
Introduction

Histopathology is a data-rich discipline. A standard 

histo pathology report describing the macroscopic, 

micro scopic, and basic molecular features of a breast 

cancer resection specimen contains tens of individual 

data items, including the histological type, size, grade, 

completeness of excision, node status, presence or 

absence of pre-invasive disease, oestrogen receptor (ER) 

and human epidermal growth factor receptor (HER)2 

status, and sometimes a comment on response to pre-

operative systemic therapy, to name a few. When this 

information is combined with clinical parameters such as 

age and co-morbidities, clinicians can, with remarkable 

accuracy, determine what the likely outcome is for an 

individual patient, and tailor treatment accordingly. 

However, in spite of thousands of articles documenting 

and claiming refi nement of the morphological charac ter-

isation of breast cancers using single marker prognostic 

or predictive tissue biomarkers, only ER and HER2 are 

routinely used in clinical practice as predictive bio-

markers of response to endocrine therapy and trastu zu-

mab, respectively [1]. Markers of proliferation, such as 

measurement of the Ki67 antigen, may off er additional 

information but have yet to gain wide acceptance [2]. 

When performed at its best, basic histopathological 

exami nation of breast cancer remains the gold standard 

in determining patient outcome in breast cancer. Given 

the relative lack of success of new molecular clinical tests 

and the expansion of targeted therapies available to 

breast cancer patients, it seems timely to ask ourselves 

why tissue biomarkers fail to make a clinical impact, and 

to explore alternative strategies for biomarker discovery 

and individualised therapy.

From candidate pathology to systems pathology

Th e most common type of study demonstrating the 

eff ective ness of a biomarker for prognosis or prediction 

of response to therapy in breast cancer is based on the 

candidate approach (‘candidate pathology’). Sometimes, 

although by no means always, a candidate or group of 

candidate molecular targets are selected on the basis of a 

biological hypothesis that the molecule will in some way 

infl uence the biology of breast cancer, that is, by 

promoting apoptosis or reducing cellular proliferation. 

Th ese hypotheses are sometimes informed by supporting 

studies in vitro or in vivo, but often the candidates 

represent the ‘favourite’ molecules of an investigator or 

laboratory. Th e past few years in particular have seen an 

explosion in the number of studies taking this approach, 

facilitated by the ready application of immunohisto chem-

istry to tissue microarrays, which allow the simultaneous 

analysis of hundreds of tissue samples on a single glass 

slide [3]. Developing biomarkers based on solid biological 

reasoning has clearly been successful in a handful of 

cases - ER and HER2 most notably, and in ovarian cancer 

the exploitation synthetic lethality by poly(ADP-ribose) 

polymerase (PARP) inhibition in BRCA mutant tumours 

illustrates elegant rational predictive biology [4]. 

However, in the majority of cases these studies fail to 

make a long-term impact and are consigned to the litera-

ture archives without ever making it as far as independent 

validation, let alone clinical trials or the clinic.

Th e second most common type of study takes an un-

biased approach to biomarker discovery using high-

through put methodologies, such as gene expression 

microarrays, to fi nd statistical associations to defi ne the 

bio logical characteristics (or diff erences) between cancers 

or to fi nd statistical associations in the expression of genes, 

or groups of genes, and clinical outcome. Th is ‘systematic 

pathology’ approach has resulted in a deeper under-

standing of the heterogeneity of breast cancer [5], which 

has driven tailoring of therapy and new clinical trials for 

breast cancer subgroups, such as platinum-based therapy 

in triple-negative tumours, which are enriched for basal-

like cancers [6]. Th is strategy has also led to the develop-

ment of successful clinical tests, such as the OncotypeDX 

platform, which predicts long-term risk of recurrence in 

ER+, node-negative breast cancer, and which can help 

guide the decision on which patients to give chemotherapy 

to in the setting of early breast cancer [7].

However, in spite of the successes outlined above, the 

candidate and systematic pathology approaches also have 

their limitations. For example, HER2 has a relatively high © 2010 BioMed Central Ltd
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negative predictive value but low positive predictive 

value; that is, it is good at selecting patients who will not 

respond to trastuzumab, but poor at selecting those who 

will [8,9]. Th is is because single target biomarkers are 

only one species in the complex signalling networks in 

which they participate [10]. Th is is exemplifi ed by the 

signalling networks downstream of the HER2 receptor, 

particularly the phosphoinositol 3-kinase (PI3K) pathway, 

which when aberrantly activated (either through loss of 

PTEN or mutation of PIK3CA, which are frequent events 

in breast cancer and occur independently of HER2 

amplifi cation) contribute to trastuzumab resistance and 

insensitivity to other HER2-targeted therapies, such as 

pertuzumab [11]. Th erefore, at the very least, eff ective 

predictive tests probably need to be multivariate and 

multi plexed in order to capture network complexity on 

an individual tumour basis.

Secondly, independent validation of biomarkers in 

appropriately powered clinical cohorts is often lacking, in 

spite of excellent recommendations and guidelines for 

robust validation of tissue biomarkers [12,13]. Th e avail-

ability of material for validation is not always forth-

coming, or the fact is that the necessary trial to test a 

particular hypothesis for a particular therapy simply does 

not exist. Prospective testing in the clinical trial setting 

can be costly (particularly for high-throughput approaches), 

time-consuming (5 to 10 years to validate results for the 

desired clinical outcomes), and tests are likely to become 

redundant quickly in the face of rapid evolution of 

targeted therapeutics. Finally, even if a biomarker is 

identifi ed as being able to stratify a patient population for 

prognosis or therapy at a statistically signifi cant level, the 

magnitude of eff ect is not always suffi  ciently large to 

warrant change to an individual patient’s treatment. For 

truly personalised therapy, either the eff ect has to be 

large or there needs to be an alter native or comple-

mentary therapy if the individual belongs to a particular 

subgroup.

Finally, the biomarker assay itself must be robust, but 

is not always so. Antibodies must be, above all else, 

specifi c, and validated using appropriate controls, which 

must be demonstrated. Immunohistochemistry, while 

the main stay of pathological assessment of tissue 

biomarkers, is at best only semi-quantitative and subject 

to inter- and intra-observer variation, and measurement 

of biomarkers must follow the lead of validated 

quantitative gene expression assays. Th is may take the 

form of quantitative fl uorescence analysis systems, such 

as the AQUA system [14], which has recently been 

recommended as a promis ing strategy for ER measure-

ment by the National Compre hensive Cancer Network 

(NCCN) Task Force report [15] due to superior 

sensitivity, reproducibility, and quantifi cation. Further-

more, biomarkers that show a large degree of tissue 

variability, due to either biological or artefactual 

heterogeneity, are unlikely to be repro ducible.

So what can be done to complement the candidate and 

systematic pathology approaches, in order to overcome 

some of their limitations and streamline biomarker 

discovery? Recently, the nascent fi eld of systems biology 

has entered the scientifi c lexicon as a promising strategy 

to understand complex biological systems [10,16,17]. 

Cancer is the archetypal complex system; each tumour is 

hardwired by diff erent underlying genomic aberrations, 

cellular signalling represents a massively complex set of 

non-linear networks connected by feed-forward and 

feedback loops, each cell and tumour is spatially hetero-

geneous with respect to intracellular compartments (that 

is, nucleus, cytoplasm, intracellular organelles) and the 

extracellular environment (stroma, blood vessels, 

immediate microenvironment, oxygen tension) and the 

entire tissue is infl uenced by the host (that is, endocrine 

and immune systems, circulating factors, and meta bo-

lomics) [18]. Diff erences may also exist when the tumour 

spreads from the primary to distant sites [19]. Although 

systems biology defi es accurate defi nition, for the purposes 

of this commentary, a systems biology approach includes a 

degree of mathematical modelling of biological complexity 

in order to describe changes in biology over time. Systems 

pathology is the application of these methods to human 

disease, and in particular breast cancer.

Systems pathology in breast cancer

In spite of the successful application of systems biology to 

other areas of clinical medicine, such as predicting the 

side eff ects of the drug ranolazine on the heart [20,21], 

systems biology has failed to gain widespread acceptance 

within the clinical academic community. Th is is perhaps 

surprising, since other abstractions of biology, which help 

to make complexity of disease more understandable, are 

accepted and commonplace. For instance, cancer cell 

culture systems help us to understand basic biological 

process and test biological hypotheses, even though they 

are not an absolute representation of cancer (epithelium, 

stroma blood vessels, and so on) itself. An additional 

problem is that there are relatively few ‘success stories’ of 

the useful application of systems biology to cancer 

medicine. So where might systems pathology be useful in 

breast cancer?

As stated above, although signalling in cancer is often 

represented by simple linear pathways, the reality is that 

signalling is complex and non-linear, with multiple levels 

of crosstalk and feedforward and feedback loops, which 

results in robust networks insensitive to perturbation, 

that is, therapy. Th erefore, while cancer might be diffi  cult 

to model, the need to do so is even greater since many 

new therapies are designed to target such signalling 

pathways. Failure to do so can be costly; for example, loss 
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of feedback inhibition in tumours treated with mammalian 

target of rapamycin (mTOR) inhibitors results in 

induction of AKT signalling, and may be responsible for 

the disappointing effi  cacy of mTOR antagonists in the 

clinic [22]. Negative feedback signalling mechanisms are 

likely to contribute to the poor effi  cacy of agents when 

studied in phase II and III cancer trials and to the high 

rate of attrition of drugs (approximately 30% due to 

effi  cacy), which is both time consuming and expensive 

[23]. Empirical testing of every possible agent or combi-

nation of agents in the preclinical or clinical setting 

becomes prohibitively expensive and impractical.

Process-based models (that is, those based on our 

understanding of the network biology, versus data-driven 

models) aff ord a mechanistic representation of the 

under lying cell dynamics and may be parameterised 

directly by experimental data. Th ese models are formu-

lated in terms of ordinary diff erential equations that 

describe the kinetics of the concentrations of molecular 

species within the network over time.

We recently employed a process-driven approach in 

order to study resistance factors to receptor tyrosine 

kinase (RTK) inhibitors such as trastuzumab and pertu-

zumab [24]. Since the reported resistance mechanisms to 

trastuzumab seem to relate to aberrant mitogen-activated 

protein kinase (MAPK)/PI3K signalling (PIK3CA muta-

tions and inactivation of the tumor suppressor gene 

PTEN [25,26]), we reasoned that a systems analysis of 

these pathways, which are the best studied process-

driven models to date, would be a useful application of 

systems biology to a clinical problem in oncology. A new 

model of MAPK/PI3K was developed to describe HER2-

inhibitor antibody/receptor binding, HER2/HER3 

dimeri sa tion and inhibition, AKT/MAPK crosstalk, and 

the kinetic and regulatory properties of PTEN, and was 

based on modelling studies of the HER signalling network 

[27-30]. Th e inclusion of the tumour suppressor protein 

PTEN was deemed particularly important since it is a key 

negative regulator of the PI3K signalling pathway. We 

demon strated that resistance to RTK inhibitors was 

governed by the PTEN:activated PI3K ratio (integrated 

resistance factor γ), and that PTEN, appropriately 

measured in the clinical setting, could stratify patients 

for HER2 inhibitor or combinatorial therapy, particularly 

an RTK inhibitor and PI3K inhibitor in cancers with low γ. 

Th is is one of few ‘success stories’ of how a systems biology 

approach can generate hypotheses that can be tested 

experimentally in preclinical models and that can then be 

applied to clinical evaluation. Such approaches might help 

increase the level of evidence that a particular biomarker 

might be useful within a prospective clinical trial.

Further examples of applied systems biology are 

required so that it might gain credibility and be accepted 

within the clinical community. In breast cancer, this need 

not be limited to cellular signalling. For instance, in spite 

of very accurate biochemical characterisation of the 

eff ect of cytochrome P450 enzyme polymorphisms and 

how they aff ect the rates of metabolism of tamoxifen 

[31], there is no formal mathematical description of these 

enzymatic processes. A unifi ed model of tamoxifen 

metabolism to take into account individual genetic 

variability (measured in each patient before commence-

ment of therapy) and the eff ect of dose and interacting 

agents (for example, known interactors such as selective 

serotonin reuptake inhibitors) could help tailor tamoxifen 

therapy on an individual pharmacogenomic basis. Models 

of host factors could ultimately be integrated with models 

of tumour biology (that is oestrogen signalling pathways), 

refi ning the individualised therapy approach to take into 

account drug pharmacokinetics and pharmacodynamics.

Conclusions - what is needed to make systems 

pathology reality?

Th e above discussion highlights some opportunities for 

using new mathematical methodologies for biomarker 

identifi cation, drug target validation, and perhaps 

individualised pharmacogenomic approaches for breast 

cancer patients. Although a comprehensive description is 

outside the scope of this commentary, other mathe-

matical techniques off er opportunities for integrating 

clinical and pathological data, such as Bayesian networks 

and fuzzy logic [10]. In tandem, because systems biology 

is a quantitative science, data generation in pathology 

needs to be refi ned and improved in order to generate 

high-quality data for systems pathology, which may come 

in the form of quantitative protein assays such as reverse 

phase protein arrays, quantitative immunofl uorescence, 

mass spectrometry, or in vivo imaging. Clinical models in 

which multiple measurements of changing disease can be 

made are essential, such as extended neoadjuvant proto-

cols with multiple biopsies or implantable devices (a ‘lab-

on-a-chip’). Finally, systems pathology is not mutually 

exclusive to other approaches used to discover or refi ne 

biomarker development, such as high-throughput 

approaches or empirical testing. Instead, systems 

pathology should be regarded as an opportunity to add 

value to data generation and generate new hypotheses 

about breast cancer biology, and increase the burden of 

evidence for the use of biomarkers in the clinic.

Abbreviations

ER, oestrogen receptor; HER, human epidermal growth factor receptor; 

MAPK, mitogen-activated protein kinase; PI3K, phosphoinositol 3-kinase; RTK, 

receptor tyrosine kinase.

Competing interests

The author declares that they have no competing interests.

Acknowledgements

This article has been published as part of Breast Cancer Research Volume 12 

Supplement 4, 2010: Controversies in Breast Cancer 2010. The full contents 

Faratian Breast Cancer Research 2010, 12(Suppl 4):S4
http://breast-cancer-research.com/supplements/12/S4/S4

Page 3 of 4



of the supplement are available online at http://breast-cancer-research.com/

supplements/12/S4

Published: 20 December 2010

References

1. Payne SJ, Bowen RL, Jones JL, Wells CA: Predictive markers in breast cancer - 
the present. Histopathology 2008, 52:82-90.

2. Dowsett M, A’Hern R, Salter J, Zabaglo L, Smith IE: Who would have thought 
a single Ki67 measurement would predict long-term outcome? Breast 

Cancer Res 2009, 11 Suppl 3:S15.

3. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, Schraml P, Leighton S, 

Torhorst J, Mihatsch MJ, Sauter G, Kallioniemi OP: Tissue microarrays for 
high-throughput molecular profi ling of tumor specimens. Nat Med 1998, 

4:844-847.

4. Lord CJ, Ashworth A: Biology-driven cancer drug development: back to the 
future. BMC Biol 2010, 8:38.

5. Perou CM, Sørlie T, Eisen MB, van de Rijn M, Jeff rey SS, Rees CA, Pollack JR, 

Ross DT, Johnsen H, Akslen LA, Fluge O, Pergamenschikov A, Williams C, Zhu 

SX, Lønning PE, Børresen-Dale AL, Brown PO, Botstein D: Molecular portraits 
of human breast tumours. Nature 2000, 406:747-752.

6. Reis-Filho JS, Tutt AN: Triple negative tumours: a critical review. 
Histopathology 2008, 52:108-118.

7. Paik S, Shak S, Tang G, Kim C, Baker J, Cronin M, Baehner FL, Walker MG, 

Watson D, Park T, Hiller W, Fisher ER, Wickerham DL, Bryant J, Wolmark N: A 
multigene assay to predict recurrence of tamoxifen-treated, node-
negative breast cancer. N Engl J Med 2004, 351:2817-2826.

8. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE Jr, Davidson NE, Tan-Chiu 

E, Martino S, Paik S, Kaufman PA, Swain SM, Pisansky TM, Fehrenbacher L, 

Kutteh LA, Vogel VG, Visscher DW, Yothers G, Jenkins RB, Brown AM, Dakhil SR, 

Mamounas EP, Lingle WL, Klein PM, Ingle JN, Wolmark N: Trastuzumab plus 
adjuvant chemotherapy for operable HER2-positive breast cancer. N Engl J 

Med 2005, 353:1673-1684.

9. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, Goldhirsch A, Untch M, Smith 

I, Gianni L, Baselga J, Bell R, Jackisch C, Cameron D, Dowsett M, Barrios CH, 

Steger G, Huang CS, Andersson M, Inbar M, Lichinitser M, Láng I, Nitz U, Iwata 

H, Thomssen C, Lohrisch C, Suter TM, Rüschoff  J, Suto T, Greatorex V, Ward C, 

Straehle C, McFadden E, et al.: Trastuzumab after adjuvant chemotherapy in 
HER2-positive breast cancer. N Engl J Med 2005, 353:1659-1672.

10. Faratian D, Clyde RG, Crawford JW, Harrison DJ: Systems pathology - taking 
molecular pathology into a new dimension. Nat Rev Clin Oncol 2009, 

6:455-464.

11. De P, Leyland-Jones B: Whither HER2-related therapeutics? J Clin Oncol 2010, 

28:1091-1096.

12. Simon RM, Paik S, Hayes DF: Use of archived specimens in evaluation of 
prognostic and predictive biomarkers. J Natl Cancer Inst 2009, 

101:1446-1452.

13. McShane LM, Altman DG, Sauerbrei W, Taube SE, Gion M, Clark GM: 

REporting recommendations for tumour MARKer prognostic studies 
(REMARK). Br J Cancer 2005, 93:387-391.

14. Camp RL, Chung GG, Rimm DL: Automated subcellular localization and 
quantifi cation of protein expression in tissue microarrays. Nat Med 2002, 

8:1323-1327.

15. NCCN Guideline and Clinical Resources [http://www.nccn.org/JNCCN/

supplements.asp]

16. Henney A, Superti-Furga G: A network solution. Nature 2008, 455:730-731.

17. Faratian D, Moodie SL, Harrison DJ, Goryanin I: Dynamic computational 
modeling in the search for better breast cancer drug therapy. 
Pharmacogenomics 2007, 8:1757-1761.

18. Hornberg JJ, Bruggeman FJ, Westerhoff  HV, Lankelma J: Cancer: a systems 
biology disease. Biosystems 2006, 83:81-90.

19. Aitken SJ, Thomas JS, Langdon SP, Harrison DJ, Faratian D: Quantitative 
analysis of changes in ER, PR and HER2 expression in primary breast 
cancer and paired nodal metastases. Ann Oncol 2010, 21:1254-1261.

20. Noble D: Systems biology and the heart. Biosystems 2006, 83:75-80.

21. Noble D, Noble PJ: Late sodium current in the pathophysiology of 
cardiovascular disease: consequences of sodium-calcium overload. Heart 

2006, 92 Suppl 4:iv1-iv5.

22. O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H, Hofmann F, 

Hicklin DJ, Ludwig DL, Baselga J, Rosen N: mTOR inhibition induces 
upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res 

2006, 66:1500-1508.

23. Kola I, Landis J: Can the pharmaceutical industry reduce attrition rates? Nat 

Rev Drug Discov 2004, 3:711-715.

24. Faratian D, Goltsov A, Lebedeva G, Sorokin A, Moodie S, Mullen P, Kay C, Um 

IH, Langdon S, Goryanin I, Harrison DJ: Systems biology reveals new 
strategies for personalizing cancer medicine and confi rms the role of 
PTEN in resistance to trastuzumab. Cancer Res 2009, 69:6713-6720.

25. Berns K, Horlings HM, Hennessy BT, Madiredjo M, Hijmans EM, Beelen K, Linn 

SC, Gonzalez-Angulo AM, Stemke-Hale K, Hauptmann M, Beijersbergen RL, 

Mills GB, van de Vijver MJ, Bernards R: A functional genetic approach 
identifi es the PI3K pathway as a major determinant of trastuzumab 
resistance in breast cancer. Cancer Cell 2007, 12:395-402.

26. Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, Klos KS, Li P, Monia BP, 

Nguyen NT, Hortobagyi GN, Hung MC, Yu D: PTEN activation contributes to 
tumor inhibition by trastuzumab, and loss of PTEN predicts trastuzumab 
resistance in patients. Cancer Cell 2004, 6:117-127.

27. Birtwistle MR, Hatakeyama M, Yumoto N, Ogunnaike BA, Hoek JB, Kholodenko 

BN: Ligand-dependent responses of the ErbB signaling network: 
experimental and modeling analyses. Mol Syst Biol 2007, 3:144.

28. Kholodenko BN, Demin OV, Moehren G, Hoek JB: Quantifi cation of short 
term signaling by the epidermal growth factor receptor. J Biol Chem 1999, 

274:30169-30181.

29. Moehren G, Markevich N, Demin O, Kiyatkin A, Goryanin I, Hoek JB, 

Kholodenko BN: Temperature dependence of the epidermal growth factor 
receptor signaling network can be accounted for by a kinetic model. 
Biochemistry 2002, 41:306-320.

30. Schoeberl B, Eichler-Jonsson C, Gilles ED, Muller G: Computational modeling 
of the dynamics of the MAP kinase cascade activated by surface and 
internalized EGF receptors. Nat Biotechnol 2002, 20:370-375.

31. Desta Z, Ward BA, Soukhova NV, Flockhart DA: Comprehensive evaluation of 
tamoxifen sequential biotransformation by the human cytochrome P450 
system in vitro: prominent roles for CYP3A and CYP2D6. J Pharmacol Exp 

Ther 2004, 310:1062-1075.

doi:10.1186/bcr2733
Cite this article as: Faratian D: Systems pathology. Breast Cancer Research 

2010, 12(Suppl 4):S4.

Faratian Breast Cancer Research 2010, 12(Suppl 4):S4
http://breast-cancer-research.com/supplements/12/S4/S4

Page 4 of 4


	Introduction
	From candidate pathology to systems pathology
	Systems pathology in breast cancer
	Conclusions what is needed to make systems pathology reality?
	Abbreviations
	Competing interests
	Acknowledgements
	References

