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Introduction
 

Understanding complex bio-
logical pathways and networks 
on a systems level requires 
knowledge of its units, struc-
tures and temporal process-
es. With the ApoNet research 
project we aim at developing 
computational models to recon-
struct the dynamic regulation of 
signalling networks. Supported 
by the transnational funding in-
itiative ERASysBio+, the project 
combines the scientific exper-
tise of three European project 
partners in high-throughput  
biology, computational model-
ling and translational research.

Making use of recent techno- 
logical advancements we will 
investigate signalling pathway 
structures in normal and malig-
nantly transformed liver cells. 
Liver cancer is one of the most 
common forms of cancer world-
wide. Therapeutic options are 
still limited, because tumour 
cells often become resistant 

to conventional drugs – mostly 
as they fail to undergo pro-
grammed cell death (apopto-
sis). The network of signalling 
cascades determining whether 
a cell enters the apoptotic path-
way or survives is complex and 
only partially understood. Our 
project aims at shedding more 
light onto these processes and 
their dysregulation in cancer by 
developing improved statistical 
models based on gene regula-
tory networks.

As a result we will be able to   
reconstruct time-resolved sig-
nalling networks on a systems 
level and to identify critical 
steps in pathway regulation 
as potential targets for thera-
peutic intervention. Our study 
should provide new insight 
into principal mechanisms of 
inflammation-induced tumouri-
genesis and reveal how drug 
resistance can be overcome in 
a tumour-specific manner. It 

will also establish the next 
generation of computational 
pathway modelling methods 
as a tool to reconstruct com-
plex signalling networks.

Genes are located on the DNA (red) within
the cell nucleus (blue staining of tubulin;
actin filaments of the cytoskeleton are
marked green).
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On the TRAIL of Suicidal Cells

Death is part of life. Tril-
lions of molecular errors 
take place within our bod-
ies daily, mistakes that could 
cause disease. Yet illness is 
kept at bay by a barrage of 
ingenious biological defence 
mechanisms, which act to 
isolate and eradicate the nat-
ural hazards posed by our bi-
ology and metabolism. Apo-
ptosis or programmed cell 
death is something of a life 
saver, a daily disposal serv-
ice for short-circuiting cells. 
Understanding this highly-
evolved process of cell sui-
cide has great implications 
for cancer, because tumour 
cells escape the body’s natu-
ral apoptotic pathway.

New therapeutic possi-
bilities provide an incentive 
for scientists to figure out 
ways of triggering apoptosis 
in cancer cells. The ApoNET 
project is a 3-year EU  and 
transnational funded pro-

gramme that brings together 
the work of leading European 
researchers to explore cell 
suicide in health and disease. 
Network co-ordinator, Michael 
Boutros (University of Hei-
delberg and German Cancer 
Research Center, Germany) is 
working in association with two 
other partners, Henning Wal-
czak (Imperial College London, 
UK) and Rainer Spang (Univer-
sity of Regensburg, Germany) 
to explore signalling pathways 
implicated in liver cancers.

“We’d like to get a compre-
hensive view of signalling net-
works in normal and cancer 
cells,” explains Michael. “We’re 
particularly interested in two 
important signalling cascades 
known as TRAIL and TNF that 
play a role in this type of can-
cer.” TNF-related apoptosis-
inducing ligand (TRAIL) is a 
member of the TNF superfami-
ly, a large family of immune 
molecules. It is made by cells of 
the immune system, such as the 
so-called natural killer cells, in 
part defining their capacity to 
eliminate unwanted tissue from 
the body. TRAIL can initiate  
apoptosis by binding to recep-
tors on the surface of cells. 
Binding activates genes down-
stream in the network to pro-
duce a whole host of enzymes 
that effectively help to safely 
dispose of unwanted cells, al-
though cancer cells often fail to 
respond to such triggers. While 
TNF molecules can also induce 
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nents that are 
known to be 
required in one 
way or another 
in one of these 
signalling cas-

cades. It’s a bit like removing a 
bit of a car to try and understand 
what makes it break down.” His 
team uses a technique to dis-
able specific network nodes, by 
blocking the RNA made by the 
respective gene. Then they look 
at how this affects all the other 
genes within the cell using tran-
scriptome sequencing. “Using 
next-generation sequencing we 
measure the response of every 
gene within the cell after per-
turbation. Then we have to put 
the puzzle together using data 
modelling.”

Rainer Spang devises com-
puter models to describe signal 
flow in cells. “If we stimulate a 
cell, for example by knocking 
down a certain gene, a lot of 
stuff happens downstream. If 

you take a certain signalling 
gene out of a cell, it might af-
fect the expression of thou-
sands of other genes. Using 
these data, we can recon-
struct how the signal is flow-
ing in the cell, from one mol-
ecule to the next.” If research 
can reveal which nodes, 
when stimulated with a drug, 
promote cell suicide in tu-
mour cells, but not in normal 
body tissue, new therapeu-

tic avenues will open up. As  
Henning Walczak reveals, 
“the ultimate measure is not 

A natural killer cell (yellow) binding to 
tumour cells (red)

The organic bases adenine (A), cytosine 
(C), guanine (G) and thymine (T) are the 
key to genetic information.

apoptosis under certain circum-
stances, their primary function 
is to alarm the immune system 
by inducing a pro-inflammatory 
state. In a tumour this can re-
sult in resistance of cancer cells 
to TRAIL-induced apoptosis.

Gene Networking

Understanding genes is 
much easier with an apprecia-
tion of their context within gene 
networks. Nodes in the network, 
which correspond to genes that 
regulate the system, are poten-
tial drug targets. “We have tools 
to assimilate these signalling 
pathways and we plan to iden-
tify signalling nodes by perturb-
ing them,” Michael says. “Our 
approach is to remove compo-
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plains Henning, “and factors 
that are required to maintain re-
sistance against TRAIL-induced 
apoptosis.” Resistance often 
evolves in tumours that are ex-
posed to drug treatment, be-
cause cancer cells keep dividing 
and are more likely to mutate 
than normal cells. Mutations 
can equip them with an escape 
route from the naturally pro-
tective apoptotic pathway. “If 
we can neutralise the factors 
that specifically affect cancer 
cell resistance to TRAIL using 
different drug combinations,” 
reasons Henning, “there is less 
chance that these cells will 
evolve resistance to new treat-
ment combinations.” 

“So this is what we’re trying 
to do with cancer. We need to 
identify combinations of drugs 
that can hit tumour cells spe-
cifically, so that we can close 
the back door for cancer. That’s 
what ApoNET is all about. We’re 
trying to understand one sys-

whether we can kill a cancer 
cell, but whether normal cells 
will survive.” 

Close the Back Door

“Several years ago, to-
gether with Michael’s re-
search team, we identified 
factors required for TRAIL-
induced apoptosis,” ex- 

Livers cells undergoing apoptosis show 
typical blebs.

tem really well, so that we can 
use it as a nucleus, and from 
there we can broaden our view 
and apply the knowledge to 
other biological networks and 
disease scenarios.”

Within three years, the 
ApoNET project aims to put 
together the pieces of the puz-
zle to reveal a comprehensive 
picture of the natural control 
network for cell suicide. This 
will provide a yardstick, against 
which to compare the situa-
tion in tumour cells. Michael 
Boutros summarises the over-
arching goal: “We’d be happy to 
build models of the TRAIL and 
TNF pathways. How are these 
signalling networks rewired in 
cancer cells compared to nor-
mal cells? With an increased un-
derstanding of these processes, 
we hope to be able to make pre-
dictions about how TNF (or its 
inhibition) and TRAIL could be 
used in clinical studies.”
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for life in all known biological 
species. 

The existence of genes had 
been acknowledged many 
years prior, but without an un-
derstanding of their physical 
nature. Now biologists had a 
tangible entity to explore, with 
the understanding that each 
gene corresponds to a DNA se-
quence encoding a functional 
molecule with a specific job in-
side the cell. And a few decades 
later, thanks to the develop-
ment of sequencing technolo-
gy, the Human Genome Project 
described the full complement 
of genes common to our spe-
cies.

Understanding what a gene 
does has traditionally involved 
its ablation or knock-out. Thus, 
the function of genes has large-
ly been inferred from the con-
sequences of their absence. 
For example, the ‘eyeless’ gene 
– first identified in the fruit fly, 
Drosophila melanogaster – got 

its name following the ob-
servation that without it, 
flies cannot develop eyes. 
While this method is neces-
sarily simplistic, the main 
drawback is that many genes 
do not simply have one job, 
but can play a role in more 
than one cellular system. So 
knocking them out can have 
multiple consequences at 
the level of the cell, creating 
a messy picture.

The ladder-like DNA molecule is twisted 
into a characteristic double helix.

Big Picture Biology

“Biology is traditionally a 
very descriptive science,” says 
Rainer Spang (University of 
Regensburg, Germany). While 
“physics is predictive and uses 
mathematics to deduce new 
laws of nature,” Rainer admits 
that the same has never been 
true of biology. Biologists ob-
serve life and try to make sense 
of what they see, whereas phys-
icists – dealing with energy, 
forces and miniscule particles – 
have much more heavily relied 
on theory and the predictive 
power of mathematics. Over 
the past few centuries techno-
logical advance has allowed 
biologists to probe deeper and 
deeper into the basis of biologi-
cal life.

By the early 1950s, physi-
cists and chemists had helped 
biologists to understand the 
most fundamental of all biolog-
ical molecules: DNA. This revo-
lutionary discovery identified 
the double-helix as the basis 
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Systems biology aims to 
aggregate the results of this 
reductionist approach, en-
compassing a trend in the bio- 
sciences towards the study 
of whole biological networks 
and systems. It is necessarily 
multidimensional: combining 
our knowledge of life at the 
level of molecules, cells and 

Effects of perturbing individual  
S-(signalling) genes on E-(effector) genes

the whole organism; and multi-
disciplinary: availing of tech-
niques from physics, chemistry, 
mathematics, computing, en-
gineering science and biology. 
However, while this moves the 
focus towards the bigger pic-
ture perspective, scientific in-
vestigation still requires clearly 
defined parameters.

“I think it’s important to de-
fine the system in systems biol-
ogy,” comments Henning Wal-
czak (Imperial College London, 
UK). “I mean, rather than cover-
ing the entire ocean at a depth 
of one or two feet, we need to 
explore a clearly defined tract 
within that ocean in full depth.” 
The ApoNET project seeks to 
understand the relationships 
between two cellular systems, 
“TNF: the gene-induction in-
flammatory system; and TRAIL: 
the apoptotic system,” Henning 
explains. “From this core, we’d 
like to expand into other sys-
tems. But we need to do it this 

way, rather than trying to cover 
the entire ocean.”

“And we want to be able to 
predict things in biology,” adds 
Rainer, whose work involves de-
veloping computer algorithms 
and statistical tools that help 
biologists like Henning make 
sense of the data from their 
experiments on cells. Predic-
tive power in biology holds 
huge promise for medicine, 
where a knowledge of muta-
tions that cause tumours could 
allow us to make useful predic-
tions regarding the best way 
to treat them. Rainer believes 
that within 5 to 10 years we will 
move much closer to affordable 
‘personalised medicine’, which 
treats each individual patient 
differently based on their ge-
netics and biology.
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Sequences within Cells

The human genome contains 
3 billion letters of genetic code. 
Within every animal, plant, fun-
gus or bacterium, DNA is made 
of the same stuff – a unique 
sequence of thousands to bil-
lions of organic bases, which 
come in four flavours: adenine 
(A), guanine (G), cytosine (C) 

and thymine (T). When gene 
sequencing was born in the 
1970s, one scientist could read 
a hundred or so bases per day. 
Within twenty years robots 
were managing around 10,000 
per day. Today so-called next-
generation sequencing technol-
ogy allows scientists to decode 
sequences of up to a billion 
bases in a single day.

But understanding any cell 
type requires more than just 
knowing its genome sequence. 
Within a specific cell type, only 
a subset of genes is made into 
RNA and correspondingly less 
becomes functional protein. 
Modern sequencing techniques 
now also allow scientists to 
take snapshots of human cells, 
which illustrate what each of 
the 20,000 genes is doing at a 
particular point in time. Math-
ematicians and computer scien-
tists have been teaming togeth-
er with biologists to get a more 
dynamic picture of the cell. 

Computational biology, 
practised by scientists like 
Rainer Spang (University of 
Regensburg, Germany), ad-
dresses the need to make 
sense of biological data us-
ing computer models. Rainer 
and his team have developed 
bespoke software to recon-
struct signal flow based on 
real-life data, which the lab 
scientists will provide. “We're 
using a machine-learning ap-
proach,” he says. “We show 
the computer the data and 
give it some algorithms, 
ways to learn the signal 
flow.”

Knocking down network 
nodes in real cells is possi-

Bespoke software allows for the reconstruc-
tion of signal flow based on real-life data.
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ble using RNAi technology, 
which is used to silence spe-
cific signalling genes. This 
mimics the hypothetical ac-
tion of drugs allowing the 
team to identify potential 
targets. And the hierarchy 
of genes in the network can 
be established by feeding 
the data into the computer 
model. 

Michael Boutros (Universi-
ty of Heidelberg and German 
Cancer Research Center, Ger-
many) is collaborating with 
Rainer through the ApoNET 
project. “We need to under-
stand how to use large-scale 
genomic approaches like 
next generation sequenc-
ing to build mathematical 
models that can make useful 
predictions, like how a cell 
might react to certain stimu-
li. Looking at the whole view 
– the transcriptome – we will 
be better able to make pre-
dictions,” says Michael.

“In a few years, it may be 
possible to sequence a can-
cer genome from a patient for 
around 3000 Euros or less. Peo-
ple could go to a comprehen-
sive cancer centre and get their 
tumour sequenced and com-
pared to normal cells. With this 
information, we might be able 
to make decisions about how 
to best treat them.” Although, 
as Michael cautions, “knowing 
everything doesn't guarantee 

Large-scale genomic approaches 
require high-throughput technolo-
gies like sequencing robots.

better treatment: it takes a long 
time to move from the bench to 
treatment. However, there is a 
big push to try to identify rel-
evant mutations with better di-
agnosis and treatment in mind.”
 read more at www.apoptosis-
networks.eu
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when certain components are 
absent. Such analyses allow sci-
entists to establish hierarchical 
relationships between network 
components. But they also fa-
cilitate the identification of po-
tential drug targets. “Mutations 
in the components of signalling 
pathways in humans are often 
the cause of cancer,” reveals 
Michael.

“We know there are many feed- 
back regulatory mechanisms 
controlling how these pathways 
work.” Such networks need to 

Michael Boutros 
(Project Coordinator) 

be balanced otherwise un-
healthy situations arise. “So 
we think it's really impor-
tant to understand how cells 
naturally check and balance 
themselves,” adds Michael. 
“Our methodology involves 
taking many different snap-
shots of cells at different 
times. Such high-throughput 
screening allows us to identi-
fy critical intervention points 
and to understand how path-
ways operate.”

In addition to the ERASys-
Bio+ funded ApoNET project – 
which combines the research 
efforts of Michael's team with 
the work of tumour immu-
nologist, Henning Walczak 
(Imperial College London, 
UK), and bioinformatician, 
Rainer Spang, (University 
of Regensburg, Germany) – 
Michael also co-ordinates 
the EU framework-7 funded 
CancerPathways integrated 
project.

Project Partner in Heidelberg, Germany 

Michael and his team at the 
Department for Cell and Mo-
lecular Biology within the Uni-
versity of Heidelberg and the 
German Cancer Research Center 
work on signalling networks us-
ing model systems and human 
cells. While textbooks represent 
signalling networks as based on 
a linear relationship between a 
ligand and its receptor, the real-
ity is much more complex. “A lot 
of these pathways interact with 
each other,” reveals Michael. 
“They don't only talk to their 
neighbours. They talk to the 
neighbours of their neighbours.” 
His research team uses special 
techniques to silence compo-
nents of signalling networks so 
they can unpick their roles.

“We do large-scale screens 
using RNA interference (RNAi) 
to silence every gene in the 
genome. Then we measure the 
responses of genes to pertur-
bations in the network.” RNAi 
silencing reveals what happens 
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Peter Krammer. Apogenix de-
veloped a biotherapeutic drug 
called CD95-Fc or APG101, which 
is currently in phase II clinical 
trials. “If it successfully passes 
the next clinical trials, APG101 
will be one of the first apoptosis 
drugs available to patients,” re-
veals Henning.

“Immune cells are stimulated 
by the TNF and TNF-receptor 
superfamily of proteins,” says 
Henning, “and cancer cells can 
be specifically killed by certain 
members of these families. 
ApoNET is focusing on TNF and 
TRAIL. “We believe that highly 
active but non-immunogenic 
forms of TRAIL could be used 
to treat cancer,” says Henning, 
“although this challenges past 
efforts of the big pharma com-
panies.” They have not yet ex-
ploited this avenue. “So far 
they’ve looked at less active 
forms of TRAIL and other TRAIL 
receptor agonists that didn’t 
really work in the clinic which, 

At the Tumour Immunol-
ogy Unit within the Faculty 
of Medicine of the Imperial 
College London, Henning’s 
team is “trying to identify 
new ways of treating cancer 
and inflammatory diseases 
like rheumatoid arthritis and 
psoriasis, where the immune 
system doesn’t work prop-
erly anymore.” In fact, he has 

already started a biotechnol-
ogy company – Apogenix – 
together with a colleague, 

Henning Walczak 

Project Partner in London, UK 

quite frankly, I don’t find very 
surprising,” adds Henning.

Within ApoNET Henning and 
his team are specifically look-
ing at the effects of TRAIL on 
primary hepatocytes (liver cells). 
“We’re exploring ways of stabil-
ising TRAIL. Proteins in the TNF 
superfamily can be stabilised 
with a particular sequence to 
make them more effective. We 
noticed that forms of TRAIL that 
were highly effective at induc-
ing cell death in cancer cells, did 
not exert any toxicity on normal 
cells, even when combined with 
a number of other cancer thera-
peutics. So this opened a thera-
peutic window, which we’re cur-
rently exploring with ApoNET.”

Tissue cultures are used to unravel the 

effects of TRAIL on liver cells.
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“We deal with such large out-
puts that we need computation-
al approaches to look at them. 
So we use machine-learning. 
You give the computer exam-
ples – readouts of tumours that 

responded to certain drugs and 
tumours that didn’t – to try to 
make the machine learn by ex-
ample. So in future we could 
detect what is wrong with a pa-
tient based on their cell readout. 

We did this for the diagnosis 
of lymphomas (comparing 
Burkitt’s with Diffuse Large 
B Cell Lymphoma). Their 
expression profiles clearly 
show that they’re two differ-
ent diseases, although previ-
ously it was difficult to tell 
them apart by looking at the 
tumour shape.”

“For ApoNET, we’re tak-
ing the same sort of snap-
shots,” explains Rainer, “but 
comparing expression pro-
files between normal and 
cancer cells that have been 
perturbed. We knock down a 
gene and then get a readout 
of the downstream effects.” 
The team uses these data 
to help the computer learn 
about signalling networks. 
Project partners can then 
identify nodes in signalling 
networks implicated in liver 
cancer, which could lead to 
new drug targets.

Project Partner in Regensburg, Germany

Rainer Spang

Rainer leads the Computa-
tional Diagnostics Group at 
the Institute for Functional Ge-
nomics. His team at the Univer-
sity of Regensburg has two main 
research interests: diagnostic 
modelling and reconstructing 
cell signalling pathways. “We’d 
like to overcome diagnostic 
limits of disease by drawing 
additional conclusions from 
expression profiles of certain 
tumours,” explains Rainer. “We 
get a high-dimensional read- 
out, so we’re looking at the tu-
mour in terms of aproximately 
20,000 numbers.” This corre-
sponds to the number of genes 
in the human genome; the pro-
files highlight which genes are 
switched on in the cancer cell.
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Glossary

Apoptosis (also known as 
Programmed cell death): the 
natural process of cell suicide 
common to multicellular or-
ganisms, which is critical for 
healthy growth and protec-
tion against disease. Apopto-
sis plays a role in shaping the 
developing embryo, for ex-
ample, as digits form, cells in 
the interstices are effectively 
binned. When a cell is diseased 
or faulty, apoptosis is trig-
gered helping to combat the 
spread of disease. The process 
may be initiated via a number 
of signalling pathways. TNF 
and TRAIL for example, bind to 
their specific receptor on the 
surface of a cell, which initiates 
a cascade of internal signalling 
events that can result in apop-
tosis as a response.

DNA (deoxyribonucleic acid): 
the stuff of our genes. The 
DNA double helix combines 
two long chains of organic bas-
es of four kinds (adenine: A, 

for thymine. RNA substitutes 
uracil (U) for thymine.

Protein: a complex of polypep-
tide chains. Polypeptides are 
long chains of amino-acids 
encoded for by sequences of 
DNA. A sequence of three bas-
es (triplet codon) specifies one 
amino acid.

RNA (ribonucleic acid): one 
of two major forms of nucleic 
acid. RNA conveys information 
within DNA into protein. RNA 
faithfully reproduces DNA se-
quences into single-stranded 
molecules with adenine (A), 
cytosine (C), guanine (G) and 
uracil (U) instead of thymine 
(T). Some viruses e.g. HIV have 
RNA genomes.

RNAi technology: one of sev-
eral means of silencing genes. 
Small RNA molecules within 
cells naturally regulate gene 
expression. Experimentally se-
quence specific RNAs can be 
made to intercept mRNA tran-
scripts encoded by DNA before 
they can be translated into pro-

guanine: G, cytosine: C, and 
thymine: T) along a regular 
sugar-phosphate backbone. 
Along its length A always pairs 
with T, and C with G. The lad-
der-like molecule – twisted into 
its characteristic helix – may 
be billions of base-pairs long 
and is packaged up (some 2m 
in humans) within the nucleus 
of the cell.

Mutation: a heritable altera-
tion of DNA sequence(s), chro-
mosome parts or chromosome 
numbers in a cell either sponta-
neous or chemically induced or 
as a result of a mistake in the 
replication of the genetic code 
or in meiosis/mitosis, which 
may alter the characteristics of 
the organism.

Organic bases: a class of weak-
ly alkaline organic molecules 
that usually contain nitrogen. 
DNA contains four kinds: ad-
enine (A), cytosine (C), guanine 
(G) and thymine (T). In the DNA 
double helix A always pairs with 
T, and C with G. RNA contains 
the same organic bases, except 
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tein. With the help of an intra-
cellular machinery they induce 
cleavage and destruction of 
their target mRNAs. 

Signalling cascade: a network 
of interacting components 
(genes, proteins and metabo-
lites) that governs specific proc-
esses within the cell.

TNF (tumour necrosis factor): a 
group of proteins that can cause 
cell death, but can also regulate 
cell proliferation and differ-
entiation. TNF is the founding 
member of this cytokine family.

TRAIL (TNF-related apoptosis-
inducing ligand): a protein, that 
binds to its receptor at the cell 
surface and thereby can initiate 
apoptosis.

Transcriptome: the set of all 
RNA molecules produced by a 
cell type.
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