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Abstract

well as survivin and its AEx3 splicing variant.

apeutic for p53-mutant tumor malignancies.

Background: Dendrosomal nano-curcumin (DNC) represents an enormous potential to serve as a therapeutic anticancer agent.
Here, we investigated the effect of DNC on wild type- and p53-mutant breast cancer cells.

Methods: MCF-7 and T47D cells were treated with DNC and investigated for cell viability through MTT assay. The mode of death was
analyzed using Annexin V[FITC staining and PARP cleavage assays. Flow cytometric efflux and cell swelling tests were employed to
assess the p-glycoprotein (P-gp) transporter activity. Moreover, real-time PCR was employed to study the expression of Bax, Bcl-2 as

Results: Our findings confirmed that DNC repressed cancer cell proliferation by induction of apoptosis. Additionally, DNC signifi-
cantly modulated P-gp function that might lead to improved cellular permanence of curcumin. Malfunction of P-gp activity by DNC
demonstrates its capability in reducing the drug resistance of p53-mutant cancer cells.

Conclusions: In conclusion, our findings demonstrated that dendrosomal nano-curcumin could be considered an anti-tumor ther-
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1. Background

Despite recent advances in the treatment of cancers,
tumor malignancy remains the second leading cause of
death worldwide (1). Therefore, more effective therapeutic
strategies are required. In recent years, scientists have re-
focused on traditional medicine as a rich source for phy-
tochemicals with potential anticancer properties (2). Cur-
cumin, polyphenolic compound extracted from the rhi-
zome of the plant Curcuma longa, has been employed as an
antioxidant and anti-inflammatory remedy in traditional
medicine (3-5). The compound has also been attributed
to significant anticancer properties on numerous cancer
cells, e.g., melanoma (6), colon (7), pancreatic (8), prostate
(9), ovarian, and breast (10) in vivo and in vitro. Further-
more, curcumin does not significantly affect normal cells
(11). Although the underlying molecular mechanisms of
toxic effects of curcumin on cancerous cells are not well-
known, different targets have been proposed that are mod-

ulated (12). Curcumin modulates the expression of differ-
ent genes and/or proteins that play a major role in cell
viability pathways, including NF-xB, Wnt/| S-catenin, and
apoptosis (13).

Furthermore, curcumin can increase cellular accu-
mulation of therapeutic compounds via modulating p-
glycoprotein (P-gp) activity (14). Numerous findings have
shown that curcumin downregulates membrane P-gp in
both drug-resistant and non-resistant cancer cells that re-
sults in high cellular sensitivity and permeability of any
therapeutic compounds, respectively (14, 15).

Nevertheless, the hydrophobic nature of this phyto-
chemical strictly limits the bioavailability and cellular up-
take (16). To overcome this obstacle, a promising approach
is the encapsulation of curcumin in dendrosome nanopar-
ticles that was recently formulated as dendrosomal nano-
curcumin (DNC) in our lab (11, 17).

Based on our previous reports, dendrosomes are non-
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toxic, biodegradable, and spheroidal nanoparticles that
could encapsulate curcumin and increase its stability (11).
Compared to pristine curcumin, the physico-chemical and
biological studies demonstrate the great potential of DNC
to be a promising anticancer phytochemicals (18). Mean-
while, it has been proven that DNC could modulate cancer
cell viability via induction of apoptosis (19). Here, we used
MCE-7, with wild type p53 and T47D, harboring mutant p53,
breast cancer cell lines to investigate the apoptotic poten-
tial of DNC and to elucidate whether a mutated p53 gene
could influence cell death. Moreover, the effect of DNC on
p-gp function was studied to evaluate whether this nano-
compound modulates the function of P-gp and supports
curcumin to be more stable inside the cells.

2. Methods

2.1. Reagents and Cell Lines

Human breast cancer cell lines, MCF-7 and T47D, were
taken from Iranian national cell bank (Pasteur Institute,
Tehran, Iran). The cells were grown in RPMI-1640 medium
supplemented with 10% FBS, 5% CO, atmosphere at 37°C,
and 1% penicillin/streptomycin (all from Gibco, USA). Cur-
cumin was purchased from Sigma-Aldrich, USA, and den-
drosome nanoparticles were brought from Institute for
Color Science & Technology, Tehran, Iran. The nano-based
compound of curcumin; DNC was developed using an op-
timized protocol in our laboratory (11). The characteris-
tics of DNC, including particle size, superficial charge (¢-
potentials) and encapsulation efficiency, were previously
reported by Tahmasebi et al. (16). This work was ap-
proved by the ethics committee of the University of Tabriz
as master thesis and submitted to IRANDOC with number
2292258.

2.2. Cellular Viability Assay

The viability of cells was measured by MTT assay on
DNC-treated cells in a time- and dose-dependent manner.
In brief, MCF-7 and T47D cells were seeded onto different
96-well plates in triplicate. After 12 hours, a serial concen-
tration (0 - 120 uM) of pristine curcumin and DNC were
added to the plates for 24, 48, and 72 h. Then, 20 uL MTT
solution (5 mg/mlL, Sigma-Aldrich, USA) was added to each
well and incubated for three hours at 37°C. Reduced MTT
was dissolved in 100 pl Dimethyl sulfoxide (DMSO) and
measured spectrophotometrically at 570 nm by an Infinite
M 200 pro microplate reader (Tecan, Switzerland). The
IC5o values were determined by the linear interpolation
method (11).

2.3. P-Glycoprotein Activity Assays

2.3.1. Flow Cytometric Efflux Assay

To assess a possible effect of DNC on the P-gp function, a
well-known active transporter that conveys cytosolic com-
pounds out of the cells, Rhi123 efflux assay was performed
in different groups, including control, DNC-and Verapamil
(as positive control)-treated cells for 24, 48 and 72 h in dark
conditions. After treatment of T47D and MCF-7 with ei-
ther DNC or verapamil, they were incubated in 10 ng/uL
Rhodamine 123 (Rh-123, Sigma-Aldrich, United states) for
60 min at 37°C. Then, treated cells were washed with ice-
cold PBS and resuspended in 1 mL of medium for 90 min at
37°C.The intensity of intracellular trapped Rh-123 was eval-
uated by flow cytometry (BD FACSCalibur, Becton Dickin-
son, USA).

2.3.2. Cell Swelling Assay

To further decipher the malfunction of P-gp driven
by DNC, T47D and MCF-7 cells were exposed to isotonic
and hypotonic media. The isotonic medium was prepared
in HEPES buffered saline solution (HBS), including 1 mM
MgCl,, 4.5 mM KCl, 1 mM CaCl,, 95 m MNaCl, 5 mM HEPES,
and 105 mM mannitol (pH = 7.3), while the hypotonic
medium was mannitol-free. Anumber of 3 X 10° cells were
seeded on 6-well plates and incubated with 60 ;xM DNC for
24, 48, and 72 h in a dark place. Then, adherent cells were
washed with PBS and subjected to iso- and hypo-tonic con-
ditions. Finally, the diameter of ten cells was measured ran-
domly at different intervals of 20 and 60 min. All experi-
ments were repeated at least three times, independently.

2.4. Apoptotic Assays

2.4.1. Annexin V/FITC

To determine the mode of death, Annexin V/FITC stain-
ing was carried out using the Affymetrix EBioscience Kkit.
In brief, cancerous cells (3 x 10° cells/well) were seeded on
6-well plates, and after 12 hours, 60 ;4M DNC were added
for 24, 48, and 72 h in a dark place. Then, the cells were
trypsinized, collected by centrifugation, and resuspended
in Annexin V-FLOUS solution at room temperature for 20
min. After washing with Binding Buffer, PI solution was
added immediately prior to the study by flow cytometry
(Becton Dickinson, Germany).

2.4.2. PARP Cleavage Assay

To further confirm apoptosis induced by DNC, Poly
ADP-ribose polymerase (PARP) cleavage was studied us-
ing western blotting. In brief, MCF-7 cells were treated
with 15 and 25 M DNC for 24 h and prepared for pro-
tein extraction. Equal amounts of extracted proteins were
fractionated on 10% SDS-PAGE gel and transferred onto
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a polyvinylidene fluoride membrane. After washing and
blocking with 10% skim milk at room temperature for one
hour, the membrane was incubated with PARP monoclonal
antibody (1:1000, Cell Signaling, USA) at 4°C overnight.
Moreover, $-actin was also employed as internal control
(Santa Cruz, USA). The membrane was washed and incu-
bated with horseradish peroxidase-conjugated anti-goat
antibody (1:1000, Santa Cruz, USA) at room temperature for
one hour. Finally, the bands were detected by 0.5 mg/ml di-
aminobenzidine (DAB) (Sigma-Aldrich, Germany) and 0.1%
H,0, in PBS.

2.5. Gene Expression Studies
2.5.1. RNA Extraction, DNase I Treatment and cDNA Synthesis
Quantitative real-time PCR (qRT-PCR) was employed to
study the expression of apoptotic genes, including Bax, Bcl-
2, BIRC5, and its AEx3 variant. Also, $2-microglobin (2m)
was used as internal control. MCF-7 and T47D cells were
treated with 10,30,and 50 M DNC for 24, 48,and 72 h. Total
RNA was extracted using TRizol® reagent (Invitrogen, USA),
and DNase I enzyme (Fermentase, Lithuania) was used to
remove any DNA contamination. Also, cycleScript™ RT Pre-
Mix reagent (Takara Bio, Japan) was also applied for cDNA
synthesis.

2.5.2. PCR

Semi-quantitative PCR was used to evaluate the expres-
sion of survivin AEx3, and qRT-PCR was employed for other
genes mentioned in the previous paragraph. PCR for sur-
vivin AEx3 was done according to the manufacturer’s in-
structions (Takara, Japan). Quantitative Real-time PCR was
performed using 5 pL Syber Green Master Mix (Takara Bio,
Japan), 250 nM of appropriate primers, and 200 ng of the
generated cDNAs in appropriate thermocycler (Rotor-Gene
Q, Germany) conditions. All reactions were done in tripli-
cate. ACt (Ct relative Gene — Ct [B2-microtubulin (as the internal control))
and AACt (ACt Treated — AcCt Untreated) formulas were used
in normalizing Ct values for each gene and to calculate
the relative expression levels, respectively. The formula of
224 was employed to plot the expression of genes (20).
Table 1 has summarized the sequence of primers designed
by Gene Runner V. 4.0.3.

2.6. Statistical Analysis

The data were analyzed using the One-way ANOVA test,
and values of P < 0.05 were accepted as statically signifi-
cant. Also, ICs;, values were obtained with non-linear re-
gression using GraphPad PRISM (GraphPad Prism, RRID:
SCR_002798) Version 6.01. Also, Image] software was em-
ployed to quantify the intensity of survivin AEx3 bands on
agarose gel. All values were presented as the mean = stan-
dard deviation of three independent assays.

Jentashapir ] Cell Mol Biol. 2020; 11(4):e109143.

3. Results

3.1. Effect of DNC on the Viability of MCF-7 and T47D Cells

The cellular toxicity of DNC on breast cancer cell lines
was studied using MTT assay. As Figure 1 shows, den-
drosomal nano-curcumin significantly affected both cell
lines morphologically. MTT assay demonstrated that DNC
suppressed T47D and MCF-7 cells in a time- and dose-
dependent manner (Figure 2 A and B). The ICs, for DNC in
different time intervals of 24, 48, and 72 h for MCF-7 cells
wasobtained 83.89, 68.3,and 52.08 M, respectively (Figure
2 C, P < 0.001). However, records for T47D cells were 116.2,
80.28,and 60.5 uM for 24, 48, and 72 h, respectively (Figure
2B,P< 0.001).

3.2. DNC Impairs P-Glycoprotein Function

We assessed the DNC-caused malfunction of P-gp by
cell swelling assay. To do this, both cells were treated
with DNC in hypotonic and isotonic media. Accord-
ing to the microscopic records on Figure 3 A and B,
the cell volume has obviously changed in DNC treated-
T47D and MCF-7 cells. After 60 minutes, we calculated
the cell diameter for T47D cells under both isotonic and
hypOtOIliC conditions (P Treatment time vs. cell diameter = 0.012
and P cell diametervs. medium condition = 0.001). It was found
that changes in average cell volume driven by hypotonic
medium were more significant than under isotonic condi-
tions. Similar findings were recorded for MCF-7 (data not
shown).

Efflux pump assay was also employed to detect the in-
tensity of rodamine 123 MCF-7 and T47D cells over a period
of72h (P Control versus DNC = 0.001; P Verapamil vs. DNC > 0-05)' As
Figure 4 shows, no significant effect was detected in vera-
pamil, and DNC treated cells.

3.3. DNC Induces Apoptosis in Breast Cancer Cells

Annexin V[FITC and PARP cleavage assays were em-
ployed to study the mode of death in DNC treated cells. As
Figure 5A illustrates, the treatment of T47D cells with 60
uMDNCinduced apoptosis in a time-dependent manner (P
< 0.05). The percentages of early apoptosis in treated cells
were 54.6%, 13.2%, and 4.71% after 24, 48, and 72 h, respec-
tively. In contrast, these findings for late apoptosis were
9.98%, 45.6%, and 64% for 24, 48, and 72 h, respectively (Fig-
ure 5B). Similar findings were detected for MCF-7 (data not
shown).

To further confirm the apoptotic effect of DNC, PARP
cleavage assay was performed. The western blotting analy-
sis showed that PARP protein is cleaved into two segments
with 116 kDa and 89 kDa (Figure 6). As expected, frag-
mented PARP was not detected in untreated cells.
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Table 1. The Primers Used for the Expression of the Studied Genes

Gene Primer Size
Survivin-wt (wild type) (Real-time PCR) 103 bp
Forward 5"- CGACCCCATAGAGGAACATA-3’
Reverse

5-CCAGTTTCAAAAATTCACCAAG-3’
Survivin (Semi-quantitative PCR) 266 bp (survivin-wt) 148 bp (AEx3)

Forward 5"-CTTCATCCACTGCCCCAC-3’
Reverse 5"-CTTTCTCCGCAGTTTCCTC-3’
Bax 187 bp
Forward 5’- GCAAACTGGTGCTCAAGG -3’
Reverse 5"- ACTCCCGCCACAAAGA -3'
Bcl-2 189 bp
Forward 5"-CGCATCAGGAAGGCTAGAGT-3'
Reverse 5"-AGCTTCCAGACATTCGGAGA-3’
£2m
Forward 5"- CTACTCTCTCTTTCTGGCCTG-3'
Reverse 5"- GACAAGTCTGAATGCTCCAC-3' 191bp
GAPDH 493bp
Forward 5"-AAGGTCATCCATGACAACTTTG-3’
Reverse 5"- GTCCACCACCCTGTTGCTGTAG-3’
Untreated Cells DNC-treated Cells
T47D
MCE-7

Figure 1. Cytotoxic effect of DNC on MCF-7 and T47D cell lines; A and B show T47D cells before and after treatment with DNC, respectively. Similar data were taken for MCF-7
cells (C and D). Apoptotic cells are marked with arrows.

3.4. Expression Profile of Pro- and Anti-Apoptotic Genes in DNC-  nificantly decreased the expression of anti-apoptotic sur-
Treated Cells

vivin and its spliced variant survivin-AEx3 in both MCF-7

Real-time PCR detected the expression of all apoptotic ~ and T47D cells (Figure 7). Agarose gel electrophoresis de-

and anti-apoptotic genes. Our results showed that DNC sig-
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Figure 2. Cell viability of A: T47D and B: MCF-7 cell lines; C: The half-maximal inhibitory concentrations (ICs, ) of DNC at three different time intervals. Data are reported as

Mean = SD of three independent experiments. *: P < 0.05, **: P< 0.01.

tected the expression of survivin and its variants in both
cells lines that are shown in Figure 7 B for T47D. Further-
more, the expression ratio of Bax/Bcl2 as a hallmark of
apoptosis was elevated in both cell lines (Figure 8).

4. Discussion

Since current therapeutic agents for chemotherapy of
many cancers are not completely effective, and still there
are drastic challenges in this way, scientists make efforts
on finding novel anticancer compounds to decrease these
problems as well as possible (21). In recent decades, phyto-
chemicals compounds attract much attention (22, 23). Cur-
cumin is the active ingredient of turmeric that its phar-
maceutical properties have been revealed in traditional
medicine (24). Anticancer characteristic is the most im-
portant pharmaceutical property of this ingredient that
has been approved in several studies in vitro and in vivo,
but the molecular mechanism of its action is not com-
pletely clear yet (25, 26). On the other hand, the low stabil-
ity and bioavailability of curcumin limit its clinical appli-
cation (16). Therefore, several curcumin nano-structures
have been developed that overcome these drawbacks (17,
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27). Dendrosomal nano-curcumin (DNC) is one of those
nano-structures that improve the solubility, cellular up-
take, and toxicity of curcumin (11, 18). According to this
study, we aimed to apply curcumin as a toxic agent for
breast cancer cells. This is almost the first study to evalu-
ate the ability of DNC in the modulation of P-gp function
as a well-known active transporter that conveys cytosolic
compounds out of the cells.

First, we report that DNC significantly affects the viabil-
ity of MCF-7 and T47D cells in a time- and dose-dependent
manner; whereas, pristine curcumin, as well as pristine
Dendrosome, did not show any remarkable toxicity at the
same concentrations as the nano-based compound (data
for curcumin and dendrosome not shown). Therefore,
only DNC was investigated in further assessments. How-
ever, we previously reported that DNC does not affect nor-
mal cells, including mouse fibroblasts and human periph-
eral blood mononuclear cells (11). Furthermore, we em-
ployed Annexin V[FITC assay and western blotting for PARP
cleavage to detect the mode of death. As described in the
results, DNC has induced apoptosis in T47D cells in a time-
dependent manner. The effect of DNC on suppressing can-
cer cell proliferation via induction of apoptosis has been
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Cell Swelling After 20 min. Incubation in Hypotonic and Isotonic Media

A 24 h Treatment 48 h Treatment 72 h Treatment

Nontreated Cells;
Hypotonic Medium

DNC Treated Cells;
Hypotonic Medium

Nontreated Cells;
Isotonic Medium

DNC Treated Cells;

Isotonic Medium

Cell Volume Mean Diameter

& Isotonic
35 = B Hypotonic
xx
30
*=

25
20
15
10

5

Control 24h 48h 72h

Figure 3. Cell swelling assay in hypotonic and isotonic media; A and B: Cell volume mean changes in T47D cells; Microscopic visualization confirmed changes in cellu-
lar volume as shown by arrows. C: The mean volume of DNC treated-T47D cells significantly increased under hypotonic condition (P trearment time vs. cell diameter = 0.012 and P

Cell diameter vs. medium condition = 0.001). The changes in cellular mean diameter in the isotonic condition is not significant (P = 0.15). Data are reported as mean = SD of three
independent experiments. *: P< 0.05, **: P< 0.01.
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Figure 4. Efflux pump assay was used to evaluate the intensity of Rd 123 in DNC and verapamil treated cells. Flow cytometry detected a significant decrease in the efflux of
Rh-123 in both DNC and Verapamil (as positive control) treated samples (P=0.001). There were no significant differences between DNC and Verapamil function in deactivating

P-gp. (P pNCvs. Verapamil > 0.05).
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Control

Figure 6. DNC induces apoptosis in MCF-7 cells treated with 15.4M and 25uM for 48
h through caspase-dependent PARP cleavage. PARP protein is cleaved in DNC-treated
cells.

reported earlier for different cancerous cells (27-30).

Extensive studies have demonstrated that curcumin
modulates the expression of numerous pro- and anti-
apoptotic genes. It has also been shown that curcumin in-
creases the expression of Bax and decreases the expression
of Bcl-2 in both p53-mutant and p53 wild-type cells, which
could confirm the ability of curcumin in promoting apop-

tosis through both p53 dependent and independent path-
ways (31). Our findings are in concordance with the afore-
mentioned report that DNC significantly increased the ex-
pression ratio of Bax/Bcl-2 in treated cells (28).

In addition, we found that DNC downregulates the
expression of anti-apoptotic survivin gene. This finding
confirms Glienke et al. study who investigated the cur-
cumin impact on the downregulation of survivin on pan-
creatic cancer cell lines (29). Survivin comprises various
splicing variants, named survivin-wt, survivin-2¢, survivin-
2B, survivin-3B, and survivin-3AEx (31). Survivin-wt and
survivin AEx3 are two well-known variants with anti-
apoptotic function (32). Upregulation of these variants
eliminates mitochondria-dependent apoptosis where Bcl-
2[survivin-AEx3 complex inhibits caspase-3 activity (33).
Curcumin has been shown to downregulate the expression
of survivin in various types of cancer (34, 35). As our results
illustrate, DNC significantly modulates the function of sur-
vivin and its variants that finally, apoptosis is induced in
treated cells.

Furthermore, to partially uncover the reason for the
high cellular accumulation of DNC versus pristine cur-
cumin, efflux, and cell swelling assays were performed. Nu-
merous works have shown that dysfunction of the P-gp
membrane pump creates cell swelling, addressing its role
in cell volume-regulated chloride conductance path (36).
Our findings represent that fluorescent Rho-123 is signifi-
cantly accumulated in DNC-treated breast cancerous cells
as like as Verapamil (as positive control). Enhancement
of intracellular Rh-123 is related to the capacity of DNC to

Jentashapir ] Cell Mol Biol. 2020; 11(4):e109143.
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Figure 7. The expression of survivin (real-time PCR) and its splicing variant survivin-AEx (semi-quantitative PCR) in MCF-7 and T47D cells. B: Visualization of survivin-AEx
expression on 1.5% agarose gel electrophoresis. The intensity of bands was evaluated by Image] in comparison with internal control. Data represent the mean =+ standard

deviation of three independent experiments. *P < 0.05, **P < 0.01and ***P < 0.001.

modulate the function of P-gp trans-membrane pump. In
addition, results from cell swelling assay illustrated that
treating cells with DNC impairs cellular trans-membrane
pumping protein P-gp. In fact, P-gp plays a major role in
controlling cellular osmotic pressure when cells are ex-
posed to the hypotonic medium. In many studies, resis-
tance to the cytotoxic drugs has most often been linked to
the overexpression of P-gp, and therefore, dysfunction of
this membrane protein probably can reduce cellular resis-
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tance to chemotherapy (37-39).

4.1. Conclusion

This study not only demonstrates the apoptotic effect
of DNC on p53-mutant T47D cells but also, for the first time,
unravels the role of multidrug resistance P-glycoprotein
in cellular permeability and stability of curcumin. There-
fore, it may be inferred that our nano-based curcumin has
the potential to be employed as therapeutic anti-tumor
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Figure 8. A: The expression ratio of Bax/Bcl-2 in MCF-7 and T47D cells treated with DNC after 72 hours. B: Detection of the expression of survivin and its spliced variants on
gel electrophoresis in TD7D cells. The intensity of bands was analyzed by Image] software to semi-quantify data. Note that only three variants have been marked on gel. Data
represent the mean =+ standard deviation of three independent experiments. *P < 0.05, **P < 0.01and ***P < 0.001

medicine even for p53-mutant tumors. However, further
investigations on the effect of DNC on other death-related
pathways and in vivo studies are required that some of
them are in progress in our lab.
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