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Transferrin receptor monoclonal antibody exacerbates 
curcumin-mediated apoptotic effect in castration  
resistant prostate cancer cells
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Abstract: Curcumin is a biologically active iron chelator and induces cytotoxicity in a series of cell lines. Whereas 
anti-human transferrin receptor monoclonal antibody (TfR-mAb), which can specifically recognize the outer segment 
of TfR and result in iron deprivation of tumor cells, has been proved to synergize the antitumor effect of many che-
motherapeutic drugs. Thus the aim of this study was to investigate the apoptosis inducing activity of curcumin alone 
or in combination with TfR-mAb in castration resistant prostate cancer (CRPC) PC3 cells. Here we demonstrated 
that curcumin induces apoptosis in PC3 cells, as assessed by flow cytometry, TUNEL assay and caspase activation. 
Combining curcumin with TfR-mAb, synergizes the apoptotic effect of curcumin. At apoptotic inducing concentration, 
curcumin evaluates the expression of TfR1 and IRP1, but inhibits AKT phosphorylation in PC3 cells. Furthermore, 
iron deprivation and AKT phosphorylation inhibition effect of curcumin was enhanced by TfR-mAb. All together, our 
results suggest that TfR-mAb enhances the apoptosis inducing activity of curcumin in CRPC cells, iron deprivation 
and AKT phosphorylation inhibition are potential mechanisms.
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Introduction

Prostate carcinoma is still the most common 
cancer and the second leading cause of can-
cer-related death in American males [1]. Ad- 
vanced prostate cancer responses to castra-
tion therapy on average 14-20 months with 
eventual progression to hormone-refractory 
disease named as castration resistant pros-
tate cancer (CRPC) [2]. CRPC carries a worse 
prognosis and has a mean survival time of 
16-18 months from the beginning of progres-
sion [3]. Systemic therapies have been an 
option in CPRC treatment, but chemotherapy is 
not well tolerated in the management to these 
patients [4], and therefore, new and effective 
therapies against CRPC are urgently needed.

Derived from the roots of Curcuma longa, 
Curcumin possesses anticancer, anti-inflam-

matory, antioxidative and antimicrobial proper-
ties [5]. Studies have shown that curcumin 
induces caspase-related apoptosis in both 
androgen-dependent and castration refractory 
prostate cancer cells [6, 7]. Moreover, chemical 
and biological experiments have shown that 
curcumin is a biologically active iron chelator 
and induces cytotoxicity through iron chelation 
[8, 9]. These findings indicate that curcumin 
may induce apoptosis in CRPC cells through  
its iron chelating properties, and if so, combina-
tion therapy with iron deprivation agents may 
enhance its efficacy while minimizing its toxi- 
city.

Transferrin receptor (TfR) plays a crucial role in 
cellular uptake of iron and is highly expressed in 
malignant tissues [10, 11]. Under iron deficien-
cy conditions, the iron regulatory proteins (IRPs) 
bind to the iron response elements (IREs) of fer-
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ritin and TfR1 mRNA. The IRE-IRP interactions 
inhibit the translation of ferritin mRNA but sta-
bilize TfR1 mRNA, thereby inhibiting ferritin syn-
thesis, but enhancing the expression of TfR1. 
Therefore, the expression levels of TfR1, ferri-
tin, and IRP1 can reflect the intracellular status 
of iron. Of note, TfR has been used as a target 
for antibody-based cancer therapy [12], in 
which anti-TfR antibodies (TfR-mAb) can spe-
cifically recognize the outer segment of TfR 
leading to iron deprivation of tumor cells [13]. 
Importantly, TfR-mAb has been recognized to 
synergize with antitumor drugs deferoxamine, 
nimustine and sinomenine hydrochloride in 
studies of cancer cell lines [14-16]. Therefore, 
combination therapy of TfR-mAb with antitumor 
drugs could be an effective strategy in clinical 
settings. We, thus, in the present report, inves-
tigated whether TfR-mAb could enhance cur-
cumin-mediated apoptotic effect and its relat-
ed underlying mechanisms. We found that TfR-
mAb enhances curcumin induced apoptosis  
in CRPC cells, which involves iron deprivation 
along with attenuated AKT activity.

Materials and methods

Cell culture and reagents

The castration resistant prostate cancer cell 
line (PC3) was obtained from the American 
Type Culture Collection (ATCC, Rockville, MD). 
Cells were cultured in DMEM medium (GIBCO, 
USA) supplemented with 10% fetal calf serum 
(GIBCO, USA) at 37°C in a 5% CO2 humidified 
atmosphere. Curcumin (Sigma-Aldrich, USA) 
was dissolved in DMSO (Sigma-Aldrich, USA) at 
50 mM. Antibodies against caspase 9, AKT, 
phosphor-AKT (Ser 473), β-actin (Santa Cruz, 
USA), and HRP-conjugated goat anti-rabbit IgG 
were purchased from Santa Cruz (Santa Cruz, 
CA, USA), while transferring receptor monoclo-
nal antibody (TfR1) was generated and purified 
as previously described [17]). Antibodies for 
iron regulatory protein 1 (IRP1) and caspase 9 
were obtained from Proteintech Group (Rose- 
mont, USA).

Assay for cell viability

Cell viability was assessed by MTT assay 
(Sigma-Aldrich, USA) according to the instruc-
tion. PC3 cells were cultured in 96-well plates 
and incubated with different concentrations of 

curcumin for 24 h, followed by analysis of the 
absorbance of each well at 570 nm wavelength. 
Cell viability was expressed as percentage of 
the control cells, and the experiments were 
conducted in triplicate.

Apoptosis assay

PC3 cells were placed in 12-well plates and 
treated with curcumin (50 μmol/L) alone or in 
combination with TfR-mAb (100 mg/L) for 24 h. 
After washes with ice-cold PBS, the cells were 
subjected to flow cytometry analysis (Becton-
Dickinson LSR II) using an Annexin V-FITC apo- 
ptosis detection kit (Roche Diagnostics, Mann- 
heim, Germany).

TUNEL assay

The above prepared PC3 cells were also ana-
lyzed for apoptosis by TUNEL assay (Roche 
Diagnostics, Germany). Briefly, the treated cells 
were fixed with 4% paraformaldehyde for 40 
min at room temperature and permeabilized in 
0.1% Triton X-100 in 0.1% sodium citrate for 2 
min, followed by incubating with a mixture of 
TdT solution and fluorescein isothiocyanate 
dUTP solution at 37°C. The cells were finally 
were examined microscopically at 400× mag- 
nification. 

Western blotting

The expression levels for TfR1, IRP1, caspase 
3, caspase 9, AKT and pAKT 473 expression in 
PC3 cells were analyzed by Western blot analy-
sis as previously described [18]. The density  
of a target band was quantified using the 
ImageJ software (Version 1.38×), and β-actin 
was served as a loading control. The relative 
expression of a target protein was expressed 
as a ratio with β-actin. 

Statistical analysis

Statistical analysis was performed using the 
SPSS 12.0 software (SPSS Inc., Chicago, IL, 
USA). All experiments were conducted with 3 
replications, and the data were expressed as 
means ± SD. Student’s t-test and one-way 
ANOVA were used to determine the statistical 
significance of differences between the test 
samples and controls. In all cases, P<0.05 was 
considered with statistical significance.
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Results

Curcumin induces cytotoxicity and caspase-
related apoptosis in PC3 cells

MTT assay revealed that curcumin induced 
cytotoxicity in PC3 cells (Figure 1A and 1C). 
Flow cytometry analysis indicated that curcum-
in dose-dependently induced PC3 cells under-
going apoptosis (Figure 1B). In line with this 
observation, the cleavage of caspase 3 and 9 
was significantly increased in curcumin treated 
cells as determined by Western blot analysis 
(Figure 3C). TUNEL assay of above curcumin-
treated cultures further confirmed that curcum-
in induced apoptosis in PC3 cells (Figure 3D).

Curcumin up-regulates TfR1 expression in PC3 
cells

Next, we sought to address whether curcumin 
affects TfR1 expression in PC3 cells. For this 
purpose, we first examined the expression lev-
els of TfR1 in curcumin treated tumor cells by 
flow cytometry as manifested by the mean fluo-
rescence intensity (MFI). As shown in Figure 

Figure 1. Curcumin induces cytotoxicity and apoptosis in PC3 cells. A, C. PC3 cells were incubated for 24 hours with 
various concentrations of curcumin. Survival rate of PC3 cells was determined by MTT method. Samples were ex-
amined microscopically at 200× magnification. B. PC3 cells were treated with curcumin at different concentrations 
for 24 h, and the percentage of apoptotic cells was analyzed by flow cytometric analysis of Annexin V and PI double 
staining. Results are expressed as means ± S.E.M.

Figure 2. Curcumin up-regulates TfR expression in 
PC3 cells. A. PC3 cells were incubated for 24 hours 
with various concentrations of curcumin. and the 
expression of TfR was analyzed by flow cytometric 
analysis. B. Expression of TfR was examined by West-
ern blot analysis. Results are expressed as means 
± S.E.M.
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2A, TfR1 MFI in PC3 cells after 24 h of curcum-
in treatment was significantly higher than that 
of control cells (P<0.05). To confirm this obser-
vation, we conducted Western blotting for anal-
ysis of TfR1 protein levels. Indeed, curcumin 
can significantly enhanced TfR1 expression in 
PC3 cells.

TfR-mAb exacerbates curcumin-mediated 
apoptosis in PC3 cells

Based on the above observation, a TfR1 block-
ing monoclonal antibody (TfR-mAb, 100 mg/L) 
was next added into the cultures along with cur-
cumin. Remarkably, addition of TfR-mAb signifi-
cantly exacerbated curcumin-induced apopto-
sis, and similarly, the activation of caspase 3 
and 9 was significantly increased (Figure 3A, 

3B and 3C). Indeed, fluorescence microscopy 
analysis revealed that the characteristic chang-
es of apoptosis induced by curcumin were sig-
nificantly exacerbated by the addition of TfR-
mAb (Figure 3D).

TfR-mAb enhances curcumin-induced iron de-
privation along with attenuated AKT signaling

It has been noted that under iron deprivation 
conditions, TfR1 is induced through IRP1-me- 
diated mRNA stabilization [19]. We thus first 
examined the effect of TfR-mAb on curcumin-
induced TfR1 expression. As shown in Figure 4, 
a significant increase for TfR1 expression in 
response to 50 μM curcumin treatment was 
noted, while addition of TfR-mAb alone or in 
combination with curcumin significantly attenu-

Figure 3. TfR-mAb enhances the apoptosis-inducing activity of curcumin. A, B. PC3 cells were treated with curcumin 
(50 µmol/L) or combined with TfR-mAb for 24 h, and the percentage of apoptotic cells was analyzed by flow cyto-
metric analysis of Annexin V and PI double staining. Results are expressed as means ± S.E.M. C. Expression of 
caspase-3 and caspase-9 was examined by Western blot analysis. D. PC3 cells were incubated with curcumin (50 
µmol/L) or combined with TfR-mAb (100 mg/L) for 24 hours, then stained with FITC-labeled TUNEL as described 
under Materials and Methods.
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ated curcumin-induced TfR1 expression. In line 
with this observation, TfR-mAb was noted to 
synergize with curcumin to promote IRP1 acti-
vation, indicating that TfR-mAb exacerbates 
curcumin-induced iron deprivation in PC3 cells. 
Recent studies have elucidated that iron chela-
tors attenuate oncogenic p-AKT activity in pros-
tate cancer as part of their anti-tumor activity 
[20]. We next examined AKT signaling and 
noted that addition of TfR-mAb significantly 
exacerbated curcumin-induced attenuation of 
AKT phosphorylation.

Discussion

Over the past several years, a number of nutri-
tional supplements, such as soybean, garlic, 
green tea and vitamin D3, have been found to 
be beneficial for the prevention and treatment 
of prostate cancer [21]. In fact, some medical 
centers are now combining their conventional 
therapies with some form of alternative and 
complementary medicine, the most popular of 
which are nutritional modification and the use 
of herbal or other micronutrients [22].

Derived from the roots of Curcuma longa, 
Curcumin possesses anticancer, anti-inflam-
matory, anti-oxidative and antimicrobial activi-
ties [5]. Moreover, curcumin has been reported 
to induce apoptosis through intrinsic and extrin-
sic pathways in several cancer cell lines, includ-
ing prostate cancer cells [6, 7]. Similarly in our 
experimental approach, we found that curcum-
in could induce caspase-related apoptosis in 

PC3 cells, as assessed by flow cytometry, cas-
pase activation and TUNEL assay (Figures 1B, 
3C and 3D, respectively). Furthermore, we fo- 
und that at the concentration for induction of 
apoptosis, curcumin elevated the expression of 
TfR1 and IRP1 in PC3 cells, indicating that its 
impact on apoptosis in PC3 cells is associated 
with its iron chelating properties.

Given that curcumin induced TfR1 expression 
in PC3 cells, we thus investigated the effect of 
curcumin in combination with TfR-mAb for 
induction of apoptosis in PC3 cells. It was inter-
estingly noted that TfR-mAb synergizes with 
curcumin to promote PC3 cells undergoing 
apoptosis (Figure 3). Furthermore, the effect of 
curcumin on iron deprivation and inhibition of 
AKT phosphorylation was enhanced by the 
addition of TfR-mAb (Figure 4). In general, h- 
matopoietic tumors are particularly suitable  
for treatment using TfR-targeting therapeutics 
since they express higher levels of TfR and are 
more sensitive to TfR-mAb than other malig-
nancies [23]. Nevertheless, there is limited 
information for the impact of anti-TfR antibod-
ies in combination with chemotherapy on non-
hematopoietic tumor cells, especially prostate 
cancers. We now demonstrated that the effect 
of curcumin on induction of apoptosis, iron 
deprivation and AKT phosphorylation inhibition 
in PC3 cells was enhanced by the addition of 
TfR-mAb. Furthermore, AKT phosphorylation 
may negatively regulated by iron deprivation 
[19]. These results provided the basis for the 

Figure 4. Iron metabolism and AKT phosphorylation are involved in TfR-enhanced apoptosis of PC3 cells. PC3 cells 
were incubated with curcumin (50 µmol/L) or combined with TfR-mAb (100 mg/L) for 24 h, and expression of TfR1, 
IRP1, AKT and pAKT 473 were examined by Western blot analysis. Quantitation of the western blots as shown. *, 
P<0.05 as compared with control group. #, P<0.05 as compared with curcumin-treated group.
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development of chemo-immunotherapy in pros-
tate cancer.

In conclusion, we demonstrated that TfR-mAb 
synergizes with curcumin to promote PC3 cells 
undergoing apoptosis, which involves the de- 
privation of iron and the inhibition of AKT 
phosphorylation.
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