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The workshop served to discuss and assess the requirements of successful research in medical systems 
biology (MSB) with regard to suitable exprimental systems, available experimental technologies, and 
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modeling/data analysis. Before the working groups started reviewing the relevant topics in detail 
Robert Jaster (Department of Medicine, University of Rostock) gave a stimulating introduction titled 
"Tumour Diseases and Systems Biology - Facts and Personal Points of View". Table 1 summarises the 
moderate progress in terms of survival after decades of steadily intensified cancer research: 

Although modern oncology has elucidated central molecular mechanisms of tumourigenesis 
(oncogenes, perturbed signaling) large areas remain uncharted, e.g. important aspects of epigentic 
modifications and intercellular communication have not been studied systematically yet, and 
insufficient biomarker sensitivity and specificity require improvements. The widely appreciated 
success of targeted terapeutics has come with some old problems (failure, resistance, side effects) as 
well as novel ones (extreme costs; unclear individual treatment options). However, the immense 
complexity of cancer calls for SB approaches. Mathematical models describing interactions between 
molecules involved in tumourigenesis (e.g., ERK-, Wnt-, TGF-b signaling pathways), as well as 
cancer-related cellular pathways have already been presented, and computational tools for multi-scale 
modeling are being developed. Dr Jaster ventured to explore criteria of "model tumour diseases" 
which are amenable to systems biology approaches. Statistical data on prevalence and mortality 
clearly indicate that prostate/breast, lung and colon cancer represent a huge burden for industrial 
societies. Taking into account the level of pathophysiological understanding, the availibility of suitable 
experimental models and the potential for diagnostic/therapeutic options gastro-intestinal tumours - 
colorectal carcinoma in particular - appeared as appropriate candidates. 
 
 
Experimental Systems 
Looking upon suitable exprimental systems the workshop participants, divided into three expert 
groups, analysed the following aspects: 
 
Experimental Systems Ð Cellular and Subcellular Level (Chair: Manfred Kunz) 

James Ferrell introduced the topic. In the discussion it became clear that the rub is with the well-
known fact that the most 'powerful' cell systems are not quite realistic models while the more realistic 
cell systems are not very 'powerful'. The experts emphasised the importance of understanding basic 
cellular processes to provide a foundation on which to build our understanding of tumor-specific 
behaviours. They consequently favour a strong track record of model organisms with particular 



experimental advantages (yeast, flies, worms, Xenopus…). The value of having a “gold standard” to 
compare other cells to (e.g. a protein abundance catalog) would be appreciated. Not willing to 
compromise on the quality of the experimental data the experts would prefer highquality data from an 
artificial cell type to mediocre data from a more realistic cell type. Best candidates available are 
HEK293 and HeLa due to human origin, growth characteristics, outstanding transfectability, ease to 
perform RNAi experiments and homologous recombination. Unfortunately, they are aneuploid, 
artificial, and single cell types are not good for every type of response. They expect cells from the NCI 
60 panel, cell lines from patients and differentiated iPS cells to prove superior. 
 
Experimental Systems Ð Multicellul ar Level, Animal Models (Chair: Dirk Drasdo) 

Owen Sansom gave a thorough introduction to the current state and discussed the presently available 
models as summarised in table 2 below. 

He made a strong case for genetically modified animal models based on the facts that mutations occur 
in their correct physiological settings and that cross talk between epithelium and stroma cells and 
tumour associated fibroblasts is tissue-specific. Signaling pathways and feedback loop proteins 
blocking these pathways are also tissue specific.  
Findings: Mouse models with defined mutations in specific signaling pathways may allow for proof 
of concept studies that will assess if mice of different genotypes might respond differently to different 
drugs, e.g. will mice carrying APC PTEN mutations respond better than mice that carry APC KRAS 
mutation to PI3 Kinase inhibitors. Large clinical trials required for a growing number of drugs have 
become very difficult. Genetic mouse models should allow to test combinations of drugs and 
antibodies (in various treatment regimes) which may inform which combination best to trial in 
humans. Given the mouse models were set up with defined genetic lesions that need other stochastic 
events for tumour formation to occur, it was suggested that modeling cancer and cancer resistance 
from an evolutionary perspective would be a way of integrating the mouse model data with 



mathematical modeling. Sequencing of mouse tumours of different genotypes (potentially pre and post 
treatment) would allow to have high resolution of the changes that occur through carcinongenesis and 
resistance. In humans, most therapies are based around the clinical endpoints of tumour shrinkage 
while most agents are used at maximum tolerated dose. In mouse studies, the maximum tolerated dose 
can be compared to the dose of the drug which ‘hits the target’ of the drug, e.g. a kinase inhibitor, to 
see if this gives comparable results. Also studies can be performed whether lower doses of drugs that 
stop tumour growth (rather than cause tumour regression) extends lifespan. Thus there is good reason 
to investigate whether regimes can be developed that treat cancer as a ‘chronic’ disease. Another 
suggestion was whether computational modeling of toxicity, previously used in developmental 
biology, could be applied to cancer. 
 
Linking Basic Research with Clinical Research (Chair: Boris Zhivotovsky) 

Charles Auffray started with some general considerations. The driver of research should be the clinical 
question/situation while animal and cellular models are required for validation and verification of 
mechanistic explanations. He emphasised the importance of host/tumor relationships vs cell lines and 
recommended to specify the key clinical questions not without identifying patient-related constraints 
and limitations. Since the biology of animal models developed for basic science may not be directly 
relevant to clinical situations one should develop both models, and then cross-integrate.  
Findings: In practice one should take the effort to identify what is feasible vs what is desirable. 
Criteria are access to early stages, a blood sampling window for metabolomics/ proteomics/ 
transcriptomics studies and access to tissues from biospies. Data collection has to be driven by 
clinical/biological questions and hypotheses. A rational design of experimental follow-up studies is 
needed taking into account which parameters are most informative to characterise a pathway/network 
efficiently and at reasonable costs. This would prompt the identification of critical targets within 
oncogenic/signaling pathways for therapeutic intervention. Analysis and prediction of the cellular 
response to anti-tumour agents (cytostatic drugs, monoclonal antibodies, and novel small molecule 
inhibitors) could provide clues to mechanisms behind drug efficiency in experimental (cell culture) 
models. Genetically-engineered mouse models are considered the best option for establishing 
treatment schemes and the exploration of possible mechanisms of drug action. Experimental results 
need to be correlated with retrospective clinical data and SB approaches. The evaluation of predicted 
optimal therapeutic strategies can be performed in mouse models (tumour xenografts) which also 
supports the design of rational treatments based on model predictions. 
 
 
Experimental technologies  
The workshop experts reviewed the potential of major high throughput approaches to extract 
quantitative data from experiments with biological systems. Three working groups discussed the 
following technologies in detail. 
 
Transcriptomics, Epigenomics (Chair: Nils BlŸthgen) 

Focusing on epigenetic modifications Christina Sers reviewed the current developments in the analysis 
of transcriptome information. She compared the technologies currently applied in molecular genetic 
research as summarised in table 3 below. Epigenetic modifications are important for cancer 



development (e.g. methylation of tumor suppressor genes) and epigenetic markers are already on the 
market and might become important for diagnostics. Besides simulations of dynamic chromatin 
structures there are only very few mathematical models available yet. 
Knowledge of the relation between epigenetic modification and gene expression is available for few 
genes. The participants saw opportunities for modeling approaches in understanding the relation 
between gene expression and epigentic modifications – albeit of a few candidate genes only – and for 
studying population dynamics. The global analysis of methylations to find patterns and informative 
regions appeared indispensable. Table 3 gives an overview on current technologies of genome 
analysis. 
 
Table 3: technologies of genome analysis 

 
Proteomics (Chair: Trevor Dale) 

Philippe Lenormand critically discussed the advantages and limitations of the available technologies 
for transcriptome and proteome analysis. Some characteristics of transcriptomics technologies are 
summarised in table 4. 
 Table 4: transcriptomics technologies 

    

DNA arrays spot oligonucleotides on slides / hybridize cDNA

very high throuput

difficult to get absolute quantification

not great dynamic range, limited to spotted probes 

quantitative RT-qPCR amplify specifically target sequences

gold-standard medium throughput : multiplex up to 5 dyes

many samples, few targets (dry mix of primers

on 384 wells)

Xtag technology (luminex) multiplex PCR

allele or target specific amplification

binding to beads by DNA tags : 100 measures per sample

high throuput / quantitative (? end-point)

deep sequencing sequencing entire transcriptome from samples

even small RNA can be sequenced (siRNA, miRNA...)

can give informations on alternative transcripts

mRNA transcript frequency = quantity ?

allele-specific transcription

chromatin-IP purified sequences

medium throughput by tagging samples and parallel sequencing

(labor intensive bio-informatics)

improving fast / affordable soon



Although not high throughput yet, deep sequencing comes with attractive advantages: there is no 
predetermination of targets, and when multiple samples are tagged, they are treated equally all along 
the procedure. Regarding quantification in deep sequencing he emphasised that it remains to be proven 
that the frequency of sequences relates directly with quantity (of transcripts) and that it is a relative 
measure due to the amplification steps. 
Today, there is a variety of methods allowing for relative quantification. For biomarker proteomics 
and systems biology, however, absolute quantification rather than relative quantification is required. 
Western blotting is the most widely used method in quantitative protein analysis. Its is laborious and 
due to the largely variable affinities of antibodies employed there is a short linear range of detection. 
Recently Luminex' xmap technology was introduced in high throughput proteomics. It employs dyed 
polystyrene beads with antibodies fixed on the surface and target-specific labelling antibodies. The 
method is highly specific and allows for up to 100 measurements per sample. However, measurements 
are not absolute and require standardisation. A method enbaling absolute quantification involves 
concomitant mass spectrometric determination of signature proteotypic peptides and stable isotope-
labeled analogs (QconCAT). Biological samples spiked with designed and isotopically labelled 
concatenated signature peptides are subjected to proteolyis and analysed. The method has interesting 
advantages: it is quantitative, one can measure up to 100 proteins per sample and also detect secondary 
modifications. However, the availability of standard labeled signature peptides in accurately known 
amounts is a limitation to the widespread adoption of this approach and data analysis is labor 
intensive. A very recent technology, nanostring, was developed at the ISB in Seattle. It essentially 
works by counting individual dye-tagged biomolecules and does not require any amplification steps. 
Current technologies of analysing proteins in vivo, e.g. employing fluorescence microscopy, can 
provide information on single cells but usually lack the option to gain quantitative data. With regard to 
cancer systems biology the participants are convinced of the value of proteome data and suggest to 
pursue some specific hypothesis-driven questions of relevance to cancer, e.g. are there checkpoints at 
which level apoptosis is all or none? or why do drugs fail? (isoforms / cross-talk) and 'how can these 
component hypotheses be linked into a coherent whole?' In summary, transcriptomics for cancer 
systems biology need highthrouput arrays be combined with more precise quantitative measurements, 
e.g. provided by quantitative reverse transcription PCR (RT-qPCR). Deep (pyro)sequencing may 
become the future gold standard. 
 
Metabolomics, Fluxomics (Chair: Marta Cascante) 

Ignoring the rather artificial distinction between metabolomics and metabonomics Marta Cascante 
introduced the metabolome of an organism as the result of the in vivo function of gene products 
closely tied to its physiology and its environment. Metabolomics offer a unique opportunity to look at 
relationships between genotype,  phenotype and the interaction with the environment. The 
identification of metabolite biomarkers is key for research in cancer systems biology. Fairly advanced 
technologies – gas chromatography, mass spec, nuclear magnetic resonance and combinations thereof 
– allow for extremely sensitive analysis of metabolites. However, important questions have to be 
addressed before data analysis: What are the key metabolites? In principle, 'all' metabolites are 
considered important. Key metabolites are likely to depend on tumor type, tumor heterogeneity, cell 
type, and stage. Untargeted unbiased search for novel biomarkers as strategy would not rule out the 
hypothesis-driven analysis of samples. The analysis of metabolic fluxes, dubbed fluxomics, is hard to 



perform. Not correlating with concentrations inter- and intracellular metabolite fluxes cannot be 
measured directly, they have to be calculated for each model. Targeted analyses of fluxes in tissue 
samples or biopsies would provide valuable information. In summary, metabolomic data complement 
genetic and proteome information, provide valuable biomakers, and - as link between genotype and 
phenotype - help a lot to refine models. 
 
 
Mathematical Modeling, Data Analysis 
John Tyson views math models as hypothesis-testing tools which, principally, are all wrong because 
hypotheses ultimately prove to be incorrect in one way or another. Models can be useful, provide 
insight, and suggest new experiments even when its consequences are counter-intuitive. Evolvable 
models serve to improve hypotheses. Modeling of cancer essentially serves to simulate and understand 
information processing in mammalian cells and tumor progression. Interesting problems amenable to 
modeling are (perturbed) signal transduction pathways, 'decision making' in the cell cycle, 
mitogenesis, apoptotic control, and stem cell maintenance. However, there are serious caveats: 'cross-
talk', e.g. due to the formation of receptor complexes, has to be taken into account to and there still are 
huge gaps in the knowledge of signaling pathways. The surprising results from recent research on 
microRNAs and new insights into the dynamics of RNA polymerisation advise caution when building 
models. The challenges are huge since life and disease are multi-scale phenomena encompassing 
genes, networks, cells, tissues and more.  
 
Modeling of Subcellular Processes (Chair: Santiago Schnell) 

A distiction between modeling (M) and theory (T) appears reasonable. Advancing theory (T) requires 
the development of new theoretical approaches that will improve our understanding of fundamental 
principles that integrate phenomena inside the cells while advancing modeling (M) requires the 
application of theoretical approaches to improve our understanding of processes inside the cells. 
Models can be divided into 'reminiscence models' comparable to a clockwork toy reproducing the 
motions of a living dancer. This is analogously accomplished by large simulations. Mechanistic 
models, generally used for hypothesis-testing, are derived from mechanisms extracted from 
experimental data. The experts ventured on a SWOT (Strengths,Weaknesses, Opportunities, Threats) 
analysis of the opportunities for modeling approaches on the subcellular level. Strengths: There are 
specific biochemical pathways with substantial experimental data (cell cycle, MAP kinases, etc) and at 
the same time there is a substantial amount of theoretical work on these biochemical pathways (cell 
cycle, MAP kinases, etc) available. Weaknesses: Poor quality of data both quantitative (parameters) 
and qualitative (mechanisms) and ineffective communication between experimentalists and 
theoreticians. Opportunities for modeling:  
(M) There are specific systems (cell cycle, MAP kinases, etc) in cancer research where 
experimentalists and theoreticians can co-operate forming research consortiums. 
(T) New theories for new technologies: the nano-world and single molecule biochemistry/biophysics 
(T) New theories for multiscale modeling from genes to cell activity 
(T) New theories for individualised medicine: forecasting 
(T) Development of identifiability and distinguishability approaches for parameters and model 
estimation 



Threats: There are small funding opportunities for theory only projects and modeling toolboxes are 
not supported in the long term by funding agencies. Experimentalist often consider collaborating with 
modellers high-risk and communication still is difficult.  
Proposal: The participants propose to focus on a specific animal and cancer model and favour the 
villus crypt of CRC. Essential pathways for normal cell function (Wnt, RAS, TGF, cadherins, etc.) and 
growth, division, differentiation, transcription should be investigated. The objective is understanding 
of information processing in normal and disease crypt. 
 
Multi -scale Modeling, Cell/Tissue Data (Chairs: Philip Maini/John Lowengrub) 

Multiscale modeling is required since biological function arises across different scales which interact 
nontrivially. Therapies are multi-scale processes too. The participants identified the following 
challenges: We need to develop theoretical technologies to understand strengths and weaknesses of 
the diverse multiscale modeling methodologies. Targeted funding for such studies would advance the 
field. The studies would require consistent, comprehensive experimental measurements across one cell 
line enabling the validation and comparison among models. One could investigate the effects of 
variation among data for a particular cell line and compare to the in vivo situation. 
Predictions can also be used to discriminate among the models, e.g. by parameter sensitivity analysis. 
The use of models to predict those parameters to which the system is “most sensitive” may also allow 
for model reduction and yield insight as to which additional data would be most beneficial to measure. 
Error propagation is a big problem of linking across scales and different model types. 
Experimental data across scales may be hard to obtain, in particular with the quality required. The 
practical strategy of linking models of different levels of detail will produce a suite of models. 
 
Bioinformatics, Data Management 

The participants acknowledged the availability of a large number of diverse repositories from big data 
bases to small specialized data bases. They agreed on the need for high quality, high throughput data 
and for new bioinformatics and data management tools for modeling because the requirements of 
'classical' bioinformatics are different. They recommend to pay attention to the 'social aspects of data 
sharing', i.a. the standardisation of data. Tools which enable the assessment of data quality are highly 
demanded. An example is the 'RNA integrity number (RIN)' which is a software tool designed to help 
scientists estimate the integrity of total RNA samples. Emerging new technologies are expected to 
come with large amounts of data and novel formats. Not only with regard to the costs of data base 
maintenance they support the concept of central curation of data and single platform for data 
exchange. System flexibility is central to data management in systems biology, i.e. the integration of 
content management systems with bioinformatics databases is recommended. The participants 
consider repositories for models especially helpful to provide access to new tools for experimentalists 
and modelers, e.g. tools for visualisation required for linking of pathways, for feeding networks with 
information from biological databases, and for mapping data onto pathway diagrammes. 
 
 



General discussion 
The concluding discussion served to consolidate and to critically assess the findings of the topical 
workshops. It was acknowledged that pharmaceutical research already benefits from systems biology 
approaches, e.g. 25% of Merck's current portfolio of drug candidates are said to stem from SB 
programmes.  
Finally, the participants ventured to sketch a project which, they are convinced, deserves further 
scrutiny. They recommend to embark on systems biology research on colorectal carcinoma through all 
stages from initial cellular degeneration of 
crypt cells to the separation of aggressive 
metastatic cells. The value is obvious. 
Translational research, i.e. the cooperation of 
bioscientists, modelers and clinicians, would 
benefit most from the discovery of novel 
targets and the insights needed for improving 
therapeutical regimes. Improved prevention 
lowering the burden of the disease would be 
another outcome. Whithin the time horizon of 
5-10 years one could expect to have 
successfully tackled problems from the early 
stages of tumour formation from crypt cells. 
 
 


