranous localization 

of GRP78 in vehicle treated MCF7 cells, whereas, the 
expression level and cell surface localization was greatly 
impaired in IKM5-treated MCF7 and MDA-MB-231 cells 
(Fig. 2e; Supporting Fig. S2). To examine whether IKM5 
was interacting directly with GRP78 to exert its inhibitory 
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effects, automated docking analysis was carried out at atomic 
level. The top five binding modes, their respective binding 
energies, and inhibition constants were shown in Supporting 
Fig. S3. The top ranked pose of both the compounds under 
investigation were further analyzed and Supporting Table S3 
shows the data retrieved from them. The ligand-receptor 
interactions of KA (non-covalent and hydrophobic interac-
tions) were displayed in Fig. 2f. The parent compound (KA) 
showed a ΔG of − 5.06 kcal/mol and formed eight hydro-
gen bonds with LYS96, THR37, THR38, GLY227, GLY228, 
and THR229 of the drug binding pocket. The hydrophobic 
interacting amino acids of the binding pocket are GLY36, 
GLY226, and GLU201. The oxygen atoms at the 1st, 7th, 
8th, and 10th position of the parent compound were form-
ing the physical non-covalent interactions with the target 
protein. The in-house synthesized compound IKM5 showed 
more spontaneous binding with GRP78 protein with ΔG of 
− 8.03 kcal/mol. Its binding pocket comprises of a total of 
fourteen amino acids, three out of which (LYS81, LYS296, 
and ARG297) were forming four hydrogen bonds with the 
protein. Figure 2g illustrates the three dimensional binding 
mode of IKM5, the three oxygen atoms at 7th, 8th, and 10th 
position and the nitrogen atom at 21st position were forming 
physical non-covalent interactions with the target protein. 
It’s in silico calculated inhibition constant (Ki) of 1.35 µM 
is almost 150 times lesser than the KA’s inhibition constant, 

i.e., 195.08 μM. The in silico insight is giving a clear indica-
tion of the in-house synthetic variant of KA being a better 
inhibitor for targeting GRP78 protein. Together, these results 
collectively suggest that IKM5 binds to and down-modulates 
the expression of GRP78 in breast cancer cells.

IKM5 negatively regulates matrix metalloproteases 
(MMPs) and abrogates the expression 
of EMT‑associated markers

To further investigate the molecular mechanism underlying 
the inhibitory effect of IKM5 on invasion of breast cancer 
cells, we examined the expression profile of matrix metal-
loproteases (MMP-2, MMP-9) and associated EMT mark-
ers. Our western blotting results clearly showed gradual 
decrease in expression of MMP-2 and MMP-9, whereas, 
expression of its physiological negative regulator (TIMP-1) 
was amplified significantly (> 12-fold) in aggressive MDA-
MB-231 cells (Fig. 3a, b). We also examined the effect of 
IKM5 on  HER2+ breast cancer cell line BT474 expressing 
high levels of GRP78; the results depicted strong inhibi-
tion of GRP78 and robust induction of TIMP-1 expression 
in BT474 cells treated with increasing concentrations of 
IKM5 for 48 h (Supporting Fig. S4). While investigating the 
effects of IKM5 on EMT-related markers regulating MMPs, 
we noticed significant reduction in the expression of Twist1 
and Vimentin, along with striking upregulation of epithe-
lial marker E-cadherin (Fig. 3a, b). Since GRP78 plays an 
important role during ER stress, so we wanted to verify the 
effects of IKM5 on other ER-stress markers; viz: activat-
ing transcription factor 6 (ATF6), inositol requiring enzyme 
1 (IRE1) and protein kinase R-like endoplasmic reticulum 
kinase (PERK). Of note, there was a marked decrease in the 
expression of these sensor proteins validating that the EMT-
inhibiting ability of IKM5 is mutually exclusive to ER-stress 
activation (Fig. 3c).

In order to delineate how this inhibition of GRP78 by 
IKM5 is associated with abrogation of MMPs-mediated 
invasion and migration in aggressive breast cancer cells, 
we hypothesized that GRP78 might be involved in some 
inhibitory interaction with TIMP-1 to facilitate MMPs’ 
activity. Certainly, our co-immunoprecipitation analysis 
results uncovered that IKM5 disrupted an important inter-
action between GRP78 and TIMP-1 consistently in these 
cells. Indeed, we pulled down sufficient TIMP-1 protein co-
immunoprecipitate with GRP78 in vehicle treated MDA-
MB-231 cells, whereas, hardly any interaction was observed 
between GRP78 and TIMP-1 in IKM5 (200 nM) treated cells 
due to inhibition of GRP78 (Fig. 3d). Collectively, these 
results imply that IKM5 negatively regulates MMPs as well 
as EMT-related markers and disrupts the interaction between 
GRP78 and TIMP-1 in breast cancer cells.

Fig. 1  IKM5 abrogates proliferation, invasion, and migration abilities 
in breast cancer cells. a Structure of Indolylkojyl methane analogue 
(IKM5). b Graph showing the % cell viability in MDA-MB-231, 
MCF7, MDA-MB-468, T47D, and fR2 cells treated with logarithmic 
concentrations of IKM5 for 48 h. c Colony formation assay showing 
the cell proliferation abilities of MCF7 cells exposed to vehicle or 
KA or IKM5 at indicated concentrations for five days. d Bar graph 
represents average number of colonies formed in MCF7 and MDA-
MB-468 cells in each treatment conditions as quantified from five 
random fields (n = 3, error bars indicate ± s.d.). **P < 0.01. e MDA-
MB-231 cells were treated with indicated concentrations of KA and 
IKM5 for 48  h and checked for their ability to degrade the gelatin 
matrix/invadopodia formation over the FITC-gelatin coated cover-
slips. Blue parts indicate nuclear staining through DAPI mounting 
media. Images were captured under Floid Cell Imaging Station at 
×20 magnification. The threshold area of degradation was determined 
with the help of Image J software analysis. f Bar graph showing the 
percent area of degradation as determined through Image J analysis 
(n = 3, error bars indicate ± s.d.). **P < 0.01. g MDA-MB-231 cells 
were checked for their ability to invade through the Matrigel barrier 
in Boyden chamber invasion assay system in the presence or absence 
of indicated concentrations of KA and IKM5. h Bar graph showing 
the quantification of number of invading cells (n = 3, error bars indi-
cate ± s.d.). **P < 0.01. i MDA-MB-231, MCF7 and MDA-MB-468 
cells were checked for their cell scattering ability in the presence of 
bFGF (20 nM) alone or bFGF (20 nM) plus IKM5 (200 nM) for 48 h. 
Cell scattering was observed and photographed under an inverted 
microscope. Original magnification × 20, scale bar: 50  µm. j Bar 
graphs showing the quantification of number of scattered cells in each 
treatment conditions adjusted to the total cells in individual colonies. 
(n = 3, error bars indicate ± s.d.). *P < 0.05
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IKM5 induces intracellular Par‑4 expression 
and promotes its nuclear translocation

Prostate apoptosis response 4 (Par-4) is a prominent pro-
apoptotic/tumor suppressor protein that resides in the 

cytoplasm and in nucleus as well [27]. Through its SAC 
domain (selective for apoptosis in cancer), Par-4 selectively 
induces apoptosis in cancer cells (not in normal cells) by 
landing into the nucleus and suppressing NF-kB activity 
[28]. It is previously elicited that endogenous Par-4 binds to/
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interacts with GRP78 and this GRP78-Par-4 complex further 
translocate to the cell surface to activate extrinsic apoptotic 
pathways in ER-stressed cancer cells [29]. However, there 
also observed inverse correlation between the expression 
patterns of GRP78 and Par-4 in cancer cells treated with 
small molecules/anticancer agents [14]. To examine the 
effect of inhibition of GRP78 on intracellular Par-4 (one of 
the major binding partners of GRP78 in ER-stressed cancer 
cells) level, we carried out western blotting analysis with the 
whole-cell lysates of IKM5/vehicle treated MDA-MB-231 
cells. The results showed that increasing concentrations 
of IKM5 stimulated the expression of Par-4 in aggressive 
MDA-MB-231 cells and as a consequence of which NF-kB 
(p65) expression diminished in a concentration dependent 
manner (Fig. 4a). IKM5 also blocked the phosphorylation 
of ERK (upstream regulator of Par-4) at its sub-toxic con-
centration and suppressed the expression of total ERK1/2 
in MDA-MB-231 cells (Fig. 4a). To further investigate 
the localization of Par-4 following treatment with IKM5 
(200 nM), we separated cytosolic and nuclear fractions from 
the whole-cell lysates of MDA-MB-231 cells and conducted 
western blotting. Interestingly, while we noticed 2.2-fold 
increase in the level of cytosolic Par-4, a sharp increase in 
Par-4 (8.5-fold) was achieved in the nuclear fractions of cells 
treated with IKM5 (200 nM) compared to the vehicle treated 
cells (Fig. 4b, c). Additionally, our immunocytochemistry 
results also confirmed steady increase in the nuclear locali-
zation of Par-4 in IKM5 treated MCF7 and MDA-MB-231 
cells compared to the vehicle treated cells (Fig. 4d). Since 
we achieved a marked upregulation in the Par-4 protein 
levels in IKM5-treated samples; we wanted to investigate 
whether the IKM5-mediated disruption of GRP78/TIMP-1 
interaction was Par-4-dependent. We, therefore, carried out 
the Par-4 siRNA (siPar-4) knockdown studies and performed 

immunoprecipitation analysis with TIMP-1 antibody. The 
results unveiled an intact interaction between GRP78 and 
TIMP-1 in the absence of Par-4 (siPar-4/siPar-4 + IKM5) 
condition while the interaction was hindered in the presence 
of Par-4 (scramble/scramble + IKM5) (Fig. 4e). Further, to 
investigate whether the overexpression of GRP78 could res-
cue the effect of IKM5, we transiently transfected aggres-
sive MDA-MB-468 cells with pCMV BiP-Myc-KDEL-
wt plasmid construct carrying the gene for expression of 
GRP78. Our results unveiled that overexpressed GRP78 
hampered the inhibitory effect of IKM5 on GRP78 and its 
ability to induce Par-4 in these cells (Fig. 4f, g). Together, 
these results demonstrate that IKM5 induces the expres-
sion, promotes nuclear localization and regulates upstream/
downstream signaling of Par-4 in breast cancer cells. Also, 
GRP78 overexpression nullifies the effect of IKM5 in inva-
sive breast cancer cells.

Toxicity determination, pharmacokinetic 
assessment, and evaluation of in vivo efficacy 
of IKM5 on tumor growth and metastasis

Given that some established anticancer drugs like cisplatin 
and carboplatin cause hemolytic anemia when administered 
through intravenous route of administration [30], we sought 
to determine the cytocompatibility, endosmolytic activity of 
IKM5, and to ascertain whether the molecule is suitable for 
intravenous administration. We conducted in vitro hemolysis 
assay by taking various concentrations of IKM5 (10, 20, 
30 µg) along with distilled water (negative control) and PBS 
(positive control). The compound showed slight hemolysis 
(8.01%) even at its higher concentration (30 µg/mL), indicat-
ing IKM5 is non-toxic, cytocompatible, and a suitable can-
didate for the intravenous formulation (Fig. 5a, Supporting 
Fig. S5). Next, to check the exposure of the compound in 
healthy animals, we evaluated the pharmacokinetic profile 
of IKM5 through intravenous (i.v.) route of administration in 
Balb/c mice. Following i.v. administration of a single dose of 
2.5 mg/kg b.w., the  C0 value of 1215.67 ng/mL for the mol-
ecule was achieved with an AUC 0–∞ value of 406.31 ng*h/
mL and  t1/2 was 0.43 h. The volume of distribution (Vd) and 
clearance (Cl) was found to be 7.61 L/kg and 12.31 L/h/kg 
respectively with mean residence time of 0.45 h (Table 1, 
Fig. 5b). The pharmacokinetic parameters of IKM5 further 
divulge good absorption and bio-distribution capability of 
this lead molecule, which are the essential criteria for drug 
development.

In order to evaluate the in vivo efficacy of IKM5 on the 
inhibition of tumor growth and metastasis, highly aggres-
sive 4T1 metastatic mouse mammary carcinoma model was 
employed. IKM5 (30 mg/kg/body weight) treated group of 
animals showed steady inhibition of tumor growth; there 
observed 79.2% inhibition in tumor volume at the end point 

Fig. 2  IKM5 downregulates the protein expression and binds to 
GRP78 in breast cancer cells. a MDA-MB-231, MDA-MB-468 and 
MCF7 cells were treated with indicated concentrations of IKM5 
for 48  h; whole-cell lysates were prepared and subjected to west-
ern blotting for the expression of GRP78. The expression of β-actin 
was considered as loading control in each western blot experiments 
performed. b Bar graph showing the relative protein expression of 
GRP78 as determined by densitometry analysis of bands normal-
ized to the loading control. c Time-dependent expression of GRP78 
in MDA-MB-231, MDA-MB-468 and MCF7 cells treated with IKM5 
(200 nM) for indicated time points. d Bar graph showing the relative 
protein expression of GRP78 as determined by densitometry analysis 
of bands normalized to the loading control. e Immunocytochemistry 
experiments depicting the expression levels of GRP78 in MCF7 cells 
after exposure to IKM5 for 48 h. Original magnification ×20. Insets 
showing magnified view of membrane localization. f, g, In silico 
AutoDock analysis showing the three dimensional representation of 
the top poses of binding of KA and its synthesized variant (IKM5) 
respectively inside the binding pocket of GRP78. The red lines rep-
resent the hydrogen bonds. The naked amino acids and the ones with 
transparent surface symbolize the hydrogen forming and hydrophobic 
interacting amino acids, respectively
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(15th day of treatment initiation) compared to the control/
normal saline treated group, whereas, no significant inhibi-
tion in tumor volume (23%) in KA (100 mg/kg/body weight) 
treated group was noticed (Fig. 5c, d). The formation of 
metastatic lung nodules also steadily abolished (84.5%) in 
IKM5 treated animal group compared to the KA-treated 
group, which rendered only 16.7% decrease in metastatic 
lung nodule formation (Fig. 5e, f). In addition, the colony 
formation ability of 4T1 cells isolated from the lung suspen-
sion of IKM5 treated groups of animals halted drastically 
compared to the vehicle and KA-treated group (Fig. 5g). Of 
note, the animals remained healthy throughout the experi-
mental period without any lethality or adverse effects. Fur-
ther, to validate the signaling changes occurring at the pro-
tein level for producing the anti-tumor and anti-metastatic 
effect of IKM5, we conducted western blotting analysis 
with the tumor tissue samples isolated from the respective 

treatment groups of animal. Interestingly, we noticed tre-
mendous downregulation in the protein levels of GRP78 and 
MMP-2 concomitant with substantial induction of Par-4 and 
TIMP-1 expression in tumor samples from IKM5-treated 
group of animals compared to the vehicle and KA-treated 
group (Fig. 5h, i). Collectively, these results demonstrate 
that IKM5 is an efficacious lead molecule with negligible 
toxicity and good pharmacokinetic profile; the molecule 
inhibits in vivo mammary tumor growth and lung metasta-
sis at a safe and tolerable dose of 30 mg/kg, b.w. much more 
efficiently than its parent molecule KA.

IKM5 pronounces the effects of doxorubicin 
against invasive breast cancer cells

Doxorubicin, a topoisomerase inhibitor chemotherapeu-
tic drug, is clinically used to treat early stage, locally 

Fig. 3  IKM5 regulates MMPs and EMT-related markers. a MDA-
MB-231 cells were exposed to increasing concentrations of IKM5 
for 48  h; whole-cell lysates were prepared and subjected to west-
ern blotting analysis for checking the expression of MMP-2, MMP-
9, TIMP-1, Twist1, Vimentin, and E-cadherin. The expression of 
β-actin was checked as a loading control. b Bar graph showing the 
densitometry analysis of western blots bands after normalization with 
β-actin expression. c The protein levels of PERK, ATF6, and IRE1 
were examined through western blotting using whole-cell lysates of 

MDA-MB-231 cells exposed to increasing concentrations of IKM5 
for 48  h. d Co-immunoprecipitation analysis results depicting that 
IKM5 disrupts GRP78-TIMP-1 interaction in invasive breast cancer 
cells. MDA-MB-231 cells were treated with vehicle or IKM5 for 
48 h, whole-cell lysates were prepared and subjected to immunopre-
cipitation with GRP78 and TIMP-1 antibody. The immunoprecipi-
tates and inputs were employed for western blotting analysis to check 
the expression of GRP78 and TIMP-1
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Fig. 4  IKM5 induces the expression of Par-4 and promotes its nuclear 
localization. a MDA-MB-231 cells were treated with indicated con-
centrations of IKM5 for 48 h and the whole-cell lysates were immu-
noblotted for the expression of Par-4, NF-kB, pERK, and ERK1/2. b 
MDA-MB-231 cells were treated with vehicle and IKM5 (200  nM) 
for 48  h; nuclear and cytosolic extracts were prepared according to 
the procedure described in method section and subjected to western 
blotting for the expression of Par-4. The expressions of lamin and 
β-actin were considered as loading controls for nuclear and cytosolic 
fractions respectively. c Bar graphs indicate densitometry analysis 
of the bands of Par-4 in nuclear and cytosolic fractions. (n = 3, error 
bars indicate ± s.d.). d Immunocytochemistry experiments show-
ing the expression levels/nuclear localization of Par-4 after MCF7 
and MDA-MB-231 cells were treated with IKM5 for 48 h. Original 
magnification ×20. e Immunoprecipitation analysis results depicting 

that IKM5 disrupts GRP78-TIMP-1 interaction in a Par-4-dependent 
manner. MDA-MB-231 cells were transiently transfected with scram-
ble or siPar-4 and/or treated with IKM5 for 48 h; whole-cell lysates 
were prepared and processed for immunoprecipitation with TIMP-1 
antibody. The immunoprecipitates were employed for western blot-
ting analysis to check the interaction between GRP78 and TIMP-1. 
f MDA-MB-468 cells were either transiently transfected with vector, 
GRP78 (pCMV Bip-Myc-KDEL-wt) or treated with IKM5, and/or 
GRP78 transfection plus IKM5 treatment for 48 h; whole-cell lysates 
were employed for western blotting to check the expression of GRP78 
and Par-4. Beta actin expression was considered as endogenous load-
ing control. g Bar graphs showing the relative protein expression of 
GRP78 and Par-4 as determined by densitometry analysis of the west-
ern blot bands
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advanced, and metastatic breast cancer. The drug is also 
reported to induce Par-4 and suppresses breast cancer 
invasion [31, 32]. However, there is ample evidence of 
expression of GRP78 and doxorubicin resistance in breast 
cancer; GRP78 protects cancer cells from apoptosis 
induced by topoisomerase inhibitors and helps them to 
proceed for metastasis [33–36]. Therefore, the goal of this 
study was to curtail invasion in breast cancer and improve 

doxorubicin sensitivity by inhibiting GRP78. We sought to 
determine whether IKM5 could enhance the antagonistic 
effects of doxorubicin against breast cancer cells when 
treated in combination. In order to examine our hypoth-
esis, MCF7, MDA-MB-231, and MDA-MB-468 cells 
were treated alone with either 200 nM of doxorubicin or 
IKM5 (200 nM) or combination of both the molecules in 
1:1 ratio. The results showed an increase in sensitivity of 
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doxorubicin: potentiation index (PI) value of 2.29 and 1.98 
against MCF7 and MDA-MB-468 cells respectively, when 
treated in combination with IKM5 in a colony formation 
assay (Fig.  6a). We further confirmed this combined 
effect of both the molecules through cell viability assay, 
in which we found increased potency of doxorubicin; PI 
value: 1.52 and 1.65 in MDA-MB-231 and MDA-MB-468 
cells respectively when treated in combination with IKM5 
(Fig. 6b). Further, we checked the expression profile of 
GRP78 and Par-4 by western blot analysis of whole-cell 
lysates prepared from the above treatment with each of 
the molecules alone and in combination. Figure 6c indi-
cates that the expression of GRP78 got severely attenu-
ated and almost vanished, whereas, the expression of Par-4 
enhanced robustly, when both IKM5 and doxorubicin were 
exposed in combination for 24 h compared to the cells 
treated with each of the molecules alone. Furthermore, 
densitometry analysis of western blots revealed 5.8-fold 
increase in the expression of Par-4 and 5.1-fold decrease 
in the expression of GRP78 in case of combination of both 
the molecules compared to 2.5-, 3.5-fold increase in Par-4 
and 1.8-, 2.6-fold decrease in GRP78 expression in DOXO 
and IKM5 treatment alone, respectively (Fig. 6d). These 
results collectively enumerate that IKM5 significantly aug-
mented the effects of doxorubicin in suppressing viability, 
proliferation, and invasion of breast cancer cells.

Discussion

GRP78, since its critical role in evading apoptosis, facili-
tating cancer cell proliferation, angiogenesis, tumor 
growth, and metastasis, has been emerging as a poten-
tial druggable target for the discovery of novel anticancer 
therapeutics [4–7, 15, 37]. Immunohistochemical as well 
as genome wide analysis on patient material have unveiled 
elevated levels of GRP78 in several tumors refractory to 
therapy like glioma [38], leukemia [39], prostate [40], 
and breast cancer [41]. Excess of GRP78 seems to be the 
key feature for cancer cells that unceasingly upregulate 
the UPR without, however, promoting apoptosis [42]. To 
override this GRP78 activation, our in vitro, and in vivo 
experimental approaches uncovered the detailed target 
based mechanism of action of the lead molecule-IKM5 
that effectively suppressed GRP78 signaling in regulating 
tumor growth, invasion and metastasis in breast cancer.

A handful of natural products have been reported to 
influence the expression of GRP78 in diverse cancers. For 
example, -(-) epigallocatechin-3-gallate (EGCG), a green 
tea polyphenol abrogates the GRP78 induction, thus sen-
sitizes hepatoma cells to chrysin-induced apoptosis [43]. 
Prunustatin A isolated from Streptomyces violaceoni-
ger 4521-SVS3, found to be a novel inhibitor of GRP78 
expression induced by 2-deoxyglucose in human fibro 
sarcoma (HT1080) cells without showing cytotoxicity in 
normal nutrient condition [44]. However, none of these 
inhibitors selectively exhibited their specificity towards 
GRP78 and therefore lack potency. Since indole group 
containing phytochemicals such as 3,3′-diindolylmethane 
(DIM) is known to influence ER-stress sensor GRP78 [45, 
46], our recent report demonstrated that 3,3′-bisindolyl-
methane structural scaffold containing pharmacologically 
active lead molecule (compound 7d) inhibited cell prolif-
eration, invasion, angiogenesis, and diminished the expres-
sion of prosurvival protein GRP78 [14, 15]. Keeping in 
mind, the importance of bisindolylmethane structural scaf-
fold as inhibitor of GRP78, here we replaced one indole 
component of bisindolylmethane with KA in an attempt to 
improve the efficacy, selectivity, and safety profile of our 
molecule-IKM5. Moreover, our in silico simulation and 
docking studies demonstrate IKM5 binds to the GRP78 
binding pocket more spontaneously with ΔG − 8.03 kcal/
mol and inhibition constant (Ki = 1.35  µM), which is 
almost 150 times lower than the parent KA. This reveals 
high level of specificity of IKM5 towards GRP78.

GRP78 is basically an ER-resident chaperone protein, 
also found in mitochondria, cytosol, and nucleus in a cell 
type and context dependent manner [47]. Upon mild to 
moderate ER stress, a sub-fraction of GRP78 re-local-
ize to the surface of specific cancer cells and activates 

Fig. 5  Pre-formulation, pharmacokinetic study, and in  vivo evalua-
tion of IKM5 in inhibiting tumor growth and lung metastasis. a RBC 
suspension was prepared from the fresh blood collected from male 
Balb/c mice and incubated with increasing concentrations of IKM5 
for 30  min. Hemolysis was checked, compared with PBS (positive 
control) and distilled water (DW) (negative control). The percent 
hemolysis was calculated by taking the absorbance of hemoglobin 
(supernatant after centrifugation) at 540  nm. (n = 2, error bars indi-
cate ± s.d.). b Graph showing the mean plasma concentration ver-
sus time curve of IKM5 (2.5  mg/kg/body weight) after intravenous 
administration in Balb/c mice. c Effect of vehicle (normal saline), KA 
(100  mg/kg, b.w.), and/or IKM5 (30  mg/kg, b.w.) on tumor growth 
was studied in 4T1 mouse mammary carcinoma model. d Tumor 
growth curves showing the quantification of tumor volume measured 
with the help of a Vernier caliper in regular time intervals. Error bars 
indicate ± s.d. in tumor volume. *P < 0.05, **P < 0.01. e Lungs of 
the animals were dissected carefully and observed under an inverted 
microscope for the formation of metastatic lung nodules and photo-
graphed with the help of a NIKON camera (NIKON, D3100). f Bar 
graph showing the quantification of metastatic lung nodules counted 
manually from the lungs dissected out from each animal. Error bars 
indicate ± s.d. **P < 0.01. g Bar graph showing the quantification 
of 4T1 colonies isolated from the lung suspension of animals from 
each treatment groups. Error bars indicate ± s.d. **P < 0.01. h West-
ern blotting analysis with the tumor tissue samples from vehicle, 
KA and IKM5 treated group of animals showing protein expres-
sions of GRP78, Par-4, TIMP-1, and MMP-2. Beta actin expres-
sion was considered as loading control. i Bar graph showing relative 
protein expression of the respected proteins as determined by densi-
tometry analysis of the western blot bands. Error bars indicate ± s.d. 
*P < 0.05, **P < 0.01
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oncogenic signaling forming complexes with different 
cell surface proteins [47–49]. In the present study, IKM5 
inhibits the endogenous expression of GRP78 in MDA-
MB-231, MDA-MB-468, MCF7, and BT474 cells as well 
as suppresses the activation of ER-stress sensor proteins 
such as PERK, IRE1, ATF6, as evident from our western 
blotting analysis. Additionally, IKM5 affected the mem-
brane localization of GRP78 in MCF7 cells as revealed by 
our immunocytochemistry results. Hence, it can be dem-
onstrated that IKM5 by depleting the cytosolic pool of 
GRP78 affects its membrane translocation and/or might 
be creating certain unfavorable environment for the cell 
surface localization of GRP78 to activate such oncogenic 
signaling.

The EMT process confers a gaining of invasive pheno-
type by the deemed to be aggressive cells as characterized 
by cytoskeletal changes, motility, migration, extracellular 
matrix degradation and loss of cell–cell adhesion [8]. All 
these processes also correlate with the changes in gene 
expression of certain transcription factors like: SNAIL, 
TWIST, ZEB as well as activation of Vimentin, MMPs, 
N-cadherin, and loss of E-cadherin [8]. Substantial recent 
literatures demonstrate that GRP78 is actively involved 
in favoring EMT and invasion, thus facilitating in cancer 
progression [5, 7]. Intriguingly, our lead molecule (IKM5) 
effectively halted the invasion and bFGF-stimulated cell 
scattering abilities of the breast cancer cells along with down 
modulation of mesenchymal markers such as MMP-2, MMP-
9, Twist1, Vimentin, and simultaneous upregulation of epi-
thelial markers TIMP-1 and E-cadherin (Fig. 6e). However, 
TIMP-1 has been well documented as an important negative 
regulator of MMPs. A stoichiometric balance is maintained 
between the MMPs (MMP-2, MMP-9) and their regulator 
TIMP-1; alterations in which leads to the downregulation 
of TIMP-1, upregulation of MMPs, and ultimately confers 
invasiveness in cancer cells [50, 51]. Although, TIMP-1 
contributes controversial role in metastasis/angiogenesis, 
TIMP-1 binding proteins are known regulators of metas-
tasis cascades [52]. Our co-immunoprecipitation results 

have clearly illustrated a sufficient GRP78-TIMP-1 binding 
in untreated cells, but treatment with IKM5 disrupted the 
GRP78-TIMP-1 complex formation. It could be possible that 
IKM5 could inhibit the cytosolic pool of GRP78 through 
direct binding to GRP78 and preventing its complex forma-
tion with TIMP-1. Though, there are substantial evidences 
showing the involvement of TIMP-1 in metastatic switch by 
inhibiting MMP-2 and MMP-9 [53], limiting factors could 
be the availability of substrate. The GRP78 might provide 
some conformational changes in TIMP-1 on binding to it 
and that complexed TIMP-1 might be insufficient for the 
cleavage of MMP-2 and MMP-9 to regulate metastasis. Our 
in vitro data in various aggressive breast cancer cell lines 
and data from tumor tissue samples rationally correlated the 
efficacy of IKM5 to enhance the functional redundancy of 
TIMP-1 by suppressing GRP78 from cytosol.

Prostate apoptosis response-4 (Par-4), a prominent pro-
apoptotic leucine zipper protein, lands into the nucleus 
through its effector domain (SAC domain) and induces apop-
tosis by suppressing NF-kB activity [29]. The SAC domain 
of Par-4 also binds to GRP78 independently of its carboxy-
terminal leucine zipper domain producing robust ER-stress 
response involving upregulation and trafficking of GRP78 
[29]. Hence, it seems rational that inhibition of GRP78 
might release sufficient intracellular Par-4 and facilitate its 
nuclear entry to block the NF-kB activity. Moreover, the 
IKM5-meditated tampering of GRP78-TIMP-1 complex was 
found to be Par-4-dependent. Our recent studies to under-
stand the tumor suppressor functions of Par-4 have uncov-
ered several novel approaches to modulate this vital protein 
to achieve desired therapeutic effects [21, 23, 47]. Our latest 
study in this aspect has reported that pharmacological induc-
tion of Par-4 can stimulate ALK-2/Smad-4 signaling to abro-
gate EMT and provoke mesenchymal–epithelial transition 
(MET) in aggressive pancreatic cancer cells [54]. Therefore, 
it is well documented that therapeutic modulation of tumor 
suppressor Par-4 can abolish cancer cell proliferation and 
invasion. NF-kB is well accepted to promote cell prolifera-
tion, EMT and metastasis, which is responsible for breast 
cancer progression [55]. Elevated levels of NF-kB activ-
ity are also associated with upregulation of mesenchymal 
markers like: Twist1 and Vimentin, and downregulation of 
epithelial markers like: E-cadherin [56]. Our in vitro experi-
mental results rationally correlated the efficacy of IKM5 to 
induce endogenous Par-4 (due to suppression of GRP78) and 
promote its nuclear translocation to block NF-kB activity in 
breast cancer (Fig. 6e). The in vivo studies further demon-
strated that IKM5 is an effective inhibitor of tumor growth 
and lung metastases at a safe and tolerable dose of 30 mg/kg 
body weight much more efficiently than KA. Finally, IKM5 
possesses a good pharmacokinetic profile and its suitability 
for intravenous administration suggests the molecule for its 
therapeutic development.

Table 1  Pharmacokinetic parameters of IKM5 through i.v. route of 
administration in mice

PK parameters Values

C initial  (C0) (ng/mL) 1215.67
Half life  (t1/2) (h) 0.43
Clearance (Cl) (L/h/kg) 12.31
Volume of distribution (Vd) (L/kg) 7.61
Area under curve (AUC 0-t) (ng*h/mL) 395.00
Area under curve (AUC 0-∞) (ng*h/mL) 406.31
Mean residence time (MRT) (h) 0.45
Time point considered in  t1/2 calculation 1–2 h
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Conclusions

Concisely, our study provides a novel pharmacological 
approach to abrogate GRP78-mediated mammary tumor 
growth and invasion while also enhancing the action of 
existing cytotoxic agents. Additionally, pharmacokinetic, 
pre-formulation, and in vivo studies unveil the efficient 
bio-distribution, safety as well as efficacy of IKM5 in 
inhibiting tumor growth and lung metastasis in mouse 
mammary carcinoma model. These findings necessitate 

IKM5 for its development as a potential therapeutic agent 
against metastatic breast cancer.
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Fig. 6  IKM5 enhances the effect of doxorubicin against invasive 
breast cancer cells. a Bar graph showing the number of colonies in 
MCF7 and MDA-MB-468 cells treated with either doxorubicin 
(200  nM) or IKM5 (200  nM) individually and/or combination of 
both (1:1 ratio) for 48  h (n = 3, error bars indicate ± s.d.) *P < 0.05, 
**P < 0.01. b Bar graph showing the percent cell viability in MDA-
MB-231 and MDA-MB-468 cells as determined by MTT method 
after cells were treated with above treatment conditions for 48  h 
(n = 3, error bars indicate ± s.d.) *P < 0.05, **P < 0.01. c MDA-
MB-231 cells were treated with the same above set of treatment con-
ditions for 48  h; the whole-cell lysates were prepared and checked 
for the expression of GRP78 and Par-4. d Bar graphs showing the 
densitometry analysis of the GRP78 and Par-4 western blot bands 

presented in terms of relative protein expression. (n = 3, error bars 
indicate ± s.d.). *P < 0.05, **P < 0.01. e Schematic illustration of the 
proposed mechanism of action of IKM5. IKM5, a potential anti-pro-
liferative and anti-metastatic lead molecule, binds to and inhibits the 
expression of GRP78 and its associated pro-metastatic genes (MMP-
2, MMP-9, Twist1, Vimentin etc.) regulating EMT and invasiveness 
in breast cancer, whereas, the molecule upregulates the epithelial 
markers: E-cadherin and TIMP-1. Simultaneously, IKM5 induces the 
expression of Par-4 (possibly through inhibition of GRP78) and facil-
itates its nuclear localization, thereby suppressing NF-kB-mediated 
cell proliferation and invasion. Moreover, IKM5 showed excellent 
in vivo efficacy in inhibiting tumor growth and metastasis in mouse 
mammary carcinoma model
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