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Introduction

The epidermal growth factor receptor (EGFR) is a member of 
the HER family of receptor tyrosine kinases (RTKs), which con-
sists of the EGFR (ErbB1/HER1), HER2/neu (ErbB2), HER3 
(ErbB3) and HER4 (ErbB4). All family members contain an 
extracellular ligand-binding domain (domains I, II, III and IV), 
a single membrane-spanning region, a juxtamembrane nuclear 
localization signal (NLS) and a cytoplasmic tyrosine kinase 
domain (TKD). EGFR activation stimulates many complex 
intracellular signaling pathways that are tightly regulated by the 
presence and identity of ligand, the heterodimer composition 
and the availability of phosphotyrosine-binding proteins. The 
two primary signaling pathways activated by EGFR include the 
RAS/RAF/MEK/ERK and the PI3K/AKT axis; however, SRC 

The epidermal growth factor receptor (EGFR) is a central regulator of tumor progression in human cancers. Cetuximab is 
an anti-EGFR monoclonal antibody that has been approved for use in oncology. Despite clinical success the majority of 
patients do not respond to cetuximab and those who initially respond frequently acquire resistance. To understand how 
tumor cells acquire resistance to cetuximab we developed a model of resistance using the non-small cell lung cancer line 
NCI-H226. We found that cetuximab-resistant (CtxR) clones manifested strong activation of EGFR, PI3K/AKT and MAPK. 
To investigate the role of AKT signaling in cetuximab resistance we analyzed the activation of the AKT pathway effector 
molecules using a human AKT phospho-antibody array. Strong activation was observed in CtxR clones for several key 
AKT substrates including c-jun, GSK3β, eIF4E, rpS6, IKKα, IRS-1 and Raf1. Inhibition of AKT signaling by siAKT1/2 or by 
the allosteric AKT inhibitor MK-2206 resulted in robust inhibition of cell proliferation in all CtxR clones. Moreover, the 
combinational treatment of cetuximab and MK-2206 resulted in further decreases in proliferation than either drug alone. 
This combinatorial treatment resulted in decreased activity of both AKT and MAPK thus highlighting the importance of 
simultaneous pathway inhibition to maximally affect the growth of CtxR cells. Collectively, our findings demonstrate that 
AKT activation is an important pathway in acquired resistance to cetuximab and suggests that combinatorial therapy 
directed at both the AKT and EGFR/MAPK pathways may be beneficial in this setting.
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tyrosine kinases, PLCγ, PKC and STAT activation and down-
stream signaling have also been well documented.1 Tumor cell 
proliferation, survival, invasion and angiogenesis can ultimately 
be promoted through activation of these pathways. Aberrant 
expression or activity of the EGFR has been identified as an 
important biological factor in many human epithelial cancers 
including head and neck squamous cell carcinoma (HNSCC), 
non-small cell lung cancer (NSCLC), colorectal cancer (CRC), 
breast cancer, pancreatic cancer and brain cancer.

Cetuximab (ICM-225, Erbitux) is a human/murine chime-
ric monoclonal antibody that works by binding to extracellular 
domain III of EGFR. This interaction partially blocks the ligand-
binding domain and sterically hinders the correct extended confor-
mation of the dimerization arm on domain II.2 Thus, cetuximab 
inhibits both ligand binding and the proper positioning of the 



©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

482	 Cancer Biology & Therapy	 Volume 14 Issue 6

proteins (IC
50

, 12 nmol/L), it is approximately 5-fold less potent 
against human AKT3 (IC

50
, 65 nmol/L).26

Previously we established cetuximab resistant (CtxR) clones 
from the NSCLC cell line NCI-H226 by exposing these cells to 
increasing concentrations of cetuximab over a 6-mo time course.27 
Total protein levels and activation of EGFR in CtxR clones were 
upregulated, as well as the phosphorylation of MAPK and AKT 
compared with cetuximab-sensitive (CtxS) parental control 
cells.27 In this report we investigated if CtxR clones acquired a 
dependency on AKT signaling and whether they would be sen-
sitive to the AKT inhibitor MK-2206 alone or in combination 
with cetuximab. Individual clones with acquired resistance to 
cetuximab were treated with MK-2206 resulting in decreased 
activation of AKT, and its downstream signaling molecules in the 
AKT pathway. This led to decreased proliferation and increased 
apoptosis in all CtxR clones tested. Moreover, statistically signifi-
cant decreases in proliferation were noted in combined treatment 
with cetuximab and MK-2206. The combination of cetuximab 
and MK-2206 led to the growth inhibition of CtxR clones due to 
reduced signaling by both the MAPK and AKT signaling path-
ways, suggesting a role for both of these kinases in cetuximab 
resistance. Taken together, these results suggest that the activa-
tion of EGFR and downstream MAPK signaling as well as AKT 
play a role in cetuximab resistance and that dual targeting of the 
EGFR and AKT with cetuximab and MK-2206 may provide a 
strategy to overcome acquired resistance.

Results

NSCLC cell lines with acquired resistance to cetuximab have 
increased activity of MAPK, AKT and downstream AKT sig-
naling pathways. We previously reported that CtxR clones (HC1, 
HC4 and HC8) exhibited increased activity of EGFR, MAPK and 
AKT relative to the CtxS parental control (HP).27 To determine 
if CtxR clones exhibited a dependency on AKT signaling we per-
formed proliferation assays using two different non-overlapping 
small interfering RNAs (siRNA) targeting AKT1/2 (Fig.  1A). 
All three cetuximab-resistant lines displayed growth inhibitory 
effects at 50 nM with both siAKT1/2(a) and siAKT1/2(b). 
These data suggest that cells with acquired resistance to cetux-
imab depend on AKT signaling. Since both siAKT1/2 worked 
equally well, we chose to work with siAKT1/2(a) from cell sig-
naling for remaining studies.

To investigate global activation of AKT signaling pathways 
in CtxR clones we utilized an AKT specific phosphoprotein anti-
body array to identify phosphorylated proteins that were upregu-
lated in the CtxR clone HC4 as compared to parental control 
HP cells. This antibody array includes 137 well-characterized 
phospho-specific antibodies for proteins in the AKT pathway, 
each with six replicates. The paired antibodies for total protein 
levels for each target are also included in the array to allow deter-
mination of the relative levels of phosphorylation for each AKT 
substrate. Results from this array platform indicated several AKT 
substrates including c-Jun, eIF4E, GSK3β, IKKα, IRS-1, Raf-1 
and S6 ribosomal protein (rpS6) were upregulated in the HC4 
CtxR clone (Fig. 1B).

EGFR dimerization domain, preventing dimerization with other 
HER family members. Cetuximab has exhibited promising anti-
tumor activity in clinical trials as a monotherapy or use in com-
bination with chemotherapy and/or radiation, particularly in the 
settings of metastatic CRC (mCRC)3-8 and HNSCC.9-13 However, 
EGFR inhibition by either monoclonal antibodies or small mol-
ecule tyrosine kinase inhibitors only demonstrate antitumor activ-
ity in ~10–20% of cancer patients as reported in several pivotal 
clinical studies involving different solid tumor types.14 Over the 
past several years researchers have observed high levels of intrinsic 
and acquired resistance to EGFR monoclonal antibody therapy, 
stimulating a new field of EGFR research.15

The serine-threonine kinase AKT was initially identified as 
the proto-oncogene of the v-AKT oncogenic murine thymoma 
virus.16 AKT has three isoforms: AKT1, AKT2 and AKT3. AKT1 
and AKT2 are expressed in most tissue types while AKT3 expres-
sion is generally restricted to neuronal tissue and the testes.17 The 
three isoforms share over 80% homology and are characterized 
by three conserved functional domains: an N-terminal pleckstrin 
homology (PH) domain that regulates intracellular trafficking of 
the protein, a central catalytic domain and a C-terminal regula-
tory domain. Activation of all three AKT isoforms is dependent 
on the activity of phosphatidylinositol 3-kinase (PI3K).18 PI3K 
is stimulated by a variety of signals, including growth factor 
and G protein-coupled receptors localized on the cell surface. 
Activation of PI3K results in the generation of 3'-phosphorylated 
phosphatidylinositols in the cell membrane, which recruit AKT 
and other PH domain-containing proteins to the cell membrane. 
Localization of AKT on the inner leaflet of the cell membrane 
brings it into close proximity to the serine-threonine kinase phos-
phoinositide-dependent kinase-1 (PDK1), which phosphorylates 
AKT at the Thr308 residue of its catalytic domain. The activated 
conformation of AKT is further stabilized by phosphorylation at 
the Ser473 residue, either by the mammalian target of rapamycin 
complex 2 (mTORC2) in response to growth factor stimulation 
or by DNA-dependent protein kinase (DNA-PK) after DNA 
damage.19,20 Additionally, various PI3K independent activators of 
AKT have also been discovered.21 In turn, AKT phosphorylates 
several cellular proteins, including glycogen synthase kinase 3α 
(GSK3α), GSK3β, forkhead box O transcription factors (FoxO), 
MDM2, BCL-2-interacting mediator of cell death (BIM) and 
BCL-2 associated agonist of cell death (BAD) to facilitate cell 
survival and cell cycle entry (For a review see ref. 22).22 AKT 
activity is negatively regulated primarily by phosphatases that 
dephosphorylate phosphatidylinositols at the cell membrane  
including phosphatase and tensin homolog (PTEN) and  SHP2.

More than 50 substrates of AKT have been identified.18,23-25 
Through these and other effectors, AKT regulates a variety of 
cellular processes, including proliferation, survival, motility, 
angiogenesis, differentiation and metabolism/glucose homeosta-
sis. Thus, inhibition of AKT activity is an attractive target for 
cancer therapies. Currently, several AKT inhibitors are in clinical 
development for treating cancers. MK-2206 is an orally active 
allosteric AKT inhibitor that is under development for the treat-
ment of solid tumors. While MK-2206 is equally potent toward 
purified recombinant human AKT1 (IC

50
, 5 nmol/L) and AKT2 
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Figure 1. CtxR clones have increased AKT signaling pathway 5. (A) CtxR clones are dependent on AKT. CtxR clones were plated and treated with 50 nM 
of AKT1/2(a) siRNA, 50 nM of AKT1/2(b) siRNA or 50 nM non-targeting siRNA. Cell proliferation was measured at 96 h after treatment using the pro-
liferation assay described in materials and methods. Data points are represented as mean ± SEM (n = 4). *p ≤ 0.05. Protein was collected at 96 h after 
treatment and fractioned by SDS-PAGE and immunoblotted for AKT and phopho-rpS6. α-Tubulin was used as a loading control. (B) Fold increase in 
expression of phosphorylated proteins in CtxR HC4 cells compared with parental control HP cells by phosphoprotein arrays. CtxS parental cells (HP) and 
CtxR clones (HC4) were harvested and lysed with the extraction buffer provided as described according to manufacturer’s instructions for phospho-
protein arrays. (C) CtxR overexpress EGFR and have increased AKT signaling pathway 5. CtxS parental cells (HP) and CtxR clones (HC1, HC4 and HC8) were 
harvested and protein lysates were fractionated on SDS-PAGE followed by immunoblotting for the indicated proteins. α-Tubulin was used as a loading 
control.
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investigation for use in several types of solid tumors. We dem-
onstrate that MK-2206 inhibits the activity of AKT by decreas-
ing the phosphorylation of serine 473 (S473) and threonine 308 
(T308), as well as phospho-rpS6 (serine 235/serine 236) (Fig. 2). 
While phospho-AKT S473 is inhibited with 5 µM of MK-2206 
there is a dose dependent decrease in phosphorylation of AKT 
T308 and rpS6. Additionally, MK-2206 treatment demonstrated 
growth inhibitory effects of all CtxR clones with robust, dose 
dependent responses. This may be due to the enhanced inhibi-
tory effects of AKT T308 and downstream targets at higher con-
centrations. Treatment with 7.5 µM MK-2206 reduced CtxR cell 
proliferation rates to approximately 50% compared with vehicle 
control treatment. MK-2206 treatment had minimal effect on 
the CtxS parental cells that have very low levels of AKT activation 
(Fig. 1C). Taken together these results suggest that CtxR cells 
are dependent on AKT activity for proliferation and MK-2206 
is an effective treatment for cells with acquired resistance to 
cetuximab.

MK-2206 blocks AKT downstream signaling pathway 
in CtxR cells. We further explored the mechanisms of cell 

To confirm the AKT specific phosphoprotein array results 
we analyzed the activity of various AKT effector molecules via 
western blot analysis in the three CtxR clones HC1, HC4 and 
HC8 (Fig. 1C). We confirmed that the AKT pathway effector 
molecules rpS6 (serine 235/236), GSK3β (serine 9) and IRS-1 
(serine 636) were indeed highly active in all three CtxR clones. In 
addition to activation of MAPK, these results suggest that CtxR 
clones have enhanced activation of AKT signaling pathways and 
further, they exhibit dependence on these pathways for enhanced 
growth potential. Phosphorylation levels of AKT substrate pro-
teins in HC4 cells compared with HP cells are summarized in 
Table S1.

CtxR cells have increased sensitivity to the allosteric AKT inhibitor 
MK-2206. We hypothesized that CtxR clones may be susceptible 
to AKT inhibitory therapies since these cells remained dependent 
on the AKT signaling pathway for sustained growth and sur-
vival. To test this hypothesis we challenged CtxR clones with the 
AKT inhibitor MK-2206 (5, 7.5 and 10 µM) for 24 h (Fig. 2). 
MK-2206 is a highly selective and potent non-ATP competitive 
allosteric AKT inhibitor that is currently undergoing clinical 

Figure 2. MK-2206, an AKT inhibitor, decreases cell proliferation of CtxR clones. MK-2206 significantly inhibits the proliferation of CtxR clones. CtxR 
clones (HC1, HC4 and HC8) and CtxS parental control (HP) were plated and allowed to adhere for 24 h prior to vehicle (DMSO) or MK-2206 treatment: 5, 
7.5 or 10 µM. Cell growth was measured at 72 h after drug treatment using the growth proliferation assay described in experimental methods. Data 
points are represented as mean ± SEM (n = 4). *p ≤ 0.05, **p ≤ 0.001. Whole cell protein lysates were collected after 24 h treatment and fractionated on 
SDS-PAGE followed by immunoblotting for the indicated proteins. α-Tubulin was used as a loading control.
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well as the downstream effector molecule phospho-rpS6 in all 
CtxR clones (Fig. 6). Interestingly, treatment with cetuximab 
or MK-2206 led to modest increases in steady-state expression 
of phospho-AKT or phospho-MAPK in CtxR clones. Overall, 
these data suggest that MK-2206 and cetuximab combinatorial 
treatment impact proliferation by the dual targeting of AKT and 
MAPK, resulting in the downregulation of two prominent sig-
naling pathways.

Discussion

Cetuximab has exhibited promising antitumor activity in clinical 
trials particularly in the settings of mCRC and HNSCC either 
as monotherapy or in combination with chemotherapy and/or 
radiation.15 However, acquired resistance to cetuximab remains a 
major obstacle for the successful use of this promising molecular 

growth inhibition in CtxR clones by MK-2206. To determine 
if MK-2206 effects the phosphorylation of other AKT targets 
in CtxR cells, we probed the same AKT specific phosphoprotein 
array with protein lysate harvested from the CtxR clone HC4 
treated with 2.5 µM MK-2206 for 24 h. Results from this anti-
body array showed that 2.5 µM of MK-2206 treatment could 
mildly inhibit multiple downstream AKT targets including 
c-jun, eIF4E, GSK3β, IKKα, IRS-1, Raf1 and rpS6 (Fig. 3A). 
Since this is a multiplex array platform the fold changes detected 
on the array may actually be smaller than the true value. Thus we 
next validated in all three CtxR clones that the activation of AKT, 
rpS6 and GSK3β were indeed decreased upon treatment with 
2.5 and 7.5 µM of MK-2206 for 24 h (Fig. 3B). Treatment with 
7.5 µM MK-2206 showed significant decreases in the levels of 
phosphorylated AKT, rpS6 (50–90%) and GSK3β (60–80%), 
while total levels of AKT, rpS6 and GSK3β were not affected by 
MK-2206 treatment (Fig. 3B). These results indicate MK-2206 
is able to abrogate the activation of AKT as well as its down-
stream signaling effector molecules, which may suggest why 
MK-2206 can be effective treatment in cetuximab resistant cell 
lines. Phosphorylation levels of AKT substrate proteins in HC4 
cells with 2.5 µM MK-2206 treatment compared with vehicle 
control are summarized in Table S1.

MK-2206 plus cetuximab has greater therapeutic effect than 
either agent alone. We showed that CtxR cells are dependent on 
AKT activity for proliferation and MK-2206 is an effective treat-
ment for cells with acquired resistance to cetuximab (Figs.  1 
and 2). To determine if loss of AKT is important in acquired 
resistant to cetuximab, we treated CtxR clones with siAKT1/2(a) 
and cetuximab for 72 h. The combination treatments resulted 
in significant cell growth inhibition in CtxR clones (Fig. 4). 
Next, we examined if MK-2206 could have therapeutic benefit 
in CtxR cells with cetuximab treatment. We performed cell pro-
liferation analysis using vehicle, cetuximab (0.1, 1, 10, 100 and 
1,000 nM), MK-2206 (0.1, 1, 5 and 10 µM) or 100 nM cetux-
imab plus MK-2206 (0.1, 1, 5 and 10 µM) in HP, HC1, HC4 
and HC8. Despite complete resistance up to 1,000 nM of cetux-
imab, addition of 100 nM of cetuximab led to a marked statisti-
cally significant increase of MK-2206 inhibitory potency over a 
wide range of MK-2206 doses (Fig. 5A). To see if the augmenta-
tion of growth inhibition of MK-2206 with cetuximab correlated 
with increased apoptosis, we performed Annexin-V analysis after 
treatment with vehicle, 100 nM cetuximab, 5 µM MK-2206 
or the combination for 24 h (Fig. 5B). MK-2206 treatments 
resulted in a statistically significant increase in apoptosis of CtxR 
clones compared with vehicle control. Furthermore, combinato-
rial treatment (MK-2206 plus cetuximab) in two out of three cell 
lines induced a mild enhancement of apoptosis as compared with 
MK-2206 alone. We further investigated which pathways were 
inhibited by MK-2206 and cetuximab combination treatment. 
CtxR clones were treated with vehicle, 100 nM cetuximab, 5 µM 
MK-2206 or combinatorial treatment for 24 h. MAPK phos-
phorylation level was decreased by cetuximab treatment, while 
phosphorylation of AKT was inhibited by MK-2206 treatment 
(Fig. 6). Combination of cetuximab with MK-2206 resulted 
in an inhibition of both phospho-MAPK and phospho-AKT as 

Figure 3. AKT downstream signaling molecules are effectively inhibited 
with MK-2206 treatment in CtxR clones. (A) Fold decrease in expression 
of phosphorylated proteins treated by MK-2206 in cetuximab-resistant 
HC4 CtxR cells compared with vehicle control HC4 cells by phosphopro-
tein arrays. CtxR clone (HC4) was harvested after treatment with 2.5 µM 
of MK-2206 and lysed with the extraction buffer provided as described 
according to manufacturer’s instructions for phosphoprotein arrays. 
(B) CtxR clones (HC1, HC4 and HC8) were treated with vehicle (DMSO) or 
MK-2206 (2.5 or 7.5 µM) for 24 h. Whole cell protein lysates were frac-
tionated on SDS-PAGE followed by immunoblotting for the indicated 
proteins. α-Tubulin was used as a loading control.
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had increased AKT activation and marked decreased protein 
levels of PTEN.33 Further, Chen et al. established a pair of cell 
lines from Huh7 hepatocellular carcinoma cells that are resistant 
to several tyrosine kinases and Raf kinase inhibitor sorafenib.34 
They found that sorafenib resistant cells exhibited upregulation 
of AKT signaling compared with the sorafenib sensitive paren-
tal Huh7 cells. These results indicate that acquired resistance to 
molecular targeting agents such as cetuximab and sorafenib may 
share a common mechanism of resistance through the activation 
of AKT and its downstream signaling pathways. Overall, the 
data presented in the current study demonstrate that the activa-
tion of AKT plays a role in cetuximab resistance and provides 
a rational strategy through which cetuximab-based treatment 
may be improved.

To evaluate this concept, we treated our CtxR clones with 
MK-2206, an AKT-specific inhibitor, and assayed growth inhi-
bition. MK-2206 treatment yielded statistically significant cell 

targeting agent.28,29 Previously, we developed a model of acquired 
resistance to cetuximab using the NSCLC NCI-H226.27 Results 
from these studies indicated that CtxR cell lines had increased 
expression and activation of the EGFR, MAPK and AKT.27

In this study we investigated (1) if CtxR clones exhibited a 
dependency on AKT signaling pathways and (2) whether the 
allosteric AKT inhibitor MK-2206 could be advantageous in 
the setting of acquired resistance to cetuximab. Gene-silencing 
studies using siAKT indicated that all CtxR NCI-H226 clones 
remained addicted to AKT signaling pathways (Fig. 1A). Various 
other researchers have noted the upregulation of AKT signal-
ing pathways in defined subsets of human NSCLC, supporting 
our current study, which demonstrates the overexpression of 
AKT signaling pathways in numerous CtxR clones.30-32 We also 
found that CtxR cells exhibit increased steady-state activity of 
the EGFR (Fig. 1B and C). Studies by Kim et al. further sup-
port our findings by reporting that CtxR HCC827 clones also 

Figure 4. Combination treatment of siAKT and cetuximab Inhibit cell proliferation in CtxR clones. CtxR clones (HC1, HC4 and HC8) and parental controls 
(HP) were plated and treated with 50 nM of AKT1/2 siRNA(a) or 50 nM non-targeting siRNA. The next day, cells were treated with DMSO or 100 nM 
cetuximab for 72 h. Growth was measured at 72 h after drug treatment using the proliferation assay as described in the experimental procedures. Data 
points are represented as mean ± SEM (n = 4). **p ≤ 0.001. Protein was collected at 72 h after treatment and fractioned by SDS-PAGE and immunoblot-
ted for AKT. α-Tubulin was used as a loading control.

Figure 5 (See opposite page). MK-2206 treatment enhanced the susceptibility of CtxR cells to cetuximab by inducing apoptosis. (A) MK-2206 
treatment enhanced the susceptibility of CtxR cells to cetuximab. CtxR cells (HC1, HC4, HC8) and parental controls (HP) were treated with DMSO, Ctx 
(0.1–1,000 nM), MK-2206 (0.1–10 µM) or the combination of Ctx 100 nM+ MK-2206 (0.1–10 µM), for 72 h. Growth was measured 72 h after drug treat-
ment using the proliferation assay described in the experimental procedures. Data points are represented as mean ± SEM (n = 4). *p ≤ 0.05. (B) MK-
2206 plus cetuximab induced modest apoptosis in CtxR clones. CtxS parental cell line (HP) or CtxR cell lines (HC1, HC4, HC8) were plated and allowed to 
adhere for 24 h prior to treatment with vehicle (DMSO), cetuximab (100 nM), MK-2206 (5 µM) or the combination (cetuximab + MK-2206) for 24 h prior 
to Annexin-V analysis via flow cytometry. Annexin-V analysis was described in the materials and methods. Data points are represented as mean ± SEM 
(n = 3). *p ≤ 0.05. Flow cytometry profile represents Annexin-V-FITC staining in x axis and PI in y axis. The number represents the percentage of cells in 
each condition.
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Figure 5. For figure legend, see page 486.
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MK-2206 treatment alone could induce 
mild levels of apoptosis (approximately 10% 
in two cetuximab resistant cell lines), while 
the addition of cetuximab could enhance 
levels by approximately 5% (Fig. 5B). Thus, 
the anti-proliferative effects observed with 
MK-2206 treatment alone and in combina-
tion with cetuximab in the current study 
may be due to alternative mechanisms other 
than apoptosis.

In the current study, MK-2206 and 
cetuximab treatment demonstrated greater 
growth inhibitory effects than MK-2206 
alone in all CtxR clones. The treatment of 
CtxR clones with cetuximab had no effect 
on proliferation but did, however, inhibit the 
activation of MAPK (Fig.  6). This finding 
demonstrates that CtxR cells have developed 
dependency on other growth promoting 
pathways. When cells were challenged with 
MK-2206 we observed a growth inhibitory 
effect that was greatly enhanced with the 

addition of cetuximab (Fig. 5). We speculate that MK-2206 can 
augment cetuximab response because this combination inhibits 
both AKT and MAPK activation (Fig. 6) and thereby downreg-
ulates two critical pathways of cellular proliferation. This find-
ing highlights the importance of simultaneously inhibiting both 
AKT and MAPK activation to achieve maximal growth inhibi-
tory potential and suggests that either pathway can compensate 
for the loss of the other to maintain growth-promoting signals. 
In the current model of cetuximab resistance, CtxR cells have 
become dependent on AKT activity to maintain their growth 
potential, which is effectively targeted with MK-2206, and 
enhanced through the inhibition of MAPK with cetuximab. This 
point is further supported by the modest compensatory increased 
activation of either AKT by cetuximab or MAPK by MK-2206 
(Fig. 6). Previous studies have also described similar compensa-
tory activation of AKT upon inhibition of either the MAPK or 
mTOR1 pathways.41-46 Overall, the concurrent blockade of AKT 
and MAPK seems to be crucial for the maximal growth inhibi-
tion of CtxR clones, a strategy that may be a useful in overcoming 
cetuximab resistance.

Currently, MK-2206 is undergoing clinical trials in the 
numerous tumor settings. Yap et al. reported that 33 patients 
with advanced solid tumors such as colon/rectum, breast, pancre-
atic and lung received MK-2206 on alternate days. The MK-2206 
was well tolerated at biologically active doses that inhibit AKT 
signaling in this phase I clinical trial.26 Pal et al. also summarized 
several ongoing phase I studies with advanced solid tumors using 
MK-2206 or combinations of both cytotoxic agents and targeted 
therapies with MK-2206 (for a review see ref. 47). In the current 
study we demonstrate that AKT and EGFR, through MAPK, 
cooperate in acquired resistance to cetuximab, suggesting that 
combinatorial treatment with both cetuximab and MK-2206 
or potentially MAPK inhibitors may be an effective strategy for 
future translational research in the setting of acquired resistance.

growth inhibition of all CtxR clones (Fig. 2). AKT antibody 
array and immunoblot analyses revealed AKT substrates such as 
phospho-rpS6 and phospho-GSK3β were blocked by MK-2206 
treatment (Fig. 3). We demonstrate that higher concentrations of 
MK-2206 may be necessary to completely inhibit the activation 
of AKT (T308) and its downstream targets, which may explain 
why CtxR cells are more sensitive to MK-2206 at higher doses. 
Hirai et al. determined similar findings in non-small-cell lung 
cancer cells (NSCLC), with an IC

50
 ranging between 3.4 and 

28.6 µM, while AKT inhibition was detected at much lower con-
centrations.35 These results suggested that AKT signaling path-
ways are essential for cell survival in CtxR clones and MK-2206 
may be a valuable drug for inhibiting this pathway in a variety 
of cancers. Sangai et al. also revealed that MK-2206 had a dose-
dependent effect on cell signaling and tumor growth. Although 
AKT phosphorylation was inhibited with clinically relevant 
doses, dose escalation had a greater effect on downstream effec-
tors.36 Our data indicated that increased amounts of MK-2206 
lead to more potent decreases in AKT T308 and rpS6 as well as 
GSK3β activation (Fig. 3B).

Treatment of CtxR clones with AKT siRNA alone and in 
addition to cetuximab also significantly inhibited cell prolifera-
tion (Fig. 4). Further, we analyzed if combinatorial MK-2206 
and cetuximab therapy would result in greater anti-proliferative 
activity than either agent alone (Fig. 5A). Addition of 100 nM 
of cetuximab led to a marked increase of MK-2206 inhibitory 
potency over a wide range of MK-2206 doses. Various mecha-
nisms have been proposed for the anti-proliferative effects 
observed with MK-2206 treatment, including the induction of 
apoptosis, autophagy and promotion of cell cycle arrest.35,37-40 
Cheng et al. reported that the EGFR inhibitor gefitinib could 
induce approximately 10–17% of glioblastoma cells to undergo 
apoptosis and MK-2206 treatment enhanced these levels by 
approximately 10%.40 In the current study, we observed that 

Figure 6. Dual blockade of AKT and EGFR have beneficial effects on AKT and MAPK activity. 
CtxR cells (HC1, HC4 and HC8) were plated and treated with the DMSO (vehicle), 100 nM cetux-
imab, 5 µM MK-2206 or the combination (cetuximab + MK-2206) for 24 h. Cells were harvested 
and protein was collected, fractionated by SDS-PAGE and immunoblotted for the indicated 
proteins. α-Tubulin was used as a loading control.
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and analyzed by incubation with the appropriate primary 
antibody. Proteins were detected via incubation with HRP-
conjugated secondary antibodies and ECL Western Blotting 
Substrate (Promega Cooperation), SuperSignal* West Dura 
Extended Duration Chemiluminescent Substrate or SuperSignal* 
West Femto Maximum Sensitivity Chemiluminescent Substrate 
(Thermo Fisher Scientific).

Annexin-V apoptosis assay. An amount of 800,000 cells 
were plated in 100 mm plates and after 24 h of incubation 
treated with either vehicle, 100 nM cetuximab, 5 uM MK-2206 
and the combination for 24 h and harvested after trypsiniza-
tion. Next, cells were washed with PBS, resuspended in bind-
ing buffer (BD Biosciences) and stained with FITC Annexin-V 
(FITC Annexin-V apoptosis detection kit, BD Biosciences). The 
cells were analyzed by flow cytometry (BD FACScan). FlowJo 
Software (Tree Star, Inc.) was used to analyze the data. All exper-
imental arms were done in triplicate and displayed as averages 
with standard error bars.

Phosphoprotein antibody array. Phosphoprotein arrays were 
obtained from FullMoon Biosystems, Inc. Cells were seeded 
in three 150 mm culture dishes and treated 24 h: (1) HP with 
vehicle, (2) HC4 with vehicle and (3) HC4 with 2.5 µM of 
MK-2206. Cells were lysed with the extraction buffer provided 
as described according to manufacturer’s instructions. Antibody 
array analysis was performed by FullMoon Biosystems.
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Materials and Methods

Cell lines. The human NSCLC line NCI-H226 was purchased 
from ATCC. The cells were maintained in 10% fetal bovine 
serum in RPMI-1640 (Mediatech, Inc.) with 1% penicillin and 
streptomycin. The development of cells with acquired resistance 
to cetuximab has been previously described.27

siRNA and transfection. For siRNAs, CtxR cells (HC1, HC4 
and HC8) were transiently transfected with siRNAs siAKT1/2(a) 
(#6211S, Cell Signaling Technology) or siAKT1/2(b) (sc-43609, 
Santa Cruz biotechnology, Inc.) using Lipofectamine RNAiMAX 
according to the manufacturer’s instructions (Invitrogen). The 
non-targeting siRNA (ON-TARGETplus Non-targeting Pool, 
#D-001810-10) was obtained from Dharmacon as a control. 
Cells were then lysed for analysis of protein knockdown by 
immunoblotting after siRNA transfection.

Compounds. Cetuximab (ICM225, Erbitux) was generously 
provided by ImClone Systems Inc. MK-2206 was generously pro-
vided by Merck Research Laboratories.

All antibodies were purchased from commercial sources 
as indicated below: EGFR, pEGFR (Y1173), AKT and HRP-
conjugated goat-anti-rabbit IgG and goat-anti-mouse IgG 
were obtained from Santa Cruz Biotechnology, Inc. pAKT 
(S473), pAKT (T308), prpS6 (S235/S236), rpS6, pGSK3β 
(S9), GSK3β, IRS-1, p-MAPK (T202/Y204) and MAPK were 
obtained from Cell Signaling Technology. pIRS-1 (S636) was 
purchased by Thermo Scientific. α-Tubulin was purchased from 
Calbiochem.

Cell proliferation assay. Cells were seeded at 2,000 cells per 
well in 100 µl of media on a 96-well plate, grown for 24 h and 
then treated with drug for 72 h prior to analysis using the Cell 
Counting Kit 8 (Dojindo Molecular Technologies). Ten micro-
liters of CCK-8 solution was added to each well and incubated 
for 1 h prior to absorbance analysis (A450 nm with plate reader). 
The percentage of cell growth was calculated by comparison of 
the A450 reading from treated vs. vehicle control wells. All treat-
ments were performed in quadruplicate.

Immunoblotting analysis. Whole cell protein lysate was 
obtained by tween-20 lysis buffer (50 mM HEPES, pH 7.4, 
150 mM NaCl, 0.1% Tween-20, 10% glycerol, 2.5 mM EGTA, 
1 mM EDTA, 1 mM DTT, 1 mM Na

3
VO

4
, 1 mM PMSF, 1 mM 

BGP and 10 μg/ml of leupeptin and aprotinin). Samples were 
sonicated and then centrifuged at 15,000 g for 10 min at 4°C. 
Protein concentrations were determined by Bradford assay (Bio-
Rad Laboratories). Equal amounts of protein were fractionated 
by SDS-PAGE, transferred to a PVDF membrane (Millipore) 
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