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3.1.1 Alkalization of Lysosomes by Archazolid Treatment

To confirm that archazolid in fact inhibits the V-ATPase activity in our model cells,
endolysosomal pH was monitored by staining cells with LysoTracker® dye (Figure 9). The dye is
highly selective for acidic organelles where the fluorophore accumulates staining acid organelles
red.

Archazolid is a specific V-ATPase inhibitor functional in the nano-molar range (30).

The V-ATPase is mostly located in the membrane of acidic organelles like the lysosomes or
endolysosomes responsible for their acidification.

Adherent T24 (urinary), MDA-MB-231 (mammary) and 4T1 (mouse mammary) cancer cells were
treated with different archazolid concentrations (5 and 10nM) for 2h (T24 cells) and 4h (MDA-
MB-231 and 4T1). Thereafter cells were stained with LysoTracker® dye to monitor lysosomal
pH in living cells using confocal microscopy.

Figure 9 confirms that acidification of cell organelles is blocked by 5 and 10nM archazolid after

2-4h of treatment in all investigated cell lines.
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Figure 9: Alkalyzation of lysosomes by archazolid treatment
T24, MDA-MB-231 and 4T1 cells were treated with different archazolid concentrations (5 and 10nM) for
2h (T24 cells) and 4h (MDA-MB-231 and 4T1). Thereafter cells were stained for 30min at 37°C with

LysoTracket® dye to monitor lysosomal pH using confocal microscopy.
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3.1.2 Adhesion Ability is Impaired after Archazolid Treatment

To prove that archazolid treatment has an impact on adhesion and therefore on the adhesion
signaling cascade, an adhesion assay was performed (Figure 10).

Adhesion molecules play a central role in anoikis induction and resistance. Anoikis resistant cells
e.g. can change their integrin repertoire on the cell surface to circumvent integrin mediated death
(IMD) or constitutively activate pro-survival downstream signals (50).

Adherent T24 cells pretreated with archazolid (10nM, 24h) were harvested and subsequently
seeded out for impedance measurements in the XCELLigence system. For this, cells were
suspended in 200pl medium in E-plate-wells and adhesion time between treated an untreated
cells was monitored as an increase in impedance, indicated as Cell Index occurring while cells
adhere to the surface.

The slopes of three independent experiments were calculated and the relative cell adhesion (%)
was analyzed (Figure 10B). Figure 10 shows that adhesion time is prolonged after archazolid
treatment, which suggests an effect of archazolid on cell adhesion.

If adhesion is altered by archazolid treatment one could assume that there is also an impact on

the pro-survival signaling cascade.
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Figure 10: Prolonged adhesion time after archazolid treatment.

Adherent T24 cells were pretreated with archazolid (10nM, 24h) or left untreated.

The kinetics of cell adhesion was subsequently measured using impedance measurement in the
XCELLigence system over 4h.

A: One representative graph out of three independent experiments is shown.

B: The slopes (Cell Index/Time) of three independent experiments conducted in triplicates were
calculated and the relative cell adhesion (%) was analyzed were control cells are represented as 100%

adhesion. Archazolid treated cells show a reduced adhesion compared to control cells.
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3.1.3 Changes in Focal Adhesion

Adherent, archazolid treated cells were further analyzed by confocal microscopy to investigate
changes in the focal adhesions. Therefore, cells were pretreated with archazolid (10nM, 24h) and
subsequently seeded on fibronectin coated slides for 30min at 37°C. During the adhesion process
cells develop focal adhesions, which can be stained by an antibody recognizing vinculin, a central
protein in the focal adhesion plaques, and F-actin by rhodamine-phalloidin. Both proteins co-
localize in focal adhesion shown by the merged picture (Figure 11).

Archazolid treatment clearly influences focal adhesion formation. Compared to control cells
there is less vinculin clustering on the cell periphery. After treatment a more regular distribution

of mature focal adhesions was obsetrved.

Control Archazolid 10 nM

B Vinculin ] Merge

. Actin

Figure 11: Changes in focal adhesions by archazolid treatment

T24 cells were prestimulated with archazolid (10nM, 24h) or left untreated, then harvested, suspended
and seeded on fibronectin coated slides for 30min, at 37°C. After 30 min cells will form first focal
adhesions with the surface. Cells were then fixed, permeabilized and stained for confocal microscopy.
Control cells show more vinculin clustering on the cell periphery then archazolid treated cells.

The experiment was conducted three times in triplicates.




(OS]

RESULTS

3.1.4 Archazolid Impairs Anchorage Independent Growth and Induces
Anoikis in Invasive Cancer Cells

To show anoikis resistance of the invasive cancer cell lines T24, 5637 (urinary), MDA-MB-231

and 4T1 cells were grown in an anchorage-independent environment (Figure 12 and Figure 13)

and subsequently analyzed for cell viability and cell death.

3.1.41 Colony Formation Assay

T24 cells were embedded in a soft agar layer without contact to ECM components or other cells
to mimic anchorage independent growth. Untreated cells formed viable colonies after nine days
of cultivation (Figure 12A, left, below) indicating anoikis resistance.

Pretreatment of adherent T24 cells with archazolid (InM, 10nM, 24h) impaired anchorage-
independent growth as shown by a reduction of viable colonies in the soft agar colony formation
assay (Figure 12A left). Inhibition of colony formation in T24 cells could also be observed by the
V-ATPase inhibitor concanamycin (Figure 12A right) suggesting a V-ATPase dependent effect.
To exclude apoptosis to be responsible for the obtained results, adherent, 24h treated cells were
analyzed for cell death induction. Permeabilized cells were stained with PI to measure the sub-G1

DNA content as DNA fragmentation occurs during the apoptotic process (Figure 12B).
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Figure 12: Anchorage independent growth is reduced by archazolid pre-treatment.

A: T24 cells were pretreated with archazolid (1 and 10nM, 24h), concanamycin (1, 5, and 10nM, 24h) or
left untreated (Co) and subsequently cultured in a soft agar layer for nine days. Anchorage independent
growth was analyzed by counting stained colonies (MTT). Bars represent the percentage of colony
formation compared to control cells. ***P< 0.001, n=3. Lower left: Representative colonies of archazolid
treated and untreated T24 cells are shown.

B: Adherent T24 cells were treated with archazolid for 24h (10nM). Apoptotic cell death was investigated
as described in materials and methods. Bars represent the percentage of apoptotic cells as mean = SEM

of three independent experiments conducted in triplicates.
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3.1.4.2 Analyzing Cell Death Induction in Detached Cells

To further analyze effects of archazolid on anoikis, cells were kept in a detached status using
poly-HEMA coated culture dishes and medium supplemented with methylcellulose to prevent
massive cell aggregation. This setup was used for all further experiments with floating cells.
Treatment with archazolid (10nM) induced anoikis in detached cancer cell lines T24, 5637 and
4T1 after 48h and MDA-MB-231 after 72h, respectively (Figure 13).
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Figure 13: Induction of anoikis in detached cells by archazolid

Detached T24, 5637 and 4T1 cells were treated with different concentrations of archazolid for 48h and
analyzed for apoptotic cell death. ***P<0.001, n=3. Detached MDA-MB-231 cells were treated with
archazolid (10nM) for 72h and apoptotic cells were quantified by flow cytometry as described in materials
and methods. *P<0.05, n=3. Bars represent the relative induction of apoptosis compared to control cells.

Bars always represent the mean + SEM of three independent experiments done in triplicates.
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3.1.5 Cell Death Induction in Adherent and Floating Cells by Archazolid

To investigate the impact of detachment on cell death induction by archazolid adherent and
floating cells were treated with archazolid (10nM, 24h or 48h) or left untreated.

As detachment and thereby loss of survival signals also affects anoikis resistant cells, the basal cell
death level was expected to be elevated in floating cells (Figure 14). Noteworthy, archazolid did
neither induce apoptosis in adherent nor floating cells after 24h of treatment compared to the

respective control cells.

Figure 14: Influence of detachment

2070 Adherent 201 Floating on basal cell death level
2 45 2 45, Adherent and floating T24 cells were
; é_’ T “’ treated with archazolid for 24h (10nM).
%— 101 % 10+ Apop‘totlc‘cell dea‘th was investigated as
= =3 described in materials and methods. Bars
® 57 2 ¥ represent the percentage of apoptotic
0l === 0 cells as mean + SEM of three
Co 10 Co 10 independent experiments conducted in

Arch. [nM] Arch. [nM]

triplicates.

Cell death by archazolid did not occur before 48h of treatment.

To compare the cell death induction of adherent and floating cells independently of the basal cell

treatment—control

* 100.

death level, specific apoptosis was calculated as
100—control

Calculating specific apoptosis, adherent T24 cells show a higher sensitivity towards archazolid
after 48h then floating cells (Figure 15) pointing to death resistance or chemoresistance

mechanisms induced by detachment.
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ﬂ ﬂ methods. Bars represent the specific
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% specific apoptotic rate

Co 1 2 10 20 )
Arch. [nM] mean * SEM of three independent

experiments  done in  triplicates.
P <0.05.
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3.2 Archazolid treated tumor cells lose their metastatic potential iz vivo

The anoikis inducing effect of archazolid was hypothesized to affect the invasive potential of
tumor cells 7z vivo. To confirm this hypothesis an 7z vivo model based on the 4T1-Luc2 mouse
mammary tumor cell line has been used. These cells are highly metastatic and disseminate quickly
to the lungs when injected intravenously and are therefore resistant to anoikis as anoikis
resistance is a precondition for metastasis. 4T1-Luc2 cells are further engineered to express a
luciferase reporter to enable real time monitoring of developing tumors by live imaging.

As shown in Figure 16 4T1-Luc2-injected animals formed easily detectable lung metastases,
however 4T1-Luc2 cells pretreated with archazolid (10nM, 24h) showed a significant reduction of
lung metastases (Figure 16B, left). Archazolid treated cells did not show signs of apoptosis at the
time of the intravenous injection (Figure 16B, right).

In vivo experiments were performed by Laura Schreiner and Rebekka Kubisch.
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Figure 16: Pretreatment of invasive breast cancer cells with archazolid reduced metastasis in
mice lungs

4T1-Luc2 cells were pretreated with archazolid (10nM, 24h) or left untreated and subsequently injected
(1x10%) in the tail vain of 10 BALB/cByJRj mice per group.

A: At day ecight after inoculation lung metastases were monitored by bioluminescence read out by
dorsoventral and ventrodorsal mice imaging.

B: Bioluminescence signals wete calculated as total flux/area. Pretreated adherent cells were tested for
apoptotic cell death three times in triplicates. Bars represent the mean = SEM. *P<0.05, n=10

Performed by Laura Schreiner and Rebekka Kubisch.
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3.3 Underlying Mechanisms of Anoikis Induction by Archazolid

3.3.1 Archazolid Treatment Reduces Active 31 Integrin on the Cell Surface
of Detached Cells

Integrin B1 is a major player responsible for cell adhesion to the ECM. Activated by attachment

integrin B1 signaling inhibits anoikis and promotes cell sutvival (82).

In Figure 10 it has been shown that treatment with archazolid impairs adhesion abilities of T24

cells after 24h of treatment, suggesting an effect of archazolid on adhesion molecules such as

integrins.

Figure 17A shows that the level of active integrin 1 (analyzed by an integrin B1 conformation

specific antibody) is similar between adherent and detached (24h) T24 cells. However, archazolid

treated (10nM, 24h), detached cells display a reduction of active integtin f1 compared to

detached control cells, whereas sutrface level of total integrin B1 was not affected by archazolid

treatment (Figure 17B).

[ ] control [ Arch. 10 nM
5000- 125

4000- T T 100 L T T

3000+ 75 T

of control

2000+ 50+

% surface integrin

1000+

N
T

mean fluorescence
of active surface integrin

adherent floating total active

Figure 17: Archazolid treatment decreases active integrin B1 on the cell surface

A: Cell surface level of integrin B1 was analyzed by an antibody recognizing only active integrin B1 and
compared between adherent and detached (24h) T24 cells. No differences in surface level of active
integrin B1 between adherent and floating cells could be detected.

B: Levels of total and active integrin B1 on the cell surface of archazolid treated (24h), floating T24 cells

was investigated by antibody staining and flow cytometry. Active integrin 1 is reduced on the cell surface
of archazolid treated cells ***P<0.001, n=3
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3.3.2 FAK Activity is Decreased in Detached Archazolid Treated Cells

The focal adhesion kinase is recruited and activated by integrins binding to their ECM ligands,
leading to the activation of several downstream survival signals via the PI3K/Akt and the
Raf/MEK/ERK pathway (47). As the FAK is a major downstream kinase of integrins we were
interested if activating phosphorylations of the FAK changed due to archazolid treatment. As
shown in Figure 18A archazolid treated, floating T24 cells showed reduced phosphorylation of
FAK in the total cell lysate after 24h and 48h of treatment. Noteworthy, control cells detached

for 24h and 48h show a strong phosphorylation of FAK.
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Figure 18: Archazolid treatment impairs FAK phosphorylation

A: The phosphorylation state of FAK after archazolid treatment (24h and 48h, T24 cells) is shown by
Western blot (B) with the corresponding quantification of three independent experiments.

*P<0.05, n=3
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3.3.3 Archazolid Induces Activation of Caspase-8 and Downregulation of
c-FLIP

To further reveal the mechanisms of anoikis induction by archazolid, activity of caspase-8 was
determined. As caspase-8 induction is a known hallmark of anoikis and the extrinsic apoptotic
pathway, caspase activity was measured in cell lysates using a fluorophore generating substrate for
caspase-8. Floating T24 and 4T1 cells were stimulated for 48h with different archazolid
concentrations, displaying a significant increase in caspase-8 activity compared to control cells
(Figure 19A). TRAIL was used as a positive control.

Moreover c-FLIP, a well-described inhibitor of caspase-8 (83) which contributes to anoikis

resistance by overexpression in malignant cells (55) is reduced after 48h of treatment in floating

T24 cells (Figure 19B).
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Figure 19: Activation of caspase-8 and reduction of caspase-8 inhibitor c-FLIP

A: Treated (48h) T24 and 4T1 cells were harvested and the total cell lysate was analysed for caspase-8
activity. TRAIL as a positive control was applied 1h before activity measurement. Upper panel:
Evaluation of three indipendent experiments for T24 and 4T1 cells presented as relative fluorescence unit
per minute (ARFU/min). ***P<0.001, n=3. Lower panel: Representative graph of caspase-8 activity
measurement over 5h (T24 cells) displayed as relative fluorescence unit (RFU).
B: Left: The level of caspase inhibitor c-FLIP was investigated by Western blot in T24 cells after
archazolid treatment (48h). Right: Quantification of three independent experiments. *P<0.01

Bars always represent the mean = SEM of three independent experiments conducted in triplicates.

All Western blot experiments show a representative blot out of three independent experiments.
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3.3.4 Archazolid Treatment Rapidly Induces BIM Translocation to
Mitochondria Leading to Cytochrome C Release

As the Bcl-2 Protein BIM is considered to be the major player of the intrinsic mediated anoikis
pathway (70) we analyzed BIM expression after archazolid treatment. Figure 20A indicates that
cellular BIM expression is not affected by archazolid treatment for 5h, however BIM is
translocated and enriched at mitochondria at early time points after archazolid exposure (i.e. 3h
and 5h, T24 and 4T1 cells). Interestingly, the translocation to mitochondria is observed to be a
cell type specific effect as MDA-MB-231 cells show a BIM reduction and MCF7 cells an equal
level for treatment and control.

BIM localized at the mitochondrial outer membrane is responsible for Bax and Bak activation
leading to the release of cytochrome C to the cytosol and subsequently to apoptosis (84). A
decrease of cytochrome C in the mitochondrial fraction of T24 cells was observed after 24h and
48h of treatment (Figure 20B). Obviously both the intrinsic as well as the extrinsic pathway

(Figure 19) is activated by archazolid.
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Figure 20: BIM translocation to
mitochondria and cytochrome C
release by archazolid

A Western blot analysis of BIM
expression in whole cell lysate of
untreated and archazolid treated
T24 cells after 5h. BIM level was
the
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3.4 Archazolid Triggers Mechanisms Opposing Anoikis

Chemoresistance is a major challenge in tumor therapy.

Anoikis challenges tumor cells to develop elaborated survival strategies leading to anoikis
resistance. Nevertheless, additional chemoresistance strategies can generate highly metastatic
cancer phenotypes. Elucidating these strategies can help to develop functional combination

therapies.

Archazolid treatment triggered survival mechanisms in anoikis resistant cancer cells like a strong
degradation of the pro-apoptotic protein BIM and a beneficial increase in reactive oxygen
species, which can function as pro-survival second messengers.

Therefore, BIM degradation was more deeply investigated and a combinatory approach by using

drugs inhibiting BIM degradation as well as ROS induction together with archazolid was tested.

3.4.1 BIM Degradation after Prolonged Treatment

Sustained exposure of detached cells to archazolid results in a strong reduction of the
proapoptotic molecule BIM (Figure 21A), which is due to proteasomal degradation shown by the
use of two proteasome inhibitors (MG-132 and bortezomib) (Figure 21B).
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Figure 21: BIM degradation after prolonged archazolid treatment and rescue with proteasome

A BIM degradation: BIM protein level in whole cell lysate and mitochondrial fraction after prolonged
treatment with archazolid (24h, 48h) was analyzed by Western blot. Actin, COX IV and B-Tubulin were

B BIM rescue: A combination of archazolid (10nM) with proteasome inhibitor MG-132 (24h) (left) or
bortezomib (BOR, 48h) (right) was used to investigate changes in BIM protein level by Western blot in
T24 cells. The combination was applied simultaneously to the cells at time of detachment. Three
independent experiments were quantified using Image ] software. ¥P<0.05
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3.4.2 Targeting BIM Degradation by Proteasome Inhibitors to Increase Cell
Death Induction
Combination of archazolid with the proteasome inhibitors MG-132 (100nM) and bortezomib

(5ng/ml) induced significantly higher apoptosis rates synergistically induced in T24 cells
(Figure 22) and rescued BIM from degradation as shown in Figure 21B.
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Figure 22: Inhibition of the proteasome triggers archazolid induced anoikis

Floating T24 cells were either treated with archazolid (10nM, 48h) alone or in combination with the
proteasome inhibitor MG-132 or bortezomib (BOR) for. Subsequently, apoptosis induction was
determined as desctibed in materials and methods. *¥*P<0.001
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3.4.3 Moderate ROS Induction after Archazolid Treatment as Pro-Survival
Strategy to Circumvent Anoikis

Reactive oxygen species are discussed to play a major role in anoikis protection, as they can

function as second messenger activating pro-survival kinases (50,51,85).

Intracellular ROS were analyzed by flow cytometry. A fluorescent dye converted by ROS was

added to the cells for 30min, 37°C.

Interestingly, archazolid treatment increased ROS level significantly after 16 to 48h (Figure 23

and Figure 24) compared to floating control cells. Archazolid treated cells reach ROS levels of

adherent control cells indicating a non-toxic level of ROS, as ROS can also function as second

messenger activating pro-survival signals also involved in BIM regulation and degradation. This is

considered one of the anoikis escape strategies used by invasive tumor cells (50,52).
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Figure 23: Beneficial ROS generation by archazolid treatment

Upper panel: Archazolid induces generation of ROS in T24 cells after 24h and in 4T1 cells after 16h of
treatment. ROS generation was measured as indicated in materials and methods. Bars represent the mean
+ SEM of three independent experiments conducted in triplicates. ***P<0.001, *P<0.05.

Lower panel: One representative graph of a simultaneous PI (cell death) and ROS measurement in T24

cells displayed as dotplot and the corresponding histogram.




RESULTS 46

Inhibition of ROS generation by the antioxidant N-Acetyl-L-Cystein (NAC) (Figure 24A, left)
rescues BIM from proteasomal degradation induced by archazolid alone (Figure 24B) confirming
the involvement of ROS in BIM degradation. NAC as well was able to increase cell death in

combination with archazolid (Figure 24A right) suggesting a role for ROS in anoikis induction

and inhibition.

A T24 T24
2 . 5' *kk *kk 1 00 | *%
g 2 T L =
25 45 S 60 -
o © °
w5 T =
[0)]
O 104 —= T O 40 T
X o ° I
= 0.5 20-
0.0 0
Arch. [nM] Co 10 Co 10 Arch. [nM] Co 5 Co 5
NAC [10 mM] - - + + NAC [10 mM] - - + +

Actin | — —— — —

Arch. [nM] Co 10 Co 10
NAC [10 mM] - - + +

Figure 24: BIM rescue by ROS inhibition

A: Left: Archazolid induces generation of ROS, which can be inhibited by the antioxidant NAC after 48h
of treatment. ROS generation was measured as indicated in materials and methods. ***P<0.001

Right: Detached T24 cells were treated with archazolid (5nM) alone or in combination with NAC
(10mM) for 48h. Induction of apoptosis was measured by PI staining and flow cytometry. **P<0.01

Bars represent the mean + SEM of three independent experiments conducted in triplicates.. B: ROS
generation is involved in BIM degradation by archazolid. Western blot analysis showed that ROS
scavenger in combination with archazolid (24h) rescued the degradation of BIM.

One representative blot out of three independent experiments is shown.
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3.4.4 Kinase-Involvement in Anoikis Resistance

Additionally, kinases involved in anoikis resistance (Akt, ERK, c-Stc) were affected by
detachment of T24 cells showing an early increases of their phosphorylation, whereas
phosphorylation of c-Src kinase was unchanged. Akt and ERK are therefore mainly responsible
for activating anoikis resistance after detachment. At a later time point the phosphorylation of
Akt and ERK decreased again indicating a restored balance of pro-survival and pro-apoptotic

signaling (Figure 25).
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Figure 25: Phosphorylation of Akt and ERK is increased early after detachment but decreased
again after 24h

Left: T24 cells were kept in suspension for 6h and 24h and compared to adherent cells. Phosphorylation
of Akt was analyzed by Western blot. Actin served as loading control. One representative blot out of
three independent experiments is shown.

Right: T24 cells were kept in suspension for 3, 5h and 24h in comparison to adherent cells.
Phosphorylation of ERK and c-Src was analyzed by Western blot. Actin served as loading control. One

representative blot out of three independent experiments is shown.
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To further investigate the impact archazolid has on Akt, ERK and c-Src phosphorylation,
floating, treated T24 cells were examined by Western blot analysis for the indicated
phosphorylations.

Treatment of floating cells with archazolid (10nM, 48h) even further increased the
phosphorylation of Akt compared to untreated control cells. The phosphorylation of ERK (48h)
and c-Src (48h) did not change due to archazolid treatment (Figure 20), together suggesting

archazolid induced counter mechanisms.
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Figure 26: Influence of archazolid treatment on Akt, ERK and c-Src phosphorylation

Activation of Akt, ERK and c¢-Src kinases by archazolid treatment was investigated after 48h for Akt and
ERK and after 24h for c-Src using Western blot analysis of their phosphorylated sites. All Western blot
experiments show a representative blot out of three independent experiments. For Akt kinase activation
two independent experiments were quantifies using Imaje | software.

All experiments were performed with T24 cells.
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To more deeply elucidate the role of Akt, ERK and c-Src kinases, inhibitors of these proteins
were used and the effect on apoptosis induction and BIM level was analyzed.
Employing specific inhibitors (LY 294002 (Akt), PD 98059 (ERK) and Saracatinib (c-Src)) led to

apoptosis and prevented the decrease of BIM in archazolid treated cells (Figure 27).
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Figure 27: Inhibition of Akt, ERK and c-Src induces anoikis and rescues BIM

Left panel: Floating T24 cells were treated with Akt-, ERK-, and c-Src-inhibitors for 48h and apoptotic
cell death was analyzed. Bars represent the percantage of apoptotic cells of the whole population in mean
+ SEM of three independent experiments conducted in triplicates. ***P<(0.001, **P<0.01, *P<0.05.
Right panel: Application of inhibitors i.e. LY 294002 (Akt), PD 98059 (ERK) or Saracatinib (c-Stc)
together with archazolid were used to analyse changes in BIM protein level. Changes of Akt and ERK
were investigated after 48h and of c-Src after 24h.

All Western blot experiments show a representative blot out of three independent experiments. All

experiments were performed with T24 cells
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4 DISCUSSION

This work disclosed that pharmacological inhibition of V-ATPase by archazolid induces anoikis
in invasive cancer cells, which contributes to the distinct anti-metastatic action of archazolid 7
vivo. Thus we could add important new information regarding the role of V-ATPase in cancer

dissemination.

4.1 The V-ATPase in Cancer Cells

Up to now it has been reported that the abundance of V-ATPase on the plasma membrane of
tumor cells correlates with their invasiveness. Several well-known V-ATPase inhibitors like
concanamycin and bafilomycin were shown to lead to growth arrest and cell death induction in a
variety of tumor cells (2,86,87). Also the newly developed V-ATPase inhibitors salicylihalamide
(88) and NIK-12192 (89) have demonstrated anti-tumor activity although the exact molecular
mechanisms of V-ATPase inhibitors leading to inhibition of tumor cell invasion remain to be
elucidated. Cell surface located V-ATPase is hypothesized to create a proton efflux leading to an
acidic pericellular microenvironment that promotes the activity of pro-invasive proteases and/or
rescues tumor cells from intracellular acidification due to increased glycolysis, which can
otherwise lead to apoptosis (8,90). However, evidence accumulates that the endolysosomal V-
ATPase is important as antitumoral/antimetastatic target. Recent work in our group showed that
V-ATPase inhibition by archazolid impairs endocytotic traffic of migratory signaling molecules
such as Racl and EGF-R, which is pivotal for directed and polarized cell movements (40).
Abrogation of endosomal trafficking by V-ATPase inhibition was reported to also have impact
on tumor growth and apoptosis induction suppressing activation of important signaling
molecules such as Rab27B or activation of caspase-8 (91,92).

We showed that V-ATPase inhibition influences anoikis resistance in invasive cancer cells by
triggering anoikis pathways and impairing survival-receptor signaling. This, presumably by
inhibition of the endolysosomal V-ATPase, as receptor recycling and autophagy play important

roles in anoikis induction and resistance.
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4.2 Relevance of Anoikis in Normal and Malignant Cells

This work using archazolid as a tool to inhibit V-ATPase provides important information on
regulation of anoikis and especially anoikis resistance in cancer.

From a physiological point of view, anoikis is an important mechanism to remove cells, which are
currently not in their correct location, lacking a correct adhesion and thus guaranteeing tissue
homeostasis and preventing dysplastic growth. In other words most cell types need proper cell-
cell and cell-matrix interactions to survive. Cell to ECM interactions occur mainly via specific
integrins and trigger a cascade of pro-survival and proliferative signals (47,52).

Metastatic cancer cells in contrast to non-malignant tissue cells, do not require adhesion to the
ECM to survive and proliferate, they are mostly insensitive to anoikis and in fact resistance to
anoikis is a key regulator for tumor cell invasion and metastasis (52) (Figure 28). Tumor cells use
various strategies to acquire anoikis resistance such as the constitutive activation of survival
pathways (PI3K/Akt, MEK/ERK and c¢-Stc family kinases), alteration of the integrin expression

pattern or generation of oxidative stress and inhibition of apoptotic pathways (50,52,55,93).
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Figure 28: Anoikis resistance as prerequisite for tumor cell metastasis
Normal tissue cells are programmed to anoikis when detached from their respective ECM. Malignant
cells can acquire anoikis resistance by several strategies to survive in the circulation. This is a precondition

to form metastases in distant tissues or organs.
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4.3 Anoikis Induction by Archazolid a V-ATPase Inhibitor

How a V-ATPase inhibitor could possibly affect anoikis induction in invasive cancer cells is a
challenging issue to solve. It is known that detachment can induce autophagy as a survival
mechanism preventing anoikis. Inhibition of autophagy increased caspase-3 activity in detached
cells (72) and BIM was thought to influence autophagy by interacting with beclin-1 and inhibiting
autophagosome formation (73). It has been shown that integrin B1 inhibition directly correlates
with autophagy induction suggesting an important role in anoikis (74). V-ATPase inhibition on
the other hand is known to block late stages of autophagy due to alkalization of lysosomes and
thereby inhibiting protein degradation in autolysosomes. Archazolid is a very potent V-ATPase
inhibitor alkalizing cell-compartments within hours as shown in Figure 9. Treatment of different
adherent cancer cell lines led to reduced lysosome acidification already after 2-4h indicating an
eatly stop of protein degradation, depriving anoikis resistant cells of this escape mechanism.
V-ATPase inhibition might also affect integrin signaling as integrin activities are dependent on
fast endocytosis rates and V-ATPase regulates receptor recycling via acidification of endosomes
and lysosomes (3,94,95). It is known, that block of endosome acidification leads to trafficking
inhibition probably because of a general block in the formation of carriers important for the
formation of clathrin-coated-vesicles (CCV) (94). CCV formation is the major endocytotic
pathway in mammalian cells (96). Also an accumulation of receptors on the cell surface due to
blocked internalization is a reported effect of V-ATPase inhibition (40,94,97).

That is why it has been hypothesized that V-ATPase inhibition affects anoikis induction as
receptor recycling is attenuated consequently influencing membrane receptor signaling.

In fact, we could show that archazolid induces anoikis in invasive urinary and breast cancer cells.
Anoikis is provoked by a reduction of active integrin 31 on the cell surface, an activation of
caspase-8 and an early translocation of BIM to the mitochondria followed by release of
cytochrome C. Of note, archazolid treated breast tumor cells injected (i.v.) in mice showed a
reduced formation of lung metastasis (Figure 16). This study further identified counter
mechanisms induced by archazolid treatment like a strong proteasomal downregulation of BIM

provoked by generation of ROS and active pro-survival kinases.

4.3.1 Impaired Adhesion after Archazolid Treatment

As integrins function as the main cellular receptors for ECM-cell interactions they are assembled
in specific adhesive structures like focal adhesions, which directly link the cytoskeleton to the

ECM. In mature focal adhesions integrins are in an active conformation and constantly ligand-
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bound (98). Integrin-ECM interactions stimulate focal adhesion formation functioning as a
signaling hub by accumulating multiple kinases and scaffold proteins (99). Hence, impaired
adhesion as seen by archazolid (Figure 10) pretreatment implies a reduced functionality of focal
adhesions. This assumption was strengthened as staining of vinculin by a fluorescent antibody
and visualization by confocal microscopy revealed that archazolid treatment altered vinculin
incidence and localization (Figure 11). Vinculin is a major structural protein in the focal
adhesions and often used as focal adhesion marker (100,101). The images showed that after
treatment vinculin clustering at the periphery of the cells was reduced. Archazolid treated cells
develop more spike-like focal adhesions, likely to compensate for a reduced functionality proved
by the adhesion assay. As reduced adhesion ability might trigger enhanced focal adhesion

formation to level up the output.

4.3.2 Archazolid Induces Cell Death in Anoikis Resistant Cancer Cells by
Distinct Activation of Apoptotic Pathways

In experimental anoikis models, cells are forced to grow anchorage independent, which triggers
the above-mentioned stress and survival responses leading to a selection of the “fittest” seen by
an elevated apoptosis level of floating cells compared to adherent ones (Figure 14). There are
reports that an oncogenic epithelial-mesenchymal transition (EMT) also is characterized by
anoikis resistance. EMT is a process normally occurring during development forming the primary
mesenchyme. Epithelial cells undergoing EMT loose the necessity of attachment for their
survival, acquire more motility, change their morphology and their repertoire of adhesion
molecules such as E-catherin and additionally silence epithelium-specific genes and activate
mesenchymal-specific genes. It has been shown that a subgroup of breast cancer cell lines with
especially invasive properties had mostly mesenchymal gene-expression signatures compared to
more luminal like cell lines (102-104). Evidently, there is a close relationship between oncogenic
EMT and acquisition of anoikis resistance. We could demonstrate, that on the one hand cell
death slightly increases by detachment and on the other hand anoikis resistance is activated by
Akt and ERK induction (Figure 25). Taking this into account it would be very interesting to
further investigate if an EMT like process occurs in our cell lines during extended detachment.

Anoikis resistance is often accompanied by resistance to chemotherapeutics, supported by our
observation that adherent cancer cells are significantly more sensitive to archazolid then detached
cells (Figure 15). ECM/integrin signaling can protect cancer cells from drug induced apoptosis by

activation of the Akt and ERK signaling pathway (63).
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The clear effect of archazolid on anchorage independent growth of cancer cells as well as the
induction of cell death in cells forced to stay detached is thus remarkable (Figure 12 and
Figure 13). Even more so having learned that archazolid treatment itself potently induces anoikis
resistance via ROS generation and activation of Akt, which together with constitutive active ERK
and c-Stc leads to the removal of BIM, which will be further discussed in the next sections
(Figure 23, Figure 26 and Figure 27).

Obviously, it is important to find out how a compound like archazolid finally achieves anoikis
induction, meaning, which pathways are involved.

Anoikis is characterized as an apoptotic cell death executed by features of the intrinsic and
extrinsic apoptotic pathway and the loss of survival signals by unligated anchorage proteins like
integrins (75). The extrinsic pathway is initiated by caspase-8 activating effector caspases or
promoting mitochondrial cytochrome C release (75,105).

Archazolid evidently uses the extrinsic apoptotic pathway as shown by a downregulation of
c-FLIP and a distinct caspase-8 activation (Figure 19). Recruitment of caspase-8 and its activation
has been shown to occur by loss of anchorage to ECM and unligated integrins (53,100). Integrins
with the B1 subunit in common are the major receptors for ECM components tesponsible for
cell-lECM interactions (47). Interestingly, cell surface 1 integrin of cancer cells, floating for 24h
was still as active as in adherent cells, suggesting an inside-out integrin activation supporting
anoikis resistance of these cells (107). Importantly, archazolid reduced the amount of active
integrin 1 on the cell surface leaving the total integrin level constant probably through an altered

receptor recycling (Figure 17).

4.3.3 Impacts on the Integrin Downstream Signaling by Archazolid
Treatment

In consequence, downstream pro-survival signals like the phosphorylation of one key player in
anoikis protection, FAK (82) was affected by archazolid treatment (Figure 18). FAK together
with c-Src then interact with numerous molecules recruiting and activating other pro-survival
proteins like PI3K/Akt or ERK (46). We observed that T24 cells, shortly after detachment (5h)
induce anoikis resistance by activating Akt and ERK which decreases when cells were detached
for 24h suggesting a restored balance between apoptotic and survival players. For c-Src kinase the
phosphorylation was not changed due to detachment over 3, 5 and 24h compared to adherent

control cells implying no direct involvement in the immediate anoikis resistance (Figure 25).
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Unexpectedly, we did not observe inhibitory effects of archazolid on either Akt, ERK or c-Src
but an activation of Akt which is considered to be part of the counter, pro-survival mechanism

induced by archazolid (Figure 20).

4.3.4 BIM: First Activated then Inhibited by Archazolid Treatment

Anoikis due to the intrinsic pathway is mainly initiated by BIM (108). BIM, a member of the Bcl-
2 family activates Bax and Bak which leads to the permeabilisation of the outer mitochondrial
membrane and the release of cytochrome C to the cytosol thereby activating a caspase cascade
inducing cell death (60,84). In fact, BIM has been reviewed as a potential target for tumor therapy
as BIM promotes anoikis in many tumor cell types and BIM suppression supports metastasis and
chemoresistance (70). BIM regulation is dependent on cell surface molecules like integrins and
the epidermal growth factor receptor (EGFR) (54).

We found that BIM was rapidly translocated to the mitochondria by archazolid treatment
followed by cytochrome C release (Figure 20) pointing to an involvement of the intrinsic

apoptotic pathway.

4.4 Resistance Mechanisms after Archazolid Treatment

Of note BIM inhibition seems to be also the major factor used by T24 and MCF 7 cells to induce
resistance to anoikis as BIM gets strongly degraded at a later time of archazolid exposure
(Figure 21A). In MDA-MB-231 cells, a highly invasive breast cancer cell line, this degradation
could even be observed shortly after archazolid treatment in detached cells (Figure 20) indicating
that the ability to control BIM is connected to the metastatic potential. The fact that rescue of
BIM degradation (Figure 21B) employing proteasome inhibitors MG-132 and bortezomib
synergistically increased archazolid induced cell death underscores the important role of this BH-
3 only protein in the regulation of anoikis and its failure (Figure 22).

As kinases such as ERK, Akt and c-Src are known to regulate BIM degradation and expression it
was tempting to employ specific kinase inhibitors in order to gain further insight in the archazolid
triggered BIM removal and thus chemoresistance (109). Akt and ERK can both phosphorylate
BIM to be proteasomal degraded or sequestered, thereby having an immediate effect on BIM
clearance in the cytosol (58,109). The relevance of these kinases in survival was shown by the fact
that kinase inhibitors alone at high concentration induce anoikis. Co-stimulation of archazolid
with moderate concentrations of kinase inhibitors rescued BIM, indicating that cells actively

block BIM activation by various pathways in response to archazolid treatment (Figure 27). This
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further underlines the highly efficient survival and anoikis resistance mechanisms of invasive
tumor cells and highlights compounds such as archazolid still inducing cell death.

Additionally, ROS are considered critical players in anoikis resistance. Integrin mediated adhesion
induces a transient burst of high ROS levels transducing survival signals by activation of c-Src
kinases. Activated c-Src kinases trans-phosphorylate EGF-receptor ligands, activating ERK and
PI3K/Akt pathways. Scavenging of ROS in adherent cells leads to BIM induction and cell death
(50,51). ROS are also recognized as second messenger in cell growth, proliferation, adhesion and
cell spreading in untransformed cells (110). Induction of ROS in tumor cells is correlated to
tumor initiation and progression as well as with tumor invasiveness (111). Anoikis sensitive cells
show decreased ROS levels after detachment correlating with cell death induction (50). Now, we
discovered that archazolid treatment of floating cells resulted in elevated ROS levels compared to
untreated cells, but did not exceed the steady state level of ROS in untreated adherent cells
(Figure 23). Still, cell death was induced by archazolid. This elevated ROS could be a further
explanation for the prominent removal of BIM protein. We showed, in accordance to Giannoni
et al. (50) that co-treatment of archazolid with a ROS scavenger led to increased cell death and
increased BIM levels (Figure 24). Therefore, ROS must play a critical role in resistance to

archazolid-induced anoikis.

4.5 Conclusion and Outlook

This study demonstrates that archazolid induces anoikis in highly invasive tumor cells by
activation of the extrinsic and intrinsic apoptotic pathway. Anoikis induction is accompanied by
initiation of highly productive resistance mechanisms especially removal of BIM by activation of
Akt and induction of ROS. Understanding the mode of actions leading to cell death by
archazolid treatment and the challenges of counter reactions can help gaining deeper insight in
anoikis resistance mechanisms, chemoresistance and the metastatic transition of detached tumor
cells.

A clear characterization of anoikis resistance mechanisms depending on tumor cell type, drug
treatment, EMT occurence and metastatic potential is therefore desirable to adjust
chemotherapies or apply suitable combination drug therapies as metastasis is still the number one

cause for death by cancer.
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6 APPENDIX

6.1 List of Abbreviations

AKT Protein kinase B

ANOVA Analysis of variance between groups
ARCH Archazolid A

ATP Adenosin-5-triphosphat

BCA Bicinchoninic acid

BCL-2 B-cell lymphoma

BIM Bcl-2 interacting mediator of cell death
BSA Bovine Serum Albumine

CO Control

DISC Death inducing signaling complex
DMEM:F12 Dulbeccos’s Modified Eagle’s Medium
DMSO Dimethyl Sulfoxide

ECM Extracellular matrix

EDTA Ethylenediaminetetraacetic acid
EGTA Ethyleneglycoltetraacetic acid

ERK Extracellular signal-regulated kinase
EtOH Ethanol

FACS Fluorescence activated cell sorter
FADD Fas-associated death domain protein
FAK Focal adhesion kinase

FCS Fetal calf serum

FLIP FLICE-like inhibitory protein

HFS Hypotonic fluorochrome solution
MAPK Mitogen activated protein kinase
MEK Mitogen activated protein kinase kinase
MTOR mechanistic target of rapamycin

MTT Thiazolyl Blue Tetrazolium Bromide
NAC N-Acetyl-L-Cysteine

RAF Rapidly Accelerated Fibrosarcoma
RAS Rat sarcoma

ROS Reactive oxygen species

SDS-PAGE Sodium dodecyl sulfate — polyacrylamid-gelelectrophorese
SRC Sarcoma

TRAIL TNF related apoptosis inducing ligand
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