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Hallmarks of Cancer I (2000)
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Hallmarks of Cancer II (2011)



“Progress in dissecting signaling pathways has begun to lay out a circuitry that 
will likely mimic electronic integrated circuits in complexity and finesse, where 
transistors are replaced by proteins (e.g., kinases and phosphatases) and the 
electrons by phosphates and lipids. […] 

Two decades from now, having fully charted the wiring diagrams of every cellular 
signaling pathway, it will be possible to lay out the complete ‘integrated circuit 
of the cell’ upon its current outline. 

We will then be able to apply the tools of mathematical modeling to explain how 
specific genetic lesions serve to reprogram this integrated circuit in each of the 
constituent cell types so as to manifest cancer.” (Hanahan & Weinberg 2000)

6

‘The Integrated Circuit of the Cell’
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‘The Integrated Circuit of the Cell’



“Present day biology is the realization of the famous 
metaphor of the organism as a bête-machine elaborated 
by Descartes in Part V of the Discours” (Lewontin 2009)
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“We animals are the most complicated and perfectly-designed 
pieces of machinery in the known universe” (Dawkins 1976)
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Mechanicism as a 
Philosophy of Nature

Reductionism

Machine Ontology

Determinism
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The Development of the Machine
Conception of the Organism

17th Century 18th Century 20th Century

Descartes Lavoisier Jacob
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“The analogy between an organism and a machine holds true to a 
remarkable extent at all levels at which it is investigated” (Changeux 1965) 
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Mechanicism in Molecular Biology
- Molecular biology is committed to the basic tenets of mechanicism:

• Machine ontology

• Reductionism

• Determinism

“The ultimate aim of the modern movement in biology is to explain all of biology in 
terms of physics and chemistry” (Crick 1966) 

“If I had the complete sequence of DNA of an organism and a large enough 
computer, I would be able to compute the organism” (Brenner, in Lewontin 2000)

“By the microscopic clockwork function that establishes between DNA and protein, 
this system is thoroughly Cartesian: the cell is indeed a machine” (Monod 1972) 
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So What is Wrong with Machine 
Conception of the Cell?
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Cells ¹ Machines: 
The Argument from Scale

“The world where bacillus lives, gravitation is forgotten, and the 
viscosity of the liquid, the resistance defined by Stokes’ law, the 

molecular shocks of the Brownian movement, also the electric charges 
of the ionized medium, make up the physical environment and have 

their potent and immediate influence on the organism.                       
The predominant factors are no longer those of our scale; we have 
come to the edge of a world of which we have no experience, and 
where all our preconceptions must be recast” (Thompson 1917)
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• Differences of size and in the physical scale in which organisms live are of 
overwhelming importance in determining their structure and behaviour

• By virtue of their microscopic size, cells and their molecular components are 
subject to very different physical forces than macroscopic organisms

• Microscopic and macroscopic organisms inhabit different ‘worlds’. Whereas the 
macroscopic world is ruled by gravity and inertia, the microscopic world is 
dominated by Brownian motion and diffusion

• Our intuition, based as it is on our experience of the macroscopic world, fails when 
judging the adaptive problems that cells have to overcome

Cells ¹ Machines: 
The Argument from Scale
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• Thus, we should be extremely sceptical of analogies that seek to explain  
microscopic entities by appealing to the properties of macroscopic ones 

• Yet this is precisely what the metaphorical appeals to machines in the explanation 
of cellular phenomena attempt to do

• We draw on machines to explain features of cells because they are familiar and 
intuitively intelligible macroscopic objects of our everyday experience

• But if machines were the size of cells they would not be able to function, as their 
physical environment would be entirely different. We should avoid distorting the 
reality of cells by conceiving them as machines

Cells ¹ Machines: 
The Argument from Scale
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The Rise of the (Molecular) Machines

Subcellular assembly Sample of ‘molecular machine’ language Source reference

Ribosome “probably the most sophisticated machine ever made” Garrett 1999

Proteasome “a molecular machine designed for controlled proteolysis” Voges et al. 1999

Bacteriorhodopsin “a deceptively simple molecular machine” Kühlbrandt 2000

Apoptosome “a seven-spoked death machine” Salvesen et al. 2002

Glideosome “a molecular machine powering motility” Keeley et al. 2003

Spliceosome “the most complex macromolecular machine known” Nilsen 2003

Blood clotting system “a typical example of a molecular machine” Spronk et al. 2003

Condensin “the key molecular machine of chromosome condensation” Strunnikov 2003

Photosynthetic system “the most elaborate nanoscale biological machine in nature” Imahori 2004

Bacterial flagellum “an exquisitely engineered chemi-osmotic nanomachine” Pallen et al. 2005

Myosin filament “a complicated machine of many moving parts” Ohki et al. 2006

RNA degradasome “a supramolecular machine dedicated to RNA processing” Marcaida et al. 2006

Cyclosome “a machine designed to destroy” Peters 2006

RNA Polymerase “a multifunctional molecular machine” Haag et al. 2007
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Maromolecular Assembly Machine Analogy
Cilium / Flagellum Propeller

ATP synthase Generator
Ribosome Factory assembly line

Ion channel / Nuclear pore Gate / key / pass
Actin filament network Train tracks

Polymerase Copy machine
Ligase Chain coupler

Polymerase Copy machine
Spliceosome Film editing machine

Protein sorting mechanism Mail sorting machine
Protease / proteasome Bulldozer / destroyer

Magnetosome Compass

The Diversity of Molecular Machines
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The Rationale of the
Molecular Machine Concept

‘Structural school’ (STRUCTURE) ‘Informational school’ (SPECIFICITY)

As means of ascertaining function

Central dogma of structural biology

Highly coordinated operation

Context-independent activity

“Why do we call large protein assemblies underlying cell function protein machines? Precisely 
because, like the machines invented by humans to deal efficiently with the macroscopic world, 
these protein assemblies contain highly coordinated moving parts. Within each protein assembly, 
intermolecular collisions are not only restricted to a small set of possibilities, but reaction C depends 
on reaction B, which in turn depends on reaction A—just as it would in a machine” (Alberts 1998)

• Viewing proteins as molecular machines unifies two schools of molecular biology:
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• Due to their tiny size, macromolecular assemblies cannot possibly operate in the 
orderly, reproducible manner that is characteristic of machines

• In a machine, the motions of the various parts are perfectly orchestrated. For 
example, when a gear rotates, the shaft to which it is connected rotates in 
synchrony, a spring is compressed, a latch is released, etc. 

• These movements are purposeful, predictable, and are always precisely executed 
in exactly the same temporal sequence

• In contrast, macromolecules are subject to continuous Brownian motion, which 
means that the majority of conformational changes they undergo are the result of 
‘random walks’ that have nothing to do with their function

The Problem With the
Molecular Machine Concept
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• By virtue of their size, proteins cannot exhibit the sort of rigidity and specificity 
that characterizes the structure and operation of machines

• In vivo, proteins behave more like liquids than solids; they are ‘dense liquids’ or 
‘melted solids’ with a ‘near-solid interior’ and a ‘full-liquid exterior’

How the Molecular Machine Concept 
Overemphasizes Structural Rigidity

• Most proteins do not have a single conformation,       
but rather stochastically sample a suite of             
possible configurations depending on context

• Some proteins lack an ordered structure altogether 
(IDPs), forming fluid, ever-flickering ‘fuzzy’ complexes 
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• Most protein-protein interactions are 
non-specific. Interactions are short and 
caused by stochastic events. 
Associations are transitory & contingent

• Proteins exist in a dynamic environment and rely on probabilistic collision events 
with appropriate partners to reliably perform cellular functions

• This is all a consequence of the fact that, by virtue of being so small, most 
proteins are constantly being knocked about by stochastic forces

• In proteins, structure does not unilaterally determine function. Proteins exhibit 
behavioural repertoires, ‘moonlighting’ according to the needs of the cell

How the Molecular Machine Concept 
Overemphasizes Functional Specificity
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Protein Complexes: 
Designed Machines or Pleiomorphic 

Ensembles?

Nicholson – Is the Cell Really a Machine? 25



• Molecular motors (e.g. kinesin, myosin) are viewed as ‘ingenious’ nano-machines, 
efficiently converting chemical energy into mechanical work

 

• It is argued that repetitive power strokes resulting from periodic conformational 
rearrangements driven by cycles of ATP hydrolysis move the protein forward 

• Molecular motors move by ‘walking’ along the cytoskeleton. The ‘walking’ is 
enabled by the formation of dimers between motor domains (the ‘feet’) and 
microtubules or actin filaments (‘tracks’) 

Molecular Motors: 
A Mechanicist Interpretation
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The Power-Stroke Model: 
A Well-Known Illustration
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Problems with Power-Stroke Model: 
The Importance of Scale (Again)

“For molecules, moving deterministically is like trying to walk in a hurricane: 
the forces propelling it along the desired path are puny compared to the 

random forces exerted by its environment”

“When considering the operation of a molecular motor, the forces that 
control the movement of macroscopic objects—in particular gravity—have 
little relevance. In the molecular world, Brownian storms rage relentlessly”

 “Molecular motors are tiny and operate on a physical scale that makes 
them very different from the man-made, macroscopic objects we normally 

imagine when we hear the word ‘machine’”

“A macroscopic motor must either work with Brownian motion or fight 
against it, and the former seems far more preferable”
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The Brownian Ratchet Model
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• The machine conception of the cell has led to the view that its behavioural patterns are predictable 
because they result from the execution of set programs of gene expression or signal transduction, 
in which a precise sequence of steps is followed and a pre-determined response is produced

• In fact, most response patterns of individual cells are unpredictable. The variation in cellular 
responses results from random fluctuations in the probability of occurrence of a critical, all-or-
nothing step in the cell that requires the action of individual molecules subject to stochasticity

• The predictability of the overall process of development overall arises because millions of 
molecules have an extremely low probability of all "misbehaving" together. But the smaller the 
number of molecules involved in a process, the harder it becomes to predict its behaviour
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How Size Complicates the 
Predictability of Cellular Behaviour
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Non-Genetic Cell Heterogeneity:       
The Case of Gene Expression

ü
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No two cells are the same, even if genetically 
identical. Our reliance on ensemble methods has 
resulted in the ‘myth of the average cell’: a 
statistical contrivance for representing our 
knowledge beyond the limits of detection



33



34

Every Cell is Unique
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• Hallmarks of Cancer I (2000)

• Hallmarks of Cancer II (2011)

• Hallmarks of Cancer III (2022)
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Number of Times ‘Circuit’ Is Used

28

34

4



• The acceptance of the machine conception of the cell is what justifies in the mind 
of biologists their appeal to reductionistic, gene-centric, and deterministic 
approaches in dealing with a wide range of problems, including cancer

• If we want to convince our experimental colleagues of the shortcomings of their 
approaches, it can be helpful to show them: (a) where these approaches come 
from; (b) what conceptions justify them; and (c) what alternatives might be 
available to them
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General Conclusions:
Why Does This Matter?


