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Abstract
Panitumumab is a monoclonal antibody raised against the human epidermal growth factor
receptor (EGFR). The EGFR is highly expressed in a number of solid tumors and its expression
correlates with tumor progression and resistance to chemotherapy. Drugs targeting the EGFR have
demonstrated some success (increased progression-free and survival period) in patients with
colorectal cancer (CRC). Panitumumab has been approved in many countries since it was first
approved in the United States in 2006 for the indication of CRC. However, there are few reports
that have evaluated the effects of combination treatments or variation in the sequential order of
drug administration for treatment of CRC.
In the first chapter of this thesis, I evaluated the antitumor activity of a combination of
panitumumab (an anti-EGFR antibody) and TAS-102 [a nucleoside antitumor agent consisting of
trifluridine (FTD) and tipiracil] in a mouse model transplanted with human CRC cells. The
combination treatment yielded a stronger antitumor effect than either single agent. Next, I
evaluated the effect of FTD on EGFR phosphorylation and found that FTD induced
serine/threonine phosphorylation of the EGFR. Additionally, I found that FTD induced the
activation of ERK/AKT/STAT3, which are EGFR downstream pathways involved in cancer
malignancy. Interestingly, the FTD -mediated activation of the ERK/AKT/STAT3 pathways was
1

suppressed by adding panitumumab. Thus, panitumumab suppresses malignant cancer
determinants activated by FTD. From these results, I hypothesize that panitumumab inhibits
tyrosine phosphorylation induced by endogenous ligands, thereby inhibiting FTD -mediated
induction of serine/threonine phosphorylation of the EGFR and ERK/AKT/STAT3 activation. The
newly discovered pharmacological action mediated by panitumumab may be able to solve the
problems associated with TAS-102.
In the second chapter of this dissertation, I studied the antitumor effects of varying the
sequential order of administration of panitumumab and bevacizumab (an anti-VEGF antibody) in a
mouse model transplanted with human CRC cells. Sequential administration of panitumumab
followed by bevacizumab (PB) showed a stronger tendency to inhibit tumor growth compared to
treatment with bevacizumab followed by panitumumab (BP). Next, I analyzed the phosphorylation
status of ephrin type-A receptor 2 (EPHA2), which is a malignant cancer determinant. EPHA2
phosphorylation was significantly decreased in the PB group compared to the control group. I also
found that the expression of genes involved in lipogenesis and hypoxia, which are malignant cancer
determinants, were significantly decreased in the PB group compared to the control group. These
results revealed distinct pharmacological actions of panitumumab and bevacizumab based on their
sequential order of administration.
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Taken together, these studies demonstrated a novel pharmacological action of panitumumab
by evaluating the pharmacological effects of panitumumab/TAS-102 combination therapy or the
panitumumab/bevacizumab sequential order of administration.
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Abbreviations
AKT
BB
BP
BrdU
CA9
CRC
DEGs
DMSO
EGFR
EPHA2
ERK
FASN
FBS
FOLFIRI
FOLFOX
FTD
FU
GAPDH
GR
GTPase
HIF
HMGCR
HR
IGF2R
KRAS
LC/MS/MS
LSS
MAPK
mCRC
MeCN
MEK

protein kinase B
bevacizumab-bevacizumab
bevacizumab followed by panitumumab
5-bromo-2'-deoxyuridine
carbonic anhydrase 9
colorectal cancer
differentially expressed genes
dimethyl sulfoxide
epidermal growth factor receptor
ephrin type-A receptor 2
extracellular signal-regulated kinase
fatty acid synthase
fetal bovine serum
fluorouracil, leucovorin, and irinotecan
fluorouracil, leucovorin, and oxaliplatin
trifluridine
fluorouracil
glyceraldehyde 3-phosphate dehydrogenase
growth rate
guanosine triphosphate hydrolase
hypoxia-inducible factor
HMG-CoA reductase
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insulin-like growth factor 2 receptor
Kirsten rat sarcoma viral oncogene homolog
liquid chromatography-tandem mass spectrometry
lanosterol synthase
mitogen-activated protein kinase
metastatic colorectal cancer
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mitogen-activated protein kinase kinase
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MS
MVD
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PI3K
pRSK
qRT-PCR
RAF
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RSK
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SDS
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STAT
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TGFBI
TNF
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TPI
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VEGF
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mass spectrometry
mevalonate disphosphate decarboxylase
overall survival
panitumumab followed by bevacizumab
patient-derived colon tumor xenograft
phosphorylated EPHA2
progression-free survival
phosphatidylinositol 3-kinase
phosphorylated RSK
quantitative realtime polymerase chain reaction
rapidly accelerated fibrosarcoma kinase
rat sarcoma GTPase
ribosomal S6 kinase
C.B17/Icr-scid/scid Jcl
sodium dodecyl sulfate
stable isotope labeling with amino acids in cell culture
signal transducer and activator of transcription
triethylammonium bicarbonate
transforming growth factor- induced protein
tumor necrosis factor
triphosphate
tipiracil hydrochloride
thymidylate synthase
vascular endothelial growth factor
wild-type
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General Introduction
Colorectal cancer (CRC) is the fourth most commonly diagnosed cancer and the fifth-leading
cause of cancer-related death worldwide1. The number of CRC-induced deaths is expected to rise
by 60% when comparing CRC deaths in 2013 to the projection of CRC deaths 2035. This increase
is mainly due to population growth and ageing2. Approximately 25% of CRC patients present
metastatic disease (mCRC) at diagnosis, and almost 50% will subsequently develop metastases3.
Single-drug treatment strategies for mCRC patients are limited, but recent efforts to improve
survival outcomes among these patients have focused on the combination of conventional
chemotherapies with agents targeting biological pathways that are pivotal for cancer pathogenesis.
Patients with advanced and unresectable CRC may be eligible for multiple lines of treatment.
Presently, there are 13 therapeutic agents used for the treatment of mCRC in Japan, including
5-fluorouracil (5-FU), tegafur/uracil (UFT), tegafur/gimeracil/oteracil (S-1), irinotecan,
capecitabine, oxaliplatin, trifluridine/tipiracil (TAS-102), bevacizumab, cetuximab, panitumumab,
regorafenib, ramucirumab and aflibercept. Three major chemotherapeutic agents (5-FU, irinotecan
and oxaliplatin), two anti-epidermal growth factor receptor (anti-EGFR) antibodies (panitumumab
and cetuximab) and an anti-vascular endothelial growth factor (anti-VEGF) antibody
(bevacizumab) have exihibited well-demonstrated clinical efficacy for the treatment of mCRC4,5.
6

The current standard of care for mCRC involves a backbone of cytotoxic chemotherapy, using
regimens such as 5-FU, leucovorin, and irinotecan (FOLFIRI) and 5-FU, leucovorin, and
oxaliplatin (FOLFOX) combined with targeted agents3,6. The use of these chemotherapeutic
regimens in combination with an anti- EGFR antibody, such as panitumumab or cetuximab, or the
anti-VEGF antibody bevacizumab improve survival compared with chemotherapy alone7-12.
Mechanistically, both panitumumab and cetuximab competitively inhibit endogenous ligand
binding, and thereby suppress the subsequent activation of the EGFR, a member of the human
epidermal growth factor receptor–ErbB (ERBB) family of receptor tyrosine kinases. EGFR
tyrosine kinase activation stimulates key processes involved in tumor growth and progressoin via
activation of the following downstream signaling pathways, rat sarcoma GTPase (RAS) /rapidly
accelerated fibrosarcoma kinase (RAF) /mitogen-activated protein kinase kinase (MEK)
/extracellular signal-regulated kinase (ERK), phosphatidylinositol 3–kinase (PI3K)- protein kinase
B (AKT), and signal transducer and activator of transcription (STAT) (Fig. 1)13-15. One of the key
downstream targets of the RAS/RAF/MEK/ERK signaling pathway is Ephrin type-A receptor A2
(EPHA2)16. EPHA2 overexpression is common in many cancers and EPHA2 phosphorylation
maintains cancer cell motility, survival and proliferation all of which promote tumor malignancy
(Fig. 2)17-19. EPHA2 phosphorylation is induced not only by RSK but also by AKT. Therefore,
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EPHA2 phosphorylation is closely related to the EGFR signaling pathway20,21.
EGFR overexpression is observed in about 80% of CRCs, and is significantly associated with
tumor stage22. The therapeutic effects of anti-EGFR antibodies inhibit ligand binding to the EGFR.
This leads to the inhibition of EGFR phosphorylation, which blocks the subsequent activation of
downstream pathways that promote cancer malignancy. Thus, the EGFR is a prime drug target for
treating CRC. Anti-EGFR antibodies have been confirmed to be effective for treating CRC, but in
unselected patient populations, the efficacy of anti-EGFR antibodies is generally limited to a small
proportion of patients. The treatment inefficacy of the anti-EGFR antibodies in mCRC with a RAS
mutation, where downstream signaling is activated irrespective of EGFR ligand binding,
underscores that signaling inhibition is critically important for the anticancer efficacy of the
anti-EGFR antibodies23.
Even though panitumumab and cetuximab both target the EGFR, there are fundamental
differences between these two anti-EGFR antibodies. For example, these two antibodies have
different binding sites on the EGFR. In addition, panitumumab is a fully human monoclonal
antibody compared to cetuximab, a human/mouse chimeric monoclonal antibody. With respect to
toxicity, panitumumab has a reduced risk of infusion reactions (allergic reactions) compared to
cetuximab due to its fully humanized nature24,25.

8

The purpose of this dissertation was to characterize the pharmacological action of
panitumumab by evaluating the antitumor effects and pharmacological actions after combination
drug therapy or after varying the sequential order of drug treatment. These studies were conducted
with a mouse model transplanted with human CRC cells. I analyzed the pharmacological action of
panitumumab in combination with TAS-102 in the first chapter of this dissertation. In the second
chapter of this thesis, I compared the pharmacological action of panitumumab and bevacizumab
administration in this order to the same drugs administered in the opposite order.

9

Figure 1. EGFR downstream signaling pathways. Activation of EGFR upon ligand binding leads
to cell proliferation, survival and angiogenesis due to the activation of the RAS/RAF/MEK/ERK,
PI3K/AKT and STAT.
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Figure 2. Function of the EPHA2 pathway.RSK and AKT induce EPHA2 (S897) phosphorylation
which maintains cancer cell motility, survival and proliferation to promote tumor malignancy.
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Chapter 1
Panitumumab interaction with TAS-102 leads to
combinational anticancer effects via blocking of
EGFR-mediated tumor response to trifluridine

12

Abstract
Panitumumab is a monoclonal antibody developed against the human epidermal growth factor
receptor (EGFR). TAS-102 is a novel chemotherapeutic agent containing trifluridine (FTD) as the
active cytotoxic component. Both panitumumab and TAS-102 have been approved for the
treatment of metastatic colorectal cancer. In this study, I revealed the mechanism underlying the
anticancer

effects

of

panitumumab/TAS-102

combination

using

preclinical

models.

Panitumumab/FTD co-treatment showed additive antiproliferative effects in LIM1215 and
synergistic antiproliferative effects in SW48 colon cancer cells. Consistent with the in vitro effects,
panitumumab/TAS-102 combination caused tumor regression in LIM1215 and COL-01-JCK colon
cancer patient-derived xenograft models. In LIM1215 cells, FTD induced extracellular
signal-regulated kinase (ERK)/protein kinase B (AKT)/signal transducer and activator of
transcription 3 (STAT3) phosphorylation and subsequent serine/threonine phosphorylation of
EGFR, while it had no effects on EGFR tyrosine phosphorylation. Panitumumab and the tyrosine
kinase inhibitor erlotinib reduced the basal level of EGFR tyrosine phosphorylation and reversed
FTD-induced ERK/AKT/STAT3 and EGFR serine/threonine phosphorylation. These results
suggested that FTD in combination with the basal activity of EGFR tyrosine kinase induced
downstream prosurvival signaling through ERK/AKT/STAT3 phosphorylation. Collectively, I
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propose that panitumumab interacts with FTD by targeting EGFR-mediated adaptive responses,
thereby exerting anticancer effects when used in combination with TAS-102. These preclinical
findings provide a compelling rationale for evaluating the combination of anti-EGFR antibodies
with TAS-102 against metastatic colorectal cancer.
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Introduction
Randomized

trials

(irinotecan/5-fluorouracil

in

first-line

(5-FU)

setting

/leucovorin)

combining
or

cetuximab

FOLFOX

with

FOLFILI

(oxaliplatin/5-fluorouracil

(5-FU)/leucovorin) or panitumumab with FOLFOX demonstrated a significant survival benefit
compared with that of chemotherapy alone. Although the use of cetuximab and panitumumab is
restricted only to metastatic colorectal cancer (mCRC) patients with KRAS (Kirsten rat sarcoma
viral oncogene homolog) and NRAS wild-type genes owing to the well-established link between
RAS (rat sarcoma GTPase) mutations and lack of response to antibodies26-28, these EGFR-targeting
monoclonal antibodies have expanded the range of treatment options for mCRC29.
TAS-102 is a novel, orally administered combination of a nucleoside analog trifluridine (FTD)
and thymidine phosphorylase inhibitor tipiracil hydrochloride (TPI), at a molar ratio of 1:0.5 30,31.
FTD is the active cytotoxic component of TAS-102, while TPI plays a role in preventing the rapid
degradation of FTD to its inactive form by thymidine phosphorylase32. FTD is sequentially
phosphorylated; its monophosphate form (FTD-MP) transiently inhibits thymidylate synthase
(TS), and its triphosphate form (FTD-TP) is incorporated into DNA33-37 . TS inhibition is a major
mechanism of action of classical fluoropyrimidines such as 5-FU38. Although, TS inhibition by
FTD-MP may partly account for the antitumor effects of FTD35,39, the incorporation of FTD-TP into
15

DNA and the resulting DNA damage appear to be the major mechanism of action of FTD37,40,41.
Importantly, TAS-102 exhibits antitumor activity against FU-resistant cell lines in preclinical
xenograft models42-44. Compared with the placebo, TAS-102 provided an overall survival benefit of
approximately 2 months in a randomized phase III trial that included patients with refractory (or
intolerant) mCRC45.
TAS-102 is also a promising candidate for combination therapy with other agents that serve as
a backbone chemotherapy, especially for the treatment of mCRC refractory to initial 5-FU-based
chemotherapy. The combination of anti-EGFR antibodies and TAS-102 is effective preclinically;
however, the exact mechanism underlying the combination effects remains to be elucidated46. In the
present study, I evaluated the anticancer efficacy and molecular mechanism of a combination of
panitumumab and TAS-102 in in vitro and in vivo colon cancer models.
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Materials and Methods
Cells and reagents
The human colon cancer cell lines SW48 and LIM1215 were obtained from Horizon
Discovery (Cambridge, UK) and DS Pharma Biomedical (Osaka, Japan), respectively. SW48 cells
were cultured in McCoy's 5A medium (Wako, Osaka, Japan) with 10% fetal bovine serum (FBS).
LIM1215 cells were cultured in RPMI 1640 medium (Wako) with 10% FBS, 1 µg/mL
hydrocortisone (Sigma, St. Louis, MO), 0.6 µg/mL insulin (Thermo Fisher Scientific, Waltham,
MA), and 10 µM 1-thioglycerol (Wako).Other human colon cancer cells, HCT-8, HCT-15,
HCT-116, COLO-205 (ATCC), CW-2 (RIKEN, Saitama, Japan), and COLO-201 (JCRB, Osaka,
Japan), were cultured in RPMI 1640 medium (Wako) with 10% fetal bovine serum (FBS; Thermo
Scientific). WiDr and RKO cells (ATCC, Manassas, VA) were cultured in E-MEM (Wako) with
10% FBS, MEM non-essential amino acid solution (Wako), and 1 mM sodium pyruvate (Wako).
HT-29 and DLD1 cells (Horizon Discovery) were cultured in McCoy's 5A medium (Wako) with
10% FBS. SW480, SW620, and SW948 cells (ATCC) were cultured in L15 medium (Thermo
Scientific) with 10% FBS. COLO320DM cells (JCRB) were cultured in DMEM (Wako) with 10%
FBS. Panitumumab was provided by Amgen, Inc. (Thousand Oaks, CA). Cetuximab was
purchased from Merck Serono (Darmstadt, Germany). FTD was purchased from Tokyo Chemical
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Industry (Tokyo, Japan). TPI was purchased from Biochempartner (Wuhan, China). Erlotinib was
purchased from Selleck Chemicals LLC (Houston, TX). U0126, LY294002, and SB203520 were
purchased from Wako. Trametinib was purchased from Cayman Chemical Company (Ann Arbor,
MI). All antibodies used in the study were purchased from Cell Signaling Technology (Danvers,
MA), except anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody (Merck
Millipore, Billerica, MA).
Cell proliferation and clonogenic assay
For the cell proliferation assay, colon cancer cells were plated in 96-well plates at appropriate
densities. Serial dilutions of FTD, panitumumab, and FTD/panitumumab as well as dimethyl
sulfoxide (DMSO; control) were added to the culture media 24 h after cell plating. The cells were
then cultured for an additional 72 h, and cell viability was determined by the CellTiter-Glo assay
(Promega, Fitchburg, WI).
For the clonogenic assay, 1 × 103 SW48 or LIM1215 cells were plated in each well of 6-well
plates and subsequently treated with FTD, panitumumab, FTD/panitumumab in combination, or
DMSO for 14 days. The cell colonies were stained with 0.5% crystal violet and counted using a
GelCount colony counter (Oxford Optronix, Abingdon, UK)47.

Analysis of drug combination effects
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Calculation of the combination metrics was performed as described previously48. Briefly,
isobologram analysis was used to determine the effects of drug combinations. A nine-parameter

response surface model was used to fit the relationship between normalized viability and drug
concentrations49. To quantify the combined effects of two drugs, a combination index (CI)50,51 or
nonlinear blending52 was computed. A CI value below 0.7 was classified as synergy, while a value
above 1.3 was classified as antagonism. A value in the range between 0.7 and 1.3 was considered to
be additive. Nonlinear blending was applied to determine synergy if the maximum inhibition by a
single agent was less than 50%. A blending value above 20 was classified as synergy, while that
below −20 was classified as antagonism.
Western blotting
LIM1215 cells were plated at a density of 5 × 105 cells/well in 6-well plates. One day later, the
cells were treated with FTD, panitumumab, erlotinib, U0126, LY294002, SB203520, or DMSO for
24 h. The cells were then washed once with cold phosphate-buffered saline and lysed in lysis buffer
(62.5 mM Tris–HCl [pH 7.5], 10% glycerol, 1% sodium dodecyl sulfate [SDS]) supplemented with
protease inhibitor cocktail set II and phosphatase inhibitor cocktail set III (Merck Millipore). After
centrifugation, the protein concentrations of the cell lysates were determined using the
bicinchoninic acid (BCA) protein assay reagent (Thermo Fisher Scientific). The cell lysates were
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mixed with Laemmli SDS sample buffer, heated, and subjected to SDS/PAGE, followed by
immunoblotting. Detection was performed using an enhanced chemiluminescence reagent (GE
Healthcare, Chicago, IL, USA).
Stable isotope labeling with amino acids in a cell culture-based phosphoproteomics analysis
LIM1215 cells were cultured in stable isotope labeling with amino acids in cell culture
(SILAC) K8R10 medium for heavy samples or K0R0 medium for light samples (Thermo
Scientific), supplemented with 10% dialyzed FBS (Thermo Scientific), 100 mg/L L-proline
(Sigma), 1 µg/mL hydrocortisone (Sigma), 0.6 µg/mL insulin (Thermo Fisher Scientific), and 10
µM

1-thioglycerol

(Wako). After

treatment

with FTD alone,

panitumumab

alone,

FTD/panitumumab combination, or DMSO for 24 h, the cells were lysed in ice-cold lysis buffer (20
mM Tris–HCl [pH 7.4], 0.1% SDS, 1% NP-40, 1 mM ethylenediaminetetraacetic acid, protease
inhibitor cocktail (Sigma), and phosphatase inhibitors cocktail (Sigma)). Equal amounts of protein
from light and heavy samples were mixed, and the proteins were precipitated with five volumes of
acetone. The precipitates were dissolved in 8 M urea, 100 mM triethylammonium bicarbonate
(TEAB; Wako), and 5 mM tris(2-carboxyethyl)phosphine (Thermo Scientific). The samples were
digested with Lys-C protease (Wako) at a ratio of 1:200 for 4 h, after which 50 mM iodoacetamide
(Wako) was added for alkylation. The samples were diluted with 20 mM TEAB to 1 M urea
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concentration and then digested with sequencing-grade modified trypsin (Promega) at a ratio of
1:100. The digested samples were acidified with 0.5% trifluoroacetic acid, and the supernatants
were subsequently desalted on a C18 column (Shiseido C18MG, 4.6 × 250 mm, Tokyo, Japan). The
desalted peptides were loaded onto TiO2 chips (GL Science, Tokyo, Japan) to enrich
phosphopeptides in accordance with the instruction manual. The eluted phosphopeptides were
desalted on a C18 column (Shiseido C18MG, 2.0 × 10 mm). The phosphopeptides were separated
into 16 fractions on a polysulfoethyl A SCX column (PolyLC, 2.1 × 35 mm, 5 μm, 300 Å) using a
gradient changing from buffer A (0.1% formic acid and 80% acetonitrile [MeCN]) to buffer B (350
mM ammonium formate, 30% MeCN, pH 3). The fractionated peptides were analyzed using fusion
mass spectrometry (MS) (Thermo Scientific) coupled to a nano-liquid chromatography (LC)
system (EASY-nLC 1000). The peptides were loaded onto a trap column (C18 Pepmap100, 3 μm,
0.075 × 20 mm) and separated on an analytical column (Reprosil-Pur C18AQ, 3 μm, 0.075 × 150
mm; Nikkyo Technos, Tokyo, Japan) at a flow rate of 300 nL/min for 90 min. LC/MS/MS
measurements were performed by acquiring MS spectra at a resolution of 120,000 at 200 m/z, and
data-dependent higher-energy collisional dissociation MS/MS at 30% normalized collision energy
of the 30 most abundant ions in the ion trap. The dynamic exclusion time was 12 s. All MS raw files
were processed to identify and quantify peptides with Proteome Discoverer 1.4 (Thermo Scientific)
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using Mascot (v. 2.5, Matrix Science, London, UK) against the UniProt human protein database.
The mass tolerances of a precursor and fragment were set to 10 ppm and 0.3 Da, respectively. A
false discovery rate of 0.01 was applied to peptide identification.
Subcutaneous tumor xenograft models
All in vivo procedures were conducted in compliance with the Guide for the Care and Use of
Laboratory Animals (8th Edition), US National Research Council, and approved by the Institutional
Animal Care and Use Committee of the Shonan Research Center (#00011823), Takeda
Pharmaceutical Company, Ltd. Female BALB/cA Jcl-nu/nu (nude) mice and C.B17/Icr-scid/scid
Jcl (SCID) mice (CLEA, Tokyo, Japan) were maintained under specific pathogen-free conditions.
LIM1215 cells (5 × 106) mixed with Matrigel were inoculated subcutaneously into the right flank of
six- to seven-week-old SCID mice. Once established, the tumors were surgically excised, and
smaller tumor fragments (about 2 mm in diameter) were subcutaneously implanted in the right
flank of SCID mice. To establish the patient-derived colon tumor xenograft (PDX) model,
COL-01-JCK PDX line was obtained from the Central Institute for Experimental Animals
(Kawasaki, Japan), and tumor fragments were implanted into the right flank of female nude mice.
The mice were randomized when the mean tumor volume reached approximately 50–200 mm3. The
mice were then treated with the vehicle (0.5% hydroxypropyl methylcellulose solution or saline),
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panitumumab (intraperitoneally), TAS-102 (a mixture of FTD and TPI at a molar ratio of 1:0.5
(orally)), or panitumumab/TAS-102 combination for 2 weeks. The tumor volumes were measured
twice weekly with Vernier calipers, and calculated as the length  width2  0.5. The treated/control
ratio (T/C, %) was calculated by dividing the change in tumor volume in the drug-treated mice by
that in the vehicle-treated control mice. The percentage of tumor regression was calculated as
follows: Tumor regression (%) at day X = [1-(tumor volume at day X/tumor volume at day 0)] ×
100. Statistical comparisons of tumor volumes and body weights were performed using Dunnett’s
multiple comparison tests; p < 0.05 was considered statistically significant.
Immunohistochemical staining of paraffin-embedded samples
Tumor-bearing mice, subcutaneously injected with LIM1215 cells, were administered the
vehicle, TAS-102 (75 mg/mL, twice daily from day 1 to day 4), panitumumab (3 mg/mL, on days 1
and 4), or TAS-102/panitumumab. Tumor xenografts were excised on day 5, fixed with 10%
neutral buffered formalin for 24 h, and embedded in paraffin. Sliced sections were deparaffinized
with xylene, then rehydrated, and subjected to citrate buffer antigen retrieval (98°C, 40 min).
Immunohistochemical staining for FTD was performed as described previously

53

using an

anti-BrdU antibody (clone 3D4; BD Pharmingen, Franklin Lakes, NJ) and a peroxidase-conjugated
anti-mouse antibody (Histofine Simplestain Max PO, Nichirei, Tokyo, Japan). Peroxidase activity
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was detected with diaminobenzidine. Sections were counterstained with hematoxylin, and stained
images were acquired with a Nanozoomer digital slide scanner (Hamamatsu Photonics, Shizuoka,
Japan). FTD-positive nuclei were automatically counted by setting a fixed threshold to remove the
background, and the percentage of FTD-positive nuclei relative to all nuclei was determined with
the image analysis software Tissue Studio (Definiens, Munich, Germany).
Network analysis
The NetworKIN (version 3.0) algorithm was used for the prediction of potential kinase–
substrate relationships54. The NetworKIN algorithm combines network-proximity scores for
protein–protein interactions and NetPhorest probabilities on the basis of network distances and
peptide sequences, respectively. Phosphopeptides with fold changes of at least 1.5 in duplicate
samples after treatment with FTD alone were selected as altered phosphopeptides. For network
analysis, the kinase–substrate relationships of the altered phosphopeptides were filtered to include
only those with a NetworKIN score of >2, and kinases that altered phosphopeptides were selected.
Cytoscape (version 3.4.0) was used for network data integration, analysis, and visualization for the
selected kinases and substrates55.
Pathway enrichment analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched pathways were analyzed using
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the Database for Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics
Resources 6.856,57. Phosphopeptides with a fold change of at least 2 in duplicate samples after
treatment with each drug were selected as a list of altered phosphopeptides. Phosphopeptides
detected in duplicate samples were used as a background list. Enrichment p values of < 0.05 were
considered significant.
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Results
The combination of panitumumab and FTD has significant antiproliferative effects in colon
cancer cells
First, I evaluated the in vitro antiproliferative effects of panitumumab and FTD combination in
SW48 and LIM1215 cells, which harbor the wild-type KRAS and BRAF genes (Fig. 3A and B).
Panitumumab blocked SW48 and LIM1215 cell proliferation in a dose-dependent manner,
although the maximum inhibition rates remained around 40 and 60%, respectively. FTD
significantly inhibited proliferation of SW48 and LIM1215 cells with IC50 values of 8.1 and 0.57
µM, respectively. Co-treatment with FTD and panitumumab produced synergistic combination
effects in SW48 cells (non-linear blending score >20) and additive combination effects in LIM1215
cells (0.7<CI<1.3). Combination effects were also seen between FTD and cetuximab, another
anti-EGFR antibody, in LIM1215 cells but not in WiDr cells harboring the BRAF V600E mutation
(Fig. 4). In clonogenic assays, co-treatment with panitumumab/FTD significantly suppressed
colony formation and growth of SW48 and LIM1215 cells (Fig. 5). Quantification analysis
revealed that SW48 cell colony areas decreased by 75% when treated with 3 µM FTD and 50
ng/mL panitumumab, while those of LIM1215 decreased by 87% at even lower concentrations, that
is, 0.3 µM FTD and 5 ng/mL panitumumab. FTD showed a broad spectrum of anticancer activities
26

against various colon cancer cell lines, irrespective of KRAS or BRAF mutation status, with IC50
values ranging from single to low double-digit micromolar concentrations (Fig. 6). LIM1215 cells
were highly sensitive to FTD compared to other colon cancer cells (Fig. 3B). Therefore, LIM1215
cells were used to investigate the interaction between panitumumab and FTD further.
The combination of panitumumab/FTD leads to tumor regression in subcutaneous colon
cancer xenograft models
Colon cancer xenograft mouse models were used to evaluate the combination effects of
panitumumab/TAS-102 in vivo. SCID mice were inoculated subcutaneously with LIM1215 cells.
After the tumors reached appropriate volumes, the mice received panitumumab (3 mg/kg, twice
weekly; intraperitoneally), TAS-102 (75 mg/kg, twice daily on a 5-days-on/2-days-off schedule;
orally), their combination, or the vehicle for 2 weeks. As shown in Fig. 7A, treatment with
panitumumab alone and TAS-102 alone resulted in statistically significant tumor growth
suppression with T/C values of 3.8 and 17.9%, respectively, on day 14 (p < 0.001). The
combination treatment had more profound antitumor effects, leading to substantial tumor
regression, with a maximum regression rate of 63.2% on day 18. In this model, the mean body
weight of the vehicle-treated mice decreased gradually over the experimental period (Fig. 7C).
However, 2-week treatments with panitumumab, TAS-102, or the combination were tolerated and

27

caused less body weight loss than vehicle treatment on day 21. To extend these findings, I
conducted a similar efficacy study using a COL-01-JCK PDX model. COL-01-JCK is a colon PDX
line without KRAS and BRAF mutations. TAS-102 moderately inhibited tumor growth in this
model, with the lowest T/C value of 33.4% on day 14 (p < 0.01; Fig. 7B). In contrast, panitumumab
treatment led to significant regression of tumor xenografts during the treatment period (by 36.1%
on day 18 vs. day 0). Combination of panitumumab and TAS-102 resulted in greater tumor
regression than panitumumab alone, and the regression continued for more than 3 weeks after drug
withdrawal (by 68.7% on day 35 vs. day 0). Although body weight loss was observed in the
vehicle-treated mice in this PDX model as well, all drug treatments were generally tolerated (Fig.
7D).
In addition, the effect of panitumumab on FTD incorporation into DNA was examined with an
anti-5-bromo-2-deoxyuridine (BrdU) antibody because FTD incorporated into DNA can be
recognized by BrdU antibodies53. Immunohistochemical staining experiments showed that there
was no statistically significant difference in the percentage of FTD-positive nuclei in tumor
xenografts between the mice treated with FTD alone and those treated with FTD/panitumumab
combination (Fig. 8).
Panitumumab blocks FTD-induced ERK and AKT activation as well as EGFR gel mobility
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shift
To determine the potential interaction between panitumumab and FTD in EGFR signaling, I
analyzed the phosphorylation status of signaling mediators ERK and AKT in FTD-treated colon
cancer cells using western blotting. Consistent with the results of a previous study58, ERK1/2, AKT,
and STAT3 phosphorylation was induced in SW48 and LIM1215 cells after exposure to 3 µM FTD
for 16 h or longer (Fig. 9). I tested whether panitumumab affected FTD-induced phosphorylation of
ERK1/2 and AKT and observed that co-treatment of panitumumab with FTD for 24 h suppressed
FTD-induced AKT and ERK phosphorylation (Fig. 10). Notably, FTD treatment also led to a slight
EGFR gel mobility shift, suggesting that it modified EGFR to a certain extent. However, this EGFR
mobility shift was inhibited by co-treatment with panitumumab.
FTD induces serine/threonine but not tyrosine phosphorylation of EGFR
I performed SILAC-based phosphoproteomics analysis to investigate FTD-induced EGFR
modification and cellular signaling activation further. The results of pathway analyses based on
proteomic data confirmed the pharmacodynamic effects of FTD and panitumumab in LIM1215
cells. FTD treatment led to the significant enrichment of several Kyoto Encyclopedia of Genes and
Genomes pathways associated with DNA damage, such as the Fanconi anemia pathway, cell cycle,
homologous recombination, and p53 signaling (Table 1). Panitumumab treatment decreased the
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phosphopeptides derived from MAPK1 (ERK2), MAPK3 (ERK1), and ribosomal protein S6
kinases A1 and A3, suggestive of EGFR signaling inhibition by panitumumab (Tables 2 and 3).
As FTD-induced gel mobility shift of EGFR occurred in parallel with AKT and ERK
phosphorylation and was reversed by co-treatment with panitumumab, I speculated that FTD might
have induced EGFR tyrosine phosphorylation. However, SILAC-based analyses revealed that
FTD-induced EGFR phosphorylation occurred at serine/threonine residues rather than at tyrosine
residues (Table 2). Consistently, western blotting confirmed that FTD stimulated EGFR
phosphorylation at threonine (T) 669 and serine (S) 1046/1047, but not at known tyrosine
phosphorylation sites (Fig. 11A). The time dependence and concentration dependence of
FTD-induced EGFR serine/threonine phosphorylation were confirmed in additional experiments
(Figs. 12 and 13). Panitumumab alone reduced the basal levels of EGFR tyrosine phosphorylation
at almost all sites tested (Fig. 11A). Moreover, co-treatment with panitumumab suppressed
FTD-induced serine/threonine phosphorylation of EGFR. Increase in TS protein level, a
pharmacodynamic marker of inhibition of TS activity by fluoropyrimidine derivatives
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, was

observed with a similar extent in cells treated with both FTD alone and FTD/panitumumab
combination. These results suggest that co-treatment with panitumumab has little effects of FTD on
TS inhibition, although TS inhibition is not considered to be the main mechanism underlying FTD
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cytotoxicity.
Serine/threonine phosphorylation of EGFR is dependent on the activation of MEK–ERK
signaling pathway
To investigate the mechanism underlying FTD-induced serine/threonine phosphorylation of
EGFR, LIM1215 cells were co-treated with FTD and several kinase inhibitors (Fig. 11B).
FTD-induced EGFR serine/threonine phosphorylation was suppressed by erlotinib and
panitumumab. It was also blocked by the MEK inhibitor U0126. The PI3K inhibitor LY294002
inhibited FTD-induced AKT/STAT3 phosphorylation, but not FTD-induced ERK1/2 and EGFR
serine/threonine phosphorylation. In addition, the time dependence and concentration dependence
between FTD-induced ERK1/2 phosphorylation and EGFR serine/threonine phosphorylation
(Figs. 12 and 13) were similar. Using the SILAC-based phosphoproteomic data, I determined the
responsible kinases and their substrates that were affected by FTD treatment and created a kinase–
substrate connected network (Fig. 14). A subnetwork of EGFR and the first neighbors showed
significant contributions of ERK1/2 (MAPK3 and MAPK1, respectively) to FTD-induced
serine/threonine phosphorylation of EGFR. These results suggest that EGFR serine/threonine
phosphorylation occurs downstream of MEK–ERK signaling pathway.
FTD also induced p38 MAPK phosphorylation (Fig. 11B, Table 1), which was not affected by
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either panitumumab or erlotinib, suggesting that upstream signaling through p38 MAPK
phosphorylation and ERK/AKT/STAT3 phosphorylation was differentially induced by FTD.
However, FTD-induced AKT/STAT3 and EGFR S1046/1047 phosphorylation was inhibited by the
p38 MAPK inhibitor SB203580, suggestive of signaling crosstalk.
Co-treatment with a MEK inhibitor and FTD shows additive antiproliferative effects
As the MEK inhibitor U0126 blocked FTD-induced AKT/ERK/STAT3, EGFR T669, and
S1046/1047 phosphorylation to a similar extent as panitumumab, the effect of co-treatment with
FTD and the MEK inhibitors U0126 or trametinib on cell proliferation was evaluated. Co-treatment
with either FTD/U0126 or FTD/trametinib yielded additive antiproliferative effects in LIM1215
cells (0.7<CI< 1.3; Fig. 15).
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Discussion
In this study, I demonstrated that the combination treatment of TAS-102 and panitumumab
exerted significant anticancer activity compared to that achieved by single-agent treatment in in
vitro and in vivo wild-type KRAS colon cancer models. Previous studies suggested that TAS-102
may potentially enhance the effects of combination treatment of chemotherapeutics irinotecan and
oxaliplatin60,61 or targeted therapeutics, such as bevacizumab and anti-EGFR agents46,58. My results
are consistent with that of Tsukihara et al.46, wherein TAS-102/panitumumab combination
suppresses tumor growth in an SW48 tumor xenograft model. However, the in vivo combination
efficacy was prominent in LIM1215 and COL-01-JCK models used in this study when compared
with that in SW48 model, as reflected by the profound and sustained tumor regression achieved with
a similar dosing regimen. The difference in responses among these wild-type KRAS colon cancer

models may provide an intriguing tool for exploring determinants or predictive markers of the
response. In my two models, the vehicle-treated mice experienced gradual body weight loss as the
tumors grew, which was probably due to cancer-related cachexia. However, the combination
regimen was tolerated and had no confounding effects on body weight loss caused by TAS-102,
suggesting that TAS-102 and panitumumab had few overlapping toxicities. Indeed, the most
frequently observed adverse events associated with TAS-102 in a phase III study were neutropenia
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and leukopenia45, while those associated with panitumumab were skin toxicities, hypomagnesemia,
and diarrhea5. However, panitumumab has no cross-reactivity with mouse EGFR, which makes it
difficult to assess the therapeutic window in tumor xenograft models. Thus, careful evaluation of
safety is needed in clinical settings.
I also assessed the molecular mechanism underlying the interaction between FTD and
panitumumab, and found that FTD treatment induced ERK1/2, AKT, and STAT3 phosphorylation
in SW48 and LIM1215 cells. Several other chemotherapeutics induced similar ERK/AKT/STAT3
activation, which is considered to mediate prosurvival signaling and be implicated in resistance to
these genotoxic agents62-67. Thus, I believe that FTD-induced activation of ERK/AKT/STAT3 plays
a similar role in the adaptive response of colon cancer cells to genotoxic stress caused by FTD. In
particular, the MEK inhibitors U0126 and trametinib when combined with FTD caused additive
effects on the proliferation of LIM1215 cells. Therefore, I believe that MEK–ERK signaling may,
at least partly, mediate prosurvival signaling in response to FTD.
I further observed that FTD-induced ERK/AKT/STAT3 phosphorylation was suppressed by
panitumumab and erlotinib. Initially, these results led us to speculate that FTD could induce EGFR
tyrosine kinase activation and subsequent phosphorylation of its downstream molecules. However,
SILAC-based proteomics and western blotting revealed that FTD had no effects on EGFR tyrosine
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phosphorylation status. Instead, FTD induced EGFR serine/threonine phosphorylation, which was
reversed by combination treatment with panitumumab, erlotinib, or the MEK inhibitor U0126.
Therefore, I proposed a model in which the basal activity of EGFR tyrosine kinase is required for
FTD-induced ERK/AKT/STAT3 phosphorylation, and in which EGFR serine/threonine
phosphorylation is a downstream event of MEK–ERK signaling. This model is also supported by
kinase–substrate connected network analysis based on phosphoproteomics data, which indicate an
important contribution of ERK1/2 to FTD-induced EGFR serine/threonine phosphorylation.
Consistent with these data, prior studies have implicated threonine 669 of EGFR as an ERK
phosphorylation site68-70.
The significance of FTD-induced EGFR serine/threonine phosphorylation, however, remains
to be elucidated. Nishimura et al.71 showed that tumor necrosis factor alpha- (TNF-α) induced
EGFR phosphorylation at T669 and S1046/1047 stimulated EGFR endocytosis, leading to the
survival of cells exposed to TNF-α receptor death signal. Further, Winograd-Katz and Levitzki64
proposed that cisplatin-induced EGFR T669 phosphorylation similarly increased EGFR
endocytosis, which might switch signaling pathways from proliferation to survival. Thus, it is of
interest to further investigate whether FTD-induced EGFR serine/threonine phosphorylation
mediates similar prosurvival signaling through EGFR endocytosis in colon cancer cells. One
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possible approach is to introduce mutations that prevent phosphorylation by substitution of
serine/threonine residues of EGFR and evaluate FTD sensitivity of the cells with these mutant
EGFRs.
I also observed that FTD treatment induced phosphorylation of p38 MAPK. p38 MAPK
phosphorylation is induced by a diverse set of intra- and extracellular stimuli, including genotoxic
stress caused by chemotherapeutics such as cisplatin mediating prosurvival signaling64. Unlike
ERK/AKT/STAT3 phosphorylation, FTD-induced p38 MAPK phosphorylation was not
significantly affected by panitumumab or erlotinib, suggesting that p38 MAPK phosphorylation
was independent of EGFR tyrosine kinase activity. However, pharmacological inhibition of p38
MAPK decreased FTD-induced AKT, STAT3, and EGFR S1046/1047 phosphorylation. These
results suggest that there is a crosstalk between p38 MAPK and EGFR/AKT/STAT3 signaling.
Accordingly, I proposed a model in which FTD-induced p38 MAPK activation and
EGFR-dependent ERK/AKT/STAT3 activation cooperatively promote prosurvival signaling (Fig.
16).
In conclusion, I demonstrated that co-treatment with panitumumab and TAS-102 had
significant in vitro and in vivo anticancer effects in different colon cancer models. I also showed
that panitumumab suppressed FTD-induced ERK/AKT/STAT3 activation, which I believe is the
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mechanism underlying the combinatorial effects of panitumumab and FTD.
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Tables and Figures
Table 1. List of genes from the KEGG pathways identified by phosphoproteomic analysis, showing the effects of FTD versus control in LIM1215
cells.
KEGG Pathway

p value

Fanconi anemia pathway

0.000

RNA transport

0.001

Ribosome biogenesis in eukaryotes

0.006

MicroRNAs in cancer

0.014

Cell cycle

0.018

Homologous recombination

0.021

p53 signaling pathway

0.022

Focal adhesion

0.047

Gene Symbol
Upregulated
ATR ATRIP BLM BRCA1 BRCA2 BRIP1 FAN1
FANCI PALB2 POLH RPA2 USP1
ACIN1 ALYREF EIF4G1 NCBP1 NUP153
NUP188 NUP214 NUP35 PNN POM121
POM121C POP1 POP4 RANBP2 RGPD3
RGPD4 RGPD8 RPP30 TPR XPO5
BMS1 MDN1 NOL6 NOP58 POP1 POP4 RBM28
RPP30 UTP14A
BRCA1 CCNE1 CD44 CDCA5 EGFR ERBB2
MDM2 MET SHC1 SIRT1 SOS1 TP53
ATR BUB1B CCNE1 CDC27 CDK1 CHEK1
CHEK2 ESPL1 MCM3 MCM6 MDM2 PRKDC
SMC1A SMC3 TP53
BLM BRCA2 NBN RAD50 RPA2
ATR CCNE1 CDK1 CHEK1 CHEK2 DDB2
GTSE1 MDM2 STEAP3 TP53
ARHGAP35 ARHGAP5 BAD EGFR ELK1
ERBB2 FLNA JUN MET PXN SHC1 SOS1 TLN1
ZYX
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Downregulated
FANCD2 FANCI RPA1
EIF3B NUP107 NUP133 NUP153 NUP210
NUP35 NUP50 PABPC1 PABPC1L PABPC3
PABPC4
POM121
POM121C
RANBP2
RANGAP1 RGPD1 RGPD2 RGPD3 RGPD4
RGPD8 SRRM1 TPR XPO1
DKC1 GNL3 NOP56 TCOF1 WDR75 XPO1
ABCC1 CDKN1B ERBB2 HNRNPK MAPK7
MARCKS MYC PAK4 PDCD4
ANAPC2 BUB1 CDC20 CDKN1B GSK3B MCM6
MYC SMAD2 TTK
RPA1
GTSE1
ARHGAP5 ERBB2 FLNA FLNB GSK3B ITGB4
PAK1 PAK2 PAK4 ZYX

Table 2. Effects of FTD on EGFR-, ERK1/2-, and p38 MAPK-derived phosphopeptides.
Name

Gene
Symbol

EGFR

EGFR

ERK1

MAPK3

ERK2

MAPK1

p38 alpha

MAPK14

p38 delta

MAPK13

Phosphosite

Log2FC
FTD/ctr

Log2FC
Pmab/ctr

Log2FC
(FTD + Pmab)/ctr

Sequence

pT669
pS967
pS1002
pS1004
pS1015
pS1018
pS1039 pS1021
pT1017 pS1018
pS1040
pS1047 pT1050
pS1057
pY1068
pS1142
pY1148
pY1173
pT202 pY204
pY204
pT185 pY187
pY187
pT180
pT180 pY182
pY182
pT180
pY182

1.34
1.07
0.02
0.05
1.06
1.07
0.78
1.46
−0.70
2.18
0.77
−0.15
0.53
−0.09
−0.08
0.77
0.59
0.75
0.55
0.69
0.56
0.82
1.04
0.86

−1.02
−0.86
−0.31
−0.29
0.07
−0.05
0.17
0.21
−0.74
0.19
−0.58
0.16
−0.78
0.09
0.01
−1.74
−0.78
−2.08
−0.83
0.41
0.75
0.35

−0.35
0.32
0.20
−0.08
1.15
0.74
1.14
1.40
−0.95
1.01
0.01
−0.13
−0.45
−0.28
−0.30
−1.91
−0.89
−1.96
−1.07
1.19
1.51
0.70
0.76
1.04

ELVEPL[pT]PSGEAPNQALLR
MHLP[pS]PTDSNFYR
ALMDEEDMDDVVDADEYLIPQQGFFS[pS]PSTSR
ALMDEEDMDDVVDADEYLIPQQGFFSSP[pS]TSR
TPLLSSL[pS]ATSNNSTVACIDR
TPLLSSLSAT[pS]NNSTVACIDR
TPLLSSLSAT[pS]NN[pS]TVACIDR
TPLLSSLSA[pT][pS]NNSTVACIDR
NGLQSCPIKED[pS]FLQR
YS[pS]DP[pT]GALTEDSIDDTFLPVPEYINQSVPK
YSSDPTGALTED[pS]IDDTFLPVPEYINQSVPK
YSSDPTGALTEDSIDDTFLPVPE[pY]INQSVPK
GSHQI[pS]LDNPDYQQDFFPK
GSHQISLDNPD[pY]QQDFFPK
GSTAENAE[pY]LR
IADPEHDHTGFL[pT]E[pY]VATR
IADPEHDHTGFLTE[pY]VATR
VADPDHDHTGFL[pT]E[pY]VATR
VADPDHDHTGFLTE[pY]VATR
HTDDEM[pT]GYVATR
HTDDEM[pT]G[pY]VATR
HTDDEMTG[pY]VATR
HADAEM[pT]GYVVTR
HADAEMTG[pY]VVTR

0.40

Start
663
963
976
976
1008
1008
1008
1008
1029
1045
1045
1045
1137
1137
1165
190
190
173
173
174
174
174
174
174

End
681
975
1007
1007
1028
1028
1028
1028
1044
1075
1075
1075
1155
1155
1175
208
208
191
191
186
186
186
186
186

Phosphopeptides derived from EGFR, ERK1/2, and p38 MAPK were identified by phosphoproteomics analysis in LIM1215 cells treated with
DMSO (ctr), FTD, panitumumab (Pmab), or a combination of FTD/panitumumab (FTD + Pmab). Amino acid numbers correspond to those in the
UniProt protein database, except those for EGFR, which is a mature form, with the first 24 amino acids of the signal peptide cleaved off. Log2FC,
Log2 fold change.
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Table 3. List of genes from the KEGG pathways identified by phosphoproteomic analysis, showing the effects of panitumumab versus control in
LIM1215 cells.
KEGG Pathway

p value
Upregulated

Progesterone-mediated oocyte maturation

0.000

Estrogen signaling pathway
Oocyte meiosis
Bladder cancer
Adrenergic signaling in cardiomyocytes

0.002
0.026
0.036
0.046

CREB3L1
DAPK1
CREB3L1
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Gene Symbol
Downregulated
ADCY3 BUB1 CDC25B HSP90AB1 MAPK1 MAPK3 RPS6KA1
RPS6KA3
ADCY3 EGFR HSP90AB1 MAPK1 MAPK3 SHC1
ADCY3 BUB1 MAPK1 MAPK3 RPS6KA1 RPS6KA3
EGFR MAPK1 MAPK3
ADCY3 MAPK1 MAPK3 SLC9A1

Figure 3. Panitumumab interacts with FTD to inhibit the growth of colon cancer cells. Viability of
SW48 (A) and LIM1215 (B) cells after co-treatment with panitumumab and FTD for 72 h. Error
bars, standard deviation.
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Figure 4. Co-treatment with cetuximab and FTD inhibits proliferation of LIM1215 cells but not
WiDr cells. Viability of LIM1215 (A) and WiDr (B) cells after co-treatment with cetuximab and
FTD for 72 h. Values represent the mean cell viability (% of control). Error bars, standard
deviation.
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Figure 5. Panitumumab interacts with FTD to inhibit the clonogenic growth of colon cancer cells.
Clonogenic survival of SW48 (A) and LIM1215 (B) cells treated with the vehicle, panitumumab
alone, FTD alone, or panitumumab/FTD combination for 14 days. Representative images of
colonies under different treatment are shown. Clonogenic assay were performed in triplicate for
SW48 (C) and LIM1215 (D) cells. Total colony areas were individually determined using image
analysis. Values represent the mean colony area (% of control). Error bars, standard deviation.
Statistical comparisons of colony area were performed using Dunnett’s multiple comparison tests.
Asterisks denote P < 0.001 (***) versus the value for control colony area treated with DMSO and
saline.
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Figure 6. FTD inhibits cell proliferation of various colon cancer cell lines, irrespective of the KRAS
and BRAF mutation statuses. Cell viability of various colon cancer cell lines. Values represent the
mean cell viability (% of control). Error bars, standard deviation. Red symbols, cell lines with
KRAS G12 or G13 mutations. Green symbols, cell lines with BRAF V600E mutations. Black
symbols, cell lines with wild-type KRAS and BRAF.
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Figure 7. Co-administration of panitumumab (Pmab) and TAS-102 induces tumor regression in
vivo. Antitumor effects and animal weights of Pmab, TAS-102, and Pmab/TAS-102 combination
on the growth of subcutaneous LIM1215 (A, C) and COL-01-JCK (B, D) tumor xenografts. The
mice were orally administered Pmab (3 mg/kg, twice weekly; intraperitoneally), TAS-102 (75
mg/kg, twice daily on a 5-days-on/2-days-off schedule; orally), or a combination of both agents for
2 weeks (from days 1 to 14). The data (A, B) represent the mean tumor volume ± standard error of
the mean (n = 5). The values (C, D) represent the mean body weight change (% of initial body
weight) ±standard error of the mean (n = 5).
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Figure 8. Immunohistochemical staining for FTD incorporated into DNA in the LIM1215 tumor
xenograft model. LIM1215 tumor-bearing mice were administered TAS-102 alone, panitumumab
alone, or the combination for 4 days (n = 3). Tumors were excised 24 h after the last treatment.
Immunohistochemical staining (A) for the FTD incorporated into DNA was performed with an
anti-BrdU antibody. Brown DAB staining indicates FTD-positive nuclei. Percentage of
FTD-positive nuclei (B) was determined by image analysis. An unpaired t-test was used to compare
TAS-102 alone and TAS-102/panitumumab combination treatments (p = 0.3197).
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Anti-pS473-AKT
Anti-AKT
Anti-pT202/Y204-ERK
Anti-ERK
Anti-pS727-STAT3
Anti-STAT3

Anti-pS473-AKT
Anti-AKT
Anti-pT202/Y204-ERK
Anti-ERK
Anti-pS727-STAT3
Anti-STAT3
Figure 9. FTD-induced phosphorylation of AKT, ERK1/2, and STAT3 in SW48 and LIM1215
cells. SW48 (upper panel) and LIM1215 (lower panel) cells were treated with 3 µM FTD for the
indicated times. Cells were then washed with cold PBS and lysed in a lysis buffer, which contained
phosphatase and protease inhibitors. Equal amounts of protein were subjected to western blotting.
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Anti-pS473-AKT
Anti-AKT
Anti-pT202/Y204-ERK

Anti-ERK
Anti-GAPDH
Anti-EGFR
Figure 10. Panitumumab reverses FTD-induced ERK1/2 and AKT phosphorylation and EGFR gel
mobility shift in LIM1215 cells. LIM1215 cells were seeded onto a 6-well plate and cultured for 24
h. The cells were subsequently treated with FTD (3 µM), panitumumab (100 ng/mL), erlotinib (10
µM), or a combination of FTD and panitumumab for 24 h, followed by western blotting analyses.
FTD-induced band mobility shift of EGFR is indicated as "Shifted" versus "Basal". GAPDH was
used as a loading control. The blots are representative of two independent experiments.
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A

B

Anti-pT669-EGFR
Anti-pY845-EGFR

Anti-pS1046/1047-EGFR

Anti-pY992-EGFR

Anti-pY1045-EGFR

Anti-EGFR
Anti-pS473-AKT
Anti-AKT

Anti-pY1068-EGFR

Anti-pT202/Y204-ERK

Anti-pY1086-EGFR

Anti-ERK

Anti-pY1173-EGFR

Anti-pT180/Y182-p38 MAPK

Anti-pT669-EGFR

Anti-p38 MAPK
Anti-pY705-STAT3

Anti-pS1046/1047-EGFR
Anti-STAT3
Anti-EGFR
Anti-pT184/187-TAK1
Anti-Thymidylate synthase
Anti--actin

Anti-TAK1
Anti--actin

Figure 11. The effects of panitumumab and other kinase inhibitors on FTD-induced
phosphorylation of EGFR and intracellular kinases in LIM1215 cells. LIM1215 cells were seeded
onto 6-well plates and cultured for 24 h. EGFR phosphorylation (A) at specific residues was probed
with each phospho-specific EGFR antibody following a 24-h treatment with FTD (3 µM),
panitumumab (100 ng/mL), or their combination. Induction of thymidylate synthase expression
was used as a marker of pharmacodynamic response to FTD. β-Actin was used as a loading control.
LIM1215 cells (B) were treated for 24 h with FTD (3 µM), panitumumab (100 ng/mL), the EGFR
tyrosine kinase inhibitor erlotinib (1 µM), MEK inhibitor U0126 (10 µM), p38 MAPK inhibitor
SB203580 (10 µM), PI3K inhibitor LY294002 (10 µM), or their combinations as indicated.
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Anti-pY1068-EGFR

Anti-pS1046/1047-EGFR
Anti-pT669-EGFR
Anti-EGFR
Anti-pS473-AKT
Anti-AKT
Anti-pT202/Y204-ERK
Anti-ERK
Anti--actin
Figure 12. Time dependency of FTD-induced AKT/ERK/STAT3 and EGFR serine/threonine
phosphorylation. LIM1215 cells were treated with DMSO or 3 µM FTD for the indicated times.
Cells were then washed with cold PBS and lysed in a lysis buffer, which contained phosphatase and
protease inhibitors. Equal amounts of protein were subjected to western blotting.
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Anti-pT669-EGFR
Anti-pS1046/1047-EGFR
Anti-EGFR
Anti-pS473-AKT
Anti-AKT
Anti-pT203/Y204-ERK
Anti-ERK
Anti--actin
Figure 13. Concentration dependency of FTD-induced AKT, ERK1/2, and EGFR serine/threonine
phosphorylation. LIM1215 cells were treated with FTD at the indicated concentrations for 24 h.
Cell lysates were prepared and subjected to western blotting.
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Figure 14. A highly connected subnetwork within EGFR and first neighbors. Each node is labeled
with the gene symbols of the kinase and substrate. Kinases and their substrates are connected with
edges (arrows). Labels on the edges indicate phosphorylation sites on the substrates. Inducible
effects of FTD treatment on phosphorylation are shown in red, while suppressive effects are shown
in green. The darker the color of the edges, the more significant effects the FTD treatment had.
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Figure 15. Combination treatment of FTD with MEK inhibitors shows additive antiproliferative
effects in LIM1215 cells. The viability of LIM1215 cells was determined after co-treatment with
FTD and U0126 (A) or FTD and trametinib (B) for 72 h.
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Figure 16. Schematic diagram of FTD-induced prosurvival signals. FTD induces DNA damage,
which in turn elicits p38 MAPK activation. p38 MAPK signaling interacts with the signaling
mediated by the basal activity of the EGFR tyrosine kinase through ERK/AKT/STAT3, promoting
prosurvival signaling. EGFR serine/threonine phosphorylation occurs downstream of
ERK/AKT/STAT3. Panitumumab inhibits the basal activity of EGFR, subsequent
ERK/AKT/STAT3 activation, and EGFR serine/threonine phosphorylation, thereby making cells
more sensitive to FTD-induced DNA damage.
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Chapter 2
Biologic response of colorectal cancer xenograft tumors to
sequential treatment with panitumumab and bevacizumab
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Abstract
Recent studies in rat sarcoma GTPase (RAS) wild-type (WT) metastatic colorectal cancer
(mCRC) suggest that the survival benefits of therapy using anti-epidermal growth factor receptor
(anti-EGFR) and anti-vascular endothelial growth factor (anti-VEGF) antibodies combined with
chemotherapy are maximized when the anti-EGFR antibody is given as first-line, followed by
subsequent anti-VEGF antibody therapy. I reported reverse-translational research using LIM1215
xenografts of RAS WT mCRC to elucidate the biologic mechanisms underlying this clinical
observation. Sequential administration of panitumumab then bevacizumab (PB) demonstrated a
stronger tendency to inhibit tumor growth than bevacizumab then panitumumab (BP). Cell
proliferation was reduced significantly with PB (p < 0.01) but not with BP based on Ki-67 index.
Phosphoproteomic analysis demonstrated reduced phosphorylation of EGFR and EPHA2 with PB
and BP compared with control. Western blotting showed reduced EPHA2 expression and
S897-phosphorylation with PB; RSK phosphorylation was largely unaffected by PB but increased
significantly with BP. In quantitative real-time PCR analyses, PB significantly reduced the
expression of both lipogenic (FASN, MVD) and hypoxia-related (CA9, TGFBI) genes versus
control. These results suggest that numerous mechanisms at the levels of gene expression, protein
expression, and protein phosphorylation may explain the improved clinical activity of PB over BP
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in patients with RAS WT mCRC.
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Introduction
Potential benefit with anti- epidermal growth factor receptor (EGFR) antibodies appears to be
limited to patients with rat sarcoma GTPase (RAS) wild-type (WT) metastatic colorectal cancer
(mCRC)72-74; such patients had improved clinical outcomes when treated with an anti-EGFR
antibody and chemotherapy as first-line therapy than when compared with an anti-VEGF antibody
and chemotherapy75. RAS is a small guanosine triphosphate hydrolase that is constitutively
activated by mutation in ~20% of human cancers76. KRAS is the predominantly mutated isoform in
CRC76; 55.9% of patients with CRC harbor a RAS (KRAS/NRAS) mutation77. Constitutive RAS
activation facilitates oncogenesis through the upregulation of signaling pathways such as
mitogen-activated protein kinase (MAPK) and AKT78,79. Post-hoc analysis of the FIRE-3 study, in
which patients with RAS WT mCRC received treatment with FOLFIRI plus cetuximab or
bevacizumab, highlighted a durable overall survival (OS) advantage for the group of patients that
received FOLFIRI and cetuximab as first-line therapy compared with FOLFIRI and bevacizumab
(median 33.1 vs. 25.0 months; hazard ratio [HR] 0.70; p = 0.0059)75. There have also been
indications that first-line therapy in RAS WT mCRC can determine the efficacy of subsequent
treatments and affect outcomes80-82. Furthermore, an exploratory analysis of data from three
randomized studies of mCRC suggested a trend towards improved OS with a first-line anti-EGFR
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antibody plus chemotherapy followed by a second-line anti-VEGF antibody compared with the
opposite sequence83.
While the use of anti-EGFR antibody in first-line treatment can increase the efficacy of
second-line anti-VEGF antibodies84,85, initial treatment with an anti-VEGF antibody may decrease
the efficacy of subsequent anti-EGFR antibodies86-88; a sufficient anti-VEGF antibody-free period
prior to treatment with second-line anti-EGFR antibodies is necessary to limit this reduced
efficacy89. The biologic rationale for this finding remains unknown, but mechanisms have been
suggested that may contribute81,82. RAS WT mCRC tumor cells that develop resistance to an
anti-EGFR antibody may retain sensitivity to an anti-VEGF antibody, but resistance to an
anti-VEGF antibody can lead to the development of resistance to anti-EGFR antibodies81,82.
Indirect evidence for this comes from the finding that resected liver metastases from Japanese
patients with mCRC treated with bevacizumab demonstrated significantly increased tumoral
VEGFA mRNA expression90, while in pre-clinical models of CRC, overexpression of VEGFA or
treatment with exogenous VEGF-A ligand conferred resistance to cetuximab86,91. Taken together,
these findings highlight a potential mechanism of acquired resistance to anti-EGFR antibodies in
mCRC that potentiates tumor angiogenic ability. Nevertheless, many details regarding the biologic
mechanisms underlying the efficacy of the two different treatment sequences in the clinic are yet to
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be explored.
Here, I present the results of reverse-translational research using xenograft models of human
CRC to evaluate the biologic reasons for the improved outcomes seen with sequential use of an
anti-EGFR antibody (panitumumab) followed by an anti-VEGF antibody (bevacizumab) compared
with the opposite sequence in patients with RAS WT mCRC. I performed quantitative
phosphoproteomic and transcriptome analyses of xenograft tumors to identify biological changes
with sequential treatment that may provide some explanation for the survival benefits previously
demonstrated in clinical settings.
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Materials and Methods
Cells and reagents
The human colon cancer cell line LIM1215 was obtained from the European Collection of
Authenticated Cell Cultures (ECACC, Salisbury, UK). LIM1215 cells were cultured in conditions
recommended by the ECACC. Panitumumab was provided by Amgen (Thousand Oaks, CA, USA).
Bevacizumab was purchased from Roche (Basel, Switzerland).
Xenograft construction and study treatment
All in vivo experimental protocols complied with the Guide for the Care and Use of
Laboratory Animals (8th Edition), and were approved by the Institutional Animal Care and Use
Committee of the Shonan Research Center (#00011823), Takeda Pharmaceutical Company
Limited, or Shanghai Medicilon Inc. (Shanghai, China). LIM1215 cells were selected because they
have WT RAS (WT KRAS and NRAS) and WT BRAF, and panitumumab and bevacizumab have
previously shown anti-tumor effects in xenografts of LIM1215 tumors92. Six- to seven-week-old
female C.B17/Icr-scid/scid Jcl (SCID) mice (from CLEA, Tokyo, Japan, or Beijing Vital River
Animal Technology, Beijing, China) maintained under specific pathogen-free conditions were
injected subcutaneously in the right flank with five million LIM1215 cells mixed with Matrigel
(Corning, NY, USA). In vivo LIM1215 xenografts were constructed at two different sites,
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LIM1215(A) and LIM1215(B). Once tumor volume reached 50–200 mm3, mice were randomized
to each treatment group. All treatment was intraperitoneal. The vehicle control group received
saline twice-weekly for 2 weeks or 4 weeks. Panitumumab and bevacizumab were given
twice-weekly at 3 mg/kg and 10 mg/kg, respectively. The panitumumab-bevacizumab (PB) group
received panitumumab for 2 weeks followed by bevacizumab for 2 weeks; the
bevacizumab-panitumumab (BP) group received the reverse sequence. One group received
bevacizumab (BB) for 4 weeks and other groups received monotherapy with panitumumab (P
group) or bevacizumab (B group) for 2 weeks (Fig. 17).Tumor volumes (length x width2 x 0.5)
were measured twice-weekly with Vernier calipers and antitumor activity was evaluated by
percentage of relative growth rate (GR) calculated using the following equation: %GR = (mean
growth rate of treated tumor/mean growth rate of vehicle control group) x 100. Following final
tumor volume measurements, mice were anaesthetized 24 hours after final drug administration and
euthanized by cervical dislocation, and tumor samples were collected. Samples from the LIM1215
(A) xenografts were used for the transcriptome and phosphoproteome analyses, and quantitative
real-time PCR (qRT-PCR). The LIM1215 (B) xenograft samples were used for qRT-PCR, western
blotting, and histology analyses.
Tumor tissue analyses
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Formalin-fixed paraffin-embedded sections (4μm) of resected tumor tissue were used for
histologic analysis. Hematoxylin and eosin staining was conducted according to standard protocol.
Ki-67 staining was performed with anti-Ki-67 antibody (Nichirei Biosciences, Tokyo, Japan) and
hematoxylin background. The Ki-67 index (%) was estimated by counting the number of
Ki-67-positive cell nuclei per 1200–1800 tumor cells in the three regions of the tumor with the
greatest staining density.
Phosphoproteomic analysis and western blotting
Quantitative phosphoproteomic analysis of xenografts was performed using mTRAQ
technology (AB Sciex, Framingham, MA, USA). Xenografts were homogenized in
homogenization buffer (10 mM phosphate [pH 7.5], 8 M urea, protease inhibitor, and phosphatase
inhibitors) and proteins were precipitated with 5 volumes of acetone followed by resolution in lysis
buffer (4% sodium dodecyl sulfate [SDS, SERVA Electrophoresis GmbH, Heidelberg, Germany],
0.4%

3-[3-cholamidopropyl]

dimethylammoniopropanesulfonate

[CHAPS,

DOJINDO,

Kumamoto, Japan] and 10 mM triethylammonium bicarbonate [TEAB, Wako, Osaka, Japan]).
Each lysate, and a mixture of all lysates (internal standard), were digested with Lys-C (Wako,
Osaka, Japan) and trypsin (Promega, Madison, WI, USA) by the FASP method93 using Amicon
Ultra-4 30k centrifugal filter units (Merck KGaA, Darmstadt, Germany). The digested peptides
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were loaded onto TiO2 chips (GL Science, Tokyo, Japan) for phosphopeptide enrichment, and
phosphopeptides were labeled with mTRAQ reagent (AB Sciex, Framingham, MA, USA). Labeled
phosphopeptides from each sample and the internal standard were mixed and separated into 12
fractions on a polysulfoethyl A SCX column (PolyLC, Columbia, MD, USA). The fractions were
then analyzed using fusion mass spectrometry (MS) (Thermo Scientific, Waltham, MA, USA)
coupled to a nano-liquid chromatography system (EASY-nLC 1000). MS files were processed with
Proteome Discoverer 1.4 (Thermo Scientific, Waltham, MA, USA) using MASCOT (v. 2.5, Matrix
Science, London, UK). The ratio of sample:vehicle was calculated by sample:mixture /
vehicle:mixture.
For western blotting, RIPA buffer (Wako, Osaka, Japan) containing inhibitors (#78443,
Thermo Scientific, Waltham, MA, USA) was added to the recovered tumor, and lysis was carried
out using a bead homogenizer. The protein concentration of the supernatant was measured by BCA
Protein

Assay

(Bio-Rad,

Hercules,

CA,

USA).

Tissue

lysates

were

subjected

to

SDS-polyacrylamide gel electrophoresis (SDS-PAGE, Criterion TGX precast gels, Bio-Rad,
Hercules, CA, USA) and transfer by Trans-Blot Turbo System (Bio-Rad, Hercules, CA, USA).
Antibodies used were as follows: anti-ephrin type-A receptor 2 (EPHA2; #6997),
anti-phospho-EPHA2 (S897; #6347), anti-ribosomal S6 kinase (RSK) (#8408), anti-phospho-RSK
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(S380; #11989), and anti-β-actin (#5125) (all from Cell Signalling Technology, Danvers, MA,
USA). Western blots were developed using ImmunoStar Zeta or ImmunoStar LD (Wako, Osaka,
Japan). Band densities were quantified by an image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).
Transcriptome analysis and qRT-PCR
Total RNA was extracted from tumor tissue and treated with DNase using the RNeasy Mini
Kit (QIAGEN, Germantown, MD, USA) according to the manufacturer’s recommendations. Gene
expression analysis was conducted by microarray on SurePrint G3 Human GE 8X60k V3
Microarrays (Agilent, Santa Clara, CA, USA) according to the manufacturer’s guidelines. Signal
values were logarithmically transformed and subjected to quantile normalization. Statistical
significance of the expression data was determined using fold change (above 1.5 fold) and
independent T-test (p-value < 0.05) between two groups in array probes with Flag-P in both groups.
Sets of differentially expressed genes (DEGs) were selected using the Omicsoft Array Studio
(QIAGEN, Germantown, MD, USA). Enrichment analysis for DEG sets (Diseases and Bio
Functions, Canonical Pathways) was performed using Ingenuity Pathway Analysis (QIAGEN,
Germantown, MD, USA).
Purified RNA was reverse-transcribed with the High-Capacity cDNA Reverse Transcription
Kit with RNase Inhibitor (Thermo Fisher Scientific, Waltham, MA, USA) and qRT-PCR was
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performed with the TaqMan® Fast Advanced Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA) using a ViiA 7 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA). Relative quantified RNA was normalized to the housekeeping gene β-actin, and results were
evaluated using the comparative ΔΔCT method. The TaqMan® Gene Expression Assays (Thermo
Fisher Scientific, Waltham, MA, USA) used for each gene are listed in Supplementary Table 4.
Statistical analyses
Data for vehicle controls and other groups was initially analyzed using Bartlett’s test for
homogeneity of variance. When variance was homogenous, differences between groups were
analyzed by Dunnett’s multiple comparison test. When variance was not homogenous, the
Steel-Dwass multiple comparison test was used. A significance level of p < 0.05 was used.
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Results
PB was more effective than BP at inhibiting tumor growth rate in xenograft models
In the LIM1215 (A) xenograft, panitumumab and bevacizumab alone demonstrated almost
equivalent efficacy (Fig. 18A). Obvious growth retardation was observed in all sequential
treatment groups (Fig. 18B). Relative GR was significantly reduced with PB, BP, and BB in
LIM1215 (A) xenografts compared with vehicle control and there was a numerically greater
decrease in growth rate in the PB group than in the BP group (Fig. 18C). A significant decrease in
relative GR was also apparent in the PB group in LIM1215 (B) xenografts (Fig. 19).
Ki-67 index fell with PB
Cell proliferation per Ki-67 index was significantly reduced with PB compared with vehicle
controls (66.5% vs. 75.8% Ki-67 positive cells, p < 0.01; Fig. 20E). Proliferation was also
numerically reduced compared with vehicle controls using BP (72.0% Ki-67 positive cells), but to a
lesser extent than with PB. The BB treatment sequence did not have an antiproliferative effect
(78.1% Ki-67 positive cells) (Fig. 20).
EGFR and EPHA2 phosphorylation Levels were reduced with PB and BP.
Table 5 shows the phosphopeptides selected from all phosphoproteomic analysis data
according to the following criteria: 1, the peptide is a part of growth factor receptor; 2,
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phosphorylation of the site has previously been identified by a site-specific method (i.e. methods
other than omics); 3, signals were detected in all 4 groups (vehicle control, PB, BP, and BB).
Levels of phosphorylated growth factor receptors (EGFR and EPHA2) were reduced with
both PB and BP compared with vehicle control (Table 5); changes in insulin-like growth factor 2
receptor were small in all groups. However, PB demonstrated greater reductions in the
phosphorylation level of EGFR and EPHA2 than BP. The greatest change was demonstrated for
EPHA2 pS897 and EPHA2 pS901; in the PB group, expression was 36% and 42%, respectively, of
the level in vehicle controls compared with 77% and 68%, respectively, in the BP group. Treatment
with BB did not result in a decrease in the levels of phosphorylated EPHA2 compared with vehicle
control, with only slight reductions in phosphorylation of EGFR at S991 and S1166 (Table 5).
EPHA2 protein expression and serine phosphorylation were decreased by PB, and RSK
phosphorylation was increased with BP
EPHA2 was selected for study by western blotting due to its strong inhibition with PB, as
demonstrated in phosphoproteomic analysis. Western blotting showed reduction of total EPHA2
protein and EPHA2 S897-phosphorylation (pEPHA2) levels by PB, while BP showed large
individual variation; BB had little effect (Fig. 21A and B). Compared with vehicle controls, the
pEPHA2:EPHA2 ratio was reduced significantly with PB (p < 0.01) (Fig. 21C and D). The
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pEPHA2:EPHA2 ratio was also reduced with BP, but with less effect than PB (Fig. 21C).
Due to the known ability of RSK to induce pEPHA2 in a ligand-independent manner16,20,94,
RSK was also selected for study by western blotting. PB had minimal effect on both levels of total
RSK1 protein and RSK S380-phosphorylation (pRSK) compared with vehicle control. Conversely,
both BP and BB increased pRSK levels compared with vehicle control (Fig. 21E and F). The
pRSK:RSK ratio was significantly increased by both BP (p < 0.001) and BB (p < 0.01) (Fig. 21G
and H).
Variable lipogenic gene expression was observed with sequential treatment
Significant changes in pathway activity relating to lipid metabolism occurred in tumors treated
with BB (Table 6) and expression levels of some lipogenic genes were higher with BB versus
vehicle control (Table 7). Some pathways were changed in the PB and BP groups, and with
panitumumab alone, which altered pathways related to lipid metabolism (Table 8).
Lipogenic and hypoxia-related gene expression was reduced with PB
qRT-PCR analysis was performed for lipogenic genes based on the results of transcriptome
analysis and demonstrated a definite change in lipid metabolism. Significant suppression of the
lipogenic genes fatty acid synthase (FASN) and mevalonate diphosphate decarboxylase (MVD) was
demonstrated with treatment using panitumumab alone, but no suppression was apparent with
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bevacizumab alone (Fig. 22A and C). Furthermore, expression levels of FASN (59% of expression
vs.control, p < 0.01) and MVD (56% of vs. control, p < 0.05) were significantly decreased in the PB
group compared vehicle controls, and 3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) and
lanosterol synthase (LSS) were numerically decreased (Fig. 22E to H). For the hypoxia-related
genes carbonic anhydrase 9 (CA9) and transforming growth factor-beta induced protein (TGFBI),
the P group showed significant suppression, but the B group did not demonstrate suppression (Fig.
22I and J). Furthermore, expression of CA9 (22% expression vs. control; p < 0.01) and TGFBI
(11% expression vs.control; p < 0.01) were significantly reduced compared with control using PB
(Fig. 22K and L). In the BP group the expression of all studied genes was reduced, but none of the
reductions were statistically significant. Although transcriptome analysis (LIM1215[A]) had
indicated an increase in lipid metabolism pathways in the BB group, quantitative PCR
(LIM1215[B]) did not demonstrate enhanced expression of lipogenic genes in this treatment group.
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Discussion
Anti-EGFR antibodies and anti-VEGF antibodies represent the current standard of care for
front-line mCRC treatment when used in combination with cytotoxic chemotherapy regimens 3,6;
however, evidence suggests that the sequence in which these agents are given to patients may affect
clinical outcomes80-89. In this study, using xenograft models of RAS/BRAF WT CRC, PB was found
to be the most efficacious treatment sequence with regards to relative GR and reducing the Ki-67
index of tumor cells; the opposite sequence failed to achieve significant reduction of Ki-67 index.
Phosphoproteomic analysis also showed that PB was the more effective treatment sequence with
regards to reducing the phosphorylation status of key cancer-related signaling proteins, including
EGFR and EPHA2, with 36% EPHA2 (pS897) phosphorylation with PB versus vehicle control.
Western blot experiments confirmed that overall EPHA2 levels and the pEPHA2:EPHA2 ratio
were significantly reduced with PB, but not BP or BB, which indicates that PB reduces the
phosphorylation status of EPHA2 by mechanisms other than reduction of overall EPHA2 levels.
In this study, the effect of BP could be influenced by the negative impact of bevacizumab on
subsequent anti-EGFR efficacy in mCRC, as previously demonstrated in retrospective clinical
studies86-89. Derangère et al. demonstrated a significant PFS advantage for patients with RAS WT
mCRC receiving second- or third-line anti-EGFR antibodies after non-bevacizumab therapy
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compared with prior bevacizumab (4.0 vs. 2.8 months; p = 0.003)86. Similarly, a study of patients
with KRAS exon 2 WT mCRC undergoing anti-EGFR therapy following failure of
fluoropyrimidines, oxaliplatin, and irinotecan demonstrated significantly longer PFS and OS and
improved response rates for patients who had received bevacizumab more than 6 months prior to
anti-EGFR therapy compared with less than 6 months before (PFS 6.6 vs. 4.2 months, p = 0.038;
OS 14.3 vs. 11.6 months, p = 0.039; response rate 47.5% vs. 24.3%, p = 0.012)89. While such
retrospective studies require validation in prospective settings, the findings are consistent with
those of the current study.
Treatment with bevacizumab enhances VEGFA gene expression in CRC tumors and
subsequently increases VEGF-A protein concentrations in the blood86,90, which in turn is suggested
to cause resistance to anti-EGFR antibodies86. Similarly, a study using SUM149 xenografts
identified a significant reduction in the targeting of radiolabeled cetuximab to tumors following
bevacizumab treatment95. Alongside my findings, and considering the shared molecular target of
cetuximab and panitumumab, such studies suggest biologic mechanisms that may account for the
reduced clinical efficacy of anti-EGFR antibodies when administered following an anti-VEGF
antibody in mCRC.
Panitumumab suppresses EGFR signaling, preventing transcriptional activation of EPHA2
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through MAPK signaling96,97. This may explain both the significant reduction in Ki-67 index and
reduced expression of EPHA2 that I identified with PB versus vehicle controls. Increased EPHA2
expression in CRC predicts poor response to cetuximab98,99. Moreover, S897 phosphorylation of
EPHA2 can be induced in a ligand-independent manner by RSK16,20,94, AKT21 or PKA100. BP and
BB increased RSK phosphorylation compared with vehicle controls; this may be related to the
hypoxic response following inhibition of angiogenesis by bevacizumab101 and subsequent
induction of RSK hyperphosphorylation102.
In terms of gene expression, PB was the only treatment sequence to induce statistically
significant reductions in both lipogenic and hypoxia-related genes in my xenograft models
(LIM1215[B]). Moreover, changes in the lipogenic genes FASN, HMGCR, MVD, and LSS were
also demonstrated in this study. Significant suppression of FASN and MVD expression was
observed with PB, which may indicate anti-tumor activity; reduced activity of lipogenic pathways
is suggested to reduce malignancy and suppress oncogenic proliferation103. Inhibition of EGFR
signaling by panitumumab may lead to functional inhibition of sterol regulatory element binding
proteins, thereby reducing expression of lipogenic genes104,105. Given that hypoxia is known to
induce the expression of lipogenic genes106, the expression of the hypoxia-related genes TGFBI and
CA9 was examined. PB significantly reduced the expression of CA9 and TGFBI, indicative of
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reduced hypoxic response in the tumor environment. Without therapeutic intervention,
hypoxia-inducible factor-1 (HIF-1) is constantly induced in hypoxic tumors and promotes
malignant processes. The demonstrated reduction in CA9 expression is thought to be due to
panitumumab-mediated suppression of HIF-1 transcriptional activity or HIF-1 protein
expression107-109. TGFBI protein is another prognostic factor in CRC110 thought to be involved in
activation of cell proliferation, adhesion, migration, and invasion _ENREF_110111-114. Therefore,
reduced TGFBI expression, as demonstrated by PB in the current study, may contribute to the
suppression of tumor progression in the clinic.
In summary, PB has improved activity versus BP in terms of inhibition of tumor growth,
reduction of tumor cell proliferation index, reduced expression and phosphorylation status of
EPHA2, and downregulation of expression of lipogenic and hypoxia-related genes. Taken together,
these findings may explain in part the reason for the survival benefits previously demonstrated in
the clinical settings for the use of first-line anti-EGFR antibodies followed by anti-VEGF
antibodies compared with first-line anti-VEGF antibodies followed by anti-EGFR antibodies81-83.
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Tables and Figures
Table 4. TaqMan® Gene Expression Assays used for Measurement of each Gene.
Gene symbol

Gene name

Assay ID

CA9

Carbonic anhydrase 9

Hs00154208_m1

TGFBI

Transforming growth factor-beta induced

Hs00932747_m1

MVD

Mevalonate disphosphate decarboylase

Hs00964565_m1

LSS

Lanosterol synthase

Hs01552331_m1

FASN

Fatty acid synthase

Hs01005622_m1

HMGCR

3-hydroxy-3-methylglutaryl-CoA reductase

Hs00168352_m1

ACTB

Actin beta

Hs01060665_g1
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Table 5. Levels of Phosphorylated Growth Factor Receptors in LIM1215(A) Xenografts Treated
with PB, BP, and BB Relative to Vehicle Control. B, bevacizumab; P, panitumumab.
Protein name
EGFR

EPHA2
IGF2R

Phosphorylation
site
pT693 (pT669)
pS991 (pS967)
pS1166 (pS1142)
pS897
pS901
pS2049
pS2484

Fold change vs. vehicle control
BP
BB
0.70
1.04
0.71
0.82
1.02
0.81
0.77
1.07
0.68
1.43
0.84
0.95
0.91
0.89

PB
0.60
0.59
0.81
0.36
0.42
0.89
1.02
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Table 6. Enrichment Analysis of LIM1215(A) Xenografts Treated with Bevacizumab
-Bevacizumab Compared with Vehicle Control (all Canonical Pathways, p < 0.001).
Canonical pathways
p-value
Superpathway of cholesterol biosynthesis
1.3E-18
Cholesterol biosynthesis I
3.2E-12
Cholesterol biosynthesis II (via 24,25-dihydrolanosterol)
3.2E-12
Cholesterol biosynthesis III (via Desmosterol)
3.2E-12
Mevalonate pathway I
3.8E-08
Superpathway of Geranylgeranyldiphosphate biosynthesis I (via 1.8E-07
Mevalonate)
Gamma-linolenate biosynthesis II (Animals)
8.7E-06
LXR/RXR activation
5.5E-05
Epoxysqualene biosynthesis
6.3E-05
LPS/IL-1 mediated inhibition of RXR function
7.8E-05
Fatty acid activation
1.3E-04
Stearate biosynthesis I (Animals)
3.2E-04
Mitochondrial L-carnitine shuttle pathway
3.2E-04
FXR/RXR activation
5.4E-04
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Table 7. Relative Expression of Lipogenic Genes in LIM1215(A) Xenograft Tumors.
Gene

Relative expression per treatment group versus vehicle control, mean (SD)
P
B
PB
BP
BB
FASN
0.952 (0.284)
1.328 (0.436)
1.072 (0.305)
0.762 (0.369)
2.008 (0.311)
MVD
0.661 (0.301)
1.396 (0.249)
0.696 (0.060)
0.679 (0.338)
1.950 (0.459)
LSS
0.820 (0.476)
1.285 (0.234)
0.811 (0.102)
0.751 (0.393)
1.747 (0.227)
HMGCR
0.759 (0.424)
1.303 (0.142)
1.054 (0.165)
0.814 (0.298)
1.796 (0.427)
FASN, fatty acid synthase; HMGCR, HMG-CoA reductase; LSS, lanosterol synthase; MVD,
mevalonate disphosphate decarboxylase; P, panitumumab; B, bevacizumab;
PB, panitumumab-bevacizumab; BP, bevacizumab-panitumumab;
BB,bevacizumab-bevacizumab
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Table 8. Enrichment Analysis in LIM1215(A) Xenografts Treated with (A) Panitumumab
-Bevacizumab. (B) Bevacizumab-Panitumumab. (C) Panitumumab (all Canonical Pathways, p <
0.001)
Ingenuity canonical pathways altered versus vehicle control
A. Panitumumab-bevacizumab (PB)
Interferon signaling
UVA-Induced MAPK signaling
Death receptor signaling
Role of JAK family kinases in IL-6-type cytokine signaling
B. Bevacizumab-panitumumab (BP)
Role of NFAT in cardiac hypertrophy
C. Panitumumab
Superpathway of cholesterol biosynthesis
Regulation of actin-based motility by Rho
P53 signaling
Phospholipase C signaling
Mevalonate pathway I
Protein kinase A signaling
D-myo-inositol (1,4,5)-triphosphate biosynthesis
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p-value
8.9E-07
2.6E-04
4.6E-04
7.9E-04
9.8E-04
9.1E-05
1.9E-04
2.3E-04
3.0E-04
3.2E-04
5.4E-04
7.4E-04

Figure 17. Sequential treatment study design. BIW x 2, twice-weekly for two weeks; V, vehicle
control.

79

Figure 18. Antitumor effect in LIM1215(A) xenografts by treatment received. Response in the
xenograft models was assessed by average tumor volume (A, B) and relative growth rate (C).
Arrowheads indicate dosing. Arrows indicate sample harvesting. Data represent mean ± SE. (n = 3–
7. * p < 0.05). B, bevacizumab; P, panitumumab; V, vehicle control.
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Figure 19. Antitumor effect in LIM1215(B) xenografts by treatment received. Response in the
xenograft models was assessed by average tumor volume (A, B) and by relative growth rate (C, D).
Arrowheads indicate dosing. Arrows indicate sample harvesting. Data represent mean ± SE. (n =
8). * p < 0.05, *** p < 0.001. B, bevacizumab; P, panitumumab; V, vehicle control.
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Figure 20. Outcome of immunohistochemistry for Ki-67 in LIM1215(B) xenograft sections.
Proliferative rate of LIM1215 cells treated with the vehicle control (A),
panitumumab-bevacizumab (B), bevacizumab-panitumumab (C) and bevacizumab-bevacizumab
(D). Proportion of Ki-67-positive cells in all treatment groups. Sections were IHC stained for Ki-67
(brown) and counterstained with hematoxylin (purple). Representative images of the sections are
shown. Data (E) in the graph represent the mean ± SE (n = 6-8). ** p < 0.01. B, bevacizumab; P,
panitumumab; V, vehicle control.
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Figure 21. Results of western blotting in LIM1215(B) xenografts. EPHA2 and pEPHA2 (A) with
panitumumab-bevacizumab compared with bevacizumab-panitumumab. EPHA2 and pEPHA2 (B)
with panitumumab-bevacizumab compared with bevacizumab-bevacizumab. Phosphorylation of
EPHA2 for panitumumab-bevacizumab compared with bevacizumab-panitumumab (C) and
compared
with
bevacizumab-bevacizumab
(D).
RSK
and
pRSK
(E)
with
panitumumab-bevacizumab compared with bevacizumab-panitumumab and RSK and pRSK (F)
with panitumumab-bevacizumab compared with bevacizumab-bevacizumab. Phosphorylation of
RSK for panitumumab-bevacizumab compared with bevacizumab-panitumumab (G) and
compared with bevacizumab-bevacizumab (H). Data represent mean ± SD (n = 8). ** p < 0.01, ***
p < 0.001. B, bevacizumab; P, panitumumab; V, vehicle control.
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Figure 22. Relative expression of lipogenic (FASN, HMGCR, MVD, LSS) and hypoxia-related
(CA9, TGFBI) genes in LIM1215(B) xenograft tumors. Expression relative to vehicle control with
first-line treatment (A-D, I, J) is shown, and with sequential treatment (E-H, K, L). Data represent
mean ± SD (n = 8). * p < 0.05, ** p < 0.01.
B, bevacizumab; P, panitumumab; V, vehicle control.
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General Discussion
In the first chapter of this thesis, I demonstrated that the combination of panitumumab and
TAS-102 had a more robust antitumor effect than either single agent. In addition, I found that
TAS-102 induced serine/threonine phosphorylation of the EGFR. Interestingly, I also showed that
panitumumab suppressed the activation of ERK/AKT/STAT3, a malignant cancer determinant
induced by TAS-102. In the second chapter of this dissertation, I established that the sequential
administration of PB exhibited a more robust inhibition of tumor growth than BP administration. In
addition, I found that administration of PB significantly reduced EPHA2 phosphorylation as well as
genes involved in lipogenesis and hypoxia, which are also malignant cancer determinants. These
preclinical findings may provide a compelling rationale for evaluating the efficacy of a
combination of panitumumab and TAS-102 for the treatment of CRC. In addition, these studies
reveal that the administration of PB may be useful for treating CRC.
These studies were conducted with xenograft models of human CRC. There are several
limitations associated with the use of xenograft models of human cancers, including the inability of
these models to recapitulate the complexity of human cancer115. In particular, heterotopic xenograft
models, as used in the current study, cannot reproduce the complex tumor-stroma interactions of
human autochthonous colorectal carcinoma. Furthermore, xenograft tumors lack the heterogeneity
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of human tumors due to their construction from standardized cell lines. In addition, tumor
interactions with the immune system are compromised in SCID mice. There are also key
experimental design factors that differ between studies of xenograft models and cancer in the
clinical setting, including the time scales over which the tumor develops and is treated. In the first
chapter, my results does not indicate whether the combination of panitumumab and TAS-102
continue to induce tumor regression. In the second chapter, xenograft models in the current study
did not become resistant to first-line therapies as would be expected in the clinic; the two-week
experimental period was not sufficient to show resistance. Also, other potential factors contributing
to anti-EGFR antibody therapy resistance, such as protein levels of VEGF ligands and vascular
endothelial growth factor receptor (VEGFR)86,90,91, were not monitored in the current study;
VEGFA mRNA did not change in my transcriptome data, and phosphoproteomic analysis could not
detect VEGF-A and VEGFR peptides. Accordingly, further analysis of current clinical trials
(APOLLON study and PARADIGM study) is necessary to confirm the differences between human
and xenograft models.
Meanwhile, it is crucial that non-clinical data verify the importance of a drug treatment and
potential of a drug treatment efficacy before clinical trials. Since clinical samples are difficult to
obtain, and even if obtained, are difficult to analyze due to their heterogeneity and stability, it is
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important to obtain the data with non-clinical samples because they are easy to obtain and analyze.
Since several papers often suggest many hypotheses to explain their clinical trial data, evidence that
has been confirmed by non-clinical data are required.
As described above, the differences between clinical and non-clinical data are crucial for
evaluating the efficacy of antibody therapy and/or chemotherapy for the treatment of CRC.
However, solving the question of which drug to use and in what order will be a significant advance
in treating CRC. Since soaring drug costs have become a social issue, considering the combination
and sequential order of existing drugs is very meaningful from the viewpoint of reducing medical
costs. In the future, research on existing drugs is expected to increase.
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