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Introduction

Epidermal growth factor receptor (EGFR or HER1) is a
member of the human epidermal growth factor receptor
(HER) tyrosine kinase family which controls cellular events
including cell proliferation, differentiation and cell death.
Over-expression of HER1 is seen in many tumours,
including prostate, colorectal and almost 50% of breast
cancers,1 and is associated with increased metastatic
potential and poor prognosis. HER1 ligands including EGF,
transforming growth factor-α (TGFα), and heparin-binding
EGF and receptor binding induces activation of several
intracellular pathways with cellular responses including
proliferation, differentiation, motility and metabolism. 

The HER family of receptor tyrosine kinases consists of
four members (HER1–4). Each consists of an extracellular
ligand-binding domain, a transmembrane region and an
intracellular tyrosine kinase moiety. Ligand binding to the
extracellular domain of HER1 enables its dimerisation with
another HER molecule, bringing together their intracellular
tyrosine kinase moieties and facilitating cross
phosphorylation. Dimers activated by this process then act
as activators of the intracellular signalling pathways
MAPK/MEK/Erk and PI3K/PKB/Akt.2 Increased activation of
these pathways has been demonstrated in tumour tissue
compared with normal tissue – paired tissue samples from
colorectal cancer patients stained with antibodies against
EGFR, phospho-EGFR (pEGFR), Akt, pAkt, MAPK and
pMAPK were found to have higher levels of pEGFR and its
downstream effectors Akt, pAkt, MAPK and pMAPK in
cancerous colorectal lesions when compared with normal
colorectal tissue.3

A number of anticancer agents have been developed to
interfere with HER-activated processes including the small
molecules gefitinib and erlotinib, which act at the active site

of the tryrosine kinase by competing with ATP.4 Antibodies
such as cetuximab bind to HER1, preventing interaction
with its endogenous ligands, EGF and TGFα, resulting 
in internalisation of the receptor without causing
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ABSTRACT

Cetuximab, an anti-HER1 (EGFR) antibody, is currently
under trial for the treatment of breast cancer. HER1
expression is not necessarily a predictor of response to
cetuximab as mutant components of the pathways activated
by HER1 which include PI3K/Akt can lead to resistance.
Techniques that monitor events downstream of HER1 are
more likely to provide an accurate measure of the efficacy of
an anti-HER1 treatment. Glucose metabolism has been
shown to be strongly influenced by the state of activation of
PI3K/Akt. Here, the association between [18F]-FDG
incorporation in breast cancer cells during response to
cetuximab is investigated. The study also reviews the
development of medical imaging probes that target HER1
The sensitivity to cetuximab of three breast tumour cell lines,
SKBr3, MDA-MB-453 and MDA-MB-468, expressing HER1
at low and high levels, are determined using an MTT assay
over a six-day period and a clonogenic assay carried out
after seven- and 10-day exposures. Incorporation of FDG by
cells treated with growth inhibitory doses of cetuximab were
carried out after 4 h and two, four and six days of treatment.
Glucose transport (rate of uptake of the non-metabolisable
analogue [3H]o-methyl-D-glucose), hexokinase activity and
lactate production were measured on cells treated with
inhibitory doses of cetuximab for six days. The IC50 dose for
MDA-MB-468 cells and the IC10 (maximum achievable
inhibition) doses for MDA-MB-543 and SKBr3 treated with
cetuximab for six days were 2.6, 5 and 148 µg/mL,
respectively. Incorporation of FDG by SKBr3 and MDA-
MB-453 cells was found to be decreased by MDA-MB468
cells using IC50 and IC20 doses of cetuximab for six days.
Lactate production was found to be increased by MDA-MB-
468 cells responding to cetuximab. Incorporation of FDG 
at the tumour cell level is modulated by treatment with
growth inhibitory doses of cetuximab in cells sensitive to
cetuximab due to modulation of HK activity. 
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phosphorylation of receptor-associated tyrosine kinase.5

Binding of cetuximab results in down-regulation of mutant
but not wild-type HER1 and inhibition of phosphorylation
of MAPK and Akt.6 Screening of patients for suitability for
treatment with cetuximab currently involves fluorescence 
in situ hybridisation (FISH) to measure HER1 gene copy
number,7 or immunohistochemistry (IHC) to detect HER1
protein expression. 

However, gene copy number does not always correspond
with increased expression of the gene at the protein level.
Furthermore, disparity of HER1 expression between
different parts of the same tumour and also between a
primary tumour and its metastases8,9 compromises the
reliability of treatment decisions based on determining
receptor status on biopsied material taken only from the
primary tumour. Detection of tracers targeted to HER1 using
medical imaging techniques enables a global approach to
HER1 status assessment, facilitating determination of HER1
density averaged over all cells within each detectable lesion.
Consequently, the development and application of imaging
agents that target HER1 that can be detected using medical
imaging procedures has been the subject of many studies. 

Imaging HER1 
Several imaging modalities can be applied to detect cell
surface receptor expression in vivo, including magnetic
resonance imaging (MRI), single photon emission
tomography (SPECT), positron emission tomography (PET),
near-infrared (NIR) fluorescence and ultrasound. Molecular
imaging requires the administration of a targeted tracer
which homes in on the molecule of interest. The targeting
moiety of the tracer which interacts specifically with the
antigen of interest can be an antibody such as cetuximab.
Attached to the targeting component is a beacon, the nature
of which depends on the imaging modality employed. In the
case of PET, emitted positrons interact with an electron and
annihilate within a few millimetres of the decaying nucleus,
producing two almost antiparallel gamma rays. These are
detected by the PET camera, which consists of a ring of
detectors located around the patient. Commonly for PET
tracers such as antibodies, these include positron-emitting
nuclides of metals such as 64Cu (t1/2 [half-life])=12.8 h) or 89Zr
(t1/2=78.4 h). Single photon emission tomography is a nuclear
medicine imaging technique that can provide three-
dimensional (3D) images by detection of gamma rays
emitted from a targeting moiety labelled with a gamma-
emitting nuclide, and SPECT tracers are commonly labelled
with 99mTc (t1/2=6 h) or 111In (t1/2=2.8 d). Metal nuclides are
attached via a chelator such as diethylenetriaminepentaacetic
acid (DTPA) to the targeting moiety. Labels for magnetic
imaging probes are paramagnetic in nature, causing
localised perturbations in water proton relaxation
parameters. 

Antibody-based HER1-targeting tracers
Milenic et al.10 produced the SPECT tracer [111In]-CHX-A-
DTPA-cetuximab and examined its binding to xenografts
derived from tumour cells from several tumour types – 
DU-145 (prostate), LS174T (colon), HT-29 (colon), SKOV-3
(ovary), SHAW (pancreas) and A375 (melanoma) – expressing
a range of HER1 levels. The correlation between [111In]-CHX-
A-DTPA-cetuximab binding and tumour cell expression of
HER1 determined in vitro was poor. The highest uptake was

exhibited by HT-29 cells which express HER1 only at
intermediate levels and have been shown to be non-
responsive to cetuximab treatment.11 They concluded from
this that the use of radiolabelled cetuximab may be an
appropriate therapy agent in cetuximab-resistant tumours
which express HER1. 

Barrett et al.12 used 111In to label cetuximab and also the
HER2 targeting antibody trastuzumab (Herceptin). The two
antibodies were also labelled with different coloured
fluorescent tags which could be detected using NIR imaging.
Single photon emission tomography imaging detected
tumours expressing HER1 and HER2 in mice which had
been implanted in opposite flanks. However, using NIR
imaging, discrimination between HER1- and HER2-
expressing tumours could be achieved in vivo. Although
fluorescence imaging is restricted to superficial tissues, 
NIR wavelengths (650–900 nm) are not absorbed efficiently
by haemoglobin, fat and muscle so are quite deeply
penetrating.

The nuclear decay characteristics of 64Cu (t1/2 =12.7 h),
including the relatively low energy (<0.7 MeV) of its emitted
positrons (β+), make it an excellent PET nuclide with respect
to image quality. Eiblmaier et al.13 demonstrated that binding
of the DOTA-cetuximab conjugate labelled with 64Cu to five
cervical cancer cell lines corresponded with HER1 gene
expression. Cai et al.14 showed that uptake of [64Cu]-DOTA-
cetuximab by xenografts derived from cancer cell lines
exhibiting a broad range of HER1 expression – high: PC-3
and U87MG, medium: HCT-8 and CT-8, and low: HCT-116,
SW620 and MDA-MB-453 – showed a strong correlation
with HER1 protein expression determined by Western blot.
Unfortunately, the application of [64Cu]-DOTA-cetuximab to
the imaging of liver metastases, commonly associated with
colorectal tumours, is limited due to the high levels of liver
uptake probably as a result of hepatobiliary excretion of
transchelated 64Cu.14 Despite this drawback, imaging of
HER1 using [64Cu]-DOTA-cetuximab has successfully
demonstrated degradation of HER1 in the EGFR-expressing
tumour cells PC3 during treatment with 17-allyamino-17-
demethoxygeldanamycin (17-AAG), an inhibitor of the
chaperone Hsp90, a protein that ensures the correct
confirmation of several molecules including HER1, HER2
and Akt. Uptake was found to be significantly decreased by
tumours in treated mice, compared with uptake by
untreated tumours in untreated mice, 4 h and 24 h after
injection, corresponding with decreased expression of
HER1.15

The zirconium nuclide 89Zr is a positron-emitting nuclide
with a t1/2 of about 78 h and, like 64Cu and 68Ga, remains
within the cell’s lysosomes (residualisation) after the
antibody has been internalised. Aerts et al.16 produced
desferrioximine-conjugated cetuximab to facilitate labelling
with 89Zr. The tracer was administered to mice bearing
xenografts derived from A431, U-373 MG, HT-29 and T47-D
tumour cell lines which express HER1 at high, medium,
medium and low levels, respectively. Uptake of this tracer
was highest in the two xenografts derived from cells
expressing medium levels of HER1, and uptake in the cells
with only low HER1 expression was correspondingly low.
However, the high HER1 expressing A-431 cells only
exhibited modest uptake of [89Zr]-cetuximab with tumour to
blood ratio not exceeding 1.5:1, suggesting that the
microenvironment within some tumour types may influence



the ability of relatively large molecules like cetuximab to
reach their targets.

Antibodies to HER1 have been labelled with the iodine
nuclides. The LA22 anti-HER1 monoclonal antibody was
labelled with 125I by Zhao et al.17 and demonstrated specific
HER1 binding to HT-29 human colonic cancer cells with a
KD of 3 nM. 124I is a positron-emitting nuclide with a t1/2 of
4.2 days so it is commonly used to label whole antibodies by
attachment to tyrosine residues. However, internalisation of
iodine-labelled antibodies results in dehalogenation and loss
of 124I from the tissue. To improve the stability of the
iodoninated anti-HER1 antibody, the 124I was first
incorporated into the peptide IMP-R4,18 which was then
conjugated to the antibody. When tested in mice bearing
HER1-expressing xenografts, the tumour to blood ratio
increased with time, reaching 5:1 by 120 h post- injection of
124I-labelled anti-HER1 antibody. 

Other nuclides used to label cetuxmab include 86Y,19 using
the bifunctional chelate CHX-A”-DTPA. The tracer exhibited
good tumour uptake by HER1-expressing tumours and
relatively low liver uptake. However, the energy of the 
β+ emitted by 86Y is high (3.1 MeV), contributing to poor
image quality. 

Anti-HER1 nanobody- and affibody-based tracers 
for HER1 imaging
Patient scanning is carried out a sufficient interval after
tracer administration to allow tracer that has not become
associated with its target to be cleared from the blood. The
long blood residency times of whole antibodies precludes
their labelling with relatively short-lived radioisotopes such
as 68Ga, as the time required for clearance is far longer than
the t1/2 of the nuclide. The use of a cetuximab fragment
consisting of a single chain variable region with a molecular
weight of less than 30 kDa has been radiolabelled but the
receptor affinity for the fragment was five-fold lower than
for the whole molecule.20 The endogenous HER1 ligand
hEGF has a molecular weight of only 6.2 kDa and exhibits
rapid renal clearance so can be labelled with short-lived
isotopes such as 68Ga (t1/2=68 min), achieved using the
chelating group DOTA. 68Ga has the advantage that it can be
produced from a 68Ge/68Ga generator which is commercially
available, enabling its application at PET facilities that do not
have a cyclotron. Uptake of the tracer by A431 carcinoma
cells and by U343 glioma cells has been demonstrated.
Uptake by A431 xenografts achieved a tumour uptake of
2.7% ID/g with a tumour to blood ratio of 4.5 after 30 min.
HER1 is highly expressed by the liver and, in common with
other HER1 ligands, very high liver (>30% ID/g) and kidney
(>40% ID/g) uptake was demonstrated.21

Recently, a number of small HER1-targeting molecules
have been developed and radiolabelled for HER1 imaging,
including nanobodies22,23 and affibodies.24,25 Nanobodies are
antigen-binding fragments from immunoglobulins found in
the serum of Camelidae species whose immunoglobulins
comprise only heavy chains.22 These fragments are
approximately 15 kDa in size. Affibodies are affinity proteins
consisting of 58 amino acids. They exhibit high affinity for
their target molecules and, due to their small size (6.5 kDa),
are cleared rapidly by the kidney. Anti-HER1 affibodies have
the same binding site on the HER1 as EGF and cetuximab
and are internalised after binding.24

Affibodies have been labeled with 111In and 125I for SPECT

imaging,26,27 64Cu for PET imaging,25 and with fluorescent
probes28,29 for detection using a fluorescence imager.

Colorectal tumours commonly metastasise to the liver.
However, the high liver uptake of HER1-targeting molecules
will obscure uptake by such metastasis. To overcome the
uptake by non-tumour liver tissue, a number of studies have
tried co-administration of radiotracers with unlabelled
tracer. Kareem et al.27 showed that administration of cold EGF
or anti-HER1 affibody with the radiolabelled EGF or anti-
HER1 improved the tumour to liver ratio of radiolabelled
EGF by blocking its uptake by the liver. Thus, intraperitoneal
injection of non-radiolabelled EGF before intravenous
injection of [125I]- or [111In]-labelled EGF or anti-HER1
affibody molecule Z(EGFR:955)2 administered 30 min before 111In-
EGF significantly decreased [125I]-EGF uptake by the liver,
thereby increasing the tumour to liver ratio. 

Nordberg et al.24 also compared the uptake and retention
of 125I- and 111In-labelled versions of the dimeric affibody
Z(EGFR:955)2 by A431 xenografts. More 111In than 125I was retained
by A431 cells as metals tend to become trapped by
lysosomes, whereas halogens can be released after
internalisation of the HER1/HER1-targeting complex. In vivo
uptake by A431 xenografts reached 3.8% at 4 h. A
tumour/blood ratio of 9.1 was achieved within 24 h, which
compared favourably with the natural ligand EGF (3.0) and
the whole antibody (1.5). High uptake of 111In was found in
the kidney due to renal excretion and reabsorption of small
proteins. This could not be inhibited by cold Z(EGFR:955)2.
However, high uptake by the liver could be inhibited by cold
Z(EGFR:955)2. Similarly, affibody uptake by xenografts formed
from A431 cells labelled with [64Cu]-DOTA-Z(EGFR:1907)
showed improved tumour to liver ratio by inclusion of 50 µg
cold affibody with the radiolabelled [64Cu]-DOTA-Z(EGFR:1907)

(5 µg).25 The [64Cu]-DOTA-Z(EGFR:1907) was found to be resistant
to transchelation by serum constituents.25

Gong et al.28 labelled anti-HER1 affibodies with NIR
fluoropores and were able to detect xenografts derived from
HER1-overexpressing A431 tumour cells in vivo using a
fluorescence imager from 1 h post-injection. Gostring et al.29

conjugated the HER1 targeting molecules EGF, cetuximab and
the EGFR-binding affibody Z(EGFR:1907) with the fluorescent
marker Alexa488 and measured the rate of internalisation
using an Alexa488-quenching method in which the
fluorescence from Alexa488 is measured in the presence and
absence of anti-Alexa488 antibody, which quenches
fluorescence from extracellular Alexa488-labelled molecules.
Using this method 45% of EGF and cetuximab, and about 20%
of the affibody were found to be internalised within 1 h. These
findings were corroborated using ligands labelled with 111In
using an acid wash procedure to remove non-internalised
ligand. The fluorescence quenching technique has the
advantage that not all ligands that include the anti-HER1
affibody are susceptible to the acid hydrolysis procedure. 

Receptor internalisation can be exploited for the cellular
delivery of molecular conjugates. A novel bispecific
immunoconjugate, [111In]-labelled EGF-anti-p27KIP1 consisting
of EGF conjugated with anti-p27KIP1, 111In-DTPA and a nuclear
localising sequence, was synthesised by Cornelissen et al.30

The EGF component facilitates binding to HER1 and
internalisation of the molecule. The anti-p27KIP1 component
binds to the downstream cyclin-dependent kinase 1, p27KIP1,
to probe its expression by cells during treatment with anti-
HER2 therapy.30
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Tyrosine kinase inhibitors
A number of tyrosine kinase inhibitors have been developed
as anticancer agents targeting the active site on the
intracellular component of HER receptors. Positron emission
tomography tracers based on 18F and 124I versions of some of
these agents have been produced, but their performance as
imaging agents has proved disappointing. Su et al.31

synthesised 18F-labelled gefitinib and determined its uptake
in vitro and in vivo by U87 cells which express low levels of
HER1, and in U87-EGFR cells in which the HER1 had been
transfected. They also examined the effect of HER1 kinase
mutations on [18F]-gefitinib uptake by two human non-small
cell lung carcinoma (NSCLC) cell lines, H3255 and H1975.
Both express a point mutation (L858R) which confers high
sensitivity to getifinib, but H1975 also carries a further
mutation that makes it resistant to gefitinib. In tumour-
bearing mice, the lipophilic [18F]-gefitinib exhibited rapid
hepatobiliary excretion with uptake by the liver dominating
the images. There was little difference in uptake between
tumours in vivo, which was attributed to a high degree of
non-specific binding of [18F]-gefitinib (due to the lipophilicity
of gefitinib, possibly resulting in non-targeted binding in cell
membranes), as incubation of cells with non-labelled
gefitinib only decreased binding of labelled gefitinib by one
of the cell lines. 

In contrast to gefitinib, ML04, a derivative of the 
4-dimethylamino-but-2-enoic acid (4-[phenylamino]-
quinazoline-6-yl)-amide group, is an irreversible tyrosine
kinase inhibitor, as sustained inhibition of HER1
phosphorylation occurs even after removal of ML04 from
the growth medium. However, as with [18F]-gefitinib, 
[18F]-ML04 exhibited predominantly non-specific binding
when imaged in mice bearing HER1-overexpressing
xenografts.32

More encouraging results have been achieved33 using
morpholino-[124I]-IPQA ([E]-But-2-enedioic acid [4-(3-
[124I]iodoanilino)-quinazolin-6-yl]-amide-[3-morpholin-4-yl-
propyl]-amide) that selectively, irreversibly and covalently
binds to the activated (phosphorylated) HER1 kinase, but
not to the inactive (non-phosphorylated) HER1 kinase.
A431, an NSCLC tumour cell line which overexpresses
HER1, a U87 cell line in which mutant HER1 had been
transfected which expresses a high level of active
phosphorylated HER1, and U87 wild-type cells were
incubated with this molecule and uptake and washout
measured during serum starvation (to deactivate HER1).
Rapid uptake by all three tumours was observed but the two
cell lines overexpressing HER1 retained higher levels of
activity than did the U87 wild-type cells. Uptake by
xenografts derived from A431 was three times higher than
by xenografts derived from K562 cells grown in either rats or
mice which do not overexpress HER1. 

Effect of mutations in effectors downstream of HER1 
on response to anti-HER1 
Although tumour HER1 expression can be a useful indicator
for treatment with anti-HER1 therapies, factors downstream
of HER1 will modulate the therapeutic efficacy of such
treatments.34,35 Mutated K-ras is associated with a state of
pathway activation and resistance to cetuximab treatment.
Other factors downstream of the HER1 pathway are also
associated with resistance to cetuximab.36 In a study4 of 78
lung cancer patients treated with gefitinib, six tumours had

K-ras mutations and did not respond to gefitinib, two
patients with PIK3CA showed partial response, but in
patients with HER1 mutations survival was longest in those
with high PIK3CA or PTEN expression. Personeni et al.7 also
showed that the potentially beneficial role of high HER1
expression in colorectal cancer patients treated with
cetuximab was counteracted by the presence of K-ras
mutations. 

Use of [18F]-FDG to measure response to anti-HER1 treatment
Changes in the activation of the Akt pathway have been
shown to cause increased glucose metabolism, while
disruption of the PI3/Akt pathway by inhibition of PI3K
results in decreased glucose consumption.37 Park et al.38 have
shown, in a retrospective study of 53 patients with lung
adenocarcinomas, that high [18F]-FDG incorporation was
associated with increased HER1 gene copy number. 
Huang et al.39 have recently shown, in a study of 77 patients
with advanced stage IIIB or IV lung adenocarcinoma in
whom [18F]-FDG PET and HER1 mutation analysis was carried
out on treatment-naïve patients, that [18F]-FDG uptake was
significantly higher in HER1-mutant (10.5+4.7) compared to
wild-type (8.0±3.3) lung adenocarcinoma patients. 

CI-1033 is a quinazoline-based irreversible inhibitor that
acts by alkylating a cysteine in the kinase domain of HER
proteins, blocking catalytic activity and downstream
signalling. Dorow et al.40 examined the effect of treating A431
xenografts with CI-1033 on uptake of [18F]-FDG, [18F]-FLT and
the tumour hypoxia marker [18F]-FAZA. Uptake was
measured in untreated and treated tumours. All three tracers
exhibited significant decreases in uptake after six or seven
days of treatment. Changes in [18F]-FDG uptake correlated
with decreased glut-1 expression by CI-1033-treated
tumours compared with controls, while [18F]-FLT, a tracer
phosphorylated by thymidine kinase, correlated with
changes in BrdU incorporation, a measure of DNA synthesis,
on day 6 of treatment.

In this study, we investigate the association between [18F]-
FDG incorporation and breast cancer response to the anti-
HER1 antibody cetuximab in the breast tumour cell line
MDA-MB-468, which shows high-level HER1 expression,
and in two cells lines (SKBr-3 and MDA-MB-453) that
express HER1 at low levels. Growth inhibition is determined
using an MTT assay and verified using a clonogenic assay.
Glucose transport and hexokinase activity, which influence
[18F]-FDG incorporation and are sensitive to changes in the
activity of the PI3K/Akt intracellular pathways, are also
determined. 

Materials and methods 

All chemicals were obtained from Sigma-Aldrich (Poole, UK)
unless otherwise stated. Cell lines were obtained from the
American Type Culture Collection (ATCC) (Manassas,
Virginia, USA).

Cells and treatments
SKBr3, MDA-MB-453 and MDA-MB-468 cells were cultured
in DMEM (Invitrogen, Paisley, UK), supplemented with 
50 units/mL penicillin, 50 µg/mL streptomycin and 10% fetal
bovine serum (FBS) for maintenance and 2% FBS during
drug incubations. 



MTT assay 
Cell suspensions (100 µL; 1500 SKBr3 cells and MDA-MB-453
cells, 750 MDA-MB-468 cells) were seeded in 96-well plates
and incubated at 37˚C overnight. Medium (100 µL)
containing cetuximab (final concentrations SKBr3: 
0.1–250 µg/mL; MDA-MB-453: 0.1–250 µg/mL; MDA-MB-468:
0.01–10 µg/mL) was added to each well (200 µL/well) and the
plate returned to the incubator. A background of 200 µL
medium and a control of 200 µL medium and cells were also
prepared. After six days, 50 µL MTT was added to each well
and incubated for 3–4 h. The medium was then aspirated
and replaced with 200 µL dimethyl sulphoxide (DMSO). The
plate was then read at 570 nm in a scanning multiwell
spectrophotometer (Dynatech MR5000, Dynatech
Labarotaries Chantilly, VA, USA) after a 30-sec agitation (test
filter: 570 nm, reference filter: 690 nm) and the readings
analysed using Biolinx 2.0 software (Biolinx 2.0, Dynatech
Laboratories).

Colony formation
The ability of SKBr3 and MDA-MB-453 cells treated
continuously with cetuximab (IC5 and IC10) and MDA-MB-
468 cells (IC20 and IC50) to proliferate was determined by
seeding cells in 25 cm2 tissue culture flasks (20,000 per flask
in triplicate per treatment) and assessing the number of cells
that formed colonies of at least 25 cells after seven days and
at least 50 cells by day10 (results expressed relative to control
flasks). Colony counts were carried out using a Nikon
Eclipse TS100 inverted microscope with a 10x objective lens,
counting cells in 20 fields per flask. 

FDG incorporation
Cells were seeded in 25 cm2 tissue culture flasks for three
days then treated with doses of cetuximab for 4 h, two, four
and six days. The medium was replaced with 1 mL fresh
medium (glucose concentration: 1mg/mL [5 mmol/L])
containing 37 KBq [18F]FDG and incubated for 20 min at 37˚C.
Cells were then washed (x5) with 5 mL ice-cold phosphate-
buffered saline (PBS), detached by the addition of trypsin,
and neutralised with medium. Activity in the cell suspension
was determined in a well counter. The cells were then
centrifuged, washed with 1 mL PBS, the pellet dissolved in
0.1 mL NaOH (1 mol/L) and neutralised with 
0.1 mL HCl. Protein content was determined using a
bicinchoninic acid (BCA) protein assay kit (Sigma, Poole, UK).

Glucose transport
Glucose transport rate was determined by measuring the
rate of incubation of [3H] o-methyl-glucose ([3H] OMG)
before equilibrium occurred. Flasks of cells were set up and
treated for six days (as above). At the time of glucose
transport determination, the medium was removed and
replaced with fresh medium (glucose concentration 1
mg/mL to simulate blood glucose level) containing 37 KBq
[3H] OMG and 0.1 mmol/L ‘cold’ OMG for 5 sec. Four rapid
washes, each using 5 mL ice-cold PBS containing the glucose
transport inhibitor phloretin (0.1 mmol/L), were carried out
and cells were detached using 0.5 mL trypsin, then
neutralised with medium. Cell suspension (0.5 mL) was
added to 5 mL Optima Gold scintillation fluid (Perkin Elmer,
UK) and [3H] OMG uptake was determined in a scintillation
counter. The remaining cells were prepared for the protein
assay (as for FDG).

Hexokinase activity
Cells were seeded in 25 cm2 flasks, treated with cetuximab
for six days then detached with trypsin. After addition of
medium, they were collected into microfuge (Eppendorf)
tubes, washed with PBS, centrifuged at 400 xg for 1 min and
the pellet resuspended in 0.2 mL homogenisation buffer 
(10 mmol/L Tris/HCl [pH 7.7], 0.25 mmol/L sucrose, 0.5 mmol/L
dithiothreitol, 1 mmol/L aminohexanoic acid, 1mmol/L
phenylmethylsulphonyl fluoride [PMSF]). The suspension
was then transferred to a 1 mL glass Douce homogeniser
and homogenised using 10 strokes at 4˚C. The homogenised
cells were transferred to a microfuge tube and centrifuged
for 10 min at 800 xg to remove cell debris. The supernatant
was transferred to a new microfuge tube and the pellet was
washed with 0.2 mL homogenisation buffer and the
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Fig. 1. Formation of colonies of >25 (day 7) or >50 (day 10) cells by SKBR3 (a), MDA-MB-453 (b) or MDA-MB-468
(c) breast tumour cells treated with low (black) (IC5 for SKBr3 and MDA-MB-453 or IC20 for MDA-MB-468) and with 
high (grey) (IC10 for SKBr3 and MDA-MB-453, IC50 for MDA-MB-468) doses of cetuximab. 
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IC10 5 148 –
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Table 1. Growth inhibitory doses (µg/mL) for breast tumour 
cells treated with cetuximab for six days determined using 
the MTT assay.
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supernatant pooled. Protein content of the homogenate was
determined using a 20 µL sample. 

Enzyme activity was determined by addition of 100 µL
homogenate to 0.9 mL assay medium consisting of 100 mmol/L
Tris/HCl (pH 8.0), 10 mmol/L glucose, 0.4 mmol/L NADP+,
10 mmol/L MgCl2, 5 mmol/L ATP and 0.15 units glucose-6-
phosphate dehydrogenase in a cuvette at 37˚C. The reaction
was followed by monitoring the change in absorbance at 
340 nm due to the formation of NADPH. 

Lactate production
Cells were prepared and treated for six days as for glucose
uptake determination. The cells were than washed (x4) with
PBS and incubated for 30 min with Dulbecco’s modified
Eagle’s medium (DMEM) containing 1 mg/mL glucose. The
medium was then removed and stored at –20˚C until lactate
was assayed. Cells were then trypsinised and prepared for
protein assay as for FDG incorporation. Lactate was assayed
in the medium using a lactate assay kit (BioVision,
California, USA), following the manufacturer’s instructions.

Statistics
Significant differences between means were established
using Student’s t-test. Values are included in the text and
include the number of degrees of freedom (=total number of
replicates in control and treatment group –2).

Results

Inhibitory doses for cetuximab incubated for six days with
MDA468, MDA453 and SKBr3 breast tumour cells are shown
in Table 1. Inhibition of SKBr3 and MDA-MB-453 cells with
cetuximab reached a plateau at 10% (5 µg/mL and 148 µg/mL
doses, respectively). Further growth inhibition could not be
achieved using higher doses. MDA-MB-468 cells were very
sensitive to treatment with cetuximab and 50% inhibition
was achieved with a dose of 2.6 µg/mL. 

Figure 1 shows the effect of growth inhibitory doses of
cetuximab on the clonogenic potential of each cell line after
seven and 10 days of continuous exposure to each drug
dose. Continuous exposure of MDA-MB-468 cells to IC20 and
IC50 doses of cetuximab by 10 days had decreased colony
forming ability to approximately 30%. 

Results of the incorporation of FDG (per mg protein)
relative to untreated controls after treatment of SKBr3 and
MDA-MB-453 cells with IC5 and IC10, and MDA-MB468 cells
with IC20 and IC50 doses of cetuximab for 4 h, two, four and
six days relative to untreated cells are shown in Figure 2.
FDG incorporation by SKBr3 cells was not significantly
changed by treatment with IC5 or IC10 doses of cetuximab for
4 h (t6=0.94 ns, t6=1.12, respectively), two days (t25=0.96 ns,
t24=0.5 ns, respectively), four days (t14=0.25 ns, t14=0.31,
respectively) or six days (t20=1 ns, t21=0.45 ns, respectively).
MDA-MB-453 cells exhibited decreased FDG incorporation
after six days of treatments with IC5 and IC10 doses of
cetuximab (t13=2.62 [P<0.005], t13=3.24 [P<0.005], respectively)
but not 4 h (t14=0.23 ns, t14=1.04 ns, respectively), two days
(t13=1.16 ns, t12=0.41 ns, respectively) or four days (t6=0.14
ns, t6=0.82 ns, respectively) of treatment. FDG incorporation
was significantly decreased by MDA-MB-468 cells after
treatment with IC20 and IC50 doses of cetuximab for 4 h
(t35=5.18 [P<0.001], t22=3.66 [P<0.01], respectively), two days

Fig. 2. FDG incorporation per mg protein after cetuximab treatment
of SKBr3 (IC5 [black] and IC10 [grey]) (a), MDA-MB-453 (IC5 [black]
and IC10 [grey]) (b) and MDA-MB-468 (IC20 [black] and IC50 [grey]) (c).

Treatment time

a

b

c

FD
G

up
ta

ke
(%

co
nt

ro
l)

150

100

50

0
4 h 2 d 4 d 6 d

Treatment time

FD
G

up
ta

ke
(%

co
nt

ro
l)

150

100

50

0
4 h 2 d 4 d 6 d

Treatment time

FD
G

up
ta

ke
(%

co
nt

ro
l)

150

100

50

0
4 h 2 d 4 d 6 d



(t6=1.73, t6=4.19 [P<0.005] respectively), four days (t12=2.67
[P<0.05], t12=3.26 [P<0.005], respectively) and six days
(t12=11.45 [P<0.001], t12=18.1 [P<0.001], respectively).

Hexokinase (HK) activity in homogenates prepared from
SKBr3, MDA-MB-453 and MDA-MB-468 cells treated with
cetuximab for six days is shown in Figure 3A as a percentage
of the activity in respective untreated cells. Activity was
decreased by cetuximab in MDA-MB-468 cells (t21=3.31
[P<0.005]) compared with controls but not in SKBr3
(t14=0.92 ns) or MDA-MB-453 (t12=1.39 ns) cells. 

Figure 3B shows the uptake of [3H]-o-methylglucose
(OMG) by untreated cells incubated with [3H]-OMG 
(0.1 mmol/L OMG) for 5 sec and by cells treated with
cetuximab. Cetuximab treatment for six days did not
significantly change glucose transport in SKBr3 (t6=0.65 ns),
MDA-MB-453 (t15=0.22 ns) or MDA-MB-468 (t6=1.55 ns) cells.

Lactate production was measured in each cell line after
treatment for six days with cetuximab. The results in 
Figure 4 show that response to cetuximab treatment 
does not result in a decrease in lactate production in 
SKBr3 (t6=1.11 ns) or MDA-MB-453 (t12=0.64 ns) cells, and
increases production by MDA-MB-468 cells (t12=3.04
[P<0.001]). 

Discussion

Studies have shown that tumour expression of HER1 does
not correspond with response to cetuximab.41–44 In a study of
20 patients with metastatic colorectal cancer, Habbar et al.43

showed an objective response to cetuximab by four patients,
all of whom had HER1-negative tumours. In a multicentre
trial of 346 patients44 with colorectal cancer treated with
cetuximab, clinical benefit in terms of best response to
cetuximab, progression-free survival or overall survival did
not relate to HER1 immunostaining, the presence of HER1
tyrosine kinase domain mutations or to HER1 gene copy
number. In the present study, cetuximab was found to have
a slight growth inhibitory effect, determined by MTT assay
and clonogenic survival, on breast tumour cells that did not
overexpress HER1. 

The MTT assay depends on the reduction of tetrazolium
dye by mitochondrial enzymes as a measure of viable cell
number. To ensure that this is a true representation of the
ability of cetuximab to inhibit long-term proliferative ability,
colony formation assays were also carried out to measure the
ability of cetuximab to induce clonogenic cell death.45,46 Taken
together, the results of the MTT and clonogenic assays
suggest that cetuximab does have limited antiproliferative
activity against the two breast tumour cells lines (SKBr3,
MDA-MB-435) that do not overexpress HER1. In contrast,
the HER1-overexpressing cell line MDA-MB-468 was found
to be very sensitive to cetuximab. The MTT assay appeared
to underestimate the antiproliferative effect of cetuximab
when compared with the 10-day clonogenic assay. This
concurs with previous findings of the treatment effect of
chemotherapy agents such as oxaliplatin, irinotecan7 and
cisplatin.46

Cells that were highly sensitive to cetuximab (i.e., MDA-
MB-468) exhibited decreased FDG incorporation relative to
untreated cells when treated with IC50 doses of cetuximab for
four and six days, and when treated with IC20 doses of
cetuximab for six days. FDG incorporation by MDA-MB-453

cells treated with cetuximab that produced only a marginal
growth-inhibitory effect exhibited only a slight decrease in
FDG incorporation after six days of treatment. 

Glucose transport and HK are involved in the cellular
incorporation of FDG and the rate-limiting step for tumour
FDG incorporation varies with tumour type. An in vivo study
has shown that, in breast cancers, HK activity is rate
limiting.47 The present study found that HK activity, but not
glucose transport, was inhibited in MDA-MB-468 cells
responding to treatment with cetuximab. Correspondingly,
HK activity has also been shown to be increased in cells
incubated with ligand activators of HER1.48 A decrease in HK
activity by MDA-MB-453 cells was not detected, despite a
small decrease in FDG incorporation. However, HK activity
was determined on cell lysates and therefore small changes
in HK activity may be difficult to detect in disrupted cells. 

Incorporation of FDG measures the rate of glucose
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Fig. 3. Hexokinase activity (a) and glucose transport (b) by SKBr3
(light grey), MDA-MB-453 (dark grey) and MDA-MB-468 (black) cells
treated with IC10, IC10 and IC50 doses of cetuximab.
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utilisation via glycolysis. The product of glycolysis,
pyruvate, can either be converted to acetyl-CoA and enter
the tricarboxylic acid cycle or be converted to lactic acid. A
number of other fuel sources, including glutamine, can also
be converted to lactic acid.49 Decreased lactate levels in
tumours during therapy, compared with pretreatment
levels, have been shown to be a useful indicator of response
to therapy.50 However, treatment of MDA-MB-468 cells with
cetuximab, which was associated with decreased FDG
incorporation, did not result in decreased lactate production,
which suggests that monitoring tumour lactate levels is not
useful for predicting response to cetuximab. As pyruvate
production from glucose via glycolysis is not the only source
of lactate in tumour cells, the absence of a correlation
between lactate production and FDG utilisation is not
unexpected. 

In conclusion, treatment of breast tumour cells that
overexpress HER1 with growth inhibitory doses of
cetuximab results in decreased FDG incorporation at the
tumour cell level.

Funding by the Breast Cancer Campaign (Grant No. 2006PhdNov02)
is gratefully acknowledged.
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