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Figure 4.9: TRAIL receptor-specific variants efficiently and selectively induced DISC

15 min on ice. The cells were then either harvested (time point O min) or transferred to 37°C,

harvested at specified time periods (10, 20 and 40 min) and lysed. The DISC complexes from



the cleared lysates were isolated on Streptactine agarose and analysed by Western blotting.

Presented data are representative of two biological replicates.
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Presented data are representative of two biological replicates.
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Figure 4.9: TRAIL receptor-specific variants efficiently and selectively induced DISC

for 15 min on ice. The cells were then either harvested (time point O min) or transferred to 37°C,
harvested at specified time periods (10, 20 and 40 min) and lysed. The DISC complexes from

the cleared lysates were isolated on Streptactine agarose and analysed by Western blotting.



4.1.5 DRS but not DR4 downregulation results in lower susceptibility of colorectal
cancer cells to TRAIL

In order to further decipher and confirm the major role of the DRS5 receptor in TRAIL-
triggered apoptotic signalling, we employed DR4- or DR5-specific lentiviral sShRNA constructs
to downregulate their expression in HT-29 cells. We prepared several ShARNA constructs sub-
cloned into pLKO vector, two different DR4 specific ShRNA namely shDR4#01 and shDR4#02
and three different DR5-directed lentiviral sSARNAs: shDR5#01, shDR5#04 and shDR5#05. We
also included the non-targeting ShRNA (NT) and empty pLKO1 (EV) controls and prepared the
recombinant lentiviruses for all above-mentioned plasmids. HT-29 cells were then transduced
using these lentiviral particles and transduced cells were selected by puromycin. Analysis of
the total level of receptors (Fig. 4.10 A) and their cell surface externalisation (Fig. 4.10 B)
confirmed that both DR4-targeting shRNAs efficiently suppressed its expression in HT-29
cells. shRNA against DRS receptor decreased expression of DRS receptor in all three cases, but
mostly in shDR5#05 (Fig. 4.10 B). For further functional analyses were used shDR5#04 and
shDRS5#05. Interestingly, we also observed that the cell surface expression of DR4 was in DR5-
downregulated cell lines slightly elevated and vice versa in DR4-downregulated cell lines DRS
expression was also increased (Fig. 4.10 A-B).

Apoptotic test using DR4- or DRS-selective ligands indeed confirmed that the
downregulation of a respective cognate receptor to various degree attenuated apoptotic
signalling induced by respective receptor-specific ligands. (Fig. 4.11 B-D). In case of DR4.2
ligand apoptosis of HT-29 transduced with shDR4#01 or shDR4#02 was greatly reduced in
both cell lines (Fig. 4.11 B). DRS receptor selective ligands 5.1 and 5.2 induced apoptosis of
HT-29 cells with downregulated expression of DRS was also attenuated with shDR5#05 being
more effective (Fig. 4.11 C-D). Notably, while apoptosis triggered by TST-TRAIL WT (Fig.
4.11 A) was almost unaffected in HT-29 cells with suppressed expression of DR4,
downregulation of DR5 by shRNA#04 and #05 significantly attenuated TST-TRAIL WT-
induced apoptosis in these cells, thus supporting the major role of DRS5 receptor in apoptotic

signalling in HT-29 cells.
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Figure 4.10: shRNA mediated downregulation of DR4 and DRS receptor. Total cellular (A,
Western blotting) and the cell surface (B, flow cytometry) protein expression. Relative
fluorescence signal B was normalised to the level of the signal after staining with secondary
antibody only and then against the receptor expression in cells expressing non-targeting (NT)
control shRNA. Data from three biological replicates were analysed by ANOVA using
GraphPad Prism 6 software and are presented as mean values + SEM with differences at p <

0.05 considered as significant.
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Figure 4.11: DRS but not DR4 downregulation attenuates TST-TRAIL WT induced
apoptosis of HT-29 cells. For the enhanced induction of apoptosis (A-D), HT-29 were pre-
treated with 100 nM HHT for 1 h and then treated with 100 ng/ml TRAIL WT (A) or TRAIL
receptor specific variants (B-D) for 3 h. TRAIL-induced apoptosis was quantified using annexin
V-FITC staining and flow cytometry. Data in Fig. 4.11 A-D (three biological replicates) were
analysed by ANOVA using GraphPad Prism 6 software and are presented as mean values +

SEM with differences at p < 0.05 considered as significant.
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4.1.6 Both DR4 and DRS receptor-specific ligands efficiently induce necroptosis in HT-
29 cells

Besides inducing apoptosis, activated death receptors can, upon inhibition of apoptosis,
trigger a regulated necrotic cell death - necroptosis. We examined the efficacy of TRAIL
receptor-specific ligands in the induction of necroptotic signalling. Efficient induction of death
receptors (including TRAIL receptors) triggered necroptosis requires blocking caspase activity
e.g. with pan-caspase inhibitor z-VAD, and in addition cytosolic availability of RIPK1, an
essential component of the necrosome - necroptosis-activating intracellular complex. RIPK1 is
in cells often ubiquitinated by cIAP1/2 (especially in activated death receptors DISCs) and thus
unavailable for the necrosome formation. Therefore, using IAP inhibitor/SMAC mimetic such
as birinapant, which suppresses cIAP1/2 expression and thus increases the cytosolic pools of
RIPK1, is recommended for efficient induction of DR-mediated necroptosis. Necroptotic
character of the cell death was confirmed using known inhibitors of necroptosis - RIPK1
inhibitor necrostatin-1 and MLKL assembly inhibitor necrosulfonamide. Initially we titrated
TST-TRAIL WT and assessed an effective concentration of the ligand to induce necroptosis of
HT-29 cells (pre-treated with zZVAD and birinapant). The titration uncovered that TST-TRAIL
WT efficiently induced necroptosis of about 60% of HT-29 cells even at the low concentration
of 10 ng/ml, which just slightly increased at saturating TST-TRAIL WT concentration 100
ng/ml to about 65-67% of dead, Pl-positive cells. Necroptotic mode of this cell death was
confirmed by its efficient suppression with either RIPK1 inhibitor necrostatin-1 (Fig. 4.11 A-
B) or the MLKL inhibitor necrosulfonamide (Fig. 4.11 B). Necroptotic character of HT-29 cell
death was also supported by confirming RIP3 kinase-mediated phosphorylation of the
necroptosis effector MLKL protein and by the absence of caspase-3-processed PARP (Fig. 4.11
D). Interestingly and in a contrast to apoptotic signalling, we did not notice any significant
differences between DR4- and DRS5-specific ligands in inducing necroptotic cell death at high,
saturating concentrations of the ligands (100 ng/ml) (Fig. 4.11 B). However, at low
concentration (10 ng/ml and less) of the TST-TRAIL ligands, DR5-selective ones (notably
DRS5.2) were significantly more effective than TST-TRAIL WT of the TST-TRAIL DR4.2
ligand (Fig. 4.11 C).
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Figure 4.12: Both DR4 and DRS receptor-specific TRAIL ligands efficiently induce
necroptosis in HT-29 cells. HT-29 cells were pre-treated with combinations of 10 nM
birinapant plus 50 uM z-VAD +/- 50 uM necrostatin-1 for 1 h and then treated with increasing
concentration of TST-TRAIL WT for 8 hrs (A). HT-29 were pre-treated with the combinations
of 10 nM birinapant, 50 uM z-VAD +/- 50 uM necrostatin-1 or 20 uM necrosulfonamide for 1
h, and then treated with 100 ng/ml of TST-TRAIL WT, 4.2, 5.1 and 5.2 for 8 hrs (B). HT-29
cells were pre-incubated with 10 nM birinapant and 50 uM z-VAD for 1 h and then treated with
increasing concentrations of TST-TRAIL ligands for 6 hrs (C). Cell death was in all cases

83



quantified by propidium iodide staining and flow cytometry. HT-29 cells were pre-treated with
the combination of 10 nM birinapant, 50 uM z-VAD and 50 uM necrostatin-1 for 1 h, and then
TRAIL ligands were added at the concentration of 100 ng/ml for 3hrs (D). Samples were
analysed by Western blotting. Data in Fig. 4.11 A-C were analysed by ANOVA using GraphPad
Prism 6 software and are presented as mean values = SEM with differences at p < 0.05
considered as significant. The presented data are representative of at least three biological

replicates.

4.1.7 DRS receptor-specific TRAIL ligands efficiently induce NF-kB, p38 and JNK
signalling under both apoptotic and necroptotic conditions

Along the induction of cell death, ligands from the TNF family can upon binding to their
cognate receptors activate a number of non-apoptotic signalling pathways such as the NF-«kB,
MAP and stress kinases that might drive cell proliferation, migration and even grant cell
survival. Similarly, as for the apoptotic and necroptotic signalling, we were interested whether
and how TRAIL receptor-specific ligands might also affect these auxilliary signallings in HT-
29 or PANC-1 cells under either pro-apoptotic or pro-necroptotic conditions. We examined an
effect of receptor-specific TRAIL variants on the activation of NF-xB, MAP kinase p38 and
stress kinase JNK in these cells. In general, under pro-apoptotic conditions, DR4-specific
TRAIL variant was less effective in the efficacy of activation of these signalling pathways both
in HT-29 and PANC-1 cells (Fig. 4.13 A-B). Notably, activation/phosphorylation of JNK
kinases and IkB phosphorylation was very inefficient in TST-TRAIL DR4.2-treated HT-29
cells and apparently less efficient also in PANC-1 cells. Under necroptotic conditions, these
differences among receptor-specific TRAIL variants were blunted in TST-TRAIL-treated HT-
29 cells (Fig. 4.13 C), possibly reflecting similar efficacy of wild-type and receptor-specific

variants in triggering necroptosis of HT-29 cells.
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Figure 4.13: DRS receptor-specific TRAIL ligands effectively induce NFkB, p38 and JNK
signalling under apoptotic and necroptotic conditions.

HT-29 cells (A) and PANC-1 (B) were treated with 100 ng/ml of TST-TRAIL WT, 4.2, 5.1 and
5.2 for 60-180 min (A, B) or were pre-treated with both 10 nM birinapant and 50 uM z-VAD
for 1 h and then treated with 100 ng/ml of TST-TRAIL ligand variants for 60-180 min (C). Cell
lysates were analysed by Western blotting. SE stands for the stronger exposition. The presented

data are representative of at least three biological replicates.
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4.1.8 TRAIL ligands upregulate mRNA expression of several cell death-related genes
including DR4 and DRS receptors

To further explore the TRAIL signalling induced by different receptor specific TRAIL
ligands and being puzzled by our finding that shRNA-mediated downregulation of DR4
receptor slightly enhanced cell surface expression of DRS5 receptor and vice versa (see Fig.
4.10) we examined an effect of TRAIL ligand variants on the mRNA expression of receptors
DR4 and DRS5 and some other cell death-related genes (cIAP1/2). Interestingly, we found that
treatment of HT-29 cells with TST-TRAIL WT and DRS specific TRAIL ligands in HT-29
cells for different time periods led to increased mRNA expression of DR4 receptor (Fig. 4.14
A). Similarly, TST-TRAIL WT and DRS selective ligands also enhanced mRNA expression of
DRS5 (Fig. 4.14 B). The increase of DR4 and DR5 mRNA expression was traceable after 2 and
4 hours and declined after 8 hours of incubation of HT-29 with TRAIL ligands. Likely we
observed increased levels of both cIAPs mRNA using all TRAIL ligands but mostly in case of
TST-TRAIL DR5.01 and DRS5.02.
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Figure 4.14: TRAIL ligands induce up-regulation of DR4, DRS and cIAP1/2 mRNAs
expression in HT-29 cells. HT-29 cells were treated with 100ng/ml TST-TRAIL ligands WT,
4.2,5.1,5.2 for 2, 4 and 8 hrs and mRNA for DR4 (A), DRS5 (B), cIAP1 (C), cIAP2 (D) were
quantified by RT-qPCR. Samples were normalized to 4 house-keeping genes GAPDH, B-actin,
RPL37A and SDH. Ctrl.1 and ctrl.2 are non-treated cells. Data were analysed by GraphPad

Prism 6 software and the presented data are representative of at least two biological replicates.
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extrinsic apoptotic pathway in NS shRNA and shFLIP1-transduced cells after 30 min and 1, 2,
3, and 6 h of treatment with 200 ng/mL TRAIL (D) . Data in C were analysed by ANOVA using
GraphPad Prism 6 software and are presented as mean values + SEM with differences at p <

0.05 considered as significant. The presented data are representative of three biological

replicates.
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Figure 4.16 Caspase inhibitors suppressed TRAIL-induced apoptosis of hESCa with
downregulated expression of ¢cFLIP. Non-silencing (NS) shRNA and shFLIP1 cells were
untreated (control), treated with 200 ng/mL TRAIL, or co-treated with 200 ng/mL TRAIL and
20 mM Z-VAD-FMK, Z-IETD-FMK or necrostatin-1. Induction of apoptosis was determined
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by staining with an antibody specific to cleaved PARP (A) or determined by DNA content
realease (B) and analysed by flow cytometry. Western blot analysis of activation of the extrinsic
apoptotic pathway in cells with down-regulated expression of cFLIP after 3 h of treatment (C).
Data in A-B were analysed by ANOVA using GraphPad Prism 6 software and are presented as
mean values £ SEM with differences at p < 0.05 considered as significant. The presented data

are representative of three biological replicates.
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4.3 Streptomycetes metabolites of the Manumycin family can via enhanced
production of reactive oxygen species sensitize colon cancer cells to
TRAIL-induced apoptosis (not published)

Summary

One of the main limitation of a use of TRAIL-induced apoptosis in cancer therapy is an
acquired resistance of tumour tissue to its induction. Currently a number of chemical enhancers
or sensitizers of TRAIL-induced apoptosis is being proposed including those targeting known
anti-apoptotic proteins such as cFLIP and Mcl-1 targeting HHT or Bcl-2 proteins antagonists
ABT-199 and ABT737 (Beranova et al. 2013, Konopleva et al., 2006). In colaboration with Dr.
Petr Bartunek’s Laboratory of cell differentiation (Institute of Molecular Genetics, AV CR)
we, in high throughput screenings for senziters of TRAIL induced apoptosis, identified
Manumycin A as a compound strongly enhancing TRAIL-induced apoptosis of human
colorectal carcinoma cell lines. In follow-up experiments we in addition to Manumycin A
analysed effect of its relatives Manumycin B and Asukamycin, all of them known as inhibitors
of farnesyltransferases (proteins responsible for post-translational modulation and maturation
of Ras proto-oncogene). In our work we aimed to explore a mechanism of Manumycin A-

mediated senzitization of colorectal carcinoma cell lines to TRAIL induced apoptosis.

Declaration of honour

Author participated in this project by measuring apoptosis in RKO and SW-620 cell lines
and by measuring production of mitochondrial ROS after cell treatment with Manumycin A,
Manumycin B and Asukamycin in Fig. 4.17 B and 4.19 respectively. Western blots and

detection of caspase activation in Fig. 4.18 was performed by Martin Klima.

4.3.1 Manumycin A but not related Manumycin B or Asukamycin strongly enhances
TRAIL- and BH3 analogs-induced apoptosis of resistant human colorectal cancer
cells.

High throughput screening analysis of Manumycins-mediated enhancement of TRAIL-
induced apoptosis of colorectal carcinoma cells lines showed that Manumycin A was superior
to to its analogs Manumycin B and Asukamycin (Fig. 4.17 A) in their sensitizing to TRAIL-

induced apoptosis (Fig.4.17 B). Both colorectal carcinoma cell lines SW-620 and RKO are

resistant to TRAIL- and BH3 analogues-induced apoptosis however upon their pre-incubation
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with Manumycin A (and to some extent also with Manumycin B) became largely sensitized to
apoptosis induced by either of these agents. Interestingly another analogue Asukamycin was

largely ineffective in enhancing apoptotic signalling (Fig. 4.17 B).

Enhancing effect of Manumycin A on TRAIL-induced apoptosis of RKO and SW-620 cells
was also confirmed by Western blotting of cell lysates from treated colorectal cancer cells. As
one can see on Fig. 4.18 pre-treatment with Manumycin A strongly enhanced self-processing
and cleavage of caspases - 3 and -9 as well as some of their targets (caspase-8-cleaved Bid and
caspase-3-cleaved XIAP) and thus further confirmed sensitizing effect of Manumycin A on

TRAIL-induced apoptosis.

Manumycin A Manumycin B Asukamycin Al
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Figure 4.17: Manumycin A to lesser extent Manumycin B but not Asukamycin enhance
TRAIL- or BH3 analogues-induced apoptosis of resistant human colorectal cancer cells.
The structure of Manumycin A, Manumycin B and Asukamycin (A). For the quantification of
apoptosis SW-620 and RKO colorectal cancer cells were treated with inhibitors 20 uM ABT-
199/737, 50 ng/ml His-TRAIL ligand WT or combination with 10 uM of Manumycin A,
Manumycin B and Asukamycin for 3 hrs. Cells were evaluated for apoptosis using annexin V-
FITC and analysed by flow cytometry (B). Data in B were analysed by ANOVA using
GraphPad Prism 6 software and are presented as mean values = SEM with differences at p <
0.05 considered as significant. The presented data are representative of two biological replicates

for RKO cell line and three biological replicates for SW-620.
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4.3.2 Manumycin A triggers mitochondrial ROS production

Figure 4.18: Manumycin A enhances TRAIL-triggered activation and activity of caspases.
RKO or SW-620 cells were incubated with Manumycin A, TRAIL and their combination for 3
and 6 hrs and their lysates were analysed by Western blotting using antibodies given on the

right. The Western blot is a representative of at least three biological replicates.

From previous results we observed the strong cleavage of apical caspase-9 in Manumycin
A-pre-treated cells, which might indicate involvement of mitochondria induced apoptotic
signalling such as increased ROS production. In order to test this hypothesis, three colorectal
carcinoma cell lines HT-29, RKO and SW-620 were analysed for production of mitochondria
induced ROS by using MitoSOX™ Red Mitochondrial Superoxide Indicator. Importantly, all

three cell lines showed significantly increased production of ROS after Manumycin A



treatment, to notably lesser extent after Manumycin B treatment but no enhanced ROS

production in Asukamycin-treated cells (Fig. 4.19).

ROS production

media
Manumycin A 10uM

Manumycin B 10uM

100D

Asukamycin 10uM

relative fluorescence signal

Figure 4.19: Manumycin A triggers significant elevation of mitochondria produced ROS
in human colorectal cancer cells. HT-29, SW-620 and RKO colorectal cancer cells were
treated with 10 uM of Manumycin A, Manumycin B and Asukamycin for 3 hrs and then ROS
production was measured using MitoSOX™ Red Mitochondrial Superoxide Indicator and
fluorescence signal in PE channel was detected by flow cytometry. Relative fluorescence signal
was determined as mean fluorescence signal relative to control (media). Data were analysed by
ANOVA using GraphPad Prism 6 software and are presented as mean values = SEM with
differences at p < 0.05 considered as significant. The presented data are representative of two

biological replicates.
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S DISCUSSION

5.1 TRAIL induces apoptosis but not necroptosis in colorectal and

pancreatic cancer cells preferentially via the TRAIL-R2/DRS receptor

Dysregulation of apoptosis belongs among fundamental features of cancer progression
(Hanahan and Weinberg, 2011). Therefore discovery and clinical use of cancer cell death
promoting or enhancing drugs is one of the essential goals of cell death-related research.
Identification of TRAIL ligand as a selective inducer of apoptosis in cancer cells led to the
development of TRAIL receptor agonists (Yuan et al., 2018). In addition to its selectivity
towards cancer cells, the use of TRAIL agonists in tumour therapy might take an advantage
from being supported by other drugs with apoptosis-sensitizing effect. Importantly, apoptosis
induced by these agonists is triggered even in human tumours with mutated p53 tumour
suppressor. Two kinds of TRAIL agonists have been developed and tested in clinical studies:
recombinant proteins and agonistic antibodies. Dulanermin, a zinc-coordinated, homotrimeric
recombinant protein consisting of 114-281 amino acids of the endogenous polypeptide and
recently other recombinant IgG fusion ligand ABBV-621 entered clinical trials. Apart from
recombinant TRAIL ligands a number of agonistic antibodies targeting DR4 or DRS5
(conatumumab, lexatumumab, mapatumumab etc.) were or are being either alone or in
combination with other anti-cancer drugs evaluated in phase I-1I clinical trials. Albeit all TRAIL
agonists used in clinical trials were well tolerated, no statistically significant anticancer activity
was achieved. Moreover many cancer cell lines were found to be resistant to TRAIL-induced
apoptosis. Though unsuccessful, the outcome from the trials might lead to the formulation of
better and possibly patient-tailored therapeutic protocols, which include the use of novel
sensitizers of TRAIL-induced apoptosis in resistant cancer cells and the discovery and

preparation of modified TRAIL-based agents (e.g. HERA-TRAIL/ABBV-621).

In the fundamental part of this study we focused on the receptor-selective analysis of
TRAIL-induced signalling in human cells. The promiscuity of TRAIL ligand for binding of
five different receptors, three of them non-apoptotic, and formation of hetero-trimeric non-
apoptotic complexes of DR4/DRS5 with decoy receptors Dcrl/DcR2 encouraged the concept
that death receptor specific selectivity could be the possible way to find more potent inducers

of TRAIL triggered apoptosis. Differential contribution of either of the TRAIL receptor was
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already proposed in several reports in cancer cells of various origin but no detail study dealing
with all TRAIL receptors specific signalling outcomes was published so far (Kelley et al., 2005;
MacFarlane et al., 2005; Lemke et al., 2010; Lemke et al., 2014). Thus our systemic approach
using modified/enhanced DR4- and DR5-selective ligands might be in addition to enhanced
systemic knowledge of their signalling of a potential applied outreach in tailoring cancer

therapy in TRAIL receptor-selective way.

5.1.1 Preparation of TRAIL receptor-specific ligands

Our novel/upgraded soluble recombinant ligands are composed of the extracellular region
of human TRAIL with amino acids 95-281 containing, in addition to the mutated extracellular
part of TRAIL, trimerisation/stabilisation (TRI) motif and TwinStrep tag at their N-termini.
Moreover, trimerisation of DR receptors is required for effective induction of apoptosis and
thus agonistic antibodies are rather weak inducers of apoptosis due to their bivalent nature
allowing only dimerization of TRAIL receptors. To enhance purification and stability of the
recombinant TRAIL a number of approaches introducing different tags (His, Flag,) and
trimerising domains (leucine zipper (LZ) or isoleucine zipper (iz)) were developed. Though
some of these tags extended the stability of recombinant proteins, they were also accompanied
by increased hepatotoxicity in vivo (Yuan et al., 2018). In our modified recombinant TRAIL
ligands, T4 phage trimerisation/stabilisation (TRI) motif enhances stability and trimeric state
of the ligands and the Twin Strep tag allowed (in addition to its use for the purification of E.coli-
expressed recombinant ligands) the most effective approach for the purification of TRAIL
DISC complexes (Papanikolopoulou et al., 2005). A selective and computer design-based point
mutations of sequence of human TRAIL ligand led to the preparation of novel highly active
and DR4- or DRS5-specific variants of the ligand. These mutations were published to be
selective for each cognate receptor and efficiently induced apoptosis in cancer cells (Gasparian

et al., 2009; Reis et al., 2010; van der Sloot et al., 2006).

5.1.2 TRAIL-induced apoptosis

Efficacy and selectivity testing of our modified TRAIL receptor-specific ligands was
carried out using hematopoietic cell lines Ramos and Jurkat, which were previously shown to
transduce apoptotic signalling in TRAIL receptor-specific manner (Jang et al., 2003; Sung et
al., 2009). The modified DR4- and DRS5- targeted TRAIL variants were, as expected from
already published data, highly selective, inducing apoptosis more efficiently than TST-TRAIL
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WT via DR5-mediated signalling in Jurkat T cells or DR4-mediated signalling in Ramos B

cells.

For detailed analysis of DR4- vs. DR5-specific signalling were chosen as model cell lines,
colorectal HT-29 and pancreatic PANC-1 cells. We confirmed the published data that these
cells are resistant to TRAIL WT-induced apoptosis and thus for its enhancement we used two
types of enhancing agents: a/ inhibitor of translation homoharringtonine (HHT), which
downregulates expression of short-lived anti-apoptotic protein cFLIP and Mcl-1 or b/ Bcl-
2/Bcl-XL inhibitor ABT-737. The detail analysis of TRAIL receptor specific ligands signalling
in colorectal HT-29 cells revealed that DR5-specific ligands are more effective than DR4-
targeted ligands or even wt TRAIL in the activation of caspases and following initiation of
apoptosis in HT-29 cells. Interestingly, early apoptotic process of DISC formation proceeded
similarly for the TST-TRAIL WT and all TRAIL receptors-specific variants in HT-29 cells,
suggesting enhanced downstream processing of caspase-8 in cells treated with DR5-selective
ligand. This phenomenon could for example happen due to different turn-over of DISC proteins.
In support of this option, two articles published by McDonald and col. and Jin and col. suggest
that caspase-8 ubiquitination influences the processing of available caspase-8 cellular pool
(McDonald et al., 2004; Jin et al., 2009).

Majority of so-far published data point to DRS receptor as a dominant receptor signalling in
TRAIL-induced apoptosis in colorectal cancer cells (Kelley et al., 2005; Mohr et al., 2015).
However, recently published data by Dufour and col. obtained using DR4 or DRS5 gene editing
in HCT-116 and SW-480 colorectal cancer cells, show a bit contradictory outcome (Dufour et
al., 2017). Cells with inactivated expression of DR4 become upon induction of ER stress
resistant to His TRAIL or DRS receptor specific antibody lexatumumab, pointing to DR4 as a
main apoptotic receptor in ER induced apoptosis. Similarly Glab and col. published that DR5
and even caspase-8 are dispensable for ER induced apoptosis (Glab et al., 2017). However,
their data became later questioned by Lam and his colleagues who used the same cell lines but
were not able to reproduce the same results and confirmed the dominant role of DRS in ER-
induced apoptosis (Glab et al., 2017; Lam et al., 2018). Additionally, other recent report
documents that DRS5 receptor is the one, which responds to stress triggered by unfolded protein
response (Lu et al., 2014). Our data obtained using modified TRAIL receptor-specific mutants
support major impact of DRS5-triggered apoptotic signalling in colorectal HT-29 cells. In
addition to apoptosis, DR5-selective ligands are also superior to DR4-selective ligand in the

activation of auxiliary signalling (stress kinases and NFkB). Especially strong DR5.2-mediated
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activation of the long isoforms of JNKI1 kinase might enhance DRS5-triggered apoptotic
signalling in colorectal cancer cell lines (Mahalingam et al., 2009). Our results are additionally
supported by shRNA-mediated knockdown of either DR4 or DRS expression in HT-29 cells,
which in contrast to gene editing-mediated inactivation of these receptors, do not entirely
eliminate the expression of either of these receptors, and thus allow for their possible cross-talk.
In addition, we found that engagement of DRS receptor led to an increase in the transcription
of DRS gene, which could lead to increased level of DR5 receptor and subsequent more efficient
DRS5 triggered apoptosis. Moreover, several reports document that ubiquitin mediated
degradation preferentially targets DR4 receptor, which also likely contributes to the enhanced
DRS5-mediated apoptotic signalling (Liu et al., 2007; Song et al., 2010; van de Kooij et al.,
2013). However, DR4/DR5 requirement is likely cell/cancer specific and in some cells could
be DR4 required to support DR5-mediated signalling and thus its deletion could severely
compromise DR5-triggered apoptosis. From the reasons mentioned above and according to our
and recently published data we believe that DRS receptor is a dominant inducer of apoptosis in
colorectal cancer cells. An interesting work from posttranslational modification of TRAIL
receptors might be also behind different response of cancer cells to DR5- or DR4-specific
signalling. Colorectal cancer cells which are not responsive to DRS5, but are responsive to DR4
(DLD-1 and HCT-116) have decreased levels of fucosyltransferase 3 (FUT3) and -6 (FUT6),
enzymes responsible for the fucosylation of DRS receptor in colon cancer cells. Ectopic
expression of these enzymes restored the dominant character of DR5-mediated apoptosis in
both DLD-1 and HCT-116 cell lines (Zhang et al., 2019). Importantly fucosylation of DRS5 has
impact on ligand-independent receptor association resulting in better DISC formation.
Basement for the use of DRS specific ligands in treatment of colorectal cancer favours also the
study pointing to the mRNA levels of different apoptosis involved genes: DR4, DRS, c-IAP1/2,
XIAP and BIRC5/survivin genes in 100 colorectal cancer tissues from tumours from colorectal
cancer patients. Analyses showed up-regulation of DRS5, XIAP and BIRC5/survivin while c-
IAPI and c-IAP2 were downregulated (Devetzi et al., 2016). CIAP1/2 is required for NFkB
activation and likely negatively regulates necroptosis via ubiquitinilation of RIP1 kinase.
Notably, among genes that we found upregulated in DR5-selective ligands treated cells were in
addition to DRS5 itself also cIAP1 and cIAP2. Interestingly, up-regulation of DRS was observed
independently on KRAS mutation status, while recent data showed involvement of DRS in
editing of tumour microenvironment and supporting the cancer progression in TRAIL apoptosis

resistant KRAS mutated cancer cell lines (Karstedt et al., 2015; Karstedt et al., 2017).
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To broaden our study we included into our analysis of DR4/5-selective signalling pancreatic
cancer cells. PANC-1 cell line showed similarly as HT-29 cells preferential signalling via DR5
receptor. Both DR5-specific ligands and, notably, more efficient DR5.2 ligand were, despite
lower cell surface expression of DR5 comparing to HT-29 cells, significantly more efficient in
triggering apoptosis in PANC-1 cells. Notably, DR5.2 ligand triggered already significant
apoptosis in PANC-1 cells even in the absence of a sensitizer/enhancer. Although the initial
steps in TRAIL-induced apoptosis involving assembly of DISC and DISC mediated activation
of caspase-8 proceeded similarly for the TST-TRAIL WT and all TRAIL receptors-specific
variants in HT-29 cells, DR5-specific ligands are then superior in the amplification of apoptotic
signalling. In contrast to our data, several reports mainly employing TRAIL receptor agonistic
antibodies claim that pancreatic PANC-1 cancer cells preferentially use DR4 receptor for the
induction of apoptosis (Lemke et al., 2010; Stadel et al., 2010). These apparent controversies
could have several reasons likely including enhanced activity and stability of our TRAIL
receptors-specific ligands. Enhanced efficacy of our ligands could be related to the trimerisation
motif that allows forming of receptor trimers comparing to monoclonal antibodies. It was also
published that post-translational modifications could have impact on DR signalling. For
example positive impact on signalling was showed for O-glycosylation of DRS5 or N-
glycosylation of DR4 thus our ligands might interact differently than other similar recombinant
TRAIL receptor specific ligands with differently glycosylated cognate receptors in cancer cell
specific manner (Wagner et al., 2007; Dufour et al., 2017). Very attractive reason for more
effective kinetics in DR5 apoptotic signalling could be the result of more efficient chain
formation of caspase-8 in DR5-selective DISC complexes with rapid kinetics of caspase-8
processing (Dickens et al., 2012; Schleich et al., 2013). Additionally, screening of pancreatic
and colorectal cancer cells for their response to TRAIL receptor-specific variants revealed the
preference of DRS receptor for PANC-1 cells (Mohr et al., 2015).

Other support of DRS preference for apoptotic signalling in pancreatic cancer comes from
the report documenting that pancreatic cancer stem cells from patient xenografts respond to
DRS5 agonistic antibody drozitumab (Eng et al., 2016). Treatment of immunocompromised
SCID mice bearing patient-derived pancreatic tumour xenografts (PDX) with drozitumab alone
inhibited growth of pancreatic cancer xenografts as well as inhibited development of tumours
in mice implanted with pancreatic cancer stem cells (CSCs). Importantly drozitumab treatment
was efficient even in the PDX with previously characterized (resistant) responses to
Apo2L/TRAIL treatment. Additionally authors proved that nearly all pancreatic CSCs express

DR5 and are responsive to drozitumab while only 25% of tumour mass express DRS.
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Interestingly, though the majority of the bulk tumour did not express DR receptor, the
continuous administration with drozitumab led to increase of DRS5 expression and tumour
regression. Moreover, the in vitro study with PANC-1 cell line showed that mRNA of DRS
receptor increases with the time of drozitumab treatment, which is in an agreement with our
data documenting increased DR5S mRNA expression in HT-29 cells treated with DR5-selective
ligand. To sum up authors of this paper showed that targeting DRS5 alone is sufficient to
eliminate the population of pancreatic CSCs derived from patients as well as inhibit the further
tumour growth of PDX in mice. The results from this study and importance of DRS5 receptor in
cancer stem cells are also strongly supported by in vitro experimental model mimicking breast
cancer microenvironment of blood stream with circulating cancer cells which were found out
to be resistant to TRAIL-induced apoptosis due to autophagy of DRS receptor (Twomey et al.,
2019). Interestingly autophagy of not only DRS but other death receptors including TNFR1,
FasR and DR4 occurred but DRS5 especially was targeted for lysosomal degradation.

5.1.3 TRAIL-induced necroptosis

TRAIL can similarly as TNFR1 receptor induce other mode of regulated cell death,
RIPK1/RIPK3 dependent necroptosis (Meurette et al., 2005; Jouan Lanhouet et al., 2012). One
of the crucial players deciding whether the cell commits apoptosis or necroptosis is caspase-8.
Caspase-8 mediated cleavage of RIPK 1 and RIPK3 kinases, the core components of necrosome
complex, blocks necroptosis and drives cells to apoptotic mode of cell death (Sosna et al.,
2016). Other key factors influencing necroptotic cell death are IAP proteins. These anti-
apoptotic E3 ubiquitin ligases target RIPK1 to proteosomal degradation (Sosna et al., 2016).
Thus only combined treatment of HT-29 cells with pan-caspase inhibitor zZVAD and IAP
antagonist/Smac mimetic birinapant efficiently induced dose-dependent necroptosis in TRAIL
WT-treated HT-29 cells. The efficient induction of necroptosis was proved by several
approaches. At first pre-treatment of HT-29 cells with specific inhibitor of RIPK 1, necrostatin-
1, and inhibitor of MLKL protein, necrosulfonamide, efficiently suppressed proceeding of cell
death. Using pan-caspase inhibitor z-VAD prevented the activation and activity of caspase-8,
displayed by decreased cleavage of the downstream apoptotic target of caspase-3, PARP
protein. Moreover induction of necroptosis in HT-29 cells was also confirmed by
phosphorylation of MLKL protein, which is together with RIPK1 and RIPK3 essential
component of necrosome complex in death receptor-induced necroptosis (Voigt et al., 2014).

However, in contrast to apoptosis, all DR4- and DRS5-specific ligands were, at saturating
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concentrations, equally effective in triggering RIP1- and MLKL-dependent necroptosis in HT-
29 cells. Notably, in spite of equal activation of necroptosis at saturating concentration of TST-
TRAIL ligands, we observed higher efficacy of the DR5.2 ligand at its lower concentration,
likely reflecting its higher binding affinity for the DRS receptor (Gasparian et al., 2009).

5.1.4 NFxB, p38 and JNK kinase signalling

TRAIL-induced activation of DR4 or DRS receptors in both permissive and resistant cancer
cells leads in addition to cell death signalling also to the activation of non-canonical/auxiliary
signalling pathways often enhancing cell survival or proliferation. Activation of these signalling
pathways especially in cancer cells resistant to TRAIL-induced apoptosis would be
counterproductive and taking in account recent studies indicating metastasis-promoting
activity of TRAIL, suppressing these auxiliary signalling would be essential for any
consideration of TRAIL-based therapy in cancer treatment (Karstedt et al., 2015; Hartwig et
al., 2017). Activated TRAIL receptors DR4/5 depending on circumstances and cellular
origin/background can activate following signalling: RIPK 1, IxkB/NF«xB, MAPK p38, MAP3K
TAKI1, INK1/2, ERK1/2, PKC, PI3K/Akt or Src (Karstedt et al., 2017). In our study we mainly
focused on the activation of NF«B pathway, p38 and JNK kinases. TRAIL-mediated activation
of NF«kB signalling can attenuate TRAIL-induced apoptosis via transactivation of anti-
apoptotic proteins as cFLIP or Bcl-XL and in some cases could promote tumour cell migration
and invasion without influencing the proliferation (Karstedt et al., 2015; Hartwig et al., 2017).
Treatment of colorectal HT-29 as well as pancreatic PANC-1 cell lines with TRAIL ligands led
to the efficient induction of NF«B signalling pathway, reflected mainly in the phosphorylation
its inhibitor IkBa. In an agreement with apoptotic signalling, DR5-selective ligands were also
most effective inducers of NFkB signalling. Interestingly, NFxB can in addition to its anti-
apoptotic transcriptome also mediate up-regulation of death receptors DR4 and DRS. We were
interested whether dominant character of DRS5 receptor could be reflected also in the
transcription level of both receptors DR4 and DRS5. Using WT ligand and ligands specific to
DR4 and DRS5 we observed that WT TRAIL induced higher expression of DR5 than DR4
receptor. DRS5 ligands, in consistence with previous data, induced increase of DRS receptor
expression and interestingly also 2-times folder increase in the expression of DR4 receptor.
Surprisingly ligand specific to DR4 receptor did not induce higher expression of its own cognate
receptor but induced 2-times fold enhancement of DRS5 expression. The enhancement of DR5

mRNA expression thus also reflects increased efficacy of DRS5-selective ligands in the

107



activation of NFkB signalling suggesting that this signalling is in our cells likely responsible

for the increased expression of DRS.

Similarly the activation of other non-canonical pathways, members of stress kinase
subfamily of MAP kinases, p38 and JNK, was significantly stronger in cells treated with DR5-
specific ligands. p38 was shown to have anti-apoptotic as well as pro-apoptotic effect in TRAIL
induced signalling. For example in prostate cancer cells led phosphorylation of p38 by induction
of TRAIL signalling to up-regulation of anti-apoptotic protein Mcl-1 while in HeLa cell line
was activating of p38 kinase substantial for proceeding of cell death (Azijli et al., 2013). INK
kinases can have either opposite effects on cell survival and depending on circumstances and
cellular context might promote survival or enhance pro-apoptotic signalling. JNK kinase can
synergistically contribute to TRAIL-induced apoptosis by phosphorylating Bim protein and
thus facilitating mitochondrial apoptosis. Additionally JNKs activated by TRAIL receptors can
phosphorylate the key component of autophagic pathway, Beclin-1, resulting in autophagy
induced cell death in HCT116 cells (Azijli et al.,, 2013). We report that JNK kinase is
predominantly induced by DRS receptor in HT-29 and PANC-1 and this activation could have
contributed to higher levels of measured cell death in apoptotic conditions in both cell lines.
Therefore, very low activation of JNKs upon DR4.2 treatment of HT-29 cells could be an

additional reason for poor performance of DR4.2 ligand in inducing apoptosis of these cells.

We were also interested, whether the necroptotic conditions would influence non-death
auxiliary signalling induced by TRAIL ligands. Interestingly, upon necroptotic conditions
TRAIL receptor-specific ligands enhanced activation these signalling pathways to a similar
extent blunting differences between DR4- and DR5-triggered signalling. One of the reasons
could be related to the endocytosis and endosomal acidification in a process of pro-death
signalling from TRAIL receptors (Horova et al., 2013). Other reason could be that in apoptotic
signalling, dynamin 1-mediated endocytosis likely attenuates TRAIL-mediated apoptosis, but
it apparently does not affect TRAIL-triggered necroptosis (Zhang et al., 2008; Sosna et al.,
2016; Reis et al., 2017).

In conclusion, we showed, in correlation with the published data, that combination of several
sensitizing compounds as homoharringtonine or ABT-737 efficiently induced apoptosis in
TRAIL resistant colon cancer HT-29 and pancreatic cancer PANC-1 cells. We also showed
efficient induction of necroptosis in HT-29 cells. Using a number of approaches, we proved
that TRAIL receptor-specific pro-apoptotic signalling in colorectal and in pancreatic cancer
cells does largely rely on DRS death receptor and this dependence is blunted in TRAIL-
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triggered necroptosis. Importantly, we showed that in resistant HT-29 and PANC-1 cells were
efficiently induced several kinase pathways which were predominantly relying signalling from

activated DRS receptor.

5.2 Human embryonic and induced pluripotent stem cells express TRAIL
receptors and can be sensitized to TRAIL-induced apoptosis

The potent capability of stem cells to reconstitute the damaged and aged tissues drove
attention to the stem cell research and their application in regenerative medicine. Moreover
cancer patients undergoing radiation and chemotherapy are exposed to many harmful agents
causing depletion of tissue stem cells pool. Secondary processes, such as oxidative stress and
inflammation that accompany the radiation therapy not only regulate regeneration of normal
tissue but could have impact on cell survival of any engrafted or transplanted stem cells. It was
shown that human embryonic and induced pluripotent stem cells were sensitive to several stress
factors inducing DNA damage and undergo apoptosis even at low exposure. This apoptosis is
driven through the activation of intrinsic mitochondrial pathway, but not much is known about
the extrinsic, death receptors-mediated one. Our study with Vladimir Vinarsky and col. from
Masaryk University in Brno revealed the first insight into expression profile and functional state
of major death domain-containing receptors TNFR1, Fas/CD95 and especially TRAIL
receptors DR4 and DRS in hESC and hiPSC. We showed that expression of Fas receptor and
TNFR1 was rather low or none comparing to TRAIL receptors DR4 and DRS. Therefore we
focused in further experiments on characterizing of TRAIL-induced signalling in stem cells.
We found that despite moderate protein expression and cell membrane localization of both pro-
apoptotic TRAIL receptors were both hESCs and hiPSCs resistant to TRAIL-induced
apoptosis. hESCs treatment with inhibitor of translation homoharringtonine suppressed
expression of two anti-apoptotic proteins Mcl-1 and cFLIP and led to their sensitization to
TRAIL-induced apoptosis. This data are in agreement with the previous results from our lab,
where we showed that using HHT efficiently led to lower protein level of Mcl-1 and cFLIP in
colorectal carcinoma cell lines (Beranova et al., 2013). Experiments presented in this Thesis
concerned the involvement of cFLIP in resistance to TRAIL-induced apoptosis in hESC and
hiPSC. cFLIP protein is coded by CFLAR gene located on human chromosome 2q33-34
adjacent to genes coding caspase-8 and -10. In contrast to caspase-8/10, cFLIP, which is highly

similar to pro-caspase-8, does not possess a catalytically active domain. Three isoforms: FLIP-
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L, FLIP-S and FLIP-R act as inhibitors of caspase-8 activation by hetero-dimerizing with the
molecules of pro-caspase-8 at DISC, only FLIP-L was shown to have an ability to activate
caspase-8, although this activation has rather limited capacity to cleave the substrates. The
proposed anti-apoptotic function of cFLIP and its important regulatory function in cell survival
of hESC and hiPSC was confirmed by shRNA-mediated knock-down of cFLIP expression,
which led to increased sensitization of these cells to TRAIL-induced apoptosis. The protecting
role of cFLIP in human pluripotent stem cells was also suggested in hematopoietic stem cells
showing that stem cell factors caused increase of cFLIP levels and inhibited FasL-mediated
apoptosis of human erythroid progenitor cells (Chung et al., 2003). In addition, suppression of
cFLIP expression in breast cancer stem cells resulted in selective TRAIL-mediated cell death
of these cells (Piggott et al., 2015). Interestingly, cFLIP can in addition to apoptosis play some
role in necroptosis, specific type of cell death proceeding under caspase compromised
conditions and depending on the activity of RIPKI1 kinase. Not much is known about
necroptosis in stem cells, but few papers refer to necroptotic signalling to be responsible for the
bone marrow failure in patients (Roderick et al., 2014). To exclude the possibility of
contribution of necroptosis to the pool of dying cells, were cell lines with downregulated
expression of cFLIP tested for the involvement of RIPK1 kinase. Our data indicate that cell
death observed in hESC and hiPSC mediated by TRAIL ligand was caspase dependent and
incubation of cells with inhibitor of RIPK1 necrostatin-1 did not modulate their survival in any
way. To conclude, we showed that cFLIP protein plays an important regulatory signalling node
in human stem cells hESC and hiPSC and contributes to their defence against potent death

inducing factors.

5.3 Streptomycetes metabolites of the Manumycin family differently
sensitize colon cancer cells to TRAIL-induced apoptosis via enhanced
production of reactive oxygen species (not published).

Manumycin A (Man A), Manumycin B (Man B) and Asukamycin (Asuc) are all
Streptomyces secondary metabolites from the manumycin family. These compounds are known
as inhibitors of farnesyl transferase (FTase), enzyme responsible for the post-translational
modification of Ras protein family (Tuladhar et al., 2018). Blocking Ras farnesylation leads to
retaining of Ras in the cytosol where this normally membrane associated protein cannot target

its downstream interaction partners. Ras belongs to the most frequent mutated oncogenes in
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human cancers and is involved in regulation of a number of important cellular processes. In our
screening for the potent sensitizers of TRAIL-induced apoptosis in colorectal cancer cell lines,
we revealed Man A as the only one capable to efficiently increase level of apoptosis comparing
to Man B and Asuc. Man A was shown to have anti-tumour capability in several types of
cancers (Cho et al., 2015; Zhang et al., 2016). This capability of Man A was mostly understood
as the attribution of FTase to impair the activity of Ras, but recent studies and our results show
that Man A can stimulate signalling pathways independently of the inhibitory function of FTase
and the other possible regulatory mechanisms are involved (Cho et al., 2015; Zhang et al., 2016,
Tuladhar et al., 2018). As we documented, Man A strongly enhanced apoptotic signalling in
colorectal carcinoma RKO and SW-620 cells, triggered either by TRAIL ligand or by inhibitors
of Bcl-2 and Bcl-XI1 proteins, while the other metabolites, Man B and Asuc, were less effective
or ineffective in this enhancement. These results point to participation of Man A in regulation
of extrinsic as well as intrinsic apoptotic pathway. The extrinsic apoptotic pathway is in most
cell lines insufficient to induce apoptosis by itself and the signal triggered from death receptors
is amplified by engagement of mitochondria by caspase-8-cleaved tBid. We showed that Man
A in combination with TRAIL ligand strongly enhances processing of tBid and subsequently
downstream mitochondria activated caspases, thus supporting the role of Man A in extrinsic
mediated cell death, underlined by stronger cleavage of caspase-8. The possible mechanism
along the regulatory node at the DISC level was proposed from Juang Jae Cho and his
colleagues, who published that ManA induced increase of DR4 and DRS5 expression in dose
dependent manner in oral squamosus cell carcinoma cells (Cho, Chae et al. 2015). They
suggested that increase of TRAIL receptors is mediated through CHOP protein, which was
shown to be involved in ER stress induced apoptosis (Yamaguchi and Wang 2004). Other
regulatory node of the apoptotic pathway presents mitochondria mediated or intrinsic signalling
regulated mainly by family of Bcl-2 proteins. Increased cell death induced by incubation of
Man A with inhibitor of Bcl-2 anti-apoptotic protein (ABT-199) or Bcl-2/Bcl-X1 (ABT-737)
revealed involvement of Man A in regulation of mitochondria induced apoptosis independently
on ligand induced extrinsic apoptosis. To analyse the mechanism behind the regulation of
intrinsic apoptotic signalling by Man A we subjected HT-29, RKO and SW-620 cells for the
mitochondrial ROS production. Indeed, we found out that ManA but not Man B or Asuc largely
enhanced production of mitochondrial ROS. Mitochondrial ROS were already proposed as very
effective triggers of intrinsic apoptotic signalling and potent sensitizers of cancer cells to other
pro-apoptotic agents such as TRAIL. For example vitamin E succinate and its mitochondria-

targeted analogue mitoVES inhibit electron transfer in mitochondrial complex II, which leads
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to increased ROS production and potent sensitization of resistant mesotheliomal cells to
TRAIL-induced apoptosis (Tomassetti et al., 2004). Thus similarly enhanced ROS production
triggered by ManA might be behind its strong sensitizing effect to TRAIL and BH3 analogues
triggered apoptosis (Zhang et al., 2016). However, the presumed mitochondrial target of ManA
and mode of its mitochondrial uncoupling resulting in boost of ROS production is still
unknown.
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6 CONCLUSIONS

1. I prepared several novel TRAIL receptor specific ligands, which can efficiently and
selectively induce signalling through their cognate receptors DR4 or DRS.

2. I showed that designing new recombinant TRAIL receptor agonists, specifically
targeting DR4 or DRS, can lead to more effective induction of apoptosis in cancer cells
comparing to wild type ligand. Thus receptor specific ligands could be used for a patient
tailored therapy due to their ability of specific targeting the cognate TRAIL receptors
dominantly signalling in different types of cancer.

3. T also proved that DR4 and DRS receptor are not equally regulated during apoptosis in
colorectal HT-29 and pancreatic PANC-1 cells and the resulting cell response not only
in apoptosis, but also in other auxiliary pathways could be affected by different events
downstream from the receptor level.

4. From my results is obvious that apoptosis and necroptosis could be induced by the same
DR4 and DRS receptors but the signalling from these two receptors is differently
regulated during apoptotic and necroptotic conditions.

5. In second part I showed that human embryonic and induced pluripotent stem cells
express all components of TRAIL-induced apoptotic signalling and apoptosis in these
cells is regulated by anti-apoptotic protein cFLIP.

6. Finally in the last part, I showed that Manumycin-A is a potent sensitizer of TRAIL-
induced apoptosis in resistant colorectal cancer cell lines and this sensitizing effect

might be at least partially achieved by increased production of mitochondrial ROS.
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