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Tumor cell resistance is one of the big hurdles limiting the therapeutic efficacy of tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)-based cancer treatment. Therefore, the development of a safe
and effective sensitizer agent is greatly desired for optimizing TRAIL therapy. Herein, we successfully
developed a Se/Fe complex with low toxicity to highly effectively inhibit tumor cells proliferation and

migration capabilities through down-regulating ER stress related selenoproteins. Furthermore, it could

more efficiently damage tumor spheroids with good penetration capability. More importantly, it could

I;:ﬁ’; Ocrg;plex synergize with TRAIL treatment to induce the robust generation of reactive oxygen species (ROS), down-
TRAIL regulating ER stress related selenoproteins for triggering tumor cells apoptosis in extrinsic and intrinsic
ER stress signaling pathways. Taken together, this study provides a potential chemo-drug and sensitizer agent to
ROS improve the therapeutic efficacy of TRAIL-based cancer treatment

Cancer treatment
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Because of its unique properties in killing tumor cells and good
safety profile, tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) as one of the TNF superfamily members
has attracted great attentions in cancer treatment [1-3]. It can
specifically bind to death receptors (DR4 and DR5) on the
membrane of tumor cells to activate TRAIL-DR4/5-FADD-Cas-
pase-8/10 signaling pathways and then initiate mitochondria-
dependent and -independent apoptosis of tumor cells [4,5].
Recent years, numbers of clinical trials (NCT01088347,
NCT01258608, NCT03082209, etc.) have been done or are
undergoing to develop highly effective TRAIL agonist-based
combination cancer treatments. However, there are still no
exciting outcomes in those clinical trials because of the TRAIL
resistance of most primary tumors [1,6-8]. Therefore, developing
an effective agent or strategy to enhance the sensitivity of tumor
cells to TRAIL-mediated apoptosis will be greatly useful for
addressing above mentioned problem. Accumulating evidences
also confirmed that TRAIL agonist-based combination cancer
treatment exhibited better therapeutic efficacy than monotherapy
[9-11].

It is known that endoplasmic reticulum (ER) stress responses
play crucial roles in the adaptation of tumor cells to hostile
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microenvironments in tumors like poor nutrient availability,
hypoxia and oxidative stress [12]. In addition, some evidences
demonstrated that ER stress could greatly enhance the sensitivity
of tumor cells to TRAIL [13-16]. Our previous studies demonstrated
that selenium-containing ruthenium complex could more effec-
tively enhance the radio-sensitivity of tumor cells than that of
other ruthenium complexes without selenium through activating
ROS-mediated signaling pathways [17]. Meanwhile, when intro-
duced into iron(Il) complexes containing 1,10-phenanthroline
(phen) derivatives, selenium could enhance the anti-angiogenesis
activity of the complex [18]. Furthermore, selenium compounds
also exhibited anticancer activities [19]. Additionally, it should be
noted that some selenoproteins play important roles in ER stress
[20-22].

Inspired by the unique properties of selenium-based com-
plexes, we hypothesize that Se/Fe complex may be an effective
agent facilitating TRAIL-mediated apoptosis for cancer treatment.
Herein, we successfully synthesized Se/Fe complex with high
activities in inhibiting tumor cells proliferation and migration
capabilities through down-regulating ER stress related selenopro-
teins while exhibiting low toxicity to normal cells. Meanwhile, it
could more efficiently destroy tumor spheroids with good
penetration capability. As expected, the developed complex also
could facilitate TRAIL treatment to induce tumor cells apoptosis in
extrinsic and intrinsic signaling pathways via promoting robust
ROS generation and down-regulating ER stress related

1001-8417/© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.



1802 Y. Yang et al. / Chinese Chemical Letters 31 (2020) 1801-1806

selenoproteins. This study may shed light for the development of
TRAIL-based combination cancer treatment.

According to the protocol of our previous study [18], we first
synthesized the Se/Fe complex (Fig. 1a). Then, the effects of the
complex on the viabilities of different cervical cancer cells (Caski,
SiHa, HeLa) were evaluated using MTT assay. Interestingly, it was
shown that the ICsq values of Se/Fe complex to three kinds of
cancer cells were much lower than that of Fe3 complex (Fig. 1b).
That is to say, Se introduction could greatly enhance the inhibition
activity of Fe complex. UV-vis analysis confirmed that the higher
cellular uptake of Se/Fe complex into HeLa cells might be the major
contributor for its better inhibition activity than that of Fe3
complex (Fig. 1c). As demonstrated in our previous study [18], the
enhanced solubility of Fe complex after Se substitution endows the
better cellular uptake of Se/Fe complex. Meanwhile, distinguished
from Fe3 complex with high toxicity to normal cells, Se/Fe complex
exhibited relatively low toxicity at the same concentration of
Fe (Figs.1d and e). All these evidences indicated that our developed
Se/Fe complex with good safety issue could highly effectively
inhibit cancer cells proliferation. Given the low sensitivity of HeLa
cells to TRAIL (Fig. S1 in Supporting information), we selected HeLa
cells as the model in subsequent studies to explore the inhibition
activity of Se/Fe complex and its underlying mechanisms.

As the most often used model, multicellular tumor spheroids
(MCTS) can simulate the pathophysiological conditions of tumor
tissue including hypoxic areas and proliferation gradients [23-26].
Therefore, we subsequently explored the antitumor effects of the
complexes using HeLa tumor spheroid model (Fig. 2a). Intriguingly,
it was observed that Se/Fe complex could more efficiently induce
the size reduction and morphology change of the spheroids
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Fig. 1. Cytotoxicity of Se/Fe and Fe3 complexes to cervical cancer cells and normal
cell lines. (a) Scheme of potent anticancer activities induced by the co-treatment of
Fe complexes and TRAIL. (B) Cytotoxic effects of Fe complexes on the cervical cancer
cells (Caski, SiHa, HeLa). The cervical cancer cells were exposed to Se/Fe or Fe3 with
certain concentration at 37 °C for 24 h. (c¢) Cellular uptake of Fe complexes in HeLa
cells. Fe complexes (32 pmol/L) were added into HeLa cells for 24 h. (d, e) Toxicity of
Fe complexes to normal cell lines (L02, Chem-5). The normal cells were dealt with
Fe complexes at various concentrations for 48 h. Asterisk with ** represents
statistical difference at the P < 0.01 level.
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Fig. 2. Inhibitory effect and penetration capacity of Se/Fe and Fe3 complexes
towards HeLa tumor spheroid. (a) HeLa tumor spheroids model. (b) Optical imaging
of HeLa tumor spheroids before/after treatment with Fe complexes for 48 h. (c)
Penetration capacity analysis of Fe complexes towards HeLa tumor spheroids. The
spheroids were incubated with Se/Fe or Fe3 complexes for 12h. The tumor-
scanning fluorescent microscope were taken every 20 wm section from the top to
the middle of tumor spheres. (d) Inhibitory effect of Fe complexes towards HeLa
tumor spheroids. The complexes were used at the concentration of 32 pwmol/L.
Asterisks (*/**) denote significantly different P < 0.05 level and P< 0.01 level
respectively.

especially when treated for a long time (i.e., over 48 h) than that of
Fe3 complex (Fig. 2b). By taking full advantages of the fluorescent
property of Fe3 and Se/Fe complexes [27], we carefully evaluated
their penetration capabilities into tumor spheroids by CLSM. As
shown in Fig. 2¢, Se/Fe complex could more efficiently penetrate
into deep regions of the spheroids than Fe3 complex even just
treated for 12 h. Moreover, the CLSM software analysis confirmed
that Se/Fe complex could more efficiently damage the tumor
spheroids than that of Fe3 complex. It was shown that the volume
ratio of tumor spheroids when treated with Se/Fe complex for 96 h
decreased by 69% of that of untreated spheroids while Fe3 complex
treatment leading to 49% reduction (Fig. 2d). All these solid
evidences indicate that Se introduction into Fe complex can endow
the complex with excellent inhibition activity through greatly
enhancing its penetration capability and cellular uptake.

It is well known that the migration and invasion abilities of
tumor cells play crucial roles in tumor progressions [28]. Besides
cytotoxic effects, some metal complexes at non-toxic concen-
trations are also capable to effectively inhibit tumor cells
metastasis [29]. Therefore, we subsequently evaluated the effects
of complexes on the migration and invasion capabilities of HeLa
cells using wound-healing and transwell assays. Firstly, we
confirmed the non-toxic concentrations of the complexes using
MTT assay. It was found that both complexes exhibited no apparent
toxicity to HelLa cells at the concentrations of 0.1-0.4 pmol/L after
24 h treatment (Fig. S2 in Supporting information). Intriguingly, it
was observed that Se/Fe complex could more efficiently inhibit the
migration of HeLa cells than Fe3 complex in a dose-dependent
manner (Figs. 3a and c). Furthermore, the data of transwell assay
demonstrated that Se/Fe complex could also more effectively
reduce the invasion activity of HeLa cells especially at 0.4 xmol/L
than Fe3 complex (Figs. 3b and c).

As an essential element, selenium (Se) incorporated into
proteins (selenoprotein) plays crucial roles for the health of
humans, animals and some other microorganisms [30,31]. To fully
understand its interactions with tumor cells, we then explored the
effects of both complexes on the expressions of some selenopro-
teins in HeLa cells using qPCR assay and western blotting analysis.
From quantitative PCR analysis, it was demonstrated that Se/Fe
complex could more effectively down-regulate the expressions of
SELS, GPX4, SELO in HeLa cells when treated for 12 h while Fe3
complex just slightly down-regulating GPX4 and SELO (Fig. 4a).
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Fig. 3. The effects of Fe complexes on the migration and invasion capabilities of HeLa cells. (a) Anti-migration assay of Fe complexes on HeLa cells. (b) Anti-invasion assay of Fe
complexes on HeLa cells. (c) The migration and invasion of HeLa cells in quantitative analysis with the treatment of Fe complexes. * and ** represent statistically different at
the P < 0.05 level and P< 0.01 level respectively.
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Fig. 4. Effects of Fe complexes on relative levels of selenoproteins. (a) The quantitative analysis on the relative RNA levels of selenoprotein genes (SELS, GPX4, SELO) in HeLa
cells treated with Se/Fe or Fe3 (4 wmol/L) for 12 h. * represent statistically different at the P < 0.05 level. (b) The effects of Se/Fe or Fe3 (4 wmol/L) treatment for 24 h on the
expression levels of selenoproteins (SELS, GPX4, SELO) in HeLa cells analyzed by western blotting assay.
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Fig. 5. The synergistic effects of Se/Fe complex with TRAIL treatment. (a) HeLa cells were treated with certain concentrations (1, 2 and 4 wmol/L) of Se/Fe or Fe3 for 24 h
followed by160 ng/mL TRAIL for another 24 h. (b, c) The sensitization of Fe complexes for TRAIL on HeLa cells was determined by the isobologram analysis. The actual ICso
values of Fe complexes and TRAIL at specific proportion of concentrations in the combined therapy were represented as the data points A (1:80) and B (1:40) in the
isobologram. Se/Fe or Fe3 (mol/L):TRAIL (ng/mL) = 1:80, 1:40. (d) Cl representing the specific proportion of concentrations in the combined therapy (Se/Fe or Fe3 and TRAIL).
(e) The elevated sub-diploid peaks in HeLa cells after the treatment of Se/Fe (2, 4 wmol/L) followed by TRAIL (160 ng/mL) were quantitated by flow cytometric analysis. (f) The
level of intracellular ROS generation in HeLa cells triggered by Se/Fe (4 umol/L) or/and TRAIL (160 ng/mL). Bars with ** denotes statistically different at the P < 0.01 level.
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The higher cellular uptake of Se/Fe complex and its possible
metabolisms into selenium-containing amino acids which may
interfere with the synthesis of selenoproteins endow Se/Fe
complex with greater effects on selenoproteins than that of Fe3
complex. In addition, western blotting analysis indicated that Se/Fe
complex could more significantly induce the down-regulation of
those three selenoproteins when cells treated for 24 h compared to
untreated group (Fig. 4b). However, it was found that Fe3 complex
showed no effect on GPX4 expression and up-regulated SelO
expression (Fig. 4b), which are inconsistent with that of PCR
analysis. These phenomena may be attributed to the different time
points of those two assays and the complicated interactions among
selenoproteins. The detailed underlying mechanisms still need
further studies. It is known that SELS locating in endoplasmic
reticulum affects the ER-associated degradation of misfolded
protein [32]. SelS silence enhanced endoplasmic reticulum (ER)
stress induced by hydrogen peroxide or tunicamycin to cause cell
apoptosis [33]. GPX4 as one of selenocysteine-containing gluta-
thione peroxidases exhibited anti-apoptotic capability through
reducing damaging ROS [34-36]. Meanwhile, SELO located in
mitochondria with C-X-X-U (where C is cytosine, X is any
nucleotide, and U is uridine) motif could serve as redox-active
mitochondrial selenoprotein for redox control [37]. All these
evidences indicated that our developed Se/Fe complex could shape
the intracellular redox state and induce ER stress to damage tumor
cells (HeLa) via inhibiting the expressions of related selenopro-
teins.
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It is known that the resistance of tumor cells against TRAIL
greatly limits the therapeutic efficacy of TRAIL-based cancer
treatment [1]. Recently, accumulating evidences indicated that ER
stress could sensitize tumor cells to TRAIL through down-
regulation of FLIP and Mcl-1 and PERK-dependent up-regulation
of TRAIL-R2 [13,15,38]. Inspired by the unique property of Se/Fe
complex in modulating ER stress related selenoproteins, we
subsequently investigated whether our developed complex could
improve the efficacy of TRAIL treatment. Interestingly, pretreating
HelLa cells with Se/Fe complex at highest concentration (4 wmol/L)
could more effectively enhance the efficacy of TRAIL agonist
treatment (cell viability decreased by 42.1%) than pretreatment
with Fe3 complex (cell viability decreased by 25.6%, Fig. 5a). To
ascertain the reciprocity between the complexes and TRAIL, the
growth suppression of single and combined treatments was
assessed by isobologram analysis. As shown in Figs. 5b and c, the
anti-proliferation efficacy of the associated Se/Fe complex and
TRAIL treatment in the manner of different ratios (1:40) were
statistically more synergistic than that of the Fe3 and TRAIL co-
treatment, as verified by the fact that the position of the data
points in the isometric map was significantly lower than other
treatments. Furthermore, the combination index (CI) of Se/Fe
complex and TRAIL co-treatment was significantly lower than that
of Fe3 and TRAIL co-treatment (Fig. 5d). More importantly, both
single and combination treatments (Se/Fe, Fe3, TRAIL, Se/
Fe + TRAIL, Fe3 + TRAIL) did not show any toxicity to normal cells
(LO2 and Chemb5, Figs. S3a and b in Supporting information).
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Fig. 6. Se/Fe complex facilitates TRAIL treatment against HeLa cells through triggering extrinsic- and intrinsic-dependent apoptosis signaling pathways and inducing ER
stress. (a) The effects of Se/Fe complex and/or TRAIL on the activation of PARP and Caspase 3/8/9. (b) The effects of Se/Fe complex and/or TRAIL on the expression levels of DR5
and Bad. (c) The effects of Se/Fe complex and/or TRAIL on the expression levels of p53, AKT, Bcl-2and P-ATM were detected by western blot analysis. (d) The change of Se/Fe
complex and/or TRAIL on the phosphorylation status and the expression level of MAPKs. (e) The synergistical effect of Se/Fe complex and TRAIL challenge on the relative RNA
levels of selenoprotein genes (SELO, SELS, GPX4) in HeLa cells treated with Se/Fe complex or/and TRAIL (160 ng/mL) for 12 h. ** represent statistically different at the P < 0.01
level respectively. (f) The expression levels analysis of selenoproteins and the ER Stress-related proteins by the effects of Se/Fe complex or/and TRAIL (160 ng/mL) in HeLa cells.
Cells were treated with 4 umol/L Se/Fe complex for 24 h, followed by 160 ng/mL TRAIL for 24 h. (g) Proposed schematic diagram of the underlying mechanism of Se/Fe
complex combined TRAIL treatment. Cells were pre-treated with 4 pmol/L Se/Fe complex for 24 h, followed by the treatment of TRAIL (160 ng/mL) for another 24 h.
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Additionally, the cell cycle analysis demonstrated that Se/Fe
complex at low concentration (2 umol/L) combined TRAIL
treatment significantly induced GO/G1 phase arrest and sub-G1
accumulation while Se/Fe complex and TRAIL treatment alone just
slightly inducing S phase and GO/G1 phase arrest, respectively.
Intriguingly, Se/Fe complex with high concentration (4 pmol/L)
combination treatment mainly lead to large accumulation of sub-
G1 population up to 31.8% (Fig. 5e and Fig. S4 in Supporting
information), indicating robust cell apoptosis. It is known that
reactive oxygen species (ROS) plays critical roles in inducing cell
apoptosis and cell cycle arrest [39-43]. Encouraged by the good
inhibition capabilities of combination treatment, we then explored
the intracellular ROS level after treatment using dihydroethidium
(DHE) fluorescence assay. It was found that the combination
treatment induced robust generation of ROS within cells while
single treatment alone just slightly enhancing the ROS generation
(Fig. 5f and Fig. S5 in Supporting information). From above
mentioned evidences, it can be concluded that the robust ROS
generation by combination treatment together with the enhanced
sensitivities of HeLa cells to ER stress and ROS-induced apoptosis
by Se/Fe complex which down-regulating the expressions of SELS,
GPX4 and SELO lead to the greater cytotoxicity of combination
modality to TRAIL-resistant tumor cells.

Substantial evidences have delineated that ROS could induce
caspase-dependent apoptosis through receptor-mediated extrin-
sic signaling pathways or mitochondria-mediated intrinsic
signaling pathways [44,45]. As shown in Figs. 6a and b, compared
to single treatment, the combination treatment could more
effectively trigger the cleavage of PARP, activate caspase-3, -8, -9
and up-regulate the expression of death receptor 5 (DR5), which
shows both exogenous and endogenous apoptotic pathways lead
to cell apoptosis. Meanwhile, since modulation of ROS/MAPK
signaling pathways could also lead to caspase-dependent cell
apoptosis [46,47], we explored related signaling pathways
including p53, anti-apoptotic kinases AKT and mitogen-activated
protein kinase (MAPKs) pathways. It was found that the
combination treatment could induce the up-regulation of
phosphorylated p53 (P-p53) and inactivate anti-apoptotic kinases
AKT (P-AKT down-regulation). It is known that P-p53 and the
inactivation of AKT regulate the expressions of Bcl-2 family
members composed of anti-apoptosis proteins (Bcl-2 and Bcl-xL),
and pro-apoptotic proteins (Bax, Bad and Bid) [48,49]. As
displayed in Figs. 6b and ¢, the combination treatment remark-
ably induced the overexpression of pro-apoptosis Bcl-2 family
protein Bad and down-regulated the pro-survival Bcl-2 family
proteins Bcl-2. Meanwhile, the combination treatment upregu-
lated the expression of phosphorylation ATM (P-ATM), which is
closely relevant to DNA damage, induced the accumulation of ROS
[50]. What is more, as one of the complex intracellular signaling
pathways, MAPK cascade pathway including p38, JNK, ERK, plays
critical roles in the action of anticancer agents by converging
extracellular signals and causing cell apoptosis [51]. Our evidence
shows that the expression levels of p38, JNK, ERK have changed in
cancer cells with the co-treatment (Fig. 6d). The co-treatment
leads to a remarkable increase on phosphorylation of the pro-
apoptotic kinases p38 and JNK. By contrast, the co-treatment
brought about the inactivation of anti-apoptotic kinases ERK.
These results confirm that MAPKs signaling pathways play an
essential role in the execution of apoptosis through regulating
ROS generation caused by the co-treatment. Altogether, our
developed Se/Fe complex facilitates TRAIL treatment mainly
through inducing the robust intracellular generation of ROS to
regulate the expressions of multiple molecules related to
extrinsic and intrinsic pathways for sensitizing tumor cells.

As above evidences indicated that Se/Fe complex with good
penetration capability could effectively inhibit the viability of HeLa

cells and its migration/invasion capabilities through down-
regulating ER-stress related selenoproteins, we subsequently
investigated the effects of the combination treatment on the
expressions of related selenoproteins to uncover its underlying
mechanism. The quantitative PCR analysis demonstrated that
combination treatment could more efficiently reduce the expres-
sions of multiple selenoproteins involving SELO, SELS, GPX4
especially SELO (decreased by 76.5%) compared to the complex or
TRAIL treatment alone (Fig. 6e). Actually, evidences have
demonstrated that some selenoproteins such as GPX4 and SELO
could regulate cellular redox balance and protect cells from
oxidative damage [35,36,52]. In addition, it was reported that SELS
suppression could enhance ER stress-induced cell apoptosis
[33,53].

After that, we carefully evaluated the changes of ER stress post
treatment using western blotting assay. It was found that the
expression of the CCAAT/enhancer binding protein homologous
protein (CHOP, one of the typical markers of ER stress) was
significantly up-regulated (Fig. 6f). Meanwhile, the ER chaperone
protein binding immunoglobulin protein (BiP) and protein
disulfide isomerase (PDI) proteins, which playing critical roles in
protein synthesis and misfolded proteins reconstruction, were up-
regulated and would promote the proapoptotic functions of ER
stress pathway after treatment (Fig. 6f). Furthermore, the
enhanced cleavage of pro-caspase-12 also confirmed the cell
apoptosis induced by ER stress. In general, as illustrated in Fig. 6g,
Se/Fe complex synergistically stimulates TRAIL-induced apoptosis
by suppressing the expression of selenoproteins, which also
triggers endoplasmic reticulum stress and activates mitochondrial
pathway.

In summary, we have developed a safe and dual-functional Se/
Fe complex for TRAIL-based cancer treatment. The Se/Fe complex
with low toxicity to normal cells and good penetration capability
could serve as anticancer agent to significantly inhibit HeLa cells
proliferation and invasion capabilities through down-regulating
the ER stress related selenoproteins and destroy tumor spheroids.
In addition, it could greatly enhance the sensitization of HeLa cells
to TRAIL-based treatment. Distinguished from TRAIL treatment
alone which exhibiting poor inhibition efficacy, the complex
synergizing with TRAIL treatment could more efficiently Kkill
tumor cells via inducing the robust generation of intracellular ROS,
down-regulating ER stress related selenoproteins to promote ER
stress for triggering tumor cells apoptosis in extrinsic and intrinsic
signaling pathways. This study provides a safe and effective
chemo-drug and sensitizer for optimizing TRAIL-based cancer
treatment.
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