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FOXO3a and the MAPK p38 are activated by
cetuximab to induce cell death and inhibit cell
proliferation and their expression predicts
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Background: Cetuximab, a monoclonal antibody against EGFR used for the treatment of colorectal cancer (CRC), is ineffective in
many patients. The aim of this study was to identify the signalling pathways activated by cetuximab in CRC cells and define new
biomarker of response.

Methods: We used in vitro, in vivo models and clinical CRC samples to assess the role of p38 and FOXO3a in cetuximab
mechanism of action.

Results: We show that cetuximab activates the MAPK p38. Specifically, p38 inhibition reduced cetuximab efficacy on cell growth
and cell death. At the molecular level, cetuximab activates the transcription factor FOXO3a and promotes its nuclear translocation
via p38-mediated phosphorylation, leading to the upregulation of its target genes p27 and BIM and the subsequent induction of
apoptosis and inhibition of cell proliferation. Finally, we found that high FOXO3a and p38 expression levels are associated with
better response rate and improved outcome in cetuximab-treated patients with CRC harbouring WT KRAS.

Conclusions: We identify FOXO3a as a key mediator of cetuximab mechanism of action in CRC cells and define p38 as its activator
in this context. Moreover, high FOXO3a and p38 expression could predict the response to cetuximab in patients with CRC
harbouring WT KRAS.

Colorectal cancer (CRC) is the fourth most common cancer it is detected. The first treatment is the surgical resection which
worldwide. In 2012, the estimated CRC incidence was of 1.3  removes the colonic segment with the tumour and the surrounding
million cases worldwide and CRC caused >700000 deaths (Ferlay lymph nodes, which can be carriers of micrometastases. This
et al, 2010). CRC is classified into four stages from the TNM surgery is accompanied by chemotherapy for stage III and IV or
classification data. The cure for CRC depends on the stage at which  radiochemotherapy for advanced rectal cancers. In all, 30% of
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patients present synchronous metastases and 50-60% will develop
metastases that will require chemotherapy. The current manage-
ment is based on various drugs (5-FU/LV, capecitabine, irinotecan,
oxaliplatin, bevacizumab, cetuximab and panitumumab) either in
combination or as single agents (Van Cutsem et al, 2010). Thanks
to these treatments, the patients’ overall survival has been
significantly improved, but tumour resistance is still a frequent
cause of therapy failure.

Among the drugs used in CRC treatment, cetuximab is a
monoclonal antibody that targets the extracellular domain of
epithelial growth factor receptor (EGFR) and can overcome
acquired resistance to irinotecan chemotherapy (Cunningham
et al, 2004). However, patients with KRAS-mutated metastatic CRC
(mCRC) do not benefit from this treatment (Amado et al, 2008;
Karapetis et al, 2008) and 40-60% of patients with wild-type KRAS
mCRC do not respond to cetuximab. Cetuximab binding to EGFR
inhibits receptor activation and, subsequently, signal transduction
of the RAS/RAF/MEK/ERK and the PI3K/AKT pathways (Okada
et al, 2014). This leads to cell cycle arrest and/or induction of
apoptosis. The downstream cellular targets of cetuximab are not
fully characterised and most of the transcription factors induced by
cetuximab have not been identified.

The serine/threonine MAPK p38 (Zarubin and Han, 2005) is
activated through phosphorylation at the Thr'®%-Gly-Tyr'®* motif
by MKK3, MKK4 and MKK6 (Wilson et al, 1996). Phosphorylated
p38 activates a wide range of substrates, leading to diverse
responses, such as cell differentiation, cell cycle arrest, apoptosis,
senescence, cytokine production, regulation of RNA splicing and
inflammatory responses (Cuenda and Rousseau, 2007). We
previously showed that p38 is activated by treatment with SN38
(the active metabolite of irinotecan) and that pharmacological
inhibition of p38 overcomes irinotecan and SN38 resistance
(Paillas et al, 2011). Recently, Ho et al (2012) showed that p38
can phosphorylate the transcription factor FOXO3a and con-
tributes to its nuclear localisation and activation. FOXO3a
biological activity is mainly modulated via inhibitory phosphoryla-
tion by the PI3K/AKT and MEK/ERK pathways (Biggs et al, 1999;
Yang et al, 2008; van der Vos and Coffer, 2011). Conversely,
inhibition of AKT and ERK can lead to de-phosphorylation,
nuclear localisation of FOXO3a and to its activation. This
activation induces cell cycle arrest and/or apoptosis through
upregulation of its target genes, such as p27<?' (CDKNIB) and
BIM (van der Vos and Coffer, 2011).

In the present study, we investigated the molecular pathways
induced by cetuximab and involved in cetuximab-mediated cell
proliferation inhibition and apoptosis induction. Particularly, we
explored the role of p38 in FOXO3a regulation in response to
cetuximab in wild-type KRAS CRC cells. Finally, we studied
FOXO3a and p38 expression levels in CRC samples and correlated
them with the patients’ response to cetuximab treatment.

MATERIALS AND METHODS

Reagents. Cetuximab (Erbitux) was purchased from Merck
(Darmstadt, Germany). SB202190 and SP600125 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Lapatinib (Tyverb) and
erlotinib (Tarceva) were purchased from ICM (Montpellier, France).
Primary antibodies against phospho-p38, phospho-AKT, phospho-
ERK, phospho-JNK, phospho-ATF2, p38x, cleaved-caspase 3, tubulin,
FOXO3a, BIM and p27 were purchased from Cell Signaling
Technology (Danvers, MA, USA); the anti-FOXO3a-phosphoSer7
antibody was obtained from EW-F Lam (Ho et al, 2012). Secondary
antibodies were horseradish peroxidase-conjugated anti-mouse or
anti-rabbit antisera (Sigma-Aldrich).

Kinase assay. The p38 kinase assay was performed using the non-
radioactive p38 MAPK Assay Kit from Cell Signaling Technology,
as previously described (Gongora et al, 2008).

Cell culture and retroviral infections. The human EGFR-over-
expressed, WT KRAS, rectum adenocarcinoma DiFi cell line was
obtained from Dr Clara Montagut (Montagut ef al, 2012; Siravegna
et al, 2015). Cells were grown in DMEM supplemented with 10%
fetal calf serum and 2mMm r-glutamine at 37 °C in humidified
atmosphere with 5% CO2. DiFi cells expressing ShRNAs targeting
luciferase, p38o, FOXO3a, BIM and p27 were obtained by retroviral
gene transduction of the pSIREN vector in which the ShRNAs were
cloned. Cells were selected with 1ugml ™' puromycin and then
stable clones were pooled.

Plasmids. The pCMV-FLAG-tagged human wild-type FOXO3a
and mutated FOXO3a S7A expression vectors have been previously
described (Ho et al, 2012).

Subcellular protein extraction and immunoprecipitation. In all,
3 x 10° DiFi cells were scraped, lysed and centrifuged at 3500
r.p.m. Supernatants containing cytosolic proteins were stored.
Pellets were then lysed in 3 mm EDTA, 0.2 mm EGTA and protease
inhibitors, and then vortexed to obtain the nuclear protein fraction.
Immunoprecipitations were performed using 0.4 mg of proteins,
protein A/G magnetic beads (Pierce, Waltham, MA, USA) and the
anti-FOXO3a antibody (Cell Signaling Technology).

Immunofluorescence. Cells were plated on 12mm glass coverslips
in culture dishes. They were fixed in 3.7% formaldehyde, blocked in
PBS with 1% BSA and 0.3% Triton and incubated with an anti-FLAG
monoclonal antibody Sigma-Aldrich and then with an anti-mouse
Alexa Fluor 488 (Invitrogen, Life Technologies, Carlsbad, CA, USA).
DAPI was used to stain nuclei. Coverslips were then mounted in
Moviol and images were recorded using a 63XNA objective and a
Leica inverted microscope (Wetzlar, Germany).

RNA preparation and RT-qPCR. Total RNA was isolated from
DiFi cells using the RNeasy mini Kit (Qiagen, Hilden, Germany)
with a DNAse digestion step. Total RNA (1pug) was reverse-
transcribed using the SuperScript III reverse transcriptase (Invitro-
gen, Life Technologies). Real-time quantitative PCR (qPCR) was
performed using the LC480 cycler (Roche Diagnostics, Meylan,
France) according to the manufacturer’s instruction. The ampli-
fication specificity was verified by melting curve analysis. Real-time
PCR values were determined by reference to a standard curve that
was generated by real-time PCR amplification of a serially diluted
c¢DNA sample using primers specific for p27, BIM and 28s. The
quantification data were normalised to the amplification data for
the reference gene 28s.

Drug sensitivity assay. Cell growth inhibition and cell viability after
cetuximab incubation were assessed using the sulforhodamine B (SRB)
assay, as previously described (Candeil et al, 2004; Paillas et al, 2011).

Cell death analysis. Cell death analysis was performed using the
Annexin V-FITC/7-AAD Kit (Beckman Coulter, Indianapolis, IN,
USA). Cells were incubated with 0.5ugml ™' cetuximab, 5um
SB202190, or 0.5ugml ' cetuximab + 5 um SB202190 for 48 h.
Cells (1 x 10°) and the corresponding supernatants were labelled
using the Annexin V-FITC/7-AAD Kit (Beckman Coulter,
Indianapolis, IN, USA). Analyses were done on a FC500 Beckman
Coulter Flow Cytometer (Beckman Coulter). Annexin V-FITC
positive cells were quantified using the Flow Jo analysis software
(Treestar, Ashland, OR, USA).

Cell cycle analysis. Cells were treated with 0.5 uygml ~ ' cetuximab,
5um SB202190, or 0.5ugml ™' cetuximab + 5 um SB202190 for
48h. In all, 1 x 10° cells were pelleted, washed with PBS, fixed in
75% ethanol, treated with 100 ug ml~! RNAse (Qiagen) and
stained with 40 ugml~' propidium iodide. The cell cycle
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distribution was determined with a FC500 Beckman Coulter Flow
Cytometer using the FL-3 channel. Cells were gated on a dot plot
that displayed the DNA-pulse-peak vs the DNA-pulse area to
exclude doublets. Cell cycle distributions were illustrated using the
Flow Jo analysis software (Treestar, FLOWJO, Ashland, OR, USA).

Cell proliferation analysis. Cell proliferation was measured by
incorporating 5-ethynyl-2’-deoxyuridine (EdU) into DNA during
the active DNA synthesis (i.e., the last 30h of culture). After cell
fixation—permeabilization in 75% ethanol/PBS—incorporated Edu
was labelled and detected with the Click-iT EdU Alexa Fluor 488
Flow Cytometry Assay Kit (Invitrogen). Analyses were done on a
FC500 Beckman Coulter Flow Cytometer. Alexa Fluor 488-
conjugated EdU-positive cells were quantified using the Flow Jo
analysis software (Treestar).

In vivo studies

Xenografts. Female athymic nu/nu mice were purchased from
Harlan Laboratories (Gannat, France) and used when 6-8-week-
old. A total of, 2 x 10° Difi or Caco2 tumour cells in Matrigel were
injected subcutaneously (s.c.) into the left flank of each mouse.
Tumours were detected by palpation and measured with calipers
weekly (or every 10 days). Mice were killed when the tumour
volume reached 1000 mm?. We obtained ethical approvals for these
experiments (ethics committee approved by the French Ministry,
animal facility approval C34-172-27, personal approval (Céline
Gongora) 34.142 and protocol approval CEEA-LR-12104).

Cetuximab and SB202190 treatment. When tumours reached the
volume of 100mm?® mice were treated with: (i) 5mgkg ™'
cetuximab by intraperitoneal (i.p.) injection twice per week for 4
weeks; (ii) 0.2 ml of 0.9% sodium chloride solution (control group)
by i.p. injection twice per week for 4 weeks; (iii) 0.05 umolkg '
$B202190 (stock solution diluted in 0.9% sodium chloride) by i.p.
injection five times per week for 4 weeks; or (iv) cetuximab +
$B202190: 5mgkg ' cetuximab twice per week + 0.05 umol kg '
SB202190 five times per week, both for 4 weeks.

Statistical analysis. A linear mixed-regression model, containing
both fixed and random effects, was used to determine the
relationship between tumour growth and number of days after
grafting. BLI data were first transformed using the natural log scale
to better fit the assumptions of the linear mixed model. The fixed
part of the model included variables corresponding to the number
of post-graft days and the different treatments. Interaction terms
were built into the model; random intercepts and random slopes
were included to take time into account. The coefficients of the
model were estimated by maximum likelihood and considered
significant at the 0.05 level. Statistical analysis was performed using
the STATA 10.0 software (Stata Corp., College Station, TX, USA).

Clinical samples. We have recovered from public database
transcriptome data of the cetuximab-treated patient’s cohort of
Khambata-Ford data set, (GSE5851; Khambata-Ford et al, 2007)
that includes gene-expression data from 80 patients with mCRC
enroled for treatment with cetuximab monotherapy. Authors
indicate that written informed consent was obtained from all
patients before they entered the study. The protocol was approved
by the institutional review boards at the participating institutions.
On the basis of the assessment of the best clinical response, patients
with mCRC harbouring WT KRAS (n=43) could be classified as
responders (partial response, n=5; and stable disease, n=15;
total = 20) and non-responders (progressive disease, n=19). The
response in 4 of these 43 patients could not be determined. KRAS
status was assessed in 69 patients (WT KRAS =42 and mutated
KRAS =27).

RESULTS

The MAPK p38 is activated by cetuximab. Cetuximab inhibits
EGEFR activation and subsequently signal transduction of the RAS/
RAF/MEK/ERK and PI3K/AKT pathways. However, its impact on
other major cell signalling pathways is not clear. Here, we analysed
cetuximab effect on the two stress kinases JNK and p38. To this
aim, we used the Difi colon cancer cell line that is characterised by
high-level EGFR amplification, WT KRAS and BRAF and is highly
sensitive to cetuximab. Indeed, exposure to very low cetuximab
concentrations leads to growth arrest and apoptosis (Lu et al,
2007a, b; Montagut et al, 2012; Kawakami et al, 2014). Western
blot analysis using anti-p38 and -JNK phospho-specific antibodies
showed an increase of p38 and JNK phosphorylation in the DiFi
human CRC cell line following incubation with 10 ugml~"' of
cetuximab for 24h (Figure 1A). As expected, AKT and ERK
phosphorylation were strongly decreased in cetuximab-treated
DiFi cells, indicating that DiFi cells respond accurately to this anti-
EGEFR treatment.

We then analysed whether JNK and p38 activation had a
functional impact on cetuximab effect on cell death and
proliferation. To this aim, we inhibited JNK or p38 with specific
inhibitors (SP600125 for JNK and SB202190 for p38) and then
tested cetuximab cytotoxicity using the SRB assay (Figure 1B).
Cetuximab cytotoxicity was not affected by JNK inhibition, but was
greatly reduced following p38 inhibition, as indicated by the higher
ICso of cetuximab (55ngml~ ') when associated with SB202190
compared with when used alone (35ngml ~ 1; P-value: 0.005). This
indicates that inhibition of p38 makes DiFi cells more resistant to
cetuximab.

We then measured phosphorylation of the p38 target protein
ATF2 by kinase assay to evaluate the effect of cetuximab and
SB202190 on p38 activity (Figure 1C, upper panel). ATF2
phosphorylation was increased in cetuximab-treated DiFi cells
and this effect was lost when cetuximab was combined with
$B202190. Immunoblot analysis using a phospho-specific anti-p38
antibody confirmed cetuximab effect on p38 basal activity
(Figure 1C, lower panel). We then investigated whether inhibition
of p38 activity by SB202190 could affect also cetuximab-mediated
ERK and AKT inhibition (Figure 1D). SB202190 alone reduced
only slightly AKT phosphorylation, but strongly inhibited AKT
phosphorylation when in combination with cetuximab. Conver-
sely, SB202190 increased ERK phosphorylation when used alone,
and reduced cetuximab-mediated inhibition of ERK phosphoryla-
tion when associated with the antibody.

These data suggest that the MAPK p38 is activated by cetuximab
and contributes to its cytotoxic effect.

The MAPK p38 is necessary for the cytotoxic effect of EGFR-
targeting compounds. We then investigated the effect of p38
activity inhibition on cetuximab sensitivity in mice injected s.c.
with Difi cells. When tumours reached 100 mm?, xenografted mice
were divided in four groups: one group was left untreated, one was
treated with cetuximab alone, one with SB202190 alone, and the
last group with cetuximab and SB202190 (Figure 1E). Cetuximab
was the most effective treatment compared with no treatment
(P<0.001) or SB202190 alone (P<0.001), which had only a minor
effect on tumour growth. The combination of cetuximab and
SB202190 also was less effective than cetuximab alone (P =0.022).
This result confirms the previous observation obtained in vitro
(Figure 1B) and provides evidence that inhibition of p38 activity
can partially inhibit sensitivity to cetuximab in vivo.

We then tested in vitro, whether p38 silencing could affect
cetuximab cytotoxic activity in the same way as the p38 inhibitor
SB202190. By using the SRB assay we showed that sensitivity to
cetuximab was reduced in DiFi cells in which p38 was
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Figure 1. The MAPK p38 is activated by cetuximab. (A) Western blot analysis of phospho-AKT (P-AKT), phospho-ERK (P-ERK), phospho-p38 (P-
p38) and phospho-JNK (P-JNK) in DiFi cells incubated with cetuximab (Ctx) for 24 h. Equal loading is shown by tubulin (Tub). (B) SRB assays to
assess cetuximab cytotoxicity in DiFi cells incubated with cetuximab alone or together with the JNK inhibitor SP600125 (SP) or the p38 inhibitor
SB202190 (SB). (C) Top panel: kinase assay to test p38 activity (performed with immunoprecipitated P-p38) in cells incubated with 0.5 ugml ~'
cetuximab alone (Ctx), 5 um SB202190 (SB) alone or with 0.5 ugml ~1 cetuximab + 5um SB202190 (Ctx + SB) for 24 h. Western blot analysis of
phosphorylated ATF2. Lower panels: western blot analysis of P-p38 and total p38 expression level in DiFi cells incubated with 0.5 ugml~'
cetuximab alone (Ctx), 5 um SB202190 (SB) alone or 10 ugml ~ 1 cetuximab + 5um SB202190 (Ctx + SB) for 24 h. Equal loading is shown by tubulin
(Tub). (D) Western blot analysis of AKT, P-AKT, ERK and P-ERK in DiFi cells incubated with 10 ugml ~1 cetuximab alone (Ctx), 5 um SB202190 (SB)

alone or with 0.5 ugml ~1 cetuximab + 5 um SB202190 (Ctx + SB) for 24 h. Equal loading is shown by tubulin. NT, not treated. **P<0.01.
(E) Tumour growth inhibition experiment assessed in nude mice xenografted with DIFI cells and treated with SB202190, cetuximab or

cetuximab + SB202190.

downregulated by ShRNA (Shp38x1 and Shp3802; Figure 2A, left
panels) compared with control cells (shLuc), as indicated by their
significantly different ICs, values (ShLuc: 41.7nm; Shp38ul:
67.2nM, P-value: 0.008; Shp3802: 74.5nM, P-value: 0.032;
Figure 2A, right panel).

We thus asked whether p38 could also be involved in the
effect of other drugs targeting EGFR, such as the two tyrosine
kinase inhibitors (TKI) lapatinib (EGFR and HER2 inhibitor)
and erlotinib (EGFR inhibitor). Using the SRB assay and the
p38 inhibitor SB202190, we found that the cytotoxic activity of
lapatinib (Figure 2B) and erlotinib (Figure 2C) in DiFi cells was
significantly reduced when they were associated with SB202190,
as shown by their IC5, (680 num for lapatinib alone and 1385 nm
for lapatinib + SB202190, P-value: 0.0007; 150 nm for erlotinib
alone and 300nm for erlotinib 4 SB202190, P-value: 0.0006).
These results indicate that CRC cell sensitivity to cetuximab
and anti-EGFR TKIs is dependent, at least in part, on p38
activity.

We then confirm the effect of p38 downregulation or inhibition
on cetuximab cytotoxic effect on three other KRAS WT CRC cell
lines: LIM1215 (Figures 2D and E), Caco2 and SW48
(Supplementary Figure 2). By using the SRB assay we showed that
sensitivity to cetuximab was reduced in LIM1215 cells in which
p38 was downregulated by ShRNA (Shp38ol and Shp38x2;
Figure 2D, left panels) compared with control cells (shLuc).
Moreover, we showed that cetuximab cytotoxicity was reduced
following p38 inhibition with SB202190 compared with when used
alone in LIMI215 (Figure 2E) and Caco2 and SW48 cells
(Supplementary Figures 2A and C). Finally, we also confirm the
effect of p38 activity inhibition on cetuximab sensitivity in vivo in
Caco2 cells (Supplementary Figure 2B).

The MAPK p38 participates in the apoptotic and anti-
proliferative effects of cetuximab. We then investigated whether
p38 role in cetuximab effect involves increase of cell death or
inhibition of cell proliferation. Immunoblot analysis of cleaved-
caspase 3 expression after incubation of DiFi cells with increasing
doses of cetuximab for 24 h indicated that 1ugml ™" cetuximab
was sufficient to induce caspase cleavage (Figure 3A). We then
assessed apoptosis using increasing concentrations of cetuximab
for 48h with two other assays: (i) identification of Annexin
V-positive cells (Figure 3B, upper panels), representative of early
apoptosis, and (ii) quantification of cells in the subGl phase
(Figure 3B, lower panels), representative of late apoptosis. The
results of these assays indicated that apoptosis of DiFi cells was
induced by 0.5 ugml ~ ' cetuximab (24% Annexin V-positive cells
and 24.3% subGl cells) and the percentage of apoptotic cells
increased with the concentration of cetuximab. These experiments
demonstrate unequivocally that cetuximab induces apoptosis in
DiFi cells.

We then analysed the combined effect of cetuximab (0.5 ugml ")
and SB202190 on apoptosis using the three methods described above
(Figures 3C-E). Cetuximab alone induced apoptosis in DiFi cells,
while SB202190 alone had no effect. Conversely, when associated
with cetuximab, SB202190 reduced cetuximab-induced apoptosis.
Specifically the percentage of Annexin V-labelled cells (Figure 3C)
and subGl cells (Figure 3D) decreased from 24% and 29%
(cetuximab) to 12% and 13% (cetuximab + SB202190), respectively,
(P-value: 2x1077). Similarly, immunoblot analysis (Figure 3E)
showed that induction of caspase 3 cleavage by cetuximab was
reduced when SB202190 was associated. These results demonstrate
that the MAPK p38 contributes to the apoptotic effect of cetuximab
in DiFi cells.
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Figure 2. The MAPK p38 is necessary for the cytotoxic effect of EGFR-targeted therapies. (A) Left panel: western blot analysis of p38x expression
in DiFi cells transduced with ShRNAs against p38ux (Shp38ax1 and Shp380.2) or against Luciferase (ShLuc; control). Equal loading is shown by tubulin.
Right panel: SRB assays to assess cetuximab cytotoxicity in DiFi cells transduced with two different ShRNAs against p38u (Shp38a.1 and Shp3842).
(B) SRB assays to assess the cytotoxicity of lapatinib (Lapa) or erlotinib (Erlo); (C) alone or in combination with 5 um SB202190 (SB, p38 inhibitor) in
DiFi cells. NT, not treated. *P<0.05, **P<0.01, ***P<0.001. (D) Left panel: western blot analysis of p38ux expression in LIM1215 cells transduced
with ShRNAs against p38u (Shp38u1 and Shp384x2) or against Luciferase (ShLuc; control). Equal loading is shown by tubulin. Right panel: SRB
assays to assess cetuximab cytotoxicity in LIM1215 cells transduced with ShRNA against p38u. (E) SRB assays to assess the cytotoxicity of
cetuximab alone or in combination with 5um SB202190 (SB, p38 inhibitor) in LIM1215 cells.

Next, we tested the effect of cetuximab and SB202190 on cell
proliferation and cell cycle. Cetuximab inhibited cell proliferation
as indicated by the reduction of EdU-positive DiFi cells (from 75%
in untreated cells to 10.7% in cetuximab-treated cells; P-value:
3.1 x 10~ 7; Figure 3F). Cetuximab inhibition of cell proliferation
was significantly reduced when SB202190 was also added (40.4%
EdU-positive cells compared with only 10.7% with cetuximab
alone), indicating that p38 is also necessary for cetuximab anti-
proliferative effect. Furthermore, cetuximab-induced accumulation
of cells in the Gl phase (from 56% in untreated to 74% in
cetuximab-treated DiFi cells, P-value: 0.01; Figure 3G) was not
observed when SB202190 was associated with cetuximab (61% of
cells in Gl in cetuximab + SB202190 DiFi cells, P-value: 0.03
compared with cetuximab). Altogether these results demonstrate
that the MAPK p38 is necessary for cetuximab functional activity
and is involved in apoptosis induction and proliferation inhibition.

Cetuximab activates the transcription factor FOXO3A in a
MAPK p38-dependent manner. We then tried to identify
transcription factor(s) involved in cetuximab effect on cell growth
and apoptosis. As cetuximab inhibits the AKT and ERK signalling
pathways and activates the MAPK p38 pathway, we focused on
FOXO3a, because it is inactivated by ERK and AKT and can be
activated by p38 (Roy et al, 2010; Ho et al, 2012). Phosphorylation
by ERK and AKT results in FOXO3a cytoplasmic accumulation
and subsequent degradation, while phosphorylation by p38 leads to
FOXO3a nuclear re-localisation and activation (Ho et al, 2012).
Immunoblot analysis of cytoplasmic and nuclear extracts from
DiFi cells treated with cetuximab showed that FOXO3a was
detected easily in the cytoplasmic fraction (Figure 4A, upper left
panel), but was hardly detectable in the nuclear fraction. Therefore,
to enrich FOXO3a in the nuclear fraction we performed

immunoprecipitation experiments with an antibody targeting
FOXO3a and then immunoblot analysis (Figure 4A, upper right
panel). We could thus detect FOXO3a also in the nucleus of non-
treated cells, and show that, after incubation with cetuximab for
1h, FOXO3a decreased in the cytoplasm and increased in the
nucleus.

As p38 can phosphorylate and activate FOXO3a (Ho et al, 2012)
and p38 is activated by cetuximab, we investigated whether p38
phosphorylated FOXO3a in DiFi cells incubated with cetuximab.
Immunoprecipitation of FOXO3a in nuclear extracts after treat-
ment with cetuximab or cetuximab + SB202190 (Figure 4A, lower
panels) showed that nuclear accumulation of FOXO3a after
cetuximab treatment was inhibited when the p38 inhibitor
SB202190 was added. Moreover, immunoblotting of the immuno-
precipitated proteins with an antibody against FOXO3a phos-
phorylated at ser-7 (p38-specific phosphorylation of FOXO3a)
showed that phosphorylated FOXO3a on ser-7 was enriched in
cells incubated with cetuximab, whereas it was diminished when
SB202190 was associated with cetuximab. Altogether, these results
indicate that cetuximab-induced nuclear accumulation of FOXO3a
is dependent on p38 activity. To confirm this result, we examined
by immunofluorescence staining the subcellular localisation of
FLAG-tagged wild-type FOXO3a in DiFi cells incubated or not
with cetuximab, SB202190 or both (Figure 4B). The efficacy of
transfection was low, but we could detect some cells expressing
tagged FOXO3a. Consistent with the previous results, FOXO3a was
localised predominantly in the cytoplasm in untreated cells and
almost exclusively in the cytoplasm in SB202190-treated cells.
Conversely, FOXO3a was predominantly in the nucleus after
incubation with cetuximab, but was delocalised to the cytoplasm
when SB202190 was associated with cetuximab. On the other hand,
in cells that express a ser-7-phosphorylation-deficient FLAG-
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Figure 3. The MAPK p38 participates in cetuximab apoptotic and anti-proliferative effect. (A) Western blot analysis of cleaved-caspase 3 (Cleaved
Casp3) or phospho-p38 (p-p38) in DiFi cells incubated with increasing concentrations of cetuximab (Ctx, 0.01, 0.1, 1 and 10 ugml ") for 48 h.
Equal loading was assessed with an anti-tubulin antibody. (B) DiFi cells were incubated with increasing concentrations of cetuximab (Ctx) for 48 h
and apoptosis was determined by quantifying the number of 7AAD-negative and Annexin V-positive cells with a FC500 flow cytometer (top
panels) or by quantifying the proportion of cells in the subG1 phase of the cell cycle (lower panels). (C) Quantification of apoptosis in DiFi cells
incubated with 0.5 ugml ~1 cetuximab (Ctx) alone, 5 um SB202190 alone (SB) or 0.5 ugml ~1 cetuximab + 5 um SB202190 (Ctx + SB) for 48 h by
calculating the number of 7AAD-negative and Annexin V-positive cells with a FC500 flow cytometer or (D) the proportion of cells in the subG1
phase of the cell cycle. (E) Western blot analysis of cleaved-caspase 3 (Cleaved Casp3) in DiFi cells incubated with 10 ug ml~ " cetuximab (Ctx)
alone, 5 um SB202190 (SB) alone or 10 ug ml~" cetuximab + 5 um SB202190 (Ctx + SB) for 24 h. Equal loading was assessed with an anti-tubulin
antibody. (F) Cell proliferation was analysed by quantifying the percentage of Edu-labelled DiFi cells after incubation with 0.5 ugml ~" cetuximab
(Ctx) alone, 5 um SB202190 alone (SB) or 0.5 ugml ™~ 1 cetuximab + 5 um SB202190 (Ctx + SB) for 48 h (left panels). The histogram shows the mean of
three experiments (right panel). (G) Cell cycle distribution in DiFi cells was assessed by quantifying propidium iodide staining with a FC500 flow

cytometer after incubation with 0.5 ug ml~" cetuximab (Ctx) alone, 5 pum SB202190 alone (SB) or 0.5 ug ml " cetuximab + 5 um SB202190

(Ctx + SB) for 48 h. NT, not treated. ***P<0.001.

tagged FOXO3a mutant (FOXO3A-A7; Figure 4D), nuclear re-
localisation of FOXO3a-A7 in response to cetuximab treatment
was reduced compared with wild-type FOXO3a. These results
show that FOXO3a can be activated by cetuximab in CRC cells and
that this activation is dependent on its phosphorylation on ser-7 by
p38 (Figure 4C, lower panel).

To determine whether FOXO3a is involved in cetuximab
cytotoxic activity, we generated stable DiFi cell lines in which
FOXO3a was knocked down with retroviruses that express three
different anti-FOXO3a ShRNAs (F1 to F3). The F2 ShRNA
efficiently reduced FOXO3a expression in DiFi cells (Figure 4C,
upper panels) and this cell line was used for testing cetuximab
cytotoxic activity by SRB assay. Cetuximab cytotoxicity was
reduced in the ShHFOXO3A-F2 Difi cell line compared with control
cells (ShLuc), as indicated by the higher ICsy of cetuximab
(101 ngml ™~ 1Y in F2 cells than in ShLuc cells (68 ngml ™ !; P-value:
0.005). The finding that sensitivity to cetuximab is reduced when

FOXO3a is downregulated indicates that FOXO3a is involved in
the cytotoxic effect of cetuximab in CRC cells.

BIM and p27, downstream targets of FOXO3a, participate in
cetuximab apoptotic effect. To identify FOXO3a target genes
induced by cetuximab, and involved in the apoptotic and anti-
proliferative effect of cetuximab, we performed a proteome profiler
analysis combined with specific immunoblot and qPCR assays.
Proteome profiler identified two downstream targets of FOXO3a,
BIM and p27, being specifically overexpressed upon cetuximab
treatment and downregulated when SB202190 was added. RT-
qPCR analysis using DiFi cells incubated with cetuximab and/or
SB202190 showed that BIM and p27 were upregulated in DiFi cells
treated with cetuximab (BIM: 2.8-fold, P-value: 0.0002, p27: 1.6-
fold, P-value: 0.0002), and that their upregulation was inhibited by
co-incubation with SB202190 (BIM: 1.9-fold, P-value: 0.01; p27:
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Figure 4. Cetuximab activates the transcription factor FOXO3a in a MAPK p38-dependent manner. (A) Western blot analysis of FOXO3a, tubulin
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10 ugml~ " cetuximab + 5 um SB202190 (Ctx + SB) for 1h. (C) Western blot analysis of FOXO3a expression in DiFi cells transduced with three
different ShRNAs against FOXO3a (F1, F2 and F3) or against Luciferase (Luc; control). Equal loading is shown by tubulin expression (top panels).
SRB assays to assess cetuximab cytotoxicity in DiFi cells transduced with the F2 ShRNA against FOXO3a (lower panel). (D) Detection of FLAG-
tagged mutant FOXO3a-7A by immunofluorescence in DiFi cells incubated with 10 ugml =" cetuximab (Ctx), 5 um SB202190 (SB) or 10 ugml ~"
cetuximab + 5 um SB202190 (Ctx + SB) for 1h. NT, not treated. *P<0.05.

1.1-fold, P-value: 0.004; Figure 5A). We confirmed these results at
protein level by immunoblot analysis (Figure 5B).

We then generated stable DiFi cell lines in which BIM or p27
was knocked down with retroviruses that express three different
anti-BIM ShRNAs or one anti-p27 ShRNA. The ShRNA-BIM-2
and 3 efficiently reduced BIM expression in DiFi cells (Figure 5C,
left panels) and these two stable cell lines were used to test
cetuximab cytotoxicity by SRB assay. Cetuximab cytotoxicity was
reduced in DiFi cells in which BIM was downregulated compared
with controls (ShLuc), as indicated by their ICso (53ngml~ " in
ShLuc and 73 ngml ~ 1in ShBIM?2 cells, P-value: 0.02; 71 ng ml !
ShBIM3, P-value: 0.04). Of note, cetuximab ICs, values in DiFi
ShBIM cells and in control cells treated with cetuximab +
SB202190 were similar, indicating that BIM loss has the same
biological effect than p38 inhibition. Similar results were obtained
with DiFi-Shp27 cells (cetuximab ICsp: 58.5ngml ! in DiFi-Shp27
and 42ngml " in ShLuc cells, P-value: 0.02; Figure 5D). These
results show that cetuximab induces FOXO3a and the transcription
of its downstream targets BIM and p27 that are implicated in the
cytotoxic effect of cetuximab in CRC cells.

The expression levels of FOXO3A and p38 are linked to
impaired response to cetuximab in patients with CRC. To
address the clinical relevance of p38 activation in the response to

cetuximab treatment, FOXO3a and p38 mRNA expression levels
were analysed in a transcriptome data set created by Khambata-
Ford et al (2007), (GSE5851) from 80 patients with mCRC and
treated with cetuximab monotherapy. Among patients with mCRC
harbouring WT KRAS (n =43), FOXO3a and p38 expression were
higher in cetuximab responders (n =20) than in non-responders
(n=19; P=0.009 for FOXO3a and P=0.04 for p38; Figure 6A).
This is in agreement with our in vitro and in vivo results showing
that FOXO3a and p38 are required for cetuximab full activity.
Recently, different CRC molecular subtypes have been defined
based on the combined analysis of their gene-expression profile
(Schlicker et al, 2012; Budinska et al, 2013; De Sousa et al, 2013;
Marisa et al, 2013; Sadanandam et al, 2013; Roepman et al, 2014).
The association between CRC molecular subtypes and response to
cetuximab has been evaluated using the Sadanandam and De Sousa
E Melo’s classifications (De Sousa et al, 2013; Sadanandam et al,
2013) and the Marisa’s classification by our group (Del Rio et al,
manuscript submitted). We found that in the 43 patients with
mCRC harbouring WT KRAS from the Khambata-Ford data set,
patients with a cancer classified as C1 or C5 (Marisa’s subtypes)
had a significantly longer progression-free survival than patients
with other subtypes (Del rio et al, manuscript submitted).
Similarly, the Sadanandam’s TA subtype was associated with a
better response to cetuximab (Sadanandam et al, 2013) and
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Figure 5. BIM and p27, downstream targets of FOXO3a, participate in cetuximab apoptotic effect. (A) RT-qPCR quantification of BIM (left panel)
and p27 transcripts (right panel) in DiFi cells incubated with 10 ug ml~" cetuximab (Ctx) alone, 5 um SB202190 alone (SB) or 10 ugml -1
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an anti-tubulin antibody. (C) Western blot analysis of BIM expression in DiFi cells transduced with three different ShRNAs directed against BIM

(ShBIM1, ShBIM2 and ShBIM3) or against Luciferase (ShLuc; control). Equal loading is shown by tubulin expression (left panels). SRB assays to
assess cetuximab cytotoxicity in DiFi cells transduced with ShRNAs against BIM (shbim2 and shbim3) or Luciferase (shLUC) and incubated with
cetuximab alone (Ctx) or cetuximab + 5 um SB202190 (Ctx + SB) for 96 h (right panel). (D) Western blot analysis of p27 expression in DiFi cells
transduced with ShRNAs against p27 (Shp27) or against Luciferase (ShLuc; control). Equal loading is shown by tubulin expression (left panels). SRB
assays to assess cetuximab cytotoxicity in DiFi cells that express ShARNAs against p27 and incubated with cetuximab alone (Ctx) or
cetuximab + 5 um SB202190 (Ctx+ SB) for 96 h (right panel). *P<0.05, **P<0.01, ***P<0.001.

De Sousa E Melo’s CCS1 subtype with better disease control rate
(De Sousa et al, 2013). Here, we analysed FOXO3a and p38 gene-
expression level in the different CRC molecular subtypes and
found the highest expressions in the C1, C5 (P=8.4 10> for
FOXO03a, P=0.019 for p38), CCS1 (P=0.0013 for FOXO3a,
P =0.0054 for p38) and TA (P=0.0053 for FOXO3a, P =0.016 for
p38) subtypes (Figure 6B). These results indicate that high
FOXO3a and p38 expression are associated with a better response
to cetuximab and good outcome in these three classifications.

Analysis of FOXO3a and MAPK14 expression has finally been
evaluated on the recently published consensus subtypes
(Supplementary Figure 3). This figure shows that FOXO3a and
MAPK p38 are highly expressed in the CMS2 subtype. The CMS2
subtypes is called ‘canonical’ and correspond to the CCS1 of
De Sousa’s, TA and Enterocyte of Sadanandam and C1 and C5 of
Marisa’s. This result is in accordance with the data obtained with
the three other classifications.

Altogether, our findings suggest that FOXO3a and p38
expression levels are markers of cetuximab response in CRC and
the variations in their expression level may partially explain the
different sensitivity of CRC subtypes to this drug.

DISCUSSION

In the present study, we show for the first time in CRC cells that
p38 phosphorylation is increased upon cetuximab treatment. We
demonstrate the role of p38, FOXO3a, BIM and p27 in cetuximab
cytotoxic and cytostatic effects. Moreover, we found that FOXO3a
and p38 expression levels are higher in responder patients,
indicating that FOXO3A and p38 could be used as specific
biomarkers of cetuximab efficacy in patients with WT KRAS CRC.

Our study shows that upon cetuximab treatment, p38 can
activate FOXO3a. Ho et al (2012) have recently reported that p38
phosphorylates directly FOXO3A on ser-7, promoting its nuclear
translocation and activation. This new p38 target protein is
specific, because the other mammalian members of the FOXO
family (FOXO1, FOXO4 and FOXO6) do not harbour this
phosphorylation site. Moreover, FOXO3a phosphorylation on
ser-7 is exclusively mediated by p38, because inhibition of JNK,
PI3K and ERK has no effect on this phosphorylation. These data
reinforce the role of p38 in FOXO3a activation after cetuximab
treatment. While most FOXO3a phosphorylation sites have
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Figure 6. FOXO3a and p38 are expressed in cetuximab-responder patients. (A) Box plot depiction of FOXO3a and p38 (MAPK14) mRNA
expression in CRC samples from patients with mCRC harbouring WT KRAS and treated with cetuximab monotherapy (Khambata-Ford et al (2007);
GSE5851 data set). R, cetuximab responders (n= 20) and NR, cetuximab non-responders (n= 19). (B) Box plot representation of FOXO3a and p38
(MAPK14) mRNA expression in the same CRC samples described in A and classified according to the molecular classifications by Marisa et al
(2013) (upper panels), Sadanandam et al (2013) (middle panels) and De Sousa et al (2013) (lower panels).

inhibitory effects on its activity and nuclear localisation, ser-7-
phosphorylation is associated with FOXO3a nuclear accumulation
and the subsequent induction of apoptosis and inhibition of cell
proliferation.

While FOXO3a activation upon incubation of CRC cells with
cetuximab was never reported, some publications have shown that
drugs targeting the EGFR signalling, particularly erlotinib in cells
from patients with chronic obstructive pulmonary disease
(Ganesan et al, 2013) or gefitinib, lapatinib and trastuzumab in
breast cancer cells (Real et al, 2005; Hegde et al, 2007; Krol et al,
2007), can activate FOXO3a, leading to cell death and/or cell cycle
arrest. These results indicate that cell death and the anti-
proliferative effects induced by EGFR inhibition can be attributed,
at least in part, to the specific activation of FOXO3a and that, as a
consequence, FOXO3a nuclear localisation could become a useful
biomarker of the therapeutic success of EGFR inhibitors.

However, our results contradict the work by Simone’s group
showing that p38 inhibition (and not p38 activation like in the
present study) in CRC cells induces FOXO3a activation and
subsequently autophagy, cell death and tumour growth reduction
(Chiacchiera et al, 2012). They demonstrated that p38 inhibition
leads to a decrease in intracellular ATP levels and activation of
AMP-activated protein kinase (AMPK). AMPK in turn activates
FOXO3a (phosphorylation at Thr-179, Ser- 399, Ser-413, Ser-555,
Ser-588 and Ser-626) without affecting its cytoplasmic/nuclear
distribution. These differences may be linked to the specific

FOXO3a phosphorylation. We have shown that p38-specific ser-7-
phosphorylation of FOXO3a is essential because the ser-7-
phosphorylation-defective FOXO3a mutant could not localise to
the nucleus any longer upon cetuximab treatment. Moreover,
Chiacchiera et al (2012) used KRAS or BRAF mutated CRC cells
and chemotherapy, whereas we used an anti-EGFR antibody in
wild-type KRAS CRC cells.

In conclusion, here we show that p38 participates in the
cytotoxic and cytostatic effect of cetuximab in CRC cells KRAS
WT. Altogether our results highlight a new pathway induced by
cetuximab in wild-type KRAS CRC cells. We propose a model of
p38 role in cetuximab-induced cytotoxicity. In the absence of
cetuximab (Supplementary Figure 1A), EGF binds to EGFR and
activates the AKT and ERK signalling pathways, which are
involved in cell survival and proliferation. AKT and ERK
phosphorylate  FOXO3a and this phosphorylation leads to
FOXO3a re-localisation from the nucleus to the cytoplasm and
to its degradation. The two FOXO3a target genes BIM and p27 are
therefore not transcribed any longer and this leads to cell survival
and cell proliferation. On the other hand, cetuximab binding to
EGFR (Supplementary Figure 1B) leads to inhibition of AKT and
ERK signalling, relieving their negative effect on FOXO3a. At the
same time, cetuximab activates the MAPK p38 that further inhibits
ERK signalling and activates FOXO3a by specific phosphorylation
on serine 7. FOXO3a activation combined with the lack of ERK
and AKT signalling leads to FOXO3a nuclear accumulation,
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transcription of its target genes, among which there are BIM and
p27, and induction of apoptosis and inhibition of proliferation.

The molecular mechanism of p38 activation via cetuximab has
not been identified. A possible mechanism of cetuximab induction
of p38 phosphorylation is via the protein phosphatase MKP-1.
MKP-1 has been shown to be activated by EGFR pathway,
transcriptionally and post-translationally (Takeuchi et al, 2009).
Once activated, MKP-1 inhibits phosphorylation of MAPK, whose
p38 and JNK is part. So, one can imagine that cetuximab will
inhibit MKP-1, leading to an enhanced p38 and JNK phosphor-
ylation and activation. Figure 1B is consistent with this hypothesis
since cetuximab leads to activation of p38 and JNK. In agreement
with this explanation, Montagut ef al (2010) demonstrated in 2010
that MKP-1 overexpression impairs the response to cetuximab in
mCRC patients. Our interpretation could be that overexpression of
MKP-1 inhibits p38 activity and then prevent cetuximab maximal
effect. Our results on CRC patients samples showing that the
overexpression of p38 correlates with a good response to
cetuximab, is in accordance with this study.

The results in clinical samples validate the role of FOXO3a and p38
in cetuximab mechanism of action. Indeed, high FOXO3a and p38
levels are associated with better disease control in patients treated with
cetuximab, because cetuximab therapy is more likely to be effective in
tumours expressing high levels of FOXO3a and p38.

We and others have previously shown that p38 is involved in
the mechanism of action of other anti-cancer drugs. For example,
inhibition of p38 sensitises colon cancer cells to SN38 (Paillas et al,
2011, 2012), 5-fluorouracil (Yang et al, 2011), sorafenib (Grossi
et al, 2012) and cisplatin (Germani et al, 2014). Moreover, p38
contributes to the cytotoxic effect of oxaliplatin (Chiu et al, 2008;
Liu et al, 2010; Dey and Liu, 2012). Altogether, these results
indicate that p38 is a major player in the treatment of CRC.
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