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2.1 Abstract

Until today, there is no systemic treatment available for advanced
cholangiocarcinoma (CCA). Recent studies have shown a frequent upregulation of
the PI3K-AKT-mTOR and RAF-MEK-ERK pathways in this type of cancer. However,
considering their high extend of redundancy and cross-talk, targeting only one
pathway is likely to result in therapy failure and emergence of resistances. To provide
a rationale for treatment of CCA with inhibitors of these respective pathways, we
analyzed the effects of AKT inhibitor MK-2206, MEK inhibitor AZD6244 (ARRY-
142886) and mTOR kinase inhibitor AZD8055 on three CCA cell lines in vitro,
concerning proliferation, cell signaling and apoptosis. Furthermore, AZD6244
resistant cell lines have been generated to investigate, how their response may be
affected by prolonged treatment with only a single inhibitor. Our data demonstrates
that co-targeting of both, the PISK/AKT/mTOR and RAF-MEK-ERK pathway, as well
as vertical targeting of AKT and mTOR results in strong synergistic effects on
proliferation and cell survival with combination indices below 0.3. Mechanistically, the
combinatorial treatment with MK-2206 in addition to AZD8055 is necessary because
AKT kinase activity was quickly restored after mTOR kinase inhibition. Interestingly,
acquired MEK inhibitor resistance to AZD6244 was reversed by combined treatment
with AZD6244 and either MK-2206 or AZD8055. Our data suggest that a combination
of inhibitors targeting those respective pathways may be a viable approach for future
application in patients with cholangiocarcinoma.

Implications: AKT, mTOR and MEK are promising targets for a combinatorial
treatment of cholangiocarcinoma cells even after acquisition of MEK inhibitor

resistance.

2.2 Introduction

Cholangiocarcinoma (CCA) is a relatively rare but devastating disease arising from
the epithelium of intra- or extrahepatic bile ducts. Although CCA accounts for only
about 3% of all gastrointestinal malignancies, CCA represent the second most
frequent primary hepatic cancer, and a constant increase in the incidence of CCA
has been observed especially for intrahepatic cholangiocarcinoma [1,2]. Surgical

resection of the lesion is the only curative treatment. However, many patients present



at advanced stages and are no longer amenable to surgical treatment, and even after
careful resection, local recurrence is frequent [3]. Until today, there is no effective
systemic treatment, and prognosis of patients with advanced CCA is poor [4].
Therefore, new treatment strategies are urgently needed.

Previous data shows that activation of the RAF-MEK-ERK signaling pathway occurs
in approximately 58% of CCA cases and might play a central role during
tumorigenesis [5-7]. Extracellular signal-regulated kinase (ERK) is a downstream
kinase of many cell surface receptors, including EGFR [5]. Moreover activating
mutations upstream of ERK, i.e. RAS and RAF are frequently observed in CCA [8].
ERK itself has a wide range of substrates, promoting cell survival and proliferation
[9]. AZD6244 (ARRY-142886) is a selective, allosteric inhibitor of the MEK1/2
kinases and can be used to disrupt downstream signaling to ERK. It is considered to
be a promising agent for many different cancer types, and results from phase | and Il
clinical trials are encouraging [10,11].

Mammalian target of rapamycin (MTOR), a member of the PI3-kinase superfamily, is
a downstream target of the PI3K-AKT signaling pathway and acts as an integrator for
a variety of stimuli, including mitogens, energy and nutrient levels, and affects
translation, proliferation and autophagy [12]. The serine/threonine kinase AKT is a
key player in the regulation of survival, migration and apoptosis [13,14]. There is a
complex interaction between AKT and mTOR, given that mMTORC2 phosphorylates
AKT within the carboxy terminus, which is required for full activation of AKT, and AKT
again controlling mTOR activity via regulation of the TSC1/2-complex [15-17].
Upregulation and activation of mTOR and AKT appears to be common in CCA and
correlates with poor prognosis [7,18,19]. Allosteric inhibitors of mMTOR have been in
the focus of oncological research for a long time [20]. With an emerging
understanding of the importance of mMTORC2 signaling in tumorigenesis, compounds
like the novel, highly selective, ATP competitive mTOR inhibitor AZD8055, that
targets both mTOR complexes, might therefore provide a therapeutic superiority
compared to rapalogs that primarily inhibit mTORC1 signaling [21,16].This might be
due to inhibition of AKT, which results from disrupting mTORC2 activation. Yet, the
work by Rodrik-Outmezguine indicates that even residual AKT activity in the context
of mMTORC1 and mTORC2 inhibition might have a significant impact on survival and
proliferation of cancer cells [22]. To further address the functional role of AKT and
MTOR in CCA cell lines, we analyzed the combined effects of AZD8055 with the



allosteric AKT inhibitor MK-2206 that is currently being evaluated in numerous clinical
trials [23].

The RAF-MEK-ERK and the PISK-AKT-mTOR pathways both play an important role
in the control of cell proliferation and survival. There is evidence for a diligent cross-
regulation between these two pathways and results from previous studies suggest a
high level of functional redundancy between them. Therefore, simultaneous inhibition
of both pathways appears to be reasonable and has been shown to be effective in
NSCLC cell lines, xenograft cancer models and genetically engineered mouse
models of cancers [24,25]. In this study, we demonstrate that combined targeting of
AKT, mTOR and MEK/ERK signaling using MK-2206, AZD6244 and AZD8055 is
highly efficacious and synergistic in the inhibition of CCA cell proliferation.
Furthermore, we demonstrate that combined targeting of these signaling pathways
reverses the acquired resistance of CCA cells against the MEK-inhibitor AZD6244.
Our results suggest that dual targeting of AKT and mTOR as well as AKT and MEK

might be a promising therapeutic approach in the treatment of cholangiocarcinoma.

2.3 Material and Methods

Chemicals and reagents

AZD8055 and AZD6244 were provided by AstraZeneca (London, United Kingdom).
MK-2206 was obtained from AbMole BioScience (Kowloon, Hongkong). Stock
solutions with a concentration of 10 mM were prepared and stored at -80 °C.
Antibodies against pan AKT, AKT1, AKT2, pAKT (S473), pAKT (T308), mTOR,
pmTOR (S2448), pmTOR (S2481), pERK (T202/204), ERK, pMEK (S217/221), MEK
1/2, pGSK3-beta (S9), Cyclin D3, pS6 (S240/244) and IRS-1 were purchased from
Cell Signaling Technology (Danvers, MA). Antibodies against AKT2, p27 and HSC-70
were purchased from Santa Cruz. Propidium lodide (PI) was obtained from Sigma

(Taufkirchen, Germany).

Cell culture

EGI-1 [26] and TFK-1 [27] cells were obtained from DSMZ cell bank, Germany. SK-
ChA-1 [28] cells were a kind gift from Dr. Knuth from the University Hospital ZUrich,
Department of Oncology. The cell lines have been authenticated by the DSMZ and

Dr. Knuth, respectively, and used for fewer than 6 months after resuscitation. All cell



lines were maintained in RPMI, supplemented with 10% (v/v) FCS, and 1% (v/v)
penicillin and streptomycin. Cells were cultured at 37°C in a humidified atmosphere
containing 5% CO.. All cell lines were used at low passage number not exceeding 30
passages.

To generate resistant cell lines, TFK-1 and EGI-1 cells were cultured in standard
medium with AZD6244 added to a final concentration of 5uM. Cells were maintained
under these conditions for fewer than 6 months, until cells grew apparently normal,

before experiments were carried out.

Western blot analysis

Western blot analysis was performed as described previously [29]. Protein
expression was quantified using an LAS-3000 Imager from Fuji (Raytest,
Straubenhardt, Germany).

Lentiviral knockdown of AKT isoforms

pLKO.1-puro vector encoding AKT1, AKT2 and non-target (scrambled, SCR) shRNA
were purchased from Sigma-Aldrich (Taufkirchen, Germany). For double AKT
isoform knockdown, puromycin resistance in the AKT2 and the control vector was
exchanged for neomycin resistance (kind gift of Prof. Fehse, UKE Hamburg).
Generation of pseudotyped lentiviruses and transduction were performed as
previously described [30,29]. Cells transduced with AKT1 shRNA containing vectors
were selected by addition of puromycin (Sigma-Aldrich, Taufkirchen, Germany) to
culture medium with a final concentration of 1.5 ug/ml for at least one week, followed
by sequential transduction with an AKT2 shRNA containing vector and selection with
puromycin (final concentration 1.5 pg/ml) and G418 (final concentration 800ug/ml)
containing culture medium. Controls were transduced sequentially with the control
shRNA vectors.

Proliferation, apoptosis, colony formation and cell cycle analysis

Proliferation was analyzed either by flow cytometry using the BrdU APC Flow Kit (BD,
Pharmingen, CA, USA) or with the colorimetric BrdU ELISA Kit (Roche, Basel, CH)
as indicated in the figure legends. For FACS-based assays, cells were seeded into
10 cm dishes and allowed to attach overnight. Then, medium was replaced by

medium containing the respective inhibitor or inhibitor combination, or DMSO as



control. Final DMSO concentration in culture medium was 0.1% (v/v) in all
experiments. For cell labeling, BrdU was added to a final concentration of 10 pM, and
cells were incubated for 12 to 16 h. For cell cycle analysis, cells were fixed in ice cold
70% ethanol for at least 6 h, washed and subsequently incubated with 5 ug Pl and 5
Mg RNAse A for one hour. Each experiment was performed in triplicates and has
been repeated at least one time. Analysis was performed on BD Canto flow
cytometer (BD Pharmingen, CA, USA). Cell cycle analysis was performed using
FlowJo 7.6.5 software.

For BrdU ELISA assays, cells were seeded into 96-well plates and allowed to attach
overnight. Cells were then incubated for 72 h with the respective compounds, and
controls were treated with DMSO only. For apoptosis assays, cells were seeded into
96-well plates and grown in culture medium supplemented with 0.1 % FCS (v/v)
before incubation with the different compounds for 24h. BrdU ELISA and Cell Death
Detection ELISA plus (Roche, Basel, CH) were performed as described by the

manufacturer. Each experiment was repeated at least three times in quadruplicates.

Immunoprecipitation and AKT isoform specific in vitro kinase assay

Immunoprecipitation of AKT using a pan AKT antibody and subsequent in vitro
kinase assay was performed as described before [30]. Whole samples were analyzed
by western blot technique probed with pGSK3a/3 (S9/21) and pan AKT antibody.
Subsequently, nitrocellulose membrane was incubated with secondary goat anti-
mouse antibody (Santa Cruz Biotechnology, CA, USA) to detect mouse IgG levels for

sample correction.

Statistical Analysis

Student’s t-Test (unpaired, 2-tailed) was calculated based on the data of at least
three independent experiments. Bonferroni correction for multiple testing was
performed where applicable. Results were considered significant if p<0.05. All error
bars represent SD, unless indicated otherwise. Drug interactions were analyzed
based on the median effect method of Chou and Talalay [31]. CalcuSyn software
(Biosoft, Cambridge, UK) was used to calculate a Combination Index (CI) for each
combination point. Cl values from 0.3 to 0.7 are considered to indicate synergism, Cl
values below 0.3 are considered to represent strong, and values below 0.1 very

strong synergism. The CI values were used to draw a plot of ClI values over a range



of fractions affected as described [31]. ICs, values, i.e. the concentration of a
compound that inhibits response by 50% corresponding to the Fraction affected (Fa)

of 0.5, were calculated using CurveExpert Professional 1.3 software.

2.4 Results

Combined targeting of AKT and MEK as well as AKT and mTOR is highly
synergistic in CCA cell lines.

We first evaluated the activity of PI3K-AKT-mTOR and RAF-MEK-ERK signaling in
the three CCA cell lines EGI-1, SK-ChA-1 and TFK-1 by Western blot analysis.
Constitutive activation of both signaling pathways can readily be analyzed in all CCA
cell lines, as described previously [30] (Online Resource 1). Furthermore, the efficacy
of suppressing MEK-ERK- and mTOR-signaling by the allosteric MEK-inhibitor
AZD6244 and the ATP-competitive mTOR inhibitor AZD8055, respectively, was
confirmed by Western blot analysis (Online Resource 1). We then evaluated the
effects of blocking MEK-ERK and mTOR signaling using AZD6244 and AZD8055,
respectively, on proliferation of the three CCA cell lines in vitro. Therefore, cells were
treated with a broad range of concentrations over 72 hours, until proliferation was
measured by BrdU incorporation. Proliferation of all CCA cell lines was efficiently
inhibited by AZD8055 with IC50 values in lower nanomolar ranges between 47nM
(TFK-1) and 53nM (EGI-1). Also, all cell lines analyzed were sensitive to AZD6244,
with IC50 values ranging from 0.9uM (SK-ChA-1) to 1.4uM (EGI-1), as seen in Online
Resource 2. Next, to test whether inhibition of AKT would further sensitize CCA cells
to inhibition of MEK/ERK, we analyzed the effect of combining AKT inhibitor MK-2206
with ADZ6244. Therefore, each cell line was treated with the respective compound
alone or the combination of both drugs over a broad range of concentrations (Fig. 1).
Combined targeting of AKT and MEK synergistically inhibited proliferation of all CCA
cell lines, as indicated by the corresponding Cl-values and Cl/Fractional Effect blots
(Table 1, Online Resource 3). This is in line with results previously observed in non-
small cell lung cancer and thyroid cancer cell lines [25,32].

We then analyzed the effect of combined AKT and mTOR inhibition by combining
MK-2206 and AZD8055 (Fig. 1). We observed strong synergistic effects, with ClI
values below 0.3 in all cell lines tested (Tab. 1, Online Resource 3). Although we

have shown a strong synergy between AKT- and allosteric mTOR-inhibition using
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MK-2206 and RADOO1 in CCA before [30], we were surprised by these results
because inhibition of mMTORC2 by AZD8055 suppresses the phosphorylation of AKT
at serine residue 473 (S473), which is crucial for full enzymatic activity of AKT [33].
Next, we speculated that combining AZD6244 with mTOR inhibitor AZD8055 should
be similarly synergistic to combining AKT and MEK inhibition. However, weak
synergistic effects were observed in the CCA cells lines after combined treatment
with AZD6244 and AZD8055 (Table 1, Online Resource 3).

Similar results were observed in cell cycle analysis of CCA cell lines treated with the
afore-mentioned compounds and combinations. As seen in Fig. 2a, treating CCA cell
lines with a combination of two inhibitors significantly increased the amount of cells in
G1-phase compared to each respective compound alone.

In a last step, we analyzed the induction of apoptosis in CCA cell lines after treatment
with each inhibitor combination (Fig. 2b). A significant induction of apoptosis was
observed in TFK-1 cells for the treatment with AZD6244 in combination with either
MK-2206 or AZD8055. However, no significant induction of apoptosis was observed
in EGI-1 or SK-ChA-1 cells. Therefore, it is likely that inhibition of proliferation rather
than induction of apoptosis are the primary mechanisms of action of the analyzed

compounds and their combinations in these cell lines.

Analysis of intracellular signaling of CCA cells after treatment

Next, the effect of MK-2206, AZD6244, AZD8055 and their combinations on the
intracellular signaling of CCA cells was analyzed by Western blot. As seen in Fig. 2c,
MK-2206, AZD6244 and AZD8055 clearly suppress the phosphorylation of their
respective targets or downstream effectors, i.e. AKT, ERK and pS6. Treatment of
CCA cells with MK-2206 and AZD8055 resulted in an upregulation of IRS-1 in EGI-1
and TFK-1, which might be part of a compensatory feedback mechanism, as
proposed recently by Chandarlapaty et al [29]. Furthermore, inhibition of MEK by
AZD6244 resulted in an increase in the phosphorylation of MEK at serine residues
217/221. This probably reflects a release in the feedback inhibition of RAF by ERK in
cells treated with AZD6244 [34]. As seen in Fig. 2d, an increase in phosphorylation of
MEK can be observed as soon as 30 minutes after incubation of cells with AZD6244,
and this effect lasts for at least 48h. Notably, the increase of phosphorylation of MEK

is paralleled by a weak recurrence of phosphorylated ERK.
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Only inhibition of AKT by MK-2206 led to a decrease in the phosphorylation of
GSK3B at serine residue 9 in TFK-1 and SK-ChA-1 cells, although AZD8055
significantly reduced the pAKT (S473) in both cell lines. However, the combination of
MK-2206 and AZD8055 resulted in a stronger inhibition of pGSK3p (S9) in all cell
lines. Furthermore, two compounds resulted in a stronger expression of the cell cycle
inhibitor p27KIP1 compared to each inhibitor alone in CCA cell lines EGI-1 and SK-

ChA-1, whereas this effect was not observed in TFK-1 cells.

Residual AKT activity after mTORC2 inhibition is facilitated by increased
phosphorylation of AKT at threonine residue 308

To gain further insight into the enzymatic activity of AKT after mTORC1/2 inhibition,
we further analyzed the time course of AKT phosphorylation after incubation of TFK-1
cells with AZD8055. As seen in Fig. 3a, addition of AZD8055 almost completely
suppresses the phosphorylation of AKT at S473 over the whole time course of 48h.
In contrast, phosphorylation of AKT at threonine residue 308 is reduced 3 to 6h after
addition of AZD8055, followed by a twofold increase after 24 and 48h (Fig. 3a and
3b). Since kinase activity of AKT is regulated by both, phosphorylation at S473 and
T308, these inverse effects make it hard to draw conclusion on the overall activity of
AKT. Therefore, AKT kinase activity was analyzed directly in an in vitro kinase assay
in TFK-1 cells. As shown in Fig. 3b, AKT kinase activity is reduced to about 5% of the
initial activity 3h after the addition of AZD8055, followed by an increase to about 30%
after 24h. This increase in the AKT kinase activity is associated with an increased
phosphorylation of the AKT downstream substrate GSK3b indicating that the
restoration of AKT activity has indeed an effect on signal transduction within the cells.
This is in line with results published by Rodrik-Outmezguine et al [22], suggesting
that the increased phosphorylation of AKT at T308 is sufficient for a residual

enzymatic activity of AKT.

Knockdown of AKT1 and AKT2 in TFK-1 cells is highly synergistic with
inhibition of mMTOR

To further underline the importance of AKT signaling after mTOR inhibition, we
generated TFK-1 AKT1/AKT2 knockdown cells (Fig. 4). Synergistic effects of MK-

2206 and AZD8055 were confirmed when AKT1/2 knockdown cells or control cells,
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were counted after incubation with AZD8055, MK-2206, or the combination of both
for 72h, as indicated in Fig. 4.

Combined targeting of MEK and AKT/mTOR reverses resistance to AZD6244 in
TFK-1R and EGI-1R cells

To analyze the effect of long-term exposure to AZD6244, we treated EGI-1 and TFK-
1 cells with 5uM of AZD6244 until the cells grew apparently normal in the presence of
the inhibitor after about 6 months. As seen in Fig. 5a, both EGI-1 and TFK-1 cells had
become resistant to concentrations of AZD6244 as high as 20uM. These cell lines
are hereafter called EGI-1R and TFK-1R. No differences in growth rate were
observed between resistant and their corresponding parental cell line (Fig. 5a). To
test whether the resistance was specific for AZD6244, cells were also treated with
allosteric MEK inhibitor PD0325901 and multi-tyrosine kinase inhibitor Sorafenib. As
seen in Fig 5b, cells were cross-resistant to PD0325901, but were still sensitive to
treatment with Sorafenib. We then treated EGI-1R and TFK-1R cells with AZD6244,
AZD8055 or MK-2206 alone or in combination (Fig. 5d). Surprisingly, combining MEK
and AKT, or MEK and mTOR inhibition was highly synergistic, and completely
reversed the acquired resistance against AZD6244 in these cells. Furthermore,
combining MK-2206 and AZD8055 was still highly effective in these cells.

Next, we analyzed MEK/ERK signaling in wild type and resistant cells by Western
blot. As seen in Figure 5e, AZD6244 dramatically reduced pERK levels in both wild
type and resistant cells, however, a slightly stronger residual pERK signal was found
in the resistant cell lines compared to wildtype cells. Interestingly, elevated levels of
PMEK were observed in EGI-1R even after long term withdrawal of AZD6244,
whereas in TFK-1R, pMEK declined significantly within 12h after AZD6244
withdrawal. After exposure to AZD6244, a slight increase in pAKT was observed in
EGI-1R cells not present in wild type cells, however, this effect was again not present
in TFK-1R cells.

2.5 Discussion

In this study, we aimed to reveal the effects of co-targeting the PIBK/AKT/mTOR and
RAF/MEK/ERK signaling pathways, as well as vertical targeting of the

PIBK/AKT/mTOR pathway in cholangiocarcinoma cell lines. Therapeutic approaches
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using small molecular inhibitors as monotherapy have shown only limited benefit to
patient survival and high rates of cancer resistance in the past years [35]. Our
hypothesis therefore is that small molecular inhibitor combinations prevent the
acquisition of resistance as seen after using single compounds, and are more likely
to show clinical benefits in future clinical trials [36]. This applies in particular to the
PISK/AKT/mTOR and the RAF/MEK/ERK pathways, considering the high relevance
for cancer cell proliferation and survival and the extensive cross-talk between these
signaling pathways [24]. In addition, we among others have shown that dual targeting
of single pathways can be highly effective and synergistic, most likely due to
inhibition of feedback mechanisms [37,30].

Combining MK2206 and allosteric MEK inhibitor AZD6244 showed to be highly
synergistic in all CCA cell lines analyzed. Similar results were reported previously
with NSCLC cell lines using these agents [25], most likely due to increased
upregulation of Bim and mitochondrial apoptosis [38]. In addition, this effect appears
to be dose dependent since the synergism of these two drugs was considerably
weaker at lower concentrations. When combining AZD6244 and AZD8055, weak
synergistic effects were observed in the three CCA cell lines. The same agents were
used in a recent study by Renshaw et al. on rhabdomyosarcoma cell lines, reporting
strong synergistic effects [39] due to suppression of an ERK/mMTOR/AKT feedback
loop which restores tumor viability as long as only one respective pathway is blocked.
However, Ho et al. demonstrated that this combination efficacy was not consistent in
different uveal melanoma cell lines and depends on genetic preconditions [40].
Surprisingly, the combination of AKT kinase inhibitor MK2206 and mTOR kinase
inhibitor AZD8055 was highly synergistic in all three tested CCA cell lines, even at
low concentrations. We have shown that inhibition of mTORC2 activity by AZD8055
initially reduces activity of AKT by tenfold. However, AKT activity is then restored to
approximately a third of its original strength within 12 hours, accompanied by a
twofold increase of phosphorylation at T308. This was unexpected, since
phosphorylation of AKT at S473 is crucial for AKT kinase activity [41]. The effects on
the threonine 308 residue are likely caused by the relief of feedback inhibition on
RTK signaling, as previously demonstrated [22]. This provides justification to
combining AKT and mTOR kinase inhibitors and explains the synergistic effect we

observed in vitro. In addition, exchanging MK-2206 with a dual knock-down of AKT1
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and AKT2 affirmed that this synergistic effect is indeed caused by the inhibitors
influence on AKT instead of unspecific interactions.

To analyze the efficacy of combined targeting of MEK and AKT, or MEK and mTOR
after prolonged treatment or relapse, a model of acquired resistance against MEK
inhibitor AZD6244 was used. Both tested cell lines were able to overcome their
sensitivity to AZD6244 and their growth rate remained largely unchanged compared
to their progenitors. The resistance is most likely mediated by amplification of RAS or
RAF, as shown by Little et al. [42]. Furthermore, increased abundance of
BRAFV600E was shown to be sufficient to cause resistance to AZD6244 in colorectal
and melanoma cell lines [43].

This is in line with our results, showing a cross resistance against other allosteric
MEK inhibitors, but not to Sorafenib. However, none of the resistant cell lines seem to
have adapted to AZD6244 treatment by restoring ERK activity. Only EGI-1R shows
slightly increased pERK levels, compared to the parental cell line, while under
AZD6244 treatment. These results strongly suggest that other signaling pathways
functionally replace ERK signaling in the MEK resistant cells.

Interestingly, even though EGI-1R and TFK-1R were completely resistant to
AZD6244, combining AZD6244 with MK-2206 or AZD8055 substantially reversed this
resistance, resulting in strong synergistic inhibition of proliferation.

Similar findings have been reported by Atefi et al. who showed that in melanoma cell
lines primary or acquired resistance to MEK and BRAF inhibitors is associated with
high AKT activity and can be reversed by AKT or mTOR inhibition [44]. Turke et al.
described a feedback mechanism through HER3 which leads to activation of AKT
after MEK inhibitor treatment of EGFR/Her2 driven tumor cells [45]. In addition, a
study by Meng and colleagues compared AZD6244 sensitive and intrinsically
resistant NSCLC cell lines. Phospho-AKT Levels appeared to be significantly higher
in resistant cell lines and inhibition of AKT activity lead to restored susceptibility to
AZD6244 [46].

Presumably, high AKT activity could be a prognostic factor for agents affecting the
RAF/MEK/ERK pathway. Intrinsic or acquired resistances to RAF/MEK/ERK pathway
inhibitors can possibly be overcome or prevented by combined therapy with an AKT
inhibitor, if high AKT activity is observed.

In conclusion, we have demonstrated the susceptibility of CCA cell lines to inhibitors
of the PISK/AKT/mTOR and RAF/MEK/ERK pathways. Combining the AKT inhibitor

15



MK-2206 with either the MEK inhibitor AZD6244 or the mTOR kinase inhibitor
AZDB8055 has proved to be consistently efficacious in all three tested cell lines. The
vertical approach, combining MK-2206 and AZD8055 has shown to have the
strongest impact, particularly at low inhibitor concentrations and is apparently
superior to pathway co-targeting with MK-2206 and AZD6244 in the CCA cell lines
analyzed in our study. Although two of our cell lines have been able to acquire
resistances against AZD6244 after prolonged treatment, they were even then still
susceptible to combined treatment withAZD6244 and either MK-2206 or AZD8055.
Accordingly, inhibitor combinations including a MEK inhibitor can still be viable, even
if the respective tumor is not susceptible to MEK inhibitor monotherapy. Our data
supports results from other groups that have shown the superior antitumor potential
of combined inhibition of both the PI3K/AKT/mTOR and RAF/MEK/ERK signaling
pathways. In addition, the strong synergistic effect of AKT and mTOR inhibitors
observed at low inhibitor concentrations may be clinically important because
treatment protocols with lower doses of inhibitors may reduce the side effects in the
patients.

In summary, our study demonstrates that dual targeting with inhibitors against either
AKT and MEK or AKT and mTOR have strong synergistic effects on the proliferation
and survival of cholangiocarcinoma cells. Therefore, these combinations might be a
promising treatment option for CCA patients and their effectiveness should be

analyzed in future clinical applications for the treatment of cholangiocarcinoma.

2.6 Abbreviations

MTOR: mammalian target of rapamycin; PI3K: phosphatidylinositol 3-kinase;
PISKCA: catalytic subunit of phosphatidylinositol 3-kinase; IRS-1: insulin receptor
substrate 1; BrdU: 5-bromo-2’-deoxyuridine; DMSO: dimethyl sulfoxide; PBS:

phosphate buffered saline; CCA: cholangiocarcinoma, Cl: combination index.
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2.10 Tables

Table 1 Dual targeting with inhibitors against AKT (MK-2206), mTOR (AZD8055) and
MEK (AZD6244) has synergistic effects on proliferation of cholangiocarcinoma cell lines

Inhibitor Cell line Fa 25% Fa 50% Fa 75%
MK-2206 EGI-1 2,872 0,288 0,037

+ Sk-ChA-1 0,392 0,201 0,103
AZD6244 TFK-1 0,314 0,259 0,467
MK-2206 EGI-1 0.434 0.275 0.236

+ Sk-ChA-1 0.319 0.266 0.333
AZD8055 TFK-1 0.168 0.187 0.238
AZD6244 EGI-1 0.561 0.383 0.400

+ Sk-ChA-1 0.523 0.523 0.703
AZD8055 TFK-1 4.749 0.396 0.683

Table 1 CCA cell lines were treated with various concentrations of the indicated inhibitors.
Shown are the values of the combinatorial indices (CI) measured at different percentages
of fractions affected (Fa). Cl values from 0.3 to 0.7 are considered to indicate synergism, and
Cl values below 0.3 are considered to represent strong synergism.

2.11 Figure legend

Fig. 1 Combined treatment of CCA cell lines with increasing concentrations of
MK-2206, AZD6244 and AZD8055 synergistically suppresses proliferation

CCA cells were seeded into 96-well plates and incubated with increasing
concentrations of inhibitors against AKT (MK-2206), MEK (AZD6244) or mTOR
(AZD8055) or a combination of two inhibitors. Controls were treated with DMSO.
Proliferation was analyzed after 72h by BrdU incorporation. Each data point
represents mean of three independent experiments, normalized to controls; bars, SD.
* p<0.05
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Fig. 2 Effects of combined treatment on cell cycle, apoptosis and intracellular
signaling

(a) Cell cycle analysis of CCA cell lines after 24h treatment with 2uM MK-2206, 1uM
AZD6244, 100nM AZD8055 or a combination of two inhibitors. Control cells were
treated with DMSO. Columns: mean of one representative experiment performed in
triplicates; bars, SD. (b) CCA cells were seeded into 96-well plates and treated with
the afore mentioned compounds and concentrations for 24 hours, before apoptosis
was measured by Cell Death Detection ELISA. Controls were treated with DMSO.
Combinations of AZD6244 with either MK-2206, or AZD8055 significantly increased
apoptosis in two of the three tested CCA cell lines. Each data point represents three
independent experiments, performed in triplicates; bars: SD. *, p <0.05. (c) Cells
were treated with 2uM MK-2206, 1uM AZD6244, 75nM AZD8055, or a combination
of two of these compounds. PI3K-AKT-mTOR and RAF-MEK-ERK signaling pathway
activity was analyzed by western blot with antibodies directed against the indicated
proteins. HSC70 served as loading control. (d) TFK-1 cells were treated with 500nM
AZD6244 for up to 48h and cell lysates were prepared at the indicated time points.
Controls were treated with DMSO. RAF-MEK-ERK pathway activity was analyzed by
western blot with phospho specific antibodies directed against MEK (pMEK) and ERK
(PERK)

Fig. 3 Inhibition of mMTOR causes upregulation of phospho-AKT at T308 and
increased residual AKT activity in CCA cell lines

(a) Sk-Cha-1 and TFK-1 cells were treated with 75nM AZD8055 for up to 48h and cell
lysates were prepared at the indicated time points. PI3K-AKT-mTOR pathway
signaling was analyzed by western blot. HSC70 was used as loading control. (b)
TFK-1 cells were treated with 75nM AZD8055 for 0, 3, 6, 12 and 24 hours. Phospho-
AKT levels were analyzed by western blot. AKT in vitro kinase assays were
performed after quantitative pan-AKT immunoprecipitation. GSK3a/p fusion protein
was used as AKT substrate and phosphorylation at S9/21 detected by western blot.
Bars: SD. *, p < 0.05; #, p <0.01

Fig. 4 Knock-down of AKT1 and AKT2 is synergistic with mTOR inhibition

(a) Knock-down of AKT1 and AKT2 in TFK-1 cells was analyzed by western blot.
HSC70 was used as loading control. (b) TFK-1 SCR and TFK-1 AKT1/2 knock-down
cells were incubated with 2uM MK-2206 and 100nM AZD8055 or a combination of

both for 72h before cells were counted. Control cells were treated with DMSO.
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Experiments were performed in triplicates and data were normalized to respective
controls. Bars: SD. *, p < 0,05; #, p< 0,01

Fig. 5 Combined treatments with inhibitors against MEK and AKT or MEK and
MTOR remain synergistic in CCA cells with an acquired MEK inhibitor
resistance

(a) EGI-1 and TFK-1 cells were seeded in triplicates in 5cm plates and incubated in
normal culture medium. Their AZD6244 resistant derivatives were treated with 5uM
AZD6244, or DMSO. Cells were harvested and counted after 24, 48 and 72 hours.
Bars: SD. For proliferation analysis, cells were seeded in triplicates into 96-well
plates and incubated with increasing concentrations of AZD6244, as indicated.
Controls were treated with DMSO. Proliferation was analyzed after 72 hours by BrdU
incorporation. Bars: SD. (b) EGI-1 and TFK-1, as well as their AZD6244 resistant
derivatives were seeded into 96-well plates and treated with increasing
concentrations of Sorafenib, or PD0325901. Controls were treated with DMSO.
Proliferation was analyzed after 72h by BrdU incorporation. Each data point
represents three independent experiments, each performed in triplicates. Bars: SD.
(c) TFK-1R cells were treated with normal culture medium without AZD6244 for up to
48 hours. Cell lysates were prepared at the indicated time points. Controls were
treated with 500nM AZD6244. RAF-MEK-ERK pathway activity was analyzed by
western blot. HSC70 was used as loading control. (d) EGI-1R and TFK-1R were
seeded into 96-well plates and treated with increasing concentrations of MK-2206,
AZD6244, AZD8055, or a combination of two inhibitors. Controls were treated with
DMSO. Proliferation was analyzed after 72h by BrdU incorporation. Each data point
represents mean of three independent experiments. Bars: SD. (e) EGI-1R and TFK-
1R cells were treated with 500nM AZD6244 or DMSO. PI3K-AKT-mTOR and RAF-
MEK-ERK pathway activity was analyzed by western blot. HSC70 served as loading

control
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4 Zusammenfassende Darstellung

4.1 Einleitung

Das Cholangiozellulare Karzinom (CCA) ist eine vergleichsweise seltene
Tumorerkrankung mit einer Inzidenz zwischen 1-2/100 000 Neuerkrankungen pro
Jahr. Sie geht vom Epithel der intra-, oder extrahepatischen Gallenwege aus und ist
damit die zweithdufigste primar hepatische Tumorerkrankung nach dem
hepatozellularen Karzinom [1]. Wahrend Inzidenz und Mortalitat des intrahepatischen
CCA in den vergangenen Jahren stetig anstiegen, zeigte sich die Mortalitat des
extrahepatischen CCA eher ricklaufig [2, 3]. Aufgrund der spaten klinischen
Manifestation werden die meisten CCA leider erst in bereits fortgeschrittenen Stadien
diagnostiziert, wenn die einzige kurative Behandlungsoption, die chirurgische
Resektion, nicht mehr zur Verfiigung steht [4]. Die 5-jahres Uberlebensraten bei
fortgeschrittenem CCA sind ausgesprochen schlecht, und bis heute konnte keine
zuverlassig wirksame systemische Therapie etabliert werden [5].

Eine Arbeit von Sia et al. hat gezeigt, dass sich das intrahepatische CCA in zwei
molekularbiologische Subgruppen unterteilen lasst. Bei dem ,inflammatorischen-Typ*
sind Anomalien in der Signaltransduktion von Entzindungsmediatoren das
vorherrschende Merkmal. Im Gegensatz dazu zeigt der ,proliferative Typ“ eine
Uberaktivierung von Rezeptor-Tyrosinkinasen und des RAS-MEK-ERK Signalwegs
und zeichnet sich durch einen aggressiveren klinischen Verlauf aus [6]. Die
Hochregulation von einschlagigen Signalwegen, die mit Proliferation und

Tumorgenese assoziiert sind, wurde beim CCA schon in der Vergangenheit gezeigt
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[7]. Dementsprechend konnte der Einsatz moderner Kinaseinhibitoren fir diese
Tumorerkrankung ein vielversprechender Behandlungsansatz sein.

Eine unkontrollierte Zellteilung, bzw. Proliferation, hervorgerufen unter anderem
durch Veranderungen in den entsprechenden intrazellularen Signalwegen, ist ein
fundamentaler Bestandteil der Tumorgenese [8]. Der RAS-MEK-ERK Signalweg wird
in nicht maligne transformierten Zellen durch Rezeptor-Tyrosinkinasen auf der
Zelloberflache aktiviert und hat grof3e Bedeutung bei der Regulation von Proliferation
und Zelliberleben. Dieser Signalweg gilt als einer der Wichtigsten fir
Krebserkrankungen, und dementsprechend haufig finden sich hier aktivierende
Mutationen in transformierten Zellen [9]. Der selektive allosterische MEK-Inhibitor
AZD6244 (ARRY-142886) ermoglicht eine Unterbrechung dieser Signalkaskade und
fuhrt zur Inaktivierung von ERK [10]. Sein Potential fir den kinftigen Einsatz bei
Krebspatienten wird in klinischen Studien untersucht und AZD6244 ist bereits fur die
Behandlung des Aderhautmelanoms durch die FDA zugelassen [11, 12]. Die
Serin/Threonin-Kinase AKT, auch Proteinkinase B (PKB) genannt, nimmt eine
zentrale Stellung im PI3K-AKT-mTOR Signalweg ein, welcher ebenfalls fir
Wachstum, Proliferation und Zelliberleben von Bedeutung ist. Ihre Aktivitat wird
weitestgehend durch die Phosphorylierung an den Aminoséaureresten Threonin 308
und Serin 473 bestimmt [13]. Das ,mammalian target of rapamycin“ (mTOR) wird
durch viele verschiedene Einflussfaktoren, wie z.B. Energie- und Nahrstofflevel
reguliert, und kontrolliert unter anderem die Proteinsynthese Uber die Regulation von
4EBP-1 und die p70-S6-Kinase [14]. Zwischen AKT und mTOR bestehen komplexe
Interaktionsmechanismen, welche eine gegenseitige Regulation ermdglichen.
Beispielsweise fuhrt die Inhibition von TSC1/2 durch AKT zu einer Aktivierung von
MTOR. Des weiteren hat mMTORC2 direkten Einfluss auf die Aktivitdt von AKT, indem
es dieses am Serinrest 473 phosphoryliert [15-17]. Der Einsatz allosterischer
Inhibitoren von mTOR (idR. Rapamycin-Derivate) fir die Behandlung von
Tumorerkankungen wird bereits seit mehreren Jahren untersucht. Obwohl das
Rapamycin-Derivat RADO01 (Affinitor, Everolimus) erfolgreich bei der Behandlung
von Nierenzellkarzinomen eingesetzt wird, waren die bisherige Ergebnisse, unter
anderem beim hepatozellularen Karzinom, jedoch ernichternd [18, 19]. Neue, ATP
kompetetive mTOR-Inhibitoren wie AZD8055 kdnnten ein grol3eres Potential fur die
Tumortherapie besitzen, da diese Substanzen beide mTOR Komplexe (mMTORC1

und mTORC2) hemmen, im Gegensatz zu Rapamycin-Derivaten, welche vor allem
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MTORCL1 inhibieren [20]. Des weiteren besteht die Mdglichkeit diesen Signalweg
Uber eine Hemmung von AKT zu beeinflussen, welches oberhalb von mTOR eine
Schlusselposition einnimmt. Hierfur kénnte unter anderem der allosterische AKT
Inhibitor MK-2206 eingesetzt werden [21].

Zwischen den RAS-MEK-ERK- und PI3K-AKT-mTOR Signalwegen besteht ein
hohes Mal3 an Interaktion und Redundanz [22]. Um Feedback- und Kompensations-
Mechanismen zu unterbinden ist es wahrscheinlich, dass beide Signalwege simultan
inhibiert werden mussen. Ein solches Vorgehen hat sich bereits in pré-klinischen
Studien zum nicht-kleinzelligen Bronchialkarzinom, sowohl in vitro, als auch in vivo,
als wirkungsvoll erwiesen [23].

In der vorliegenden Arbeit sollte die Wirkung von Kombinationsbehandlungen mit
Inhibitoren gegen MEK (AZD6244), AKT (MK-2206) und mTOR (AZD8055) bei drei
CCA-Zelllinien untersucht werden (TFK-1, EGI-1 und Sk-Cha-1). Es wird gezeigt,
dass sowohl die Hemmung von AKT und MEK, als auch AKT und mTOR effektiv und
synergistisch gegen die Proliferation dieser Zelllinien wirkt. Des weiteren wird
gezeigt, dass eine Kombinationsbehandlung mit diesen Inhibitoren dazu in der Lage

ist, eine erworbene Resistenz gegen AZD6244 zu lberwinden.

4.2 Material und Methoden

Fur diese Arbeit wurden die folgenden drei etablierten Cholangiokarzinom-Zelllinien
eingesetzt: EGI-1, TFK-1 und Sk-Cha-1. Zur Erstellung von AZD6244 resistenten-
Zelllinien wurden EGI-1 und TFK-1 jeweils fir mindestens 6 Monate, unter
Behandlung mit AZD6244 in einer Konzentration von 5uM, kultiviert.

Der Einfluss der einzelnen Kinaseinhibitoren, und Inhibitor-Kombinationen auf die
Proliferation der einzelnen Zelllinien wurde durch BrdU-ELISA-Untersuchungen
ermittelt. Des weiteren erfolgten Analysen des nuklearen DNA-Gehalts mit Hilfe von
Durchflusszytometrie zur Zellzyklus-Analyse.

Die Expression und Aktivitat der relevanten Signaltransduktionswege wurde mit Hilfe
von Western-Blots ermittelt. Wichtige Proteine und Phosphorylierungsstellen waren
unter anderem AKT, mit den Phosphorylierungsstellen S473 und T308, MEK (pMek
S217/221), ERK (pERK T202/204) und pS6 (S235/246), als Endstrecke des AKT-

MTOR Signalwegs. Zur Ermittlung der AKT-Kinaseaktivitat wurde zunachst eine

33



Immunpréazipitation mit pan-AKT-Antikérpern in den entsprechenden Zell-Lysaten
durchgefuhrt. Im Anschluss erfolgte ein in-vitro Kinase Assay und Western Blot auf
das genutzte AKT Substrat GSK3a/M3.

Bei den Doppel-Knock-Down-Versuchen erfolgte die sequentielle Transduktion von
gegen AKT1, oder AKT2 gerichteter shRNA, kombiniert mit einer Antibiotikaresistenz,
mithilfe eines lentiviralen Transduktionssystems und anschlie3ender Selektion der
erfolgreich transduzierten Zellklone durch Behandlung mit Puromycin und G418.

Die Evaluation von Inhibitorinteraktionen und synergistischen Effekten erfolgte durch

Anwendung der ,median effect method” von Chou und Talalay [24].

4.3 Ergebnisse

Die Kombination des AKT-Inhibitors MK-2206 mit dem MEK-Inhibitor AZD6244 zeigte
zwar einen deutlichen, aber dosisabhdngigen synergistischen Effekt auf die
Proliferation der drei CCA Zelllinien. Einen deutlich starkeren Synergismus, vor allem
bei niedrigen Konzentrationen, zeigte sich bei der Kombination von MK-2206 mit dem
MTOR  Kinase-Inhibitor AZD8055. Obwohl ein  Synergismus bei der
Kombinationsbehandlung eines AKT-Inhibitors mit einem allosterischen mTOR
Inhibitor bereits in einer vorrangegangen Arbeit beschrieben worden ist [25], waren
diese Ergebnisse unerwartet, da AZD8055, anders als der allosterische mTOR-
Inhibitor RAD001, sowohl mTORC1 als auch mTORC2 hemmt und somit einen
wichtigen Feedback-Mechanismus zwischen mTORC2 und AKT unterbricht. Bei der
Western-Blot-Analyse zeigt sich, dass durch die Behandlung mit AZD8055, wie
erwartet, die mTORC2-vermittelte Phosphorylierung von AKT an S473 effektiv
unterdrtickt wurde. Die Phosphorylierung an T308 jedoch stieg innerhalb von 24
Stunden auf etwa das Doppelte des Ursprungswertes an. Im in vitro Kinase Assay
wurde bestéatigt, dass dieser Anstieg mit einer Wiederherstellung der Kinase-Aktivitat
von AKT auf ca. 30% ihres ursprunglichen Werts einherging.

Weiterhin fihrte die Kombination von AZD6244 und AZDS8055 lediglich zu
schwachen synergistischen Effekten.

Um zu untersuchen, wie die Zelllinien auf eine langfristige Behandlung mit AZD6244
reagieren, wurden EGI-1- und TFK-1-Zellen flr sechs Monate mit 5 uM AZD6244

kultiviert, bis sie hierunter anndhernd normal wuchsen. Diese Zellen zeigten
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anschlieBend unter AZD6244-Behandlung bis zu einer Konzentration von 20 puM
keine Beeintrachtigung der Proliferation. Diese resistenten Sublinien werden im
folgenden als EGI-1R und TFK-1R bezeichnet. Es zeigte sich eine Kreuzresistenz
gegen einen anderen allosterischen MEK-Inhibitor (PD0325901), nicht jedoch gegen
den Multi-Kinaseinhibitor Sorafenib. Bei der Behandlung dieser resistenten Zelllinien
mit einer Kombination aus AZD6244 und MK-2206 waren erneut deutliche
synergistische Effekte auf die Proliferation zu beobachten, trotz der stabilen
Resistenz gegen AZDG6244. In der Western-Blot-Analyse zeigten sowohl die
resistenten-, als auch die parentalen Zelllinien eine drastische Suppression von
pPERK unter Behandlung mit AZD6244. Bei den resistenten Zelllinien war jedoch ein
geringfigig starkeres pERK1/2 Signal nachweisbar. Dies spricht fur eine
Reaktivierung von ERK1/2 unter Therapie mit AZD6244, wie es bereits fur andere
Zellen mit einer erworbenen RAF- oder MEK-Inhibitor Resistenz gezeigt worden ist.

4.4 Diskussion

Beim Verstandnis der Tumorbiologie, insbesondere bei den fir die Tumorentstehung
und Metastasierung relevanten Signalwegen, wurden in den vergangenen Jahren
erhebliche Fortschritte erzielt, die unter anderem zu der Entwicklung von neuen,
gezielten molekularen Therapieanséatzen fuhrten [26]. Das beste Beispiel fir den
Erfolg eines genauen Verstandnisses der molekularen Tumorbiologie ist die
Einfihrung von Imatinib (Gleevec) zur Behandlung der chronischen myeloischen
Leukamie (CML) [27]. Doch bereits beim Einsatz von Imatinib zeigte sich, dass
Leukamiezellen dazu in der Lage sind, einer gezielten molekularen Therapie, z.B.
durch Mutationen in den Zielstrukturen dieser Inhibitoren, auszuweichen und
erworbene Resistenzen zu entwickeln [28]. Ein weiteres, gut untersuchtes Beispiel
hierflr ist der Einsatz von BRAF-Inhibitoren beim malignen Melanom [29]. Bekannte
Mechanismen einer solchen Resistenzentstehung sind hier z.B. die Amplifikation von
Driver-Onkogenen, oder neue, aktivitatssteigernde Mutationen bei Kinasen des
selben Signalwegs, unterhalb des gehemmten Zielproteins [30, 31]. Eine
Monotherapie mit einem einzelnen Inhibitor wird vermutlich nur in wenigen,
ausgewahlten Tumorentitdten nachhaltige Erfolge erzielen kdnnen. Besonders die
RAS-MEK-ERK-, und PI3K-AKT-mTOR Signalwege erfordern, aufgrund ihrer hohen
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Redundanz und gegenseitigen Vernetzung, wahrscheinlich eine Blockade mehrerer
Zielproteine, um den Zellen einfache Ausweichmechanismen zu nehmen und eine
schnelle Resistenzentwicklung zu erschweren [32]. Aul3erdem kann es sinnvoll sein,
mehrere Zielproteine innerhalb desselben Signalwegs zu blockieren, um
Feedbackmechanismen auszuschalten [33].

Die Kombination des AKT-Inhibitors MK-2206, und des MEK-Inhibitors AZD6244
zeigte in allen drei CCA-Zelllinien deutliche, mit der Inhibitor-Konzentration
zunehmende, synergistische Effekte auf die Proliferation. In einer friheren Arbeit
wurde die Wirkung dieser Kombination bereits in NSCLC-Zelllinien beschrieben, und
auf die Induktion von mitochondrialer Apoptose durch Hochregulation von Bim
zuruckgefihrt [23]. Die Kombination des mTOR-Inhibitors AZD8055 mit dem MEK-
Inhibitor AZD6244 zeigte jedoch nur geringe synergistische Effekte, obwohl prinzipiell
dieselben Signalwege beteiligt waren. In einer vorrangegangenen Arbeit hatte sich
diese Kombination zwar in Rhabdomyosarkom-Zelllinien als wirksam erwiesen,
jedoch konnte in einer zweiten Studie gezeigt werden, dass die Wirksamkeit in
Aderhautmelanom-Zelllinien stark von dem genetischen Hintergrund der Tumorzellen
abhangig ist, insbesondere von Mutationen im GNAQ-Gen [34, 35].
Interessanterweise zeigten sich die starksten synergistischen Effekte bei der
Kombination von dem AKT-Inhibitor MK-2206 und dem mTOR-Inhibitor AZD8055,
und das bereits bei niedrigen Konzentrationen. Ursachlich dafir ist vermutlich der
hier beobachtete Feedback-Mechanismus, der zu einer gesteigerten
Phosphorylierung von AKT bei T308 fuhrt, wodurch es wiederum zu einer
Wiederherstellung von ca. einem Drittel der urspringlichen Kinase-Aktivitat von AKT
kommt. Dieses Phanomen ist bereits in einer friheren Arbeit beschrieben worden,
und ist wahrscheinlich auf die Aufhebung einer Feedback-Inhibition auf das Signaling
von Rezeptor-Tyrosinkinasen zurtckzufiuhren [36]. Dementsprechend ist die
kombinierte AKT und mTORC1/2 Hemmung ein legitimer Ansatz. Das Prinzip einer
,vertikalen Hemmung®“, durch Inhibitorkombinationen, welche mehrere Zielenzyme
des selben Signalwegs blockieren, wurde préa-klinisch bereits in anderen
Tumorentitaten erfolgreich angewendet, wie z.B. beim malignen Melanom [33].

Um die Effektivitdt einer Kombination der oben genannten Inhibitoren nach
langfristiger Behandlung, oder auch einem Tumorrezidiv zu untersuchen, wurde ein
Modell fir eine erworbene Resistenz gegen AZD6244 genutzt. Sowohl TFK-1 als

auch EGI-1-Zellen waren nach sechsmonatiger Kultivierung unter AZD6244-
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Behandlung dazu in der Lage, selbst hohe Konzentrationen des Inhibitors ohne
EinbulRen beim Wachstum zu tolerieren. In vorrangegangen Arbeiten wurde gezeigt,
dass eine solche Resistenz vermutlich durch eine Amplifikation von RAS, oder RAF
verursacht wird. AulRerdem wurde gezeigt, dass ein verstarktes Aufkommen von
BRAFV600E allein bereits dazu in der Lage ist, eine Resistenz gegen AZD6244 zu
erwirken [37]. In der Western-Blot Analyse zeigte sich jedoch bei keiner der beiden
AZD6244-resistenten Zelllinien eine signifikante Wiederherstellung der ERK Aktivitat.
Trotz der stabilen Resistenz gegen AZD6244 fuhrte eine Kombinationsbehandlung
von TFK-1R und EGI-1R mit AZD6244 und MK-2206 erneut zu synergistischen
Effekten auf die Proliferation, d.h. die erworbene Resistenz wurde zu einem
gewissen MaR aufgehoben. Ahnliches wurde bereits bei Melanom-Zellen beobachtet.
Den BRAF- und-MEK Inhibitoren kommt beim Melanom eine besondere Bedeutung
zu, da insbesondere BRAF Mutationen dort sehr héaufig sind (40 - 60% aller
Patienten, davon 90% BRAF'*°*_Mutationen), und dementsprechend Inhibitoren
gegen den RAS-MEK-ERK  Signalweg als vielversprechende neue
Behandlungsoption gelten [38]. Eine andere Studie hat verschiedene, intrinsisch
AZD6244-resistente und sensible NSCLC-Zelllinien (Non-small cell lung cancer)
miteinander verglichen und festgestellt, dass hohe phospho-AKT Level mit AZD6244-
Resistenz assoziiert sind, und eine Hemmung von AKT zu einer Wiederherstellung
der Sensibilitdit gegen AZD6244 fuhrt [39]. Dies lasst die Annahme zu, dass
phospho-AKT, bzw. die Aktivitat von AKT in Zukunft als Biomarker herangezogen
werden kénnte, um die Wirksamkeit von Inhibitoren des RAS-MEK-ERK Signalwegs
einzuschéatzen. Anhand dieser Daten lasst sich schlieRen, dass der PI3K-AKT-mTOR
Signalweg eine wichtige Ausweichmdglichkeit fur Tumorzellen darstellt, wenn MEK-
oder BRAF inhibiert werden.

In dieser Arbeit wurde die Wirksamkeit von Inhibitoren des PI3K-MEK-mTOR- und
des RAF-MEK-ERK Signalwegs bei CCA Zelllinien demonstriert. Die Kombination
des AKT-Inhibitors MK-2206 und des MEK-Inhibitors AZD6244, oder des mTOR-
Kinase Inhibitors AZD8055 hat sich konsistent als wirkungsvoll in allen drei
getesteten Zelllinien erwiesen. Der Ansatz einer vertikalen Hemmung von AKT und
MTOR zeigte sich in den hier verwendeten Zelllinien tberlegen, im Vergleich zu einer
parallelen Blockade zweier Signalwege durch die Inhibition von AKT und MEK. Zwar
konnten zwei Zelllinien eine Resistenz gegen den MEK-Inhibitor AZD6244 erlangen,

jedoch waren sie anschlieend nach wie vor fur eine Kombinationsbehandlung mit
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AZD6244 und MK-2206, oder AZD8055 sensibel. Dies lasst den Schluss zu, dass
Inhibitorkombinationen noch immer wirksam und sinnvoll sein kdnnen, obwohl bereits
eine Resistenz gegen Einen der verwendeten Wirkstoffe besteht. Auferdem kdnnte
der beobachtete Synergismus von AKT- und mTOR-Inhibitor klinisch relevant sein,
da sich bereits bei niedrigen Konzentrationen ein starker synergistischer Effekt
beobachten lasst, und somit durch den Einsatz geringerer Dosen Nebenwirkungen
vermieden werden konnten.

Kombinationen von Hemmstoffen gegen AKT und MEK, oder AKT und mTOR
konnten fur Patienten mit Cholangiokarzinom in Zukunft eine vielversprechende
Behandlungsoption darstellen. Daher sollte deren klinische Anwendbarkeit fir die
Therapie des CCA weiter untersucht werden.

In Folgeprojekten dieser Arbeit wurde unter anderem die Wirksamkeit der
beschriebenen Inhibitorkombinationen in Zelllinien des hepatozellularen Karzinoms
bestétigt. In einem weiteren Projekt wurden AZD6244 resistente Sublinien von
mehreren Zelllinien verschiedener Tumorentitdten generiert. Dabei zeigte sich unter
anderem, dass Inhibitor-entzug bei Zellen mit einer erworbenen Resistenz gegen

MEK-Inhibitoren zu einer erheblich gesteigerten Migration und Invasion fihren kann.
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