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A Rhenium Isonitrile Complex Induces Unfolded Protein
Response-Mediated Apoptosis in Cancer Cells

A. Paden King+,[a] Sierra C. Marker+,[a] Robert V. Swanda,[b] Joshua J. Woods,[a, c]

Shu-Bing Qian,[b] and Justin J. Wilson*[a]

Abstract: Complexes of the element Re have recently
been shown to possess promising anticancer activity

through mechanisms of action that are distinct from the
conventional metal-based drug cisplatin. In this study, we

report our investigations on the anticancer activity of the
complex [Re(CO)3(dmphen)(p-tol-ICN)]+ (TRIP) in which

dmphen = 2,9-dimethyl-1,10-phenanthroline and p-tol-
ICN = para-tolyl isonitrile. TRIP was synthesized by litera-
ture methods and exhaustively characterized. This com-

pound exhibited potent in vitro anticancer activity in a
wide variety of cell lines. Flow cytometry and immuno-

staining experiments indicated that TRIP induces intrinsic
apoptosis. Comprehensive biological mechanistic studies

demonstrated that this compound triggers the accumula-

tion of misfolded proteins, which causes endoplasmic re-
ticulum (ER) stress, the unfolded protein response, and

apoptotic cell death. Furthermore, TRIP induced hyper-
phosphorylation of eIF2a, translation inhibition, mitochon-

drial fission, and expression of proapoptotic ATF4 and
CHOP. These results establish TRIP as a promising anti-
cancer agent based on its potent cytotoxic activity and

ability to induce ER stress.

The endoplasmic reticulum (ER) is a major regulator of cancer
cell proliferation, metastasis, angiogenesis, and chemotherapy
resistance.[1] Cancer cells often exhibit higher rates of protein
synthesis than non-cancer cells, which raises their ER protein
load and leads to higher basal levels of ER stress.[2] To handle
this ER stress, cancer cells often employ the unfolded protein

response (UPR). The UPR is typically cytoprotective, and its in-
creased activation in cancer cells can cause them to be more
virulent and more resistant to chemotherapy.[3] However, acute

inductions of high levels of ER stress can shift the UPR to acti-
vate apoptosis.[4] The higher basal ER stress levels of cancer

cells make them more susceptible than normal cells to apopto-
sis induction through overactivation of the UPR. Thus, the de-

velopment of new chemotherapeutic agents that target the ER

is a promising strategy for the treatment of cancer.[5] Recently,
several transition-metal complexes bearing polypyridyl ligands

have been discovered to induce anticancer activity through ER
stress and the UPR, suggesting that the exploration of these

nontraditional scaffolds may give rise to promising drug candi-
dates.[6–11] In this context, our group has been exploring the an-

ticancer activity of polypyridyl rhenium(I) tricarbonyl com-

plexes.[12–15] Certain members of this class of compounds exhib-
it potent cytotoxic activity, which can be leveraged for their

use as anticancer agents.[16–23] Here, we describe our investiga-
tion of a new rhenium(I) tricarbonyl complex bearing a chelat-

ing polypyridyl ligand and an axial isonitrile ligand as a potent
anticancer agent. Our efforts to understand the mechanism of

action of this tricarbonyl rhenium isonitrile polypyridyl (TRIP)

complex (Figure 1) have revealed that it is an effective ER
stress-inducing agent with significant antiproliferative activity.

TRIP was synthesized by treating the previously reported
complex [Re(CO)3(dmphen)OTf] with excess para-tolyl isonitrile

in tetrahydrofuran. TRIP was fully characterized using 1H NMR
and IR spectroscopy, high resolution mass spectrometry
(HRMS), and X-ray diffraction (Figures S1 and S2, Tables S1 and

S2, Supporting Information). The purity of the complex was

Figure 1. Diagram of TRIP (left) and its X-ray crystal structure (right). Ellip-
soids are drawn at 50 % probability. Hydrogen atoms and the counterion are
omitted for clarity.
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verified by elemental analysis and HPLC (Figure S3, Table S3,
Supporting Information). The water-soluble complex is lumi-

nescent upon irradiation with UVA and blue light and exhibits
a luminescence quantum yield of 3 % and a lifetime of 1.05 ms

in aqueous, air-equilibrated phosphate buffer (Figures S4–S6,
Supporting Information). The complex is stable indefinitely as

a solid and in aqueous solution for over one week (Figures S7
and S8, Supporting Information). TRIP is also stable in the pres-

ence of millimolar concentrations of glutathione (Figure S9,

Supporting Information). Based on the favorable physical prop-
erties and high stability of TRIP, we evaluated its potential as

an anticancer agent in vitro.
The cytotoxicity of TRIP was investigated in a panel of

cancer and non-cancer cell lines to determine its potential as a
therapeutic agent. For comparison, we also evaluated the ac-
tivities of the established metal-based anticancer drug cisplatin

and another potent rhenium anticancer agent that we have
previously investigated in our lab, [Re(CO)3(dmphen)(OH2)]+

(Neo-Re).[12, 15] The concentrations of these complexes required
to reduce cell viability to 50 % of the control (IC50) are shown

in Table 1. In comparison to cisplatin and Neo-Re, TRIP has

comparable or greater toxicity in all cancer cell lines tested

(Figures S10–S21, Supporting Information). Based on its prom-
ising anticancer activity, we submitted TRIP for screening in

the National Cancer Institute (NCI)-60 cell line panel (Fig-

ure S22, Supporting Information).[24] The results indicate that
TRIP is most potent in melanoma and breast cancer cells lines
and least effective in lung and renal cancer cell lines. The activ-
ity of TRIP in this cell line panel was compared to drugs in the

NCI database through the COMPARE algorithm, which com-
pares the toxicity profiles of drugs to reveal correlations in

their activity.[25] Highest correlations were observed for DNA-
binding agents chromomycin A3 and actinomycin D and the
translation inhibitors pyllanthoside, bruceantin, and didem-

nin B (Table S4, Supporting Information). Notably, the spectrum
of activity of TRIP was not correlated to any of the platinum-

based drugs, and it exhibits only a moderate correlation
(PCC = 0.403) to Neo-Re. The high correlations to established

transcription and translation inhibitors indicates that TRIP may

act similarly.
To determine the type of cell death induced by TRIP, the cy-

totoxicity of this compound in A2780 cells was evaluated in
the presence of inhibitors of various established cell death

pathways. Inhibitors of necroptosis, paraptosis, and ferroptosis
did not alter TRIP’s activity, but the pan-caspase inhibitor Z-

VAD-FMK significantly decreased TRIP’s cytotoxicity (Figures
S23–S27, Supporting Information). Considering that the activa-

tion of caspases is often critical for the execution of apoptosis,
this result indicates that TRIP may be inducing this form of cell

death. To confirm that TRIP induces caspase-dependent apop-
tosis, we first performed western blots to detect apoptosis

markers caspase 3 and cleaved PARP (Figure S28, Supporting
Information). We further verified this cell death pathway by

performing the annexin V assay, which selectivity stains apop-

totic cells (Figures S29 and S30, Supporting Information). To
determine whether TRIP induced apoptosis by the intrinsic

pathway, the release of cytochrome c from the mitochondria
was tracked using flow cytometry (Figure S31, Supporting In-

formation). Cytochrome c release occurs on the same time
scale as apoptosis induction by TRIP, indicating that TRIP in-

duces intrinsic apoptosis.

Given the promising activity of TRIP in a variety of cancer
cell lines and its ability to induce intrinsic apoptosis, we ex-

plored its intracellular localization and early cellular effects. The
localization of TRIP was probed by measuring the colocaliza-
tion of TRIP luminescence with organelle-specific fluorescent
small molecules or fusion proteins. Partial colocalization was

observed with the LysoTracker Red dye and GalT-dsRed fusion
protein, but the majority of TRIP luminescence was cytosolic
(Figure S32, Supporting Information). While performing these

colocalization studies, we observed that the mitochondrial
morphology was noticeably altered in TRIP-treated cells. The

mitochondria were noticeably rounded and punctate after
TRIP treatment, in contrast to the tubular, elongated morphol-

ogy within untreated cells. Time-lapse microscopy experiments

revealed that TRIP induces these changes after only 30 min of
treatment in HeLa cells (Figures 2 and S33; Movies S1–S6, Sup-

porting Information). Although TRIP-treated mitochondria were
visually different, mitochondrial polarization experiments with

the ratiometric sensor JC-1 indicated that the mitochondria re-
mained functional (Figures S34 and S35, Supporting Informa-

tion), demonstrating that the observed changes might be con-

trolled mitochondrial fission rather than fragmentation. These
morphology changes were curtailed in the presence of Mdivi-

1, which inhibits dynamin-related protein 1 (Drp1), an essential
mediator of fission, confirming that this process is due to mito-

chondrial fission (Figure 2).[26] Considering that mitochondrial
fission is often associated with autophagy,[27] we examined the

expression of LC3, an autophagosome marker,[28] in A2780 cells
upon treatment with TRIP. After 24 h, a large increase in LC3II
expression relative to LC3I was observed in cells treated with

TRIP (Figure S36, Supporting Information). Based on these re-
sults, it is clear that TRIP induces both autophagy and apopto-

sis. Given that TRIP does not depolarize the mitochondria or
cause release of cytochrome c on short time scales, we hy-

pothesized that a different organelle, such as the ER, may be
the key target of this compound.

Given the potential connections between mitochondrial fis-

sion, autophagy, and ER stress, we explored the effects of the
ER stress modulator salubrinal on the cytotoxicity of TRIP in

A2780 cells.[29] Salubrinal operates by inhibiting dephosphory-
lation of the master regulatory protein eukaryotic initiation

Table 1. IC50 values of TRIP, Neo-Re, and cisplatin in cancer and non-
cancer cell lines.

Compound IC50 [mm]
A2780[a] A2780CP70[b] HeLa[c] A549[d] HEK293[e]

TRIP 1.7:0.7 1.9:1 1.4:0.2 1.4:0.6 1.9:0.2
Neo-Re 5.7:0.6 6.0:0.2 4.4:1.3 7.7:2.4 9.0:0.3
Cisplatin 1.3:0.1 12:3 6.6:0.7 5.6:0.5 1.7:0.2

[a] Ovarian cancer. [b] Cisplatin-resistant ovarian cancer. [c] Cervical
cancer. [d] Lung cancer. [e] Embryonic kidney fibroblasts.
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factor 2a (eIF2a), which is an integral component of the
UPR.[29–32] The presence of salubrinal increases the activity of

TRIP by a factor of 4 (Figure 3 A). Based on this synergy, we ex-
plored the possibility that TRIP was acting to cause phosphory-

lation of eIF2a. Western blot analysis of A2780 cells treated
with TRIP confirms the induction of eIF2a phosphorylation as

little as 2 h after exposure (Figures 3 B and Figure S37, Support-
ing Information), indicating that this process is one of the first

cellular responses. Next, we explored the downstream effects

of eIF2a phosphorylation. The most immediate and pro-
nounced effect of eIF2a phosphorylation is the inhibition of

translation.[33] To probe whether the levels of phosphorylation
induced by TRIP were sufficient to inhibit protein translation,

we measured endogenous global translation levels by using
the puromycin incorporation assay.[34] As early as 2 h post incu-

bation, A2780 cells treated with TRIP incorporated substantially

less puromycin compared to the untreated controls, indicating
much lower rates of translation (Figure 3 C). The role of eIF2a

in these processes was confirmed by testing TRIP in a mutant
MEF cell line incapable of eIF2a phosphorylation. The mutant

cells showed no changes in translation levels after TRIP treat-
ment (Figures S38 and S39, Supporting Information).

Hyperphosphorylation of eIF2a can lead to apoptosis

through upregulation of the stress-related transcription factors
ATF4 and CHOP.[35] We measured the upregulation of these

Figure 2. HeLa cells stained with MitoTracker Red (red) and Hoechst dye
(blue) treated with TRIP (5 mm) for 0 and 30 min (top panels). HeLa cells
stained with MitoTracker Red (red) and Hoechst dye (blue) cotreated with
TRIP (5 mm) and Mdivi-1 (50 mm) for 0 and 30 min (bottom panels). Scale
bar = 10 mm.

Figure 3. (A) Dose-response curve of A2780 cells treated with TRIP in the presence of 25 mm salubrinal (blue) or absence of salubrinal (red). (B) Western blot
of untreated (@), cisplatin (C, 10 mm), TRIP (5 mm), or bortezomib (B, 25 nm) for 24 h in A2780 cells. (C) Western blot of A2780 cells incubated with TRIP (5 mm)
over 0, 0.5, 1, 1.5, and 2 h with puromycin (10 min, left blot) and A2780 cells untreated (@), cisplatin (C, 10 mm), TRIP (5 mm), or bortezomib (B, 25 nm) treated
for 24 h with puromycin (10 min, right blot). (D) Confocal microscopy images of HeLa cells treated with ThT (5 mm) at 0 and 30 min in the absence (top
panels) and the presence (bottom panels) of TRIP (5 mm) at 0 and 30 min. Scale bar = 50 mm.
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proteins in response to TRIP treatment and found that both
ATF4 and CHOP were upregulated (Figure 3 B), linking the ob-

served eIF2a phosphorylation and apoptosis. Phosphorylation
of eIF2a also results in cell cycle arrest in the G1 phase.[36] Cells

treated with TRIP showed an 18 % increase in the population
of cells in the G1 phase and a corresponding decrease in the

number of cells in the S phase as opposed to untreated cells
(Figure S40, Supporting Information). Thus, the ability of TRIP

to stall cells in the G1 phase is fully consistent with its induc-

tion of eIF2a phosphorylation. These results indicate that TRIP
induces ER stress, triggering eIF2a phosphorylation and the re-

sulting downstream effects, culminating in cellular apoptosis.
Phosphorylation of eIF2a often occurs due to the accumula-

tion of misfolded proteins. To determine whether the observed
phosphorylation was due to protein misfolding, the extent of
misfolded protein accumulation induced by TRIP was evaluat-

ed by using the dye thioflavin T (ThT), which fluoresces in the
presence of protein aggregates.[37] The fluorescence intensity

of ThT increased significantly in HeLa cells treated with TRIP or
the positive control bortezomib in comparison to untreated

cells and cells treated with cisplatin within 30 min (Figure 3 D;
Figures S41 and S42, Movies S7 -S10, Supporting Information).

Given the observation of fast protein aggregation upon treat-

ment with TRIP, the induction of protein misfolding is most
likely the cause of the ER stress and activation of the UPR.

A summary of our current understanding of TRIP’s mecha-
nism of ER stress induction and the subsequent cellular re-

sponse is shown in Figure 4. TRIP induces ER stress in less than
30 min after exposure, due to the accumulation of misfolded

proteins. Misfolded protein accumulation leads to the phos-

phorylation of eIF2a, which initiates autophagy, shuts down
global protein translation, and upregulates ATF4. Prolonged

eIF2a phosphorylation and upregulation of ATF4 leads to ex-
pression of the proapoptotic protein CHOP, which induces mi-

tochondrial membrane depolarization and release of cyto-
chrome c. This release then results in caspase activation and

initiation of apoptosis. Although we have investigated poten-
tial causes of eIF2a phosphorylation, including proteasome in-

hibition, HSP90 inhibition, and reactive oxygen species genera-
tion, we found no evidence that TRIP triggers protein misfold-

ing through these pathways (Figures S43–S47, Supporting In-
formation). Recently, a range of diverse metal complexes have

been shown to induce ER stress.[7–11, 38–47] The major mechanism

of action proposed for these agents is through the production
of reactive oxygen species (ROS). Only a few studies have dis-
covered metal complexes that induce ER stress in the absence
of ROS generation.[9, 38, 39, 48] The ability of TRIP to induce ER

stress independent of ROS generation indicates that it oper-
ates via a different mechanism than many other metallodrugs

targeting the ER.

Collectively, these results establish TRIP as a promising anti-
cancer agent that kills cells by causing the accumulation of

misfolded proteins. The favorable physical and photophysical
properties of TRIP, as well as its high potency, make it a candi-

date for future studies and a platform for the design of more
potent analogues. Our current efforts are directed toward syn-

thesizing a variety of related complexes to develop a struc-

ture–activity relationship and performing proteomics studies
to identify TRIP’s molecular mechanism of action.

Experimental Section

Complex synthesis, characterization, and biological evalua-
tion

The Supporting Information for this article contains all experimen-
tal procedures and data.

Crystallographic data

CCDC 1902045 contains the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.
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