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Abstract The molecular mechanisms underlying the

development of bone metastases in breast cancer remain

unclear. Disseminated tumour cells (DTCs) in the bone

marrow of breast cancer patients are commonly identified,

even in early stage disease, but their potential to initiate

metastases is not known. The mechanism whereby DTCs

become overt metastatic tumour cells (MTCs) is therefore,

an area of considerable interest. This study explored the

analysable yield of genetic material from human biopsy

samples in order to describe differences in gene expression

between DTCs and bone MTCs. Thirteen breast cancer

patients with bone metastases underwent a CT-guided bone

metastasis biopsy and a bone marrow biopsy. Tumour cells

were enriched and gene expression profiling was conducted

to identify differentially expressed genes. The analysable

yield of sufficient RNA for microarray analysis was 60%

from bone metastasis biopsies and 80% from bone marrow

biopsies. A signature of 133 candidate genes differentially

expressed between DTCs and MTCs was identified. Sev-

eral genes relevant to breast cancer metastasis to bone

(osteopontin, CTGF, parathyroid hormone receptor, EGFR)

were significantly overexpressed in MTCs as compared to

DTCs. Biopsies of bone metastases and bone marrow

rarely yield enough tissue for robust molecular biology

studies using clinical samples. The findings obtained

however are interesting and seem to overlap with the bone

metastasis gene expression signature described in murine

xenograft models. Larger biopsy specimens or improved

RNA extraction techniques may improve analysable yield

and feasibility of these techniques.
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Abbreviations

cDNA Complimentary deoxyribonucleic acid

cRNA Complimentary ribonucleic acid

CT Computed tomography

CTC Circulating tumour cell

DNA Deoxyribonucleic acid

DTC Disseminated tumour cell

EpCAM Epithelial cell adhesion molecule

mRNA Messenger ribonucleic acid

QT-PCR Real time quantitative polymerase chain

reaction

RNA Ribonucleic acid

Introduction

Bone metastases are the most common site of metastatic

recurrence in breast cancer and are a major cause of mor-

bidity for patients [1]. The underlying molecular mecha-

nisms that govern metastases to bone have not been fully

elucidated in humans. Recent work has focused upon the

role of DTCs in the bone marrow of breast cancer patients

and has demonstrated that DTCs can be found in the bone

marrow despite a lack of detectable metastatic growth [2].

Indeed, even though the presence of DTCs in the bone

marrow has negative prognostic effect with an increased

risk of eventually developing overt metastases [3, 4], only

about 50% of breast cancer patients with detectable DTCs

experienced relapse after a median follow-up of 10 years

[5]. It would appear rational to target DTCs in early breast

cancer in order to prevent progression of disease and for-

mation of overt bone metastases.

In this regard, compelling data from bisphosphonate

therapy trials in women with early breast cancer have also

led to increasing interest in DTCs. Adjuvant studies using

the oral bisphosphonate clodronate [6, 7] as well as the

recently published ABCSG-12 trial, which administered

zoledronic acid [8], have all shown significant improve-

ments in disease-free and relapse-free survival. Further-

more, administration of bisphosphonates led to a reduction

in the development of both osseous and non-osseous

metastases [8]. In contrast, in the metastatic setting, such

survival benefit or reduction in distant metastatic disease

has not been observed [9–14]. These findings have gener-

ated many hypotheses attempting to explain why the

apparent anti-tumour activity of bisphosphonates appears

to be selective for women with minimal residual disease

(i.e. adjuvant patients) rather than those with established

overt bone metastases.

In order to further examine the mechanisms underlying

the process of metastasis to bone and to explore why

women with minimal residual disease are more likely to

benefit from the apparent anti-tumour effects of bisphos-

phonates, many investigators have focused on both CTCs

in blood and DTCs in the bone marrow. Data from two

immunocytochemical studies demonstrated statistically

significant correlations between these cells, although DTCs

were more frequently detectable than CTCs [15, 16].

Consequently, DTCs have become the tissue of choice as a

surrogate for minimal residual disease in trials of patients

with early breast cancer. In this regard, small trials have

been initiated to study the effect of bisphosphonates in

patients with DTCs. In the only study to have reported

results, all patients (n = 14) receiving bisphosphonates

were DTC negative after treatment. In contrast, 4 of 14

patients without bisphosphonate treatment showed DTC

persistence [17]. While the characterization of DTCs has

been extensively studied [18] and data has been obtained

showing potential therapeutic effects of bisphosphonates

on DTCs, we are not aware of any studies that have tried to

compare these cells with those of established metastases in

an attempt to explain this association.

This article describes a study, which explored the

analysable yield of genetic material from human biopsy

samples needed to describe differences in gene expression

between DTCs and established bone metastases and assess

the feasibility of these techniques. To the authors’ best

knowledge, this is the first description of the use of clinical

samples in this setting.

Methods

Patients

Patients with known bone metastases from breast cancer

were enrolled in this prospective study regardless of ther-

apeutic regimen or burden of disease. Inclusion criteria

included histologically confirmed breast cancer, radiolog-

ical evidence of at least one bone metastasis, and presence

of bone metastases in a site that amenable to CT guided

biopsy. The institutional research ethics board of Univer-

sity Health Network, Toronto, Canada approved this study.

Study endpoints

The primary objectives of this study were to quantify the

analysable yield of RNA for the purposes of gene expres-

sion profiling and the feasibility of using such techniques.

Secondary objectives were to describe any gene expression
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differences between DTCs and cells obtained from estab-

lished bone metastases.

Specimen collection

CT guided biopsy of a radiologically confirmed bone

metastasis was carried out under conscious sedation.

Specimens were obtained with a 13-gauge needle yielding

two samples with a maximal length of 20 mm. Patients

then immediately had both a bone marrow aspiration

(10 ml) and trephine biopsy (yielding two cores). A tre-

phine biopsy was carried out using an 11-gauge needle.

Tissue from both the targeted bone metastasis samples

retrieved under CT guidance as well as the bone marrow

trephine biopsies and aspirate specimens were analysed

fresh.

Cell enrichment

Malignant cells were enumerated from aspirate and trephine

samples by combining red blood cell lysis with an EasySep

positive selection immunomagnetic separation kit (Stem-

Cell Technologies, Vancouver, BC) targeted to EpCAM.

Magnetic nanoparticles were combined to bind to the anti-

body complex, allowing magnetic separation of antibody-

bound malignant cells. This procedure was repeated five

times to ensure effective and efficient enumeration. Cap-

tured cells were then washed and either snap-frozen in liquid

nitrogen for later RNA isolation, or processed immediately.

This enrichment technique has been previously validated

[19, 20].

RNA extraction and microarray hybridization

CT-guided samples were initially homogenized using a

PRO200 micro-homogenizer (Pro Scientific Inc., Oxford,

CT) and RNA extracted from the homogenate using Qia-

gen (Germantown, MD) AllPrep DNA/RNA/Protein

extraction kits. RNA from aspirate samples was extracted

from immunomagnetically isolated tumor cells using the

same extraction kits. RNA concentration was deter-

mined using a NanoDrop ND-1000 spectrophotometer

(Wilmington, DE). RNA samples were snap-frozen in

liquid nitrogen and stored at -80�C prior to transport.

RNA quality and concentration were assessed by the

Agilent 2100 Bioanalyzer RNA 6000 LapChip (Agilent,

Palo Alto, CA). RNA samples were amplified and labelled

for microarray analysis using a TargetAmp Nano-g biotin-

aRNA labeling kit from Epicentre Biotechnologies (Mad-

ison, WI). cRNA samples were hybridized onto Illumina

Human Ref-8 v3 bead microarrays (San Diego, CA) fol-

lowing standard protocols.

Microarray data analysis

The scanned Illumina array image data were processed

using BeadStudio software (Illumina Inc., San Diego, CA)

using background subtraction and Quantile normalization.

Reference microarray data of the human body index were

downloaded from the Gene Expression Omnibus website

(http://www.ncbi.nlm.nih.gov/projects/geo). The down-

loaded CEL data were processed by GeneChip Operating

Software (Affymetrix Inc., Santa Clara, CA). The Probe

Logarithmic Intensity Error Estimation method was used to

produce a summary value for a probe set using the con-

servative quantile normalization with the perfect match

probe feature intensity minus a corresponding mismatch

probe (PM-MM). The normalized intensity values from

the two platforms were adjusted using previously described

techniques [21].

Normalisation

Quantile normalization was utilized [22] and the model

fitted by median polish.

The bone and bone marrow aspirate samples were

compared to a reference microarray dataset comprising

seven breast tissue samples (two normal breasts and five

breast cancers) and five normal bone marrow samples. This

technique allowed for the calculation of logarithmic ratios

of the two separate datasets.

Pathway analysis

Analysed microarray datasets were uploaded into Ingenuity

Pathway Analysis software (Redwood City, CA). Illumina

probe identifiers were used to map corresponding genes to

biological and cellular functions. Microarray results were

used to search for biological pathways with increased or

decreased expression in our datasets. Pathways containing

two or more genes observed in our datasets were noted and

investigated. Particular attention was given to pathways

known to be involved in cancer and metastasis.

Validation

Once differences in gene expression were identified, attempts

were made to verify these with the use of QT-PCR and by

immunohistochemistry. Total RNA was extracted using the

Trizol reagent (Invitrogen), and 2 lg were converted into

cDNA. Primers were designed using the Primer Express

software (Applera Europe, Rotkreuz, Switzerland). Real time

PCR was performed using an ABI 7000 Sequence Detection

System (Applera Europe), and PCR products were quantified

fluorometrically using the SYBR Green Core Reagent kit.

Three distinct amplifications were performed in duplicate for
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each transcript, and mean values were normalized to the mean

value of the reference mRNA cyclophilin. Immunohisto-

chemical analysis was carried out on formalin fixed and par-

affin embedded samples. Low-molecular weight keratin was

assessed by using CAM5.2 (Becton–Dickinson), estrogen

receptor was assessed by using Clone 6F11 (Novacastra) and

progesterone receptor was determined by using Clone 16PG-

312 (Novacastra) antibodies.

Statistical analysis

Significant differences in gene expression between the two

tissue types were defined as a Bonferroni corrected, two

sided t-test P \ 0.01. In analysing the Illumina microarray

data comparing CT-guided and bone marrow aspirate

samples, a log2 expression ratio of an intensity value to the

average signal in all samples for each transcript was cal-

culated. Genes with an average log2 ratio difference [4

(Bonferroni corrected P \ 0.01) between the two sample

types were considered as differentially expressed. Statisti-

cal and data analysis was conducted using Acuity software

(Molecular Devices, Sunnyvale, CA).

Results

Thirteen patients were enrolled in the study. Patient

demographics and disease characteristics are shown in

Table 1. The median time from diagnosis of bone metas-

tases to biopsy was 5.5 months (range 0.5–35.5 months).

All patients were hormone receptor positive and had

received a median of one prior line of endocrine therapy

(range 0–2). Two patients (15.4%) were receiving their first

line of cytotoxic chemotherapy in the metastatic setting at

the time of biopsy while the other patients had never

received palliative chemotherapy. Both patients receiving

chemotherapy were being treated with paclitaxel given at a

dose of 80 mg/m2 q1 week. Four patients (30.8%) had

received radiation therapy for bone pain prior to biopsy and

of these two (15.4%) received this treatment to the area

from which the CT-guided bone biopsy was taken.

Paired biopsies were obtained from ten patients (77%);

in one patient (8%) a radiological metastasis was not evi-

dent, precluding image-guided biopsy, while in two

patients (15%) the bone marrow biopsy was not acquired

either due to procedural problems (significant pain, 8%) or

due to inadequate biopsy sampling (8%).

Three samples were obtained from each patient: a CT-

guided biopsy of a radiologically confirmed bone metas-

tasis, a standard bone marrow aspirate and a trephine

biopsy. Sites for CT-guided biopsies included 7 (70%)

from the pelvis (posterior iliac crest and wing), 2 (20%)

from the spine (L4 and L5 vertebrae, respectively), and 1

(10%) from the shoulder girdle (right inferior glenoid). All

bone marrow biopsies were carried out from the superior

inferior iliac spines.

On simple microscopy, 3 patients had malignant cells

present in all of their specimens. Three patients had

Table 1 Patient demographics

n (%)

Age (years)

Median 50.5

Range 34–62

Estrogen receptor status

Positive 10 (100%)

Negative 0 (0%)

Progesterone receptor status

Positive 7 (70%)

Negative 3 (30%)

HER2/neu receptor status

Positive 1 (10%)

Indeterminate 1 (10%)

Negative 6 (60%)

Unknown 2 (20%)

Initial tumour staging

T0 1 (10%)

T1 3 (30%)

T2 5 (50%)

T3 1 (10%)

Initial nodal staging

Nx 1 (10%)

N0 3 (30%)

N1 3 (30%)

N2 2 (20%)

N3 1 (10%)

Metastatic sites at time of biopsy

Bone only 3 (30%)

Bone and other sites 7 (70%)

Liver 4 (40%)

Lung 3 (30%)

Lymph nodes 2 (20%)

Bowel/Omentum 1 (10%)

Receiving endocrine therapy at biopsy

Yes 9 (90%)

No 1 (10%)

Receiving bisphosphonate therapy at biopsy

Yes 5 (50%)

No 5 (50%)

Duration of bisphosphonate therapy at baseline (months)

Median 13

Range 6–35

History of skeletal related events at baseline 3 (30%)
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malignant cells present in the CT-guided biopsy but not the

bone marrow biopsy, while 3 patients had malignant cells

in their bone marrow biopsy, but not in their CT-guided

biopsy. One patient did not have any malignant cells found

in any specimens. The yield of malignant cells from the

CT-guided biopsy was variable and CT-guided biopsies

often predominantly contained calcified material with only

rare cytokeratin positive tumour cells present (see Fig. 1).

Due to the small number of malignant cells derived from

the clinical samples, effective and efficient RNA isolation

was difficult. RNA isolation from trephine cores yielded

insufficient RNA for microarray analysis. Total RNA

extracted from CT-guided samples ranged from 20 to

518 ng, while from aspirate samples total RNA ranged

from 57 to 1,413 ng. The quantity of available RNA did

not seem to be affected by whether patients received prior

treatment with bisphosphonates, although the small sample

size of this study makes this association difficult to explore

accurately.

Due to the requirements of the Illumina platform for at

least 50 ng of RNA, samples consisting of \50 ng were

excluded from subsequent microarray analysis. Conse-

quently, 6 CT-guided and 8 marrow aspirate samples were

selected for amplification and microarray hybridization. Of

these, three patients had paired samples of CT-guided and

bone marrow aspirate specimens.

After normalisation, 133 unique genes were identified as

significantly differentially expressed between the two

sample types. This signature included 83 genes showing

increased expression in the metastatic cells as compared to

DTCs. Correspondingly, 50 genes were identified as

showing decreased expression in the metastatic cells as

compared to the DTCs. To further investigate the possible

differences in gene expression between the metastatic and

disseminated cells, a further analysis was conducted using

only samples matched for individual patients (n = 3).

Through this method, 161 unique genes were identified as

having significant differences in expression. Within this

dataset, 104 genes showed increased expression in the

metastasis compared to the DTC and 57 genes showed

decreased expression. Combining the two datasets revealed

52 unique genes, which were overlapped between the two

selected datasets. Of these 52 genes, 30 are showed

increased expression in metastatic cells (Table 2) and 22

showed decreased expression (Table 3).

After pathway analysis the differentially expressed

genes between DTCs and MTCs were shown to comprise a

wide variety of cellular functions, including proliferation,

apoptosis, cell cycle and DNA repair. Nine genes were

identified as interacting with proteins and pathways

involved in the formation of bone metastases from breast

cancer (Table 4). All nine of these genes were identified as

having increased expression in MTCs as compared to

DTCs (Fig. 2).

Attempts at QT-PCR failed as none of the samples

contained sufficient RNA for adequate reverse transcription

as per platform requirements. Immunohistochemical anal-

yses also proved difficult. Staining using low molecular

weight keratin identified tumour cells, but the pattern of

staining was variable with some samples appearing much

less distinct than usual with mainly membranous staining

with associated diffusion into the cytoplasm. Two attempts

at staining for TGF-b, OPG and DKK-1 both proved

unsuccessful. Of note, a number of samples (n = 4) needed

to undergo decalcification, and despite the use of only

mildly acidic (pH = 6) decalcification solutions, it is

possible that this process had a deleterious effect on anti-

gen preservation.

Fig. 1 Variable quantity of

malignant cell obtained from

CT-guided biopsies as

highlighted by low-molecular

weight keratin staining as

viewed with a high power field

(4009): (a) shows favourable

biopsy, (b) shows minimal

malignant cells
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Discussion

The mechanisms by which minimal residual disease in

breast cancer develops into overt metastases are poorly

understood. Indeed, it is unclear why only some patients

with evidence of isolated DTCs in bone marrow progress to

overt metastatic disease. In order to further examine the

potential mechanisms underlying these processes, signifi-

cant research effort is focusing on DTCs in the bone

marrow as a surrogate for minimal residual disease. Such

methods are touted as allowing for the scientific commu-

nity to both improve its understanding of the process of

metastasis as well as allow for improved targeted drug

development.

Central to such research is the ability to validate

findings from animal studies with clinical samples.

Furthermore, while significant clinical research has

focused on the characterisation of DTCs as well as CTCs,

ultimately, the most important profile is probably that of

the established metastatic deposit. Having already estab-

lished that there is high patient acceptability to have

biopsies of metastases [23, 24], this study set out to

explore the feasibility and analysable yield of a program of

targeted bone metastasis and bone marrow biopsies in

order to study the differences between DTCs and bone

metastases. Bone metastases were chosen as the metastatic

site in view of this tissue being the most common site of

metastatic relapse in breast cancer. In addition, there was

an attempt to homogenise tissue types so as to control any

unknown confounders associated with tissue sampling and

handling that may be associated with the comparison of

different tissue types.

Table 2 Genes with increased

expression in metastatic cells

compared to disseminated

tumour cells

Gene symbol Expression in bone

metastasis

Expression in

marrow aspirate

Log2 ratio P-value

COL1A1 1.046 -9.265 10.311 0.000039

SPP1 0.795 -9.111 9.905 0.007701

COL1A2 1.002 -8.597 9.599 0.000062

IGFBP5 0.713 -8.538 9.250 0.000001

BGN 1.347 -7.885 9.233 0.000000

C10orf116 0.940 -7.351 8.291 0.000000

IGFBP4 1.204 -6.859 8.063 0.000000

RAI14 1.278 -6.568 7.846 0.000530

CRIP2 0.733 -6.907 7.640 0.000041

DKK3 1.222 -6.365 7.587 0.002602

CDH11 1.189 -6.372 7.560 0.000029

CAMK2B 1.169 -6.279 7.448 0.003290

DKK3 1.226 -6.061 7.286 0.000009

FOXC1 1.289 -5.866 7.155 0.000016

CTGF 1.335 -5.183 6.518 0.000000

ID3 0.980 -5.412 6.392 0.000752

AEBP1 1.128 -4.897 6.025 0.001967

NOSTRIN 1.104 -4.861 5.964 0.002215

SETBP1 1.174 -4.674 5.848 0.000003

PITX1 0.605 -5.219 5.824 0.001943

MOCS1 1.035 -4.755 5.790 0.001759

SHRM 0.188 -5.587 5.775 0.000293

PCGF2 0.765 -4.963 5.728 0.000107

KCNMA1 0.952 -4.718 5.670 0.000021

AMOT 0.999 -4.610 5.609 0.008533

CCL20 1.051 -4.295 5.346 0.000215

GPRC5C 0.918 -4.408 5.325 0.000189

RAMP2 0.879 -3.760 4.639 0.006940

RGL1 1.087 -3.504 4.590 0.001164

ERBB2 0.486 -4.041 4.527 0.002875

C1orf54 1.161 -3.073 4.233 0.000542
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Unfortunately, the study did not meet its primary

objective of showing adequate feasibility from biopsies of

bone and bone marrow. There was a significant deficiency

in amount of actual tumour material available for analysis.

For instance, despite 13 patients having undergone both

guided bone metastasis biopsy and bone marrow aspirate

and trephine, only 3 patients (23%) showed evidence of

malignant cells in all samples. Even when malignant cells

were found, they were often scanty and insufficient for

further analysis. Despite the ability to undertake microarray

analysis on 60% of guided biopsy samples and 80% of

marrow aspirates, none of these had sufficient RNA for the

Table 3 Genes with decreased

expression in metastatic cells

compared to disseminated

tumour cells

Gene symbol Expression in bone

metastasis

Expression in marrow

aspirate

Log2 Ratio P-value

TUBAL3 -3.608 0.578 -4.186 0.009959

UBASH3A -3.394 0.849 -4.243 0.000046

PKMYT1 -3.412 0.885 -4.297 0.000219

MRM1 -3.477 0.851 -4.328 0.000230

DHFR -3.502 0.888 -4.390 0.000992

CCNJ -3.621 0.889 -4.510 0.000000

ST6GALNAC1 -3.613 0.999 -4.612 0.000006

SLAIN1 -3.719 0.909 -4.628 0.000000

KIAA0101 -3.793 0.884 -4.677 0.000001

B3GALT3 -3.809 0.879 -4.687 0.000005

RPS7 -3.876 0.848 -4.724 0.000004

EZH2 -4.039 0.893 -4.932 0.000891

GYPE -4.235 0.751 -4.985 0.001038

RPL29 -4.212 0.810 -5.021 0.000000

ERCC6L -4.169 0.894 -5.063 0.001701

BCL11A -4.257 0.880 -5.137 0.000000

THOC4 -4.445 0.830 -5.276 0.000008

DPPA4 -4.686 0.914 -5.600 0.000000

ICAM4 -4.747 0.926 -5.672 0.000000

MCM10 -4.995 0.915 -5.910 0.000372

GYPE -5.228 0.748 -5.976 0.002787

SLC25A21 -6.062 0.868 -6.930 0.000000

NMU -7.567 0.811 -8.379 0.000008

Table 4 Genes of interest showing increased expression in bone

metastases compared with disseminated tumour cells in bone marrow

Gene symbol Fold difference� P-value* Implicated role

CTGF 6.518 0.000000 Osteolysis

PTHR1 10.07 0.000746 Osteolysis

ILR-alpha 4.268 0.000382 Osteolysis

IGFBP5 9.250 0.000001 Osteolysis

SSP1 9.905 0.007701 Angiogenesis

AMOT 5.609 0.008533 Angiogenesis

EPAS1 6.246 0.000274 Angiogenesis

EGFR 4.304 0.001588 Growth/proliferation

ERBB2 4.527 0.002875 Growth/proliferation

KCNMA1 5.670 0.000021 Growth/proliferation

CXCR7 6.823 0.000025 Chemokine interactions

* t-test, Bonferroni corrected
� Fold difference (log2) in gene expression between metastatic and

disseminated tumor cells
Fig. 2 Candidate genes related to breast cancer metastasis to bone
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results of this analysis to be validated by QT-PCR. Fur-

thermore, immunohistochemical validation also proved

difficult despite attempts to either not decalcify tissue at all,

or to decalcify with weakly acidic solutions.

Despite these feasibility issues results did show some

interesting findings, which we are not aware of having been

previously described using clinical samples and therefore,

warrant further study. A number of genes that are differ-

entially expressed between DTCs in the bone marrow and

cells from established bone metastases were identified.

Within this subset, genes implicated in the formation of

osteolytic bone metastases (CTGF, PTHR1, IL11RA) were

identified. A number of these genes were previously

reported to form a bone metastasis signature in a xenograft

model [25]. Of interest, a number of genes involved in

angiogenesis (SPP1, AMOT, EPAS1) were also identified as

showing differential increased expression in metastases

compared to in DTCs. Finally, genes related to growth and

proliferation (EGFR, ERBB2, KCNMA1) were also

increasingly expressed by metastatic tumour cells. There

was very little overlap between highly expressed genes

isolated from either DTCs or metastases and those described

previously for CTCs [26, 27]. Indeed the only genes iden-

tified to overlap between these groups were ERBB2, CCL20

and genes belonging to the IGFBP family. The reasons for

this lack of overlap are likely explained by the significant

heterogeneity of CTCs both in terms of molecular profile

and in terms of clinical outcome [28]. It remains unclear as

to whether there is a direct link between CTCs, DTCs and

established metastases and therefore it is not surprising that

little overlap was found. Finally, there was no significant

overlap between genes expressed in either DTCs or metas-

tases and those genes associated with high risk of relapse in

ER-positive primary breast tumours [29, 30].

The increasing expression of receptors belonging to the

epidermal growth factor (EGF) super-family is an inter-

esting finding especially in view of recent animal data

showing that EGF-like ligands stimulate osteoclastogenesis

by acting on osteoblastic cells [31]. Despite evidence that

this stimulation seemed to be indirect (osteoclasts did not

express functional EGF receptors), it did appear to be EGF

receptor-dependent. It is therefore possible that tumour

cells are the targets of these EGF-like ligands.

It should be emphasised however, that the interpretation

of these data should be done with caution especially due to

the lack of any validation by either QT-PCR or immuno-

histochemistry. Furthermore, in the absence of consensus

on how to best normalize gene expression data from bone

marrow, it could be argued that it may not have been

sufficient to simply remove the background expression of

bone marrow cells. It may have also been necessary to also

remove signals associated with osteoblasts, osteoclasts,

osteocytes or other stroma-related cells. Finally, it could be

argued that subjecting only the bone marrow aspirate to

enrichment using EpCAM-targeted purification could lead

to systematic bias and that any difference in gene expres-

sion could be affected by the differential sample handling

techniques. Nevertheless, the overlap in the data obtained

in this study and data derived from xenograft mouse

models [25] is encouraging.

Possible explanations for the low analysable yield from

both bone and bone marrow biopsies is the quantity of

biopsy material obtained as well as the techniques for RNA

extraction. In this study, the bone and bone marrow biop-

sies were undertaken using 13- and 11-gauge needles,

respectively each yielding two samples. It is possible that

more sufficient quantities of tumour would have been

obtained using a larger number of samples or perhaps

wider bore needles. In fact, a recent study of long-term

bisphosphonate therapy in osteoporosis yielded improved

histomorphometric and immunohistochemical data by the

use of 7 mm (2-gauge) biopsy needles [32]. It is possible

that the use of such biopsy needles in this study would have

allowed for improved analysable yield, although whether

these techniques are applicable to metastatic biopsies is

contentious. Nevertheless, it is clear that greater quantities

of tissue are more likely to yield sufficient samples for

testing purposes. With regard to RNA extraction, this study

utilized the guanidine isothiocyanate technique. Of interest,

a recent systematic review concluded that although this

technique can yield a higher amount of RNA, the silica-gel

column technique may be superior with respect to the

reliable generation of an intact RNA and effectively

amplified longer products in fresh tissue [33]. Finally,

purification of malignant cells from the heterogeneous mix

of cells obtained from biopsies may be improved by the use

of laser-capture microdissection, with prior immunostain-

ing to aid in malignant cell recognition [34].

In summary, this study has shown that biopsies of bone

and bone marrow rarely yield enough tissue for robust

molecular biology studies. The findings obtained however

are interesting and overlap the bone metastasis gene

expression signature described in murine xenograft models.

Clearly, improved biopsy techniques yielding greater

quantities of tissue as well as improvements in RNA

extraction are necessary if such research with clinical sam-

ples can be feasible in the future.
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