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Abstract: Circulating tumor cells (CTCs) are cells shed from the primary tumor into the bloodstream.
While many studies on solid tumor cells exist, data on CTCs are scarce. The mortality of cancer is
mostly associated with metastasis and recent research identified CTCs as initiators of metastasis.
The PI3K/AKT/mTOR signaling pathway is an intracellular pathway that regulates essential functions
including protein biosynthesis, cell growth, cell cycle control, survival and migration. Importantly,
activating oncogenic mutations and amplifications in this pathway are frequently observed in a
wide variety of cancer entities, underlining the significance of this signaling pathway. In this study,
we analyzed the functional role of the PI3K/AKT/mTOR signaling pathway in the CTC-MCC-41 line,
derived from a patient with metastatic colorectal cancer. One striking finding in our study was the
strong sensitivity of this CTC line against AKT inhibition using MK2206 and mTOR inhibition using
RADO001 within the nanomolar range. This suggests that therapies targeting AKT and mTOR could
have been beneficial for the patient from which the CTC line was isolated. Additionally, a dual
targeting approach of AKT/mTOR inside the PI3K/AKT/mTOR signaling pathway in the colorectal
CTCs showed synergistic effects in vitro. Depending on the phenotypical behavior of CTC-MCC-41
in cell culture (adherent vs. suspension), we identified altered phosphorylation levels inside the
PI3K/AKT/mTOR pathway. We observed a downregulation of the PI3K/AKT/mTOR signaling pathway,
but not of the RAS/RAF/MAPK pathway, in CTCs growing in suspension in comparison to adherent
CTCs. Our results highlight distinct functions of AKT isoforms in CTC-MCC-41 cells with respect
to cell proliferation. Knockdown of AKT1 and AKT?2 leads to significantly impaired proliferation
of CTC-MCC-41 cells in vitro. Therefore, our data demonstrate that the PI3K/AKT/mTOR signaling
pathway plays a key role in the proliferation of CTC-MCC-41.

Keywords: circulating tumor cells; CTCs; drug sensitivity assays; PI3K/AKT/mTOR pathway; AKT;
MK2206; RADO001; dual targeting; colorectal carcinoma; targeted therapy; personalized medicine

1. Introduction

Most deaths in cancer are associated with metastasis of cells from the primary tumor [1]. During
the metastatic process malignant cancer cells have the ability to access the lymphatic system, blood
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vessels or surrounding tissue [2]. Although the importance of cancer cell metastasis has been shown in
the past [3], the entire process is not completely understood yet.

Recently, circulating tumor cells (CTCs), which are shed from the primary tumor into the blood
were successfully isolated and taken into cell culture, promising a valuable and robust model to
study cancer cell metastasis [4,5]. The CTC cell culture allows insights into the cells responsible for
metastasis and opens up a new field in the cancer research area. However, CTC isolation is still
challenging due to the low number of cells in the patients’ bloodstream [6,7]. Nevertheless, the possible
clinical applications of CTCs are broad and include therapy monitoring [8-10], studies on resistance
mechanisms [11-13], risk stratification for relapse [14-16] and potential targets for personalized
medicine [17,18]. In some cancer entities, including pancreatic cancer, breast cancer and colorectal
cancer, CTC counts are linked to an unfavorable prognosis [14,19,20], highlighting the impact of CTCs
in disease progression.

Colorectal cancer (CRC) accounted for over one million cases and half a million death in 2018,
making the disease the third most commonly diagnosed cancer entity worldwide [21]. Despite the
extensive effort for early detection of CRC in developed countries [21], one out of five patients suffers
from metastatic CRC at first diagnosis [22]. In colon cancer metastases can be frequently detected
in different organs including the liver, lung, bone and brain. Treatment for metastatic colon cancer
remains palliative and only around 14% of these patients survive the disease for more than five years
after diagnosis [23].

In the past, the correlation of clinicopathological parameters and presence of CTCs could be
established [24]. Furthermore, the presence of CTCs was linked to poor survival in a meta-analysis and
CTCs were described as an independent prognosticator in CRC [25]. However, further characterization
of CTCs is still limited by the low number of CTCs [26]. The recent establishment of cell lines from
CTCs of cancer patients has therefore opened a new avenue for functional analyses of CTCs [4,27,28].
The CTC-MCC-41 colon CTC line that we analyzed in this study was the first long-term stable CTC
line established from a patient with colon cancer. The CTC-MCC-41 line was derived from the blood
sample of a 57-year-old male patient after first diagnosis prior to treatment of the metastatic colon
cancer. In addition to various cancer infiltrated abdominal and mediastinal lymph nodes, the patient
suffered from a solitary synchronous liver metastasis at first presentation.

The cell line features an intermediate epithelial-mesenchymal phenotype with stem cell-like
characteristics and the ability to induce endothelial cell tube formation in vitro [4]. Genomic analysis
of CTC-MCC-41 cells revealed that PIK3CA, AKT, PTEN, KRAS and NRAS were wild type, but the cell
line harbors a BRAFV%E mutation with a stable allele frequency of 50% [29]. The BRAFY®"%E mutation
detected in CTC-MCC-41 cells matches the mutational status of the primary tumor and the lymph
node metastasis [4,29]. Notably, CTC-MCC-41 has the capacity to form xenograft tumors in mice after
subcutaneous injection [4] with matching mutational profile underlining the tumorigenic potential of
CTCs as reported in the past [30]. Moreover, in-depth transcriptional analysis has revealed that this
CTC line has a distinct transcriptomic signature, not observed in established CRC lines (e.g., HT29)
of other sources [4,31], suggesting that CTCs have unique properties that enable them to survive in
the bloodstream.

The PI3K/AKT/mTOR signaling pathway not only plays a crucial role in physiologically cell
biology, but also in cancer as it regulates cell proliferation, survival, migration, angiogenesis and
the utilization of nutrition [32]. Disruption of the tightly regulated PI3K/AKT/mTOR signaling
induced by genetic alternations in cancer leads to growth advantages and common cancer-associated
patterns [33] such as accelerated cell growth without negative feedback, increased survival and
metastatic potential [34]. Therefore, the PI3K/AKT/mTOR signaling pathway became a popular target
for new drugs in cancer [35-37]. For full activation of AKT, phosphorylation at serine residue 473 is
required [38]. Upon full activation, AKT further regulates various downstream substrates inside the
PI3K/AKT/mTOR pathway [38,39]. In CRC, a phosphorylation at this site could be detected in nearly
half of the CRC samples and was correlated with a poor disease outcome [40].
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In the present study, we assessed the functional role of the PI3K/AKT/mTOR signaling pathway
in the permanent CTC line CTC-MCC-41 [4]. Further understanding of the tumor cells that are said to
initiate metastasis and their signaling is of high importance in order to develop new treatment strategies.
Here, we report that the PI3K/AKT/mTOR signaling pathway, which is frequently hyperactivated in
cancer, also exhibits an important role in CTCs and may be a valuable target for anti-cancer therapies.
We demonstrate strong synergistic effects on the growth of CTCs in vitro by dual targeting AKT and
mTOR with MK2206 [41] and RADO01 [42] within the nanomolar range compared to single agent
treatment, suggesting a novel therapeutic strategy. Moreover, we could identify differential functions
of AKT isoforms on the growth of CTC-MCC-41 line after shRNA mediated knockdown, indicating a
crucial role of AKT in this subset of more aggressive tumor cells.

2. Results

2.1. Strong Activation of the PI3K/AKT/mTOR Signaling Pathway in CTC-MCC-41

We examined the activation of the PI3K/AKT/mTOR signaling pathway by western blotting
(Figure 1). The CTC-MCC-41 line shows a strong phosphorylation of AKT (5473) and of the mTOR
downstream substrate S6 (5240/5244). In the next step, we treated the cells with the allosteric pan-AKT
inhibitor MK2206, the mTOR inhibitor RAD001 or a combination of both drugs in vitro. The CTC line
showed an impaired activation of AKT (5473) and mTOR downstream substrate S6 (5240/5244) after
treatment, indicating a potential treatment target. Inhibition of AKT alone by MK2206 completely
suppressed phosphorylation of AKT (S473) and diminishes further downstream signaling as measured
by pS6 (5240/5244) in CTC-MCC-41 cells. A dual targeting approach of AKT/mTOR was able to further
decrease pS6 (5240/5244) level in the CTCs compared to single treatment with MK2206. The treatment
with RADOO]1, either as a single treatment or as a dual targeting approach by additionally targeting
upstream AKT, resulted in a strong decrease of pS6 (5240/5244) levels. However, neither the single
admission of RAD001 nor the combination therapy was able to completely suppress pS6 (5240/5244)
signaling in CTC-MCC-41 line. When targeting mTOR by using RAD001, we did not detect an increase
in phosphorylated AKT (5473) as propagated in the past due to feedback loops.

CTC-MCC-41
MK2206 [1000 nM] - + -
RADO001 [100 nM] - - +
PAKT (S473) | s < <— 60 kDa
pS6 (S240 / S244) | — <— 32kDa
S6 — — e amem | <— 32 kDa
HSC 70 <— 70 kDa

Figure 1. Activity of the PI3K/AKT/mTOR signaling pathway in CTC-MCC-41 and the inhibition of
AKT/mTOR axis. The whole cell population of CTC-MCC-41 line (i.e., adherent and suspension cells)
was treated for 24 h with AKT inhibitor MK2206 [1000 nM], mTOR inhibitor RAD001 [100 nM], the
combination of both [MK2206 1000 nM/RAD001 100 nM] or solvent DMSO. Primary specific antibodies
against pAKT (S473), pS6 (5240/S244), pan AKT and S6 were used to access the activity of the pathway
and confirm the inhibition of the respective target. Housekeeping protein HSC70 was used as a
loading control.
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Next, the effect of MK2206 and RADO001 on proliferation of the colon CTC line was measured
under varying concentrations of allosteric AKT inhibitor MK2206 and mTOR inhibitor RAD001 ranging
from 1 nM to 1000 nM (MK2206) and from 0.1 nM to 100 nM (RADO001), respectively (Figure 2).
A dose-dependent inhibition of CTC growth was observed in comparison to untreated cells with ICs
values within the nanomolar range. The results indicate a high sensitivity of the colorectal CTC line
CTC-MCC-41 for inhibition of the PI3K/AKT/mTOR signaling pathway by MK2206 and RADO0O1.

Single targeting of either AKT or mTOR by MK2206 (ICsp: 186 nM) or RAD001 (ICs5¢: 2.6 nM) in
CTC-MCC-41 (Figure 2A,B) showed a high sensitivity for the inhibitor. However, dual targeting of the
AKT/mTOR axis was superior to single inhibition and could further inhibit the colon CTC line growth
in the combinatory treatment. The analysis of combination indices, according to the Chou and Talalay
method [43], revealed synergistic (+++) to strong synergistic (++++) effects in CTC-MCC-41 cells in
concentrations ranging from 62.50 nM/6.3 nM (MK2206/RAD001) to 1000 nM/100 nM (MK2206/RAD001)
(p <0.0001) (Figure 2C).

A

@
(@]

MK2206 in vitro treatment RADO001 in vitro treatment MK2206 and RADO001 in vitro treatment

Growth + SD (% of control)
Growth + SD (% of control)
Growth + SD (% of control)

Figure 2. Inhibition of the PI3K/AKT/mTOR signaling pathway inhibits tumor cell growth of
CTC-MCC-41 in vitro. The whole cell population of CTC-MCC-41 line (i.e., adherent and suspension
cells) was seeded in triplicates in a density of 3000 cells per well into a 96 well flat bottom cell culture
plate. The next day MK2206 (A), RAD001 (B) or the combination of both inhibitors (C) was added to the
cells and the plate transferred into the IncuCyte® Zoom Live Cell Analysis System. Cell confluence was
measured every two hours. Analysis of data was performed based on cell confluence using the provided
manufacturers IncuCyte® Zoom Software. The data points were extracted from one representative time
point during the exponential growth phase (t = 110 h). p values were calculated using one-way ANOVA
with Dunnett’s multiple comparisons test (ns p > 0.05; *** p <0.001; ****p <0.0001). Combination
indices (CI) were calculated according to the Chou and Talalay method (++++ strong synergism CI
0.1-0.3; +++ synergism CI 0.3-0.7). The mean values (n = 3) with standard deviation are shown.

2.2. Differential PI3K/AKT/mTOR Signaling in Suspension and Adherent Phenotype of CTC-MCC-41 Cells

To further investigate the activity of the PI3K/AKT/mTOR signaling pathway and other pathways
that frequently interact with PI3K/AKT/mTOR signaling, such as the RAS/RAF/MEK/ERK signaling
pathway, we conducted further western blot analysis on the CTC-MCC-41 cells (Figure 3). As the cells
show a biphasic phenotype in cell culture (suspension vs. adherent), we separated the suspension and
adherent fraction particularly. Comparing the whole population, the adherent and the suspension cell
fraction, we detected differences restricted to the pAKT (S473) levels (Figure 3A). While the adherent
cells show a strong activation of AKT (5473) and therefore matching the whole cell population, the
suspension fraction shows significantly decreased pAKT (S473) levels compared to all cells (p = 0.0005)
and the adherent fraction (p = 0.0055) (Figure 3B). No significant differences could be observed in
pmTOR (52448), pERK1/2 (T202/Y204) and pS6 (5240/5244) with respect to the fractions and the whole
population. However, we found that CTC-MCC-41 in general showed a strong activity of mTOR, AKT,
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ERK1/2 and S6. Comparing the whole cell lysate to another solid colorectal cancer cell line, namely
HT29 cells, we detected significant higher levels of pAKT (5473) (p = 0.0017) and pS6 (5240/5244)
(p = 0.0082), but not of pmTOR (52448) (p = 0.8729) in the CTCs. Interestingly, pERK1/2 (T202/Y204)
expression was significantly higher (p = 0.0005) in HT29 control and lower among the whole population,
as well as the suspension and adherent fraction of CTC-MCC-41.

A

CTC-MCC-41

HT29
All cells adherent suspension control

PAKT (S473) | e —— “— | €<— 60kDa

AKT | e S = e | <— 60 kDa

pmTOR (S2448) — — <€— 289 kDa
mTOR S NS TN e— <€— 289 kDa
PS6 (S240 / S244) | s . — <€— 32 kDa

S6 . A D csm—— | €— 32 kDa

PERK1/2 (T202/Y204) | s s S e | < 42,44kDa

ERK1/2 | e D S — | €— 42,44 kDa

HSC70 | S “—— e | €— 70 kDa

Figure 3. Cont.
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Figure 3. Differential activity of the PIBK/AKT/mTOR signaling pathway in suspension and adherent
phenotype of CTC-MCC-41. (A) CTC-MCC-41 adherent and suspension cells were separated in the
cell culture and subjected to western blot analysis. Whole cell lysates (also referred to as whole
population) of CTC-MCC-41 and colorectal cancer cell line HT29 cells were used as control. Primary
antibodies against mTOR, pmTOR (52448), AKT, pAKT (S473), ERK1/2, pERK1/2 (T202/Y204), S6 and
PpS6 (S240/244) were used to analyze the activity of the RAS/RAF/MEK/ERK and the PI3K/AKT/mTOR
signaling pathway. HSC70 was used as a loading control for equal protein loading. (B) Densitometric
quantification of the western blot analysis as shown in (A). The mean values of relative protein activity
(n = 3) normalized to HSC70 loading control with SD are shown. p values were calculated using
one-way ANOVA with Tukey’s multiple comparisons test (ns p > 0.05; ** p < 0.01; *** p < 0.001).

2.3. AKT Isoform Specific Signaling in CTC-MCC-41 Cells

To further verify the hypothesis of a distinct role of AKT isoforms in the CTC-MCC-41 line
we generated stable lentiviral isoform specific AKT knockdowns of AKT1, AKT2 and AKT3 in
CTC-MCC-41 cells. In proliferation assays we could detect an impaired growth of CTC-MCC-41
cells harboring AKT1 (p < 0.0001) and AKT2 knockdown (p < 0.0001) compared to scrambled control
(Figure 4A). The efficacy of the AKT knockdown was 89% and 91% for AKT1 and AKT?2, respectively
(Figure 4B). We were not able to detect AKT3 expression in CTC-MCC-41 cells by western blotting.
Matching the findings from the western blot analysis (Figure 4B), no significant difference on the
proliferation in cells, stably expressing the AKT3 knockdown vector (p = 0.9754) compared to control
was observed (Figure 4A). To analyze the possibility that growth inhibition of CTC-MCC-41 cells after
AKT knockdown was due to increased apoptosis, we conducted FACS analysis and PI/Annexin V
FITC staining (Supplementary Figure S1). The apoptosis rates did not significantly differ between
the AKT isoform specific knockdowns. Additionally, we could detect an equal viability among the
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cells. Therefore, we conclude that growth inhibition of CTC-MCC-41 cells was not due to increased
apoptosis after AKT isoform specific knockdown.

A B
CTC-MCC-41 AKT KDs proliferation assay {-Q @ @
N
s & &8
ns © T < <
» o &
100 é,'
N
80- (}Q

601

40

<— 60 kDa

Growth in % (of control) + SD

20

‘(— 60 kDa

<€— 70 kDa

CTC-MCC-41

Figure 4. AKT1 and AKT2 knockdown significantly decreases CTC growth in vitro. (A) AKT isoform
specific ShRNA mediated knockdowns (KD) of the whole cell population (i.e., adherent and suspension
cells) of CTC-MCC-41 and scrambled (SCR) control were seeded in triplicates in a density of 3000 cells
per well into a 96 well flat bottom cell culture plate and placed into the IncuCyte® Zoom Live Cell
Analysis System. Cell confluence was measured every two hours. Analysis of data was performed
based on cell confluence using the provided manufacturers IncuCyte® Zoom Software. The data points
were extracted from one representative time point during the exponential growth phase (t = 90 h).
p values were calculated using one-way ANOVA with Dunnett’s multiple comparisons test (ns p > 0.05;
*#¥* p <0.0001). The mean values (n = 3) with standard deviation are shown. (B) Confirmation of stable
AKT isoform specific sSARNA mediated knockdown of AKT1, AKT2 and AKT3 in CTC-MCC-41 using
western blot analysis. A scrambled (SCR) vector served as control. AKT3 signal could not be detected
in CTC-MCC-41 cells.

3. Discussion

In this work, we provide first evidence on a crucial role of PI3K/AKT/mTOR signaling in
CTC-MCC-41 cells. The sensitivity towards the allosteric AKT inhibitor MK2206 and the synergistic
effects on the proliferation by additional targeting mTOR using RADOO1 in the colon CTC line provides
a rationale for dual targeting the AKT and mTOR axis as postulated earlier [44-48]. The complexity of
signaling pathway networks including the PI3K/AKT/mTOR and the RAS/RAF/MEK/ERK pathway
makes it difficult to choose the right treatment without triggering crosstalk [49]. Aberrant activation
of the PI3K/AKT/mTOR pathway in CRC has been associated with carcinogenesis, early metastatic
formation as well as maintenance of established CRC [50]. High levels of phosphorylated AKT (5473)
have been reported in 46% of CRC samples and could be linked to increased proliferation, reduced
apoptosis and poor clinicopathological outcome including lymph node metastasis and venous vessel
invasion [40]. Additionally, a study by Johnson et al., revealed a significantly upregulation of Aktl,
Akt2, pmTOR (52448) and pS6 (T389) in colorectal cancer samples compared to normal tissue of the
same patient [50].

Accounting for the high prevalence of PIK3CA mutations in one third of all CRCs [51,52], combined
targeting of AKT and downstream substrate mTOR will be necessary to maintain the inhibition of the
signaling pathway [53].

Interestingly, mTOR is not only a downstream substrate of AKT, but also obligatory for full
activation of the AKT activity by catalyzing the phosphorylation at serine residue 473 [32]. Dual targeting

10
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of both AKT and mTOR therefore provides a stronger inhibition of the PI3K/AKT/mTOR signaling
pathway and fewer possible escape mechanisms than single drug therapy. The efficacy of RAD001 was
previously examined in a phase Il clinical trial (NCT00419159) as a single agent therapy for CRC patients
who relapsed on conventional treatment regimens. Although the high frequency of PI3K/AKT/mTOR
pathway mutations in CRC and the results from a phase I study promised a robust anti-tumor activity,
RADO01 failed to prevent disease progression in a phase II clinical trial [54]. The authors emphasized
that a combination therapy may be beneficial as mTOR inhibition alone may trigger negative feedback
loops inside the pathway leading to increased upstream signaling [49,54]. Therefore, the efficacy of
combinatorial inhibition of CTCs in vitro using MK2206 and RADO001 should be further examined and
complemented by in vivo data in xenograft models.

Drug sensitivity screening using CTCs has been conducted in the past [27,28,55]. In 2014, Yu et al.
were the first to establish drug sensitivity testing on six stable CTC lines in vitro as well as in a xenograft
mouse model in vivo [27]. Pearl et al. were able to successfully predict the sensitivity and response to
treatment using CTCs derived from patients suffering from ovarian cancer [55]. Moreover, the authors
could successfully confirm the prediction for 13 out of 13 patients in a retrospective analysis [55].
Recently, Koch et al. established a permanent CTC line, namely CTC-ITB-01, derived from a metastatic
breast cancer patient. CTC-ITB-01 line exhibited tumorigenic and metastatic capacity in a xenograft
mouse model in vivo and remained estrogen receptor positive in culture. Interestingly, the CTC-ITB-01
conserved the same characteristics as the CTCs in the patient. In an in vitro drug sensitivity assay the
authors detected a high sensitivity of CTC-ITB-01 for CDK4/6 inhibition using Palbociclib. The high
sensitivity of Palbociclib, which is now routinely used in patients who relapsed on prior endocrine
therapy, may implicate that the patient the CTC were derived from may could have benefitted from
treatment with Palbociclib [28]. Hence, these studies and the model established by Koch et al. indicate
the potential of preclinical drug screening with CTCs which should be extensively performed and
validated to be implemented into the clinics.

In addition to the drug sensitivity assays concerning the PI3K/AKT/mTOR pathway, we successfully
established stable lentiviral knockdowns of AKT1, AKT2 and AKT3 to investigate the functional role of
these AKT isoforms in the CTC-MCC-41 line. In the past years, the distinct functions of AKT isoforms
were part of extensive research [56-58]. In agreement with previously published findings on the effect
of AKT1 on the proliferation of solid tumor cells [56,59], as well as on disseminated tumor cells [60],
we observed a decrease in cell proliferation as a consequence of AKT1 knockdown. Although mutations
in AKT are rare events in primary CRC samples [61], an oncogenic effect of the AKT1 missense mutation
E17K leading to increased signaling through constitutive activation has been reported in CRC [62].
A study on breast cancer CTCs conducted by Aktas et al. was recently able to identify AKT2 expression
as a marker of epithelial-mesenchymal-transition (EMT) in more than 60% of CTC positive samples
analyzed [63]. The functional role of AKT2 in the physiologically state and in cancer cells has been
reported as opposing compared to AKT1 [64,65]. While AKT1 activation directly stimulates cell growth
by phosphorylation of p21 and therefore disinhibiting G1-S-transition, AKT?2 activation promotes cell
cycle exit through p21 binding, therefore competing with AKT1 phosphorylation [64]. However, in our
experiments, we observed a significant reduction of CTC-MCC-41 proliferation in vitro after AKT2
specific knockdown, suggesting a crucial role of the kinase in these metastases-competent CTCs. In line
with our data, other groups reported increased cell death and suppressed proliferation in CRC cell
lines [66,67] and further entities of cancer after AKT2 specific knockdown [68,69]. As Grottke et al.
reported, knockdown of AKT3 promoted migration and metastasis in breast cancer cells [70]. Therefore,
a reduced or even undetectable expression of AKT3 may be interpreted as a result of downregulation
in metastasizing CTCs.

The CTC-MCC-41 line has been described to express ALDH1 and CD133, two common markers
of stem cells [4,29,71]. Additionally, expression of EMT inducer SNAIL1 indicates an intermediate
epithelial/mesenchymal phenotype which is in line with the phenotype of the cell line in culture
reversing from adherent to suspension cells and vice versa [4]. Moreover, separate cultivation of
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one fraction, either the suspension or adherent CTCs alone, gives rise to the respective counterpart.

One possible explanation in the context of CTCs for this morphology in vitro may be that it reflects
the situation in the bloodstream of metastatic patients. The suspension phenotype may reflect
those cells who have gone through EMT, while the adherent cells potentially mimic the cells after
mesenchymal-epithelial transition. In our experiments we observed diminished phosphorylated AKT
(5473) levels exclusively in the suspension fraction of CTC-MCC-41 compared to the adherent fraction
and whole cell population. Our data are in line with results from Salt et al. [72] who induced EMT in
non-small cell lung cancer cells and also could detect lower pAKT levels after EMT. This may support

the hypothesis of a crucial role of EMT in CTCs that has been frequently discussed in the past [73].

Additionally, the lower levels of phosphorylated AKT (S473) in the suspension fraction may implicate
a dormant state, as this fraction seems to mimic the properties of CTC in the patient’s bloodstream.
The idea of a dormant state with only basic metabolism rate without proliferation has already been
proposed in the past [74]. However, as only one permanent CTC line was used in this study, the crucial
role of the AKT/mTOR axis in colorectal cancer CTCs should be confirmed in the future when more
long-term stable CRC CTC lines are available.

In conclusion, we functionally assessed the PI3K/AKT/mTOR pathway in a permanent CTC line,
namely CTC-MCC-41, derived from a patient with colorectal cancer. In our AKT isoform specific
knockdown we demonstrated that AKT1 and AKT2 play a crucial role with respect to proliferation in
this colon CTC line. Additionally, we could identify the inhibition of AKT and mTOR in CTCs as a
novel druggable target in colorectal cancer. Especially the dual inhibition of AKT and mTOR led to
strong decrease of CTC-MCC-41 cell growth in vitro. Although further validation of drug sensitivity
screening and comparison with the primary tumor site are necessary before implementation into the
clinical routine, the inhibition of CTCs may be a valuable future target to block metastatic progression
in CRC patients.

4. Materials and Methods

4.1. Standard Cell Culture

The colon CTC-MCC-41 line was established in the laboratory of rare human circulating cells at
the University Medical Center of Montpellier, France [4] and transferred to University Medical Center
Hamburg-Eppendorf, Germany. For CTC cultivation, Roswell Park Memorial Institute (RPMI)-1640
media (#11875-093, Thermo Fisher Scientific Inc., Waltham, MA, USA) supplied with 10% fetal calf serum
(FCS) (#26140-079, Thermo Fisher Scientific Inc., Waltham, MA, USA) 1% penicillin/streptomycin mix
(#15140-122, Thermo Fisher Scientific Inc., Waltham, MA, USA) 1% L-glutamine (#25030-081, Thermo
Fisher Scientific Inc., Waltham, MA, USA), 1% insulin-transferrin-selenium-A supplement (100x) liquid
(#51300-044, Thermo Fisher Scientific Inc., Waltham, MA, USA), 10 ng/mL human FGF2 (#130-093-839,
Miltenyi Biotech, Bergisch Gladbach, Germany), 50 ng/mL human EGF (#130-097-749, Miltenyi
Biotech, Bergisch Gladbach, Germany), 0.1 pg/mL hydrocortisone (#74142, Stemcell Technologies Inc.,
Vancouver, Canada) was used. CTCs were routinely cultivated in non-adherent cell culture flasks
(Greiner Bio-One, Kremsmiinster, Austria) and passaged by separating the cells growing adherent from
the cells growing in suspension. The supernatant was transferred into a falcon tube and centrifuged
at 650 g for 5 min at room temperature (RT). In the meanwhile, the cells adherent to the flask were
washed with 5 mL PBS and then incubated with Accutase® solution (#A6964, Sigma Aldrich, St. Louis,
MO, USA) for 5 min at 37 °C, 5% CO; in the incubator. Suspension fraction cells were washed with
PBS and afterwards merged with adherent fraction, centrifuged again at 650 g for 5 min at RT and
then resuspended in fresh cell culture medium. The CTC-MCC-41 medium was changed every week.
HT29 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (#41965-039, Thermo Fisher
Scientific Inc., Waltham, MA, USA) supplied with 10% FCS and 1% penicillin/streptomycin mix. Cell
culture media were changed twice a week. HEK293T cells were cultivated in DMEM supplied with
10% FCS, 1% penicillin/streptomycin mix, 2 mM L-glutamine, 1 mM sodium-pyruvate (#58636, Sigma
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Aldrich, St. Louis, MO, USA) and 20 mM HEPES (#15630, Thermo Fisher Scientific Inc., Waltham, MA,
USA). Cultivation medium was refreshed two to three times a week. For transduced cell lines selection
antibiotics in an appropriate concentration were maintained in standard cell media to prevent growth
of not transduced cells. All cells were grown at 37 °C, 5% CO,. All used cell lines were regularly tested
for mycoplasma contamination.

4.2. Stable AKT Isoform Specific Knockdown

HEK293T cells were transfected with specific shRNAs purchased from Sigma-Aldrich (St. Louis,
MO, USA) targeting either AKT isoforms (pLKO.1-AKT1-puromycin, pLKO.1-AKT2-puromycin,
pLKO.1-AKT3-puromycin (2 pg)) or scrambled control (pLKO.1-shRNA-puromycin (2 pg)). Packaging
plasmids for third generation lentiviral transfection (pCMV-VSV-G (2 ug), pMDLG/PRE (10 pg),
pRSV-REV (5 pug)) were used. The transfection rate was enhanced using the Lipofectamine 3000
transfection reagent according to the manufacturer’s instructions (#L3000-008, Thermo Fisher Scientific
Inc., Waltham, MA, USA). The target cell line was seeded in a density of 2 X 10° cells into six well
culture plates the day before. Every 24 h the viral particles were collected, filtered through a 0.22 pm
filter and 2 mL of the supernatant was added to the target cell line CTC-MCC-41. This step was
subsequently repeated three times. Transduction was enhanced using 16 nug hexadimethrine bromide
(#H9268, Sigma Aldrich, St. Louis, MO, USA). On the fourth day of transduction the cells were selected
by adding 1.5 pg/mL Puromycin to the cell culture media for at least two weeks before cells were
used for experiments. Successful isoform specific knockdown of the AKT isoforms was confirmed in
western blot analysis prior to further experiments.

4.3. Proliferation Assay and Therapeutic Drug Sensitivity Testing

The CTC-MCC-41 line was treated as described above and seeded in technical triplicates in a
density of 3000 cells per well into a 96 well flat bottom cell culture plate (Greiner Bio-One, Kremsmiinster,
Austria). The cells were allowed to settle down at 37 °C, 5% CO; overnight. The next day, the plate
was placed into the IncuCyte® Zoom Live Cell Analysis System (Essen Bioscience, Ann Arbor, MI,
USA) and cell confluence was measured every 2 hours. Analysis of data was performed based on
cell confluence using the provided manufacturer’s IncuCyte® Zoom Software. Statistical analysis of
acquired data was carried out using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA).
For the therapeutic drug sensitivity testing the CTC-MCC-41 line was prepared as written above for
the proliferation assay. The next day, freshly prepared serial dilutions of either AKT inhibitor MK2206
(#51078, Selleck Chemicals, Houston, TX, USA), mTOR inhibitor RAD001 (#51120, Selleck Chemicals,
Houston, TX, USA), the combination of both drugs or vehicle dimethyl sulfoxide (DMSO) (#D5879,
Sigma-Aldrich, St. Louis, MO, USA) were added to the cells. Measurement and calculation using the
IncuCyte® Zoom system was carried out as described in the proliferation section above.

4.4. Apoptosis Assay

5 x 10° cells of either CTC-MCC-41 scrambled (SCR) control, CTC-MCC-41 AKT1 knockdown,
CTC-MCC-41 AKT2 knockdown or CTC-MCC-41 stably expressing the AKT3 knockdown vector
were plated in 6 well culture plates in biological quadruplicates two days before analysis. 2 uM of
Staurosporin (#55921, Sigma-Aldrich, St. Louis, MO, USA) was added as a positive control 48 h prior
to measurement. Unstained CTC-MCC-41 scrambled was used as negative control. The cells were
then transferred to the incubator at 37 °C, 5% CO, for 48 h. After 48 h, the suspension cells were
removed, adherent cells carefully washed with PBS and detached with 0.05% trypsin-EDTA (#25300-054,
Thermo Fisher Scientific Inc., Waltham, MA, USA). Afterwards the adherent and suspension cells were
centrifuged at 1900 rpm for 5 min at room temperature. The cells were resuspended in 100 puL 1x
binding buffer supplied within the FITC Annexin V Apoptosis Detection Kit (#556547, BD Biosciences,
Franklin Lakes, NJ, USA) and transferred to Falcon® round-bottom polystyrene tubes (Corning Inc.,
New York, NY, USA). Cells were stained with propidium iodide, FITC Annexin V or the combination
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of both dyes according to manufacturer’s instructions. The FACS measurement was performed on
BD LSRFortessa (BD Biosciences, Franklin Lakes, NJ, USA) and laser settings precisely improved for
CTC-MCC-41 cells using the unstained control. Data was analyzed with Flow]Jo version 10.6.1 (BD
Biosciences, Franklin Lakes, NJ, USA). Statistical analysis of the data was performed as described in
the statistical analysis section.

4.5. Western Blot Analysis and Densitometric Quantification

Cell lysates were prepared in NP-40 lysis buffer containing 50 mM HEPES (#H3375, Sigma-Aldrich,
St. Louis, MO, USA) at pH 7.5, 150 mM NaCl (#0278, ].T. Baker, Thermo Fisher Scientific Inc., Waltham,
MA, USA), 1% NP-40 (#98379, Sigma-Aldrich, St. Louis, MO, USA), 2% Aprotinin (#A162.2, Carl
Roth GmbH + Co. KG, Karlsruhe, Germany), 2 mM EDTA (#E5134, Sigma-Aldrich, St. Louis,
MO, USA), 50 mM NaF (#57920, Sigma-Aldrich, St. Louis, MO, USA), 10 mM NaPPi (#56422,
Sigma-Aldrich, St. Louis, MO, USA), 10% Glycine (#3908, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany), 1 mM Sodium orthovanadate (#56508, Sigma-Aldrich, St. Louis, MO, USA) and 1 mM
PMSF (#10837091001, Sigma-Aldrich, St. Louis, MO, USA). Protein determination was conducted
using a lowry protein assay (#5000112, Bio-Rad Laboratories Inc., Hercules, CA, USA). Proteins were
separated in SDS page gel electrophoresis and transferred to a nitrocellulose membrane. Afterwards
the membranes were incubated with specific primary antibodies against mTOR, pmTOR (52448),
pAKT (5473), AKT (pan), AKT1, AKT2, AKT3, pERK1/2 (T202/Y204), ERK1/2, pS6 (5240/S244), S6 (all
Cell Signaling Technology Inc., Danvers, MA, USA) or HSC70 (Santa Cruz Biotechnology Inc., Dallas,
TX, USA). Species specific horseradish peroxidase linked secondary antibodies against anti-rabbit
IgG or anti-mouse IgG were purchased from Santa Cruz Biotechnology Inc (Dallas, TX, USA). Equal
protein loading was ensured by 0.2% Ponceau S staining (#33427, Serva Electrophoresis GmbH,
Heidelberg, Germany) and housekeeping protein HSC70. For more information on antibodies used in
the experiments please see the supplementary material (Supplementary Table S1). Western blot images
were acquired using the ImageQuant LAS 4000 system (GE Healthcare Bio-Sciences, Pittsburgh, PA,
USA). Densitometric quantification of the western blots (n = 3) was done with the AIDA Image Analysis
software (Elysia-raytest GmbH, Straubenhardt, Germany). Statistical analysis of the densitometric
quantification was performed in GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) as
described in the statistical analysis section below.

4.6. Calculation of Combination Indices

Combination indices (CI) for drug combinations were calculated according to the Chou and Talalay
method using CompuSyn software (ComboSyn Inc., Paramus, NJ, USA). CI values were encoded as
recommended by Chou and Talalay [43]. Very strong synergism CI < 0.1; strong synergism CI 0.1-0.3;
synergism CI 0.3-0.7; moderate synergism 0.7-0.85; slight synergism CI 0.85-0.90; nearly additive CI
0.9-1.10; CI values > 1.1 were considered as antagonism.

4.7. Statistical Analysis

All statistical analyses were performed with implemented functions in GraphPad Prism 8.4.1
(GraphPad Software Inc., San Diego, CA, USA). A p value < 0.05 was considered as statistically
significant. p values were encoded into asterisks as following: ns p > 0.05; * p < 0.05; ** p < 0.01;
% p < 0.001; **** p < 0.0001.

5. Conclusions

The PI3BK/AKT/mTOR axis plays a crucial role in colorectal carcinoma (CRC). Here, we demonstrate
a pivot role of this signaling pathway in the CTC-MCC-41 line, which is derived from a patient with
colorectal cancer. CTC-MCC-41 is highly sensitive for dual inhibition of AKT/mTOR using MK2206 and
RADO001 in vitro and exhibits strong synergistic effects within the nanomolar range in therapeutic drug
screening assays. Strong activation of the PI3K/AKT/mTOR pathway indicated by phosphorylation of
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AKT and downstream substrates could be observed. Furthermore, AKT isoform specific knockdown
of AKT1 and AKT?2 significantly diminished proliferation of the cell line in comparison to control,
suggesting a crucial role of the PI3K/AKT/mTOR pathway in CTC-MCC-41. Therefore, these data may
indicate that the inhibition of the PI3K/AKT/mTOR pathway in CTCs may be a valuable target to block
metastatic progression in CRC patients that should be confirmed in further xenograft mouse models
in vivo.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/9/2129/s1,
Supplementary Figure S1: Effect of AKT isoform specific knockdowns on apoptosis of CTC-MCC-41 cells,
Supplementary Table S1: Primary and secondary antibodies used for Western blot analysis.
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Supplementary Figure S1. Effect of AKT isoform specific knockdowns on apoptosis of CTC-MCC-41 cells. Stable
isoform specific knockdowns of AKT and SCR control were subjected to FACS analysis. 2 uM Staurosporin was
used to induce apoptosis as a positive control in CTC-MCC-41 SCR cells. Cells were maintained for 48 hours and
then stained with either propidium iodid (PI) (A), Annexin V (FITC) (B) or the combination of both agents (C).
Unstained control can be found in (D). The cells were subjected to FACS analysis in biological quadruplicates. The
cells were gated for single cells prior to analysis. p values were calculated using one-way ANOVA with Tukey’s
multiple comparisons test (ns p > 0.05). The mean values (n = 4) with standard deviation are shown.

20



Supplementary Table S1. Primary and secondary antibodies used for western blot analysis.

Target Manufacturer Clone /
Reference Host species Dilution
number
AKT1 Cell Signaling ~ C73H10, #2938 rabbit 1:1000
Technology
AKT2 Cell Signaling 5B5, #2964 rabbit 1:1000
Technology
AKT3 Cell Signaling 62A8, #3788 rabbit 1:1000
Technology
Anti-mouse Cell Signaling #7076 horse 1:5000
IgG, HRP- Technology
linked
Anti-rabbit Cell Signaling #7074 goat 1:5000
IgG, HRP- Technology
linked
HSC70 Santa Cruz B-6, #sc-7298 mouse 1:1000
Biotechnology
p44/42 MAPK  Cell Signaling #9102 rabbit 1:1000
(Erk1/2) Technology
mTOR Cell Signaling 7C10, #2983 rabbit 1:1000
Technology
panAKT Cell Signaling 11E7, #4685 rabbit 1:1000
Technology
pAKT (5473) Cell Signaling DOE, #4060 rabbit 1:1000
Technology
pmTOR Cell Signaling #2971 rabbit 1:1000
(52448) Technology
pp44/42 MAPK  Cell Signaling #9101 rabbit 1:1000
(Erk1/2) Technology
(T202/Y204)
pS6 ribosomal ~ Cell Signaling D68F8, #5364 rabbit 1:1000
protein Technology
(5240/5244)
56 ribosomal Cell Signaling 5G10, #2217 rabbit 1:1000
protein Technology
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3. Darstellung der Publikation

3.1 Einleitung

Das kolorektale Karzinom (KRK) ist eine maligne Krebserkrankung des Menschen
ausgehend von entarteten Epithelzellen des Kolons oder des Rektums. Der Begriff
des KRK dient dabei als Uberbegriff fir bosartige Neubildungen des Kolons und
des Rektums (Muto et al., 1975).

Laut Schatzungen von Bray et al. erkrankten weltweit im Jahre 2018 rund 1,8
Millionen Menschen am KRK (Bray et al., 2018). Die Mortalitat des KRK liegt laut
Schatzungen der Autoren bei etwa 880.000. Aus diesen Daten geht hervor, dass
das KRK die dritthaufigste Krebserkrankung ist und die zweithdchste Mortalitat von
allen Krebsarten aufweist. Insbesondere in entwickelten Staaten innerhalb Europas
ist im Vergleich zu Entwicklungsléandern eine etwa dreifach hohere Inzidenz zu
verzeichnen (Bray et al., 2018).

KRK koénnen sowohl sporadisch, als auch hereditar auftreten. Wahrend die
hereditaren KRK beispielsweise bei der familiaren adenomatdsen Polyposis bereits
im Kindes- und Jugendalter auftreten kdnnen, handelt es sich bei der sporadischen
Variante des KRK eher um eine Erkrankung des hoheren Lebensalters mit einem
mittleren Erkrankungsalter zwischen 72 Jahren bei Mannern und 75 Jahren bei
Frauen (Kolligs, 2016). Die molekularen Mechanismen der sporadischen
Karzinogenese des KRK lassen sich anhand der sogenannten Adenom-Karzinom-
Sequenz erklaren (Muto et al., 1975, Bortz und Friedrich-Nel, 2016). Die Adenom-
Karzinom-Sequenz beschreibt das Entstehen eines invasiven KRK aus initial
physiologischem und nicht-dysplastischem Epithel des Kolons oder des Rektums.
Vereinfacht 1asst sich die Sequenz wie folgt darstellen: Aus dem physiologischen
Epithel des Kolons entsteht ein (noch) benignes Adenom, das sich dann durch
Akkumulation weiterer onkogener Mutationen und der Inaktivierung von
Tumorsuppressor-Genen zu einem invasiven Adenom und schlussendlich zu einem
malignen KRK entwickelt (Bortz und Friedrich-Nel, 2016).

Insbesondere onkogene Mutationen in der Signaltransduktion der Zelle spielen
dabei eine essentielle Rolle (Armaghany et al., 2012). Hanahan und Weinberg
beschrieben unter anderem eine gesteigerte Proliferation, eine Unempfindlichkeit
gegenuber anti-apoptotischen Signalen sowie eine Unabhangigkeit von (externen)

Wachstumsfaktoren in den von ihnen im Jahre 2000 gepragten ,hallmarks of
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cancer* (Hanahan und Weinberg, 2000). Zu den Signalwegen, die malgeblich an
der intrazellularen Signaltransduktion des KRK beteiligt sind, gehdren unter
anderem der PI3K/AKT/mTOR und der RAS/RAF/MEK/MAPK Signalweg.

Der PIBK/AKT/mTOR Signalweg ist ein intrazellularer Signalweg, der essentielle
molekulare Prozesse, wie beispielsweise die Proliferation, die Angiogenese, die
Apoptose und die Migration reguliert (Manning und Toker, 2017). Die konstitutive
Aktivierung dieses Signalweges ist haufig in Krebserkrankungen zu beobachten
(Osaki et al., 2004). Die Folge einer konstitutiven Aktivierung des Signalweges, die
haufig im Rahmen von Mutationen auftritt, beinhaltet die Entkoppelung von der
physiologischen Regulation, ein gesteigertes Uberleben der Zelle und die Erhdhung
des metastatischen Potentials (Porta et al., 2014, Hanahan und Weinberg, 2011).
Durch die Regulation von vielfaltigen potentiell onkogenen Prozessen wurde der
PIBK/AKT/mTOR Signalweg bereits fruh als ein mdglicher Ansatzpunkt fur eine
zielgerichtete Tumortherapie entdeckt (Porta et al., 2014). Fir das KRK konnte in
Studien gezeigt werden, dass sich in annahrend der Halfte der untersuchten
primaren KRK eine starke Phosphorylierung von AKTS8 virus oncogene cellular
homolog (AKT, synonym Proteinkinase B, PKB) an Serin 473 zeigte (Itoh et al.,
2002). Die Autoren konnten darlber hinaus eine negative Prognose in Bezug auf
die Wachstumsrate, die Apoptose, die lokoregionale Metastasierung und auch auf
die Fernmetastasierung aus der starken Phosphorylierung von AKT an Serin 473
fur Patienten mit KRK ableiten (Itoh et al., 2002).

Die Therapie des KRK erfolgt stadienabhangig nach dem Ausbreitungsgrad des
Primarius. Wahrend bei kleinen, nicht metastasieten KRK ohne
Lymphknotenmetastasierung und Fernmetastasierung (bis T2 NO MO0) die alleinige
chirurgische Versorgung im Vordergrund steht, kommen bei groReren oder
metastasierten Tumoren zusatzlich zytotoxische Substanzen zum Einsatz. Neben
den konventionellen Chemotherapeutika wie beispielsweise 5-Fluorouracil,
Oxaliplatin, Irinotecan und Capecitabin stehen seit einigen Jahren auch
zielgerichtete Therapien in Form von monoklonalen AntikGrpern gegen den
Epidermal Growth Factor Receptor (EGFR) und den Vascular Endothelial Growth
Factor (VEGF) fur die Behandlung des metastasierten KRK zur Verfugung (AWMF,
2019). In den letzten Jahren gewannen zielgerichtete Therapien immer mehr an
Aufsehen und zahlreiche Studien wurden in der Vergangenheit bereits
durchgefuhrt.
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MK2206 ist ein allosterischer Inhibitor aller AKT-Isoformen, der die
Phosphorylierungen an Serin 473 und Threonin 308 verhindert und somit die
Aktivierung von AKT inhibiert (Yan, 2009). Eine Phosphorylierung an beiden Stellen
ist notwendig fur die vollstandige Aktivierung von AKT (Sarbassov et al., 2005).
RADOO1 ist ein allosterischer mTOR Inhibitor der, im Gegensatz zur Ursubstanz
Rapamycin, sowohl den mTOR Komplex 1, als auch den Rapamycin-insensitiven
mTOR Komplex 2 hemmt (Sarbassov et al., 2004, Sarbassov et al., 2005). RAD001
ist bereits fur die Verwendung zur Immunsuppression zugelassen (Macdonald,
2007). Des Weiteren ist RADOO1 fur die Therapie von fortgeschrittenen Tumoren
der Brust, der Niere und von neuroendokrinen Tumoren zugelassen (FDA, 2009).
MK2206 befindet sich hingegen noch im Prozess der Zulassung (zahlreiche Phase
[l Studien) (Clinical Trials Database, 2020).

Im Rahmen der Metastasierung kommt es zu einem Verlust von Zell-Zell-Kontakten
und zur Absiedelung von Tumorzellen in den Blutstrom (Hanahan und Weinberg,
2000, Alix-Panabieres und Pantel, 2013). Jene Zellen, die den Kontakt zum
Primarius verloren haben und sich im Blut befinden werden zirkulierende
Tumorzellen (engl. circulating tumor cells, CTCs) genannt. Es konnte gezeigt
werden, dass CTCs malgeblich an der Initierung der Metastasierungs-Kaskade
beteiligt sind und die Fahigkeit besitzen entfernte Metastasen zu bilden (Alix-
Panabieres et al., 2012, Koch et al., 2020, Zhang et al., 2013). In den letzten Jahren
konnten nach Etablierung von kommerziellen Methoden zur CTC-Gewinnung
(.liquid biopsy* (Alix-Panabieres und Pantel, 2013)) erste Kulturen dieser Zellen
etabliert werden. Im Jahre 2015 konnten Cayrefourcq et al. die erste stabile CTC-
Zelllinie, genannt CTC-MCC-41, aus dem Blut eines Patienten mit KRK etablieren
(Cayrefourcq et al., 2015). Wahrend die molekularen Signaturen von Tumorzellen
innerhalb des Primarius bereits gut untersucht sind, fehlt es an der funktionellen
Charakterisierung eben jener Zellen, die die Metastasierung vermitteln.

Ziel dieser Arbeit war es daher, die vorliegende CTC-MCC-41 Zelllinie funktionell
hinsichtlich des PISBK/AKT/mTOR-Signalweges und der funktionellen Relevanz der
AKT-Isoformen (AKT1, AKT2 und AKT3) zu charakterisieren. Des Weiteren wurde
die Effektivitat einer Hemmung von zirkulierenden Tumorzellen unter Verwendung
des AKT-Inhibitors MK2206 und des mTOR-Inhibitors RADOO1 in vitro untersucht.

Die Ergebnisse dieser Arbeit kdnnten dabei als Grundlage fur die Entwicklung neuer
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zielgerichteter Therapien gegen zirkulierende Tumorzellen dienen und eine

Blockade der Metastasierung des KRK erzielen.

3.2 Ergebnisse

In unseren Versuchen konnten wir eine starke Expression von phospho-AKT (S473)
und phospho-S6 (S240/S244) in der CTC-MCC-41 Zelllinie detektieren. Diese
Beobachtung wurde zum Anlass genommen, die Sensitivitat der zirkulierenden
Tumorzelllinie fur die Therapie mit AKT- und mTOR-Inhibitoren zu bestimmen. In
der Western Blot Analyse zeigt sich eine komplette Suppression von phospho-AKT
(S473) nach 24-stundiger alleiniger Behandlung mit dem AKT Inhibitor MK2206 und
ferner eine reduzierte Expression von phospho-S6. Wahrend die Behandlung mit
dem AKT Inhibitor ebenfalls Einfluss auf das weiter unten in der Signalkaskade
lokalisierte phospho-S6 genommen hat, zeigt sich nach mTOR Inhibition lediglich
eine deutlich verminderte Expression von phospho-S6 (S240/S244), jedoch kein
Effekt auf das oberhalb gelegene  phospho-AKT  (S473). Eine
Kombinationsbehandlung mit einer simultanen Hemmung von AKT und mTOR
hingegen fuhrt zu einer beinahe vollstandigen Suppression der Expression von
phospho-AKT (S473) und phospho-S6 (S240/S244).

Im Rahmen der Behandlung der Zelllinie mit den Inhibitoren zeigte sich zudem eine
signifikante Hemmung der Proliferation der Zelllinie ab einer Konzentration von 250
nM MK2206 (ICso: 186 nM) bzw. 6,3 nM RADO0O1 (ICso: 2,6 nM). Eine Kombination
der beiden Inhibitoren war dabei der Einzeltherapie Uberlegen und zeigte eine
verstarkte Hemmung der Zelllinie und synergistische Effekte. Die bendtigte
Konzentration fur eine signifikante Hemmung von MK2206 konnte durch die
Kombinationsbehandlung von 250 nM auf 62,50 nM gesenkt werden, bei
gleichbleibender Dosis von RADOO1 mit 6,3 nM.

Die starksten synergistischen Effekte, berechnet nach der von Chou und Talalay
etablierten Methode, konnten in héheren Dosen im Bereich von 250 nM (MK2206)
/ 25 nM (RADO001) bis 1000 nM (MK2206) / 100 nM (RADO0O01) erzielt werden.

Ein weiterer Aspekt, den wir in unserer Veroffentlichung zeigen konnten, ist das
Verhalten der CTC-MCC-41 in der Zellkultur. Die Untersuchung der
Signaltransduktion in den adharent und in Suspension wachsenden Zellen ergab

eine signifikant niedrigere phospho-AKT (S473) Expression in den Suspensions-

26



Zellen im Vergleich zur Gesamtheit der Zellen und den adharent-wachsenden
Zellen.

Die lentivirale Transduktion von shRNA gegen AKT1, AKT2 und AKT3 konnte
erfolgreich durchgefihrt werden. Es konnte eine starke Verminderung der AKT1
(89%) -, und AKT2-Expression (91%) durch den lentiviralen shRNA-vermittelten
Knockdown erreicht werden. Im Rahmen der weiteren Western Blot-Analyse zeigte
sich, dass die parentale CTC-MCC-41 Zelllinie keine AKT3-Expression aufweist.
Weiterhin zeigte sich ein signifikant vermindertes Zellwachstum nach Knockdown
von AKT1 und AKT2, jedoch kein signifikanter Unterschied nach AKT3-Knockdown.
Eine Messung der Apoptose der AKT Knockdown-Mutanten der CTC-MCC-41
ergab keine signifikanten Unterschiede zwischen den Gruppen, sodass die
beobachteten Effekte auf das Zellwachstum nach AKT1- und AKT2-Knockkdown

nicht auf eine verstarkte Apoptose zurtickzuflihren sind.

3.3 Diskussion

In unserer Studie konnten wir eine entscheidende Rolle des PI3K/AKT/mTOR
Signalweges in den CTCs eines Patienten mit KRK beobachten (Smit et al., 2020).
Obwonhl die Zelllinie keinerlei Mutationen in den fir die PI3K, AKT oder PTEN
kodierenden Genen aufwies (Soler et al., 2018), zeigte sich eine ausgepragte
Sensitivitat gegentber AKT- und mTOR-Inhibitoren. Die duale Hemmung von AKT
und mTOR oder anderer Proteine innerhalb des PISK/AKT/mTOR Signalweges
konnte in vorherigen Studien fur ortsstdndige Tumorzellen bereits als eine
erfolgsversprechende Therapieoption in praklinischen Studien in verschieden
Krebsarten sowohl in vitro (Schulte et al., 2020), als auch in vivo evaluiert werden
(Ewald et al., 2013). Der Vorteil der dualen Inhibition von AKT und mTOR liegt darin,
dass eine Feedback-Aktivierung von AKT nach der Hemmung von mTOR durch die
zusatzliche Hemmung von AKT verhindert wird (Sun et al., 2005). Insbesondere fur
die alleinige Hemmung von mTOR wurden starke konsekutive Aktivierungen der
weiter oberhalb in der Signaltransduktion gelegenen Kinase AKT beobachtet (Wang
et al., 2008). Im Falle der mTOR-Inhibition durch RADOO1 konnte so durch die
zusatzliche Hemmung von AKT durch MK2206 eine synergistische Verstarkung der
Hemmung der CTC-MCC-41-Zelllinie erreicht werden. Darlber hinaus wird die

komplexe Signaltransduktion innerhalb des PISK/AKT/mTOR-Signalweges durch
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die duale Inhibition starker eingeschrankt, als dies bei einer singularen Hemmung
nur eines Proteins der Fall ware.

Die Hemmung von CTCs stellt eine neue Therapieoption dar, die noch nicht
ausreichend untersucht wurde. Dies lasst sich unter anderem darauf zurtckfuhren,
dass die Gewinnung und insbesondere die Langzeit-Kultivierung von CTCs sich als
aulerst schwierig darstellt und bisher nur von wenigen Arbeitsgruppen weltweit
erreicht wurde (Pantel und Alix-Panabieres, 2016, Pantel und Alix-Panabieres,
2015). Ein weiterer Aspekt, den wir in unserer Veroffentlichung diskutieren, ist das
Verhalten der CTC-MCC-41 in der Zellkultur. Kultiviert man die Gesamtheit der
Zellen fallt auf, dass einige ein adharentes Wachstum zeigen, wahrend andere in
Suspension bleiben. Eine Trennung der beiden Fraktionen fuhrt zu einer
Wiederherstellung des initialen Phanotypus mit adharent und in Suspension
wachsenden Zellen. In der Vergangenheit wurden haufig Stammzell-ahnliche
Eigenschaften, eine hohe Plastizitat von CTCs und ein gemischter epithelialer-
mesenchymaler Phanotyp beschrieben (Alix-Panabieres et al., 2017, Cayrefourcq
et al., 2015, Yu et al., 2013). Ausgehend von diesen Erkenntnissen haben wir uns
mit der Signaltransduktion in den adharent und in Suspension wachsenden Zellen
befasst und konnten eine signifikant niedrigere phospho-AKT (S473) Expression in
den Suspensions-Zellen detektieren. Eine mdgliche Erklarung fur die erniedrigte
Expression von phospho-AKT konnte dabei eine durchgemachte epitheliale-
mesenchymale Transition (EMT) sein. Ausgehend von diesem Modell kdnnten die
adharent wachsenden Zellen dabei den epithelialen Phanotypen und die in
Suspension wachsenden Zellen dabei den sich im Blutstrom befindlichen, eher
mesenchymalen Phanotypen widerspiegeln. Da sich die differentielle Regulation
allein in der phospho-AKT Expression, aber nicht in anderen essentiellen Proteinen
des PI3K/AKT/mTOR- und RAS/RAF/MEK/MAPK-Signalweges zeigt, konnten
diese Ergebnisse eben diesen gemischten epithelialen/mesenchymalen Phanotyp
der CTCs auf molekularer Ebene widerspiegeln. Untermauert wird diese mogliche
Erklarung durch eine Veroffentlichung von Salt et al., in der die Autoren eine EMT
in einer Lungenkarzinom-Zelllinie initiierten und ebenfalls in der Western Blot
Analyse eine verminderte Expression von phospho-AKT detektieren konnten (Salt
et al., 2014).

Zusammenfassend konnten wir in unserer Publikation die hohe Relevanz des
PIBK/AKT/mTOR-Signalweges in der CTC-MCC-41 Zelllinie zeigen und AKT und
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MTOR als zwei mdgliche Angriffspunkte fur eine Inhibitor-Therapie in eben dieser
Zelllinie identifizieren. Die zielgerichtete Therapie von zirkulierenden Tumorzellen
konnte dabei einen neuen Ansatz in der Krebstherapie darstellen, der eine
Metastasierung verhindern und somit gegebenenfalls Therapien in kurativer

Intention ermdglichen kann.

3.4 Material und Methoden

Die zirkulierende Tumorzelllinie ,CTC-MCC-41* (Cayrefourcq et al., 2015) eines
Kolonkarzinom-Patienten wurde genutzt, um die Rolle des PI3K/AKT/mTOR
Signalweges in zirkulierenden Tumorzellen zu untersuchen. Zunachst wurden
mittels Western Blot die Expression von AKT, phospho-AKT (S473), S6 und
phospho-S6 (S240/S244) innerhalb des PIBK/AKT/mTOR Signalweges bestimmt.
AnschlieRend wurde die Sensitivitat der CTC-MCC-41-Zelllinie fur die Inhibition von
AKT und mTOR mit Hilfe der Inhibitoren MK2206 (#S1078, Selleck Chemicals,
Houston, USA) und RADOO01 (#S51120, Selleck Chemicals, Houston, USA) ermittelt.
Dazu wurden Zellen der CTC-MCC-41 Zelllinie ausgesat und das Zellkultur-Medium
mit dem AKT Inhibitor MK2206, dem mTOR Inhibitor RAD001 oder der Kombination
der beiden Inhibitoren (Ratio 10:1, 1 nM / 0,1 nM bis 1000 nM / 100 nM
(MK2206/RAD001)) versetzt. Anschlielend wurde der Einfluss der Inhibitoren im
Hinblick auf die Proliferation der Zelllinie Uber eine Konfluenz-Messung mit dem
IncuCyte® Zoom Live Cell Analysis System (Essen BioSciences, Ann Arbor, USA)
ausgewertet. Aus diesen Daten wurden dann die mittlere inhibitorische
Konzentration (ICs0) und die Starke der synergistischen Effekte an anhand der
kombinatorischen Indices (engl. Cl values, combination index) der Kombination der
beiden Hemmestoffe nach der Chou und Talalay Methode (Chou, 2006, Chou, 2010)
bestimmt. Die statistische Auswertung der Daten erfolgte mit der Software
GraphPad Prism Version 8.4.1 (einfaktorielle Varianzanalyse ,ANOVA" mit Dunnett
Post-hoc Test, p < 0,05) (GraphPad Software Inc., San Diego, USA).

Aufgrund des morphologisch unterschiedlichen Wachstums der CTC-MCC-41
Zelllinie wurden die in Suspension wachsenden Zellen und die adharent
wachsenden Zellen separiert und mittels Western Blot Analyse im Hinblick auf die
Signaltransduktion des PISK/AKT/mTOR- und RAS/RAF/MEK/MAPK-Signalweges
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untersucht. Dazu wurde die Expression von phospho-AKT (S473), AKT, phospho-
MTOR (S2448), mTOR, phospho-S6 (S240/S244), S6, phospho-ERK1/2
(T202/Y204) und ERK1/2 in der CTC-MCC-41 Zelllinie und einer weiteren Kontroll-
Zelllinie, namlich der HT29-Zelllinie, untersucht.

Um die funktionelle Rolle der verschiedenen AKT Isoformen zu untersuchen,
wurden stabile AKT-Isoform-spezifische Knockdown-Mutanten mittels lentiviraler
Transduktion von shRNA gegen AKT1, AKT2 oder AKT3 der CTC-MCC-41-Zelllinie
erstellt. AnschlieRend wurde der Erfolg der Transduktion mittels Western Blot-
Analyse mit Hilfe von Antikérpern gegen AKT1, AKT2 und AKT3 uberpruft. Nach
Bestatigung der gelungenen Runterregulation wurde ein Proliferations-Versuch mit
dem IncuCyte® Zoom Live Cell Analysis System durchgefiihrt.

Daruber hinaus wurde mittels durchflusszytometrischer Methoden auf der BD LSR
Fortessa (BD Biosciences, Franklin Lakes, USA) nach Propidium-lodid und Annexin
V Farbung (#556547, BD Biosciences, Franklin Lakes, USA) die Apoptose der
Zellen nach AKT-Isoform-spezifischem Knockdown untersucht. Die Auswertung der
durchflusszytometrischen Daten erfolgte mit Flowdo Version 10.6.1 (BD
Biosciences, Franklin Lakes, USA) und GraphPad Prism Version 8.4.1
(einfaktorielle Varianzanalyse ,ANOVA®* mit Tukey Post-hoc Test, p < 0,05).
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3.6 Abkiirzungsverzeichnis

AKT AKTS8 virus oncogene cellular homolog
ANOVA Analysis of variance
AWMF Arbeitsgemeinschaft der

Wissenschaftlichen Medizinischen

Fachgesellschaften

Cl Combination index

CTC Circulating tumor cell

EGFR Epidermal Growth Factor Receptor
EMT Epitheliale-mesenchymale Transition
IC50 Mittlere inhibitorische Konzentration
KRK Kolorektales Karzinom

MAPK Mitogen-activated protein kinase
MEK MAPK/Erk kinase

mTOR Mechanistic Target of Rapamycin
nM Nanomolar

PI3K Phosphoinositid-3-Kinase

RAF Rat accelerated fibrosarcoma

RAS Rat sarcoma

shRNA Small hairpin ribonucleic acid
VEGF Vascular Endothelial Growth Factor
WHO World Health Organization
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4. Zusammenfassung / Summary

In dieser Arbeit wurde die Relevanz des PI3K/AKT/mTOR-Signalweges in
zirkulierenden Tumorzellen von einem Patienten mit kolorektalem Karzinom
untersucht. Die aus dem Blut des Patienten isolierte Zelllinie, genannt CTC-MCC-
41, zeigte dabei eine hohe Sensitivitat fur die Hemmung von AKT und mTOR mittels
MK2206 und RADOO1 im nanomolaren Bereich. Zudem konnten starke bis sehr
starke synergistische Effekte auf die Proliferation der CTC-MCC-41-Zelllinie durch
die duale Hemmung von AKT und mTOR beobachtet werden. Im Weiteren konnten
wir eine starke Aktivitat des PISBK/AKT/mTOR-Signalweges Uber die Expression von
PAKT (S473) und pS6 (S240/S244) in der Zelllinie nachweisen. Interessanterweise
lie® sich dabei in den in Suspension wachsenden Zellen im Vergleich zu den
adharent wachsenden Zellen der CTC-MCC-41 eine runterregulierte Expression
von pAKT (S473) darstellen. Die Proliferation der CTC-MCC-41-Zellen konnte nach
einem lentiviral vermittelten Knockdown von AKT1 und AKT2 signifikant reduziert
werden. Insgesamt zeigen sich in den Experimenten erste Anhaltspunkte, die
daflrsprechen, dass die therapeutische Hemmung des PI3K/AKT/mTOR-
Signalweges in zirkulierenden Tumorzellen eine neue mdgliche Therapiestrategie

darstellt, um die Metastasierung des kolorektalen Karzinoms zu hemmen.

The PI3K/AKT/mTOR axis plays a crucial role in colorectal carcinoma (CRC). Here,
we demonstrate a pivotal role of this signaling pathway in the CTC-MCC-41 line,
which is derived from a patient with colorectal cancer. CTC-MCC-41 is highly
sensitive for dual inhibition of AKT/mTOR using MK2206 and RADO0O01 in vitro and
exhibits strong synergistic effects within the nanomolar range in therapeutic drug
sensitivity screening assays. Strong activation of the PI3K/AKT/mTOR pathway
indicated by the phosphorylation of AKT and downstream substrates could be
observed. Furthermore, AKT isoform specific knockdown of AKT1 and AKT2
significantly diminished proliferation of the cell line in comparison to control,
suggesting a crucial role of the PISK/AKT/mTOR pathway in CTC-MCC-41.
Therefore, these data may indicate that the inhibition of PISK/AKT/mTOR pathway
in CTCs may be a valuable target to block metastatic progression in CRC patients

that should be confirmed in further xenograft mouse models in vivo.
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