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Abstract: Rhenium tricarbonyl complexes have been recently
investigated as novel anticancer agents. However, little is
understood about their mechanisms of action, as well as the
means by which cancer cells respond to chronic exposure to
these compounds. To gain a deeper mechanistic insight into
these rhenium anticancer agents, we developed and charac-
terized an ovarian cancer cell line that is resistant to
a previously studied compound [Re(CO);(dmphen)-
(ptolICN)]*, where dmphen =2,9-dimethyl-1,10-phenanthro-
line and ptollICN = para-tolyl isonitrile, called TRIP. This
TRIP-resistant ovarian cancer cell line, A2780TR, was found
to be 9 times less sensitive to TRIP compared to the wild-type
A2780 ovarian cancer cell line. Furthermore, the cytotoxicities
of established drugs and other rhenium anticancer agents in the
TRIP-resistant cell line were determined. Notably, the drug
taxol was found to exhibit a 184-fold decrease in activity in the
A2780TR cell line, suggesting that mechanisms of resistance
towards TRIP and this drug are similar. Accordingly, expres-
sion levels of the ATP-binding cassette transporter P-glyco-
protein, an efflux transporter known to detoxify taxol, were
found to be elevated in the A2780TR cell line. Additionally,
a gene expression analysis using the National Cancer Institute
60 cell line panel identified the MTIE gene to be overexpressed
in cells that are less sensitive to TRIP. Because this gene
encodes for metallothioneins, this result suggests that detox-
ification by this class of proteins is another mechanism for
resistance to TRIP. The importance of this gene in the
A2780TR cell line was assessed, confirming that its expression
is elevated in this cell line as well. As the first study to
investigate and identify the cancer cell resistance pathways in
response to a rhenium complex, this report highlights impor-
tant similarities and differences in the resistance responses of
ovarian cancer cells to TRIP and conventional drugs.

Introduction
In the ongoing battle with cancer, tumor resistance to

first-line chemotherapeutic agents has emerged as a key
hurdle in the eradication of this disease. Among the different

cancer types, ovarian cancers are particularly susceptible to
this problem given that resistant relapse occurs in 75% of
patients who were initially responsive to drug treatment./'l A
variety of mechanisms contribute to drug resistance. For
example, in response to the platinum-based drugs, which are
part of the first-line treatment for ovarian cancer, cells
become resistant by increasing production of metal-binding
agents like glutathione and metallothioneins and by upregu-
lating DNA repair and anti-apoptotic pathways.”™ Acquired
resistance to other drugs, like taxol and doxorubicin
(Scheme 1), arises in part from changes in cellular uptake
and export transporter levels, such as the ATP-binding
cassette (ABC) transporters that are part of the multidrug
resistance (MDR) pathway."™ The diverse range of resist-
ance mechanisms necessitates the identification of novel drug
candidates that are not cross-resistant with currently ap-
proved chemotherapeutic agents.

In the context of novel drug candidates, rhenium-contain-
ing complexes have arisen as a promising and distinct class of
anticancer agents.*'!) Rhenium complexes possess several
advantages over conventional organic and platinum-based
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Scheme 1. Compounds explored in this study.
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drugs that are currently in use for ovarian cancer. For
example, these rhenium compounds generally require easily
modified and modular syntheses that can facilitate access to
large compound libraries.' Furthermore, many rhenium
complexes have rich spectroscopic properties that can facil-
itate their direct in vitro and in vivo imaging in relevant
biological systems. Lastly, these compounds tend to operate
via unique mechanisms of action, which results in a lack of
cross-resistance with the established platinum-based drugs. In
pursuit of novel rhenium anticancer agents, our group has
recently reported a tricarbonyl rhenium isonitrile polypyridyl
complex (TRIP), [Re(CO);(dmphen)(ptolICN)]*, where
dmphen = 2,9-dimethyl-1,10-phenanthroline and ptolICN =
para-tolyl isonitrile (Scheme 1), which induces apoptosis in
cancer cells by triggering endoplasmic reticulum (ER) stress
and the unfolded protein response (UPR) pathway.""! Im-
portantly, TRIP is not cross resistant with cisplatin, indicating
that it may be useful for the treatment of relapsed ovarian
cancer.

Although the resistance mechanisms that attenuate cis-
platin cytotoxicity do not affect TRIP, there are likely
alternative means by which cancer cells can become resistant
to this novel compound. Gaining an understanding of how
ovarian cancer responds to prolonged TRIP treatment will be
important for developing long-term therapeutic strategies.
Furthermore, cellular resistance pathways often convey
information regarding the mechanism of action of a drug
candidate.'"'") To identify the resistance mechanisms that
may attenuate the activity of TRIP, in this study we developed
a TRIP-resistant A2780 ovarian cancer cell line, which we call
A2780TR. These efforts have identified that TRIP resistance
arises largely from increased expression of the ABCBI1
transporter, or P-glycoprotein (Pgp), and the MTIE gene,
which encodes for metal-binding metallothioneins. We have
also tested the efficacy of other anticancer agents, including
rhenium-based complexes, common organic chemotherapeu-
tics, and well-known metal-based anticancer drugs, in this
TRIP-resistant cell line, to determine the extent of cross
resistance between these different compounds. Together,
these results highlight the unexpected role of ABC trans-
porters, which are generally known to act on organic
substrates, to detoxify metal-based anticancer agents.

Results and Discussion

Development and Characteristics of the A2780 TRIP-Resistant
Cell Line

Drug resistance is a primary cause of clinical failure of
anticancer agents. Therefore, gaining an understanding of
how cancer can become resistant is of significant importance
at both the preclinical and clinical stages of drug develop-
ment. Additionally, resistance pathways can often allude to
the underlying mechanism or molecular target of the drug
candidate.""! Our lab has been studying the biological and
anticancer activity of rhenium-based compounds, in part
because they are not cross-resistant with the conventional and
widely used platinum-based drugs.'*'*?'-*] Among the com-
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pounds that we have investigated, TRIP (Scheme 1) was
found to be equally as effective as cisplatin in the A2780
ovarian cancer cell line. Furthermore, TRIP operates via
a distinct mechanism of action by inducing ER stress,
activating the UPR pathway, and subsequently initiating
apoptosis. By contrast, the platinum-based drugs form
covalent adducts on DNA and inhibit transcription. The ER
stress induction by TRIP was also different from that of other
ER stress-inducing agents, such as the proteasome inhibitors
bortezomib and carfilzomib,* the heat-shock protein 90
inhibitor geldanamycin,® or the SERCA pump inhibitor
thapsigargin.®! In contrast to these compounds, TRIP
induces rapid mitochondrial fission and protein aggregation
leading to protein translation inhibition and expression of the
ER stress marker CHOP. Although we found that TRIP
rapidly causes intracellular protein aggregation, we have not
yet discerned specific molecular targets of this compound. In
an effort to glean more information about its mechanism of
action and to anticipate cancer resistance that might arise
during further preclinical development, we set out to develop
TRIP-resistant cells derived from the A2780 ovarian cancer
cell line, which is highly sensitive to TRIP and susceptible to
acquired resistance.

The TRIP-resistant cell line (A2780TR) was obtained
through the continuous treatment of the wild-type A2780 cell
line with increasing concentrations of TRIP ranging from 1-
14 um over the course of one year. This chronic low-dose
treatment strategy was previously used to generate other
drug-resistant cell lines.>?"*! Initially, A2780 cells were
incubated with 1 pM of TRIP in growth media for three days.
After three days, the media containing TRIP was removed
and fresh growth media with no TRIP was added, allowing the
cells to grow and reach confluence. This process was repeated,
and each month the cytotoxicity of TRIP in this cell line was
evaluated. As the cell line became resistant to TRIP, the dose
was escalated in 2 pM-increments until a concentration of
14 um was reached at 15 months. At the end of 15 months, the
50% growth inhibitory concentration (ICs,) of TRIP in the
A2780TR cell line was 13 um, in comparison to 1.5 um in the
wild-type cell line. Thus, the ratio of 1Cs, values between the
resistant and wild-type cells, or the resistance factor (RF), was
found to be 9 (Figure 1, Table S1, Supporting Information or
SI). For continuous culture of this cell line, 14 um of TRIP is
still included in the growth media to ensure that the resistant
phenotype is not reversed. Alternatively, A2780TR cells can
be frozen and stored in liquid nitrogen. Over multiple freeze-
thaw cycles, this cell line retains its TRIP-resistant phenotype.
The morphology of A2780TR is notably different than that of
the wild-type A2780 cells; rounding and aggregation of cells is
more apparent in the A2780TR cells by optical microscopy.

Cross-Resistance of Known Anticancer Agents and Rhenium
Complexes

With the stable A2780TR cell line developed, we next
evaluated its sensitivity to several established anticancer
agents, namely cisplatin, oxaliplatin, doxorubicin, taxol, and
auranofin, in comparison to the wild-type cell line (Table S1,
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Figure 1. Dose-response curves of TRIP in A2780 (solid) and A2780TR
(dashed) cells.

SI). These data provide information about the cross-resist-
ance of these compounds with TRIP. If their cytotoxicity is
diminished in the A2780TR cells compared to the wild-type
A2780 cells, then it is likely that the mechanisms of TRIP
resistance lead to their decreased potency. Furthermore, these
data are valuable for establishing the potential clinical use of
TRIP for patients that have been exposed to and may have
resistance to these established drugs. The ICs, values of these
compounds in A2780 and A2780TR cells and their RF values
are shown in Figures 2a, S1-S5, and Table S1, SI. The RF
values of the metal-based drugs, cisplatin, oxaliplatin, and
auranofin, are 0.8, 0.9, and 0.8, respectively. These data thus
indicate that these three metal-based drugs are not cross-
resistant with TRIP. By contrast, the organic drug doxorubi-
cin, was moderately cross-resistant with TRIP, as reflected by
an RF of 2.7. Remarkably, taxol showed a significant decrease
in potency in the A2780TR cell line, as characterized by an
RF value exceeding 180 (Figures2a and S5, SI). This RF
value is significantly greater than that observed for TRIP,
indicating that the A2780TR cell line is highly effective at
detoxifying this organic drug. A common feature among
taxol-resistant cells is the upregulation of the ABC trans-
porter ABCBI, or Pgp. This protein is an active efflux
transporter that is implicated in MDR pathways. It is efficient
at removing hydrophobic molecules, like taxol and doxoru-
bicin, from the cell.®” Thus, it is likely that a key resistance
mechanism of TRIP is upregulation of and efflux through
Pgp.

In addition to testing established drugs, we also evaluated
several other rhenium tricarbonyl complexes (Chart 2). These
complexes were chosen to probe the effects of different
structural modifications on their susceptibility to TRIP-
resistance mechanisms. The compound Neo-Re, [Re(CO);-
(dmphen)(OH,)]*,*? which contains an axial water ligand, is
somewhat cross-resistant with TRIP; its RF is 4 (Figures 2b
and S6, SI). Additionally, the compound Re-py, [Re-
(CO);(1,10-phenanthroline)(pyridine)]*, which was previous-
ly shown to have poor anticancer properties,* exhibits an RF
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Figure 2. a) IC, values of known anticancer agents and b) rhenium
complexes explored for cross-resistance in A2780 (black) and A2780TR
(red) cells. The p values represent the significance between A2780 and
A2780TR cells treated with the indicated compounds, ns=non-signifi-
cant, *=p <0.05, **=p<0.01, ***=p <0.005.

of 8, comparable to that of TRIP (Figures2b and S7, SI).
Unexpectedly, two other rhenium compounds, [Re(CO);(t-
butylbpy)(ptolICN)], (Re-tbutylbpy-ptolICN), where t-bu-
tylbpy = 4,4'-Di-tert-butyl-2,2"-bipyridine, and [Re(CO)s-
(dmphen)(pCIICN)]* (Re-dmphen-pCIICN), where
pCIICN = para-chlorophenyl isonitrile, which both contain
axial isonitrile ligands like TRIP, exhibit only a 3-fold and 2-
fold decrease in activity in A2780TR cells, respectively
(Figures 2b, S8 and S9, SI). Collectively, these results show
that subtle structural modifications on the rhenium tricar-
bonyl complexes can alter their sensitivity to the TRIP-
resistance mechanisms in the A2780TR cell line. Although
the direct relationship between these structures and cross-
resistance to TRIP is not entirely clear, this observation does
demonstrate that resistance to rhenium-based anticancer
agents may be overcome by implementing minor structural
modifications.

Reversal of TRIP Resistance with Verapamil

Based on the poor sensitivity of A2780TR cells to taxol,
we hypothesized that overexpression of ABC transporters
might be playing a key role in mediating resistance in these
cells. To probe the role of ABC transporters on the TRIP and
taxol resistance of the A2780TR cell line, we carried out
cytotoxicity assays in the presence of the established Pgp
inhibitor verapamil.”! A2780 and A2780TR cells were pre-
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Scheme 2. Structures of rhenium complexes tested in this study.

treated with 20 um of verapamil for 1 h and then dosed with
either TRIP, taxol, or cisplatin for 48 h. In the wild-type
A2780 cell line, verapamil had no significant effect on the ICs,
values of these three compounds (Table S2 and Figures S10—
S12, SI). By contrast, verapamil significantly affected the
cytotoxicity of TRIP (Figure 3a and Table S2, SI) and taxol
(Figure 3b and Table S2, SI) in the A2780TR cell line. The
1Cs, values of TRIP and taxol were reduced by factors of 5
and 22, respectively, indicating that inhibition of Pgp recovers
the potency of these compounds. Conversely, verapamil had
no effect on the cytotoxic activity of cisplatin in this cell line
(Table S2 and Figure S13, SI). This result is consistent with the
fact that cisplatin is not an effective substrate for Pgp.?”) The
use of verapamil in these experiments confirms the likely
involvement of Pgp in the TRIP-resistance mechanisms of the
A2780TR cell line.
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Figure 3. Dose-response curves of a) TRIP and b) taxol in the presence
(solid) and absence (dashed) of verapamil (20 pum) in A2780TR cells.
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Rhenium Uptake and Cellular Accumulation

Increased efflux or decreased uptake can often cause drug
resistance, and several transporters have been implicated in
resistance to metal-based anticancer agents.’”! Based on our
hypothesis that the increased expression of the Pgp exporter
contributes to TRIP resistance in the A2780TR cell line, we
explored the intracellular concentration of this compound in
the wild-type and resistant cell lines. If the transporter Pgp is
overexpressed in the A2780TR cell line, we would expect to
see low levels of intracellular rhenium content in this cell line.
The cellular uptake of TRIP was evaluated by both confocal
fluorescence microscopy and by inductively coupled plasma
optical emission spectroscopy (ICP-OES). The intrinsic
phosphorescent nature of TRIP makes it easy to track in
cells via fluorescence microscopy. Therefore, A2780 and
A2780TR cells were treated with 10 um of TRIP for 2 h, prior
to being imaged by confocal fluorescence microscopy. To
control for effects due to background fluorescence, we also
imaged untreated A2780 and A2780TR cells. Compared to
untreated A2780 cells, those treated with TRIP exhibited a 2-
fold increase in intracellular luminescence. Upon treatment
of A2780TR cells, however, no significant change in the
intracellular luminescence was detected compared to the
untreated control. This result suggests that decreased cellular
uptake of TRIP may be a mechanism of TRIP-resistance in
the A2780TR cells (Figure 4a). Although fluorescence mi-
croscopy is an efficient way to probe uptake, the phosphor-
escence of rhenium tricarbonyl complexes is highly depen-
dent on their local environment and may therefore not
provide the best quantitative data regarding the quantity and
localization of TRIP in the cells.?'* As an alternative, more
precise measure, we turned to ICP-OES. Both the A2780 and
A2780TR cells were treated as described above with 10 pum of
TRIP for 2 h, prior to their digestion and analysis of Re
content by ICP-OES. The Re content found in the wild-type
A2780 cells is 5 times greater than that found in the A2780TR
cell line (Figure 4b). Thus, these data are consistent with the
fluorescence microscopy results and confirm that decreased
cellular uptake is a key feature of TRIP resistance.

mRNA Expression Levels of Efflux Transporters

To confirm that Pgp overexpression in A2780TR cells is
a contributing factor to their resistance to and decreased
uptake of TRIP, we probed the mRNA expression levels of
Pgp and 4 other ABC transporters, ABCCl, ABCC2,
ABCC3, and ABCG?2, using reverse transcriptase quantita-
tive PCR (RT-qPCR) (Figure 5 and Table S3, SI). Each of
these transporters have specificities for different classes of
hydrophobic compounds. For example, Pgp recognizes tax-
anes, anthracyclines, and some antibiotics, whereas ABCG?2 is
more specific to the anthracycline mitoxantrone, organic dyes
including BODIPY, and topoisomerase I inhibitors, such as
topotecan.”) Upon quantification of the mRNA levels of
these 5 transporters, we found that Pgp had the largest degree
of overexpression, with almost 800-fold higher mRNA levels
in the A2780TR cells. Additionally, the ABCC1 transporter
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Figure 5. mRNA expression levels of ABC transporters in A2780 and
A2780TR cell lines. The mRNA levels of ABCC2, ABCC3, and ABCG2 in
both A2780 and A2780TR cells were below detectable levels.
(**=p<0.01, ***=p < 0.005).

had a 16-fold increase in mRNA levels in comparison to the
wild-type cell line. The other transporters, ABCC2, ABCC3,
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and ABCG2 showed no detectable changes in mRNA
expression levels, suggesting that their mRNA levels were
not different in the wild-type and the resistant cell lines. In
conjunction with the cytotoxicity, uptake, and verapamil data,
these RT-qPCR results support our hypothesis that Pgp
overexpression is a significant contributing factor to the
resistance of the A2780TR cell line to TRIP and taxol. The
elevated ABCC1 mRNA levels in this cell line also explain its
moderate resistance to doxorubicin, which is a known sub-
strate for the ABCC1 transporter.

In addition to these 5 ABC transporters, we also explored
the mRNA expression levels for 3 organic cation transporters
(OCTs), OCT1, OCT2, and OCT3. As their names imply,
these transporters import organic cations, such as dopamine
and serotonin, into cells. More recently, they have been
implicated in the cellular uptake of inorganic complexes, such
as platinum anticancer agents and ruthenium mitochondrial
calcium uptake inhibitors.>*!! Analysis of the mRNA levels
of all 3 OCT transporters present within the wild-type and
TRIP-resistant A2780 cells showed no differences in expres-
sion levels between these cell lines. As such, we conclude that
the OCTs do not play an important role in modulating TRIP-
resistance in these cells (Figure S14, SI).

Correlation of Nrf2 Activity and Pgp Overexpression

Elevated expression levels of ABC transporters, like Pgp,
are a common phenotype of the MDR pathway. These
transporters act to export cytotoxic species from the cells. The
overexpression of these ABC transporters, however, is also
directly linked to ER stress.”*Y For example, colon cancer
cells that are resistant to the ER stress-inducing agents
thapsigargin and tunicamycin have increased expression
levels of the ABC transporter ABCCL.™! In the case of
TRIP, the overexpression of Pgp in the A2780TR cells can be
a consequence of overactivated PERK|, a kinase in the UPR
pathway that is activated upon induction of ER stress. Upon
ER stress induction, PERK phosphorylates the eukaryotic
initiation factor-2a (eIF2a) and the nuclear factor erythroid-
derived 2-like-2 (Nrf2).>*! Phosphorylation of eIF20 causes
global protein synthesis shutdown, initiation of specific
transcription factors, such as ATF4, and eventually activation
of CHOP, a proapoptotic protein.”! However, phosphoryla-
tion of Nrf2 results in upregulation of various stress response
proteins that can decrease ROS burdens, sequester heavy
metal ions, and efflux xenobiotic species from the cell.**! This
activation results in translocation of this transcription factor
from the cytoplasm to the nucleus. Nrf2 will then bind to the
antioxidant response element (ARE), a gene promoter region
on DNA, and activate transcription of genes that code for
proteins that manage the stress. A portion of these Nrf2-
regulated proteins are the ABC transporters.***" Therefore,
the overexpression of Pgp in the A2780TR cells may be
a direct consequence of the ER stress-inducing properties of
TRIP rather than a form of nonspecific drug resistance. To
evaluate the role of PERK activation and ER stress induction
in the acquired resistance to TRIP, we tested the Nrf2 activity
in both wild-type and TRIP-resistant cell lines.
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Because TRIP induces ER stress and activates the UPR
via the PERK arm, we hypothesized that this compound
would also upregulate and activate Nrf2, as described above.
Both A2780 and A2780TR cells were treated with 10 pm
TRIP for 18 h, after which these samples were subjected to
RT-qPCR to determine Nrf2 mRNA expression levels (Fig-
ure 6a). Upon exposure of the wild-type A2780 cells to TRIP,
we saw a 4-fold increase in mRNA levels of Nrf2, a result that
is consistent with the known ability of this compound to
induce ER stress. By contrast, in the resistant A2780TR cells,
no significant increase (1.6-fold) in Nrf2 mRNA levels was
observed. This result indicates that TRIP is less effective at
upregulating the Nrf2 mRNA in resistant cells, potentially as
a consequence of less TRIP accumulating in this cell line.

Next, to test the actual transcription activity of Nrf2, we
used a dual luciferase reporter assay. This assay requires the
transfection of cells with two plasmids. The first plasmid
contains the ARE gene promoter region upstream of a gene
encoding firefly luciferase (Fluc). Thus, if Nrf2 is actively
promoting transcription, this activity will be related to the
quantity of bioluminescence from Fluc. To provide an internal
control for each cell line, a second plasmid, containing a gene
for the complementary Renilla luciferase, was co-transfected.
The bioluminescence of the Renilla luciferase thus serves to
normalize the data to account for the overall transfection
efficiency. Following the transfection of both plasmids in the
A2780 and A2780TR cells, these cells were treated with 10 pm
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Figure 6. a) mRNA expression levels of Nrf2 in both A2780 and
A2780TR cells in the presence (red) and absence (black) of TRIP

(10 um). b) Nrf2 activity as determined by the dual luciferase reporter
assay in both A2780 and A2780TR cells in the presence (red) and
absence (black) of TRIP (10 um). (ns=non-significant,

*¥% = p < 0.005).
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of TRIP for 18 h. Upon lysis and addition of luciferin and
coelenterazine, the luminescence within the cell lysates was
measured. After normalizing the Renilla luciferase emission
to the Nrf2-regulated Fluc emission, the relative activities of
Nrf2 were determined (Figure 6b). These data show that Nrf2
activity was almost 7-fold higher in TRIP-treated A2780 cells,
compared to the untreated control. This result is consistent
with the ability of TRIP to cause ER stress and activate Nrf2.
By contrast, in the A2780TR cells, no difference in Nrf2
activity was observed between the TRIP-treated and un-
treated cells. In comparing untreated A2780 and A2780TR
cells, it is also apparent that there is a 2-fold higher level of
Nrf2 activity in the wild-type cell line. These data support the
potential role of Nrf2 in mediating TRIP-resistance mecha-
nisms. As shown, the treatment of wild-type A2780 cells
results in enhanced expression and activity of Nrf2. As
a transcription factor, Nrf2 will promote the expression of
genes that code for the Pgp transporter. Thus, the conditions
required to generate the A2780TR cell line, namely pro-
longed exposure to TRIP, could lead to enhanced Nrf2
activity and high expression of Pgp, which can effectively
detoxify this compound. The lack of activity of Nrf2 in
A2780TR could be due to several factors. For example, the
lack of Nrf2 activity may simply arise as a consequence of the
high Pgp levels of the cells that decrease the intracellular
TRIP concentration to levels that cannot trigger Nrf2.
Alternatively, Nrf2 activity could be decreased because the
cell has found different ways to adapt to the stress of TRIP, in
addition to Pgp overexpression. Overall, these results support
the possibility that Pgp overexpression is a consequence of the
ER stress-inducing capacity of TRIP, which in turn triggers
activation of Nrf2.

Gene Expression Analysis of TRIP Using NCI-6o Screen

Gene expression analysis is a powerful technique that can
be used to identify resistance mechanisms of drugs. To further
investigate the mechanisms of TRIP resistance, we carried out
a gene expression analysis using cytotoxicity data that was
obtained from the National Cancer Institute (NCI)-60
Human Tumor Cell Line Screen.’!! Relative gene expression
levels within the NCI-60 panel can be identified with
CellExpress (http://cellexpress.cgm.ntu.edu.tw)® and The
Cancer Genome Atlas (http://www.cbioportal.org). The use
of gene expression analysis to identify resistance mechanisms
of anticancer ruthenium- and osmium-based complexes that
induce ER stress has recently been reported.” Based on the
success of this study, we have adopted the same procedure to
analyze the resistance mechanism of TRIP (Figure 7). First,
we analyzed the multi-dose cytotoxicity data reported from
the NCI-60 panel screen (Figure S15) for TRIP to identify the
4 most resistant (HCT-15, NCI/ADR-RES, ACHN, UO-31)
and 4 most sensitive (KM12, OVCAR-3, T-47D, MDA-MB-
468) cell lines spanning all cancer types. Using CellExpress,
we compared the gene expression patterns within these two
groups of cell lines. These results showed that 21 genes were
differentially expressed between these groups to a statistically
significant extent (p <107®) (Figure 7a). Next, to further
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Figure 7. Selection process for resistant genes against TRIP. a) Heat map from CellExpress analysis that used 8 resistant and sensitive cell lines
from NCI-60 cancer cell line screen. From the CellExpress analysis, 21 genes were identified exhibiting p values < 107°. b) The cell lines were
further divided into two groups, 4 sensitive and 4 resistant cell lines in ovarian, lung, colon, and breast cancer. The gene expression of these & cell
lines was then validated using cBioPortal. Shown is the averaged mRNA levels, including standard deviations, for the 21 genes identified from the
CellExpress analysis in both the 4 sensitive (black) and 4 resistant (red) cell lines. c) Each of the 21 genes were then explored for their expression
levels of each gene against all 60 cell lines tested in the NCI-60 panel. The graph shows the log Gls, values of all cell lines in the panel vs. the
mRNA levels of MTTE. The R value=0.50. d) Functional validation of the analysis in steps (a)—(c) was carried out through RT-qPCR methods to
determine the relative mRNA levels of MTTE in A2780 vs. A2780TR cells (***=p value <0.005).

explore the significance of these genes, the cell lines from the
NCI-60 panel were grouped in a different manner. Specifi-
cally, within 4 different cancer types, the most and least
resistant cell lines were identified. Following this categoriza-
tion approach, the most resistant cells were the non-small cell
lung cancer NCI-H332M, colon cancer HCT-15, ovarian
cancer NCI/ADR-RES, and breast cancer HS578T cell lines.
The least resistant were found to be the non-small cell lung
cancer NCI-H522, colon cancer KMI12, ovarian cancer
OVCAR-3, and breast cancer MDA-MB-468 cells. The use
of these two new groups, which equally span 4 different cancer
types, avoids bias in the sensitivity to TRIP that may arise
from cancer type-specific properties. With these new 2 groups
and the 21 genes identified in the gene analysis from the first
step, we determined if the expression of these 21 genes
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correlated with the cytotoxicity of TRIP in these pairs of
cancer cell lines (Figure 7b). Surprisingly, none of these 21
genes were found to be consistently differentially expressed
between the sensitive and resistant cell lines. This result may
reflect the fact that there is actually a cancer type-dependence
on the role of these 21 genes in mediating TRIP sensitivity.
Thus, we sought out correlations among all 60 cell lines in the
panel between the efficacy of TRIP, as measured by its log
Gl value, and the expression of all of the 21 genes. Among
these 21 genes, only 3 showed reasonable correlations with
the cytotoxic activity of TRIP, as reflected by R values > 0.4.
These genes are MTIE (R=0.50, Figure 7¢), FRAT2 (R=
0.48, Figure S16), and EPSSLI (R=0.45, Figure S17).
Metallothioneins, which are coded by MTIE, are small,
cysteine-rich proteins that play a key role in the detoxification
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of exogenous heavy metal ions.’*>*! The FRAT2 gene is part
of the GSK-binding-3 protein family and has been shown to
act as a regulator for the WNT signaling pathway.”” Lastly,
EPSSLI is part of the epidermal growth factor receptor
family and its function is currently unknown. In contrast to
MTIE, both FRAT2 and ESPSLI correlate with increased
sensitivity to TRIP, indicating that these genes might play
a role in accentuating the cytotoxic properties of this
compound.

Among these correlations, the observation that the MTIE
gene is a predictor for TRIP cytotoxicity is particularly
interesting. In addition to detoxifying the cell, metallothio-
neins also play a key role in modulating the resistance to
organic drugs®®*! and other metal-based agents like those of
platinum.®” An additional, more indirect, role of metal-
lothioneins is to help assist protein folding.® Because TRIP
induces the formation of misfolded proteins, the ability of
metallothioneins to reduce this cellular burden may be
important with respect to their role in resistance. To
determine if the MTIE gene was also overexpressed in the
resistant A2780TR cell line, we carried out RT-qPCR on the
resistant and wild-type cell lines. The expression levels of
MTI1E mRNA are approximately 3 times greater in the
A2780TR cell line compared to the A2780 cell line (Fig-
ure 7d).

This significantly increased expression indicates that
metallothioneins contribute to the TRIP resistance of the
A2780TR cell line. Metallothioneins have been implicated in
cancer cell resistance to a variety of metal-based anticancer
agents, including complexes of platinum,® gold,*! and
ruthenium.™ This gene expression analysis provides the first
evidence connecting metallothioneins to the detoxification of
rhenium compounds in living cells. Previous studies have
shown that rhenium and technetium!®>*" complexes undergo
transmetallation with four different isoforms of metallothio-
nein, in a manner that removes their ligands in the process.
Thus, metallothioneins are capable of converting rhenium-
based anticancer agents to non-cytotoxic species, and en-
hanced expression of these small proteins is an effective
resistance mechanism. Although the relative increase in
MTIE mRNA levels in the resistant cell line is lower than
those for Pgp, these data suggest that metallothioneins may
play a role in mediating the resistance to TRIP. As observed
for other anticancer agents,* " the mechanisms of resistance
to TRIP are most likely multifactorial in nature.

Conclusion

In this study, we have developed and characterized the
first cancer cell line that is resistant to rhenium(I) tricarbonyl
complexes. This resistant cell line exhibits a 9-fold decrease in
sensitivity to TRIP and shows pronounced cross-resistance to
the established anticancer drugs taxol and doxorubicin. We
confirmed that the origin of this cross-resistance arises from
increased expression of the Pgp transporter, which plays
a role more broadly in MDR pathways. Although the Pgp
transporter is well known to efflux organic molecules, like
taxol, it has been less well-established as a means for
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removing inorganic complexes. There have been several key
studies and examples, of metal complexes that cause over-
expression of and are substrates for Pgp. For instance, the
myocardial perfusion imaging agent Cardiolite, a homoleptic
#mTc isonitrile complex, was among the first metal complexes
discovered to be a Pgp substrate.”!! Additionally, previous
studies have illustrated that prolonged treatment of cancer
cells with oxaliplatin’? and auranofin can also result in
overexpression of ABC transporters, even though these
compounds are not necessarily substrates for these trans-
porters. The Ru-based anticancer agent KP1019, currently in
clinical trials, has also been confirmed to be a Pgp substrate./’
Together, these studies illustrate the importance of further
understanding how Pgp and similar transporters effect metal
drug detoxification. In the context of rhenium-based anti-
cancer agents, specifically, a rhenium(I) tricarbonyl disele-
noether complex was found to be effluxed efficiently from
MDR MCEF-7 breast cancer cells.””! Although the mode of
efflux was not investigated, Pgp is a likely candidate, based on
our observation that this transporter works on several differ-
ent classes of rhenium(I) tricarbonyl complexes.

This report describes the first study to date that inves-
tigates the in vitro resistance mechanisms of a cancer cell line
to a rhenium anticancer agent. The key results of this study
reveal the broad substrate scope of ABC transporters, which
have typically been thought to primarily recognize hydro-
phobic organic compounds. This study also reinforces the
potential role of metallothioneins in detoxifying a wide range
of different metal ions. Importantly, resistance to rhenium-
based anticancer agents differs from that of the clinically used
platinum drugs. This result indicates that rhenium anticancer
agents may find a role in treating platinum-resistant ovarian
cancer.
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