
Abstract. Background: Clinically relevant targets for
developmental drug efficacy in animal models of cancer are
critical yet understudied parameters. Materials and Methods:
Cetuximab, a chimeric antibody to epidermal growth factor
receptor (EGFR), was administered to athymic mice bearing
subcutaneous tumors established with 13 human colorectal
cancer cell lines of varying biomarker status, defined by DNA
sequencing and RT-PCR. Results: If tumor growth inhibition
is taken as a target, as is commonly done, then in contrast to
the clinical situation where KRAS mutation strongly predicts
for a lack of clinically meaningful benefit in colorectal cancer
patients, cetuximab alone and in combination with irinotecan-
based chemotherapy were efficacious in a similar proportion
of KRAS wild-type and mutant models. It was only when tumor
regression was utilized to define relevant efficacy that
cetuximab monotherapy was efficacious in KRAS wild-type,
but not mutant models. Adding cytotoxic therapy to cetuximab
treatment increased tumor regression frequency in both
genotypes to the point that once again the response was
similar for KRAS wild-type and mutant models. Conclusion:
Our data support shifting the threshold for claiming clinically
relevant targeted therapy efficacy in subcutaneous xenograft
models towards tumor regression, rather than tumor growth
inhibition, focusing on the evaluation of tumor cells that are
addicted to the pathways being targeted. 

Over 1.2 million patients worldwide were diagnosed with
colorectal cancer in 2008 (1). Despite recent advances in
targeted, cytotoxic and combination therapies, approximately

608,000 deaths were attributed to this disease, accounting for
8% of all cancer deaths in 2008 (1). While there is clearly a
need for more effective treatment strategies, drug development
costs can exceed 800 million dollars (US) per approved drug
(2) and many drugs fail in clinical trials after considerable
investment of time and resources. For example, from 1990-
2006, only 8% of all agents tested in clinical studies in the
United States for the treatment of cancer eventually achieved
regulatory approval (3). It is therefore critical to better focus
resource investment on treatment strategies with a greater
probability of success in the clinic. Enhanced preclinical
testing offers a means of selecting these strategies.

Preclinical cancer drug development typically begins with in
vitro selection of agents targeting pathways or functions
associated with cancer progression, followed by testing in
animal models of cancer. The most frequent model type
utilized in these efforts is the subcutaneous xenograft model in
which cancer cell lines are injected under the skin of mice to
form growing tumors. Satisfactory demonstration of efficacy in
animal models is generally required for advancement into
clinical trials (4). The threshold levels of efficacy for achieving
this preclinical milestone are however not consistent or clear
across the industrial and academic communities. Typically the
threshold for activity against subcutaneous tumors in mice,
indicating that a treatment ‘works’ and should be advanced into
patients is a treatment/control final tumor volume ratio (T/C%)
of less than 50% (5-7), with a 95% level of statistical
confidence that the candidate therapy has inhibited tumor
growth compared to control treatments (4). Yet continued
tumor growth in clinical trials, even if slowed to <50% of
controls, is not considered a positive treatment response.
Moreover, reduction in the rate of tumor growth is not currently
considered justification for drug approval (8). This raises the
issue whether inhibition of tumor growth in preclinical models,
at any level, is a high enough threshold to predict for success in
the clinic, and be utilized to prioritize treatment strategies for
advancement into clinical testing.

Examples are common in which inhibition of tumor growth
has been observed in preclinical cancer models, but clinically
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relevant efficacy was not achieved in patients with comparable
treatment regimens. In preclinical pancreatic cancer models, the
chimeric epidermal growth factor receptor (EGFR) antibody
cetuximab (ERBITUX®), combined with gemcitabine therapy,
inhibited orthotopic L3.7pL tumor growth, as well as liver and
regional lymph node metastasis (9). Yet in the clinic, cetuximab
plus gemcitabine provided only a 0.4 month improvement in
median survival time compared to gemcitabine alone (10).
Bevacizumab likewise has been reported in numerous
publications to be active (inhibits tumor growth) as a
monotherapy in subcutaneous xenograft models, yet data from
clinical testing in support of the use of bevacizumab as a
monotherapy failed to demonstrate improvement in disease-free
survival for resected stage II/III colon cancer (11). As a final
example, tipifarnib, an oral nonpeptidomimetic farnesyl
transferase inhibitor, induced in vitro apoptosis in multiple
models of mantle cell lymphoma, and suppressed tumor
xenograft growth in vivo (12). Yet in a phase II trial of tipifarnib
in relapsed/refractory mantle cell lymphoma, the response rate
was low (13). There are of course examples of treatment
strategies that inhibit tumor growth in preclinical models and
which have significant therapeutic benefits in patients, including
the addition of cetuximab or bevacizumab to cytotoxic therapy
(reviewed in 14). However, the examples of strategies that have
‘worked’ in preclinical models but not in patients have led some
to question the value of preclinical cancer models, especially
those utilizing human cancer cell lines (15).

To address this concern however, the threshold for claiming
the achievement of potentially clinically relevant efficacy in
preclinical models first needs to be more specifically studied and
defined. Here we have sought to contribute towards the
establishment of such thresholds, by utilizing recent clinical
findings demonstrating a clear difference in the therapeutic
benefits of antibodies targeting EGFR in patients with metastatic
colorectal cancer harboring tumors with an activating mutation in
KRAS, compared to efficacy in patients with tumors expressing
wild-type KRAS (16). KRAS is downstream of EGFR activation
in signaling networks frequently supporting the proliferation and
survival of cancer cells (17-19). KRAS constitutive activation
therefore is thought to obviate the benefits of targeting EGFR in
cancer patients (16). 

The role of mutant KRAS as a predictor of response to
EGFR-targeted antibody therapy in colorectal cancer patients
was first demonstrated for panitumumab (20). Subsequently,
a phase II trial utilizing cetuximab therapy in 30 patients with
metastatic colon carcinoma found that a significant clinical
benefit was limited to patients identified as expressing only
wild-type KRAS (21). In a phase III trial enrolling 572
advanced colorectal cancer patients that had failed previous
chemotherapy, KRAS mutational status was again found to
predict responsiveness to cetuximab therapy (22). Overall
survival and progression-free survival in monotherapy-treated
patients harboring KRAS wild-type tumors was approximately

double that of patients receiving best supportive care, while
patients with tumors harboring mutated KRAS did not
significantly benefit from cetuximab therapy.

In the present studies, we have utilized these clinical findings
to study the translational power of defined preclinical efficacy
targets by evaluating the KRAS mutation status dependency of
cetuximab benefits in 13 subcutaneous xenograft models of
colorectal cancer. EGFR gene copy number and BRAF gene
mutation status (23) were also evaluated as additional potential
biomarkers predictive of EGFR antibody efficacy (24, 25). 

Materials and Methods

Human cancer cell lines. Human colon carcinoma cell lines
Colo320M, DLD-1, HCT-8, HCT-116, DLD-1, HT-29, LoVo,
Ls174T, SW48, SW620, and T84 were obtained from the American
Type Culture Collection (Manassas, VA, USA), and KM-12 cells were
from the Division of Cancer Treatment and Diagnosis Tumor
Repository of the National Cancer Institute (Frederick, MD, USA).
DiFi cells were kindly provided by Dr. Zhen Fan and GEO cells by
Dr. Lee Ellis. Cells were maintained at 37˚C in 5% CO2 in RPMI
1640 (Invitrogen, Carlsbad, CA, USA; Colo320DM, HCT-8, HCT-
116, KM12), DMEM (Invitrogen; DLD-1, T84), McCoy’s 5A
(Invitrogen; GEO, HT-29), DMEM/F12 (Invitrogen; DiFi, LoVo) or
MEM (Invitrogen; Ls174T) media supplemented with 10% defined
fetal bovine serum (FBS; HyClone, Lenexa, KY, USA) and 2 mM
GlutaMAX® (Invitrogen). Cells were routinely passaged utilizing
TrypLE-Express (Invitrogen) treatment. Leibovitz’s L-15 medium
(Invitrogen) supplemented with FBS and GlutaMAX was utilized to
maintain SW48 and SW620 cells, without CO2. 

Mice. Female athymic (nu/nu) mice, aged 7-8 weeks, were obtained
from Charles River Laboratories (Wilmington, MA, USA). Mice were
housed under pathogen-free conditions in microisolator cages with
laboratory chow and water available ad libitum. All experiments and
procedures were approved by an Internal Animal Care and Use
Committee and performed in accordance with the United States
Department of Agriculture and the National Institute of Health policies
regarding the humane care and use of laboratory animals. 

Treatments. Cetuximab was produced by ImClone Systems (Somerville,
NJ, USA), diluted in USP Saline (B. Braun Medical, Allentown, PA,
USA) and dosed intraperitoneally on a Monday-Wednesday-Friday
schedule at 1 mg/dose. Oxaliplatin (LKT Laboratories, St. Paul, MN,
USA) was prepared in a solution of 5% USP dextrose. Irinotecan (LKT
Laboratories) was prepared with 2.25 mg sorbitol per mg of irinotecan
in 5% dextrose. Cytotoxic therapies were administered intraperitoneally
on a q3w schedule (26). USP saline was dosed intraperitoneally
Monday-Wednesday-Friday at 0.5 ml/dose as a control. 

Irinotecan+Oxaliplatin (IROX) maximum tolerated dose (MTD). HT-29
colorectal cancer xenografts were established by injecting 5×106 tumor
cells/mouse subcutaneously as described previously (27). Tumor volume
was measured twice each week with calipers utilizing the formula:
tumor volume=(π/6 (w1×w2×w2)), where w1 represents the largest tumor
diameter and w2 represents the diameter perpendicular to w1. Mice were
randomized by tumor volume into treatment groups after the mean
tumor volume reached approximately 250 mm3. Oxaliplatin was dosed
at 18, 12, and 6 mg/kg, followed by irinotecan at 200, 150, or 100
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mg/kg. Survival, body weight and tumor volume were evaluated
throughout the studies to guide the establishment of an MTD.

Subcutaneous colorectal cancer xenograft models. Colorectal cancer
xenografts were established by injecting 5-10×106 tumor cells/mouse
subcutaneously as described above. Mice were randomized by tumor
volume into treatment groups after the mean tumor volume reached
approximately 200-300 mm3. Irinotecan (200 mg/kg) plus oxaliplatin (6
mg/kg) (IROX), irinotecan alone, and oxaliplatin alone were tested for
combination effects with cetuximab. Chemotherapy dosing started one
day prior to the start of cetuximab and saline dosing.

Statistical analysis. The treatment/control percentage (T/C%) was
calculated as 100× ratio of the relative tumor volumes (RTV) in the
experimental versus the control groups, with RTV=final mean tumor
volume/initial mean tumor volume. Tumor growth was compared by
repeated measures ANOVA using JMP Statistical software (v. 8.0;
SAS Institute, Cary, NC, USA). A tumor was considered to have
partially regressed if the final individual mouse tumor volume was
reduced by at least 30% compared to the pre-treatment value.
Regression frequency was compared by Chi-squared test. P≤0.05
was considered statistically significant.

DNA isolation. DNA was isolated from human cell lines by use of
QiaAmp DNA Mini kits (Qiagen, Valencia, CA, USA) per the
manufacturer’s instructions. 

KRAS sequencing. A polymerase-chain reaction (PCR) was performed
to amplify exon 2 of the KRAS gene in DNA samples utilizing the
following oligonucleotide primers: 5’-TAAGGCCTGCTGAAAA
TGACTG-3’ and 5’-TGGTCCTGCACCAGTAATATGC-3’. The
reaction was run on a Px2 Thermal Cycler (Thermo Electron, Rockford,
IL, USA) utilizing Platinum HiFi PCR Supermix (Invitrogen), 50-200
ng of genomic DNA, and a final concentration of 200 nM of each
oligonucleotide, according to manufacturer’s instructions. The reaction
yielded a final product of 166 base pairs (bp), confirmed by
electrophoresis on a 1.2% agarose, TAE gel. Bands from the PCR
product electrophoresis were excised and purified using QIAquick Gel
Extraction kits (Qiagen). The gel-purified PCR product was then
sequenced on an ABi Prism 3700 DNA Analyzer (Applied Biosystems,
Carlsbad, CA, USA) utilizing the oligonucleotides that generated the
product. Sequence data was analyzed utilizing Vector NTI software
(Invitrogen). 

Determination of mutations located on exon 3 of the KRAS gene in
cell line DNA samples was carried out using the same methods above
with the following oligonucleotides: 5’-GAGCAGGAAC
AATGTCTTTTC-3’ and 5’-CAGGGATATTACCTACCTC-3’. PCR
performed as described above yielded a final PCR product of 449 bp.
Attempts to sequence the 449 bp PCR product utilizing the same
oligonucleotides from the amplification step were unsuccessful. The
following exon 3-targeted primers were successfully utilized: 5’-
CCTTTGCCCATTTTTAAATTG-3’ and 5’-CTATAATTACTCCTTA
ATGTC-3’. Chromatogram data were analyzed as above for the
determination of mutation status. 

BRAF sequencing. PCR was performed to amplify exon 15 of the BRAF
gene utilizing the following oligonucleotide primers: 5’-
GACATACTTATTGACTCTAAG-3’ and 5’-GACCTTCAATGACTTT
CTAG-3’. The polymerase chain reaction was set up using Platinum
HiFi PCR Supermix, 50-200 ng of genomic DNA and a final
concentration of 200 nM for each oligonucleotide. The PCR protocol

described above was followed, yielding a 359 bp product. Bands from
the PCR product electrophoresis were excised, purified, and sequenced
as described, utilizing the oligonucleotides that generated the product.
Sequence data was then analyzed with Vector NTI software to determine
BRAF mutation status.

EGFR gene copy number. RT-PCR Copy Number Assay for the EGFR
gene was run simultaneously with a TaqMan® Copy Number Reference
Assay RNase P using RT-PCR Genotyping Master Mix (2×) in a duplex
real-time PCR (Applied Biosystems). The RT-PCR Reference Assay
detects a sequence of RNase-P H1 RNA as a control for a two copy
gene. The gene copy number for EGFR and RNAse-P H1 in each test
sample was determined using a 7500 Real-Time PCR System and
CopyCaller™ Software (Applied Biosystems). The CopyCaller™
Software utilizes a comparative CT (ddCT) method that compares the
dCT values of each cell line sample to normal human male DNA as a
calibrator sample with a known number of EGFR gene copies.

Fluorescence in situ hybridization (FISH). FISH for EGFR and the
chromosome 7 marker CEP7 was performed on formalin-fixed
paraffin-embedded DiFi and HT-29 xenograft tumor sections,
established as described above. FISH analysis was performed utilizing
the LSI EGFR Spectrum Orange/ CEP7 SpectrumGreen probe set
according to the manufacturer’s instructions (Vysis/Abbott Molecular,
Des Plaines, IL, USA). Briefly, tumor tissue sections were
deparaffinized in CitriSolc (Fisher Scientific, Pittsburgh, PA, USA) and
dehydrated through 100% ethanol. Following proteinase K digestion,
gene probes were applied. Specimens were then heated to denature
unhybridized chromosomal and probe DNA. Following washing and
dehydration, DAPI in anti-fade solution (Vector Laboratories,
Burlingame, CA, USA) was pipetted onto the specimen for nuclear
counterstaining. An epifluoresence microscope (Nikon Eclipse 90i)
was utilized to visualize EGFR and CEP7 gene signals.

EGFR immunohistochemistry (IHC). IHC on 5 μm formalin-fixed
paraffin-embedded xenograft tumor sections was performed as described
elsewhere (28).

Results

KRAS and BRAF mutation status. Potential genetic predictive
biomarkers for EGFR antibody antitumor effects were evaluated
for human colorectal cancer cell lines. Table I reports the results
of sequencing of exon 2 (encompassing codons 12 and 13) and
exon 3 (encompassing codon 61) in the KRAS gene, and exon
15 in the BRAF gene, from DNA samples isolated from 13
colorectal cancer cell lines. Six of the 13 cell lines harbored
mutations in the KRAS gene affecting amino acids 12 or 13 in
the KRAS protein (Table I). Additional KRAS mutations reported
in colorectal cancer patients affecting amino acids 61 (29) and
146 (30) were not found in the tested cell lines. Two of the KRAS
wild-type cell lines harbored a BRAF V600E mutation (Table I). 

EGFR copy number. EGFR gene copy number is another
potential biomarker for EGFR antibody response (31). By RT-
PCR, EGFR gene copy number in colorectal cancer cell lines
ranged from normal at 2 copies (Colo320DM and KM-12) to
exceedingly high at 535 copies (DiFi) (Table I). In patient
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samples, EGFR gene copy number is typically evaluated by
counting the fluorescent dots per nucleus in sections stained by
FISH. FISH analysis of patient tumors typically assigns >20
copies to tumor cells with very high EGFR copy number (32).
FISH analysis of DiFi cells in subcutaneous xenograft tumors
demonstrated a clustered pattern of EGFR gene staining (Figure
1A) similar to that reported in a subset of cells isolated from
Japanese NSCLC patients (33). This pattern would be assigned
a value of >20 copies with standard counting techniques but RT-
PCR analysis showed the copy number to be much higher than
20. Since the signal for the chromosome 7 marker CEP7 did not
show a clustered pattern in DiFi cells, these cells are considered
to be an EGFR amplified tumor cell line. For comparison, FISH
stained HT-29 cells in subcutaneous xenograft tumors generally
exhibited corresponding CEP7 staining with each EGFR dot,
indicating polysomy 7 (Figure 1B). In line with copy number
results, immunohistochemical staining for EGFR found much
higher EGFR immunoreactivity in DiFi cells than HT-29 cells
in xenograft tumors (Figure 1C, D).

IROX MTD. Cetuximab increases the antitumor effects of
oxaliplatin in preclinical models of colorectal cancer (34), and
increases the effects of irinotecan in preclinical models (27) and
colorectal cancer patients (35). IROX was therefore tested in
combination with cetuximab in an effort to maximize antitumor
efficacy. To determine the MTD of IROX, oxaliplatin and
irinotecan were combined in a matrix of combination doses in
the HT-29 subcutaneous xenograft tumor model. Oxaliplatin at
18 mg/kg, combined with 100, 150, or 200 mg/kg irinotecan,
was toxic to mice and no animals survived the first cycle of q3w
chemotherapy dosing (Figure 2A). With 12 mg/kg oxaliplatin,

no mice survived to the second dose when combined with 
200 mg/kg irinotecan, and significant weight loss was observed
with 150 mg/kg irinotecan, although all animals in the latter
group survived the entire dosing schedule. The combinations of
12 mg/kg oxaliplatin +100 mg/kg irinotecan and 6 mg/kg
oxaliplatin +200 mg/kg irinotecan did not cause significant
weight loss and all mice survived the study. In addition, these
two regimens achieved similar inhibition of HT-29 xenograft
tumor growth (Figure 2B). Based on this data, and the desire to
limit the risk of toxicity in subsequent studies, oxaliplatin at 6
mg/kg + irinotecan at 200 mg/kg was selected as the MTD of
this chemotherapeutic regimen to be utilized in combination
studies with cetuximab as reported below.

Biomarker status versus antitumor efficacy. Figure 3 reports the
efficacy (T/C% and partial regression frequency) of cetuximab,
IROX, and cetuximab+IROX in a panel of subcutaneous
colorectal cancer xenograft models, grouped by KRAS status.
T/C% is a measure of relative tumor growth where T/C%=0%
reflects complete tumor regression and T/C%=100% indicates
no treatment effect. Cetuximab+IROX combination had a better
effect than either treatment alone, according to both measures of
efficacy. Given the previously noted clinical dependence of
cetuximab therapeutic benefits on KRAS status, it is noteworthy
that two KRAS wild-type models, Colo320 and Ls174T, were
relatively resistant to cetuximab+IROX therapy (Figure 3), while
three models harboring a mutant KRAS gene, GEO, HCT-8, and
LoVo, had a T/C% of <20% with this combination (Figure 3A).
The presence of a BRAF mutation in the HT-29 and KM-12
models (Table I) did not obviously impact efficacy compared to
other KRAS wild-type models harboring only wild-type BRAF
(Figure 3). Very high EGFR gene copy number, found only in
the DiFi model, appeared to hold some predictive potential as
this model was especially responsive to cetuximab.

T/C% <50% as a target. A T/C% of <50% has been utilized as
a threshold in preclinical subcutaneous xenograft tumor models
for claiming meaningful treatment activity. Across the panel of
13 models tested, T/C% <50% (Figure 3A) was achieved with
cetuximab monotherapy in 57% of KRAS wild-type models and
50% of KRAS mutant models. For cetuximab+IROX this level
of efficacy was achieved in all KRAS mutant models and 71%
of KRAS wild-type models. Clearly had the present data been
available prior to patient testing, a target of T/C%≤50% would
not have predicted the now established difference in the clinical
benefits of cetuximab between patients harboring KRAS mutant
and wild-type tumors.

Tumor regression as a target. Figure 3B shows the effect of
cetuximab, IROX, and cetuximab+IROX on the incidence of
partial tumor regressions. The only model in which cetuximab
monotherapy significantly increased the frequency of tumor
regressions was the KRAS wild-type DiFi model (Figures 3B and
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Table I. KRAS and BRAF mutational status for colorectal cancer cell lines
utilized to establish xenograft tumors. Sequences were determined by PCR
as described in the Materials and Methods. The KM12 cell line
demonstrated a subpopulation of cells expressing the V600E mutation
(1799T>A). EGFR gene copy number was evaluated utilizing an RT-PCR
Copy Number Assay for the EGFR gene.

Cell line KRAS BRAF EGFR
Copy #

Colo320DM WT WT 2
DiFi WT WT 535
Ls174T WT WT 7
SW48 WT WT 4
T84 WT WT 10
HT-29 WT V600E Heterozygous 10
KM12 WT V600E Subpolulation 2
GEO G12A Homozygous WT 9
DLD-1 G13D Heterozygous WT 4
HCT-8 G13D Heterozygous WT 3
HCT-116 G13D Heterozygous WT 6
LoVo G13D Homozygous WT 5
SW620 G13V Homozygous WT 9



4). When cetuximab was given in combination with IROX, the
percentage of models with greater than 10% of tumors regressing
was 50% for KRAS mutant tumors and 43% for KRAS wild-type
tumors (Figure 3B).

Source of IROX combination benefits. Cetuximab+IROX
consistently achieved greater antitumor effects than either
treatment alone. To understand the treatment requirements for
this benefit, we performed studies to determine whether both
cytotoxic therapies were required to achieve a maximal effect,

or if one of the cytotoxic therapies could be omitted. In the 9
tumor models in which statistically significant combination
benefits of cetuximab+IROX were detected, a second study was
performed in which cetuximab was combined with irinotecan,
oxaliplatin, or IROX (Table II, Figure 5). The two-drug
combination of cetuximab+irinotecan consistently achieved
similar efficacy to that of cetuximab+IROX (p>0.05 by RM
ANOVA for all), unlike cetuximab+oxaliplatin. This indicates
that the contributions of irinotecan significantly exceeded that of
oxaliplatin. However, in spite of the lack of statistical
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Figure 1. Fluorescence in situ hybridization for EGFR copy number in DiFi (A) and HT-29 (B) tumors. EGFR (red), CEP7 (green), ×1200.
Immunohistochemistry for EGFR in DiFi (C) and HT-29 (D) tumors.



significance, whether considering the T/C% values (Figure 5A)
or the partial tumor regression frequency (Figure 5B),
cetuximab+IROX tended to have greater efficacy than
cetuximab+irinotecan in all 9 models evaluated.

Discussion

The decision to advance a novel cancer therapeutic into clinical
testing initiates the investment of significant resources. These
resources are both monetary and human, and include the time of
cancer patients hopeful that an experimental therapy will extend
their life. It is therefore important to rationally determine the
criteria to be utilized for prioritizing novel treatment strategies

for clinical testing. In the present research, two targets for
preclinical efficacy in subcutaneous tumors models established
in mice were considered: (i) T/C% <50% and (ii) greater than
30% reduction in tumor volume in >10% of treated mice. As a
measure of the utility of these criteria, we determined their
capacity to predict for a differential benefit of cetuximab in
colorectal cancer models harboring mutant or only wild-type
KRAS. Unexpectedly, targeting the ability to inhibit subcutaneous
xenograft tumor growth with T/C%<50% did not find KRAS
mutation status to be a response biomarker, as has been
demonstrated in colorectal cancer patients treated with EGFR-
targeted monoclonal antibodies. Tumor regression with
cetuximab monotherapy on the other hand, although infrequent,
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Figure 2. Response of HT-29 xenografts to oxaliplatin/irinotecan combination therapy. A: Percentage change in body weight and B: T/C %, calculated as
100×ratio of the relative tumor volumes (RTV) in the experimental versus the control groups, where RTV=final mean tumor volume/initial mean tumor volume. 



was only found in a model harboring wild-type KRAS. These
data support the idea that requiring more dramatic responses than
just tumor growth inhibition in preclinical models may lead to
conclusions that better translate into the clinic.

Standards utilized for a target level of preclinical efficacy in
subcutaneous tumor models have generally been in the range of
T/C% ≤ 42-50% (6 and 7), although statistically significant
(p<0.05) tumor growth inhibition at T/C% ≥ 50% has also been
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Figure 3. Response of 13 subcutaneous colon carcinoma xenograft models to treatment with cetuximab, irinotecan+oxaliplatin (IROX), and cetuximab+IROX.
A: T/C% and B: percentage of animals per group with partial tumor regressions (>30% reduction in tumor volume compared to pretreatment tumor volume)
in models established with the indicated human colorectal cancer cell lines. Treatment duration ranged from 15 to 46 days, guided by the aggressiveness of
each model (n=12 mice per treatment group). Cells are grouped into KRAS wild-type (wt) and mutant (mut), as detailed in Table I. 



reported as a positive result (e.g. 36 and 37). In the clinic,
continued tumor growth is considered progressive disease (8), so
the rationale for advancing drugs under standards such as T/C%
<50% without requiring tumor regression is likely related to the
belief that when hundreds of patients are tested in clinical trials,
individual patients may have objective responses (tumor

regression) to treatment, even if responses were not observed in
animal models of cancer. In other words, tumor growth-
inhibitory effects detected in animal models may be predictive
for objective responses in some patients, utilizing Response
Evaluation Criteria in Solid Tumors (RECIST) (38) criteria to
define response (e.g. 30% decrease in the sum of longest
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Table II. Efficacy of the indicated treatments as measured by T/C% and the number of animals per treatment group with partial tumor regressions
(number regressed animals/total number of animals in the treatment group).

Cetuximab + Oxaliplatin Cetuximab + Irinotecan Cetuximab + IROX

Tumor model T/C% Partial regressions T/C% Partial regressions T/C% Partial regressions

KRAS WT
SW48 60% 0/12 17% 3/12 12% 5/12
T84 46% 3/12 22% 5/12 19% 7/12
HT-29 62% 0/12 47% 0/12 24% 0/12
KM-12 69% 0/12 49% 0/12 35% 0/12

KRAS MUT
DLD-1 66% 0/12 50% 0/12 37% 0/12
GEO 20% 1/12 13% 5/12 8% 9/12
HCT-8 51% 0/12 39% 0/12 27% 2/12
HCT-116 90% 0/12 41% 0/11 34% 1/12
LoVo 28% 2/12 14% 6/12 5% 7/11

Figure 4. Effect of cetuximab+IROX in the DiFi human xenograft model. A: Effect of treatment on the growth of DiFi xenograft tumors and B: percentage
of animals per group with tumor regressions. Regression was defined as a 30% reduction in tumor volume at the end of treatment compared to day 0,
where the formula end tumor volume–(day 0 tumor volume ×0.7) yielded a negative number. Bars, ±S.E.M. 



diameters of target lesions). One clear method to evaluate this
rationale is to compare well-accepted treatment-related findings
reported in patients to the effects of treatment in cancer models. 

Recently it has been demonstrated that the EGFR antibodies
cetuximab (21 and 22) and panitumumab (39) have a clinically
meaningful benefit in colorectal cancer patients with tumors
harboring wild-type but not mutant KRAS (also see above). In
recognition of this, the American Society for Clinical Oncology
in 2009 issued a Provisional Clinical Opinion that patients with
colorectal cancer who are candidates for EGFR antibody therapy

should be tested for KRAS mutations, and those with mutations
in codons 12 or 13 should not receive this therapy (40). However
a somewhat more complicated story is emerging, indicating that
the impact of KRAS mutation on cetuximab efficacy may differ
depending on the specific mutation. In particular, a retrospective
study found that patients with the G13D mutation had longer
overall survival in response to cetuximab than patients with other
KRAS mutations (41). This result was not consistent with a lack
of preclinical efficacy reported for cetuximab in an early passage
colon tumor xenograft model established with cells harboring a
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Figure 5. Tumor response to treatment with cetuximab+IROX, cetuximab+oxaliplatin, and cetuximab+irinotecan. A: T/C% and B: percentage of animals
per group with partial tumor regressions (>30% reduction in tumor volume compared to pretreatment tumor volume) in models established with the
indicated human colorectal cancer cell lines. Models selected were those that showed a significant combination benefit of cetuximab+IROX in studies
reported in Figure 3. Treatment duration ranged from 28 to 60 days, guided by the aggressiveness of each model (n=12 mice per treatment group).
Cells are grouped into KRAS wild-type (wt) and mutant (mut), as detailed in Table I. 



G13D KRAS mutation (37), although the weekly doses of
cetuximab and irinotecan utilized in this preclinical model were
12- and 27-fold less, respectively, than that utilized in the present
research that focused on maximum achievable effects.
Nevertheless, while the impact of KRAS mutation on cetuximab
efficacy may differ depending on the specific mutation, the
clinical findings indicating that a majority of patients with KRAS
mutations in codons 12 or 13 fail to have clinically relevant
benefits in response to cetuximab provide a means to evaluate
proposed thresholds for preclinical activity.

When an efficacy standard of T/C%<50% was tested in 13
preclinical models of colorectal cancer, treatment with cetuximab
or cetuximab+IROX inhibited tumor growth in KRAS mutant
and wild-type models with very similar frequency. Therefore
utilization of this target for preclinical activity would not have
predicted for the dramatic difference in the efficacy of EGFR
antibodies established in patients. It should be noted that this
result is derived from the comparison of patient data with
preclinical data, with regard to one example; response in KRAS
mutant versus wild-type subcutaneous xenograft colorectal
cancer models. Additional comparisons will therefore be
necessary to strengthen this conclusion. However, when the aim
is to utilize preclinical data to predict for treatment benefit in the
clinic, our findings clearly suggest that inhibition of tumor
growth without tumor regression in preclinical models should be
considered progressive disease as it is in patients, rather than an
example of drug activity supporting clinical development.

Tumor regression with cetuximab monotherapy in our models
aligned with the clinical findings, namely that cetuximab only
induced a significant frequency of tumor regressions in a KRAS
wild-type model, DiFi. Tumor regression indicates significant
tumor cell death, often by apoptosis in response to cell damage
caused, for example, by DNA-damaging chemotherapies. The
cell death program may in addition be initiated by blocking the
molecular pathways keeping pre-existing cellular damage or
abnormalities from having this effect.

Tumor cell death in response to the targeting of a single
molecular pathway is evidence of a pathway addiction under
which some cancer cells survive and proliferate (23, 42). DiFi is
an example of a cell line exhibiting an addiction to the EGFR
pathway, accomplished through the 250-fold amplification of the
EGFR gene, resulting in very high expression of this growth
factor receptor (43). Amplification of the EGFR gene in
colorectal cancer patients has been associated with clinical
benefit for panitumumab and cetuximab (23, 24, 44), supporting
the potential relevance of the findings with the DiFi model.
Notably in the present work, tumors established with colorectal
cancer cell lines exhibiting up to a 5-fold increase in EGFR gene
copy number compared to normal were not addicted to the
EGFR pathway, given the lack of significant regressions with
cetuximab therapy. This suggests that very high copy number,
much greater than 10, will be predictive of response to EGFR
antibody therapy. 

Tumor regression with cetuximab+IROX, as with
T/C%<50%, did not predict for KRAS mutation as a response
biomarker for this combination therapy, in spite of the fact that
cetuximab was required to achieve significant regressions. The
efficacy of cetuximab+IROX in preclinical models was mostly
due to the combination of cetuximab+irinotecan. In the clinic,
the benefits of cetuximab+irinotecan have also been reported to
be dependent on KRAS mutation status (25) so the finding of
similar frequencies of KRAS mutant and wild-type models with
significant tumor regressions indicates this criterion is lacking in
its ability to generate conclusions that translate into the clinic for
strategies combining a targeted agent with cytotoxic therapy.

Xenografts established with the GEO cell line, which is
homozygous for the G12A KRAS mutation, had significant
regression with cetuximab+IROX therapy. The responsiveness
of this cell line to EGFR ligand, despite a mutated constitutively
active KRAS, may be due to signaling through other RAS
isoforms (45). Thus this cell line may not be representative of
the typical KRAS mutant cancer cell that contributes towards
disease progression and reduced survival in patients. Likewise,
the G13D mutation expressed in the SW48 colorectal cancer cell
line does not obviate the need for EGFR activity in support of
tumor progression (41). These data suggest that KRAS mutation
in certain cellular environments may not always predict for a
lack of benefit of EGFR antibodies. In support of this, although
not satisfying RECIST criteria for response, stable disease was
noted as a response to cetuximab monotherapy in 3 out of 30
patients with KRAS mutant colorectal cancer (46). Others have
even reported rare objective responses with cetuximab alone or
in combination with chemotherapy in patients with KRAS mutant
colorectal cancer (41).

In fact the ability of cetuximab to reduce tumor growth and
increase the effects of chemotherapy in most colorectal cancer
models utilized in the present study, independent of KRAS status,
may indicate that tumor growth can be slowed in patiens with
KRAS mutant by EGFR antibody therapy, even though an
important clinical benefit on survival or tumor regression is not
achieved. This impact of EGFR in cancer cells harboring mutant
KRAS may be related to signaling downstream to EGFR, outside
the KRAS pathway (47 and 48). Given the potential for an
impact of EGFR antibodies in KRAS mutant colorectal cancer
that fall below the threshold of RECIST criteria, it is important
to note the continued decrease in T/C% and increase in
regression frequency when adding oxaliplatin to
cetuximab+irinotecan, in every model tested. Results such as
these leave open the possibility that although EGFR antibodies
are not currently achieving meaningful clinical benefits with
current treatment regimens in KRAS mutant colorectal cancer,
agents targeting EGFR may still be of benefit in future
combination strategies for KRAS mutant colorectal cancer.

In conclusion, models for human disease are utilized because
it is not feasible to test the existing volume of novel treatment
strategies in patients. Yet clinical testing is in the end required to
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establish meaningful benefits, making prioritization a major
function of testing in models. In cancer research, the
subcutaneous xenograft tumor model established with tumor cell
lines is the workhorse of many laboratories, due to the volume of
models available, the efficiency of testing many treatment
strategies, and the ease of assessment of treatment efficacy. Here
we have utilized clinical findings to evaluate criteria for
treatment efficacy to be utilized to claim that a treatment ‘works’
in such models and should be advanced to clinical testing. Our
results indicate that criteria should be elevated from current
standards, in that major tumor responses, including regression,
should be sought. In particular, for targeted therapies, models
should be screened for examples of tumor cells addicted to the
pathway(s) being targeted to support testing in patients.
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