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Abstract
Cancer cells require higher levels of ATP for their sustained growth, proliferation, and chemoresistance. Mitochondrial matrix 
protein, C1qbp is upregulated in colon cancer cell lines. It protects the mitochondria from oxidative stress, by inhibiting the 
Membrane Permeability Transition (MPT) pore and providing uninterrupted synthesis of ATP. This intracellular interaction 
of C1qbp could be involved in chemoresistance development. Natural chemosensitizing agent, curcumin has been used in 
the treatment of multiple cancers. In this current study, we elucidate the role of C1qbp during curcumin induced chemosen-
sitization to doxorubicin resistant colon cancer cells. The possible interaction between C1qbp and curcumin was determined 
using bioinformatics tools—AutoDock, SYBYL, and PyMol. Intracellular doxorubicin accumulation by fluorimetry and dead 
cell count was carried out to determine development of chemoresistance. Effect of curcumin treatment and cytotoxicity was 
measured by MTT and lactate dehydrogenase release. Morphological analysis by phase contrast microscopy and colony 
forming ability by colonogenic assay were also performed. In addition, Cox-2 could mediate P-glycoprotein upregulation 
via phosphorylation of c-Jun. Thus, the gene level expression of P-glycoprotein and Cox-2 was also investigated using PCR. 
Through molecular docking we identified possible interaction between curcumin and C1qbp. We observed development of 
chemoresistance upon 6th day treatment. Concentration dependent alleviation of chemoresistance development by curcumin 
was confirmed and was found to reduce gene level expression of P-glycoprotein and Cox-2. Hence, curcumin could interact 
directly with C1qbp protein and this interaction could contribute to the chemosensiting effect to doxorubicin in colon cancer 
cells.
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Introduction

C1qbp/g-C1qR/p32 has a doughnut shaped quaternary 
structure with three monomers; each of which is com-
posed of seven consecutive anti-parallel β-sheets with one 
N-terminal and two C-terminal α-helices [1]. This protein is 

predominantly expressed in the mitochondrial matrix (tar-
geted by the amino terminal) [2], is also detected in cyto-
plasm, and in low levels on the cell surface [3]. The various 
roles of C1qbp on the cell surface are: pro-inflammatory 
action by induction of macrophage migration, mediating 
actions of pro-inflammatory agents like kininogen, pre-
vent cell damage by eliminating C1q from inflammation 
site, act as entry point for viruses such as HIV, hepatitis 
C and binding to extracellular matrix protein hyaluronan 
[4]. Release of the protein into the extracellular matrix 
has been associated with cell stress, defective apoptosis or 
necrosis [3]. Enhanced expression of C1qbp/gC1q-R has 
been observed in a myriad of cancer cells. This increase in 
expression has been linked to a reversable switch from gly-
colysis to oxidative phosphorylation and tumorigenesis [5]. 
In tumors, C1qbp is mainly localized in nutrient deprived/ 
hypoxia regions and increased levels have been detected in 
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tumor associated macrophage/myeloid subpopulation [6]. 
mRNA expression levels were higher in breast cancer tis-
sues with increased protein levels in the cytoplasm and is 
considered as a possible biomarker [7]. Overexpression of 
C1qbp diminished reactive oxygen species (ROS) induced 
mitochondrial permeability transition pore (MPTP) activa-
tion while knockdown causes sensitization to pore opening 
[8]. The pore inhibition was observed as a consequence of 
interaction with cyclin D, maximal at 1:1 ratio and prevent-
ing cell death [9]. In addition, C1qbp knockdown resulted 
in doxorubicin (dox) mediated apoptosis of triple negative 
breast cancer cells MDA-MB-23 and increased expression 
was also observed in lung and colon cancer cells compared 
to normal cells [10].

Commonly used chemotherapeutic drug doxorubicin 
(dox), has multiple intracellular targets: inhibiting topoi-
somerase II enzyme [11], promotes apoptosis through the 
generation of ROS via the activation of NF-κβ [12], for-
mation of dox-DNA adducts [13], induction of immune 
response [14], ceramide overproduction [15], interaction 
with iron regulatory proteins [16] and ROS mediated apop-
tosis through dysregulation of intracellular Ca2+ levels [17]. 
The rate of success of chemotherapy is higher for colon can-
cer [18], but the development of chemoresistance is a limi-
tation for chemotherapy in colon cancer [19]. In tumor cell 
lines, chemoresistance is often associated with the overex-
pression of ATP–dependent drug efflux proteins belonging 
to the superfamily of ATP–binding cassette (ABC) trans-
porters: the 170 kDa P-glycoprotein (P-gp, MDR1 gene) 
and the 190 kDa multidrug resistance-associated protein-1 
(MRP-1 gene) [20]. When the function of the membrane per-
meability transition pore (MPTP) gets inhibited by C1qbp, 
the mitochondria is protected from damage via oxidative 
stress, leading to the production of ample amount of ATP. 
As P-gp is an ATP-dependent efflux pump, it pumps the 
chemotherapeutic drug out of the cells, making the cancer 
cell chemoresistant. Curcumin, an anti-inflammatory, anti-
cancer compound from Curcuma longa, chemo-sensitizes 
colorectal cancer cells to 5-FU (5-Fluorouracil) through the 
inhibition of EMT (Epithelial to Mesenchymal Transition) 
[21]. Curcumin could enhance the chemotherapeutic effects 
of irinotecan in colon cancer cell lines by inducing ROS 
and endoplasmic reticulum stress [22]. Further, curcumin 
treatment to dox resistant breast cancer cell lines resulted 
in an increased intracellular levels of dox and reversal of 
chemoresistance by inhibiting ABCB4 [23]. On the other 
hand, curcumin induces an increase in rat liver mitochon-
drial membrane permeability leading to loss of membrane 
potential, swelling, and ATP synthesis inhibition. This effect 
was mediated through the opening of MPTP by thiol func-
tional group oxidation, in the presence of low Ca2+ levels 
[24]. These data suggests that mitochondria might be a tar-
get by which curcumin induces apoptosis in tumor cells. 

In this study, we have evaluated the possible interaction of 
curcumin with C1qbp and its chemosensitization effect in 
dox induced chemoresistant coloadenocarcinoma cell line.

Materials and methods

Materials

HT-29 cells (RRID:CVCL_0320) were obtained from 
National Centre for Cell Science, Pune, India. Doxorubicin 
hydrochloride was purchased from MP Biomedicals, Japan. 
McCoy’s 5A Media, Fetal bovine serum (FBS), Antibi-
otic/Antimycotic Solution, dimethyl sulphoxide (DMSO), 
tryphan blue dye, agarose, bovine serum albumin (BSA), 
bromophenol blue, tris base, sodium dodecyl sulphate 
(SDS), acrylamide, bis-acrylamide, Ammonium persul-
phate (APS) and Sodium deoxycholate were purchased from 
Himedia. DL-dithiothreitol, phenylmethylsulphonylfluoride 
(PMSF), Taq DNA polymerase and TRIzol S reagent were 
purchased from Sisco Research Laboratory. Leupeptin hemi-
sulphate and dNTP mix were purchased from Merck. Cur-
cumin and diethyl pyrocarbonate (DEPC) were purchased 
from Sigma. Primescript 1st strand cDNA synthesis kit from 
Takara Bio. PCR primers for MDR1 (P-gp), COX-2, and 
β-actin from Xcelris Genomics.

Methodology

Bioinformatics study—to find interaction between C1qbp 
and curcumin

3-D structures of C1qbp and curcumin, its derivatives and 
metabolites, were retrieved from Protein Data Bank (PDB) 
and Zinc Database respectively. Since the structures from 
PDB, contain neither water molecules nor polar hydrogen 
bonds, they were added using PyMol and AutoDock (version 
4.5) softwares, respectively. Since curcumin’s active site on 
C1qbp protein is unknown, SYBYL software was used for 
this purpose. On analysis, 11 binding pockets were deduced 
and curcumin’s interaction with each pocket was performed 
through AutoDock. After the binding site was obtained, the 
interaction of the derivatives and metabolites of curcumin to 
the protein was also further examined by AutoDock.

Cell culture and treatment

HT-29 cells were cultured in McCoy’s 5A media with 
10% FBS and 1% antibiotic–antimycotic solution. The 
experiments were carried out with 60% confluent cells 
with passages between 34 to 49. HT-29 cells were treated 
with increasing concentrations of dox (0.23 μM, 0.46 μM, 
0.69 μM, 0.92 μM, 1.15 μM, 1.38 μM and 1.61 μM) [25] 
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each day for the 7-day treatment. HT-29 cells after 7th day 
were labelled as MDR-HT-29 cells. Curcumin was co-
treated at 1 μM and 10 μM each day.

Morphology study

Cells were seeded in 6 well plates at a seeding density of 
4 × 105 cells/well. The cells were subjected to dox treatment 
and dox- curcumin co-treatment. Images of the cells were 
taken on the 0th, 1st, 3rd and 7th days respectively using a 
phase contrast microscope (Q-Capture Pro 7 Software) at 
10x and 40x magnifications.

Doxorubicin accumulation assay

Cells were seeded in 6 well plates with a seeding density of 
20,000 cells/well. Dox accumulation assay was performed 
for the cells treated with dox, each day up to 7th day [26]. 
The medium was aspirated, after 1X PBS wash, cells were 
scrapped using lysis solution (1:1 ratio, Ethanol:0.3 N HCl) 
and sonicated for two 10 s bursts at 100 W, on ice. 200 μl 
of each lysate was analysed using a fluorescence microplate 
reader at excitation and emission wavelengths, 475 nm and 
553 nm respectively. A calibration curve in the range of 0.2 
to 7 nmol/ml was used to elucidate dox concentrations. 50 μl 
of lysate was utilized to determine the protein concentration 
by Bradford’s method [27]. Protein concentrations of the 
samples were determined using BSA standard and was used 
to normalize the dox concentration.

Dead cell count

Cells were seeded at 20,000 cells/well in 6-well plates. The 
medium was centrifuged and the pellet resuspended using 
1X PBS, 10 µl of this suspension was mixed with equal vol-
ume of 0.4% tryphan blue and used for counting.

Lactate dehydrogenase (LDH) assay

1 mL of media after treatment was centrifuged at 1500 rpm 
for 3 min at 37 °C. 50 μl of supernatant was added to 2 mL 
of 56 mM Tris-5.6 mM EDTA-170 µM NADH buffer and 
incubated at room temperature for 15 min. The absorbance 
of the samples was taken at 340 nm, immediately after the 
addition of 200 μl of freshly prepared 14 mM sodium pyru-
vate [28]. Readings were obtained every 15 s for 3 min. The 
LDH activity was calculated for each day.

Cell proliferation assay

The cells were seeded at a density of 5000 cells/well in 96 
well plate. After the respective treatment period, the media 
was aspirated, 100 μl of fresh media and 50 μl of MTT 

(5 mg/ml in 1x PBS) was added to each well and incubated 
at 37 °C for 4 h. 100 μl DMSO was added to each well to 
dissolve the formazan crystals and after few minutes the 
plates were read at 570 nm [29].

Total RNA isolation

Total RNA was isolated from the untreated and treated cells 
using TRIzol S reagent, according to the manufacturer’s rec-
ommendations. The medium was removed and 1 ml of TRI-
zol was added. Cells were lysed by pipetting several times 
and incubated for 5 min at room temperature. 0.2 ml of chlo-
roform was added, agitated vigorously for 15 s and centri-
fuged at 11,000 rpm for 15 min at 4 °C. The aqueous phase 
was transferred to a fresh eppendrof, 0.5 ml of isopropanol 
was added and centrifuged at 11,000 rpm for 10 min at 4 °C. 
The pellet was washed with 1 ml of 75% ethanol and centri-
fuged at 8000 rpm for 5 min at 4 °C. The pellet obtained was 
air-dried and resuspended in 100 μl of RNase free water. The 
sample was subjected to purity analysis and integrity was 
detected using 1.2% agarose gel electrophoresis.

cDNA synthesis

cDNA was synthesized using Primescript 1st strand syn-
thesis kit, as per the manufacturer’s instructions. A tem-
plate mix was prepared per reaction (1 μl Random Hexamer 
(50 μM), 1 μl dNTP mixture (10 mM each), 1.6 μl Total 
RNA (2 μg) and 6.4 μl of RNase free water); incubated at 
65 °C for 5 min and immediately cooled on ice. The RT 
(Reverse Transcription) mix (4 μl of 5× Primescript buffer, 
0.5 μl of RNase inhibitor (40 U/μl), 1 μl of Primescript 
RTase (200U/μl) and 4.5 μl of RNase free water) was pre-
pared. 10 μl of the RT mix was added to template mix and 
placed in thermal cycler programmed for incubation at 30 °C 
for 10 min, 42 °C for 60 min, 70 °C for 15 min and 4 °C 
(Hold).

Polymerase chain reaction

PCR was performed for MDR1, Cox-2 and β-actin expres-
sion. The primer sequences are.

β-actin Forward primer: 5′-TGG​CAC​CCA​GCA​CAA​TGA​
A-3′.

β-actin Reverse primer: 5′-CTA​AGT​CAT​AGT​CCG​CCT​
AGA​AGC​A-3′.

MDR1 Forward primer: 5′-AGG​CCA​ACA​TAC​ATG​CCT​
TCATC-3′.

MDR1 Reverse primer: 5′-GCT​GAC​GTG​GCT​TCA​TCC​
AA-3′.

COX-2 Forward primer: 5′-CTG​TAA​CCA​AGA​TGG​ATG​
CAA​AGA​-3′.
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COX-2 Reverse primer: 5′-GTC​AGT​GAC​AAT​GAG​ATG​
TGGAA-3′.

All reactions were carried out at a total volume of 50 μl. 
A master mix was prepared for each reaction (5 μl of 10X 
PCR buffer, 0.4 μl of dNTP mix (25 mM each), 2.5 μl each 
of the forward and reverse primers (10 μM each), 3 μl of 
25 mM MgCl2, 2 μl of Taq polymerase (1 U/μl), 2 μl of 
cDNA and 32.6 μl of water). The tubes were mixed and 
spun briefly. The tubes were placed in the thermal cycler 
and the following PCR conditions were used for both the 
targets: 1 cycle of initial denaturation at 94 °C for 3 min, 40 
cycles each of denaturation at 94 °C for 30 s, annealing at 
60 °C for 30 s, extension at 72 °C for 1 min and 1 cycle of 
final extension at 72 °C for 10 min. Hold at 4 °C. The PCR 
products were analysed using 3% Agarose gel electropho-
resis. The band intensities were quantified using Image J 
software. MDR1 expression was normalized against β-actin 
expression.

Colonogenic assay

The colony forming ability of the cells after treatment were 
performed by seeding 2 × 105 cells/well in a 6-well plate. 
After 7 days treatment, cells were washed with 1× PBS and 
fixed using methanol: acetic acid (3:1 ratio) solution for 
5 min. The cells were then stained in 0.5% crystal violet 
(in methanol) for 15 min. Excess stain was washed off with 
water till the colonies were visible [30].

Statistical analysis

All the experiments were performed as independent tripli-
cates and were expressed as Mean ± SD. The data obtained 
were analyzed using SPSS v.24 software by one-way 

ANOVA with Bonferroni post hoc analysis and p-value of 
less than 0.05 was considered significant.

Results

Doxorubicin accumulation assay

The intracellular dox accumulation was determined for 
each day of treatment (Fig. 1a). The intracellular dox accu-
mulation was found to increase up to 5th day of treatment, 
followed by a significant decrease on 6th and 7th days of 
treatment. This indicates that the cells might have acquired 
multi drug resistance phenotype upon 6th day of dox treat-
ment. The concentrations of dox was elucidated using the 
dox calibration curve.

Dead cell count

The number of dead cells in the medium aspirated was 
counted after each day of dox treatment. The number of 
dead cells were found to increase up to the 5th day of treat-
ment followed by a decrease after the 6th and 7th days of 
treatment (Fig. 1b). This correlates with the decrease in the 
intracellular dox levels after 6th and 7th days, indicating that 
the cells might have acquired chemoresistance.

Interaction between C1qbp and curcumin

Higher the negative value of the binding energy (generally 
− 6 to − 8 kcal/mol), more is the possibility and strength 
of the interaction between the protein and the ligand. The 
third binding pocket shows the highest energy (Supple-
mentary File A), which could be the possible active site 
for curcumin to bind to the protein. Binding Energies of 

Fig. 1   a Intracellular doxorubicin accumulation (nmol/mg protein) 
for 7  days of dox treatment. *Significant difference from 5th day, 
p < 0.05. b Number of dead cells after each day of treatment for 
7 days. *Significance with respect to day 1, #significance with respect 

to day 2. $Significance with respect to day 3, &significance with 
respect to day 5, p < 0.05. b Dead cell count over the 7 days of dox 
treatment
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the derivatives and metabolites of curcumin were obtained 
through AutoDock (Demethoxycurcumin = − 2.38 kcal/mol; 
Bisdemethoxycurcumin = − 1.96 kcal/mol; Tetrahydrocur-
cumin = − 2.29 kcal/mol; Hexahydrocurcumin = − 2.38 kcal/
mol; Octahydrocurcumin = − 1.97 kcal/mol). These results 
show that only curcumin interacts with C1qbp (Fig. 2).

Morphology analysis

The cells begin to lose their morphology from the third day 
of dox, 1 μM curcumin + dox and 10 μM curcumin + dox 

treatment. More cell death was observed in 10 μM cur-
cumin + dox treatment when compared to 1  μM cur-
cumin + dox. Significant morphological changes were 
not observed in cells treated with 10 μM curcumin alone 
(Fig. 3).

Lactate dehydrogenase assay

The release of lactate dehydrogenase enzyme during non-
apoptotic cell death was determined by the addition of sub-
strate, pyruvate and β-NADH cofactor. From the 3rd day, 

Fig. 2   a PDB ID:1P32–C1qbp, an acidic mitochondrial matrix pro-
tein, consisting of three chains—A (Yellow), B (Pink) and C (Green); 
b Zinc Database ID: CUR—Curcumin. c AutoDock Result—Interac-
tion of Curcumin with the third binding pocket in C1qbp. Curcumin 

(Yellow) binds to C1qbp (Grey) by forming two Hydrogen Bonds 
(Green Dots, white arrows) with the amino acid residues, Aspara-
gine (ASN I67—B Chain, top white circle) and Aspartic Acid (ASP 
221—A Chain, lower white circle)

Fig. 3   Phase contrast microscopy images of the treated HT-29 cells in the magnifications 10x and 40x
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dox treatment had significantly increased LDH activity 
compared to the control (Fig. 4a). In addition, curcumin co-
treatment at both the concentrations, resulted in a decreased 
level of enzyme activity in the medium compared to dox 
treatment. Thus, indicating that curcumin plays a role in dox 
induced cell death.

Cell proliferation assay

The cell proliferation rate upon dox treatment showed a 
significant reduction by 10%, 38%, and 41% after day 1, 
day 3, and day 7 treatment respectively. 1 µM curcumin 
co-treatment with dox also showed a similar effect with no 
comparable difference with dox treatment alone. However, 
10 µM curcumin co-treatment resulted in cell proliferation 
rate lower than that of dox and 10 µM curcumin treatment 
controls. The 10 µM curcumin co-treatment resulted in cell 

proliferation reduction by 20%, 50%, and 85% after day 1, 
day 3, and day 7 treatment respectively. While, 10 µM cur-
cumin treatment alone resulted in reduction by 13%, 38%, 
and 70% after day 1, day 3, and day 7 treatment respectively 
(Fig. 4b).

Polymerase chain reaction

The band intensity of MDR1 and Cox-2 expression was nor-
malized with that of β-Actin and the relative mRNA expres-
sion levels were calculated. The MDR1 and Cox-2 expres-
sion was found to have significantly increased after the 7th 
day of dox treatment compared to that of the control. This 
confirms that the cells have acquired resistance phenotype 
through MDR1 overexpression, following 7th day of dox 
treatment, consistent with the dox accumulation. The MDR1 
expression was found to have significantly reduced in the 

Fig. 4   a Lactate dehydrogenase release from the cells over the 7 days 
treatment period. *Significant difference between control and doxo-
rubicin, #significant difference between dox and curcumin co-treat-
ments: dox + 1 μM curcumin and dox + 10 μM curcumin, $significant 
difference between control and 10  μM curcumin, %significant dif-
ference between dox + 1  μM curcumin and dox + 10  μM curcumin, 

p < 0.05. b Cell proliferation assay of HT-29 cells treated with dox 
in the presence of 1 μM and 10 μM curcumin for 1, 3, and 7 days. 
*Significant when compared to control, #significant when compared 
to 10  µM curcumin with doxorubicin treatment, $significant when 
compared to 10 µM curcumin treatment, p < 0.05
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1 μM and 10 μM curcumin co-treated cells, in a concen-
tration dependent manner (Fig. 5a, b). In addition, Cox-2 
expression levels were also found to be higher in MDR-
HT-29 cells while a reduction was observed in curcumin 
co-treatment in concentration dependent manner (Fig. 5c).

Colonogenic assay

Colonogenic assay was performed to determine the colony 
forming ability after treatment with curcumin and dox com-
binations. Compared to the control, dox treatment had a sig-
nificantly visible increase in the number of colonies. This 
might be attributed to the development of chemoresistance 
of HT-29 cells (Fig. 5d). However, when curcumin was co-
treated with dox, this effect was reversed. The percentage 
of cells were decreased with increasing concentrations of 
curcumin. Thus, curcumin has a dose dependent effect in 
preventing dox chemoresistance development. No observ-
able increase in the cell colonies were detected in 10 µM 
curcumin treatment alone compared to control.

Discussion

197 intracellular protein targets for C1qbp has been reported 
of which, interaction with protein kinase C Z type (PRKCZ) 
resulted in its activation, translocation, cofilin mediated 
actin polymerization, mobilization and hence cell chemo-
taxis in the presence of EGF. Furthermore, the C1qbp was 
observed to be overexpressed in breast cancer cells and 
higher expression was observed to be linked to metastasis 
and TNM stage of the cancer [31]. Cleaved form of C1qbp 
(14 kDa), has been reported to be elevated in colon cancer 
compared to normal cells [32]. Through CoIP-MS, C1qbp 
was found to interact with the mitochondrial protein DLAT, 
core component of pyruvate dehydrogenase enzyme, and 
regulate oxidative phosphorylation. The interaction resulted 
in higher activity of the enzyme by 30% and depletion of 
which resulted in 45% reduced activity in renal cancer cell 
lines [33]. In pancreatic cancer cells, C1qbp was found to 
be translocated to the lipid rafts through IGF-1 (Insulin 
like growth factor 1) and upon interaction with CD44v6 
resulted in phosphorylation of IGF-1R, activation of PI3K, 
and MAPK pathways. Thus, being responsible for hepatic 
metastasis of pancreatic cancer cells [34]. In lung carci-
noma cell line A549, growth factor induced lamellipodia 
formation and metastasis was significantly reduced when the 

Fig. 5   a MDR1, Cox-2, and β-Actin PCR products. Lane 1: con-
trol (untreated) HT-29 cells, Lane 2: MDR HT29 cells (7  days dox 
treated), Lane 3: 1 μM curcumin co-treated cell, Lane 4: 10 μM cur-
cumin co-treated cells. b Relative mRNA expression of MDR1. *Sig-
nificant difference when compared to control at p < 0.05; # significant 

difference when compared to MDR-HT29 at p < 0.05). c Relative 
mRNA expression of Cox-2. *Significant difference when compared 
to control at p < 0.05; #significant difference when compared to MDR-
HT29 at p < 0.05). d Colony formation after 7 days treatment, visual-
ized by crystal violet staining
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receptor for c1q (gC1q-R) in lipid rafts was depleted [35]. In 
renal carcinoma cell lines (786-0, ACHN, and HEK-293T), 
knockdown of C1qbp increased the expression of adhesion 
molecules such as L1CAM and is said to induce lung and 
liver metastasis by GSK3/β-Catenin/L1CAM signaling path-
way [36]. In contrast, in renal cell carcinoma, C1qbp has 
been found to interact with YBX1, suppressing cell migra-
tion and invasion [37]. Among the metabolites of curcumin, 
we were able to identify through AutoDock that curcumin 
could interact directly with C1qbp through hydrogen bonds 
with asparagine 167-B chain and aspartic acid 221-A chain. 
The strength and possibility of interaction depends on higher 
negative binding energy. Here we show that the 3rd pocket 
interaction has a binding energy of − 6.02 kcal/mol. Hence, 
we conclude that curcumin alone and not its metabolites 
can interact with C1qbp through autodocking. Further-
more, membrane type-1 matrix metalloproteases involved 
in locomotion, matrix degradation, and activation of soluble 
secretary matrix metalloproteases, binds directly with p32 
through the cytoplasmic tail and is involved in its presenta-
tion on the tumor cell surface [38]. Taken together, we infer 
that differential expression of C1qbp might be associated 
with tumorigenesis and metastasis.

Chemosensitizing effect of curcumin was found to be 
through direct interaction with P-gp, modulating its func-
tionality and expression in primary rat hepatocytes [39]. 
Further, curcumin and its analogues could reverse P-gp 
by inhibiting either its function, expression or both in dox 
resistant K562 leukemic cells [40] and paclitaxel resistant 
human breast cancer cells [41]. Similarly, curcumin treat-
ment was found to target P-gp and S100A8 calcium binding 
protein, reversing dox resistance by inhibiting the expres-
sion and functionality of P-gp, increasing dox accumulation, 
downregulation S100A8 expression, calcium ion imbalance, 
increasing endoplasmic reticulum (ER) stress and apoptosis 
[42]. Previously, it has been reported that cardiotoxic side 
effect of dox through excessive opening of MPTP was alle-
viated when curcumin was co-treated to the cells, by down-
regulating mitochondrial phosphate carrier, and preventing 
cellular apoptosis [43]. At two to three-fold lower concentra-
tion, dox-curcumin liposomal formulation reduced the anti-
proliferative effect of C26 murine colon adenocarcinoma cell 
line than free dox and curcumin. The synergistic cytotoxic 
effect of the encapsulated drugs was curcumin concentration 
dependent [44]. PEGylated micelles consisting of d-tocoph-
eryl PEG1000 succinate (TPGS) have been synthesized for 
the delivery of dox and curcumin to dox resistant A549 lung 
cancer cells. TPGS a known inhibitor of P-gp; curcumin 
a sensitizer and inhibitor of MDR proteins, synergistically 
reversed dox resistance [45]. To determine the development 
of chemoresistance we treated the cells with increasing con-
centrations of dox over a 7-day period. We observed that, 
after 6th day treatment the intracellular dox accumulation 

level significantly reduced by approximately 5.5 nmol/mg 
protein. Thus, indicating that the cells might have developed 
a mechanism to pump the chemotherapeutic drug out. Fur-
ther, this conclusion was supported by the decrease in the 
dead cell count after day 6 treatment. To determine curcum-
in’s role in inhibiting resistance development, we co-treated 
dox with curcumin at two different concentrations. We found 
that when 10 µM curcumin was treated to the cells along 
with increasing concentrations of dox, higher cell death 
and reduced proliferation rate was observed. In contrast, 
with dox treatment alone, the cells had acquired chemoresist-
ance by day 7. Further, we observed that with co-treatment, 
LDH release into the medium was significantly reduced 
compared to that of dox alone. This might be an indica-
tion that curcumin induces apoptotic cell death in contrast to 
dox. We then conducted PCR to determine the altered gene 
level expression of P-glycoprotein after 7 days treatment. We 
observed that MDR1 expression was increased in dox treated 
group, while curcumin co-treatment significantly reduced 
the expression in a concentration dependent manner. Thus, 
the upregulation of P-gp might be responsible for the resist-
ance development and reduced dox accumulation observed 
from 6th day of treatment. Curcumin could sensitize the 
cells to dox by downregulating the expression of P-gp. It 
has been reported that increased expression of Cox-2 results 
in increase in P-gp in rat glomerular mesangial cells [46]. 
Colorectal polyp formation was significantly reduced when 
celecoxib, an inhibitor of cyclooxygenase-2 was treated at 
400 mg twice daily to patients with familial adenomatous 
polyposis [47]. In colon cancer cell HCT8 and vincristine 
resistant HCT8/v, Cox-2 contributes to multidrug resist-
ance through P-gp upregulation by phosphorylation of c-Jun 
[48]. The prostaglandin production by Cox-2 may induce 
the protein kinase c (PKC), expression of c-Jun and in turn 
increase the expression of MDR1 [49]. Similarly, we have 
also found increased expression of cyclooxygenase-2 gene 
levels upon dox treatment and a reduction in the expression 
with curcumin co-treatment. Thus, Cox-2 pathway might 
be involved in MDR1 gene expression and development of 
multidrug resistance. Furthermore, the colony forming abil-
ity of dox resistant cells were diminished when curcumin 
co-treatment was performed. Thus curcumin treatment could 
sensitize colon cancer cell line HT-29 to dox in a concentra-
tion dependent manner.

Conclusion

MDR1 is most commonly implicated in dox chemoresist-
ance and is said to be regulated by various growth factors, 
but the mechanism is not clearly understood. The mitochon-
drial matrix protein C1qbp, has been implicated in regula-
tion of oxidative phosphorylation and uninterrupted ATP 
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synthesis when overexpressed in cancer cells. We are the 
first to report a direct interaction between curcumin and 
C1qbp through hydrogen bonds at asparagine and aspartic 
acid residues, identified using bioinformatics tools. We have 
confirmed that when curcumin was co-treated with dox, the 
development of chemoresistance was significantly reduced 
and it could be through Cox-2 pathway. Curcumin’s interac-
tion with C1qbp might be a possible mechanism by which 
development of dox-induced chemoresistance can be regu-
lated. Further studies on confirming this interaction through 
in vitro and in vivo models and their regulation could serve 
as a novel molecular target for overcoming development of 
dox chemoresistance in colon cancer cell lines.
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