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Abstract There is growing evidence that uncontrolled

activation of the PI3K/Akt/mTOR pathway contributes to

the development and progression of breast cancer. Inhibition

of this pathway has antitumour effects in preclinical studies

and efficacy in combination with other agents in breast

cancer patients. The aim of this study is to characterise the

effects of pre-operative everolimus treatment in primary

breast cancer patients and to identify potential molecular

predictors of response. Twenty-seven patients with oestro-

gen receptor (ER)-positive breast cancer completed

11–14 days of neoadjuvant treatment with 5-mg everolimus.

Core biopsies were taken before and after treatment and

analysed using Illumina HumanRef-8 v2 Expression Bead-

Chips. Changes in proliferation (Ki67) and phospho-AKT

were measured on diagnostic core biopsies/resection

samples embedded in paraffin by immunohistochemistry to

determine response to treatment. Patients that responded

to everolimus treatment with significant reductions in

proliferation (fall in % Ki67 positive cells) also had sig-

nificant decreases in the expression of genes involved in

cell cycle (P = 8.70E-09) and p53 signalling (P = 0.01)

pathways. Highly proliferating tumours that have a poor

prognosis exhibited dramatic reductions in the expression

of cell cycle genes following everolimus treatment. The

genes that most clearly separated responding from non-

responding pre-treatment tumours were those involved

with protein modification and dephosphorylation, including

DYNLRB2, ERBB4, PTPN13, ULK2 and DUSP16. The

majority of ER-positive breast tumours treated with ever-

olimus showed a significant reduction in genes involved

with proliferation, these may serve as markers of response

and predict which patients will derive most benefit from

mTOR inhibition.

Keywords mTOR � Everolimus � Breast cancer �
Pre-operative treatment � Gene expression

Introduction

The PI3K/AKT/mTOR (mammalian Target Of Rapamycin)

pathway plays a central role in multiple cellular functions

including proliferation, growth, survival and metabolism

(reviewed in [1]). There is growing evidence that this

pathway is frequently deregulated during tumourigenesis,

via genetic and epigenetic alterations, contributing to the

development and progression of human cancers, including

breast cancer (reviewed by [1]). Deregulation includes

activating mutations in the PIK3CA (phosphoinositide-3-

kinase, catalytic, alpha polypeptide) gene which have been

described in 16–40% of breast cancers studied [2, 3], loss of

PTEN expression in 37–48% of breast cancers [4, 5] and
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high expression levels of AKT isoforms in approximately

27% of breast cancers [6, 7]. Taken together, these studies

implicate activation of the PI3K/AKT/mTOR pathway in

breast cancer and there is evidence to suggest that this may

lead to endocrine resistance [6, 8]. Components of this

pathway are attractive targets for novel anticancer agents,

including mTOR a serine/threonine kinase belonging to the

phosphatidylinositol-3OH kinase-related kinase (PIKK)

family (reviewed in [9]).

Rapamycin down-regulates signalling via the PI3K/Akt/

mTOR pathway by inhibition of mTOR activity, resulting

in decreased tumour growth (reviewed by [9]). Everolimus

(RAD001, Novartis, Basel, Switzerland), a novel rapamy-

cin derivative, is a potent mTOR inhibitor that does not

share the problems of poor solubility and chemical stability

of rapamycin [10]. Everolimus displays direct inhibitory

effects on breast cancer cell growth and proliferation in

preclinical models [11–13]. Clinical trials, including

Phase-II trials in breast cancer, have tested the efficacy of

everolimus treatment either as a monotherapy or in com-

bination with letrozole. Everolimus given as a single agent

in patients with advanced cancer (n = 55), produced

clinical benefit in 7% of patients, which included disease

stabilisation in two breast cancer patients for [5 months

[14]. In combination with letrozole, everolimus produced

one complete response and six stable disease responses

[6 months in patients with advanced breast cancer

(n = 18) [15] and in the neoadjuvant setting, this combi-

nation increased the efficacy of letrozole in newly diag-

nosed breast cancer patients (n = 138) [16]. In the first

clinical study of everolimus administered as a single pre-

operative agent in primary breast cancer patients, everoli-

mus treatment significantly reduced proliferation (Ki67)

and mTOR pathway activation [17]. This is in agreement

with a previously reported neoadjuvant study in which

everolimus (see above), in combination with letrozole,

demonstrated a decrease in Ki67 almost double that of the

letrozole plus placebo group [16]. This is potentially

important as in the neo-adjuvant setting changes in Ki67

have been correlated to long-term outcome [18, 19].

Although results from these clinical trials are encouraging,

there is a need to identify biomarkers for selecting the

subset of patients that may benefit from an mTOR inhibitor

[20, 21].

Gene expression profiling has been widely used in the

breast cancer field for tumour classification and to predict

prognosis [22]. More recently, microarrays have been used

to characterise gene expression changes which occur dur-

ing treatment in vivo, which may be predictive of treatment

benefit [23, 24]. Here, we report the first characterisation of

the effects of single agent everolimus treatment on tumour

gene expression, from the pre-operative study of everoli-

mus in early breast cancer patients [17]. The aim is to

assess whether a gene expression profile could be deter-

mined which will predict which patients will respond to

everolimus.

Methods

Patients

Ethical approval for this study was obtained from Northern

and Yorkshire MREC (MREC reference 04/MRE03/89).

All patients gave informed consent. A total of 32 post-

menopausal women diagnosed with operable ER-positive

early breast cancer were recruited to receive 5 mg of ev-

erolimus pre-operative treatment daily for 14 days prior to

primary surgery [17]. Of those recruited to the study, 27

patients completed C11 days everolimus treatment (4

withdrew and took \10 days of treatment and 1 did not

start medication; Fig. 1a). As a single dose of everolimus

leads to S6K1 inhibition for [72 h in tumours [25, 26],

patients treated with everolimus for 11–13 days were

included in this study.

RNA extraction and microarray hybridisation

Paired biopsies were taken at diagnosis and at surgery; half

of the tissue was immediately frozen in liquid nitrogen and

stored at -196�C. Frozen sections were removed, sec-

tioned and stained with haematoxylin and eosin to assess

tumour content. Approximately 100-mg tissue from pre-

and post-treatment biopsies from 27 patients who com-

pleted everolimus treatment were placed in RNAlater� ICE

(Ambion, Warrington, United Kingdom) overnight at

-20�C prior to RNA extraction using the RNeasy Mini Kit,

including RNase-Free DNase treatment (Qiagen, Crawley,

United Kingdom). Aliquots of RNA were analysed by

electrophoresis and quantified on a Bioanalyser 2100

(G2938c, Agilent Technologies, Stockport, United King-

dom). 100-ng RNA per patient was amplified and biotin-

ylated using Illumina� TotalPrep RNA Amplification Kit

(Ambion) and quantified on a Bioanalyser 2100. High-

quality labelled cRNA, from samples with [40% tumour

content [27] was available from 24 matched pre- and post-

treatment sample pairs. 750-ng cRNA per sample was

hybridized to Illumina HumanRef-8 v2 Expression Bead-

Chip in duplicate (Illumina, Cambridge, United Kingdom)

using Whole-Genome Expression Direct Hybridisation kit

(Illumina) and scanned with a BeadStation 500G9 (Illu-

mina). Universal Human Reference RNA (UHRR; Strata-

gene, Stockport, United Kingdom) was added to each

BeadChip to assess inter-chip and inter-run variation.

Illumina gene expression data were obtained for 21 mat-

ched biopsies and 23 pre-treatment samples in duplicate.
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Immunohistochemistry and responder classification

Tissue was also embedded in paraffin for the analysis of

biological response markers by immunohistochemistry,

including change in proliferation (Ki67) and cytoplasmic

pAKT as described previously [28, 17].

Analysis of variance (ANOVA) was performed to

determine differences between those that had a marked

reduction in Ki67, ‘responders’ (R), and those who did not,

‘non-responders’ (NR). Estimations of ‘responders’ and

‘non-responders’ were based upon dual observer analysis

of Ki67 staining, the 95% confidence interval for the mean

difference in Ki67 counts between two observers was taken

as the minimum difference which could be regarded as a

change in Ki67 status between pre- and post- treatment

samples [29]. Due to the non-normal distribution of the

data, Ki67 scores were transformed on the log scale prior to

analysis. The change between pre- and post-treatment

scores for each patient was calculated as the difference in

the transformed scores.

Patients were classified into 13 matched (14 pre-treat-

ment) responders defined as having a significant (95%

confidence interval) fall in the percentage of Ki67 positive

cells (D%Ki67) [28, 17]; and 7 matched (7 pre-treatment)

responders defined by a significant (95% confidence

interval) fall in cytoplasmic pAKT expression (D%pAKT)

[28, 17]; the remaining patients were considered as non-

responders.

Statistical methods

Gene expression changes were compared before and after

everolimus treatment and between responders and non-

responders using Bioconductor [30] programs implemented

in the statistical programming language, R [31]. Illumina

probe profile expression data were normalised using

quantile normalisation within the beadarray package [32]

and corrected for batch processing effects using the combat

tool [33]. Consistently differentially expressed probes and

predicted false discovery rate (FDR) were identified using

the pair-wise Significance Analysis of Microarrays (SAM)

method [34], implemented with the siggenes package.

Cross validation and misclassification rate were assessed

using Prediction Analysis of Microarrays (PAM), implemented

using the pamr package [35]. Figure 1a summarises the

comparisons performed between pre- and post-treatment

for responding and non-responding samples. An alternative

approach used to look at the effect of everolimus was to

compare the relative change in gene expression of each

probe calculated between the duplicate pre- and post-

treatment samples and the mean of the four values calcu-

lated. Centred average linkage clustering was performed

using the Cluster [36] and TreeView programs as described

previously [37]. The DAVID program was used to identify

over-represented pathways from lists of differentially

expressed genes. All raw gene expression files and clinical

annotation are publicly available from the caBIG sup-

ported Edinburgh Clinical Research Facility Data Repository

(https://catissuesuite.ecmc.ed.ac.uk/caArray).
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Pre Non-Responders
Post Responders
Post Non-Responders

A

B Set A    Set B 

C

32 Patients recruited to study of which: 
32 = ER+ve; 8  = HER2+ve; 8 = PR-ve 

27 complete >11 days RAD001 treatment  

Examine effect of RAD001 in ALL patients by 
comparing 21 matched samples (pre- vs post-

treatment) Figure 1C  

21 matched and 23 pre-treatment samples pass RNA 
and microarray quality control  

Identify genes changed in matched samples (pre- vs 
post-treatment) in the 13 ( Ki67) and 7 ( pAKT)

responding patients and those genes which overlap 
(Figure 2)

Identify gene expression differences in the 23 pre-
treatment samples between the: 14 responding and 9 

non-responding patients by Ki67 endpoint (Figure 3); 7
responding and 16 non-responding patients by pAKT 
endpoint* and those differences which overlap between 

Ki67 & pAKT (Figure 4)

Fig. 1 Response following everolimus treatment in all tumours.

a Flow-chart of gene expression analysis performed on samples.

Patients defined as responders demonstrated significant (95% confi-

dence interval) fall in percentage of Ki67 positive cells (D%Ki67) or

cytoplasmic pAKT expression (D%pAKT). * 7 patients responding by

pAKT endpoint are all patients responding by Ki67 endpoint. b Overall

transcriptome differences before and after treatment. Multidimensional

scaling plot which clusters the most similar samples together based

upon overall gene expression profile. The two plots (‘A’ and ‘B’)

represent the 1st and 2nd replicate samples. Pre-treatment samples are

represented with filled symbols and post-treatment samples with open
symbols. Red represents responding patients (by significant fall in

Ki67) and blue represents non-responding patients. Arrows indicate the

transition from pre- to post-treatment samples and numbers relate to

patient numbers. c Venn diagram displaying the number of consistently

differentially expressed probes between ‘A’ and ‘B’. Underlined value
represents the intersection between the top 500 most differentially

expressed genes from duplicate matched samples. FDR false discovery

rate, Est. estimated. See supplementary file 1 for full gene lists of

changed, responding and non-responding genes
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Results

Pathways differentially expressed after everolimus

treatment

Subtle inter-run variations on each Illumina HumanRef-8

v2 BeadChip were identified using the UHRR, these were

thoroughly evaluated in a parallel study [38] and mini-

mised using the ComBat method [33]. The 21 pairs of

matched biopsies were analysed in duplicate (Set A and Set

B) before and after treatment with everolimus. The overall

transcriptomes of these two sets are similar as the positions

of duplicate pre- and post-treatment samples are largely

consistent and the post-treatment samples are generally to

the right of the pre-treatment samples for the majority of

patients (Fig. 1b).

The 500 most consistently differentially expressed probes

following everolimus treatment in all matched tumours were

identified in Set A and Set B separately using SAM analysis.

Of the 500 probes from each set, only 220 were common

with estimated FDRs of 15 and 14% (Fig. 1c), clearly

demonstrating the value of using technical replicates. The

functional (KEGG) pathways determined to be most asso-

ciated with everolimus treatment when all tumours were

analysed together were the complement and coagulation

cascades (P = 0.002; predicted FDR = 1.99%; Table 1).

Table 1 KEGG pathways that were over-represented by the seven lists of significantly differentially expressed probes (listed in Supplementary

file 1)

Pathway Genes p val FDR

Pathways differentially expressed following RAD001 treatment (all matched tumours)

MAPK signalling pathway FOS, DUSP1, MAP4K4, JUN, PDGFRB, FGF7, MAP3K3, CD14 0.039 39.3

Axon guidance FYN, CXCL12, EPHA2, SEMA4D, SEMA3A 0.071 60.4

Complement and coagulation

cascades

CFH, SERPING1, C1S, C1R, BDKRB1, C3 0.002 1.99

Leukocyte transendothelial

migration

ITGAL, CXCL12, JAM3, MMP2, CD99 0.055 51.0

Pathways differentially expressed in 13 responding matched tumours (assessed by D%Ki67)

p53 signalling pathway CDK2, CDC2, CCNE2, RRM2, IGFBP3 0.010 12.5

Cell cycle ANAPC11, CDK2, CDC2, MCM7, E2F2, PTTG1, RBL1, CCNA2, MCM4, PCNA, MCM2,

CCNE2, YWHAE

8.7E-

9

1.1E-

5

Pyrimidine metabolism DTYMK, TYMS, NME1, RRM2, PRIM1 0.024 26.6

Pathways differentially expressed in 8 non-responding matched tumours (assessed by D%Ki67)

B cell receptor signalling

pathway

FOS, NFATC1, PIK3CD 0.059 53.3

VEGF signalling pathway NFATC1, PTGS2, PIK3CD 0.069 59.4

Acute myeloid leukaemia PIM1, TCF7L2, PIK3CD 0.047 45.7

Colorectal cancer FOS, FZD9, TCF7L2, PIK3CD 0.016 18.1

Wnt signalling pathway FZD9, NFATC1, DKK1, TCF7L2 0.066 57.4

Pathways differentially expressed in 7 responding matched tumours (assessed by D%pAKT)

p53 signalling pathway RRM2B, CDC2, RFWD2 0.084 66.5

Pyrimidine metabolism RRM2B, ITPA, POLR2F, POLD2 0.024 26.1

Purine metabolism RRM2B, ITPA, POLR2F, POLD2 0.083 66.0

Pathways differentially expressed in 14 non-responding matched tumours (assessed by D%pAKT)

ErbB signalling pathway ABL2, NCK2, JUN, PIK3CD 0.040 40.3

T cell receptor signalling

pathway

FOS, NCK2, JUN, PIK3CD 0.05 48.6

Arachidonic acid metabolism PTGIS, PTGS2, PLA2G2A 0.09 68.2

14 Pre-treatment responders vs. 9 pre-treatment non responding tumours (assessed by D%Ki67)

Natural killer cell mediated

cytotoxicity

IFNAR1, MAPK1, KLRD1, NCR3, NFATC3, PIK3CD, 0.046 44.5

Ubiquitin mediated proteolysis BIRC3, ITCH, BIRC2, CDC20, CDC34, CBL 0.049 47.4

7 Pre-treatment responders vs. 16 pre-treatment non responding tumours (assessed by D%pAKT)

mTOR signalling pathway ULK2, TSC2, VEGFB 0.095 71.3
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Genes and pathways differentially expressed following

treatment in tumours that are either responsive

or non-responsive to everolimus

SAM analysis of the 500 most differentially expressed probes

in Sets A and B between the 13 matched pairs of responding

tumours defined by change in Ki67 following treatment

identified 203 common probes with predicted FDRs of 14 and

12%. SAM analysis of the 500 most differentially expressed

probes in Sets A and B between the 7 matched pairs of

responding tumours defined by change in pAKT following

treatment identified 121 common probes with predicted FDRs

of 17 and 14%. There were 22 probes in common using either

endpoint, 16 of which were down-regulated in responding

tumours (Fig. 2).The KEGG pathways most associated with

responding tumours (classified by change in Ki67) were cell

cycle (P = 8.70E-09; predicted FDR = 1.1E-05%) and

pyrimidine metabolism (P = 0.024; predicted FDR =

26.1%) pathways (by pAKT, Table 1).

Genes and pathways differentially expressed

in pre-treatment samples between tumours responsive

and non-responsive to everolimus

The 23 pre-treatment biopsies were analysed in duplicate.

SAM analysis of the 500 most differentially expressed

probes between the 14 responding and the 9 non-responding

pre-treatment tumours, defined by a significant fall Ki67

(95% confidence interval), identified 248 probes (Supple-

mentary file 1), with predicted FDRs of 50 and 44%, in

common between Sets A and B. Hierarchical clustering of

these 248 probes revealed two clear clusters of genes

(Fig. 3). One cluster is composed of genes associated with

the gene ontology (GO) terms such as intracellular transport

and protein amino acid dephosphorylation which are largely

down-regulated in the responding samples. The second

cluster contains genes that are associated with cell cycle and

carbohydrate metabolism that are generally up-regulated in

responders. These cell cycle and carbohydrate metabolism

genes divide the responding cancers into two groups, those

that can be separated from the non-responders by the pro-

liferation cluster of genes and those that are separated from

the non-responders by the genes associated with intracellu-

lar transport and protein dephosphorylation. The responder

samples separated by the second cluster of genes are those

that are clearly distinct in Fig. 1b in the upper right quarter

of the plots of Sets A and B at the unsupervised level. These

pre-treatment tumours have significantly greater prolifera-

tion (%Ki67 by IHC) and reduced ER levels (by IHC and

gene expression, data not shown), than the remaining sam-

ples. Cross-validation using PAM analysis indicated an

overall misclassification error of 0.043, with just one

responder predicted as a non-responder. Using the replicate

datasets as training and test sets was 100% accurate; how-

ever, a fully independent dataset would be required to

properly assess the robustness of the signature.

SAM analysis of the 500 most differentially expressed

genes between the 7 responding and the 16 non-responding

pre-treatment tumours, defined by change in pAKT, iden-

tified 238 genes in common, with predicted FDRs of 48 and

56%, between the two sets. Of the 248 (Ki67 response) and

238 (AKT response) probes, 19 genes were found to be

present in both probe-lists (Fig. 4a) and the majority are

down-regulated in the responding pre-treatment tumours

A

B

%Ki67
%pAKT

Response R v NR

LYPLA1
MRE11A
C6orf129
FBX05
ZWINT
FEN1
TIMELESS
UHRF1
CDC2
FLJ40629
RAD51C
GNL3L
SLC25A24
GTF2H3
C14orf126
SMYD2
SMYD7
YPEL3
ACVR1
SERINC1
PTGFR
CLIC2

24 12 11 8 21 19 15 14 7 28 4 22 10 6 25 16 29 23 9 31 3

Fig. 2 Genes differentially expressed between matched pre- and

post-tumour biopsies that were responsive to everolimus treatment.

a Consistently differentially expressed probes between matched

‘responders’ pre-biopsies versus post-biopsies, defined by prolifera-

tion (D%Ki67) and phospho-AKT (D%pAKT). Underlined values
represent the intersection between the top 500 most differentially

expressed genes from duplicate matched samples. FDR false discov-

ery rate, Est. estimated. b Hierarchical clustering of 22 probes

significantly differentially expressed following treatment in respond-

ers measured as a significant reduction in proliferation (D%Ki67) and

phospho-AKT (D%pAKT). Red and blue bars represent responding

(R) and non-responding (NR) patients, respectively. Heatmap repre-

sents differential expression of genes (fold changes) in rows and

patients in columns (rows) and expression (red = high, green = low)

is represented on a relative (mean-centred) scale
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(Fig. 4b). The KEGG pathway most overrepresented by

differentially expressed genes in the pre-treatment biopsies,

classified by change in Ki67 was natural killer-cell-medi-

ated cytotoxicity (P = 0.046; predicted FDR = 44.5) and

classified by change in pAKT was mTOR signalling

pathway (P = 0.095; predicted FDR = 71.3); the high

false discovery rates mean these results should be treated

with caution (Table 1).

Analysis of expression of genes in mTOR signalling

pathway

Transcripts representing components of the mTOR signalling

pathway such as mTOR (FRAP1), Rictor, Raptor and BAD,

were not among those most significantly differentially

expressed following everolimus treatment (Supplementary

file 2). However, expression levels of two probes representing

BAD were higher in non-responding tumours before

(P = 0.05, P = 0.03) and after (P = 0.004, P = 0.00006)

treatment than in responding tumours. Intriguingly, expres-

sion of FRAP1 probe was higher in post-treatment responding

tumours than non-responding tumours (P = 0.01).

Discussion

Following pre-operative treatment of ER positive early breast

cancers with single agent everolimus, no simple clear-cut

response in terms of the genes and pathways altered, was

observed when all the tumours (responding and non-

responding) were analysed together. The pathway identified

to be the most significantly associated with everolimus

treatment in all tumours mapped to complement and coagu-

lation cascades. This may demonstrate an impact of mTOR

inhibition on the cell cycle and potential interactions between

mTOR inhibition and the immune system. This is in agree-

ment with the clinical results of this study, in that a significant

reduction in white cells, neutrophils and platelet count were

observed in the patients following everolimus treatment [17].

It was not surprising that genes differentially expressed

in the matched responding patients were highly associated

with reductions in proliferation and cell cycle genes as a

significant change in Ki67 was used as the main basis for

defining response. However, 22 common probes were dif-

ferentially expressed when reduction in both Ki67 and

pAKT, were used as the endpoint. These included Time-

less, and CDC2. The ‘Timeless’ gene has been shown

previously to be a potential marker of response in tamox-

ifen-treated post-menopausal patients [39]. These data

suggest response by Timeless may not necessarily be

treatment-specific. CDC2, whose expression appears to be

down-regulated in the responding patients has also been

reported to be decreased in B-cell lymphoma cell lines [40]

and pancreatic cells [41] after rapamycin treatment.

Transcripts representing components of the mTOR sig-

nalling pathway were not among those most significantly

BAD GOOD 
prognosis

Response R v NR

52 gene consensus ER+ profile
Extremely poor outcome cell proliferation signature

Subtype / receptor status

GO terms; cellular carbohydrate metabolic process, 
protein kinase cascade, cell cycle, apoptosis, cell 
proliferation, cell death
Genes; ADRA1A, BIRC2, BIRC3, BTG3, CD79A, 
CDC20, CDC34, CDC45L, CDKN3, CXCR4, DOK4, 
DUSP22, ERN1, GAL, GALK2, GMDS, HK3, IDH3G, 
LAMP3, MAPK1, MAPRE2, MCM5, ME2, MT3, PGD, 
PIM2, PYGB, SEMA4D, SLC12A6, SLC35A2, SOD2, 
STEAP3, SUFU, TNFSF14, TRADD, TRAF3IP2, 
TXNL4B, TXNRD1, CDCA8, IFNAR1, ISG20, PHKB 

GO terms; intracellular transport,  protein amino acid 
dephosphorylation,  biopolymer modification,  
peroxisome organization and biogenesis,  protein 
modification process,  dephosphorylation
Genes; DUSP15, DYNLRB2, ERBB4, FNTB, IPO4, 
ITCH, NBEA, PARP8, PEX1, PEX11G, POFUT1, 
PRMT5, PTPN13,  RABGEF1, RPGR, ULK2, DUSP16

( %Ki67)
( %pAKT)

Fig. 3 Hierarchical clustering of 248 differentially expressed probes

separating pre-everolimus treatment responding (DKi67) biopsies

from the non-responding samples. Red and blue bars represent

responding (R) and non-responding (NR) patients, respectively. Grey
and black bars signify which tumours have either a good or a bad

prognosis based upon the 52-gene consensus classifier for ER-positive

tumours [49] and the extremely poor outcome proliferation signature

[50]. Light blue and purple bars signify which tumours were PR- and

ERBB2?, respectively. Heatmap represents differential expression of

genes (fold changes) in rows and patients in columns (rows) and

expression (red = high, green = low) is represented on a relative

(mean-centred) scale. Genes highlighted in red text were also

amongst the 19 differentially expressed probes identified to be

differentially expressed between responding and non-responding

patients by a significant reduction in both Ki67 and phospho-AKT

(see Fig. 4)
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differentially expressed following treatment, suggesting

that changes seen at the protein level better characterise

changes in the mTOR pathway to everolimus treatment in

breast tumours [17]. This is in agreement with our recent

report that nuclear expression of pAKT and p-S6k staining

was significantly reduced with everolimus treatment in all

tumours, although not at all predictive of response [17].

This could be due to post-transcriptional alterations or

everolimus affecting alternative pathways to that of mTOR,

such as the IGF-1R pathway. What remains to be deter-

mined is whether therapeutic inhibitors of mTOR act upon

mTORC1 and thus will upregulate Akt pathway, or upon

mTORC2 with possible downregulation of the Akt path-

way. The study by Macaskill et al. [17] suggests that ev-

erolimus downregulates both mTORC1 and mTORC2 in

patients that responded to treatment.

Analysis of pre-treatment samples suggests there are

two distinct groups of tumours which respond to everoli-

mus and one group that does not. The non-responding

tumours had high pre-treatment expression of genes asso-

ciated with the GO terms ‘protein intracellular transport’

and ‘dephosphorylation’ including DYNLRB2, ERBB4,

ULK2, and PTPN13, irrespective of whether reduction in

Ki67 or pAKT was used as the response endpoint. ERBB4

expression in breast cancers has been regarded previously

as a marker for favourable patient prognosis, although

controversial exceptions have been reported [42]. Of the

responding patients, approximately half had a high pre-

treatment proliferation determined by Ki67 IHC or by

applying the Genomic Grade Index (not shown). Several

earlier studies have demonstrated that proliferation and cell

cycle genes are strongly prognostic [43], and such genes

are strongly represented in the genomic grade index [44],

OncotypeDx [45] and Mammaprint [46] molecular profiles.

However, our study suggests that highly proliferating

tumours with poor prognosis are amongst those that

respond to everolimus, at least in the short term. In addition

to these highly proliferative tumours, a second group was

identified, characterised by low expression of genes asso-

ciated with the GO terms ‘protein intracellular transport’

and ‘dephosphorylation’ including DYNLRB2, ERBB4,

ULK2 and PTPN13 (see above).

A

B

%Ki67
%pAKT

23 23 21 21 16 16 22 22 14 14 8 8 15 15 19 19 7 7 31 31 12 12 24 24 11 11 9 9 29 29 25 25 4 4 10 10 6 6 20 20 28 28 1 1 3 3

LRP6
ZNF140
ABHD1
GPR162
ANKMY1
DYNLRB2
POLI
ZFP2
PHC1
ZBTB2
FAM86A
TCERG1
F2RL2
LOC130940
ERBB4
ULK2
KIAA1772
DUSP16
PTPN13

Response R v NR

Fig. 4 Genes differentially

expressed in pre-treatment

samples between tumours

responsive and non-responsive

to everolimus. a Consistently

differentially expressed probes

in pre-treatment biopsies

between ‘responders’ versus

‘non-responders’, defined by

proliferation (D%Ki67) and

phospho-AKT (D%pAKT).

Underlined values represent the

intersection between the top 500

most differentially expressed

genes from duplicate

samples.FDR false discovery

rate, Est. estimated. b
Hierarchical clustering of 19

probes significantly

differentially expressed between

responders (red) and non-

responders (blue) measured as a

significant reduction in

proliferation (D%Ki67) and

phospho-AKT (D%pAKT).

Heatmap represents differential

expression of genes (fold

changes) in rows and patients in

columns (rows) and expression

(red = high, green = low) is

represented on a relative (mean-

centred) scale
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The most consistently differentially expressed genes

(with the lowest predicted FDRs) were seen for pre- versus

post-treatment matched responding samples, supporting the

rationale for identifying consistent changes in individuals.

Analysis of neoadjuvant letrozole treatment in a previous

study also suggested responding tumours have similar,

more consistent gene expression profiles, whilst non-

responding (resistant) tumours have multiple patterns of

gene changes [24, 47].

This clinical study is one of very few to perform tech-

nical replicates on primary samples using Illumina micro-

array platform. Although the duplicate BeadChips from the

same tumours were more similar to each other than different

tumours, small variations led to relatively few common

differentially expressed genes being identified (\50%)

between the two sets of BeadChips processed. Using the

intersection of two lists of genes from technical replicates

may reduce the number of spurious findings that are inev-

itable in microarray experiments with small sample sizes.

The numbers of patients in this study are too small to

feasibly test gene classifiers with robust statistical power.

We are unaware of any suitable validation datasets currently

available with which to compare our findings. Hence, fur-

ther investigations must be carried out and we look forward

to future studies on mTOR-inhibitors that may be able to

validate the results presented here. In particular, it will be

interesting to compare the differentially expressed genes

identified in this study to those in the phase-II study of

everolimus in combination with letrozole [16], once these

gene profiles are published. Creighton [48] identified ev-

erolimus-sensitive and -insensitive genes induced by Akt in

transgenic mice that positively correlated with Akt in

human breast tumours, although the everolimus sensitive

genes were associated with ER-negative status. A single

gene from this signature, Mitochondrial ribosomal protein

S7 (MRPS7) was significantly differentially expressed in

matched responding tumours in this study.

We have characterised the response to short-term ever-

olimus in primary breast tumours using matched pre- and

post-treatment samples. Gene classifiers stratifying patients

by their response to everolimus or by their pre-treatment

expression profile have been derived and these require

further investigation and validation. The study also raises

important questions about whether replicate microarrays

are warranted and whether protein expression or mRNA

changes are the most suitable endpoints for determining

response to treatment.
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