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Detailed analysis of pro-apoptotic signaling
and metabolic adaptation triggered by a
N-heterocyclic carbene—gold(i) complext

Pavlo Holenya,#* Suzan Can,#® Riccardo Rubbiani,” Hamed Alborzinia,’
Anja Junger,? Xinlai Cheng,® Ingo Ott® and Stefan Wolfl*?

Due to their broad spectrum of biological activity and antiproliferative effect on different human cancer cell
lines, gold compounds have been in the focus of drug research for many years. Gold()-N-heterocyclic
carbene complexes are of particular interest, because of their stability, ease of derivatization and clear
cytotoxicity in cancer cells. To obtain a more detailed view of the molecular mechanisms underlying their
cellular activity, we used a novel gold()—N-heterocyclic carbene complex, [triphenylphosphane-(1,3-diethyl-
5-methoxy-benzylimidazol-2-ylidene)lgold() iodide and investigated changes in cellular signaling pathways
using quantitative signal transduction protein microarray analysis. We also analyzed changes in cell
metabolism in a time-dependent manner by on-line metabolic measurements and used isolated
mitochondria to elucidate the direct effects on this cell organelle. We found strong cytotoxic effects in
cancer cells, accompanied by an immediate and irreversible loss of mitochondrial respiration as well as by a
crucial imbalance of the intracellular redox state, resulting in apoptotic cell death. ELISA microarray analysis
of signal transduction pathways revealed a time-dependent up-regulation of pro-apoptotic signaling
proteins, e.g. p38 and JNK, whereas pro-survival signals that are directly linked to the thioredoxin system
were down-regulated, which pinpoints to thioredoxin reductase as a central target of the compound.
Further results suggest that DNA is an indirect target of the compound. Based on our findings, we outline a
signaling model for the molecular mechanism underlying the antiproliferative activity of the gold()—N-
heterocyclic carbene complex investigated, which provides a good general model for the known pattern of
cell death induced by this class of substances.

Organometallic compounds with a coordinated gold atom in
the oxidation states +1 and +3 have been in focus of several

Cisplatin and other platinum agents have been playing an
important role in cancer chemotherapy during the last few
decades. However, due to strong side effects and the resistance
phenomenon there is an increasing interest in the development of
non-cisplatin-type metal complexes as anticancer drug candidates.
Their considerable structural and stereochemical variety, high
stability and broad coordination properties introduce organo-
metallic substances as promising alternative sources of novel
therapeutic and diagnostic agents.'™
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studies demonstrating a strong cytotoxicity in different cancer
cell lines.>® Gold compounds can trigger cell death mechanisms by
targeting various cellular systems: through interaction with DNA
similarly to platinum compounds,” by affecting mitochondria and
redox balance,'”"" modulating cell cycle control," proteolysis™ and
signal transduction."*"” Still, detailed mechanisms of action, which
seem to vary depending on the carrier ligand, remain unclear.
Thioredoxin reductase (TrxR) appears to be a common molecular
target of gold compounds as gold displays a high affinity to selenol
groups.'®'” This central enzyme of the mammalian antioxidant
system maintains a reducing environment by transmitting the
electron flux from NADPH generated by the pentose phosphate
pathway to its substrate thioredoxin (Trx), which is involved in the
redox control of different signaling pathways.®

A hallmark of highly proliferative cancer cells is an increased
production of reactive oxygen species (ROS)."® This results in
oxidative stress, which can cause damage to several mitochondrial
components and macromolecules leading to senescence and
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apoptosis.”® Inhibition of TrxR or the structurally similar
glutathione reductase (GR) leads to accumulation of oxidized
glutathione and Trx and reduces the capacity of the most
important antioxidant systems in cancer cells to counteract
ROS mediated damage.’**!

In addition to this direct role in the modulation of the
cellular redox state, Trx directly interacts with other proteins
associated with cell death mechanisms. Its reduced form binds
and inactivates apoptosis signal-regulating kinase 1 (ASK1).'®??
In the presence of ROS, the oxidized Trx form is released and
activates ASK1 to mediate apoptosis via the JNK and p38 pathways.>’
P53, a transcription factor controlling pro-apoptotic genes, is also
regulated by Trx.*"**

Gold(1)-N-heterocyclic carbene (NHC) complexes have been
increasingly reported as promising anticancer agents.”*> Due
to the NHC ligands, these substances show high stability and
ease of derivatization, that allow for a rapid adjustment of
physicochemical properties. Recent studies have demonstrated
a strong selective TrxR inhibition by several gold()-NHC com-
plexes in vitro as first reported by Hickey et al. in 2008.2%2%2931,32
Experiments on cancer cells revealed a high increase of ROS
formation and imbalances in cellular metabolism, including
reduced mitochondrial activity, which resulted in apoptotic cell
death.>>*°

In order to understand the mechanism of cell death induction by
gold()}-NHC complexes, we exemplarily investigated the influence of
the novel complex [triphenylphosphane-(1,3-diethyl-5-methoxy-
benzylimidazol-2-ylidene)]gold(i) iodide (Au()NHC) on cytotoxicity,
cell metabolism and mitochondrial activity. Au(f)NHC is an organo-
metallic complex of the Au(1)(NHC)(phosphane) type, which we had
suggested as a particularly promising organometallic group in one of
our previous reports.”® Here we present the quantitative and time-
resolved analysis of concentration-dependent effects of Au(f)NHC on
several signaling pathways using ELISA microarrays. We found that
Au()NHC triggers cell death in cancer cells targeting different
cellular systems. Similarly to other substances of this class,
Au()NHC inhibits TrxR thereby affecting cellular redox homeostasis,
alters mitochondrial respiration and membrane permeability and
evidently causes DNA damage. As a consequence, we observed a
sustained activation of several pro-apoptotic signaling pathways and
concomitant down-regulation of pro-survival signals. Based on our
results, we suggest a molecular mechanism-based model explaining
the cell death induction triggered by the investigated complex.
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Results and discussion
Au(1)NHC selectively inhibits TrxR

TrxR is a very specific intracellular target for antitumor
agents'820:2133,34
complexes (e.g. auranofin) have been reported as strong
inhibitors.'®"” In mammalian cells, TrxR is a large homodimeric
selenoenzyme that belongs to the disulfide oxidoreductase
family.>® Two main isoforms play a key role in regulating the
overall intracellular redox balance: the cytosolic TrxR1 and the
mitochondrial TrxR2."® Inhibition of either Trx system can lead to
activation of apoptosis.*® Binding of gold(r) complexes to TrxR is
related to a direct metal coordination to its active site containing a
selenocysteine residue on the flexible C-terminal arm.""'®
Taking these facts into consideration, Au()NHC was tested
for its ability to inhibit the activity of purified total TrxR (Fig. 1,
panel a). To evaluate selectivity, the assay was also performed using
another enzyme of the cellular antioxidant system, glutathione
reductase (GR), which maintains glutathione in its reduced state
and is closely related to TrxR in structure and function. Au(i)NHC
was able to inhibit TrxR in the low micromolar range (ICs, =
1.95 uM), whereas the gold-free benzimidazolium iodide exhibited
no inhibitory activity. The inhibitory effect of Au()NHC on GR
activity with IC5o = 49.9 pM was considerably weaker. These
findings demonstrate that Au(f)NHC selectively targets TrxR, which
contains, in contrast to GR, a thiol-selenol C-terminal residue in its

and in particular several established gold(i)

active site. Moreover, the coordinated gold atom is essential for the
high affinity binding to TrxR as the metal free organic ligand did
not inhibit TrxR or GR (Fig. 1). In general, the observed effects
are similar to those already reported for other gold(1)-NHC
complexes,>?® whose strong capability to inhibit TrxR varies
depending on their coordinated ligands.

Although TrxR is the only cellular enzyme able to reduce Trx,
it can also act on many other low molecular weight disulfide and
non-disulfide substrates.?® Therefore, the inhibition of TrxR by
Au()NHC affects the cellular redox state in many directions
simultaneously.

Antiproliferative activity

Since Trx and TrxR are overexpressed in many tumors to control
their aberrant redox state,>® we subsequently investigated the
influence of Au()NHC on the growth and proliferation of
various cancer cell lines. Valuable antiproliferative effects were

a Au(l)NHC L b
N ®° — Cell line | IC5, + SE (pM)
/O N /O N® |@

\@ :%mw@ \©: ) HT29 | 3.4453+0.597

N N
(. @ ) MCF7 | 1.602+0.168
TrxR!Cso 1.95 010 yMm >50 uM Panc1 | 1.729 + 0.047

GRICso  49.90 016 y\M >50 UM

Fig. 1 Structures and inhibitory effects of the investigated substances. (a) Au()NHC structure and the inhibitory effect on TrxR and GR compared to the
gold-free benzimidazolium iodide (L). (b) Cell viability of different cell lines upon treatment with Au()NHC.
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observed for HT29, MCF7 and Panc1 cells (Fig. 1, panel b) with
ICs, values in the micromolar range.

Cancer cell metabolism is irreversibly affected by Au(i))NHC

TrxR inhibition may be an important but not the only effect of
treatment in cancer cells. To analyze cellular metabolism and
morphological changes of cancer cells treated with Au())NHC,
we used the real-time biosensor chip system Bionas 2500. The
system measured pH change and oxygen consumption reflecting
cellular glycolytic and mitochondrial activity, respectively, and
cellular impedance linked to cell morphological changes as well
as cell-cell and cell-surface adhesion.’® All three parameters
showed an immediate change in HT29 cells treated with
Au()NHC (Fig. 2). Oxygen consumption was inhibited almost
immediately after exposure to all applied concentrations, which
conveys that cellular respiration was completely blocked even by
1.0 uM Au(1)NHC. The acidification rate increased drastically in
the beginning, followed by a transition period of a few hours and
an abrupt decrease denoting a complete glycolysis elimination.
The time- and concentration-dependent profiles of glycolysis
modulation appear to be evident: higher concentrations of
Au(1)NHC achieved a more rapid and shorter transition from
increased glycolysis (for 10 pM this has occurred already after
2.5 h of treatment) to an entire block, whereas transition peaks
appeared later on the time scale at lower concentrations. Cell
impedance increased slightly in the first 2 h of treatment
followed by a rapid decrease in a concentration-dependent
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manner. Remarkably, all three parameters showed irreversible
changes since a 10 h-recovery period with medium without
Au(1)NHC did not restore cellular homeostasis.

All together, real-time measurements revealed that Au()NHC
induced a rapid and irreversible alteration of cellular metabolism
having cell death as the obvious outcome. In this analysis mito-
chondria appeared to be a clear cellular target of the substance:
due to the rapid respiration deadlock, cells shift the energy
metabolism from oxidative phosphorylation to glycolysis, mirrored
in an increased acidification rate, as a compensatory mechanism.
A slight increase in cell impedance most probably reflected
the generation of stress fibers. The following drastic change in
impedance clearly indicated that cells were losing their membrane
functionality and detached from the chip surface reflecting the
time frame of apoptosis initiation.

Au(1)NHC directly targets mitochondria

The immediate block of respiration in colon cancer cells raised the
question of whether mitochondria could be affected directly by the
Au()NHC treatment or whether their physiological functions are
suppressed indirectly through other cellular mechanisms or e.g
DNA damage. To ascertain this, isolated mouse liver mitochondria
were used to determine organelle functionality. We observed a rapid
time- and concentration-dependent suppression of mitochondrial
respiratory activity (Fig. 3, panel a), whereas the known uncoupling
agent carbonyl cyanide 3-chlorophenylhydrazone (CCCP) and the
complex I inhibitor rotenone clearly increased or blocked
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Fig. 2 Real-time changes of metabolic parameters in HT29 cells upon treatment with Au()NHC. (a) Cellular respiration (oxygen levels in the medium).
(b) Activity of glycolysis measured as changes in extracellular acidification. (c) Cell adhesion and morphology presented as changes in cell layer

impedance. RM (running medium) stands for compound-free medium.

This journal is © The Royal Society of Chemistry 2014

Metallomics, 2014, 6, 1591-1601 | 1593


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4mt00075g

Open Access Article. Published on 11 April 2014. Downloaded on 3/28/2026 8:29:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Metallomics
a b
= 100 o 15-
et —— Non-teated ‘5
'g 80+ M Mock-treated 3
s — 1M CCCP § 104
2 g 1.
] 50’\ —— 5uMrotenone 9
< \ 0.1uM s
) \ M
o 40 =
g ?'5“‘/'”\" Au(NHC & 057
o 204 - — 1y 8
2 —— 5uM =
B 8 oo
§ 0 ' ‘I] ' é ' :; x : Mock CCCP 0.625 1.25 2.5 5 10 20
Incubation time (h) EGuM Au()NHC (uM)
c Au()NHC Au()NHC
NN S Q D S
$ \§@Q SRS @0&@%? QT <&
(] . 2 -
En [P ", Cytochrome c
=
8 —. . i — - COX IV
F Ak g e :
< on - W e sseWS, Cytochrome c
Q e,
£ = = ool COX IV
L ]
Pellet Supernatant

Fig. 3 Effects of Au(lNHC treatment on mitochondria. (a) Respiration of isolated mouse liver mitochondria depicted as a decrease of oxygen saturation
over time. Mock-treated samples contained 0.1% (v/v) DMF. CCCP (1 uM) was used as a control of the maximal oxygen consumption (0% oxygen in the
respiration buffer). The respiratory chain complex | inhibitor rotenone was used as a positive control of respiration inhibition (oxygen concentration close
to 100%). (b) Mitochondrial membrane potential in Jurkat cells presented as JC-1,ggregated’ JC-1monomeric fluorescence ratio. Mock stands for mock-
treated cells (0.1% (v/v) DMF). The proton uncoupling reagent CCCP (50 uM) was used as a positive control. (c) Cytochrome c release from isolated
mouse liver mitochondria. Mock-treated samples contained 0.1% (v/v) DMF. Triton X-100 (1% (v/v)) was used as a positive control for outer membrane
permeabilization. Cytochrome c oxidase subunit IV (COX |V) detection was used as a control of protein loading and as an indicator for the intactness of

the inner mitochondrial membrane.

respiration, respectively. Notably, 5 uM of Au(i)NHC blocked respira-
tion to the same extent as rotenone, which was also applied at 5 uM.

To examine whether the decrease of the mitochondrial respiratory
activity occurred in parallel with the alteration of the inner membrane
permeability, the mitochondrial membrane potential (A¥,) was
measured in Jurkat T lymphocyte cells. We observed a strong
decrease of the AY,, value depending on Au(ij)NHC concen-
tration applied to the cells (Fig. 3, panel b). These findings
indicate that mitochondria are directly targeted by Au()NHC.
This is in good agreement with a previous report, where we
confirmed high mitochondrial accumulation of a structural
analogue of Au()NHC.?® Comparing the observed effects in both
experiments with those of the control substance CCCP, which
strongly decreases A¥,, in cells, we can conclude that Au()NHC
acts as an inhibitor of the oxidative phosphorylation modulating
the electron flow along the respiratory chain.

Au()NHC also directly promotes mitochondrial outer
membrane permeabilization. Using immunoblot, we detected
a gradual increase of cytochrome ¢ released from isolated mouse
liver mitochondria after 2 h of treatment (Fig. 3, panel c),
whereas levels of this intermembrane protein decreased in the
mitochondrial fraction.

TrxR inhibition by Au(i)NHC leads to oxidative stress

Since mitochondria are considered to be a source of reactive
oxygen species, and the gold complex had been shown to be a

1594 | Metallomics, 2014, 6, 1591-1601

strong inhibitor of TrxR, we analyzed ROS formation in Jurkat T
lymphocytes and K562 leukemia cells, in response to Au()NHC
treatment after 24 h and 48 h (Fig. 4). Both cell lines displayed a
strong increase in ROS levels, exceeding the ROS production
induced by the positive control camptothecin, an established
cytotoxic inhibitor of topoisomerase I. The increase of ROS also
correlated with applied Au())NHC concentrations.

The profile of ROS production shows that inhibition of TrxR
and inhibition of mitochondrial respiration within 1 h by the
Au()NHC leads to massive oxidative stress within cells. In
aerobic cells, ROS are also produced by the other electron
transport chains present in endoplasmic reticulum and nuclear
membranes.?® Based on our results, we assume that the oxidative
stress in response to Au()NHC treatment might be achieved due to
inhibition of both, cytosolic TrxR1 and mitochondrial TrxR2,
although the separate impact of the inhibition of either enzyme
isoforms on the induction of oxidative stress is still ambiguous.

Au()NHC induces apoptosis in cancer cells

Until now we have described several events induced by Au()NHC
in cancer cells: strong cytotoxic effects, loss of mitochondrial
respiration and later of glycolytic activity, an imbalance in the
intracellular redox state, and finally cell death. All these condi-
tions favor apoptosis as the main way for cells to die.*® To
address this hypothesis, we performed flow cytometry analysis of
annexin V/propidium iodide-stained Jurkat cells.*” The cell-state

This journal is © The Royal Society of Chemistry 2014


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4mt00075g

Open Access Article. Published on 11 April 2014. Downloaded on 3/28/2026 8:29:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Metallomics

2000~

—
2]
i

1000

500+

Mean fluorescence intensity

Mock CMPT 0.625 1.25 2.5 5 10 20

(BaM)- Au()NHC (pM) ‘

2000~

Mean fluorescence intensity ©

Mock CMPT 0.625 1.25 2.5 5 10 20

BipMy’ Au()NHC (pM) ‘

Fig. 4

View Article Online

Paper

2000~

—
3
2

1000

500-

Mean fluorescence intensity T

Mock CMPT 0.625 1.25 2.5 5 10 20
Au()NHC (1)

(5 um!

2000~

1500+

1000+

500

Mean fluorescence intensity Q.

Mock CMPT 0.625 1.25 2.5 5 10

20
M) Au()NHC (pM) '

Intracellular ROS formation in response to Au()NHC treatment. (a and b) ROS formation in Jurkat cells after 24 h and 48 h treatment, respectively.

(cand d) ROS levels in K562 cells after 24 h and 48 h treatment, respectively. Mock stands for mock-treated cells (0.1% (v/v) DMF). Camptothecin (CMPT)

was used as a positive control for ROS induction.
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Fig. 5 Apoptosis induction and modulation of cell signaling. (a) Cell state distributions of Jurkat cells treated with Au()NHC. Mock stands for mock-
treated cells (0.1% (v/v) DMF). The topoisomerase | inhibitor camptothecin was used as a positive control for apoptosis induction. Counted cell
populations stained with annexin V only, both dyes, propidium iodide and annexin V at the same time or with propidium iodide only reflected the number
of early apoptotic, late apoptotic and necrotic cells, respectively. (b) PARP cleavage, decrease of the anti-apoptotic mitochondrial Bcl2 and activation of
the caspase cascade in HT29 cells during Au()NHC-induced cell death. Arrow indicates the cleaved 89 kDa fragment of PARP. B-Actin or vinculin was
analyzed in the same experiment as internal controls. (c) Induction of phospho-ERK1/2 (T202/Y204) and phospho-p38a (T180/Y182) and reduction of

phospho-p53 (S15) in HT29 cells in response to Au()NHC treatment.

distributions after 48 h treatment with Au()NHC showed a
strong dose-dependent antiproliferative effect in comparison to
the control (Fig. 5, panel a). Whereas significant numbers of
viable cells were present after incubation with 0.625-1.25 pM
Au(1)NHC, early and late apoptotic cells dominated in the higher
concentration ranges. Only negligible populations of necrotic
cells were detected for all concentrations of the compound.

This journal is © The Royal Society of Chemistry 2014

Further we examined whether caspase cascade activation is
involved in cell death processes. As shown in Fig. 5 (panel b),
the degradation of procaspase-3 and procaspase-9 was observed
after 12 h of treatment in HT29 cells. Treatment of cells with
Au()NHC also induced poly-ADP-ribose polymerase (PARP)
cleavage, with the accumulation of the 89 kDa fragment.
Finally, we observed a reduction of the anti-apoptotic Bcl-2

Metallomics, 2014, 6, 1591-1601 | 1595
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Fig. 6 ELISA microarray measurements of absolute phosphoprotein conc

protein indicating the activation of the mitochondria-dependent
apoptotic pathway.

In summary, all described events confirm the apoptotic cell
death in response to treatment.

Analyzing Au(i)NHC impacts on cell signaling

To gain a more detailed view of cell death induced by the
Au()NHC treatment, we analyzed a panel of key signaling
proteins in their phosphorylated states covering different signal
transduction pathways. For this reason we used protein immunoblot
and ELISA microarrays, designed in our lab, that allow simultaneous
quantitative analysis of up to 25 modified signaling proteins in
a single sample.*® Using this tool, we analyzed HT29 cells
incubated in a time course experiment (0-6 h) with two con-
centrations of the compound, 5 and 10 uM, respectively (Fig. 5,
panel c; Fig. 6), or treated for 2 h with an increasing concen-
tration of Au()NHC (Fig. S1, ESIt).

We observed a significant time- and concentration-dependent
sustained activation of all important mitogen activated protein
kinases (MAPKs). The levels of phospho-ERK1 (T202/Y204),
phospho-ERK2 (T185/Y187), phospho-p38a (T180/Y182) and
phospho-JNK (total) increased two- to twenty-fold upon treatment
with 10 pM Au()NHC in comparison to mock-treated (0.1% v/v DMF)
samples. Our analysis also revealed a strong activation of the
chaperone HSP27 as well as the DNA damage associated kinase
Chk2. Interestingly, several signaling proteins, among which the

1596 | Metallomics, 2014, 6, 1591-1601

entrations in HT29 cells upon treatment with Au()NHC.

key protein of PI3-kinase signaling, Aktl, the ERKS5 signaling
upstream modulator WNK1, and the cAMP-sensitive transcrip-
tion factor CREB, exhibited a transient activation profile:
while 5 uM Au(1)NHC induced a slight increase in their phos-
phorylation during the 6 h time scale analyzed, the higher
concentration of the compound (10 uM) rapidly changed from
induction after 1-2 h of treatment to a sustained decrease
after longer incubation. In comparison to Aktl, the levels of
phospho-GSK-3B (S9) and phospho-FAK (Y397) displayed a
more rapid concentration-dependent transition from increase
to decrease. Finally, we could observe a fast and significant loss
of phosphorylated p53 with both compound concentrations.
To prove that apoptotic cell death is mainly mediated by the
inhibition of TrxR, we treated HT29 cells with a specific TrxR-
inhibitor auranofin using an identically designed time course
experiment. We found that changes in cell signaling induced by
4 pM auranofin (HT29: ICso = 1.9 uM) were of very similar
character and grade as signaling profiles generated by
Au(1)NHC-treatment on the same time scale (Fig. S2, ESIt).

Mechanism of Au())NHC-induced cell death

Integrating all our findings, we generated a signaling model that
explains the mechanism of action (Fig. 7). We could show that the
Au(f)NHC-complex analyzed selectively inhibited TrxR and that the
gold(1) atom was essential for this activity. This fact is consistent with
previous studies identifying TrxR as a target of gold compounds and

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Signaling model underlying Au()NHC-induced cell death.

in particular gold()-NHC complexes.""'7**2%3! Trx is the main

substrate of TrxR in both cytoplasm and mitochondria, and
decreased TrxR activity leading to a diminished pool of reduced
(active) Trx."® This in turn causes an inability of cells to get rid of
endogenous ROS. We have already mentioned that TrxR inhibition
by itself shifts the cellular redox state towards more oxidized
conditions since this enzyme reduces a broad variety of substrates.
Furthermore, it is known that metal ions can be a source of
exogenous ROS,* and Au()NHC molecules might have a separate
impact on the overall imbalance of the cellular redox status. Indeed,
we observed a dramatic increase in cellular ROS levels leading to an
oxidative catastrophe.

Using kinetic analysis of signal transduction, we were able
to demonstrate that in a short term perspective (few min to
several h) Au()NHC considerably modulated cell signaling. On
the one hand, besides their direct action on macromolecules, ROS
are considered to be important second messengers in death-
associated signal transduction.*® This is in good accordance with
our observation of a strong and sustained activation of the ERK1/2
pathway, associated with oxidative stress, and high ROS as a well-
known trigger of this pathway.>**° Although ERK1/2 are generally
known as pro-survival markers, they can also stimulate the pro-
apoptotic pathway and serve as important stress markers in the
cell.'® Furthermore, it has been demonstrated that ROS are potent
inducers of JNK that is critical for cell fate determination,*!
which also coincides with our findings.

This journal is © The Royal Society of Chemistry 2014
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On the other hand, Trx interacts with many proteins
involved in redox-signaling pathways. The reduced form of
Trx acts as a negative regulator of ASK1.'®*® Upon strong
oxidative stress or when reduction of Trx is inhibited, ASK1 is
released and activates several MAPK kinases, such as MKK 3, 4,
6 and 7, which phosphorylate and activate pro-apoptotic JNK and
p38 MAPK.”>"" Both kinases, when activated by ASK1, reportedly
associate with mitochondria, inactivate anti-apoptotic and activate
pro-apoptotic proteins.'®** Our results revealed a rapid activation
of both, JNK and p38, consistent with the described mechanism.

Oxidized Trx activates another important regulator of apoptosis,
the phosphatase and tensin homolog (PTEN).'® PTEN stimulates
apoptosis by inhibiting Aktl, responsible for cell growth and
proliferation.'® This is also reflected in our microarray measure-
ments demonstrating a transient and dose-dependent loss of the
pro-survival signal of Akt1.

We also found reduced phosphorylation of GSK-3f, a down-
stream target of Aktl. In its active (dephosphorylated) form,
GSK-3p targets the anti-apoptotic Bcl-2-like protein Mcl-1 for
ubiquitination and thereby contributes to mitochondrial
membrane permeabilization (MMP).**> Besides GSK-3p, several
studies have suggested that high ROS and activated JNK are
known as cytosolic signals leading to MMP and resulting in
apoptosis.*”** The loss of mitochondrial membrane potential
in our experiments is directly related to MMP and most
probably results from all three signals.
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Although the transcription factor CREB can be a substrate for
various cellular kinases,” it plays an important role in survival
signaling and is a regulatory target of Akt1.**> When phosphory-
lated (activated) by Akt1, CREB induces expression of genes promot-
ing proliferation, differentiation, adaptation and survival in many
cell types.*® It has been shown that PTEN de-phosphorylates CREB
independently of the PI3K/AKT pathway inhibiting cell growth and
proliferation.*® Consistent with this mechanism, pro-survival CREB
phosphorylation occurred transiently, comparable to Aktl, with a
peak after 2 h of treatment (10 pM Au(1)NHC) followed by an abrupt
loss of phosphorylated CREB, which concurred with the activation of
pro-apoptotic signaling.

WNK1, another direct target of Akt1*”*® also showed a similar
transient activation profile further supporting this hypothesis.
WNK1 can activate ERK5 by an MEKK2/3-dependent mechanism,*
which has been implicated in anti-apoptotic signaling, inducing
p53 ubiquitination® and Bad phosphorylation.>

Phosphorylation of HSP27 on Ser 78 and Ser 82 is another
indicator of cellular response to stress. This chaperone can be
directly phosphorylated by p38 on both sites®” and regulates cell
survival under stress conditions by degradation of denaturated
proteins®® or by interfering with activation of pro-apoptotic
procaspase-9.>* Among some other specialized functions,
HSP27 has also been shown to activate the pentose phosphate
pathway to reduce ROS, another activity directly linked to p38.%°

Several authors postulated DNA damage as still another
mechanism of anticancer activity of gold containing com-
pounds.®?%*® We could clearly see activation of signaling that
could be associated with DNA damage. Au()NHC induced
Chk2, known to transduce DNA damage signals.”’

To our surprise, phosphorylated p53 was depleted upon treat-
ment. Although it is known that HT29 colon cancer cells have a
mutant p53 and can undergo p53-independent apoptosis,”® we had
observed earlier that upstream signals still control p53 phosphoryla-
tion.”® This suggests that damage triggered by Au())NHC is signifi-
cantly different from other DNA damage events. Since it is known
that p53 can promote DNA repair, cell cycle arrest or apoptosis, the
lack of p53 phosphorylation upon Au(i)NHC treatment could provide
a therapeutic advantage in treating cancers containing wild-type p53
where p53 mediated survival must be avoided.

Finally, Au()NHC treatment strongly inhibited the autopho-
sphorylation of FAK at Y397. This is a clear pro-apoptotic signal
that is known to promote the turn-over of focal contacts and
contribute to cell rounding that results in anoikis.®® The mode
of FAK dephosphorylation closely resembles the kinetic impe-
dance change profile, which is the direct benchmark of cell
adhesion and is mediated by FAK.

Experimental
Synthetic chemistry

[Triphenylphosphane-(1,3-diethyl-5-methoxy-benzylimidazol-2-
ylidene)]gold(1) iodide and the ligand precursor 1,3-diethyl-5-
methoxy-benzimidazolium iodide were synthesized according
to an established procedure as outlined by Rubbiani et al.*®
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Structures were confirmed by NMR (Bruker DRX-400 AS) and
mass spectrometry (LTQ XL Thermo Electron Corporation) and
the purity was determined by elemental analysis (Flash EA112
Thermo Quest Italia).

1,3-Diethyl-5-methoxy-benzimidazolium iodide. 5-Methoxy-
benzimidazole (0.74 g, 5.0 mmol) was dissolved in toluene and
reacted with ethyl iodide (1.2 ml, 15.0 mmol) in the presence of
Na,CO; (0.53 g, 5.0 mmol) for 24 h in reflux under vigorous
stirring. The solvent of the resulting suspension was removed
under reduced pressure, and the residue was resuspended in
dichloromethane and filtered to remove the sodium bicarbo-
nate. The filtrate was evaporated under reduced pressure, the
residue was resuspended in tetrahydrofuran and filtered to give
the pure product. Yield: 1.23 g (3.7 mmol, 74%) brown powder;
'H NMR (DMSO-d¢): (ppm) 1.54 (m, 6H, CHj), 3.92 (s, 3H,
OCHj;), 4.48 (m, 4H, CH,), 7.28 (dd, 1H, ] = 9.1 Hz, ¥J = 2.4 Hz,
ArHg), 7.61 (d, 1H, %] = 2.4 Hz, ArHy), 7.97 (d, 1H, *J = 9.1 Hz,
ArH), 9.68 (s, 1H, ArH,); *C NMR (DMSO-de): (ppm) 14.2
(CH3), 42.0 (CH,), 56.3 (OCH3;), 96.0 (ArC), 114.4 (ArC), 116.4
(ArC), 125.2 (ArC), 132.1 (ArC), 140.6 (ArC,), 158.6 (ArCs);
elemental analysis for C;,H;3N,01 (% calculated/found): C
(43.39/43.55) H (5.16/5.20) N (8.43/8.41).

[Triphenylphosphane-(1,3-diethyl-5-methoxy-
benzylimidazol-2-ylidene)]gold(1) iodide. 1,3-Diethyl-5-methoxy-
benzimidazolium iodide (0.066 g, 0.2 mmol) was dissolved in
dichloromethane in the presence of Na,CO; (0.021 g, 0.2 mmol),
heated for 10 minutes at 50 °C and reacted with chloro
triphenyl-phosphane gold(1) (0.099 g, 0.2 mmol) under vigorous
stirring for 60 h. The solution was filtered to remove the
Na,COs;, evaporated under reduced pressure and purified
through column chromatography (silica column, eluent
dichloromethane-methanol 97.5/2.5%). Yield: 0.093 ¢
(0.11 mmol, 59%) brown powder; '"H NMR (CDCl;): (ppm)
1.64 (m, 6H, CH;), 3.95 (s, 3H, OCH;), 4.60 (q, 2H, *] =
7.3 Hz, CH,), 4.66 (q, 2H, *] = 7.3 Hz, CH,), 7.45 (m, 18H,
ArH); *C NMR (CDCl,): (ppm) 16.0 (CH;), 44.2 (CH,), 56.5
(OCH3), 95.1 (ArC), 112.2 (ArC), 114.2 (ArC), 127.3 (ArC), 128.8
(d, PArC,), 130.6 (d, PArC,), 132.2 (d, PArCy), 133.9 (ArC),
134.1 (d, PArCy), 158.1 (ArCs), 190.2 (ArC,); *'P NMR (CDCl;):
(ppm) 32.9; MS (ESI): 663 [M — I]'; m.p. 202 °C; elemental
analysis for C3oH3,AuN,OP-I (% calc./found): C (45.59/45.87)
H (3.95/4.02) N (3.54/3.81).

TrxR/GR inhibition assay

The assay was performed as described by Rubbiani et al.>®

Cell culture

HT29, MCF7 and Pancl cells (ATCC) were maintained in
DMEM High Glucose (PAA Laboratories) containing 10% fetal
calf serum (FCS, PAA Laboratories) at 37 °C with 5% CO, and
passaged twice a week according to standard procedures.
Jurkat and K562 cells (DSMZ) were maintained in RPMI 1640
medium (PAA Laboratories) supplemented with 10% FCS (PAA
Laboratories) under the standard growth conditions.
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Cell proliferation assay

Cell proliferation inhibition was measured using the MTT
assay. HT29 cells were plated in 96-well plates at a density of
4000 cells per well and incubated for 48 h under standard cell
culture conditions. For treatment (48 h), a stock solution of the
gold complex in dimethylformamide (DMF) was freshly prepared,
diluted with cell culture medium to the indicated concentrations
(final DMF concentration: 0.1% (v/v)) and added to cells (four
replicates, 200 pl per well). Mock-treated cells were incubated with
an equal concentration of DMF only.

Online measurement of cell metabolism

Morphological changes and physiological parameters of living
cells were studied on a Bionas 2500 biosensor chip system
(Bionas) as described by Alborzinia et al.®>> The whole time-
resolved experiment to test the metabolic activity of the gold
complex included the following flow stages: (a) 5 h of equili-
bration with running medium (RM), (b) 27.5 h of exchange
cycles of RM with a freshly dissolved gold complex, (c) 10 h of
recovery with RM only, and (d) 1 h of removal of cells from the
chip surface with 0.2% (v/v) Triton X-100 to obtain a negative
control signal for normalization.

Intracellular ROS formation

K562 and Jurkat cells were treated with the indicated concen-
trations of the gold complex for 24 h and 48 h under standard
growth conditions. Then, cells were centrifuged at 1500 rpm,
each sample was resuspended in 250 pl of flow cytometry buffer
(1% BSA (m/v) in D-PBS) (final cell density of ~10° cells ml™*)
and treated for 15 min with 25 pM dihydroethidium (Sigma-
Aldrich) at room temperature in the dark. Finally, the fluores-
cence intensity was measured using a FACS Calibur flow
cytometer (Becton Dickinson) at 488 nm excitation and 564-
606 nm emission wavelengths reflecting the total intracellular
ROS levels.

Cell death detection using annexin V/propidium iodide

Jurkat cells were incubated with the indicated serial dilutions
of the gold complex under standard growth conditions for
48 h and stained with Annexin V-FITC and Propidium Iodide
Staining Solution (both from eBioscience GmbH) according
to manufacturer’s protocol. The fluorescence intensity was
measured by flow cytometry at 488 nm excitation and 515-
545 nm emission wavelengths for Annexin V-FITC and at
488 nm excitation and 564-606 nm emission wavelengths for
propidium iodide.

Fluorescently labeled Annexin V detects levels of phospha-
tidylserine expressed on the cell surface (characteristic of
apoptosis). Propidium iodide is a membrane impermeant and
stains DNA only when the cell membrane is damaged. Thus,
counted cell populations stained with Annexin V only reflected
the cells that undergo apoptosis but their cell membranes are
still intact (early apoptotic). Cells stained with both dyes at the
same time or with propidium iodide only were counted as late
apoptotic and necrotic, respectively.’”

This journal is © The Royal Society of Chemistry 2014
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Mitochondria isolation from mouse liver cells

Mitochondria were isolated from mouse liver cells (mouse line
C57BL/6, wildtype) by Dounce homogenization and differential
centrifugation.®” The amount of total protein was measured
using Bradford assay.

Measurement of mitochondrial respiration

The oxygen consumption by intact mitochondria was measured
using the OxoPlate sensor system (PreSens) in a 96-well plate
format. The oxygen sensor fluorescence intensity was detected
at 540 nm excitation and 650 nm emission wavelengths. The
reference emission was measured at 590 nm and the signal
ratio 650 nm/590 nm reflected the oxygen partial pressure in
the solution. The kinetic fluorescence measurements were
performed for 400 min with 5 min intervals using a Tecan
Safire 2 reader (Tecan) at 37 °C. A breathable membrane
(Diversified Biotech) was used to seal the plates during signal
detection. 5 uM rotenone (Sigma-Aldrich, inhibitor of respiratory
chain complex I) and 1 pM carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP, Sigma-Aldrich, uncoupling agent, capable of
increasing the electron flow through the respiratory chain) served
as controls.

Measurement of mitochondrial membrane potential

Jurkat cells were treated with the indicated serial dilutions of
the gold complex under standard growth conditions for 24 h.
The assay was performed as described by Rubbiani et al.>®

Quantitative analysis of signaling proteins

HT29 cells were seeded in 6-well plates (35 mm) at a density of
2 x 10° cells per well and were grown for 48 h under standard
cell culture conditions to 60-70% confluence. The cells were
treated with indicated concentrations of freshly diluted gold
complex or auranofin (final DMF concentration: 0.1% (v/v))
without medium replacement. For mock-treatment, cells were
incubated with an equal concentration of DMF only. Sample
collection and quantitative measurements of signaling proteins
were performed as described by Holenya et al.*® Quantification
of kinetic data was made using KOMA software.>® The final
results were calculated from 2 independent experiments.

Protein immunoblot

Total protein extract samples (20 pg) were separated by 10%
SDS-PAGE and transferred to PVDF membranes (Millipore) at
0.02 A cm 2 for 1 h. Primary antibodies (Cell Signaling) were
diluted to 1:1000 using TBS-Tween (0.1% Tween-20 (v/v), 5%
nonfat milk (m/v) in TBS, pH 7.5) was added and incubated
overnight with gentle shaking at 4 °C. Secondary antibodies
(horseradish peroxidase-conjugated anti-mouse or anti-rabbit
IgG; KPL) were diluted and incubated with the membrane
according to manufacturer’s protocol. Protein bands were
made visible using a Western Lightning™ kit (Perkin Elmer)
and signals were detected using a LAS 3000 Imaging System
(Fuji). Signal quantification was performed using AIDA Image
Analysis Software 4 (Raytest).
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Conclusions

We performed a detailed investigation of the biological activity
of gold(1)-N-heterocyclic carbene complexes using a novel deri-
vative Au(i)NHC with a strong cytotoxic potential. In summary,
our results show that Au(f)NHC induces apoptosis in cancer
cells targeting at least three different pathways. As already
reported for gold()-NHC complexes,”*>**"*> Au()NHC, pre-
sented here, inhibits thioredoxin reductase and induces a
crucial imbalance in cellular redox homeostasis, although it
remains open which isoforms, cytoplasmic, mitochondrial or
both, are responsible for the observed effects. Au()NHC
appears to directly affect mitochondria by rapid and irreversi-
ble inhibition of their respiratory activity. Finally, our findings
also revealed several early signaling events associated with DNA
damage, indicating that DNA is another, but an indirect target
of Au(i)NHC. All perturbations together lead to an enormous
irreversible cell stress with an accumulation of several persis-
tent pro-apoptotic signals resulting in programmed cell death.

Our results demonstrate a high therapeutic potential of
gold(1) complexes and underline that quantitative analysis of
key factors of signaling pathways and of cellular metabolic
activity can be used to obtain a detailed model of the cellular
response to small molecules.
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