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A B S T R A C T   

The mutant p53Y220C (mutp53Y220C) is frequently observed in numerous tumors, including pancreatic cancer. 
The mutation creates a crevice in the DNA binding core domain and makes p53 a thermally unstable non- 
functional protein that assists tumor progression and confers resistance to chemotherapeutic drugs. Restoring 
mutp53 function to its wild type by selectively targeting this crevice with small molecules is a pivotal strategy to 
promote apoptosis. In this study, we have shown through different biophysical and cell-based studies that cur
cumin binds and rescues mutp53Y220C to an active wild-type conformation and restores its apoptotic tran
scription function in BxPC-3-pancreatic cancer cells. In addition, the curcumin-rescued-p53Y220C (CRp53) 
showed significant hyperphosphorylation at Ser15, Ser20, and acetylation at Lys382 with an 8-fold increase in 
transcription activity in the BxPC-3 cell lines. We also observed that the active CRp53 escapes Mdm2-mediated 
proteasomal degradation and the majority of the proteins were localized inside the nucleus with an increased 
half-life and transcription restoration compared to untreated BxPC-3 cells. By label-free proteomics analysis, we 
observed that upon curcumin treatment almost 227 proteins were dysregulated with the majority of them being 
transcriptional targets of p53. Based on our studies, it reflects that apoptosis in pancreatic cancer cells is 
mediated by curcumin-rescued mutant p53Y220C.   

1. Introduction 

The p53 tumor suppressor protein is the master regulator of down
stream effector genes involved in cell cycle arrest, senescence, and 
apoptosis to prevent cell proliferation and cancer development [1–3]. 
Specific kinases like ATM/ATR, Chk1, Chk2, CK, HIPK2, etc,. activate 
p53 to perform the tumor suppressor activity in cancer cells [2,4]. To 
date, ten different phosphorylation sites Ser15, Ser20, Ser33, Ser46, 
Ser366, Ser392, Thr18, Thr304, Thr377, and Thr387 have been detected 
in different cancer lines to induce p53-mediated apoptosis [2,5]. More 
importantly, many cancer therapies rely on p53-mediated apoptosis to 
suppress tumor development after the generation of cellular stimulus 
induced by drugs [6,7]. Furthermore, the efficacy of widely used 
chemotherapeutic drug-like 5-fluorouracil also partly depends on the 
p53-mediated apoptosis and cell growth arrest in various cancers like 

breast cancer, pancreatic cancer, colorectal cancer, and other solid tu
mors [8–10]. But in the majority of human cancers, alteration in p53 by 
a missense mutation in the DNA-binding domain (DBD) results in loss of 
its ability to bind target gene promoter site and exhibit tumor suppressor 
activity. Moreover, loss of transcription activity leads to invasion, 
metastasis, and poor prognosis in many cancers like pancreatic cancer 
[11,12], astrocytoma [13], lung cancer [14], and breast cancer [15,16]. 
In some cases, missense mutations in p53 make cancer cells resistant to 
chemo drugs leading to relapse of the tumor [17–19]. Current clinical 
strategies are to reintroduce p53 in tumors [20–22] or to restore the 
mutant p53 transcription function by molecular chaperones or small 
molecule drugs to activate downstream anticancer signalling pathway 
genes [23–25]. The p53Y220C is one of the high frequent p53 mutants 
found in >100,000 cancer cases reported every year [26–28]. The mu
tation of Tyr to Cys in the DNA binding domain leads to the formation of 
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a shallow cavity between S3/S4 and S7/S8 loops with a global change in 
the overall stability of the protein. The p53Y220C is known as a 
temperature-sensitive mutant as it destabilizes at physiological condi
tions to form aggregates [29]. The thermal stability of the protein is 
decreased by 4.2 kcal/mol resulting in the loss of its ability to bind 
promoter and perform tumor suppressor activity [30]. The mutation- 
induced crevice is far from the DNA recognizing region of the protein 
making it an ideal druggable cavity to design small chaperone molecules 
to increase its thermal stability and rescue its transcription function. 
Hence, the hunt for effective ligands to restore p53Y220C mutant 
function is very much alive. Many synthetic compounds such as sulfo
nylpyrimidines, phikan083, MB725, PK5174, PK5196, PK7088, and 
natural ligands like ashwagandha derived withanolides were also re
ported to bind and stabilize the p53Y220C mutant [31–38]. However, 
some of these drugs are coupled with several adverse effects like higher 
cellular toxicity or the inability to completely activate mutant p53 to 
function-like wild type [39,40]. In this study, we show that curcumin 
could stabilize mutant p53Y220C and restore its transcription function 
to initiate downstream intrinsic and extrinsic apoptotic signalling 
pathways in BxPC-3 cell lines using label-free proteomics and cell-line- 
based assays. This is the first report of post-translational modifications 
analysis of mutant p53Y220C before and after drug treatment to 
establish that the curcumin-rescued p53Y220C (CRp53) is functionally 
active. We also propose a possible mechanism by which CRp53 activates 
apoptotic pathways in the human pancreatic cancer cell line. We thus 
provide the first line of evidence that curcumin can be used as combi
natorial therapy for the treatment of cancers harboring p53Y220C 
mutation. 

2. Materials and methods 

2.1. Antibodies from cell signalling technology 

Cleaved caspase-3 rabbit mAb (9664), caspase-3 rabbit mAb 
(14220), PARP antibody (9542) rabbit mAb, cleaved PARP rabbit mAb 
(5625), caspase-7 (12827) rabbit mAb, cleaved caspase-7 (8438) rabbit 
mAb, p53 (7f5) (2527) rabbit mAb, P-p53 Ser20 (9287) rabbit mAb, P- 
p53 Ser392 (9281) rabbit mAb, P-p53 Ser46 (2521) rabbit mAb, P-p53 
Ser15 (9284) rabbit mAb, P-p53 Ser9 (9288) rabbit mAb, acetyl-p53 
Lys379/382 (2525) rabbit mAb, P-p53 Ser33 (2526) rabbit mAb, anti- 
IgG HRP linked antibody (7074). 

2.2. Other antibodies 

Bax, Abkine (ABP55948) rabbit mAb, Bcl-2, Abkine (ABP56021) 
rabbit mAb, ATR rabbit mAb (Abclonal A7247), Chk1 rabbit mAb 
(Abclonal A4194), ATM mAb (Abclonal AP19650), Chk2 rabbit mAb 
(Abclonal A19543), P-Chk2 Ser6 rabbit mAb (Abclonal AP0676); human 
Mdm2 rabbit pAb (Abclonal A13327); GAPDH rabbit mAb (Abclonal 
A19056). 

2.3. CD spectroscopy 

The Far-UV spectra (200-250 nm) of full-length p53Y220C and wild- 
type p53 were monitored using a JASCO J-1500 CD spectrophotometer 
using a quartz cuvette of 0.1 cm path length. The CD spectra were taken 
in duplicates both in the presence and absence of curcumin for 
p53Y220C FL. A ratio of 1:1 was used to measure the spectra of 
p53Y220C FL with curcumin (Sigma Aldrich PCode: 1002542749) [36]. 
An average of two CD spectra were used to plot the graph using Sig
maPlot 14.0 (n = 2). 

2.4. Bio-layer interferometry (BLI) 

The BLI experiment was performed using the OCTET RED R8 system 
(Sartorius). At first, the biotinylated p53 antibody (DO7) was 

immobilized/loaded on SAX (high precision streptavidin sensor) for 
600 s at 700 rpm. The antibody-loaded sensor was then washed with PBS 
for the 60 s and then baselined in assay buffer for 60 s at 700 rpm. Then, 
the BxPC-3 cell lysate was used for enriching the p53Y220C on the p53 
antibody-bound sensor for 8 h at 15 ◦C at 700 rpm followed by washing 
in PBS of pH 7.5, 5.5, and 3.5, respectively, for removing the nonspecific 
proteins for 60 s, 180 s and 180 s, respectively, at 700 rpm. The 
enrichment was also conducted on a reference sensor without any 
antibody. After the p53 enrichment, the same sensors were used for 
curcumin binding affinity estimation by using different curcumin con
centrations in PBS pH 7.5, (0, 0.195, 0.39, 0.78, 1.56, 3.125, 6.25, 12.5, 
25, 50 μM). For this kinetic experiment for each concentration, first, the 
baseline of 60 s was taken in the PBS followed by the association set up 
for 200 s for the different curcumin concentrations followed by the 
dissociation in the PBS for the same time interval with 1000 rpm 
[40–43]. The experiment was performed thrice, and the results were 
analyzed using BLI analysis studio 12.2.0.20, and Kd was calculated after 
subtracting the reference values, followed by aligning data to the 
average baseline step on Y-axis, and aligning inter-step correlation to the 
baseline step and using the Savitsky-Golay Filtering (n = 3). The same 
experiment was done on the Bewo cell line lysate having p53 wt, as the 
control using the Sartorius Octet R8. 

2.5. Cell culture 

The BxPC-3 (human p53Y220C pancreatic cell line) cells were pur
chased from ATCC (Manassas, VA, USA). Cells were frozen at − 174 ◦C in 
LN2 container in multiple vials and cultured for <15 doubling the 
population for the present study. RPMI-1640 Media (Gibco, Thermo 
Fisher Scientific) with 10 % fetal bovine serum (South American Origin, 
Gibco) and 1 % antibiotic-antimycotic (100×) (Gibco) were used for 
culturing. Cells were stored at 37 ◦C and maintained in Thermoscientific 
humified incubator with 5 % CO2 (LEGENDRE, SOOKDEO, and FOSTER 
2014). 1× Trypsin 0.25 % and 0.2 % EDTA (in Dulbecco's phosphate- 
buffered saline (Himedia)) were used for cell dissociation during cell 
passaging. 

2.6. Cell cytotoxicity assay 

The cytotoxicity of natural compound curcumin in BxPC-3 
p53Y220C genomic mutant cell lines was measured using an MTT 
assay at different time intervals (6, 8, 10, 12, 14, 16, 24, 48, 72 h) with 
the same protocol as described in our previous study [36]. All the data 
were represented as median ± standard error of the mean (n = 4). 

2.7. Luciferase reporter assay 

The pGL-3 plasmids containing full-length Mdm2 and p21 promoters 
purchased from AddGene, MA USA were transfected into the BxPC-3 
cells using the Lipofectamine 2000 (Invitrogen, Carlsbad CA, USA). 
After 32 h of transfection, the cells were treated with 3 and 8 μM of 
curcumin for 16 h, and then the Luciferase activity was detected using 
the Dual-Luciferase® Reporter Assay System (Promega, WI, USA) 
following the manufacturer's protocol. For the assay, the transfection 
control (No vector), and curcumin control were also used. And the graph 
was plotted in GraphPad Prism 8 using the relative fold change (lumi
nescence intensity of the test for the transfection control). All the data 
were represented as median ± standard error of the mean (n = 2). 

2.8. ELISA 

The BxPC-3 cells were treated with 3, and 8 μM of curcumin for 24 h 
and then lysed with RIPA lysis buffer along with 1× protease inhibitor 
cocktail on ice and then centrifuged at 13,000 rpm for 15 min at 4 ◦C. 
Total protein of 30 μg quantified using Bradford reagent was used for 
ELISA. The p21 and Mdm2 ELISA kits (Real gene) were used following 
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the manufacturer's protocol. The ELISA was performed four times and 
the graph was plotted using GraphPad Prism 8. All the data were rep
resented as median ± standard error of the mean (n = 4). 

2.9. Caspase-3 activity assay 

The caspase-3 activity was estimated for BxPC-3 cell lysates in the 
presence and absence of 3 and 8 μM curcumin (24 h incubation). The 
experiment was performed in 3 replicates using the same protocol 
described in our previous studies [36]. All the data were represented as 
median ± standard error of the mean (n = 3). 

2.10. Immunofluorescence 

The immunofluorescence studies were conducted for BxPC-3 cells in 
the presence and absence of 3 and 8 μM curcumin after 24 h treatment. 
The immunofluorescence was performed using the same protocol as 
reported in our previous study [36]. The images were taken at 20×
magnification using the Nikon DS-Qi2. The total number of cells with 
enhanced nuclear signal was counted along with the total number of 
cells. 

2.11. Annexin V and PI by flow cytometry 

The apoptotic population of the BxPC-3 cells after 8 μM of curcumin 
treatment for 24 h was measured using the Alexa fluor 488 conjugated 
Annexin V and PI apoptosis assay kit (Invitrogen) following manufac
turer protocol. The data was acquired by BD LSR II (USA) and analyzed 
using Flowjo-10 (TreeStar, USA) software (n = 3). 

2.12. Cytotoxicity in the presence of Pifithrin α 

The MTT assay was performed using the above same protocol at 3, 8 
and 10 μM curcumin concentrations along with different Pifithrin α 
(Sigma Aldrich) concentrations (10,15 and 20 μM) [44,45]. The exper
iment was conducted in 8 replicates. The data was analyzed using Sig
maplot 10 and all the data were represented as median ± standard error 
of the mean (n = 8). 

2.13. Cytotoxicity in the presence of Nutlin-3a 

The MTT assay was performed using the above same protocol at 3, 8 
and 10 μM curcumin concentrations along with different Nutlin-3a 
(Sigma Aldrich) concentrations (5, 10 and 15 μM) [35,44]. The experi
ment was conducted in 8 replicates. The data was analyzed using Sig
maplot 10 and all the data were represented as median ± standard error 
of the mean (n = 8). 

2.14. Immunoblotting 

The BxPC-3 cells were cultured and treated with 3 and 8 μM of 
curcumin for 24 h and then further lysed using the RIPA lysis buffer, 
containing both 1× phosphatase and protease inhibitor cocktail 
(Promega and Abcam). The lysate was centrifuged for 15 min at 13,000 
rpm at 4 ◦C. The protein supernatant was then quantified using the 
Bradford assay (Biorad). A 30 μg of the cell lysate resolved using 12 % 
SDS-PAGE was transferred to methanol charged PVDF (polyvinylidene 
difluoride) membrane (Biorad). The membrane was initially blocked 
with 5 % BSA overnight, followed by incubation with primary antibody 
for 12 h at 4 ◦C. After three TBST washes for 5 min, the blot was incu
bated with HRP conjugated anti-rabbit IgG for 2 h. The blots were then 
washed with TBST thrice, followed by the development with the ECL 
(enhanced chemiluminescence reaction). The blots were then visualized 
on the Azure C-400 gel documentation system using the FITC fluores
cence filter. All the blots were repeated twice (n = 2). The image 
densitometry quantification was performed using ImageJ software and 

the densitometry plots were made using Sigmaplot 10. 

2.15. Sample preparation for whole-cell proteomics 

2 × 106 BxPC-3 cells were seeded in T-75 flasks in 15 mL of complete 
RPMI-1640 media and incubated with 5 % CO2 till the confluency 
reached 60–70 %, followed by treatment of 3 and 8 μM of curcumin for 
24 h. Then the cells were harvested using 0.25 % Trypsin and 0.2 % 
EDTA. The cells were pelleted and stored at − 80 ◦C. 

2.16. Two-dimensional gel electrophoresis and analysis of gel images 

A 2-dimensional (2D) gel electrophoresis was performed for 3 and 8 
μM curcumin-treated BxPC-3 cells for 24 h. A total protein of 80 μg was 
mixed with the rehydration buffer containing 7 M urea, 2 M thiourea, 2 
% CHAPS with 0.2 % ampholyte, and 40 mM DTT (dithiothreitol). The 
IEF (isoelectric focusing) was performed by Protein IEF Cell (Bio-Rad, 
Hercules, CA, USA) using the manufacturer's protocol. The samples were 
initially separated in the 1st-dimension using 7 cm immobilized pH 
gradient (IPG) strips of pH 4–7 (Bio-Rad, Hercules, CA, USA). The cycle 
used for IEF was 200 V for 1 h followed by 500 V for 1 h, the next 1 h for 
1000 V and the final treatment for 5 h at 8000 V with a total of 13,000 
VH. The IPG strips were equilibrated with a buffer containing 50 mM 
Tris-HCl (pH - 8.8), 6 M urea, 4 % (w/v) SDS, 20 % (w/v) glycerol, 10 
mg/mL DTT and 40 mg/mL iodoacetamide (Sigma-Aldrich, St. Louis, 
MO, USA) for 20 min. The protein samples were then subjected to a 2nd 

dimension using the SDS-PAGE (15 and 5 % gel system). The gels were 
then silver stained and captured using the Azure C-400 Gel documen
tation system (n = 3). 

2.17. Sample preparation for LFQ (label-free quantification) 

The cell pellets were washed thrice with 1× TBS (Tris saline) fol
lowed by the addition of the protease inhibitor (Roche). The pellets were 
resuspended and vortexed after the addition of hot boiling GN buffer (6 
M guanidium HCl and 0.1 M Tris pH 8.5), followed by the incubation of 
5 min at 100 ◦C. The samples were then kept in ice and subjected to 
sonication for 3 min (1 s pulse and 1 s rest) for the breakdown of nucleic 
acids and solubilization of the membrane proteins. The samples were 
further centrifuged at 10,000 rpm for 5 min for the complete lysis. The 
clear supernatant was taken in a fresh tube and the protein was quan
tified using the Bradford to take an equal amount from each sample for 
the in-digestion protocol. 25 μL of BxPC-3 cell lysate were taken and 
then reduced with 5 mM TCEP and further subjected to alkylation with 
50 mM iodoacetamide followed by Trypsin digestion (1:50, Trypsin/ 
lysate ratio) for 16 h at 37 ◦C. The salt from the BxPC-3 whole cell lysate 
digests was removed using the C18 silica cartridge and then the digests 
were dried using the speed vac. The dried pellet was resuspended in 
buffer A (5 % acetonitrile, 0.1 % formic acid). 

2.18. Mass spectrometric analysis of peptide mixtures 

All the experiments were performed using EASY-nLC 1000 system 
(Thermo Fisher Scientific) coupled to Thermo Fisher-QExactive equip
ped with a nanoelectrospray ion source. The peptide mixture of 1 μg 
concentration was resolved using a 15 cm PicoFrit column (360 μm 
outer diameter, 75 μm inner diameter, 10 μm tip) filled with 2 μm of 
C18-resin (Dr. Maeisch, Germany). The peptides were loaded with buffer 
A and then eluted with a 0–40 % gradient of buffer B (95 % acetonitrile, 
0.1 % formic acid) at a flow rate of 300 nL/min for 100 min. MS data 
were acquired using a data-dependent top 10 method dynamically 
choosing the most abundant precursor ions from the survey scan. 

2.19. Data processing 

All samples were processed, and RAW files generated were analyzed 
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with Proteome Discoverer (v2.2) against the Uniprot HUMAN reference 
proteome database. For the Sequest search, the precursor and fragment 
mass tolerances were set at 10 ppm and 0.5 Da, respectively. The pro
tease used to generate peptides, i.e., enzyme specificity was set for 
Trypsin/P (cleavage at the C terminus of “K/R”: unless followed by “P”) 
along with a maximum missed cleavages value of two. Carbamido
methyl on cysteine as fixed modification and oxidation of methionine 
and N-terminal acetylation were considered as variable modifications 
for database search. Both peptide spectrum match and protein false 
discovery rate were set to 0.01 FDR. The protein FDR confidence com
bined was set to be high, and only master proteins were selected. Also, 
the unique peptide was set to ≥2, followed by the selection of only those 
proteins with false contamination status. As the experiment was done in 
4 replicates, the proteins whose abundance was high in at least 3 rep
licates were selected and then analyzed using Panther pathways as well 
as Cytoscape using the .tsv files of the string database of 0.700 confi
dence values, followed by the fetching of the FI annotations and cate
gorizing the proteins based on their different pathways. The 
dysregulated proteins were searched as p53 targets using the hTFtarget 
server [46]. The mass spectrometry proteomics data have been depos
ited to the ProteomeXchange Consortium through the PRIDE [47] 

partner repository with the dataset identifier “PXD030802”. 

2.20. Statistics 

One-way ANOVA is used for luciferase reporter assay, caspase-3 
activity assay, ELISA experiments, Pifithrin α and Nutlin-3a experi
ments and the SD is calculated wherever applicable. 

2.21. Data availability 

The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium through the PRIDE partner repository 
with the dataset identifier “PXD030802”. The other experimental data 
sets are available from the corresponding author on reasonable request. 

3. Results 

3.1. Restoration of full length mutant p53Y220C conformation by 
curcumin 

The CD spectra of full-length mutant p53Y220C showed that the 

Fig. 1. In vitro and in vivo curcumin binding with p53 wt and mutant p53Y220C. (a) The Far-UV CD spectra of p53 wt (red), p53Y220C in the absence (blue) and 
presence (green) of curcumin in 1:1 ratio (n = 2). (b) Bio-layer interferometry analysis of curcumin binding with p53 wt and p53Y220C: The figure represents 
experimental visualization of the workflow used in the BLI. The p53 Biotinylated antibody was enriched using SAX biosensor and proteins p53 wt/p53Y220C were 
enriched from the Bewo/BxPC-3 cell lysate respectively. The binding affinity of curcumin with p53Y220C from BxPC-3 cells was found to be 17 ± 5 μM (n = 3). (c) 
Cytotoxicity of curcumin on BxPC-3 cell lines was measured at different concentrations (0–10 μM) and different time intervals (6 to 72 h) (n = 4). (d) Luciferase 
reporter assay to measure transcription activity of p53Y220C in the absence and presence of 3 and 8 μM curcumin using (i) p21 and (ii) Mdm2 promoter (n = 2) (P ≤
0.0001, P ≤ 0.05). (e) Represents the protein concentration of (i) p21 and (ii) Mdm2 measured using ELISA before and after 3 and 8 μM curcumin treatment in the 
BxPC-3 cell line (n = 4) (P ≤ 0.01; P ≤ 0.001). (iii) Caspase-3 activity assay before and after 3 and 8 μM curcumin treatment in the BxPC-3 cell line (n = 3) (P ≤ 0.05). 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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protein has less ordered α-helices compared to the wild type (Fig. 1a). An 
increase in negative ellipticity at 208 nm was observed upon the addi
tion of curcumin (ratio 1:1) due to π to π⁕ transitions indicating the 
stability of the protein like wild-type (Fig. 1a). The study indicates that 
the curcumin restores the secondary structure of p53Y220C. 

3.2. Curcumin binds to cellular mutant p53Y220C 

The kinetic measurements using label-free optical biosensors showed 
that the curcumin binds to mutant p53Y220C with dissociation constant 
Kd = 17 ± 5 μM (Chi2 = 0.0133 and R2 = 0.9597) (Figs. 1b, S1a). Sur
prisingly, no binding was observed for p53 wt (Bewo placental cell line), 
and the experiments were repeated thrice (Fig. S1a). The study shows 
that curcumin binds to the crevice in mutant protein due to the substi
tution of Tyr to Cys which is absent in wild type. 

3.3. Curcumin induces cell death in BxPC-3 pancreatic cancer cells 

Curcumin-induced cytotoxicity in BxPC-3 p53Y220C mutant cell 
lines showed that until 6 h, only 10 % cell death was observed at 10 μM 
curcumin concentration and by 16 h, the IC50 was in the range of 8 μM. 
However, with 5 μM curcumin concentration ~90 % cytotoxicity could 
be observed after 72 h drug treatment (Fig. 1c). Interestingly, in the p53 
null cell line Saos-2 (control), even at 10 μM of curcumin treatment only 

14 % cytotoxicity was observed after 72 h (Fig. S1b). Hence, we have 
selected 3 μM [36] and 8 μM of curcumin concentrations (24 h) for 
further experiments. 

3.4. Curcumin restores the transcriptional activity of mutp53Y220C 

The transcriptional activity of curcumin-rescued p53Y220C (CRp53) 
measured with p21 promoter in BxPC-3 cell lines showed a 5-to-8-fold 
relative increase in p21 expression (P ≤ 0.0001) at 3 and 8 μM of cur
cumin concentration (Fig. 1d(i)) [45–47]. Although an 8-fold increase in 
p21 promoter activity was observed, the ELISA showed a decrease in 
p21 protein concentration (Fig. 1e(i)). The decrease in p21 might be due 
to the degradation or inactivation of p21 by caspase-3 mediated decay 
shown by an increase in the caspase-3 activity after curcumin treatment 
(Fig. 1e(iii)). The caspase-3 (DEVD Caspase) is known to cleave and 
inactivate the cyclin-dependent kinase inhibitor p21/Waf1/Cip1, which 
is a negative regulator of p53-dependent apoptosis [48–50]. Inactivation 
of p21 or repression of p21 may mediate p53-dependent apoptosis in 
BxPC-3 cell lines [51,52]. While in the case of Mdm2 surprisingly, a 2- 
fold relative decrease in Mdm2 expression was observed upon 8 μM 
(P ≤ 0.05) curcumin treatment (Fig. 1d(ii)). The ELISA also showed no 
change in expression of Mdm2 (Fig. 1e(ii)) indicating that CRp53 has 
more specificity toward activating caspase-3 mediated apoptosis in 
BxPC-3 pancreatic adenocarcinoma cell lines. 

Fig. 2. Distribution of p53Y220C before and after curcumin treatment in BxPC-3 cell lines. (a) FITC and DAPI images of (i) negative control untreated BxPC-3 cells 
(ii) cells treated with 3 μM and (iii) 8 μM curcumin for 24 h. (b) Annexin V and PI assay of BxPC-3 cell lines using flow cytometry. The distribution of cells at different 
phases (i) before and (ii) after 24 h 8 μM curcumin treatment (n = 3). (iii) Graphical distribution of the different populations of cells treated with 8 μM curcumin for 
24 h (n = 3). 
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3.5. Nuclear export of CRp53 and apoptosis in BxPC-3 cells 

To understand the distribution of CRp53 in pancreatic adenocarci
noma cells, immunocytochemistry was performed. In the untreated 
BxPC-3 cells, the mutant p53Y220C was found to be distributed 
throughout the cell (Fig. 2a(i)). However, in 3 μM and 8 μM curcumin 
treatment, around 54 % and 82.5 % of cells showed the mutant 
p53Y220C protein is more localized inside the nucleus, respectively 
(Fig. 2a(ii) and (iii)) (Table S1). The cell projections showed less 
extentions compared to the untreated cells, suggesting the occurrence of 
apoptosis in the cell line (Fig. 2a). In 8 μM of curcumin-treated cells, a 
drastic change in the cell morphology was observed indicating apoptosis 
(Fig. 2a(iii)) (Table S1). To estimate the number of cells in early and late 
apoptosis after 8 μM curcumin treatment, flow cytometry analysis was 
performed (Fig. 2b). Based on the 10,000 events, 45.26 ± 1.8 % of the 
population of cells were in early apoptosis, 42.57 ± 3.20 % in late 
apoptotic phase, 4.82 ± 0.84 % in the necrotic phase, and approxi
mately 7.34 ± 0.85 % cells were alive (Fig. 2b(ii)). The flow cytometry 
clearly shows that curcumin induces almost 87.83 ± 2.76 % of cells to 
the apoptotic phase (Fig. 2b(iii)). Hence, increased CRp53 distribution 
inside the nucleus and more cells in the apoptotic phase (Fig. 2a) in
dicates the nuclear transport of functionally restored mutant p53 inside 
the nucleus. 

3.6. Post-translational modifications in CRp53 for apoptotic activity 

The post-translational modifications (PTM) of mutant p53 in BxPC-3 
cell lines showed a basal level of phosphorylation at Ser9, Ser33, Ser46, 
Ser392 and acetylation at Lys382. The mutant protein with basal level 
PTM is in the functionally inactive or “pseudo” wild-type like confor
mation (Figs. 3a–b, S2). While in the CRp53, significant hyper
phosphorylation was observed at Ser15, Ser20, and acetylation at 

Lys382 (Figs. 3a, S2). Interestingly, a dimeric form (Ser9, Ser15, and 
Ser20) and the truncated form (Ser20, Ser33, and Lys382) of CRp53 
(Figs. 3a–b, S2) were also observed in the curcumin-treated cells. All 
these PTMs indicate that the CRp53 is recognized by PI3 kinases like 
ATM/Chk2/HIPK2 to activate p53 and initiate apoptosis in BxPC-3 cells 
[51,53,54]. To identify the PI3 kinases responsible for PTMs in CRp53, 
the expression of various kinases was analyzed before and after curcu
min treatment (Figs. 3c, S3). The expression of kinases ATM, ATR, Chk- 
1, Chk-2 and HIPK2 was found to be elevated indicating their active 
state to perform PTMs in p53 [5,53,55–58]. The kinase ATM and ATR 
phosphorylate CRp53 at Ser15 [59] and HIPK2 at Ser46 [60]. While 
different phosphorylated active forms of Chk-2 (data not shown) and 
Chk-1 kinases activate CRp53 at Ser15 and Ser20 [54,61,62]. Interest
ingly, Phospho-Chk-2 Ser516 expression was found to be significantly 
elevated compared to untreated cells (Figs. 3c–d, S3). The P-Chk-2 
Ser516 is known to activate p53 wt upon apoptotic stimuli in normal 
cells [63–67]. Hence, the PTM analysis shows that the curcumin-rescued 
mutant p53Y220C gets activated by the PI3 kinases to perform apoptosis 
in BxPC-3 cells. 

3.7. CRp53 induced apoptosis in pancreatic adenocarcinoma cells 

To establish that the apoptosis induced in BxPC-3 cells is mediated by 
the transcription activity of the curcumin-rescued mutant p53, the cells 
were treated with Pifithrin α, a p53 transcriptional inhibitor [44]. 
Interestingly, an increase in cell proliferation was observed upon 
increasing the concentration of Pifithrin α (Fig. 4a–c). The cells treated 
with the different concentrations of curcumin along with the 10 μM 
Pifithrin α (24 h) showed reduced cytotoxicity (Fig. 4b). Increasing 
Pifithrin α concentration to 20 μM results in the complete abolishment of 
cytotoxic effects of curcumin (P ≤ 0.0001) (Fig. 4b–c) [44]. Hence, it 
indicates that cell death is induced by CRp53-mediated apoptosis 

Fig. 3. Apoptosis and p53Y220C PTM analysis in BxPC-3 cells. (a) Western blot of p53Y220C with PTM-specific antibodies before and after 3 and 8 μM curcumin 
treatment. (b) Graphical representation of the various PTM responsible for the dimerization of the p53Y220C observed from the immunoblots analysis. (c) Western 
blot analysis of p53 phosphorylating kinase and Mdm2. (d) Graphical representation of PTMs in p53Y220C (native state) and after 8 μM curcumin treatment. 
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(Fig. 4a). Further, the expression of various apoptotic markers of the 
caspase-3 apoptotic pathway proteins was found to be significantly 
elevated compared to untreated cells (Figs. 4d, S4). Apart from that, 
activated cleaved caspase-7 and cleaved PARP levels were also found to 
be elevated with the increase in curcumin concentration (Figs. 4d, S4). 
The other evidence for the apoptosis mediated by CRp53 is the hyper
activation of Bax dimers and the downregulation of P-Bcl-2 protein 
(Figs. 4d, S4). The Bax hyperactivation is known to be mediated by p53 
[68–70]. Thus, these findings confirmed that curcumin restores the 
transcription activity of the p53Y220C mutant. 

3.8. CRp53 is resistant to Mdm2-mediated decay 

To find that the CRp53 escapes Mdm2 mediated degradation, the 
BxPC-3 cells were treated with Nutlin-3a (Mdm2 inhibitor) [34,35] and 
different concentrations of curcumin (3, 8 and 10 μM) (Fig. 4e). No 
significant change or synergistic effect in cytotoxicity in the cells treated 
with both curcumin and Nutlin-3a compared to curcumin-treated cells 
(Fig. 4a and e). Even at a high concentration of Nutlin-3a (15 μM), the 
cytotoxicity was found to be similar to the 8 μM curcumin treatment. 
Thus, CRp53 escapes Mdm2 mediated proteasomal degradation and 
induces apoptosis in BxPC-3 cell lines. 

3.9. Upregulation and downregulation of transcription targets by CRp53 
in BxPC-3 cells 

A significant change was observed in the whole-cell proteome of 
BxPC-3 cells before and after 8 μM curcumin treatment (24 h) (Figs. 5, 
S5a). The LFQ analysis showed a total of 227 dysregulated proteins with 
159 found to be upregulated and 68 downregulated (Fig. 5a, Table S2). 
All the dysregulated proteins were categorized based on their cellular 
localization (Fig. 5b), gene ontologies, pathways, and protein class 
(Fig. S6a–c). Out of 227 genes, 180 are directly or indirectly regulated by 
p53 (Fig. S7). Based on the protein-protein interaction (PPI) analysis 
almost 180 proteins lie in the PPI network complex, containing 180 
nodes and 869 edges as shown in Fig. S5b. Interestingly, by FI annota
tions using Cytoscape almost 140 dysregulated proteins are from 14 
different cellular pathways (Figs. 5c, S5b, Table S3). In those, 31 pro
teins were found to be involved in apoptosis, cell cycle regulation, and 
the ER pathway (Fig. 5c). Based on the whole-cell LFQ data and other 
experiment results it indicates that CRp53 initiates apoptosis in BxPC-3 
cell lines. 

4. Discussion 

In the past two decades, significant research is focused on the 
pharmacological development of small molecules to reactivate mutant 
p53 to prevent cancer progression. The mutation of residue Tyr at po
sition 220 to Cys destabilizes p53 by ~4 kcal/mol making it non- 

Fig. 4. Cytotoxicity in BxPC-3 cells in the presence and absence of curcumin, Pifithrin α and Nutlin-3a. (a) BxPC-3 cytotoxicity after 24 h of curcumin treatment. (b) 
MTT assay in the presence of 10, 15 and 20 μM Pifithrin α (PA) at different curcumin concentrations (3, 8 and 10 μM) (n = 8). (c) Cell viability in the presence and 
absence of different concentrations of curcumin and Pifithrin α. (d) Western blot of apoptotic markers Pro-caspase-3, Cleaved caspase-3, Pro caspase-7, Cleaved 
caspase-7, PARP, Cleaved PARP, Bax and P-Bcl-2 in the presence and absence of 3 and 8 μM curcumin indicating CRp53 mediated apoptosis. (e) MTT assay in the 
presence of 5, 10 and 15 μM Nutlin-3a (N3a) at different curcumin concentrations (3, 8 and 10 μM). 
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functional in many cancers including pancreatic cancer leading to poor 
prognosis even after chemotherapy treatment [23]. But the mutant is 
also a promising target where its function can be restored with small 
molecule chaperones. In this study, we evaluated curcumin as a small 
molecule chaperone to restore mutant p53Y220C in pancreatic cancer 
cells. Like other reported small molecules [31–35,71], curcumin binds to 
the structural crevice between S3/S4 and S7/S8 loops and stabilizes the 
β-fold of mutant p53Y220C [36]. Curcumin binds with Kd of 17 μM 
compared to the other synthetic compounds (4 to 150 μM) reported so 
far and their binding affinities were measured for the p53 DNA binding 
domain whereas, here we report for the full-length mutant protein 
[31–35,38,71]. The synthetic compounds PK5196 and PK938 are re
ported to be the best cytotoxic compound with IC50 of 11 μM in BxPC-3 
and 3.75 μM in HUH7 cell lines respectively with no reports on the 
active conformational state (PTM) of mutant p53. While in this study, 
we report curcumin with IC50 3 to 8 μM with mutant p53 (CRp53) in a 
stable wild-type-like active conformation shown by our PTM and CD 
results. Our study also highlights that in the untreated BxPC-3 cell lines, 
the mutant p53Y220C forms pseudo-wild-type-like conformation with 
partial post-translational modifications (Fig. 3a and d). Upon curcumin 
treatment, an 8-fold increase in transcription activity of CRp53 was 
observed similar to other synthetic small molecule compounds reported 
so far [37,72] (Fig. 1d(i) and e (i)). The transcription activity is inhibited 

upon treating the cells with p53 transcription inhibitor Pifithrin α 
(Fig. 4b and c) confirming that the CRp53 is in functionally active state 
conformation mediating apoptosis in the BxPC-3 cell line. The increase 
in caspase-3 activity (Figs. 1e(iii), 4d) and upregulation of other pro- 
apoptotic markers Bax, Bcl-2 and PARP also support that the apoptotic 
pathways are initiated by CRp53 in BxPC-3 cell lines upon curcumin 
treatment [34,35,37]. Hence, based on our in vivo, in vitro and prote
omics studies we propose a molecular mechanism for the activation of 
the apoptotic pathway by CRp53 in the BxPC-3 cell line (Fig. 6). Upon 
curcumin treatment, the mutant p53Y220C gets stabilized and activated 
by PI3 kinases like Chk1, ATM/ATR and HIPK kinases by post- 
translational modifications. The active CRp53 escapes the proteasomal 
degradation mediated by E3 ubiquitin ligase due to PTM and ribosomal 
protein 5 (RPL5) which prevents Mdm2 from binding to the active form 
of p53 [54,59,63,73]. The functionally active CRp53 further gets evenly 
distributed (especially migrated inside the nucleus) inside the cell to 
mediate apoptosis. In mitochondria, the active CRp53 gets translocated 
by peptidylprolyl cis/trans isomerase (PPIases) [55,60] (Fig. 6) and it 
regulates pro-apoptotic protein Bax to dimerize (Figs. 4d, S4) and form a 
pore in the mitochondrial outer membrane for the release of cytochrome 
C to initiate apoptosis [69,74–76]. The upregulation of cytochrome C 
oxidase subunit 7C (COX7C) [74] and the CSDE1 cold shock domain 
containing E1 in our LFQ data indicates the formation of apoptosomes 

Fig. 5. Label-free quantification (LFQ) of the BxPC-3 cells before and after 8 μM curcumin treatment for 24 h. (a) The heat map shows the dysregulated proteins with 
≥±1.5-fold change. The red color represents the upregulation, whereas the green color represents the downregulation. (b) Represents a graphical representation of 
the cellular compartmentalization of the dysregulated proteins. (c) Represents graphical distribution of dysregulated proteins in different pathways using Cystoscape 
software. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 5a) [77]. Further, the apoptosome formation leads to the activation 
of caspase and PARP cleavage pathways of apoptosis (Fig. 4d). Similarly, 
in ER the CRp53 activates apoptotic signal through Ca2+ homeostasis by 
binding to calcium ATPase 2 (ATP2A2) in the sarcoplasmic/endo
plasmic reticulum [78] which leads to calcium overload. As a result 
calcium deprivation happens in the cytosol, hence SLC25A24 gets 
downregulated resulting in decreased uptake of ATP/Mg2+ ions inside 
mitochondria causing a change in the morphology and activation of 
apoptosis [79] (Fig. 5a and 6). The upregulation of ATP2A2 and 
downregulation of calcium-binding mitochondrial carrier protein 
SLC25A24 in the LFQ data supports our proposed mechanism. Further, 
the dysregulation of other hallmark proteins like calumenin (CALU) and 
NAD(P) transhydrogenase, mitochondrial precursor (NNT) from the LFQ 
data also supports our proposed mechanism of activation of p53- 
mediated apoptosis inside ER and mitochondria (Fig. 5a, 6 and 
Table S4) [80,81]. Additionally, the LFQ data showed the activation of 
numerous genes from apoptotic programmed cell death pathways in 
BxPC-3 pancreatic cancer cell lines [82,83] (Tables S3 and S4). 

Together all our data establish that curcumin rescues mutant 
p53Y220C and restores its wild-type-like function (Fig. 6). It is note
worthy that curcuminoids have been approved by the US Food and Drug 
Administration (FDA) as “Generally Recognized as Safe” (GRAS) and 
clinical trials have shown good tolerability to 12,000 mg/day of 95 % 
concentration of three curcuminoids: curcumin, bisdemethox
ycurcumin, and demethoxycurcumin [84–86]. In summary, our study 
shows that targeting mutant p53Y220C with curcumin is an attractive 

combinatorial therapeutic option for future experimental and clinical 
studies in pancreatic cancer. Therefore, curcumin-based activation of 
mutant p53 can be one of the promising therapeutic strategies to control 
tumor progression. 

Abbreviations 

CRp53 Curcumin-rescued mutant p53Y220C 
wt Wild type 
p53Y220C FL p53Y220C full length 
BLI Bio-layer interferometry 
CD Circular dichroism 
PTM Post translational modification 
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