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ABSTRACT
Targeted therapies within the RAS/RAF/MEK/ERK signalling axis become 

increasingly popular, yet cross-talk and feedbacks in the signalling network lead to 
unexpected effects. Here we look systematically into how inhibiting RAF and MEK with 
clinically relevant inhibitors result in changes in PI3K/AKT activation. We measure 
the signalling response using a bead-based ELISA, and use a panel of three cell lines, 
and isogenic cell lines that express mutant forms of the oncogenes KRAS and BRAF 
to interrogate the effects of the MEK and RAF inhibitors on signalling. We find that 
treatment with the RAF inhibitors have opposing effects on AKT phosphorylation 
depending on the mutational status of two important oncogenes, KRAS and BRAF. 
If these two genes are in wildtype configuration, RAF inhibitors reduce AKT 
phosphorylation. In contrast, if BRAF or KRAS are mutant, RAF inhibitors will leave 
AKT phosphorylation unaffected or lead to an increase of AKT phosphorylation. Down-
regulation of phospho-AKT by RAF inhibitors also extends to downstream transcription 
factors, and correlates with apoptosis induction. Our results show that oncogenes 
rewire signalling such that targeted therapies can have opposing effects on parallel 
pathways, which depend on the mutational status of the cell.

INTRODUCTION

During the past decade, AKT has emerged as a 
central player in signal transduction pathways activated 
in response to insuline or growth factors. The activated 
kinase AKT regulates a number of targets, with more than 
100 AKT substrates known today [1–3]. The majority of 
the substrates is involved in essential biological functions 
such as proliferation, survival and apoptosis, and AKT 
has also been implicated in epithelial to mesenchymal 
transition [4, 2, 3]. The signalling pathway involving the 
activation of PI3K that leads to AKT activation is well 
studied, and many growth factors trigger this pathway. 
In addition to the PI3K/AKT pathway, growth factors 
also activate the mitogenic RAS/ERK cascade. Thus, 
cell survival (PI3K/AKT) and mitogenic (RAS/ERK) 

cascades rarely act as independent parallel pathways. 
Rather, they influence each other at different points and 
phases of signal transduction in positive and negative 
direction, resulting in a dynamic and complex cross-
talk. For example, perturbation of MEK increases 
EGFR induced AKT activation [5–7]. Similarly, strong 
IGF stimulation results in an activation of AKT which 
in turn cross-inhibits ERK signalling. Mechanistically, 
this is thought to be mediated by phosphorylating RAF 
at inhibitory sites by AKT [8–12]. These cross-talk 
mechanisms prevent ERK-dependent growth arrest and 
promote proliferation [9].

The significant advances in elucidating these 
pathways have resulted in a better understanding of tumors 
that are driven by these pathways, and an improved survival. 
One example is colorectal cancer, where 50% of patients 
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carry a mutant KRAS in their tumors indicating that the 
other half of patients could respond to anti EGFR therapy 
[13]. Nevertheless, 40% of patients with wildtype KRAS do 
not respond. In these patients mutant BRAF, which is present 
in 5–10% of the tumors, may affect response outcome 
[13, 14]. Beside KRAS and BRAF mutations, about 40% 
of malignant tumors carry known activating PI3K/AKT 
alterations [15], emphasising the importance to understand 
the signalling between the two pathways. Information about 
the tumor genotype, and in particular about mutations in 
PI3K/AKT, KRAS and BRAF are currently used to predict 
the success of systemic chemotherapy of different types of 
tumors and are used to stratify patients for treatment options 
for example in colon cancer [16].

The multikinase inhibitor Sorafenib was initially 
designed as a CRAF inhibitor, but is also a potent 
inhibitor of BRAF. The inhibitor has been shown to induce 
apoptosis and necrosis in various types of tumors cells, e.g. 
in acute myeloid leukaemia, renal cell and hepatocellular 
carcinoma [17–21]. Sorafenib has been shown to modulate 
AKT activity. In hepatocellular carcinoma cells (HCC), 
Sorafenib treatment leads to activation of AKT and 
up-regulation of its downstream factors [22, 23]. The 
increase in phosphorylated AKT and the existing cross-
talk between the PI3K/AKT and RAS/ERK axis indicate 
a compensatory mechanisms of the PI3K/AKT pathway 
which may contribute to Sorafenib resistance [24, 25]. 
However, the mechanisms behind this cross-talk remain 
unclear.

In this study we have identified an interaction 
between RAF and AKT pathways, in which inhibition of 
RAF with Sorafenib and other RAF inibitors negatively 
regulates AKT activity resulting in increased apoptosis 
and reduction of proliferation. Interestingly, this effect 
is only apparent in cells harbouring no mutations in 
either KRAS or BRAF. While the mechanism behind 
this cross- talk remains unclear, the response of AKT to 
Sorafenib is predicted to be a good marker for therapeutic 
efficiency of Sorafenib, as it correlates both with genotype 
and phenotype after treatment.

RESULTS

Decreased AKT phosphorylation in RAS/ RAF 
wildtype colon carcinoma cells after RAF 
inhibition

The network of RAS/ERK and PI3K/AKT signalling 
pathway is a complex regulatory circuit, which includes 
feedback loops and cross-talk between the two pathways. 
Importantly, these feedbacks and cross-talk can shape 
the response of tumor cells to targeted therapies, which 
may be different depending on mutations in the pathway, 
such as in KRAS or BRAF genes [26, 6, 27]. To explore 
how different mutations change the response of tumor 
cells to drugs we treated CaCO2 (wildtype for BRAF  

and KRAS), HCT116 (KRASG13D), and HT29 (BRAFV600E) 
colon carcinoma cells with the MEK inhibitor AZD6244 
or with the RAF inhibitor Sorafenib for various periods 
of time. We then assayed pathway activity by measuring 
phospho-AKT, phospho-MEK and phospho-ERK using 
bead-based ELISAs (Luminex). As shown in Figure 1A 
(left panel) we found that MEK phosphorylation was 
increased upon treatment with MEK inhibitors in CaCO2 
and HCT116, and was unchanged in HT29 cells. This 
finding is in line with previous reports that attribute 
this effect to a feedback loop from ERK to RAF, which 
induces RAF activity and MEK phosphorylation when 
cells are treated with a MEK inhibitor [26, 28]. When 
cells depend on a BRAFV600E mutation like HT29 cells, 
this feedback is disrupted and thus MEK phosphorylation 
is not increased [26, 27]. When we treated the cells with 
the RAF inhibitor Sorafenib, we observed no increase in 
MEK phosporylation, but a decrease in most cell lines 
(Figure 1B, left panel), confirming that Sorafenib does 
block RAF activity. When we monitored AKT activity, 
we saw a modest increase of phospho-AKT both after 
treatment with MEK inhibitor and Sorafenib in HCT116 
and HT29 (Figure 1A and 1B, right panel). Also this 
increase confirms previous reports that inhibition of 
MAPK signalling sensitises the EGF receptor and thereby 
induces AKT [6]. Unexpectedly, however, we found a 
decrease in AKT activation in CaCO2 cells, when they 
were treated with Sorafenib (Figure 1B, right panel).

To investigate whether these rather surprising 
effects of Sorafenib on AKT signalling in CaCO2 cells 
manifests itself also on downstream processes, we 
performed reporter assays for two transcription factors, 
ELK1 and FOXO3a, which are downstream of ERK 
and AKT, respectively. In agreement with the signalling 
data, ELK1 activity was down-regulated both by the RAF 
inhibitor Sorafenib and the MEK inhibitor treatment, 
albeit MEK inhibition resulted in more pronounced 
reduction of ELK activity (Figure 1C). The FOXO3a 
reporter showed reduced activity post Sorafenib treatment, 
and a mild up-regulation after treatment with the MEK 
inhibitor (Figure 1C). Thus, these experiments confirm 
that the effects of Sorafenib on signalling also extend to 
transcription factors downstream of ERK and AKT.

We observed that Sorafenib inhibited AKT activity 
only in CaCO2 colon carcinoma cells that are BRAF and 
KRAS wildtype, and led to an increase in AKT activity in 
the other cell lines, which had mutations in either KRAS 
or BRAF. We therefore hypothesised that Sorafenib 
mediated inhibition of AKT signalling only occurs if the 
RAS/RAF signalling axis is wildtype. To test this, we used 
CaCO2 cells, which were stably transfected with inducible 
BRAFWT, mutant BRAFV600E or KRASG12V, and an empty 
expression vector as control. Figure 2A shows that indeed 
Sorafenib treatment resulted in the down-regulation of 
activated AKT in control cells and cells over-expressing 
wildtype BRAF. In contrast, those cells over-expressing 
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KRASG12V or BRAFV600E showed unchanged AKT 
phosphorylation. One could hypothesise that the effect of 
Sorafenib is mediated by MAPK signalling, however, the 
experiments with the MEK inhibitor AZD6244 showed 
that MEK inhibition does not change AKT phosphorylation 
in KRAS/BRAF wildtype cells.

To get further insights if Sorafenib treatment affects 
AKT phosphorylation only as a secondary adaptive 
response of the cells, i.e. that the cells are in a different 
state and express many other genes, or that the cells have a 
different cell-cycle distribution, we analysed the kinetics by 
which Sorafenib reduces AKT activity. CaCO2 and CaCO2 
cells expressing BRAFV600E were treated with Sorafenib 
for various time points between 10 min and 30 min. As 
shown in Figure 2B, phospho- AKT was down- regulated 

in CaCO2 cells at early time points (10– 15 min), which 
indicates that the effect is not mediated by secondary 
responses such as transcriptional alterations.

Next, we wanted to investigate how RAF inhibition 
modulates the response of AKT to external stimuli. We 
decided to use two growth factors, FGF2 and IGF1, that 
are known to activate preferentially the RAF/MEK/
ERK and PI3K/AKT signalling axes, respectively. We 
stimulated CaCO2 cells harbouring the empty vector 
control, or overexpressing wildtype BRAF, BRAFV600E and 
KRASG12V. We observed that FGF2 primarily stimulated 
ERK phosphorylation, and triggers a mild increase in AKT 
phosphorylation (Figure 2C, 2D) in all four cell lines. In 
contrast, IGF1 treatment alone had little effects on ERK and 
led to activation of AKT in these cell lines (Figure 2C, 2E).

Figure 1: Downregulation of AKT activity and downstream targets after application of the RAF inhibitor Sorafenib in 
KRAS/BRAF wildtype cells. (A and B) HCT116, HT29 and CaCO2 cells were treated with (A) 1 μM AZD6244 or (B) 10 μM Sorafenib, 
or their solvent control (DMSO) for the time durations indicated and signalling was measured using a bead-based ELISA (Luminex platform) 
with n ≥ 3 replicates. Mean and standard deviations are shown. (C) CaCO2 cells were transfected with 300 ng ELK and 20 ng Renilla or 300 ng 
FOXO3a and 20 ng Renilla luciferase reporter constructs for 24 h and then treated with 10 μM Sorafenib, 1 μM AZD6244 or DMSO for 4 h.
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To study the effect of RAF and MAPK signalling 
on AKT, we then pre-incubated the cells for 2 h with RAF 
or MEK inhibitors before we stimulated them. Again, we 
found that Sorafenib led to a decrease of AKT signalling 
in BRAF/KRAS wildtype cells, even when cells were 
stimulated with FGF2 (Figure 2D), and Sorafenib had 
no effect on AKT in cells expressing mutant BRAF or 
KRAS. Pre-incubation with the MEK inhibitor AZD6244 
led to an increase of AKT phosphorylation in most cell 
lines when compared to treatment with FGF2 alone. This 
is in line with previous results that show sensitisation of 
receptors due to negative feedback, albeit sensitisation 
was most pronounced for the EGFR [6]. Interestingly, we 
observed that Sorafenib and AZD6244 had no effect on 
AKT signalling triggered by IGF1 (Figure 2E), suggesting 
that Sorafenib does not affect the IGF/PI3K/AKT core 
signalling module.

Sorafenib is known to have a wide range of targets 
apart from RAF [21], and therefore the observed effects 
on AKT may be due to other targets apart from RAF. We 
therefore tested whether other RAF inhibitors have similar 
effects on RAF. We treated our panel of CaCO2 control 
cells, and CaCO2 cells expressing wildtype BRAF, and 

mutant BRAF and KRAS with two additional inhibitors 
of RAF (AZ628, L779450) and measured the response 
of AKT, ERK and MEK phosphorylation (Figure 2F, 
Supplementary Figure 1). We find that both inhibitors 
elicit a similar response to Sorafenib, as they block MEK/
ERK signalling irrespective of the mutation, but only lead 
to a down-regulation of phospho-AKT signalling, when 
BRAF and KRAS are wildtype.

Taken together, the results so far indicate that RAF 
inhibitors modulate AKT signalling response to external 
cues that also trigger MAPK signalling. It has opposite 
effects on AKT in KRAS/BRAF wildtype versus mutated 
cells, it affects response to external stimuli, but it does not 
modulate the core PI3K/AKT module.

RAF-inhibitor-induced AKT inhibition extends 
to other cell types and leads to an inhibition of 
proliferation and induced apoptosis

Based on the observation that RAF inhibition 
down-regulates AKT activity we were keen to understand 
whether the reduction of AKT affects proliferation 
or apoptosis. We measured CaCO2 cell growth using 

Figure 2: Downregulation of AKT activity by Sorafenib is restricted to BRAF/KRAS wildtype cells. (A) CaCO2 control 
cells and CaCO2 cells expressing wildtype, V600E mutated BRAF or G12V mutated KRAS were treated with 10 μM Sorafenib, 1 μM 
AZD6244 or PBS for 4 h. Signalling was measured using multiplex assays (Luminex platform). After Sorafenib treatment, phospho-AKT 
is lower compared to PBS in CaCO2 cells expressing the control vector or wildtype BRAF, but remains unchanged in cells expressing 
BRAFV600E or KRASG12V. AKT-phosphorylation is either not affected or increased in all cell lines when treated with AZD6244. (B) CaCO2 
control and cells expressing V600E mutated BRAF were treated with 10 μM of Sorafenib for times indicated. Phospho-AKT is down-
regulated in a time-dependent manner in control cells, but not in cells expressing BRAFV600E. (C) CaCO2 control cells and cells expressing 
wildtype, V600E mutated BRAF or G12V mutated KRAS were stimulated with 0.005 μg/ml FGF2, 0.1 μg/ml IGF1 or PBS as a control  
(D) CaCO2 control cells and cells expressing wildtype, V600E mutated BRAF or G12V mutated KRAS were treated with 10 μM Sorafenib, 
1 μM AZD6244 or PBS for 2 h following stimulation with 0.005 μg/ml FGF2. AKT phosphorylation is lower compared to PBS in cells 
expressing wildtype BRAF or control vector, but not in cells harboring a BRAFV600E or KRASG12V mutation. Phospho-AKT is increased in 
all cells when treated with AZD6244. (E) CaCO2 control cells and cells expressing wildtype, V600E mutated BRAF or G12V mutated 
KRAS were treated with 10 μM Sorafenib, 1 μM AZD6244 or PBS for 2 h following stimulation with 0.1 μg/ml IGF1. AKT phosphorylation 
increases independently of MEK or RAF inhibition. (F) CaCO2 control cells and cells expressing wildtype, V600E mutated BRAF or G12V 
mutated KRAS were treated with 200 nM AZ628 and 10 µM L779450. All data (n ≥ 3 replicates) were measured with Luminex technology 
and shown as log2 fold change and standard deviation. Significant deviations are indicated with asterisk (p < 0.05).
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real-time RTCA technology [29] (Figure 3A). We 
observed decreased proliferation in CaCO2 cells after 
24 h exposure with different concentrations of Sorafenib 
(Figure 3A upper left panel). In contrast, following 
treatment with the MEK inhibitor AZD6244, proliferation 
remained unaffected over time independent of inhibitor 
concentration (Figure 3A upper right panel).

We were interested if reduced proliferation due to 
Sorafenib treatment is restricted to colon cancer cell lines, 
or whether it extends to other cell types. We therefore 
measured proliferation in human embryonic kidney 
(HEK) cells. We found that also this cell line showed 
strong reduction in growth when treated with Sorafenib, 
but no growth reduction when treated with the MEK 
inhibitor (Figure 3A lower panel). This raised the question 
whether the RAF-inhibitor-induced AKT inhibition is a 
general mechanism that occurs when KRAS or BRAF are 
wildtype. To investigate this, we also treated HEK cells 
with RAF inhibitor Sorafenib and AZD6244 up to 4 h and 
measured signalling. We observed a response similar to the 
one in CaCO2 cells described above: AZD6244 treatment 
resulted in unchanged AKT activity, decreased phospho-
ERK level and, possibly due to feedback regulation, 

increased MEK phosphorylation (Figure 3B). Sorafenib 
treatment again resulted in reduced AKT phosphorylation, 
reduced MEK and ERK signalling. This shows that the 
effect of Sorafenib on AKT is not limited to colon cancer 
cell lines, but also extends to other cell types with wildtype 
RAS/RAF-signalling axis such as HEK cells.

We then set out to investigate whether the effect of 
Sorafenib on proliferation is dependent on a wildtype RAS/
RAF/ERK signalling axis, by using the isogenic CaCO2 
cell lines that express inducible BRAFWT, BRAFV600E 
or KRASG12V. We treated these cells with Sorafenib or 
AZD6244 and measured proliferation using the metabolic 
XTT assay. We observed that cell proliferation was 
significantly decreased after Sorafenib treatment in CaCO2 
cells that expressed BRAFWT, while it was unchanged 
when mutant BRAF or KRAS were expressed (Figure 3C).

We then assessed whether apoptosis and necrosis 
was induced by Sorafenib in these cells, by measuring 
phycoerythrin (PE) labeled Annexin V and 7-Amino-
actinomycin D staining (See Figure 4A). Sorafenib 
treatment significantly induced apoptosis after 48 h in cells 
expressing BRAFWT, but not in those expressing BRAFV600E 
or KRASG12V (See Figure 4A, 4B). Interestingly, Sorafenib 

Figure 3: RAF inhibitor induced AKT phosphorylation leads to inhibition of proliferation in KRAS/BRAF wildtype 
cells. (A) Cell index of a real-time cell proliferation (XCelligence RTCA) of CaCO2 and HEK293 cells in response to concentrations 
indicated of Sorafenib or AZD6244 compared to solvent control DMSO was measured up to 120 h. Proliferation was significantly reduced 
at 5 μM to 50 μM Sorafenib, while proliferation was unaffected using MEK inhibitor. Mean value of cell index and spread of n = 3 replicates 
were shown. (B) HEK cells were treated with 10 μM Sorafenib, 1 μM AZD6244 or DMSO for indicated times. Decreased AKT activity was 
detected in cells treated with Sorafenib, while not when perturbed with AZD6244. (C) CaCO2 cells expressing wildtype, V600E mutated 
BRAF or G12V mutated KRAS were treated with 10 μM Sorafenib, 1 μM AZD6244 or DMSO for 24 h up to 96 h and analyzed with 
XTT for proliferation activity. Proliferation decreased significantly in wildtype BRAF after Sorafenib treatment, but not in cells expressing 
BRAFV600E or KRASG12V. Mean value and standard deviation of n = 3 replicates is shown.  
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treatment did not affect necrosis (Figure 4A, 4B). In line 
with increased apoptosis, PUMA (BBC3), a member of the 
BCL-2 family of pro-apoptotic proteins and direct target of 
FOXO3a [30], is significantly up-regulated in CaCO2 cells 
compared to BRAFV600E-expressing cells after Sorafenib 
treatment for 48 h (Figure 4C).

DISCUSSION

Mutations in the KRAS and BRAF genes are thought 
to drive many tumors, and the signalling cascades and 
downstream effectors with regard to those oncogenes 
are considered as attractive pharmacological targets 
[31]. Nevertheless, the effects of known and unknown 
feedbacks and cross-talk are complicating the effort to 
design effective compounds for patient specific therapy 
[6, 27, 32, 33]. In this regard, cross-modulation of the 
PI3K/AKT pathway, which controls processes like 
cell survival and growth, has been implicated in drug 
resistance [6, 33]. Reports about interaction between 
RAF/MEK/ERK signalling and PI3K/AKT are manifold. 
For instance, strong IGF stimulation results in a cross 
inhibition of RAF by AKT. In that case, AKT negatively 
regulates ERK activation by the phosphorylation of a 
CRAF inhibitory site (Serine 259) [8–12]. Such cross-
talk seem to depend on the type of ligand and the cellular 
background or stage of differentiation [9].

In this study, we systematically interrogated 
the effect of inhibiting MEK and RAF on both MAPK 
signalling and AKT signalling in various colon cancer 
cell lines with and without mutations in BRAF and KRAS. 
We focussed our study on colorectal carcinoma cell lines, 
because approximately 50% of colorectal tumors contain a 
mutated KRAS gene [15], and further 10% harbor mutated 
BRAF [15, 34].

Many effects of the inhibitors on upstream signalling 
and AKT signalling that we observed confirm previous 
results and can be attributed to feedbacks. For example, 
MEK inhibition leads to higher MEK phosphorylation 
in BRAF wildtype cells, which can be attributed to a 
feedback from ERK to RAF [26–28]. Another example 
is the activation of AKT after MEK inhibition in BRAF/
KRAS mutant cell lines, which has been reported to be 
mediated by a relieve of feedback inhibition of the EGF 
receptor after drug treatment [33, 6, 5, 7, 35]. In contrast, 
we found a rather surprising effect of Sorafenib (Nexavar) 
on AKT signalling: In cells that have a wildtype KRAS/
RAF/MEK/ERK signalling axis, Sorafenib treatment 
reduces AKT signalling, while in cells with mutant KRAS 
or BRAF, AKT signalling tends to be up-regulated after 
Sorafenib treatment. Using two additional structurally 
unrelated RAF inhibitors we confirmed that the observed 
effect is not specific to Sorafenib, but rather an effect of 
blocking RAF. Reduced AKT signalling after Sorafenib 

Figure 4: RAF inhibitor induced AKT phosphorylation leads to induction of apoptosis in KRAS/BRAF wildtype cells. 
(A) Apoptotic (Annexin V:PE+ and 7−AAD−) and necrotic cells (Annexin V:PE+ and 7−AAD+) were analyzed by flow cytometry 48 h 
after treatment with 10 μM Sorafenib or DMSO in CaCO2 cells expressing wildtype, V600E mutated BRAF or G12V mutated KRAS.  
(B) The bars show the % of measured apoptosis or necrosis from n = 2 replicates. CaCO2 cells expressing wildtype BRAF showed an 
increase in apoptosis compared to BRAFV600E or KRASG12V mutated cells. Necrosis was unaffected by treatment with Sorafenib after 48 h.  
(C) Relative expression of PUMA mRNA measured using qRT-PCR 48 h after treatment of control cells and CaCO2 cells expressing 
V600E mutated BRAF with 10 μM Sorafenib compared to DMSO treatment. PUMA was upregulated in wildtype CaCO2 cells. Mean and 
standard deviation are for n = 3 replicates. Significant deviations are indicated with asterisk (p < 0.05).
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treatment in KRAS/BRAF wildtype cells also extends to 
downstream target levels, as shown with reduced FOXO3a 
activity after Sorafenib treatment. We furthermore 
show that the effects on AKT activity are indepenent of 
MAPK signalling, as MEK inhibition does not result in 
downregulation of AKT phosphorylation.

Very importantly and in line with the role of AKT 
as a survival pathway, we find an induction of cell death 
as evidenced by cleavage of caspase 3 and the nuclear 
protein PARP. Induction of apoptosis after treatment with 
Sorafenib was shown for several types of cancer [17, 36, 
37, 18, 38], but the mechanism behind the induction of 
apoptosis remain unclear, and has so far been attributed 
to its effects on ERK signalling, and not been linked to 
reduced AKT phosphorylation [39, 40, 20].

Several studies in leukaemia cell lines have shown 
results which are in line with our study. For example, 
induction of apoptosis and decrease of AKT activation 
occurred in acute lymphoblastic leukemia (ALL) cells 
after treatment with Sorafenib [41, 42]. Importantly, the 
used ALL cell lines were wildtype for KRAS and BRAF 
mutations. Other leukemic cell lines such as MV4–11, 
KG1 or OCI/AML3, which are also wildtype for BRAF 
or KRAS, showed an elevated apoptosis and decreased 
proliferation after treatment with Sorafenib [17, 38]. 
A similar pattern was observed in the lymphoma cell 
line SUD-DHL-4 V, which does not harbor mutations 
in KRAS and BRAF. Contrary, RAS mutated Hodgkin, 
pancreatic or hepatocellular carcinoma cell lines showed 
increased P-AKT after perturbation with Sorafenib [43]. 
Taken together, these studies underline the consequence 
of KRAS mutations on AKT activation after treatment 
with Sorafenib. In pancreatic cells harboring a KRASG12V 
mutation, no change in P-AKT occurs after inhibition 
of RAF, with only a mild increase in apoptosis. Very 
interestingly, in cells with a KRASQ61H mutation, a 
decrease in P-AKT level and a high increase in apoptosis 
were shown, which was comparable to wildtype cells 
[44]. These observations suggest that that distinct KRAS 
mutants differ in their spectrum of pathway crosstalk.

Taken together our results show strongly different, 
even opposing response of AKT signalling in wildtype 
compared to KRAS and BRAF mutated cells after RAF 
inhibition.

MATERIALS AND METHODS

Cells and cell culture

The cell lines HEK293, HCT116, HT29 and 
CaCO2 were obtained from ATCC (American Type 
Culture Collection, UK). These cell lines were maintained 
in DMEM (Dulbecco‘s Modified Eagle‘s Medium, 
Lonza) supplemented with 10% fetal calf serum, 1% 
ultraglutamine and 1% penicillin/ streptomycin. All cells 
were incubated in a humidified atmosphere of 5% CO2 in 

air at 37 grad celcius. Caco2tet cells and their derivatives 
Caco2tet/empty vector, Caco2tet/BRAFWT, Caco2tet/
BRAFV600E and Caco2tet/KRASG12V, have been described 
previously [26, 45]. The doxycyclin inducible expression 
system is described in detail elsewhere [46].

Reagents

The following inhibitors were used in the various 
assays: MEK inhibitor AZD6244 (1 μM unless otherwise 
specified; Selleck Chemicals) and RAF inhibitor 
Sorafenib (10 μM unless otherwise specified, LC 
Laboratories), AZ628 (200 nM, Selleck Chemicals) and 
L779450 (10 µM, Abcam). The solvent control was the 
appropriate amount of DMSO. We used the following 
ligands (all Peprotech): IGF1 (0.1 μg/ml), and FGF2 
(0.005 μg/ ml) solved in 0.01% BSA (bovine serum 
albumin) in PBS (phosphate buffered saline).

Luciferase reporter gene assay

CaCO2 cells were co-transfected with luciferase 
expression vector encoding FOXO3a (AddGene) or 
ELK1 (kind gift of Markus Morkel, Charite) and Renilla 
luciferase vector (internal control) using Lipofectamine 
2000 (Life Technologies). After 4.5 h medium was 
replaced and Sorafenib or AZD6244 was added for 
4 h. Cells were harvested with passive cell lysis buffer 
(Promega), and luciferase activity was measured using the 
dual luciferase reporter assay system (Promega) according 
to the manufacturer’s instructions. The relative activity 
was normalised to the ratio of Firefly luciferase activity 
to Renilla luciferase activity and calculated as the fold 
difference from treatment to untreated control for each 
expression vector.

Luminex bead-based technology

After treatment of cells lysates were collected and 
the level of phospho-protein expression was analysed 
with the Luminex system (BioRad, Hercules, CA) 
using beads specific for phospho-MEK1 (S217/S221), 
phospho-AKT (S473) and phospho-ERK2 (Thr185/
Tyr187) according to the manufacturer‘s instructions. 
Briefly, samples were washed with PBS and lysed with 
cell lysis buffer (BioRad). Lysate protein concentration 
was determined with BCA (bicinchoninic acid) method 
(Thermo Scientific). The beads and detection antibodies 
were diluted 1:3. For acquiring data, the BioPlex Manager 
software was used.

RNA isolation and quantitative RT-PCR analysis

RNA was isolated from cells after treatment with 
Sorafenib using the RNeasy-mini-kit (Qiagen) according to 
the suppliers protocol. Quantitative real-time PCR analysis 
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was performed using a StepOnePlus 96-well format Light-
Cycler apparatus (Applied Biosystems). Experiments were 
run and analysed with the StepOne 2.0 software according 
to the manufacturer‘s recommendations. Synthesis 
of double-stranded DNA during the PCR cycles was 
visualised with TaqMan gene expression assays FAM-dye 
labeled (PUMA [Hs_00248075_m1]) or VIC-dye labeled 
for loading control (PGK1 [Hs_943178_g1]) and TaqMan 
gene expression master mix (all Applied Biosystems). 
The data were analysed quantitatively by measuring the 
threshold cycles (CT).

Proliferation studies

Metabolic activity was determined using the 
tetrazolinum salt XTT (Roche) according to the 
manufacturer‘s protocol. Briefly, cells were seeded in 
96-well plates in triplicates and treated with Sorafenib, 
AZD6244 or DMSO. After time indicated, cells were 
incubated with XTT labeling mixture and measured using 
an ELISA reader (Benchmark Plus BioRad) at 480 nm 
with a reference wavelength at 680 nm. For proliferation 
studies in real time, the XCelligence RTCA SP instrument 
was used. CaCO2 and HEK cells were plated 24 h 
before treatment with inhibitors or controls. Over time 
of measurement, the system records the cell index (CI), 
which reflects the cell attachment to the electrodes and is 
proportional to the number of cells. Each treatment was 
measured at least in triplicates. As the initial cell number is 
variable and growth of the cell population is exponential, 
averaging the growth curves is not reasonable. Instead, 
we calculated the logarithmised and normalized cell 
index log2(ci(t)/ci(t of inhibitor application)) and took the 
average of these values [29].

Analysis of apoptosis and necrosis

Apoptosis and necrosis was determined using 
Annexin V:PE and 7-AAD Apoptosis detection kit (BD 
Pharmingen) and flow cytometry analyses. In brief, cells 
were seeded and treated after 24 h with Sorafenib or 
DMSO. Cells were incubated for 48 h and harvested. Each 
cell pellet was resuspended in 100 μl of binding buffer 
and 5 μl of Annexin V:PE and 5 μl of 7-AAD were added. 
After incubation time of 15 min at room temperature, 
additional 100 μl of binding buffer were added. Flow 
cytometry analyses were performed using BD Accuri C6 
flow cytometer and data thus obtained were analysed with 
FlowJo 10 software.

ACKNOWLEDGMENTS

We are grateful to Ricarda Herr for helpful 
discussions and advice. We thank Gustavo Bremo and 
Judith Seidemann for their excellent technical support.

GRANT SUPPORT

SK, TB, CS und NB acknowledge funding from 
BMBF (German Federal Ministry of Education and 
Resarch), project OncoPATH.

CONFLICTS OF INTEREST

The authors declare that there is no conflicts of 
interest.

REFERENCES

 1. Lee JT, Steelman LS, Chappell WH, McCubrey JA. 
Akt inactivates ERK causing decreased response to 
chemotherapeutic drugs in advanced CaP cells. Cell Cycle. 
2008; 7:631–6.

 2. Martelli AM, Evangelisti C, Chiarini F, Grimaldi C, 
Cappellini A, Ognibene A, McCubrey JA. The emerging 
role of the phosphatidylinositol 3-kinase/Akt/mammalian 
target of rapamycin signaling network in normal 
myelopoiesis and leukemogenesis. Biochim Biophys Acta. 
2010; 1803:991–1002.

 3. Martelli AM, Evangelisti C, Chiarini F, McCubrey JA. The 
phosphatidylinositol 3-kinase/Akt/mTOR signaling network 
as a therapeutic target in acute myelogenous leukemia 
patients. Oncotarget. 2010; 1:89–103. doi: 10.18632/
oncotarget.114.

 4. Chalhoub N, Baker SJ. PTEN and the PI3-kinase pathway 
in cancer. Annu Rev Pathol. 2009; 4:127–50.

 5. Hoeflich KP, O’Brien C, Boyd Z, Cavet G, Guerrero S, 
Jung K, Januario T, Savage H, Punnoose E, Truong T, 
Zhou W, Berry L, Murray L, et al. In vivo antitumor activity 
of MEK and phosphatidylinositol 3-kinase inhibitors in 
basal-like breast cancer models. Clin Cancer Res. 2009; 
15:4649–64.

 6. Klinger B, Sieber A, Fritsche-Guenther R, Witzel F, 
Berry L, Schumacher D, Yan Y, Durek P, Merchant M, 
Schafer R, Sers C, Blüthgen N. Network quantification of 
EGFR signaling unveils potential for targeted combination 
therapy. Mol Syst Biol. 2013; 9:673.

 7. Yu CF, Liu ZX, Cantley LG. ERK negatively regulates 
the epidermal growth factor-mediated interaction of Gab1 
and the phosphatidylinositol 3-kinase. J Biol Chem. 2002; 
277:19382–8.

 8. Guan KL, Figueroa C, Brtva TR, Zhu T, Taylor J, 
Barber TD, Vojtek AB. Negative regulation of the serine/
threonine kinase B-Raf by Akt. J Biol Chem. 2000; 
275:27354–9.

 9. Moelling K, Schad K, Bosse M, Zimmermann S, 
Schweneker M. Regulation of Raf-Akt Cross-talk. J Biol 
Chem. 2002; 277:31099–106.

10. Zimmermann S, Moelling K. Phosphorylation and regulation 
of Raf by Akt (protein kinase B). Science. 1999; 286:1741–4.



Oncotarget7968www.impactjournals.com/oncotarget

11. Reusch HP, Zimmermann S, Schaefer M, Paul M, 
Moelling K. Regulation of Raf by Akt controls growth 
and differentiation in vascular smooth muscle cells. J Biol 
Chem. 2001; 276:33630–7.

12. Rommel C, Clarke BA, Zimmermann S, Nunez L, 
Rossman R, Reid K, Moelling K, Yancopoulos GD, 
Glass DJ. Differentiation stage-specific inhibition of the Raf-
MEK-ERK pathway by Akt. Science. 1999; 286:1738–41.

13. Arvelo F, Sojo F, Cotte C. Biology of colorectal cancer. 
Ecancermedicalscience. 2015; 9:520.

14. Morkel M, Riemer P, Bläker H, Sers C. Similar but different: 
distinct roles for KRAS and BRAF oncogenes in colorectal 
cancer development and therapy resistance. Oncotarget. 
2015; 6:20785–800. doi: 10.18632/oncotarget.4750.

15. Danielsen SA, Eide PW, Nesbakken A, Guren T, Leithe E, 
Lothe RA. Portrait of the PI3K/AKT pathway in colorectal 
cancer. Biochim Biophys Acta. 2015; 1855:104–21.

16. Yokota T, Ura T, Shibata N, Takahari D, Shitara K, 
Nomura M, Kondo C, Mizota A, Utsunomiya S, Muro K, 
Yatabe Y. BRAF mutation is a powerful prognostic factor 
in advanced and recurrent colorectal cancer. Br J Cancer. 
2011; 104:856–62.

17. Auclair D, Miller D, Yatsula V, Pickett W, Carter C, 
Chang Y, Zhang X, Wilkie D, Burd A, Shi H, Rocks S, 
Gedrich R, Abriola L, et al. Antitumor activity of sorafenib 
in FLT3-driven leukemic cells. Leukemia. 2007; 21:439–45.

18. Yu C, Bruzek LM, Meng XW, Gores GJ, Carter CA, 
Kaufmann SH, Adjei AA. The role of Mcl-1 downregulation 
in the proapoptotic activity of the multikinase inhibitor 
BAY 43–9006. Oncogene. 2005; 24:6861–9.

19. Zambon A, Niculescu-Duvaz I, Niculescu-Duvaz D, 
Marais R, Springer CJ. Small molecule inhibitors of BRAF 
in clinical trials. Bioorg Med Chem Lett. 2012; 22:789–92.

20. Strumberg D. Preclinical and clinical development of the 
oral multikinase inhibitor sorafenib in cancer treatment. 
Drugs Today. 2005; 41:773–84.

21. Wilhelm S, Carter C, Lynch M, Lowinger T, Dumas J, 
Smith RA, Schwartz B, Simantov R, Kelley S. Discovery 
and development of sorafenib: a multikinase inhibitor for 
treating cancer. Nature reviews Drug discovery. 2006; 
5:835–844.

22. Gedaly R, Angulo P, Hundley J, Daily MF, Chen C, Koch A, 
Evers BM. PI-103 and sorafenib inhibit hepatocellular 
carcinoma cell proliferation by blocking Ras/Raf/MAPK 
and PI3K/AKT/mTOR pathways. Anticancer Res. 2010; 30: 
4951–8.

23. Huynh H, Ngo VC, Koong HN, Poon D, Choo SP, 
Thng CH, Chow P, Ong HS, Chung A, Soo KC. Sorafenib 
and rapamycin induce growth suppression in mouse models 
of hepatocellular carcinoma. J Cell Mol Med. 2009; 13: 
2673–83.

24. Chen KF, Chen HL, Tai WT, Feng WC, Hsu CH, Chen PJ, 
Cheng AL. Activation of phosphatidylinositol 3-kinase/
Akt signaling pathway mediates acquired resistance to 

sorafenib in hepatocellular carcinoma cells. J Pharmacol 
Exp Ther. 2011; 337:155–61.

25. Michelle C, Mendoza E, Emrah E, Blenis J. The Ras-ERK 
and PI3K-mTOR Pathways: Cross-talk and Compensation. 
Trends Biochem Sci. 2011; 36:320–328.

26. Fritsche-Guenther R, Witzel F, Sieber A, Herr R, Schmidt N, 
Braun S, Brummer T, Sers C, Blüthgen N. Strong negative 
feedback from Erk to Raf confers robustness to MAPK 
signalling. Mol Syst Biol. 2011; 7:489.

27. Friday BB, Yu C, Dy GK, Smith PD, Wang L, 
Thibodeau SN, Adjei AA. BRAF V600E disrupts AZD6244-
induced abrogation of negative feedback pathways between 
extracellular signal-regulated kinase and Raf proteins. 
Cancer research. 2008; 68:6145–6153.

28. Sturm OE, Orton R, Grindlay J, Birtwistle M, Vyshemirsky V, 
Gilbert D, Calder M, Pitt A, Kholodenko B, Kolch W. The 
mammalian MAPK/ERK pathway exhibits properties of a 
negative feedback amplifier. Science signaling. 2010; 3:ra90.

29. Witzel F, Fritsche-Guenther R, Lehmann N, Sieber A, 
Blüthgen N. Analysis of impedance-based cellular growth 
assays. Bioinformatics. 2015; 31:2705–12.

30. You H, Pellegrini M, Tsuchihara K, Yamamoto K, 
Hacker G, Erlacher M, Villunger A, Mak TW. FOXO3a-
dependent regulation of Puma in response to cytokine/
growth factor withdrawal. J Exp Med. 2006; 203:1657–63.

31. Roberts PJ, Der CJ. Targeting the Raf-MEK-ERK mitogen-
activated protein kinase cascade for the treatment of cancer. 
Oncogene. 2007; 26:3291–3310.

32. Sun C, Wang L, Huang S, Heynen GJJE, Prahallad A, 
Robert C, Haanen J, Blank C, Wesseling J, Willems SM, 
Zecchin D, Hobor S, Bajpe PK, et al. Reversible and 
adaptive resistance to BRAF(V600E) inhibition in 
melanoma. Nature. 2014; 508:118–122.

33. Prahallad A, Sun C, Huang S, Di Nicolantonio F, Salazar R, 
Zecchin D, Beijersbergen RL, Bardelli A, Bernards R. 
Unresponsiveness of colon cancer to BRAF(V600E) 
inhibition through feedback activation of EGFR. Nature. 
2012; 483:100–103.

34. Clancy C, Burke JP, Kalady MF, Coffey JC. BRAF mutation 
is associated with distinct clinicopathological characteristics 
in colorectal cancer: a systematic review and meta-analysis. 
Colorectal disease. 2013; 15:e711–8.

35. Zmajkovicova K, Jesenberger V, Catalanotti F, Baumgartner C, 
Reyes G, Baccarini M. MEK1 is required for PTEN 
membrane recruitment, AKT regulation, and the maintenance 
of peripheral tolerance. Molecular cell. 2013 Apr; 50:43–55.

36. Huang S, Sinicrope FA. Sorafenib inhibits STAT3 activation 
to enhance TRAIL-mediated apoptosis in human pancreatic 
cancer cells. Mol Cancer Ther. 2010; 9:742–50.

37. Yang F, Brown C, Buettner R, Hedvat M, Starr R, Scuto A, 
Schroeder A, Jensen M, Jove R. Sorafenib induces growth 
arrest and apoptosis of human glioblastoma cells through 
the dephosphorylation of signal transducers and activators 
of transcription 3. Mol Cancer Ther. 2010; 9:953–62.



Oncotarget7969www.impactjournals.com/oncotarget

38. Zhang W, Konopleva M, Ruvolo VR, McQueen T, 
Evans RL, Bornmann WG, McCubrey J, Cortes J, 
Andreeff M. Sorafenib induces apoptosis of AML cells via 
Bim-mediated activation of the intrinsic apoptotic pathway. 
Leukemia. 2008; 22:808–18.

39. Bonelli MA, Fumarola C, Alfieri RR, La Monica S, 
Cavazzoni A, Galetti M, Gatti R, Belletti S, Harris AL, 
Fox SB, Evans DB, Dowsett M, Martin LA, et al. 
Synergistic activity of letrozole and sorafenib on breast 
cancer cells. Breast Cancer Res Treat. 2010; 124:79–88.

40. Liu L, Cao Y, Chen C, Zhang X, McNabola A, Wilkie D, 
Wilhelm S, Lynch M, Carter C. Sorafenib blocks the RAF/
MEK/ERK pathway, inhibits tumor angiogenesis, and 
induces tumor cell apoptosis in hepatocellular carcinoma 
model PLC/PRF/5. Cancer Res. 2006; 66:11851–8.

41. Schult C, Dahlhaus M, Ruck S, Sawitzky M, Amoroso F, 
Lange S, Etro D, Glass A, Fuellen G, Boldt S, Wolkenhauer O, 
Neri LM, Freund M, et al. The multikinase inhibitor 
Sorafenib displays significant antiproliferative effects and 
induces apoptosis via caspase 3, 7 and PARP in B- and 
T-lymphoblastic cells. BMC Cancer. 2010; 10:560.

42. Oh SJ, Erb HH, Hobisch A, Santer FR, Culig Z. Sorafenib 
decreases proliferation and induces apoptosis of prostate 

cancer cells by inhibition of the androgen receptor and Akt 
signaling pathways. Endocr Relat Cancer. 2012; 19:305–19.

43. Carlo-Stella C, Locatelli SL, Giacomini A, Cleris L, 
Saba E, Righi M, Guidetti A, Gianni AM. Sorafenib inhibits 
lymphoma xenografts by targeting MAPK/ERK and AKT 
pathways in tumor and vascular cells. PLoS One. 2013; 
8:e61603.

44. Ulivi P, Arienti C, Amadori D, Fabbri F, Carloni S, Tesei  A, 
Vannini I, Silvestrini R, Zoli W. Role of RAF/MEK/ERK 
pathway, p-STAT-3 and Mcl-1 in sorafenib activity in 
human pancreatic cancer cell lines. J Cell Physiol. 2009; 
220:214–21.

45. Möller Y, Siegemund M, Beyes S, Herr R, Lecis D, Delia D, 
Kontermann R, Brummer T, Pfizenmaier K, Olayioye MA. 
EGFR-targeted TRAIL and a Smac mimetic synergize to 
overcome apoptosis resistance in KRAS mutant colorectal 
cancer cells. PloS one. 2014; 9:e107165.

46. Herr R, Wöhrle FU, Danke C, Berens C, Brummer T. 
A novel MCF-10A line allowing conditional oncogene 
expression in 3D culture. Cell Commun Signal. 2011; 9:17.


