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Abstract: The natural compound curcumin has been shown to have therapeutic potential against
a wide range of diseases such as cancer. Curcumin reduces cell viability of renal cell carcinoma
(RCCQ) cells when combined with TNF-related apoptosis-inducing ligand (TRAIL), a cytokine that
specifically targets cancer cells, by helping overcome TRAIL resistance. However, the therapeutic
effects of curcumin are limited by its low bioavailability. Similar compounds to curcumin with higher
bioavailability, such as demethoxycurcumin (DMC) and 3,5-bis(2-fluorobenzylidene)-4-piperidone
(EF24), can potentially have similar anticancer effects and show a similar synergy with TRAIL, thus
reducing RCC viability. This study aims to show the effects of DMC and EF24 in combination with
TRAIL at reducing ACHN cell viability and ACHN cell migration. It also shows the changes in death
receptor 4 (DR4) expression after treatment with these compounds individually and in combination
with TRAIL, which can play a role in their mechanism of action.
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1. Introduction

Kidney cancer was responsible for 430,000 new cases and almost 180,000 deaths
worldwide in 2020 [1]. RCC, the primary form of kidney cancer, is often asymptomatic [2],
which together with its complicated clinical manifestation [3], results in high metastasis
rates and bad prognosis, with <5% overall 5-year survival [4]. The main therapy for
localized RCC is total nephrectomy; however up, to 40% of patients experience metastatic
reoccurrence and 5% local reoccurrence [5,6]. Post-operative adjuvant therapies have failed
to reduce recurrence in clinical trials and are associated with high toxicity [7,8]. RCC is
resistant to traditional chemotherapeutics [3], and the use of targeted therapies is also
limited due to multiple drug resistant phenotypes of RCC, highlighting the urgent need
for new therapies [9].

TRAIL is a cytokine from the tumor necrosis factor (TNF) superfamily that selectively
induces apoptosis in cancer cells without displaying toxicity towards healthy cells [10-13].
TRAIL binds to membrane receptors DR4 and DRS5, activating the extrinsic apoptotic
pathway. TRAIL can also activate the intrinsic apoptotic pathway through caspase 8§,
thus amplifying the apoptotic signal [14]. Although TRAIL presents potential as an im-
munotherapy [15], many primary cancers are resistant to TRAIL-induced apoptosis [16-18].
Mechanisms of TRAIL resistance are unclear but current hypotheses suggest dysregulation
of pro- and anti-apoptotic balance, decrease in caspase activity, and defective death receptor
signaling or dysregulation of the transcription factor Six1 [19]. Approaches to overcome
TRAIL resistance demonstrated high risk of toxicity in vivo [20].

Curcumin ((1E,6E)-1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione),
the primary bioactive extract from Curcuma longa (Turmeric), has demonstrated anti-
inflammatory, antioxidant, immunomodulatory, anti-tumor and renoprotective activi-
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ties [21], while being minimally toxic to healthy cells [22,23]. It can sensitize resistant
cancer cells to TRAIL through upregulation of DR4 and DR5, promoting TRAIL-induced
apoptosis [24]. Recently curcumin was shown to activate apoptosis in kidney cancer cells
through reactive oxygen species (ROS) generation and activation of c-Jun N-terminal
Kinase (JNK), extracellular signal-regulated kinases (ERK) and p38 [25]. Despite great
potential and proven anti-cancer effects, clinical efficacy of curcumin is limited by its low
bioavailability and chemical instability [26].

Another turmeric extract, DMC, displayed similar efficacy at inhibiting proliferation
and progression in several tumor cell lines [27] and greater potency at preventing cancer cell
invasion [28]. Despite its similarities to curcumin, DMC lacks a methoxy group, resulting
in improved stability and activity under physiological conditions, making it an attractive
potential anti-carcinogenic therapy [29,30]. The synthetic curcumin analogue EF24, shows
better pharmacokinetics and anti-cancer and anti-angiogenesis effects, while maintaining
minimal toxicity [31]. EF24 has demonstrated high efficacy at growth inhibition in some
cancer cell lines, thought to be caused by upregulating oxidative stress and downregulating
the nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB), phosphoinositide
3-kinases (PI3K) and mitogen-activated protein kinases (MAPK) pathways [32,33].

2. Results
2.1. DMC and EF24 Reduce ACHN Cell Viability after 72 h Treatment

ACHN cells were treated using increasing concentrations of DMC and EF24. An
MTT cell viability assay was performed following 72 h treatment exposure. Increasing
concentrations of DMC, between 6.25 and 50 uM, lead to a decrease in ACHN cell viability
after 72 h of treatment in a dose-dependent manner (Figure 1a). At the IC;( concentration
(10.94 uM, previously calculated in a similar experiment using a healthy renal epithelial
cell line, see Methods), treatment with DMC decreases cell viability to approximately
76.69% compared to the vehicle control. A similar trend is observed following treatment
with increasing concentrations of EF24 (3—48 uM), as ACHN cell viability decreases to
approximately 18.69% after treatment with the IC;y concentration of EF24 (21.36 uM)
(compared to vehicle control) (Figure 1b).
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Figure 1. ACHN cell viability measured using MTT assays after 72 h of treatment using either DMC
or EF24. (a) Cell viability decreases with increasing concentrations of DMC over a 72 h period. Results
shown are an average of 3 independent experiments. (b) Treatment with increasing concentrations of
EF24 reduces ACHN cell viability Cell viability decreases to 43.62% at a 12 uM of EF24 and 18.69% at
24 uM. Results shown are an average of 4 independent experiments. **** p < 0.0001.
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2.2. Combination Treatment of DMC or EF24 and TRAIL Further Reduces ACHN Cell Viability

ACHN cells were pretreated using DMC or EF24 and a concentration of 50 ng/mL
TRAIL was added after 4 h. Cell viability was analyzed after 72 h using an MTT assay.
Cell viability of ACHN decreases after combination treatment with DMC and TRAIL in a
dose-dependent manner. Cell viability decreases up to 32.73% using a 12 uM concentration
of DMC in combination with TRAIL (See Figure 2a). After combination treatment using
24 uM EF24 and TRAIL, cell viability decreases to 11.39% (Figure 2b).
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Figure 2. ACHN cell viability measured using MTT assays after 72 h of treatment using either
DMC or EF24 in combination with the cytokine TRAIL. (a) Cell viability decreases with increasing
concentrations of DMC in combination with TRAIL over a 72 h period of time. This decrease is
enhanced by addition of TRAIL in comparison to values from Figure 1a. Combination treatment of
DMC and TRAIL at 12uM significantly reduces cell viability to 32.73% (b) Treatment with increasing
concentrations of EF24 in combination with TRAIL reduces ACHN cell viability more than the
EF24 monotherapy, up to 22.25% at 12 uM and 11.39% at 24 uM. Results shown are an average of
4 independent experiments. * p < 0.05, **** p < 0.0001.

2.3. Treatment with DMC or EF24 in Combination with TRAIL Reduces ACHN Cell Migration

A scratch cell migration assay was performed using ACHN cells treated with either
DMC or EF24. Images were taken at 0 and 72 h post-scratch and scratched, cell-free area
was measured to see if treatment slowed scratch closure compared to control (Figure 3a).
Scratch area is decreased for all samples at 72 h, indicating that the gap is closing. Scratch
area is wider in the presence of DMC or EF24 treatment compared to control. After
72h treatment, EF24 (48.67%) and EF24+TRAIL (53.05%) significantly reduces ACHN
migration rate compared to control (28.78%). DMC and DMC+TRAIL treatments also
reduce the migratory potential compared to control, being the scratch area 50.62% and
54.11% (Figure 3b).
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Figure 3. ACHN cell migration measured using a scratch assay at t = 0 h and t = 72 h of treatment using either DMC (10.94
uM) or EF24 (21.36 uM) in combination with TRAIL. (a) Scratch area (edges marked in red) at 0 and 72 h after treatment with
DMC in combination with TRAIL and EF24 in combination with TRAIL. (b) ACHN cell migration decreases in presence of
DMC and EF24 both individually and in combination with TRAIL. Combination treatment of DMC and TRAIL reduces
scratch width to 54.11% after 72 h, whereas control cells reduce scratch width to 28.78%. Treatment with EF24 in combination
with TRAIL reduces scratch width to 53.05%. Results shown are an average of 4 independent experiments. * p < 0.05,
**p <0.01, ** p < 0.001. Images analyzed using Image]J [34].

2.4. DR4 Expression Increases after 72 h Treatment with EF24 in Combination with TRAIL

Western blot analysis of ACHN cells after 72 h of treatment with the IC;( concentra-
tions of DMC or EF24 individually and in combination with TRAIL showed an increase in

DR4 protein expression after treatment with Curcumin, DMC, DMC + TRAIL, EF24 and
EF24 + TRAIL (Figure 4).
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Figure 4. DR4 expression in ACHN after 72 dh treatment with the ICy( concentrations of DMC or
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EF24 either individually or in combination with TRAIL. (a) The expression of DR4 is increased after
each treatment, especially after combination treatment with EF24 and TRAIL. GAPDH was used as a
loading control. Represented results were normalized using the control. (b) Representative blots of
DR4 expression in ACHN after treatment with DMC or EF24 individually and in combination with
TRAIL. Images obtained using Odyssey CLx system. All data shown is n = 3. Densitometry analysis
performed using Image]J [34] and GraphPad Prism. * p < 0.05.

3. Discussion

The natural compound curcumin has previously shown multiple anti-cancer effects
against several different cancer cell types, such as breast cancer, lung cancer or pancreatic
cancer [35-37]. Recently, it was demonstrated that curcumin enhances the pro-apoptotic
effect of TRAIL thus leading to induction of apoptosis through an upregulation of DR4 and
DRS5, two TRAIL receptors [24]. This effect was also observed in the RCC cell line ACHN,
which takes place through activation of JNK and ERK and ROS generation [25]. However,
due to the low bioavailability displayed by curcumin, its therapeutic potential is severely
limited.

In this study, we analyzed the anti-cancer potential of the two curcumin analogues
DMC and EF24 alone and in combination with TRAIL in a RCC cell line. These two
analogues have previously demonstrated a better bioavailability compared to curcumin
due to their chemical and structural differences and seem to present anti-cancer activity
against several cancer cell lines [27,32,33]. However, the effects of these two compounds
have not been studied in RCC cells and thus have their potential to re-sensitize TRAIL-
resistant cells to the effects of the cytokine.

Figure 1a shows that the natural curcuminoid DMC led to a reduction in cell viability
of the RCC cell line ACHN. This effect was dose dependent, as the reduction of cell viability
increased with increasing drug concentration. The IC;y concentration of DMC, 10.94 uM,
which was previously calculated in a normal renal epithelial cell line (RPTEC/TERT1), led
to a reduction of ACHN cell viability to 76.69% compared to the vehicle control. After
treatment with the synthetic curcuminoid EF24, ACHN cell viability decreased in a dose-
dependent manner as well (Figure 1b). In the case of EF24, the IC;y concentration calculated
in RPTEC/TERT1, 21.36 uM, led to a reduction of cell viability in RCC cells of 18.69%.
These two compounds used individually could have some therapeutic potential against
RCC at concentrations that do not significantly damage healthy renal epithelial cells.

Treatment of ACHN RCC cells using curcumin and the cytokine TRAIL enhanced
the effect of both compounds individually, reducing ACHN cell viability. In this study,
the synergy between TRAIL and the curcuminoids DMC and EF24 was studied following
the protocol from Obaidi et al. ACHN cells treated with only 50 ng/mL TRAIL did not
show a significant decrease in cell viability, meaning this cell line is resistant to TRAIL-
induced apoptosis. When ACHN were treated using a combination of TRAIL and DMC or
EF24, there was a decrease in ACHN cell viability. The combination treatment using DMC
and TRAIL reduced cell viability at all DMC concentrations tested, resulting in viability
percentages lower than after treating cells with DMC individually (Figure 2a). At the ICy
concentration of DMC, 10.94 uM, the combination treatment of DMC and TRAIL reduced
ACHN viability to 32.73%, lower than half of the cell viability percentage after treatment
with DMC individually. Similar trends were observed when ACHN cells were treated with
a combination of EF24 and TRAIL, as cell viability was lower after combination treatment
compared to the treatment with EF24 only. In this case, ACHN cell viability was reduced
to 11.39% after treatment with the ICqy concentration of EF24 in combination with TRAIL,
compared to 18.69% of the individual treatment with EF24 (Figure 2b). These findings
point to the potential of DMC and EF24 to re-sensitize resistant cells to TRAIL-induced
apoptosis, as the decrease in cell viability is enhanced when TRAIL is combined with either
DMC or EF24.

RCC is a highly metastatic cancer, often diagnosed at late stages [3]. Obaidi et al.
showed that the combination of curcumin and TRAIL can reduce ACHN cell migration in a
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zebrafish model. The effects of DMC and EF24 individually and in combination with TRAIL
were studied regarding their potential to reduce ACHN cell migration in vitro. As seen in
Figure 3, the area of a scratch on a ACHN cell monolayer was measured over a period of
72 h. ACHN treated only with TRAIL did not significantly show a difference in scratch area
after 72 h compared to the vehicle control ACHN, meaning treatment with only TRAIL
does not alter the migration potential of ACHN cells. When using DMC individually and
in combination with TRAIL, the scratch area after 72 h treatment comprised 54.11%, almost
twice as wide as the control cells (28.78% at 72 h treatment). This is also observed after
treatment with EF24 and EF24 in combination with TRAIL, where the scratch area was
almost twice (53.05%) the area of the control ACHN after 72 h treatment (Figure 3). This
points to the potential of DMC and EF24 treatment to reduce cell migration of ACHN,
although in vivo experiments should be performed in order to assess whether this effect
also occurs in vivo. TRAIL did not seem to play a role in cell migration reduction in
combination with these two compounds in ACHN.

It is known that curcumin presents a wide variety of cellular targets that play a
role in key functions such as cell survival and apoptosis [38—40]. In ACHN, curcumin in
combination with TRAIL was shown to upregulate the expression of the TRAIL receptor
DR4, which could explain the decrease in cell viability after combination treatment.

The effects observed after treatment using DMC and EF24 individually and in com-
bination with TRAIL may occur through similar mechanisms due to their analogy to
curcumin; however, these compounds are much less studied and could affect cells through
different mechanisms. This study analyzed the changes in DR4 expression in ACHN
cells after treatment. As seen in Figure 4a, the expression of DR4 increased in ACHN
after treatment with EF24 and significantly increased after treatment with EF24 in com-
bination with TRAIL. This suggests EF24 helps overcome TRAIL resistance in ACHN
cells by upregulating DR4 expression, which leads to decreased cell viability in this cell
type. After treatment with DMC alone and in combination with TRAIL, levels of DR4
expression remained similar to the control ACHN expression levels. This shows that both
curcuminoids present a different mechanism of action, which is not necessarily similar to
curcumin. Although further analysis is necessary in order to elucidate what cell changes
take place after treatment with DMC and EF24, this research shows the potential anticancer
effects in RCC of the curcumin analogues DMC and EF24 and how they may be able to help
overcome TRAIL resistance in this cell line while reducing cell migration. These changes in
DR4 expression are currently the only known possible steps in the mechanism of action
of either DMC or EF24 in the ACHN cell line; however, preliminary analysis of protein
expression points to changes in the expression of caspase 8 and the pro-apoptotic protein
Bax. Further research into these two potential changes may potentially explain the decrease
in cell viability observed after treatment with these two compounds.

4. Materials and Methods
4.1. Cell Culture

A human RCC cell line, ACHN (ATCC, Manassas, VA, USA) was used. ACHN
cells were cultured in Minimum Essential Medium (Merck, Darmstadt, Germany) with
1% Penicillin-streptomycin (Thermo Fisher, Dublin, Ireland) and 10% fetal bovine serum
(Thermo Fisher, Dublin, Ireland). Cells were stored at 37 °C and 5% CO,. Cells were
sub-cultured at 80-85% confluency using pre-warmed trypsin (Thermo Fisher, Dublin,
Ireland), PBS (Merck, Darmstadt, Germany) and cell medium. For the experiments, 6-well
plates were seeded at a density of 2 x 10° cells/well 24-well plates were seeded at a density
of 4 x 10* cells/well.

4.2. Cell Treatments

For the experiments, cells were pre-treated with either DMC (Merck, Darmstadlt,
Germany), and EF24 (Merck, Darmstadt, Germany) both in DMSO (Merck, Darmstadt,
Germany) and 50 ng/mL of TRAIL (Merck, Darmstadt, Germany) (in PBS) was added to
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wells after 4 h. The IC;g and IC50 concentrations of DMC (10.94 uM and 25.30 uM +/—
1.89 uM SEM) and EF24 (21.36 uM and 30.60 pM +/ — 2.39 uM SEM), previously calculated
using RPTEC/TERT1 (ATCC). In order to ensure that the treatments are not toxic to a high
percentage of healthy kidney cells, the IC1o concentrations were chosen to proceed with. A
treatment time of 72 h was chosen, as it was the time at which the maximum decrease in
cell viability in RPTEC prior to cell doubling time was seen.

4.3. MTT Cell Viability Assay

Cells were treated (see Methods above) in duplicate using increasing concentrations of
DMC or EF24. Plate was incubated for 72 h at 37 °C, 5% CO,. MTT (Thermo Fisher, Dublin,
Ireland) solution was diluted using pre-warmed cell media to a working concentration of
0.5 mg/mL and 500 puL of working MTT solution was added to each well after old medium
was removed. The plate was incubated in the dark for 2 h at 37 °C. The MTT solution was
discarded and 500 pL of DMSO was added to each well and plate was incubated for 1h at
room temperature. Absorbance was read at 570 nm using CLARIOstar plate reader (BMG
Labtech, Ortenberg, Germany).

4.4. Cell Migration Assay

Cells were cultured until a confluent monolayer was formed. Each well was scratched
vertically down the center using a p200 pipette tip. Cells were then washed with PBS and
treated (see Methods above). Images were taken using an Olympus E50 microscope and
scratch width was recorded for time point 0 h measurements. Cells were incubated at 37 °C
and images and measurements were recorded at 24, 48 and 72 h.

4.5. Western Blot

Cells were cultured and treated in 6-well plates. After 72 h treatment, whole cell
lysates were performed and frozen at —20 °C until used. Electrophoresis was performed
using 12% gels at 80 V/110 V using the BioRad MiniProtean Electrophoresis system. Wet
transfer was performed using a nitrocellulose membrane and the BioRad mini trans-blot
cell system on ice at 100 V for 90 min. Membranes were blocked using a 5% Marvel in TBS-T
solution and incubated at 4 °C overnight with DR4 (Cell Signaling Technology, Boston, MA,
USA) primary antibody diluted in a 5% Marvel in TBS-T solution (1:2000). Membranes
were then washed with TBS-T (three times, 10 min each) and incubated with IRDye 800CW
goat anti-rabbit IgG (LI-COR Biotechnology, Cambridge, UK) secondary antibody (1:20,000)
at room temperature, covered in foil for 1 h. Membranes were washed three times, 5 min
each and detected using the Odyssey CLx system (LI-COR Biotechnology, Cambridge, UK).

4.6. Statistical Analysis

Migration assay scratch area calculation and densitometry analysis were preformed
using Image]J Fiji [34]. GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA)
was employed to analyze all data. MTT and western blot data was analyzed using one-
way ANOVA and a post hoc Tukey’s multiple comparisons test. Migration assay data
was analyzed using two-way ANOVA and a post hoc Tukey’s multiple comparisons test.
Results are shown as mean & SEM. A p value of 0.05 or smaller was deemed statistically
significant. Statistical significance was represented by * (p < 0.05); ** (p < 0.01); *** (p < 0.001);
#5% (p < 0.0001).

5. Conclusions

Curcumin has been studied for its anti-cancer effects, but due to its low bioavailability,
its therapeutic use is limited. This study shows that the curcumin analogues with better
bioavailability, DMC and EF24, decrease in vitro cell viability and cell migration of RCC
cells (ACHN). These effects are further enhanced when in combination with TRAIL, point-
ing to DMC and EF24 as potential compounds to overcome TRAIL resistance in kidney
cancer cells. The mechanisms are yet to be elucidated; however, an increase in TRAIL
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receptor expression (DR4) may play a role in kidney cancer cell resensitization to TRAIL.
Further analysis of protein expression of pro- and anti-apoptotic proteins, such as caspases
and proteins from the Bcl-2 family, may potentially help understand the mechanism of
action of these compounds in the ACHN cell line.

Author Contributions: V.I.G. performed research and analysis of data. VI.G., ]J.M. and H.C. con-
tributed to conceptualization, draft preparation, review and editing; C.S. and T.M. contributed to
conceptualization, draft preparation, review, editing, supervision. T.M. also contributed to project
administration, and funding acquisition. All authors have read and agreed to the published version
of the manuscript.

Funding: UCD Science and UCD School of Biomolecular and Biomedical Science.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon request from corresponding authors.
Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Not available.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Gray, R.E.; Harris, G.T. Renal Cell Carcinoma: Diagnosis and Management. Am. Fam. Physician 2019, 99, 179-184. [PubMed]
Chow, W.-H.; Dong, L.M.; Devesa, S.S. Epidemiology and risk factors for kidney cancer. Nat. Rev. Urol. 2010, 7, 245-257.
[CrossRef] [PubMed]

Hutson, T.E. Renal cell carcinoma: Diagnosis and treatment, 1994-2003. Proc. (Bayl. Univ. Med. Cent.) 2005, 18, 337-340.
[CrossRef]

Rini, B.I,; Campbell, S.C.; Escudier, B. Renal cell carcinoma. Lancet 2009, 373, 1119-1132. [CrossRef]

Rabinovitch, R.A.; Zelefsky, M.].; Gaynor, ].J.; Fuks, Z. Patterns of failure following surgical resection of renal cell carcinoma:
Implications for adjuvant local and systemic therapy. J. Clin. Oncol. 1994, 12, 206-212. [CrossRef]

Lenis, A.T.; Donin, N.M.; Johnson, D.C.; Faiena, I.; Salmasi, A.; Drakaki, A.; Belldegrun, A.; Pantuck, A.; Chamie, K. Adjuvant
Therapy for High Risk Localized Kidney Cancer: Emerging Evidence and Future Clinical Trials. J. Urol. 2018, 199, 43-52.
[CrossRef]

Hassan, F.; Lambe, S.; Sharma, K.; Kapoor, A. Current Role of Adjuvant Therapy in High Risk for Recurrence Resected Kidney
Cancer. In Evolving Trends in Kidney Cancer; Kommu, S.S., Gill, 1.S., Eds.; IntechOpen: London, UK, 2018.

Erman, M.; Benekli, M.; Basaran, M.; Bavbek, S.; Buyukberber, S.; Coskun, U.; Demir, G.; Karabulut, B.; Oksuzoglu, B.;
Ozkan, M.; et al. Renal cell cancer: Overview of the current therapeutic landscape. Expert Rev. Anticancer Ther. 2016, 16, 955-968.
[CrossRef]

Kelley, S.K.; Ashkenazi, A. Targeting death receptors in cancer with Apo2L/TRAIL. Curr. Opin. Pharmacol. 2004, 4, 333-339.
[CrossRef]

Daniels, R.; Turley, H.; Kimberley, E; Liu, X.; Mongkolsapaya, J.; Ch’En, P,; Xu, X,; Jin, B.; Pezzella, F.; Screaton, G. Expression of
TRAIL and TRAIL receptors in normal and malignant tissues. Cell Res. 2005, 15, 430—-438. [CrossRef]

Roach, C.M.; Sharifi, A.; Askaa, J.; Welcher, R.; Chenoweth, D.; Lincoln, C.; Sosnovtseva, S.; Zhao, Q.; Johnson, R;
Humpbhreys, R.; et al. Development of sensitive and specific immunohistochemical assays for pro-apoptotic TRAIL-receptors.
Cancer Res. 2004, 64, 1145.

Halpern, W.; Lincoln, C.; Sharifi, A.; Roach, C.; Askaa, J.; Klein-Szanto, A.; Cohen, R. 225 Variable distribution of TRAIL Receptor
1 in primary human tumor and normal tissues. EJC Suppl. 2004, 2, 69. [CrossRef]

Almasan, A.; Ashkenazi, A. Apo2L/TRAIL: Apoptosis signaling, biology, and potential for cancer therapy. Cytokine Growth Factor
Rev. 2003, 14, 337-348. [CrossRef]

Escudier, B. Emerging immunotherapies for renal cell carcinoma. Ann. Oncol. 2012, 23 (Suppl. 8), viii35-viii40. [CrossRef]

De Miguel, D.; Lemke, J.; Anel, A.; Walczak, H.; Martinez-Lostao, L. Onto better TRAILs for cancer treatment. Cell Death Differ.
2016, 23, 733-747. [CrossRef]

Wajant, H.; Pfizenmaier, K.; Scheurich, P. TNF-related apoptosis inducing ligand (TRAIL) and its receptors in tumor surveillance
and cancer therapy. Apoptosis 2002, 7, 449-459. [CrossRef]

Huang, Y,; Yang, X.; Xu, T.; Kong, Q.; Zhang, Y.; Shen, Y.; Wei, Y.; Wang, G.; Chang, K.J. Overcoming resistance to TRAIL-induced
apoptosis in solid tumor cells by simultaneously targeting death receptors, c-FLIP and IAPs. Int. ]. Oncol. 2016, 49, 153-163.
[CrossRef]


http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://www.ncbi.nlm.nih.gov/pubmed/30702258
http://doi.org/10.1038/nrurol.2010.46
http://www.ncbi.nlm.nih.gov/pubmed/20448658
http://doi.org/10.1080/08998280.2005.11928093
http://doi.org/10.1016/S0140-6736(09)60229-4
http://doi.org/10.1200/JCO.1994.12.1.206
http://doi.org/10.1016/j.juro.2017.04.092
http://doi.org/10.1080/14737140.2016.1222908
http://doi.org/10.1016/j.coph.2004.02.006
http://doi.org/10.1038/sj.cr.7290311
http://doi.org/10.1016/S1359-6349(04)80233-7
http://doi.org/10.1016/S1359-6101(03)00029-7
http://doi.org/10.1093/annonc/mds261
http://doi.org/10.1038/cdd.2015.174
http://doi.org/10.1023/A:1020039225764
http://doi.org/10.3892/ijo.2016.3525

Molecules 2021, 26, 6302 90f9

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wong, S H.M.; Kong, W.Y,; Fang, C.-M.; Loh, H.-S.; Chuah, L.-H.; Abdullah, S.; Ngai, S.C. The TRAIL to cancer therapy:
Hindrances and potential solutions. Crit. Rev. Oncol./Hematol. 2019, 143, 81-94. [CrossRef]

Von Karstedt, S.; Montinaro, A.; Walczak, H. Exploring the TRAILs less travelled: TRAIL in cancer biology and therapy. Nat. Rev.
Cancer 2017, 17, 352-366. [CrossRef]

Unlu, A.; Nayir, E.; Dogukan Kalenderoglu, M.; Kirca, O.; Ozdogan, M. Curcumin (Turmeric) and cancer. J. Buon 2016, 21,
1050-1060.

Mansouri, K.; Rasoulpoor, S.; Daneshkhah, A.; Abolfathi, S.; Salari, N.; Mohammadi, M.; Rasoulpoor, S.; Shabani, S. Clinical
effects of curcumin in enhancing cancer therapy: A systematic review. BMC Cancer 2020, 20, 791. [CrossRef] [PubMed]

Chopra, H.; Dey, P.S.; Das, D.; Bhattacharya, T.; Shah, M.; Mubin, S.; Maishu, S.P.; Akter, R.; Rahman, M.; Karthika, C.; et al.
Curcumin Nanoparticles as Promising Therapeutic Agents for Drug Targets. Molecules 2021, 26, 4998. [CrossRef] [PubMed]
Yang, X.; Li, Z.; Wu, Q.; Chen, S; Yi, C.; Gong, C. TRAIL and curcumin codelivery nanoparticles enhance TRAIL-induced
apoptosis through upregulation of death receptors. Drug Deliv. 2017, 24, 1526-1536. [CrossRef] [PubMed]

Obaidi, I; Cassidy, H.; Gaspar, V.I.; McCaul, ].; Higgins, M.; Haldsz, M.; Reynolds, A.L.; Kennedy, B.N.; McMorrow, T.
Curcumin Sensitizes Kidney Cancer Cells to TRAIL-Induced Apoptosis via ROS Mediated Activation of JNK-CHOP Pathway
and Upregulation of DR4. Biology (Basel) 2020, 9, 92. [CrossRef]

Giordano, A.; Tommonaro, G. Curcumin and Cancer. Nutrients 2019, 11, 2376. [CrossRef]

Sandur, S.K.; Pandey, M.K,; Sung, B.; Ahn, K.S.; Murakami, A.; Sethi, G.; Limtrakul, P; Badmaev, V.; Aggarwal, B.B. Curcumin,
demethoxycurcumin, bisdemethoxycurcumin, tetrahydrocurcumin and turmerones differentially regulate anti-inflammatory and
anti-proliferative responses through a ROS-independent mechanism. Carcinogenesis 2007, 28, 1765-1773. [CrossRef]

Yodkeeree, S.; Chaiwangyen, W.; Garbisa, S.; Limtrakul, P. Curcumin, demethoxycurcumin and bisdemethoxycurcumin dif-
ferentially inhibit cancer cell invasion through the down-regulation of MMPs and uPA. J. Nutr. Biochem. 2009, 20, 87-95.
[CrossRef]

Hatamipour, M.; Ramezani, M.; Tabassi, S.A.S.; Johnston, T.P.; Ramezani, M.; Sahebkar, A. Demethoxycurcumin: A naturally
occurring curcumin analogue with antitumor properties. J. Cell. Physiol. 2018, 233, 9247-9260. [CrossRef]

Jager, R.; Lowery, R.P,; Calvanese, A.V.; Joy, ]. M.; Purpura, M.; Wilson, ].M. Comparative absorption of curcumin formulations.
Nutr. J. 2014, 13, 11. [CrossRef]

Mosley, C.A.; Liotta, D.C.; Snyder, J.P. Highly active anticancer curcumin analogues. In The Molecular Targets and Therapeutic Uses
of Curcumin in Health and Disease; Aggarwal, B.B., Surh, Y.-]., Shishodia, S., Eds.; Springer: Boston, MA, USA, 2007; pp. 77-103.
Reid, ].M.; Buhrow, S.A; Gilbert, J.A.; Jia, L.; Shoji, M.; Snyder, ].P.; Ames, M.M. Mouse pharmacokinetics and metabolism of the
curcumin analog, 4-piperidinone, 3, 5-bis [(2-fluorophenyl) methylene]-acetate (3E,5E)(EF-24; NSC 716993). Cancer Chemother.
Pharmacol. 2014, 73, 1137-1146. [CrossRef]

He, G.; Feng, C.; Vinothkumar, R.; Chen, W.; Dai, X.; Chen, X; Ye, Q.; Qiu, C.; Zhou, H.; Wang, Y.; et al. Curcumin analog EF24
induces apoptosis via ROS-dependent mitochondrial dysfunction in human colorectal cancer cells. Cancer Chemother. Pharmacol.
2016, 78, 1151-1161. [CrossRef]

Schindelin, J.; Arganda-Carreras, L; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef]

Sun, X.D.; Liu, X.E.; Huang, D.S. Curcumin induces apoptosis of triple-negative breast cancer cells by inhibition of EGFR
expression. Mol. Med. Rep. 2012, 6, 1267-1270. [CrossRef]

Lev-Ari, S.; Starr, A.; Vexler, A.; Karaush, V.; Loew, V.; Greif, ].; Fenig, E.; Aderka, D.; Ben-Yosef, R. Inhibition of pancreatic and
lung adenocarcinoma cell survival by curcumin is associated with increased apoptosis, down-regulation of COX-2 and EGFR and
inhibition of Erk1/2 activity. Anticancer Res. 2006, 26, 4423-4430.

Karthika, C.; Hari, B.; Mano, V.; Radhakrishnan, A.; Janani, S.K.; Akter, R.; Kaushik, D.; Rahman, M.H. Curcumin as a great
contributor for the treatment and mitigation of colorectal cancer. Exp. Gerontol. 2021, 152, 111438. [CrossRef]

Yao, Q.; Lin, M.; Wang, Y.; Lai, Y;; Hu, J.; Fu, T.; Wang, L.; Lin, S.; Chen, L.; Guo, Y. Curcumin induces the apoptosis of A549 cells
via oxidative stress and MAPK signaling pathways. Int. |. Mol. Med. 2015, 36, 1118-1126. [CrossRef]

Bimonte, S.; Barbieri, A.; Palma, G.; Rea, D.; Luciano, A.; D"Aiuto, M.; Arra, C.; Izzo, F. Dissecting the role of curcumin in tumour
growth and angiogenesis in mouse model of human breast cancer. BioMed Res. Int. 2015, 2015, 878134. [CrossRef]

Kabir, M.; Rahman, M.; Akter, R.; Behl, T.,; Kaushik, D.; Mittal, V.; Pandey, P.; Akhtar, M.E,; Saleem, A.; Albadrani, G.M.; et al.
Potential Role of Curcumin and Its Nanoformulations to Treat Various Types of Cancers. Biomolecules 2021, 11, 392. [CrossRef]


http://doi.org/10.1016/j.critrevonc.2019.08.008
http://doi.org/10.1038/nrc.2017.28
http://doi.org/10.1186/s12885-020-07256-8
http://www.ncbi.nlm.nih.gov/pubmed/32838749
http://doi.org/10.3390/molecules26164998
http://www.ncbi.nlm.nih.gov/pubmed/34443593
http://doi.org/10.1080/10717544.2017.1384863
http://www.ncbi.nlm.nih.gov/pubmed/28994313
http://doi.org/10.3390/biology9050092
http://doi.org/10.3390/nu11102376
http://doi.org/10.1093/carcin/bgm123
http://doi.org/10.1016/j.jnutbio.2007.12.003
http://doi.org/10.1002/jcp.27029
http://doi.org/10.1186/1475-2891-13-11
http://doi.org/10.1007/s00280-014-2447-3
http://doi.org/10.1007/s00280-016-3172-x
http://doi.org/10.1038/nmeth.2019
http://doi.org/10.3892/mmr.2012.1103
http://doi.org/10.1016/j.exger.2021.111438
http://doi.org/10.3892/ijmm.2015.2327
http://doi.org/10.1155/2015/878134
http://doi.org/10.3390/biom11030392

	Introduction 
	Results 
	DMC and EF24 Reduce ACHN Cell Viability after 72 h Treatment 
	Combination Treatment of DMC or EF24 and TRAIL Further Reduces ACHN Cell Viability 
	Treatment with DMC or EF24 in Combination with TRAIL Reduces ACHN Cell Migration 
	DR4 Expression Increases after 72 h Treatment with EF24 in Combination with TRAIL 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Cell Treatments 
	MTT Cell Viability Assay 
	Cell Migration Assay 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

