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Intracellular protein–protein interactions provide a major therapeutic target for the

development of peptide-based anticancer therapeutic agents. MDM2 is the

491-residue protein encoded by the MDM2 oncogene. Being a ubiquitin-protein

ligase, MDM2 represses the transcription ability of the tumor suppressor p53 by

proteasome-mediated degradation. Under typical cellular circumstances, a sustained

p53 expression level is maintained by negative regulation of MDM2, whereas under

stress conditions, this is alleviated to increase the p53 level. Modulation of

MDM2-p53 interaction via fabrication of an MDM2-interacting peptide could be a

useful strategy to inhibit subsequent proteasomal degradation of p53 and initiation

of p53 signaling leading to the initiation of p53-mediated apoptosis of tumor cells.

Here, in this research work, a novel anticancer peptide mPNC-NLS targeting the

nucleus and the MDM2 protein (p53 negative regulator) was designed to promote

the p53 protein activity for the prevention of cancer. It induces effective apoptosis in

both A549 and U87 cells and remains non-cytotoxic to normal lung fibroblast cells

(WI38). Further, immunocytochemistry and Western blot results confirm that the

designed mPNC-NLS peptide induces the apoptotic death of lung cancer cells via

activation of p53 and p21 proteins and remarkably stifled the in vitro growth of 3D

multicellular spheroids composed of A549 cells.
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1 | INTRODUCTION

The tumor suppressor gene p53, known as the guardian of the

genome, plays a significant role in cell survival and maintenance.1,2

MDM2 is a p53-specific ubiquitin E3 ligase and thus promotes subse-

quent proteasome mediated degradation of p53. Principally, it is a

cellular stress detector that initiates cell cycle arrest, and apoptosis in

retaliation to various stresses, including DNA damage, hyper-

proliferative signals, hypoxia condition, oxidative stress, ribonucleotide

depletion, and nutrient starvation.1–4 The ordinance of multiple p53

stress responses is mediated through the MDM2 protein (human dou-

ble minute 2 gene also known as HDM2).4,5 It is recognized that

MDM2, a negative regulator of p53 protein, significantly controls the

activity of p53 protein. Downregulation of MDM2 makes p53 activated

and cancer cells undergo apoptotic death or repair.6 Therefore, disrup-

tion of p53/MDM2, protein–protein interaction (PPI), maybe a smarter

perspective for the development of targeted anticancer therapy as it

enhances the likelihood to trigger the wild-type p53 responsive genes

in malignant cells. Therefore, significant targeted drug discovery efforts

are directed toward blocking the p53-MDM2 interaction. So far variousNabanita Mukherjee and Debmalya Bhunia contributed equally.
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small molecules, metal complexes, and peptides have shown their

anticancer potential via the modulation of various intercellular

protein–protein interactions.7–15 Among them, PNC27, an MDM2

targeting peptide, exhibited its significant anticancer activity.16,17 It

exhibits anticancer activity in different cancerous cells MIA-PaCa

(human pancreatic cancer), MCF-7 (human breast cancer), A2058

(human melanoma), and Ag13145 cells (primary human fibroblasts)

cells.16 Yazdi et al. have designed the PNC27 peptide sequence

(PPLSQETFSDLWKLL) attached with membrane residency peptide

(MRP, KKWKMRRNQFWVKVQRG) to target the MDM2 protein that

existed at the cell membrane.16,17 However, this sequence is very

long and often undergoes undesired activity due to poor interaction

with the cancer cell membrane. To address this issue by increasing

its effectivity as well as selectivity, here in this work, we have tar-

geted the negative regulator of the p53 protein situated in the cell

nucleus. Our main aim is to design a short MDM2 binding peptide

attached to a nuclear localizing sequence (NLS) to target the negative

regulator of p53 protein (MDM2) located at the cell nucleus

(Scheme 1). To do this we have redesigned the PNC27 peptide by

truncation approach and designed 11 amino acids containing modi-

fied PNC peptide (mPNC: QETFSDLWKLL). Further, we have

attached a nuclear-localized motif (NLS: VQRKRQKLMP) with this

truncated PNC peptide and established our final lead peptide mPNC-

NLS (QETFSDLWKLLVQRKRQKLMP). Experimental data shows that

mPNC-NLS can successfully localize itself into the nucleus of the cell

and such rapid cellular internalization occurs via the endocytosis

pathway. With a battery of further biological and biophysical experi-

mental analysis, we have found that the designed mPNC-NLS effec-

tively binds with the nuclear MDM2 protein and induce a significant

apoptotic effect on human lung cancer cells (A549) via upregulation

of p53 and p21. Apart from this, treatment of mPNC-NLS signifi-

cantly inhibits the growth of multicellular 3D spheroid in in vitro

experimental analysis.

2 | MATERIALS AND METHODS

2.1 | Chemicals

Rink amide AM solid support along with all the required amino acids

were procured from Novabiochem in their respective Fmoc-protected

form. The coupling agent HBTU (O-benzotriazol-1-yl-N,N,N0,

N0-tetramethyluronium hexafluorophosphate) and activator base dii-

sopropylethylamine (DIPEA) were purchased from Sigma Aldrich.

Solvents like dimethylformamide (DMF), dichloromethane (DCM),

and piperidine were purchased from Fisher Scientific. Phenol,

diethyl ether, methanol, and trifluoroacetic acid (TFA) were pur-

chased from Spectrochem. Ethanedithiol (EDT) and thioanisole

were procured from Alfa-aesar. Molecular biology grade Triton

X-100 and dimethyl sulfoxide (DMSO) was brought from Himedia.

N,N0-Diisopropylcarbodiimide (DIC), 5(6)-carboxyfluorescein,

5-diphenyltetrazolium bromide (MTT), mouse double minute

2 (MDM2) protein, Dulbecco's modified Eagle's medium (DMEM),

trypsin-EDTA solution, and formaldehyde solution (molecular biology

grade) were procured from Sigma Aldrich. Fetal bovine serum (FBS)

was purchased from Gibco, and Hoechst 33258 was purchased from

Abcam. Antibiotic and antimycotic solutions were purchased from

Invitrogen. Primary antibodies corresponding to p53 (mouse monoclo-

nal, sc-393031), beta-actin (mouse monoclonal, C4: sc-47778), and

p21 (Waf1/Cip1 (12D1) rabbit mAb: 2947) were purchased from

SCHEME 1 (A) Design and fabrication of a
novel MDM2 targeting peptide mPNC-NLS
having a nuclear localizing sequence (NLS).
(B) Designed mPNC-NLS peptide targets and
binds with MDM2 protein and activates p53
protein to induce apoptotic death of human lung
carcinoma cells (A549).
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Santa Cruz Biotechnology and CST respectively. The apoptosis analy-

sis kit was purchased from Santa Cruz Biotechnology. Glass bottom

confocal dishes were purchased from Ibidi. An HPLC system

(Shimadzu) equipped with a C-18 reverse phase column was used to

purify the synthesized peptides. After HPLC purification synthesized

peptides were lyophilized in a Delvac freeze drier at �44�C. HPLC-

quality water and acetonitrile were purchased from Alfa-Aeser.

2.2 | Cell culture study

A549 (human lung carcinoma), U87 (human glioblastoma), and WI38

(human normal lung fibroblast) cells were procured from National Cen-

tre for Cell Science (NCCS) Pune, India. Cells were cultured in DMEM

culture media in combination with 10% fetal bovine serum along with

kanamycin sulfate (110 mg/L), penicillin (50 units/mL), and streptomy-

cin (50 μg/mL), using a CO2 incubator (5%) at 37�C temperature.

2.3 | Solid-phase synthesis of truncated PNC27,
nuclear-localization sequence (NLS), and mod.
PNC27-NLS peptides including their 5,6-(carboxy)
fluorescein-conjugated forms

For each peptide, 150 mg of Rink-Amide resin was weighed and

swelled overnight in 1:1 DMF-DCM solvent at 4�C temperature. To

perform coupling, each amino acid was taken in five equivalents

excess along with the equal molecular equivalent of HBTU and 0.3

(M) DIPEA in 3 mL of DMF with an applied 40-watt microwave power

for 5 min. Deprotection was performed using 20% piperidine in a

CEM microwave-assisted peptide synthesizer using 40-watt micro-

wave power for 3 min. DMF/DCM was used as a washing solvent.

Synthesized peptides were subsequently cleaved by treating with a

cleavage cocktail solution (92.5% trifluoroacetic acid (TFA), 2.5%

milliQ water, 2.5% EDT and 2.5% phenol). A cleavage solution con-

taining peptide-tethered resin was stirred for 4 h inside the hood.

Then, excess trifluoroacetic acid was evaporated from the mixture by

nitrogen flow and the remaining solution was added slowly to the ice-

cold diethyl ether and stored at �20�C temperature overnight to

ensure complete precipitation. The next day the peptide precipitation

was separated by centrifugation at 5000 rpm for 5 min at 4�C. After

lyophilization, the synthesized peptides were purified through C-18

reverse phase HPLC and molecular mass values were evaluated with

the help of MALDI-TOF spectrometry. In a similar process,

5,6-carboxyfluorescein-conjugated peptides were synthesized and

purified for further evaluation.

2.4 | Isothermal titration calorimetric
analysis study

ITC analysis with MDM2 (50 μM) and peptide mPNC-NLS (500 μM)

has been observed at 277 K using 0.1 mM PBS solution of each.6 The

resulting binding isotherm peaks shown in the upper box represent

that ligand mPNC-NLS peptide solution was administrated into the

MDM2 receptor protein solution. In the lower panels, the extent of

absorbed heat due to recurring injections of peptide solution was

plotted against the molar ratio of peptide to MDM2 protein

(Figure 1). A standard nonlinear least squares regression binding

model for one site binding has been applied to fit the data. The ITC

plots for the binding of mPNC-NLS and MDM2 protein have been

observed in the plot of power versus time explaining an endother-

mic binding. In order to carry out the control experiment (dilution),

the mPNC-NLS peptide solution of the same concentration was

administrated stepwise into the working buffer solvent. The

absorbed heat of dilution for each injection was subtracted from

the respective absorbed heat generated for MDM2 and mPNC-NLS

association to calculate the corresponding heat change for the inter-

action reaction.17,18

Corresponding ITC data obtained for the binding of mPNC-NLS

with MDM2 represents an association constant (Ka) of = (9.9

± 2.2) � 104 M�1 along with a change in enthalpy (ΔH) of = (2070

± 204) cal mol�1, with a change in entropy (ΔS) = 30 kcal/mol and

binding stoichiometry (N) = 5.9 ± 0.434. Gibbs energy change (ΔG�)

and the subsequent entropic contribution for the binding (TΔS�)

were evaluated by using the relation: equation (1): ΔG� = �RT lnKa

and equation (2): ΔG� = ΔH� � TΔS� where T is the temperature in

Kelvin and R represents the universal gas constant

(1.9872041 cal mol�1 K�1). The resultant negative Gibbs free energy

change (ΔG� = �6.4 kcal/mol) implies an overall thermodynamically

favorable binding process.

2.5 | Molecular docking study

A blind molecular docking study has been performed using AutoDock

Vina software (version 1.1.2). A grid box of dimension 66 � 60 � 50

was made centered on the receptor (PDB ID: 1YCR)19 MDM2 onco-

protein bound transactivation domain of p53 for docking with mPNC-

NLS peptide.

2.6 | Fluorescence microscopy

A549 cells were treated with 5,6-carboxyfluorescein attached mPNC

and mPNC-NLS peptides at 5-μM concentration for 6 h. After the end

of the incubation period, treated cells were visualized under an

inverted fluorescence microscope (Olympus IX83) at 40� magnifica-

tion equipped with an ANDOR iXON3 camera.

2.7 | Cell viability assay of synthesized peptides

A549 (human lung carcinoma), U87 (human glioblastoma), and WI38

(normal lung fibroblast) cells were cultured in DMEM + 10% fetal

bovine serum containing media supplemented with antibiotics and

MUKHERJEE ET AL. 3 of 11
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antimycotics. Cultured cells (A549, WI38, and U87) were plated in

96-well plates at uniform density. Cell viability screening was done

using varying (25 μM, 50 μM, 100 μM, and 200 μM) concentrations

of peptide in DMEM medium after 24-h treatment.20–22 MTT is

widely popular as a colorimetric technique where the yellow tetrazole

compound upon reduction by reductase enzymes present in viable

cells converted to insoluble purple-colored formazan while the dead

cells cannot interfere. A 1:1 DMSO/MeOH solvent was used to solu-

bilize it further. Absorbance was recorded at 550 nm. Percentage via-

bility has been calculated as [(A550 Treated Cells � A550 Background)/

(A550 Untreated Cells � A550 Background)] � 100.

2.8 | Apoptosis study

Human lung carcinoma cells: A549 (�5 � 105 cells/mL) were har-

vested in a six-well plate for 48 h. On the next day, a treatment con-

centration of 45 μM mPNC-NLS and mPNC was administrated for

24 h. Following the incubation period cells were treated with 100 μL

of binding buffer solution containing propidium iodide (PI) along with

Annexin V and incubated for an additional 15 min at 37�C. The fluo-

rescence signal of annexin V and PI were analyzed at FITC and PI

channels of the flow cytometer (BD LSRFortessa™) by employing

emission filters at 530 and 610 nm, respectively. The populations of

cells at Q1, Q2, and Q4 quadrants are considered necrotic, early, and

late apoptosis, respectively, whereas Q3 quadrant cells are reckoned

as a healthy cell population.

2.9 | Cell cycle analysis

A cell cycle analysis study has been accomplished by treatment in a

similar way. A549 cells were treated with mPNC and mPNC-NLS sep-

arately at 45 μM concentration and incubated for 1 day. On the next

day, cells were given a 45-min treatment of PI (100 μg/mL) and RNase

(10 μg/mL) at 37�C temperature. At last, the cell cycle analysis was

done by employing red channels of BD LSRFortessa™ flow cytometer

with an emission filter at 610 nm.

2.10 | Cellular uptake study by fluorescence
microscopic imaging

A549 cell suspension (500 μL) was plated on a glass bottom confocal

dish at 1 � 103 density and cultured using 10% fetal bovine serum

supplemented DMEM for 24 h. On the next day cells were washed

with 1� PBS and treated with 5 μM carboxyfluorescein conjugated

mPNC and mPNC-NLS containing serum-free colorless culture media

and incubated for 4 h. After completion of the incubation period, the

treatment containing media was discarded and cells were washed

gently with 1� PBS. To stain the nucleus, cells were further treated

with 1 μM Hoechst 33258 and incubated at 37�C for 1 h. Finally, cells

were washed with 1� PBS and treated with fresh colorless

serum-free DMEM. Live cells were imaged with an inverted fluores-

cence microscope at 40� objective (Olympus IX83) in DIC, FITC, and

DAPI channels.

F IGURE 1 mPNC-NLS interacts
with MDM2. ITC plots demonstrate the
interaction between MDM2 and
mPNC-NLS. (A) The top panel exhibits
successive titrations of the mPNC-NLS
peptide (500 μM) into the MDM2
protein (50 μM) in phosphate buffer
and the controlled heat of the peptide
solution to the buffer is also performed

(curves are offset for clarity). (B) The
bottom plot demonstrates total number
of injections considering dilution heats
against the MDM2/mPNC-NLS molar
ratio; the solid line defines the best-
fitted curves to the “one set of binding
sites” model. (C) Molecular docking
image of only MDM2-p53 protein
complex (PDB ID: 1YCR). (D) mPNC-
NLS peptide targets and binds with
MDM2 protein at its p53
transactivation domain with a binding
energy of �6.3 kcal/mol.
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2.11 | Determination of cellular uptake by flow
cytometry

In a six-well plate, A549 cells were plated at a density of 5 � 105

cells/well prior to 24 h of treatment. Next, the cells were treated with

carboxyfluorescein-conjugated mPNC and mPNC-NLS peptides at

5 μM concentration and incubated for 4 h. At the end of 4 h, cells

were washed with 1� PBS and trypsinized with 1� trypsin EDTA.

The relative extent of cellular uptake of mPNC and mPNC-NLS pep-

tides was measured by FACS (Ex-wavelength: 488 nm and Em-wavelength:

500 to 600 nm) with respect to control A549 cells having no prior

treatments.

2.12 | Cellular internalization study using FACS

The mechanism of cellular uptake of carboxyfluorescein-conjugated

mPNC and mPNC-NLS treated cells was analyzed using the earlier

reported method.21 In summary, cultured A549 cells (1 � 105) were

dislodged and replated in a serum-free colorless DMEM medium.

Next, cells were incubated separately at 37�C and 4�C for 60 min

and subsequent treatment of fluorescein-attached peptides at

5 μM concentration were employed and incubated at 37�C and

4�C for an additional 4 h. After the completion of the incubation

period, the treatment media containing cells were centrifuged and

excess fluorescein-mPNC and fluorescein-mPNC-NLS were

removed from the solution and resuspended in a colorless DMEM

culture medium with 1� trypsin and incubated for additional

15 min. Finally, cells were washed with 1� PBS and fluorescent

signal was recorded at 568 nm channels using a BD LSRFortessa™

flow cytometer.

2.13 | The effect of mPNC and mPNC-NLS
treatment on 3D multicellular spheroids

After completion of in vitro analysis, we were intrigued to check the

effect of mPNC and mPNC-NLS on tumor environment mimicking 3D

spheroid growth. To do this, we have employed a tumor-mimicking

multicellular spheroid study developed with A549 cells.23–25 Upon the

formation of the spheroids on a 2% agarose-coated surface, separate

treatments with mPNC and mPNC-NLS along with control were

applied. The volume of the spheroids for untreated (control), mPNC,

and mPNC-NLS treated ones were monitored for up to 7 days by

using a 10� (Olympus IX83) microscope objective, and images were

captured with an EMCCD camera starting from the day of treatment.

Here, we have noted a gradual enhancement of volume for the spher-

oid of the untreated group due to the high proliferation of cancer

cells, while remarkable repression of growth has been perceived for

mPNC-NLS-treated multicellular spheroids. In conclusion, the above

in vitro experiment surely explains that mPNC-NLS is a potential

MDM2-targeting peptide.

2.14 | Western blot analysis to check the p53 and
p21 expressions

To check the expression of p53 and p21 upon mPNC-NLS treatment

we have performed Western blot analysis. A549 cells were cultured

using DMEM + 10% FBS for 2 days in a humidified CO2 incubator.

Upon reaching confluency cells were dislodged from the tissue culture

flask using 2 mL 1� trypsin–EDTA followed by 2-min incubation and

gentle tapping. The cell suspension was collected with 4-mL media to

neutralize the trypsin and centrifuged at 3000 rpm for 5 min. The col-

lected pellets were then re-suspended into 6 mL fresh media and

500 μL of cell suspension was added to each well of two 6-well plates

and incubated to reach sub-confluency. After 24-h incubation period,

45 μM mPNC-NLS treatment was added to each well, after 48 h of

treatment the cells are scrapped using a sterile cell scraper. Collected

cell suspension along with the media are taken into two 15-mL Falcon

tubes and centrifuged at 300�g, 4�C for 5 min, the supernatant was

discarded. 1 mL of PBS was added to cell pellets and centrifugation

was performed two times resuspending in PBS (two times), using

300�g at 4� for 5 min; 200 μL of RIPA buffer containing 1% protease

inhibitor was added to the pellet with simultaneous vortexing fol-

lowed by 20 min incubation on ice. After the incubation, again vortex-

ing had been done. Finally, the resultant solution was centrifuged for

20 min at 20,000�g at 4�C. The supernatant was collected in a fresh

microcentrifuge tube and stored at �20�C temperature. Sodium

dodecyl sulfate (SDS) polyacrylamide gel electrophoresis (PAGE) was

performed with the isolated protein samples followed by transfer to a

0.45-μm PVDF (polyvinylidene difluoride) membrane with the help of

a blot transfer unit. 5% BSA in 1� TBST was used to block the mem-

brane for 2 h. After that, primary antibodies against p53, p21, and

β-Actin were used to incubate the membrane at 4�C overnight. To

remove backgrounds, the corresponding blot membrane was cleaned

five times with 1� TBST buffer and incubated in the dark with HRP-

conjugated anti-rabbit/anti-mouse secondary antibodies for 2 h at

room temperature. Finally, 1� TBST buffer was used to wash the

membrane five times and blots were developed by using a Luminata

Forte Western HRP substrate. The amount of protein was subse-

quently quantified by using a Bradford reagent and a standard BSA

plot. ImageJ software was used for the quantitative analyses of the

blots to check the relative expressions of the blots represented as

normalized to β-Actin.

3 | RESULTS AND DISCUSSION

At first, we synthesized QETFSDLWKLLVQRKRQKLMP (mPNC-NLS)

and modified QETFSDLWKLL (mPNC) peptide and only

VQRKRQKLMP (NLS). In this regard, it is important to mention that

nuclear localizing signals are typically short and modular and can be

added to protein/peptide sequences in a variety of ways (e.g., at the

N- or C-terminus). To create our mPNC-NLS peptide, we first trun-

cated the PNC-27 peptide at its N-terminus to obtain mPNC. Further

MUKHERJEE ET AL. 5 of 11
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to keep the MDM2 binding activity of this modified PNC peptide

(mPNC) unaffected, we decided to keep its N-terminus intact and

uncrowded by incorporating our NLS at the C-terminus position.

All these peptides (mPNC and mPNC-NLS) along with 5(6)-

carboxyfluorescein attached (F-mPNC and F-mPNC-NLS) versions

were synthesized by microwave-aided solid phase peptide synthesis

(SPPS) procedure and further purified by C-18 reverse phase HPLC

column with subsequent characterization with the aid of MALDI-TOF

mass and NMR spectroscopy (only mPNC-NLS) (Figure S1–S6). As we

know that the drug-receptor interaction plays a crucial role to unravel

the biological impact of drugs in cells as well in animal models, such as

cell proliferation, cytotoxicity, immune response, tumor metastasis,

and drug delivery.26 We were able to exhibit the potential interactions

between our designed peptide (mPNC-NLS) and targeted protein

(MDM2) through ITC experiment,27–29 which leads us to perform vari-

ous in vivo assays. Moreover, the isothermal titration calorimetric

analysis demonstrates conspicuous receptor (MDM2)-ligand (mPNC-

NLS) binding interaction upon the subtraction of heat of dilution

(association constant, Ka = (9.9 ± 2.2) � 104 M�1) (Figure 1A,B). In

addition to these, a molecular docking experiment with the designed

m-PNC-NLS peptide and MDM2 protein (PDB: 1YCR) was performed

to investigate its binding region. For this, we have chosen a p53 trans-

activation domain containing the MDM2 complex. Intriguingly, we

have found that the designed mPNC-NLS peptide binds near the

transactivation domain of p53 with a significantly higher binding

affinity (binding energy: �6.3 kcal/mol) and interferes with the

p53-MDM2 complexation (Figure 1C,D). From the literature study, it

has been found that A549 (human lung cancer) cells contain overex-

pressed MDM2 protein, thus we have chosen A549 cells for our fur-

ther cell-based in vitro studies.15–18 Next, we were curious to check

whether our modified PNC peptide (mPNC) along with its NLS-

attached analog (mPNC-NLS) possesses cell penetrating as well as

nuclear localizing aptitude or not. To check this, we have conjugated

5,6-carboxyfluorescein with mPNC and mPNC-NLS peptide, individu-

ally. A549 cells were incubated with fluorescein-conjugated mPNC-

NLS and mPNC peptide for 4 h separately. Hoechst 33258 was used

to stain the nucleus upon incubation for 1 h. Images were recorded

with the aid of inverted fluorescence microscopy in DIC, FITC

(488 nm), and DAPI (405 nm) channels respectively. Intriguingly, it has

been noted that cells treated with F-mPNC-NLS (5 μM) exhibit signifi-

cant nuclear localization whereas F-mPNC showed good cellular

uptake but was unable to localize inside the nucleus (Figure 2A–H).

Further, flow cytometry (FACS) analyses were done to scrutinize the

cellular uptake phenomenon associated with mPNC and mPNC-NLS.

FACS study reveals that at 5 μM concentration F-mPNC-NLS exhib-

ited a significant internalization which can be attributed to the NLS

sequence attached to mPNC (Figure 2I). Motivated by this observa-

tion, further we tried to inquire about the mechanistic pathways asso-

ciated with the cellular uptake process via another flow cytometry

analysis. To do this, two sets of cultured A549 cells were treated with

F-mPNC-NLS peptide at 5 μM concentration and incubated sepa-

rately at 37�C and 4�C for 1 h. Interestingly, FACS experimental

results showed a higher uptake of F-mPNC-NLS into the A549 cells

incubated at 37�C compared with 4�C. This result indicates that cellu-

lar uptake of F-mPNC-NLS proceeds mostly through the endocytosis

pathway (Figure 3A). After performing a successful nuclear localization

assay, we studied cell viability assay for both mPNC-NLS and mPNC

peptides. In order to do this, treatments up to 200 μM concentrations

for 24 h were employed on A549 cells. Interestingly, it has been

observed that cells treated with mPNC-NLS exhibited effectively

higher cytotoxicity [IC50mPNC-NLS = 44.9 μM] compared with the cells

treated with mPNC (IC50mPNC = 81.5 μM) (Figure 3B). Additionally,

we have performed a cell viability assay with another MDM2 positive

cell line (U87 cells; glioblastoma) where we perceived that alike

A549 cells mPNC-NLS showed higher cytotoxicity (IC50mPNC-

NLS = 56.9 μM) compared with mPNC peptide (IC50mPNC = 85.9 μM)

treatment (Figure S7). The cytotoxicity assay (A549 cells) demon-

strated that the IC50 value of our designed mPNC-NLS peptide is

45 μM while the determined Kd value found in ITC experiment

is 10 μM. However, it is important to mention that this distinction

may arise due to the influx kinetics of peptides into the cell mem-

brane, interaction of peptide with Pgp “housekeeping” proteins, pep-

tide aggregation nature, and uptake of peptide drugs into the whole

cells. As upon treatment with mPNC-NLS human lung carcinoma cells,

that is, A549 exhibited significant cytotoxicity (IC50 = 44.9 μM) com-

pared with glioblastoma cells, that is, U87 (IC50 = 56.9 μM), we have

selected A549 cells for further future studies. Because mPNC-NLS

interacts with the negative regulator of p53 protein (MDM2) and

enhances the activity of p53, we were curious to check whether cell

morphology and viability of the cells get affected by mPNC-NLS or

not. The DIC image of A549 cells revealed a shrunken cellular

morphology after 24-h treatment of 45-μM mPNC-NLS peptide treat-

ment compared with the untreated cells, which indicates that mPNC-

NLS promotes cytotoxicity probably via activation of apoptosis

inducer p53 protein (Figures 3C and S8). A simultaneous LIVE/DEAD

viability assay was performed with calcein AM and propidium iodide

to check the effect of mPNC-NLS on cultured A549 cells. Upon cellu-

lar internalization, Calcein AM gets converted to green fluorescent

dye calcein, which is an effective indicator of the viable cell whereas

PI can only be internalized through a compromised cell membrane and

exhibits its red fluorescence upon intercalating with DNA. The fluo-

rescence microscopic images of the mPNC-NLS (45 μM) treated cells

exhibit a significantly higher amount of red fluorescent PI stained

cells along with fewer green fluorescent calcein positive cells as com-

pared with the control, which further substantializes our earlier MTT

result (Figure S9). Interestingly, it has been observed that mPNC-NLS

peptide remained non-cytotoxic toward the normal lung fibroblast

cells (WI38 cells) even up to 200-μM treatment of mPNC-NLS for

24 h (Figures 3D and S9(d)). These in sum indicate that due to the lack

of membrane-residing MDM2 protein expression, mPNC attached to

NLS was unable to bind at its target site (MDM2 protein). Being

assured of the cytotoxic nature of mPNC-NLS in MDM2 positive cells,

we have performed the cell cycle assay upon treatment with mPNC-

NLS (45 μM) via flow cytometric analysis using PI to stain DNA quan-

titatively. From the FACS data, we have concluded that

mPNC-NLS effectuates cell cycle arrest at the G2/M phase followed
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by apoptotic cell death (Figure 4A–D). Further ratification of cellular

response was confirmed by flow cytometric (FACS) analysis with the

help of Annexin V/PI in A549 cells. From the quantified experimental

data of cell death, we concluded a significantly higher cell population

at simultaneous early and late phases of apoptosis, suggesting the

initiation of apoptotic cell death upon treatment of mPNC-NLS

(Figure 5A–D). After that, we demonstrated the subsequent elevation

of the expression of p53 and p21 proteins using both immunocyto-

chemistry and Western blot analysis. The observed merged color

(Pink alike) raised from the cell nucleus indicates the activation of p53

as well as p21 protein after treatment with mPNC-NLS (45 μm).

Intriguingly this expression was found to be higher in mPNC-

NLS-treated A549 cells compared with untreated cells after 24 h

(Figures S10 and S11). A similar observation was reflected in the pro-

tein immunoblot assay where an increased expression of both p53

and p21 proteins are apparent in mPNC-NLS treated cells as com-

pared with control (Figure S12). Finally, we have validated the effect

of mPNC-NLS on tumor-impersonating multicellular 3D spheroid

formed of A549 cells.14,15,20 Stem cell-like multicellular 3D (spheroids)

cells were cultured on a 35 mm glass bottom confocal dish previously

coated with 1% agarose. Initially, the tumor penetration ability of

mPNC-NLS has been studied using 3D spheroid of A549 cells. 3D

spheroids formed from A549 cells were treated with F-mPNC-NLS

and to counterstain the nucleus Hoechst 33258 was used. Fluores-

cence microscopic images reveal a uniform penetration and distribu-

tion of F-mPNC-NLS all around the spheroid along with the core

region of it too (Figure 6A–D). It indicates that F-mPNC-NLS (5 μM)

can invade both 2D monolayer cells as well as the 3D spheroid of

A549 cells significantly. The significant spheroid penetration ability

of F-mPNC-NLS motivated us to study its effect on 3D spheroid

F IGURE 2 Cellular uptake of fluorescein-tagged peptides. Microscopic images were recorded in DIC mode, FITC (488 nm), and DAPI
(405 nm) channels. Extreme right images are merged images of 405 nm and 488 nm. A merged image of F-mPNC-NLS (5 μM) indicates significant
nuclear co-localization while F-mPNC exhibits good cellular uptake (A–H). Scale bars correlated to 20 μm. (I) The flow cytometric analysis explains
the higher uptake of mPNC- NLS compared with mPNC (5 μM) after treatment with A549 cells for 4 h at 37�C.
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F IGURE 4 Comparative cell cycle study performed in mPNC-NLS and mPNC peptide indicating higher amount cell arrest undergoes at G2/M
phase (A–D). Results were demonstrated as mean ± SD. In all cases, *p < 0.05 was considered an indicator of a significant difference. The asterisk
denotes statistically significant differences between indicated classes: ns p > 0.05, ***p < 0.001, ****p < 0.0001.

F IGURE 3 (A) mPNC-NLS uptake undergoes through endocytosis pathway, (B) cell viability study indicates that mPNC-NLS exhibited higher
cytotoxicity compared with mPNC and NLS along, (C) DIC image of A549 cells indicate that mPNC-NLS treatment (45 μM) affects the cell
morphology and kills the A549 cells significantly whereas it does not affect (D) normal fibroblast (WI38) cells. The scale bar corresponds to
20 μm.
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F IGURE 5 Comparative apoptosis study performed in mPNC-NLS and mPNC peptide indicating higher amount apoptotic cell death (early
and late) compared with mPNC at 45-μM concentration (A–D). Results were demonstrated as mean ± SD. In all cases, *p < 0.05 was considered
an indicator of a significant difference. The asterisk denotes statistically significant differences between indicated classes: ns p > 0.05,
***p < 0.001, ****p < 0.0001.

F IGURE 6 Ingression of
F-mPNC-NLS treatment inside the
spheroids formed by A549 cells
observed in DIC image (A), Hoechst
33258 (B), F-mPNC-NLS (C), and
merged image (D). Comparative
spheroid growth inhibition study of
untreated (E–G), mPNC (H–J),
mPNC-NLS (K–M) treated cells up to
7 days. Scale bars correspond to
100 μm. Graphical representation
exhibits a significant inhibition of
tumor spheroid growth after

treatment of mPNC-NLS compared
with untreated and mPNC (N).
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growth upon treatment. A tumor-mimicking spheroid growth inhibi-

tion analysis has been performed following the earlier reported

method.20,21 At the end of 5 days of spheroid growth, all the spher-

oids were treated with 45 μM of mPNC-NLS. Both untreated and

mPNC-NLS-treated spheroid growth was monitored using an inverted

microscope with a Z stack feature. The dimension of the spheroid was

monitored and quantified for up to 7 days, from the day of the treat-

ment. From the quantitative evaluation as well as microscopic images

we observed a significant enhancement of tumor spheroids of the

untreated group, while effective growth inhibition was reflected from

mPNC-NLS treated spheroid (Figure 6E–N). It is interesting to con-

clude that this MDM2-targeted mPNC-NLS peptide can impart a

marked tumor spheroid growth inhibitory effect for up to 7 days.

4 | CONCLUSION

Attenuation of MDM2-p53 protein–protein interaction is an effective

way to trigger the induction of p53 mediated apoptosis pathway in

tumor cells. In this regard, peptide-based anticancer therapeutics are

quite effective due to their higher selectivity and significant biocom-

patibility. In this research work, we have rationally designed and

developed a novel peptide containing both nuclear localizing

and MDM2 binding counterpart that targets the nuclear MDM2 pro-

tein, effectively activates the p53 protein, and exhibits effective toxic-

ity (IC50 = 45 μM) toward the A549 and U87 cancer cells. By flow

cytometry and fluorescence microscopic images, we have further

established that this synthesized multi-domain mPNC-NLS peptide

undergoes rapid cellular internalization via endocytic pathways and

subsequently localizes inside the nucleus. Intriguingly, the designed

mPNC-NLS peptide remains non-cytotoxic to MDM2-negative normal

cells (WI38) which further materializes its future in vivo therapeutic

prospect. Further molecular docking analysis, isothermal calorimetry

results, substantiate the fact that mPNC-NLS has a significant binding

affinity toward the MDM2 protein. Immunocytochemistry, as well as

immunoblotting analysis results, show that mPNC-NLS induces apo-

ptotic death of lung cancer cells by activation of p53 and p21 proteins

and remarkably stifled the in vitro growth of 3D spheroids composed

of A549 cells. In conclusion, our results suggest mPNC-NLS

peptide-mediated increase in p53 activity via disruption of MDM2/

p53 interaction may have better future therapeutic application for the

treatment of the MDM2 overexpressing cancer cells.

5 | ASSOCIATED CONTENT

Supporting Information contains HPLC-chromatogram and mass

spectrum of mPNC-NLS, 1H NMR of mPNC-NLS peptide, HPLC-

chromatogram and mass spectrum of mPNC, HPLC-chromatogram

and mass spectrum of fluorescein attached mPNC-NLS, HPLC-

chromatogram and mass spectrum of fluorescein attached mPNC,

HPLC-chromatogram and MALDI mass spectrum of nuclear localiz-

ing sequence (NLS), comparative cell viability study (mPNC-NLS,

mPNC and NLS) performed in glioblastoma (U87) cells up to

100 μM concentration for 24 comparative cell morphology study

performed in A549 cells, fluorescence microscopic images of LIVE/

DEAD analysis in A549 cells upon treatment with mPNC-NLS, fluo-

rescence microscopic images revealing the activation of p53 protein

in A549 cells upon treatment with mPNC-NLS, fluorescence micro-

scopic images reveal the activation of p21 protein in A549 cells

upon treatment with mPNC-NLS, Western blot expression of p53

and p21 protein in A549 cells upon treatment with mPNC-NLS as

compared with control, quantitative calculation for the relative

expressions of p53 and p21.
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