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ABSTRACT
Receptor tyrosine kinase (RTK) signaling pathways are frequently activated in 

cancer cells due to mutations of RTKs and/or their downstream signaling proteins 
such as KRAS and BRAF. About 40% colorectal cancers (CRCs) contain KRAS or BRAF 
mutant genes and are resistant to treatments with individual inhibitors of RTKs, 
AKT, MEK, or BRAF. Therefore, an understanding of the molecular mechanisms of 
the drug resistance is necessary for developing effective strategies to treat the 
diseases. Here we report the discovery of an AKT/ERK reactivation mechanism that 
account for the cancer cell resistance to the AKT and MEK inhibitors treatments. The 
reactivations of AKT and ERK after the AKT or MEK inhibitor treatment were caused 
by a relief of an AKT or ERK-mediated feedback inhibition of the RTKs and/or their 
downstream pathways. A combination of RTK inhibitors, based on the RTK activation/
phosphorylation profile, synergized with the AKT inhibitor, but not the MEK inhibitor, 
to completely inhibit the AKT phosphorylation and to block the growth of KRAS/BRAF 
mutant CRC cells. These results underscored the importance of AKT and the AKT 
feedback signaling to cancer cell growth and offered a novel therapeutic approach 
for the treatment of KRAS/BRAF mutant CRC cells.

INTRODUCTION

Receptor tyrosine kinases (RTKs) signaling 
pathways are the major pathways in regulating cell 
proliferation, differentiation, and survival [1, 2]. The RTKs 
are activated by growth factors and transduce signals 
through two distinct downstream pathways: the mitogen-
activated protein kinase kinase (MEK)/extracellular 
signaling-regulated kinase (ERK) pathway and the 
phosphatidylinositol 3-kinase (PI3K)/protein kinase B 
(AKT) pathway [3–5]. These two pathways are frequently 
activated in cancer cells due to aberrant activation of RTKs 
and/or activating mutations in their downstream signaling 
molecules such as KRAS and BRAF [6–9]. Specific RTK 
inhibitors (RTKis) have been used for the treatment of 
certain cancers with RTK activations [10–12]. However, 
therapeutic efficacies are low in most cancers with KRAS 
or BRAF mutations [13, 14]. Although inhibitors of the 
downstream effectors such as RAF and MEK exhibit good 
therapeutic efficacies in BRAF mutant melanoma cells  

[9, 15], most cancer cells are resistant to the single 
inhibitor treatments [16–20].

Colorectal cancer (CRC) is the third most common 
cancer and the fourth leading cause of cancer deaths 
worldwide [21–23]. So far, there have been only two 
types of targeted therapies approved for CRC treatments, 
an anti-angiogenesis therapy and an anti-EGFR therapy. 
Cetuximab and panitumumab, two antibodies against 
EGFR, can only prolong survival of colorectal cancer 
patients with normal KRAS [24]. However, the data in 
the Catalogue of Somatic Mutations in Cancer (COSMIC) 
indicate that 41.6% (2463 of 5926) of the CRC patients 
contain KRAS or BRAF mutant genes [25, 26], suggesting 
that a large population of CRC patients can not profit from 
the anti-EGFR treatment and new therapeutic strategies 
are urgently needed.

In this study, we investigated the drug resistance 
mechanisms of the KRAS or BRAF mutant CRC cells 
and explored new strategies to target the RTK signaling 
pathways for the treatment of the CRC cells. We found 
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that AKT inhibitors (AKTi) and MEK inhibitors (MEKi) 
individually or in combination were not sufficient to 
inhibit the growth of the KRAS/BRAF mutant CRC 
cells. A reactivation of AKT or ERK, which was caused 
by a relief of a feedback inhibition of the RTKs and/or 
their downstream signaling pathways, occurred after 
the inhibitors treatments. An RTKi combination, based 
on the RTK phosphorylation profile in the cancer cells, 
synergized with AKTi, but not MEKi, to inhibit the 
reactivation of AKT and the growth of the CRC cells. 
Our findings underscored the key role of the RTK-PI3K-
AKT pathway in the KRAS/BRAF mutant CRC cells, and 
provided a novel strategy for CRC treatment. 

RESULTS

AKTi and MEKi were insufficient to inhibit 
growth of most of the KRAS or BRAF mutant 
CRC cells

We collected nine KRAS or BRAF mutant CRC 
cell lines and inhibited the MEK/ERK pathway and/or 
the PI3K/AKT pathway downstream of RAS-RAF with 
a MEK inhibitor (MEKi) U0126 and/or an AKT inhibitor 
(AKTi) MK2206 [27, 28]. The concentrations of the two 
inhibitors we used were sufficient to completely inhibit 
the phosphorylation of MEK and AKT in vitro. The foci 
formation experiments demonstrated that for most cells, 
inhibition of both MEK and AKT led to less than 70% 
cell growth inhibition (13% for SW480, 36% for SW1116, 
61% for HCT-15, 51% for LS174T, 27% for HCT-116, 
31% for HT-29, 63% for WIDR and 56% for COLO205) 
(Figure 1A and 1B). LOVO cell line was the only cell line 
that was dramatically inhibited by the AKTi (93% growth 
inhibition) and by the combination of the AKTi and the 
MEKi (97% growth inhibition). These data indicated that 
the AKTi and MEKi were insufficient to inhibit the growth 
of most of the KRAS/BRAF mutant CRC cells.

AKT and ERK were reactivated after the AKTi 
and/or MEKi treatments

To understand the mechanisms underlying the 
resistance of the KRAS/BRAF mutant CRC cells to 
the AKTi and/or the MEKi treatments, we investigated 
whether AKT and ERK signaling were inhibited 
effectively. The AKT phosphorylation was inhibited after 
1 hour AKTi treatment, but was restored within 24 hours 
in the five AKTi-resistant cell lines (Figure 2A). The 
AKT phosphorylation was restored to a less extend in 
the AKTi-sensitive cell line LOVO. Similarly, the ERK 
phosphorylation was also inhibited after 1 hour MEKi 
treatment, but was reactivated within 24 hours in all the 
six MEKi-resistant cell lines (Figure 2B). Furthermore, 
the combination of AKTi and MEKi could not prevent the 
reactivations of AKT and ERK (Figure 2C). These results 

suggested that the reactivation of AKT and ERK might be 
the reason for the resistance of the KRAS or BRAF mutant 
CRC cells to the AKTi and MEKi treatments.

The increased activation of RTKs were 
responsible for the reactivation of AKT, but not 
ERK

We next analyzed the phosphorylation of upstream 
RTKs in order to understand the mechanisms of the 
reactivation of AKT and ERK after the AKTi and/or 
MEKi treatments by using the phospho-RTK arrays  
[4, 5, 29]. More than one RTK was activated in eight of the 
nine cell lines (Figure 3A). The frequently activated RTKs 
were EGFR family members (EGFR, HER2 and HER3), 
insulin receptor family members (InsR and IGF1R), and 
HGFR (hepatocyte growth factor receptor, also known as 
MET). However, the RTK phosphorylation patterns were 
heterogeneous among the KRAS or BRAF mutant cells 
(Figure 3A).

We then analyzed the RTK phosphorylation changes 
after the AKTi and MEKi treatments. The phosphorylation 
of the activated RTKs was increased in all tested cell lines 
after 24 hours AKTi treatment (Figure 3B). In contrast, 
the phosphorylation of RTKs was only induced in two 
cell lines (LOVO and LS174T) after 24 hours MEKi 
treatment and was not correlated with the reactivation of 
ERK (Figure 3C).

To understand the function of the activated 
RTKs, we treated the cells with a combination of the 
corresponding RTK inhibitors (RTKis) (Supplementary 
Figure S1) or together with the AKTi or MEKi (Figure 
3B–3E). Lapatinib (LAP) was used for inhibiting EGFR 
family [30], OSI-906 (OSI) for Insulin Receptor family 
[31], and jnj38877605 (JNJ) for HGFR family [32]. 
The combination of RTKis and AKTi abolished the 
reactivation of AKT, but the combination of RTKis and 
MEKi did not abolish the reactivation of ERK (Figure 
3B–3E). Meanwhile, the combination of MEKi and RTKis 
could not abolish the up-regulation of p-CRAF, which 
was reported to reactivate the ERK after MEKi treatment 
(Supplementary Figure S2) [17, 18, 33]. These data 
suggested that the increased phosphorylation of the RTKs 
by the AKTi treatment was responsible for the reactivation 
of AKT. 

Phospho-RTK profile-based RTKi combination 
treatments inhibited the growth of CRC cells by 
inhibiting AKT phosphorylation

To understand the functions of the activated RTKs 
for the growth of the KRAS or BRAF mutant CRC cells, 
the cells were treated with LAP, OSI, or JNJ individually 
or in combination based on the phospho-RTK patterns 
(Figure 4A and 4B). The concentrations we used were 
sufficient to completely inhibit the phosphorylation 
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of targeted RTKs. The RTKi combinations potently 
inhibited the growth of the three BRAF mutant cell lines 
(COLO205, HT-29, and WIDR), and two of the KRAS 
mutant cell lines (LOVO and LS174T, more than 70% 
inhibition). However, four other KRAS mutant cell 
lines (SW480, SW1116, HCT-116, and HCT-15) were 
resistant to the RTKi combination treatments (less than 
60% inhibition). The RTKi combinations synergistically 
inhibited the growth of the sensitive cells, because the 
IC50s in the combinations decreased more than 10-fold 
than that in the single drug treatments (Figure 4C).

We then selected three cell lines with different 
growth inhibition rates (HT-29, LS174T, and HCT-
116), and measured the phosphorylation of RTKs and 
downstream effectors after drug treatments. Inhibition 
of a single RTK increased the phosphorylation of the 
remaining non-targeted RTKs. However, the RTKi 
combinations inhibited the phosphorylation of all 
targeted RTKs as well as the phosphorylation of AKT in 
all three cell lines (Figure 4D). We also observed strong 
inhibitions of AKT phosphorylation, but not that of ERK, 

by the RTKis treatments in six of the seven KRAS or 
BRAF mutant CRC cells (Figure 4E and Supplementary 
Figure S3). These data demonstrated that the activated 
RTKs supported the growth of the KRAS or BRAF mutant 
CRC cells through the PI3K-AKT pathway. Phospho-RTK 
profile-based RTKi combination treatments inhibited the 
AKT signaling and the growth of BRAF or KRAS mutant 
CRC cells.

RTKi combinations synergized with AKTi but 
not MEKi to inhibit the growth of CRC cells

Because the AKTi treatment increased the 
phosphorylation of RTKs in the KRAS or BRAF mutant 
CRC cells, we hypothesized that the combination of RTKis 
and AKTi might inhibit the cell growth more efficiently. 
Indeed, the growth inhibition with the combination 
treatments were above 70% in all cell lines except SW480 
(Figure 5A and 5B). The combination of AKTi and RTKis 
exhibited synergistic effects in six of the nine cell lines, 
as indicated by the coefficient of drug interaction (CDI) 

Figure 1: AKTi and MEKi were insufficient to inhibit growth of most of the KRAS/BRAF mutant CRC cells. (A) 
Foci formation assay of six KRAS mutant CRC cell lines (SW480, SW1116, HCT-15, LS174T, HCT-116 and LOVO) and two BRAF 
mutant CRC cell lines (HT-29 and WIDR). Cells were treated with DMSO (NC), 0.25 µM MK2206 (AKTi), or 2.5 µM U0126 (MEKi) 
individually or in combination and visualized by crystal violet staining at the endpoint. (B) Quantification of the crystal violet staining in 
(A). For COLO205 cells, absolute cell numbers were counted by MUSE cell analyzer. Relative cell viability was calculated by comparing 
to the vehicle treatment. A cutoff of relative cell viability at 0.3 was drawn to define drug-sensitive and drug-resistant effects. The data was 
graphically represented as mean ± SD.



Oncotarget5006www.impactjournals.com/oncotarget

(Figure 5C). Moreover, the combination of RTKis plus 
AKTi inhibited cell growth more potently than the single 
RTKi plus AKTi (Figure 5D). The combination of RTKis 
plus MEKi also inhibited cell growth more efficiently 
than the individual RTKis or MEKi (Figure 5A and 5E). 
However, the CDIs of the MEKi combinations were all 
around 1, indicating additive effects rather than synergistic 
effects (Figure 5C). These data demonstrated that the 
RTKi combinations synergized with AKTi but not MEKi 
to inhibit the growth of the KRAS or BRAF mutant CRC 
cells.

The RTK/IRS1-mediated reactivation of AKT 
was responsible for the insufficient inhibition of 
cell growth by AKTi

The above data indicated a good correlation between 
the efficient inhibition of AKT phosphorylation and the 
inhibition of cancer cell growth. We then asked whether 
increasing the dose of AKTi could inhibit the AKT 
reactivation. The HCT-116 cells were pretreated with 
AKTi for 46 hours, and then treated with AKTi or RTKis 

for 2 hours. Additional AKTi did not inhibit the AKT 
reactivation but addition of low doses RTKis inhibited the 
reactivation of AKT (Figure 6A). Similarly, in SW1116 
cells, AKT was reactivated even at the AKTi concentration 
of 2.5 µM, which was 10-fold of the concentration we 
used for a complete AKT inhibition at 1 hour (Figure 6B). 
Moreover, the IC50 of AKTi in the combination of AKTi 
and RTKis was nearly 100-fold lower than that of the 
single AKTi treatment in LS174T cells (Supplementary 
Table S1). The combination of AKTi and RTKis was 
also more cell-selective than the single AKTi treatment 
(Supplementary Table S1). Therefore, the combination of 
RTKis and AKTi was more efficient than high doses of 
AKTi to completely inhibit the AKT phosphorylation and 
the growth of the KRAS or BRAF mutant CRC cells. 

In contrast, the combination of RTKis with the MEKi 
did not inhibit the reactivation of ERK (Figure 3C and 3E). 
The phosphorylation of CRAF was increased by the MEKi 
treatment but could not be reduced by RTKis treatment 
(Supplementary Figure S2). There were also no new RTKs 
activated concomitantly with the increased phosphorylation 
of CRAF after the MEKi treatment (Figure 6C), suggesting 

Figure 2: AKT and ERK were reactivated after the AKTi or/and MEKi treatments. (A–C) Cells were treated with DMSO 
(NC), 0.25 µM AKTi (A), 2.5 µM MEKi (B), or the combination of AKTi and MEKi (C) for 1 hr, 6 hr and 24 hr. The whole cell lysates 
were processed for western blot and probed with indicated antibodies. AKT phosphorylation levels were normalized by GAPDH and 
compared to NC treatment. The reactivation of AKT was calculated according to the formula: p-AKTrelative = p-AKT24hr - p-AKT1hr while the 
reactivation of ERK was calculated according to the formula: p-ERKrelative= p-ERK24hr - p-ERK1hr. 
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Figure 3: The increased activation of RTKs was responsible for the reactivation of AKT, but not ERK. (A) RTK 
activation profiles of nine KRAS/BRAF mutant CRC cell lines were detected by using phospho-RTK arrays (left panel). Phospho-RTKs 
were numbered and illustrated below the profiles. Quantification of RTK activations was illustrated by phospho-RTK index, and shown 
as heat maps (right panel). Mutation status for KRAS and BRAF were shown at the bottom (gray, mutation; white, wild-type).  (B–C) 
Cells were treated with DMSO (NC), AKTi, AKTi+RTKis combination (B), or MEKi, MEKi+RTKis combination (C) for 1 hr, 6 hr and 
24 hr. The whole cell lysates were processed for western blot and probed with indicated antibodies. Line graphs indicated the quantitative 
changes of RTK phosphorylation under AKTi or MEKi treatment versus DMSO treatment (NC). Ratio less than 1 indicated decreased RTK 
phosphorylation, and ratio larger than 1 indicated increased RTK phosphorylation. (D) Quantification of the AKT phosphorylation changes 
in five AKTi-resistant CRC cell lines in (B). The AKT phosphorylation levels were normalized to GAPDH and compared to NC treatment. 
(E) Quantification of the ERK phosphorylation changes in six MEKi-resistant CRC cell lines in (C). The ERK phosphorylation levels were 
normalized to GAPDH and compared to NC treatment. RTKis represented individual RTK activation-based RTKi combination in each 
cell line: LAP for SW480, LAP+OSI for SW1116 and LS174T, LAP+OSI+JNJ for HCT-116 and HT-29, and LAP+JNJ for LOVO. The 
concentrations for each RTKi were as follows: LAP (L), 0.5 µM; OSI (O), 0.5 µM; JNJ (J), 0.05 µM.
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Figure 4: Phospho-RTK profile-based RTKi combinations partially inhibited the growth of BRAF/KRAS mutant 
CRC cells mainly by inhibiting AKT phosphorylation. (A) Foci formation assay of six KRAS mutant CRC cell lines and two 
BRAF mutant CRC cells. Cells were treated with LAP, OSI and JNJ individually or in combination according to the specific phospho-RTK 
patterns in each cell line and visualized by crystal violet staining at endpoint. The combinations of RTKis were illustrated in parenthesis. 
The concentrations for RTKis were: LAP (L), 0.5 µM; OSI (O), 0.5 µM; JNJ (J), 0.05 µM. (B) Quantification of the crystal violet staining 
in (A). For COLO205 cells, absolute cell numbers were counted by MUSE cell analyzer. A cutoff of relative cell viability at 0.3 was drawn 
to define drug-sensitive and drug-resistant effects. (C) LS174T cells were treated with LAP, OSI or the combination of LAP and OSI (LO) 
with a ratio of 1:1 at various concentrations (top panel). HT-29 cells were treated with LAP, OSI, JNJ or the combination of LAP, OSI 
and JNJ (LOJ) with a ratio of 10:10:1 at various concentrations (bottom panel). 72 hr later, cell viability was obtained by the MTT assay. 
The IC50 values of each treatment were calculated. The IC50 values of RTKi combinations were represented by the concentrations of LAP 
in the combination. (D) HT-29, LS174T and HCT-116 cells were treated with DMSO (NC), 0.5 µM LAP, 0.5 µM OSI and 0.05 µM JNJ 
individually or in combination for 1 hr, 6 hr and 24 hr. The whole cell lysates were processed for western blot and probed with indicated 
antibodies. (E) The quantification of AKT and ERK phosphorylation under RTKi treatments in (D) and Figure S3. P-AKT and p-ERK 
levels at 24 hr after drug exposure were compared to the DMSO treatment.
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that the reactivation mechanism of ERK was different from 
that of AKT and the RTKs were not involved. 

Because RTKs activate AKT through the PI3K-3-
phosphoinositide-dependent protein kinase-1 (PDK1) 
pathway, we asked whether the AKT reactivation 

depended on PI3K and PDK1. The reactivation of AKT 
by AKTi treatment was inhibited by the PI3K inhibitor, 
the PDK1 inhibitor, or the PIP3-AKT binding inhibitor in 
Figure 6D, confirming that AKT was reactivated through 
the RTK-PI3K-AKT pathway [34–36].

Figure 5: RTKi combinations synergized with AKTi but not with MEKi to inhibit the CRC growth. (A) Foci formation 
assay of eight KRAS/BRAF mutant CRC cells which were treated with DMSO (NC), 0.25 µM AKTi and 0.5 µM RTKis individually or in 
combination, or 2.5 µM MEKi and 0.5 µM RTKis individually or in combination. Foci were visualized by crystal violet staining at endpoint. 
The combination and concentration of RTKis for each cell line were the same as in Figure 4A. (B and E) Quantification of the crystal violet 
staining in (A). For COLO205 cells, absolute cell numbers were counted by MUSE cell analyzer. A cutoff of relative cell viability at 0.3 
was drawn to define drug-sensitive and drug-resistant effects. (C) The coefficient of drug interaction (CDI) values were calculated for the 
combination of AKTi and RTKis or the combination of MEKi and RTKis as shown in (A). CDI = 1 indicated additive effects and CDI  
< 1 indicated synergistic effects. (D) Foci formation assay of LS174T, HT-29 and SW1116 cells. Cells were treated with AKTi, combination 
of AKTi and single RTKi, or combination of AKTi and multiple RTKis. Foci were visualized by crystal violet staining at endpoint (top 
panel), and quantified to DMSO (NC) treatment (bottom panel). Data were represented as mean±SD. The statistical analysis was performed 
by one-way ANOVA with Tukey post-hoc test. ***p < 0.001.
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Insulin receptor substrate 1 (IRS1) was reported 
to mediate the feedback inhibition of the RTK-PI3K-
AKT pathway [37–39]. We therefore analyzed the 
phosphorylation of IRS1 after AKTi treatment. The 
Y895-phosphorylated IRS1 was increased in all of the 
four cell lines analyzed (Figure 6E). Further analysis 
demonstrated that AKTi also increased the expression 
of IRS1 (Figure 6B). The combinations of RTKis and 
AKTi blocked the induction of IRS1 phosphorylation 
in all the four cell lines analyzed (Figure 6E). These 
results suggested that a relief of a feedback inhibition of 
the RTK-IRS1-PI3K-AKT pathway was responsible for 
the reactivation of AKT after AKTi or AKTi plus MEKi 
treatment in the KRAS or BRAF mutant CRC cells, and 
the combination of RTKis and AKTi efficiently inhibited 
the reactivation of AKT and the cancer cell growth.

DISCUSSION

Receptor tyrosine kinases and their downstream 
signaling molecules are major anti-cancer drug targets 
and the drugs targeting these molecules have been 
successful in treating certain cancers whose growth rely 
on the targeted molecules [10]. However, many cancers, 
such as colorectal cancers, contain KRAS/BRAF mutant 
genes and are resistant to MEKi, BRAFi, or RTKis 
treatments [24, 40, 41]. Therefore, we explored strategies 
to treat the KRAS/BRAF mutant CRC cells with various 
inhibitors against the key signaling molecules along the 
RTK signaling pathway individually or in combination. 
We found a reactivation of AKT and ERK after the AKTi 
and/or MEKi treatments as the mechanism for the cancer 
cell resistance to AKTi and MEKi. A relief of a feedback 
inhibition of the RTK-IRS1-PDK1-AKT signaling 
was responsible for the reactivation of AKT. The RTKi 
combinations synergized with AKTi to inhibit the growth 
of KRAS/BRAF mutant CRC cells, along with a complete 
inhibition of AKT phosphorylation. These data suggest a 
major role of the PI3K-AKT pathway in supporting the 
growth of the KRAS or BRAF mutant CRC cells and an 
effective way to inhibit the pathway. 

On the contrary, the RTKs did not seem to be 
responsible for the reactivation of ERK after the MEKi 
treatment, because we did not observe increased activation 
of the RTKs after the treatment in most of the cell lines 
analyzed and the combinations of RTKis and MEKi did not 
block the ERK reactivation. It has been reported that CRAF 
was involved in the MEKi resistance in KRAS mutant 
cancer cells [18]. We also observed an activation of CRAF 
after the MEKi treatment in the CRC cells, suggesting 
that CRAF may be the key molecule that mediates the 
feedback inhibition of the RAS-RAF-MEK-ERK signaling 
pathway. Thus, the reactivations of AKT and ERK after 
the AKTi and/or MEKi treatment are mediated by distinct 
mechanisms, and different strategies are needed to block 
the reactivations and to inhibit the cancer cell growth.

The AKT kinase is an attractive drug target due to 
its pro-survival and pro-growth role in cancer cells [42]. 
However, the AKTi anti-cancer drug MK2206, when 
used at the dose to effectively inhibit cancer cell growth, 
causes several adverse effects such as rash, gastrointestinal 
symptoms, fatigue, and hyperglycemia, which hinder its 
clinical applications [43]. The combination of AKTi and 
RTKis may reduce the AKTi-caused toxicity by using 
the AKTi at a lower dose (Supplementary Table S1). 
Moreover, the combination of AKTi and RTKis was more 
selective than the single AKTi treatment among different 
cells.

Based on these results, we propose a model to 
explain the functions and regulations of AKT and ERK 
in the KRAS or BRAF mutant CRC cells (Figure 7). In 
the KRAS mutant cells, AKT is activated by both the 
mutant RAS and normal RTKs, but inhibited by a negative 
feedback mechanism through the RTK-IRS1-PI3K 
pathway. ATKi inhibits the phosphorylation of AKT, but 
also relieves the feedback inhibition of RTK and/or IRS1, 
leading to reactivation of AKT. ERK on the other hand 
is activated mainly by the mutant RAS, while inhibited 
by another feedback mechanism through CRAF. MEKi 
inhibits the phosphorylation of ERK, but relieves the 
feedback inhibition of CRAF, leading to the reactivation 
of ERK. In the BRAF mutant cells, AKT and ERK are 
regulated by similar positive and negative pathways as that 
in the KRAS mutant cells, except that ERK is activated 
by the mutant BRAF instead of KRAS. The combination 
of RTKis synergized with AKTi, but not with MEKi, to 
completely inhibit the activation of AKT, but not that of 
ERK, to block the cancer cell growth. 

Taken together, our data suggest a complete 
inhibition of AKT by a combination of RTKis, based on 
the RTK activation profile, and AKTi as an effective way 
to inhibit the growth of the KRAS or BRAF mutant CRC 
cells.

MATERIALS AND METHODS

Cell lines

SW1116 and HCT-15 cells were gifts from Prof. 
Meiyu Geng (Shanghai Institute of Materia Medica). All 
other cells were obtained from ATCC. WiDr and LS174T 
cells were cultured in Dulbecco’s Modification of Eagle’s 
Medium (Invitrogen) with 10% FBS. SW1116 cells were 
cultured in Minimum Essential Medium (Invitrogen) with 
10% FBS. All other cells were cultured in RPMI 1640 
Medium (Invitrogen) with 10% FBS.

Reagents

Lapatinib, OSI-906, jnj38877605, MK2206, 
and U0126 were purchased from Selleck Chemicals. 
LY294002 and triciribine were purchased from Enzo Life 
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Figure 6: The RTK/IRS1-mediated reactivation of AKT was responsible for the insufficient inhibition of the cell growth 
by the AKTi. (A) HCT-116 cells were pretreated with AKTi for 46 hr, and then treated with AKTi or RTKis (LOJ) for 2 hr. The whole 
cell lysates were processed for western blot and probed with indicated antibodies. Relative AKT phosphorylation levels were quantified 
to DMSO treatment, and illustrated as numbers below the blots. (B) SW1116 cells were treated with AKTi at various concentrations for 
1 hr and 24 hr. The whole cell lysates were processed for western blot and probed with indicated antibodies. (C) Phospho-RTK arrays of 
SW1116 cells, which were treated with DMSO (NC) or MEKi for 24 hr. Positive dots were numbered and illustrated below the arrays. (D) 
SW1116 cells which were pretreated with 0.25 µM AKTi for 24 hr and then treated with 10 µM LY294002 (PI3Ki), 2.5 µM GSK2334470 
(PDKi), or 1 µM triciribine (PIP3-AKT binding inhibitor) for 1 hr. The whole cell lysates were processed for western blot and probed with 
indicated antibodies. (E) LS174T, LOVO and HCT-116 cells were treated with single RTKi or the specific RTKis with or without AKTi 
for 24 hr. The whole cell lysates were processed for western blot and probed with indicated antibodies. IRS1 phosphorylation (Tyr895) 
was quantified and normalized to DMSO treatment (bottom panel). The drug concentrations were as follows: AKTi: 0.25 µM; LAP (L):  
0.5 µM; OSI (O): 0.5 µM; JNJ (J): 0.05 µM.
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Sciences. GSK2334470 was purchased from MedChem 
Express. The following antibodies were purchased from 
Cell Signaling Technology: phospho-EGFR (#3777), 
phospho-InsR/IGF1R (#3024), phospho-Met (#3077), 
phospho-Akt (#4060), phospho-Erk1/2 (#9101), phospho-
CRAF (#9427), phospho-IRS1 (#3070) and IRS1 (#2382). 
Phospho-IRS1 (pY632) antibody (ab109543) and vinculin 
antibody (ab73412) were purchased from Abcam. GAPDH 
antibody was purchased from Shanghai Kangchen. 
α-tubulin antibody was purchased from Santa Cruz. And 
β-actin antibody was purchased from Abmart.

Foci formation experiment

1000–5000 cells/well were seeded into 24-well 
plates, and treated with vehicle or indicated drugs on 
the following day. After 7 days, cells were fixed with 
methanol for 10 min and rinsed in PBS twice. Then, cells 
were stained with 0.1% crystal violet solution for 10 min 

and washed three times with PBS. The whole plates were 
photographed. For quantitative analysis, stained cells were 
dissolved with 33% acetic acid solution and the absorbance 
was recorded at 570 nm by SYNERGY H1 (BioTek) 
spectrophotometer. For COLO205, absolute cell numbers 
were counted by MUSE cell analyzer (Millipore). All 
experiments were performed in triplicate and graphically 
represented as mean ± SD (SPSS Statistics 19).

MTT assay

5000 cells/well were seeded into 96-well plates, and 
treated with vehicle or RTKis at indicated concentrations 
on the following day. Three days later, MTT (5 mg/mL) 
were added into cells and incubated at 37°C for 3 hr. 
The formazan crystals were dissolved in 100 µL triplex 
solution (10% SDS −5% isobutanol −12 mM HCl) 
for 16 hr. The absorbance was measured at 595 nm by 
SYNERGY H1 (BioTek) spectrophotometer.

Figure 7: Schematic diagram of the RTK signaling pathways in the KRAS/BRAF mutant CRC cells. (A) Regulation of 
AKT and ERK in KRAS mutant cancer cells. Left: Untreated cells. Middle: AKTi-treated cells. Right: MEKi-treated cells. (B). Regulation 
of AKT and ERK in BRAF mutant cancer cells. Left: Untreated cells. Middle: AKTi-treated cells. Right: MEKi-treated cells. In the KRAS 
mutant cells, AKT is activated by both the mutant RAS and normal RTKs, but inhibited by a negative feedback mechanism through the 
RTK-IRS1-PI3K pathway. ATKi inhibits the phosphorylation of AKT, but also relieves the feedback inhibition of RTK and/or IRS1, leading 
to reactivation of AKT. ERK on the other hand is activated mainly by the mutant RAS, while inhibited by another feedback mechanism 
through CRAF. MEKi inhibits the phosphorylation of ERK, but relieves the feedback inhibition of CRAF, leading to the reactivation of 
ERK. In the BRAF mutant cells, AKT and ERK are regulated by similar positive and negative pathways as that in the KRAS mutant cells, 
except that ERK is activated by the mutant BRAF instead of KRAS.
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RTK phosphorylation/activation profiling

5 mg protein lysates of the cultured cells were 
analyzed using phospho-RTK arrays (R&D Systems). 
The arrays were photographed and the phospho-RTK 
index was calculated according to the following formula: 
phospho-RTKx index = (INTx-INTnc)/ (INTref-INTnc). INTx 
is the pixel density of RTKx, INTnc is the pixel density of 
background, and INTref is the density of reference spots. 
Receptors were considered to be phosphorylated/activated 
when index values were greater than 0.1. 

Western blotting

Cells were harvested in RIPA buffer. Protein lysates 
were separated by SDS-PAGE, transferred to nitrocellulose 
membranes (GE Healthcare), probed with first antibodies, 
and then incubated with horseradish peroxidase-conjugated 
secondary antibodies. Immune complexes were detected by 
ImmobilonTM western chemiluminescence HRP substrate 
(Millipore) and photographed using Image Station 
4000 MM PRO system (Carestream).

Statistical analyses

Statistical analyses were performed by using 
GraphPad Prism 5. Data were graphically represented 
as mean ± SD. One-way ANOVA with Tukey post-hoc 
test was used in Figure 5D. Statistical significance was 
established for p < 0.001(***).

ACKNOWLEDGMENTS

We thank Dr. Meiyu Geng for providing colorectal 
cancer cell lines. We thank Dr. Shan Kuang for advices on 
polishing the language.

CONFLICTS OF INTEREST

The authors disclose no potential conflicts of interest.

FINANCIAL SUPPORT 

This work was supported by the China Ministry 
of Science and Technology Key New Drug Creation and 
Manufacturing Program (No. 2014ZX09102001-002, 
2013ZX09102015 and 2013ZX10002010-009 to Q. Yu), the 
National Natural Science Foundation of China (No. 81302792 
to X. Sun; No. 81373447, 91413121, and 91213304 to Q. 
Yu), and the China National Key Basic Research Program 
(No. 2012CB910704 and 2013CB910904 to Q. Yu).

REFERENCES

1. Lemmon MA, Schlessinger J. Cell signaling by receptor 
tyrosine kinases. Cell. 2010; 141:1117–34. doi: 10.1016/j.
cell.2010.06.011.

 2. Choura M, Rebai A. Receptor tyrosine kinases: from 
biology to pathology. J Recept Signal Transduct Res. 2011; 
31:387–94. doi: 10.3109/10799893.2011.625425.

 3. Logue JS, Morrison DK. Complexity in the signaling 
network: insights from the use of targeted inhibitors in 
cancer therapy. Genes Dev. 2012; 26:641–50. doi: 10.1101/
gad.186965.112.

 4. Volinsky N, Kholodenko BN. Complexity of receptor 
tyrosine kinase signal processing. Cold Spring Harb 
Perspect Biol. 2013; 5:a009043. doi: 10.1101/cshperspect.
a009043.

 5. Mendoza MC, Er EE, Blenis J. The Ras-ERK and 
PI3K-mTOR pathways: cross-talk and compensation. 
Trends Biochem Sci. 2011; 36:320–8. doi: 10.1016/j.
tibs.2011.03.006.

 6. Hynes NE, Lane HA. ERBB receptors and cancer: the 
complexity of targeted inhibitors. Nat Rev Cancer. 2005; 
5:341–54. doi: 10.1038/nrc1609.

 7. Ellis CA, Clark G. The importance of being K-Ras. Cell 
Signal. 2000; 12:425–34. 

 8. Vivanco I, Sawyers CL. The phosphatidylinositol 3-Kinase 
AKT pathway in human cancer. Nat Rev Cancer. 2002; 
2:489–501. doi: 10.1038/nrc839.

 9. Ascierto PA, Kirkwood JM, Grob JJ, Simeone E,  
Grimaldi AM, Maio M, Palmieri G, Testori A, 
Marincola FM, Mozzillo N. The role of BRAF V600 
mutation in melanoma. J Transl Med. 2012; 10:85. doi: 
10.1186/1479-5876-10-85.

10. Wu P, Nielsen TE, Clausen MH. FDA-approved small-
molecule kinase inhibitors. Trends Pharmacol Sci. 2015; 
36:422–39. doi: 10.1016/j.tips.2015.04.005.

11. Huang M, Shen A, Ding J, Geng M. Molecularly targeted 
cancer therapy: some lessons from the past decade. 
Trends Pharmacol Sci. 2014; 35:41–50. doi: 10.1016/j.
tips.2013.11.004.

12. Hojjat-Farsangi M. Small-molecule inhibitors of the 
receptor tyrosine kinases: promising tools for targeted 
cancer therapies. Int J Mol Sci. 2014; 15:13768–801. doi: 
10.3390/ijms150813768.

13. Di Nicolantonio F, Martini M, Molinari F, Sartore-
Bianchi A, Arena S, Saletti P, De Dosso S, Mazzucchelli L, 
Frattini M, Siena S, Bardelli A. Wild-type BRAF is required 
for response to panitumumab or cetuximab in metastatic 
colorectal cancer. J Clin Oncol. 2008; 26:5705–12. doi: 
10.1200/jco.2008.18.0786.

14. Kumar SS, Price TJ, Mohyieldin O, Borg M, Townsend A, 
Hardingham JE. KRAS G13D Mutation and Sensitivity to 
Cetuximab or Panitumumab in a Colorectal Cancer Cell 
Line Model. Gastrointest Cancer Res. 2014; 7:23–6. 

15. Shoushtari AN, Carvajal RD. Treatment of Uveal 
Melanoma. Cancer Treat Res. 2016; 167:281–93. doi: 
10.1007/978-3-319-22539-5_12.

16. Ebi H, Corcoran RB, Singh A, Chen Z, Song Y, Lifshits E, 
Ryan DP, Meyerhardt JA, Benes C, Settleman J, Wong KK, 



Oncotarget5014www.impactjournals.com/oncotarget

Cantley LC, Engelman JA. Receptor tyrosine kinases exert 
dominant control over PI3K signaling in human KRAS 
mutant colorectal cancers. J Clin Invest. 2011; 121:4311–
21. doi: 10.1172/JCI57909.

17. Montagut C, Sharma SV, Shioda T, McDermott U, 
Ulman M, Ulkus LE, Dias-Santagata D, Stubbs H, Lee DY, 
Singh A, Drew L, Haber DA, Settleman J. Elevated CRAF 
as a potential mechanism of acquired resistance to BRAF 
inhibition in melanoma. Cancer Res. 2008; 68:4853–61. 
doi: 10.1158/0008-5472.CAN-07-6787.

18. Lito P, Saborowski A, Yue J, Solomon M, Joseph E, 
Gadal S, Saborowski M, Kastenhuber E, Fellmann C, 
Ohara K, Morikami K, Miura T, Lukacs C, et al. Disruption 
of CRAF-mediated MEK activation is required for effective 
MEK inhibition in KRAS mutant tumors. Cancer Cell. 
2014; 25:697–710. doi: 10.1016/j.ccr.2014.03.011.

19. Manchado E, Weissmueller S, Morris JPt, Chen CC, 
Wullenkord R, Lujambio A, de Stanchina E, Poirier JT,  
Gainor JF, Corcoran RB, Engelman JA, Rudin CM, 
Rosen N, et al. A combinatorial strategy for treating 
KRAS-mutant lung cancer. Nature. 2016; 534:647–51. doi: 
10.1038/nature18600.

20. Roller DG, Capaldo B, Bekiranov S, Mackey AJ, 
Conaway MR, Petricoin EF, Gioeli D, Weber MJ. 
Combinatorial drug screening and molecular profiling 
reveal diverse mechanisms of intrinsic and adaptive 
resistance to BRAF inhibition in V600E BRAF mutant 
melanomas. Oncotarget. 2016; 7:2734–53. doi: 10.18632/
oncotarget.6548.

21. Fakih MG. Metastatic colorectal cancer: current state and 
future directions. J Clin Oncol. 2015; 33:1809–24. doi: 
10.1200/JCO.2014.59.7633.

22. Torre LA, Siegel RL, Ward EM, Jemal A. Global Cancer 
Incidence and Mortality Rates and Trends—An Update. 
Cancer Epidemiol Biomarkers Prev. 2016; 25:16–27. 
doi:10.1158/1055-9965.EPI-15-0578.

23. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, 
Rebelo M, Parkin DM, Forman D, Bray F. Cancer 
incidence and mortality worldwide: sources, methods and 
major patterns in GLOBOCAN 2012. Int J Cancer. 2015; 
136:E359–86. doi: 10.1002/ijc.29210.

24. Allegra CJ, Rumble RB, Hamilton SR, Mangu PB, 
Roach N, Hantel A, Schilsky RL. Extended RAS Gene 
Mutation Testing in Metastatic Colorectal Carcinoma 
to Predict Response to Anti-Epidermal Growth Factor 
Receptor Monoclonal Antibody Therapy: American 
Society of Clinical Oncology Provisional Clinical Opinion 
Update 2015. J Clin Oncol. 2016; 34:179–85. doi: 10.1200/
JCO.2015.63.9674.

25. http:// cancer.sanger.ac.uk.
26. Forbes SA, Beare D, Gunasekaran P, Leung K, Bindal N,  

Boutselakis H, Ding M, Bamford S, Cole C, Ward S, 
Kok CY, Jia M, De T, et al. COSMIC: exploring the world's 
knowledge of somatic mutations in human cancer. Nucleic 
Acids Res. 2015; 43:D805–11. doi: 10.1093/nar/gku1075.

27. Duncia JV, Santella JB, 3rd, Higley CA, Pitts WJ, Wityak J, 
Frietze WE, Rankin FW, Sun JH, Earl RA, Tabaka AC, 
Teleha CA, Blom KF, Favata MF, et al. MEK inhibitors: 
the chemistry and biological activity of U0126, its analogs, 
and cyclization products. Bioorg Med Chem Lett. 1998; 
8:2839–44. 

28. Yan L. Abstract #DDT01-1: MK-2206: A potent oral 
allosteric AKT inhibitor. Cancer Research. 2009; 
69:DDT01–1-DDT-1. 

29. Stommel JM, Kimmelman AC, Ying H, Nabioullin R, 
Ponugoti AH, Wiedemeyer R, Stegh AH, Bradner JE, 
Ligon KL, Brennan C, Chin L, DePinho RA. Coactivation 
of receptor tyrosine kinases affects the response of tumor 
cells to targeted therapies. Science. 2007; 318:287–90. doi: 
10.1126/science.1142946.

30. Rusnak DW, Lackey K, Affleck K, Wood ER, Alligood KJ, 
Rhodes N, Keith BR, Murray DM, Knight WB, Mullin RJ, 
Gilmer TM. The effects of the novel, reversible epidermal 
growth factor receptor/ErbB-2 tyrosine kinase inhibitor, 
GW2016, on the growth of human normal and tumor-
derived cell lines in vitro and in vivo. Mol Cancer Ther. 
2001; 1:85–94. 

31. Mulvihill MJ, Cooke A, Rosenfeld-Franklin M, Buck E, 
Foreman K, Landfair D, O'Connor M, Pirritt C, Sun Y, 
Yao Y, Arnold LD, Gibson NW, Ji QS. Discovery of OSI-
906: a selective and orally efficacious dual inhibitor of the 
IGF-1 receptor and insulin receptor. Future Med Chem. 
2009; 1:1153–71. doi: 10.4155/fmc.09.89.

32. Benvenuti S, Lazzari L, Arnesano A, Li Chiavi G, Gentile A, 
Comoglio PM. Ron kinase transphosphorylation sustains 
MET oncogene addiction. Cancer Res. 2011; 71:1945–55. 
doi: 10.1158/0008-5472.CAN-10-2100.

33. Lamba S, Russo M, Sun C, Lazzari L, Cancelliere C, 
Grernrum W, Lieftink C, Bernards R, Di Nicolantonio 
F, Bardelli A. RAF suppression synergizes with MEK 
inhibition in KRAS mutant cancer cells. Cell Rep. 2014; 
8:1475–83. doi: 10.1016/j.celrep.2014.07.033.

34. Semba S, Itoh N, Ito M, Harada M, Yamakawa M. The 
in vitro and in vivo effects of 2-(4-morpholinyl)-8-
phenyl-chromone (LY294002), a specific inhibitor of 
phosphatidylinositol 3'-kinase, in human colon cancer cells. 
Clin Cancer Res. 2002; 8:1957–63. 

35. Najafov A, Sommer EM, Axten JM, Deyoung MP, Alessi 
DR. Characterization of GSK2334470, a novel and highly 
specific inhibitor of PDK1. Biochem J. 2011; 433:357–69. 
doi: 10.1042/bj20101732.

36. Hers I, Vincent EE, Tavare JM. Akt signalling in health 
and disease. Cell Signal. 2011; 23:1515–27. doi: 10.1016/j.
cellsig.2011.05.004.

37. Esposito DL, Li Y, Cama A, Quon MJ. Tyr(612) and 
Tyr(632) in human insulin receptor substrate-1 are important 
for full activation of insulin-stimulated phosphatidylinositol 
3-kinase activity and translocation of GLUT4 in adipose 
cells. Endocrinology. 2001; 142:2833–40. doi: 10.1210/
endo.142.7.8283.



Oncotarget5015www.impactjournals.com/oncotarget

38. O'Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, 
Lane H, Hofmann F, Hicklin DJ, Ludwig DL, Baselga J, 
Rosen N. mTOR inhibition induces upstream receptor 
tyrosine kinase signaling and activates Akt. Cancer Res. 
2006; 66:1500–8. doi: 10.1158/0008-5472.CAN-05-2925.

39. Chandarlapaty S, Sawai A, Scaltriti M, Rodrik-
Outmezguine V, Grbovic-Huezo O, Serra V, Majumder PK, 
Baselga J, Rosen N. AKT inhibition relieves feedback 
suppression of receptor tyrosine kinase expression and 
activity. Cancer Cell. 2011; 19:58–71. doi: 10.1016/j.
ccr.2010.10.031.

40. Lee MS, Helms TL, Feng N, Gay J, Chang QE, Tian F, Wu 
JY, Toniatti C, Heffernan TP, Powis G, Kwong LN, Kopetz 
S. Efficacy of the combination of MEK and CDK4/6 
inhibitors in vitro and in vivo in KRAS mutant colorectal 
cancer models. Oncotarget. 2016; 7:39595–39608. doi: 
10.18632/oncotarget.9153.

41. Yang H, Higgins B, Kolinsky K, Packman K, Bradley WD, 
Lee RJ, Schostack K, Simcox ME, Kopetz S, Heimbrook D, 

Lestini B, Bollag G, Su F. Antitumor activity of BRAF 
inhibitor vemurafenib in preclinical models of BRAF-
mutant colorectal cancer. Cancer Res. 2012; 72:779–89. 
doi: 10.1158/0008-5472.can-11-2941.

42. Nitulescu G, Margina D, Juzenas P, Peng Q, Olaru O, 
Saloustros E, Fenga C, Spandidos D, Libra M, Tsatsakis A. 
Akt inhibitors in cancer treatment: The long journey from 
drug discovery to clinical use (Review). International 
Journal of Oncology. 2015. doi: 10.3892/ijo.2015.3306.

43. Yap TA, Yan L, Patnaik A, Tunariu N, Biondo A, Fearen I, 
Papadopoulos KP, Olmos D, Baird R, Delgado L, 
Tetteh E, Beckman RA, Lupinacci L, et al. Interrogating 
two schedules of the AKT inhibitor MK-2206 in 
patients with advanced solid tumors incorporating novel 
pharmacodynamic and functional imaging biomarkers. Clin 
Cancer Res. 2014; 20:5672–85. doi: 10.1158/1078-0432.
CCR-14-0868.


