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Molecular pathways and the contextual explanation of molecular functions

Abstract

Much of the recent philosophical debate on causation and causal explanation in the biological
and biomedical sciences has focused on the notion of mechanism. Mechanisms, their nature
and epistemic roles have been tackled by a range of so-called neo-mechanistic theories, and
widely discussed. Without denying the merits of this approach, our paper aims to show how
lately it has failed to give proper credit to processes, which are central to the field, especially
of contemporary molecular biology. Processes can be summed up in the notion of ‘pathway’,
which is far from being just equivalent to that of ‘mechanism’ and has a profound
epistemological and explanatory relevance. It is argued that an adequate consideration of
pathways impels some rethinking of scientific explanation in molecular biology, namely its
functional and contextual features. A number of examples are given to suggest that the focus
of philosophical attention in this disciplinary field should shift from the notion of mechanism

to the notion of pathway.

Keywords: pathways; mechanisms; functions; functional explanation; contextual explanation.

1. Mechanisms and the new mechanical philosophy: what’s new?

As 1s widely known, the philosophical position of mechanism has held sway in the last few
decades. Ever since Wesley Salmon’s probabilistic mechanism, the notion of mechanism has
been advocated as central to the debate on causation and causal explanation. A plethora of
theories have been put forward to provide the most appropriate definition for a number of
specific disciplinary fields, or possibly all of them. Mechanisms have thus been discussed
with respect to, for instance, economics, history, psychology, and, especially, biology. In
parallel with attempts to revise and refine such a notion to adapt it to specific disciplinary
fields, and related epistemic purposes, a growing trend in the literature has sought to devise a
one-fits-all definition to cover roughly any case. That is how we have ended up with some of
the most recent accounts of what is meant by ‘mechanism’, such as: “A mechanism for a
phenomenon consists of entities and activities organized in such a way that they are
responsible for the phenomenon” (Illari and Williamson 2012, p. 120), or: “A mechanism for
a phenomenon consists of entities (or parts) whose activities and interactions are organized so

as to be responsible for the phenomenon” (Glennan 2017, p 17).



The literature on mechanisms in contemporary philosophy of science is so vast it cannot be
exhaustively tackled here. Suffice to say that the latest contributions, basically from the late
Nineties onwards, now fall under the umbrella of the so-called “new mechanical
philosophy”!. Although neo-mechanistic theories differ from each other, the overall purpose
of this philosophical trend is to have some notion which can work for “mechanisms across the
sciences” (Illari and Williamson 2012), and which is “grounded in the details of scientific
practice” (Machamer, Darden and Craver 2000). While having many merits in these respects,
neo-mechanistic theories have also been subject to criticism and to attempts at further
clarification (see e.g. Levy 2013) to disentangle aspects which risk being conflated. While
Salmon’s main concern back in the Eighties was to provide strict criteria to tell what counted
as genuinely causal from what did not, more recent positions aim to account for a wide range
of relations and systems deemed ‘“‘causal”. Neo-mechanists thus dwell on different kinds of
activities and entities, different types of mechanisms, and a variety of causal claims (see e.g.
Glennan 2017, chs. 4-6; Glennan and Illari 2017). “Mechanistic diversity” is at stake: instead
of sharp distinctions between mechanisms and non-mechanisms, we seem to be facing a sort
of continuum, along which different cases can be more or less paradigmatic of a mechanism —
or, rather, marginal — according to a set of parameters (see Skillings 2015)2.

If diversity reigns, vagueness lies in ambush: given their breadth, definitions such as those
quoted above — or even previous ones, like Machamer, Darden and Craver’s (2000) — might
be hard to disagree with, but equally hard to promote as thoroughly fruitful. The “strategic
vagueness” regarding their application might “limit the vulnerability” of many neo-mechanist
claims (Rosenberg 2018, p. 11), but at the price of making them methodologically
unproductive, at least for some scientific fields. Among warnings on possible ambiguities or
shortcomings, we shall here focus on some raised by John Dupré (2013) and by Stavros
Ioannidis and Stathis Psillos (forthcoming), which we regard as particularly relevant to our
proposals and arguments in what follows. We believe they can help in re-discussing the
adequacy of neo-mechanism with respect to scientific enquiries, and avoid the looming risk of
some ‘“‘anything-counts-as-a-mechanism” view.

According to Dupré, recent philosophical theories of causation fail to provide a satisfactory

account of the complexity of biological phenomena, insofar as they do not devote serious

! A wide survey of neo-mechanism as a philosophical movement is provided in Illari and Glennan (eds) (2017).

2 Such features as isolability, organization and sequentiality are taken to situate processes along some
“multidimensional gradient”. This is opposed to an analysis on the basis of discrete entities (Skillings 2015, p.
1140).



attention to the “thoroughly processual character of living systems” (Dupré 2013, p. 19).
Starting from a critical reading of Jon Williamson’s account of epistemic causality, its
purposes and feasibility, Dupré puts forward a rather radical processual account of living
beings — which, he claims, should differ from extant process-based accounts of causality. The
latter prove to be wholly related to strictly physical causes, and hence hardly translatable into
biological contexts and unable to convey the complex relation between mechanisms and
functions. Given the broad use of the term “mechanism” in biology — an aspect that neo-
mechanists are generally keen to stress — the notion of mechanism can ultimately be
philosophically misleading: “there is a serious danger of vacuity in some treatments [of
biological systems], in which it seems that mechanisms just are whatever explains whatever
happens” (ibid., p. 28). We must not only be able to tell what does not count as a mechanism,
as Dupré himself points out, but also, in a constructive spirit, wonder whether some other
notion can better accommodate explanations of biological phenomena. Instead of thinking of
biological systems in terms of neo-mechanist accounts, with their inventories of entities and
interactions, we had better be aware that “what are stable and robust in biology are not things,
but processes” (ibidem, italics added).

For their part, loannides and Psillos advocate methodological mechanism, taken as the
search for causal pathways and incorporating “a minimal account of understanding
mechanisms”. Picking apoptosis as a case study, they argue that “a mechanism just is a causal
pathway described in the language of theory” (Ioannides and Psillos, forthcoming, p. 1, italics
added)’. Their deflationary account of mechanisms is meant to differ from current accounts in
that it does not imply any ontological commitment, and strongly warns against attempts to
draw metaphysical conclusions from premises extracted from scientific practice?. In scientific
practice — they claim — scientists’ talking about mechanisms actually refers to the search for a
causal pathway, which is taken to explain Zow the phenomenon under investigation is brought
about. Efforts are driven towards the identification of the causal pathway, not towards some
understanding of specific theories of causation that might account for it, or towards its

characterization in terms of entities, activities, interactions, powers, and the like. It is worth

3 Discussing biomedical discovery, Paul Thagard too states: “biochemical pathways are a kind of mechanism.
[...] In biochemical pathways, the entities are the molecules and the activities are the chemical reactions that
transform a molecule into other molecules” (2002, pp. 237-238, italics added)

4 According to loannides and Psillos, the three major metaphysical accounts of mechanisms nowadays are
Machamer, Darden and Craver’s (2000); Glennan’s (2002) and Bechtel and Abrahamsen’s (2005). We already
introduced Glennan’s most recent definition above, and will refer to the other two works below. Psillos’ work on
mechanistic causation has not only addressed most recent theories and trends, but also thoroughly investigated
the historical roots of the philosophy of mechanisms. See e.g. Psillos (2011).



stressing that the hallmark of mechanistic explanations is their explaining not only what
brought a given effect about, but sow it did so, and this role is here attributed to causal
pathways. loannidis and Psillos’ view questions both extant mechanistic theories, and, more
generally, the drawing of theoretical conclusions from the use of certain notions in scientific
practice.

While motivated by different philosophical concerns, the proposals presented by the three
authors just mentioned can be seen to intersect insofar as they show a renewed interest in a
processual conception of causation. Whereas Salmon (1984; 1989; 1998) and later Phil Dowe
(2000)° suggested that causation was to be thought of in terms of interacting processes, neo-
mechanism has opted for an entity ontology. In principle, this would provide a much more
comprehensive and so-to-speak flexible ontology, with bottoming-out strategies being directly
oriented by the specific discipline at stake in the investigation pursued. Has the shift away
from processes been entirely advantageous, or at least has it ensured more benefits than
downsides in all fields and respects? What follows questions whether this has actually been
the case by taking a close look at some scientific literature in molecular biology, the scientific
field to which our analysis is confined. We will argue that the notion of pathway plays a role
hitherto underestimated by the new mechanical philosophy, and conclude that it might help us
rethink the very features of explanatory strategies in molecular biology. Our focus will not be
on metaphysical issues — which Dupré touches upon — but — more in line with the spirit of
Ioannides and Psillos’ work — on strictly methodological problems. Unlike loannides and
Psillos, however, we shall stress a few differences between the notions of pathway and
mechanism, and possible implications that such differences might have with respect to

explanation.

2. Functional explanation, molecular pathways and their contexts

2.1. From mechanisms to pathways

The revival of mechanisms in contemporary philosophical literature, back in the Eighties,
stemmed from the search for some sound notion of causation that might help tell genuine
causes from mere statistical correlations. As recalled above, many efforts were then devoted
to devising criteria that could distinguish genuine causal processes from pseudoprocesses —
criteria that sharpened concepts that ultimately proved unable to do much philosophical work

(see Hitchcock, 2004). Ever since, mechanistic philosophy has been struggling to make sense

> Dowe’s account has been amended in Boniolo, Faraldo and Saggion (2011).



of some notion of causation that could account for the myriad cases of production sciences are
interested in, with an increasing consideration of the work of biologists, especially in such
fields as molecular biology, neurobiology, biochemistry and cell biology (see e.g. Darden
2008). Do present accounts of mechanistic causation manage to capture what biologists
themselves provide as explanations and what they are looking for? How can we make sure
that the notion of mechanism, far from being just some sort of filler term or providing
illusionary steps forward in our understanding, actually enables us to grasp (at least some
features of) scientific investigations on the “causal structure of the world” (see Salmon 1984)?
Neo-mechanists have largely stated that they are concerned with the sciences as they are
actually practised: when addressing mechanistic explanation, they should thus not explain
“how things work” in the natural realm, but rather “how things work” when scientists
themselves show “how things work.” (Franklin-Hall 2016, p. 70). Laura Franklin-Hall has
recently argued that, if, on the one hand, mechanists have been right in claiming that the
received view of explanation was too far from actual science to shed light on it, on the other,
they have remained too close to science itself to say anything interesting about it. Is this really
the case? Have they in actual fact remained too close to science, and can all mechanist and
neo-mechanist hints be taken on a par?

As recalled in section 1, Ioannides and Psillos define mechanisms in terms of pathways, for
methodological purposes. While sympathisizing with their appeal to the notion of pathway,
and sharing their purely methodological standpoint, we argue that a close look at the scientific
literature in molecular biology might question the conceptual equivalence between
mechanisms and pathways, and thereby stimulate further philosophical considerations on
what explanation amounts to in this disciplinary context.

From a close look at current molecular biology literature, a couple of things spring to
mind. In the first place, there is a pervasive use of the word “mechanism”, but a further look
reveals the term is used loosely, usually in an allusive rather than precise sense and often
evocatively. What is worth stressing is scientific papers provide no clear, univocal and sharp
definition of what “mechanism” actually stands for. Secondly, molecular biology makes even
use of the notions of mechanism, process and pathway — with processes and pathways being
basically regarded as equivalent in this context. If, then, philosophical interest in mechanisms
is taken to be motivated also by the number of occurrences of ‘mechanism’ in molecular
biology (Bechtel and Abrahamsen, 2005, pp. 422-423), the same argument should apply to

support philosophical inquiries into the notion of pathway. One advantage in dealing with a



pathway is that, unlike the notion of mechanism, the scientific literature does offer a precise
definition of ‘pathway’, and hence we might have a sounder grasp of its epistemological
import in scientific practice.

One of the best known and most widely used databases, i.e. Gene Ontology, ‘“the
framework for the model of biology”, “defines concepts/classes used to describe gene
function, and relationships between these concepts. It classifies functions along three aspects:
molecular function: molecular activities of gene products; cellular component. where gene
products are active; biological process: pathways and larger processes made up of the
activities of multiple gene products” (http://www.geneontology.org/). Although the
Dictionary of Cancer Terms of the National Cancer Institute (NCI) does not have any
definition of molecular mechanism, we find a precise and unambiguous definition of
molecular pathway: “A series of actions among molecules in a cell that leads to a certain end
point or cell function”  (https://www.cancer.gov/publications/dictionaries/cancer-
terms?cdrid=561605). It is noteworthy that this definition stresses four different and highly
relevant aspects: 1) any pathway is the representation of a series of causal actions among
molecules; 2) any pathway is the representation of a series of actions among molecules that
end in a particular function (and molecular biologists — as we know very well - are extremely
interested in the function of molecules, in particular in a DNA or RNA sequence or in a
protein); 3) any pathway is the representation of a number of actions among molecules, where
such a number can vary from n=1 (there is just one action leading to one molecular bond) to
n=m (there are m bonding steps, depending on the length of the pathway considered); 4) any
pathway is the representation of a temporally continuous process of bonding steps.

To further our understanding of how scientists really work in this area, we should be aware
that while we do not have any widely shared database on molecular mechanisms, we have
many extremely widely used databases on pathways, like, for example: the Kegg Pathway
(http://www.genome.jp/kegg/pathway.html); the Small Molecule Pathway Database
(http://smpdb.ca/); the Reactome (https://reactome.org/); the ConsensusPathDB-human
(http://cpdb.molgen.mpg.de/); the Pathguide (http://www.pathguide.org/); WikiPathways
(https://www.wikipathways.org/index.php/WikiPathways); and others. It seems therefore that,
if philosophers of science aim to account for the epistemological features of scientific
practice, pathways must be taken into account at least as much as mechanisms — and maybe

more.



Shifting our attention from just mechanisms to pathways also means addressing another
aspect of the molecular biology literature: both the titles and texts of many papers refer to
both mechanisms and pathways, thus proving that authors consider them two different
things®. If this is the case, then we seem to be entitled to conclude— at variance from Ioannides
and Psillos— that mechanisms and pathways do nof coincide, with mechanisms being used by
scientists in a fairly vague and loose way, and pathways in a precise and clear way, as series
of continuous steps in molecular processes.

A focus on pathways brings with it a shift in conceiving explanation as well: it implies a
focus on the performance of a specific function, which is enacted by virtue of specific
molecular set-up conditions, i.e., of a specific molecular context. For each pathway, “we can
specify the set-up conditions as the molecules that initiate the first reaction in the pathway,
and the terminating conditions as the molecules that are produced by the last reaction in the
pathway” (Thagard 2002, p. 238). Changes in the molecular context constrain the
performance of the function which that specific pathway is meant to act out and, of course,
our epistemological understanding of such a function. Different contexts allow for different
functional explanations of the behaviour of the same molecule. In other terms, the specific
context of instantiation of the pathway’s acting conditions the epistemic validity of its
explanation in functional terms. While not incompatible with mechanism, this perspective
suggests a different weighting of the notion of function’ and of the context in which it is
performed — where the context could be thought of as defining the conditions of adequacy of

the explanation itself.

2.2. Recalling some examples from molecular biology

In order to move from philosophical reflections to real science, let us consider some cases that
could support the claims above, and spur a deeper insight into pathways. To better address
this task, we introduce a few examples and a specific notation to convey them that can be

useful for our aims. Actually this notation has been proposed for text mining, automatic

® A large number of papers demonstrate this. Just to mention a few, see: Giovannetti et al. (2013); Kimball,
Jefferson (2006); Nethi et al. (2015); Wang et al. (2016); Nosrati et al. (2017).

7 We are far from denying that functions have also been addressed within philosophical discussions of
mechanisms. Just to recall some very recent work, Justin Garson (2017), e.g., stresses that mechanisms are
sometimes described in terms of their functions. However, he remains faithful to the notion of mechanism: “the
class of functional mechanisms is [taken as] an interesting proper subset of the class of minimal mechanisms”
(Garson 2017, p. 105), where “minimal mechanisms” are understood according to Glennan’s (2017) definition.
We hence believe that this analysis is not immune to the shortcomings of the far too broad notion of minimal
mechanism.



discovery and for connecting system biology and molecular biology®. To apply it effectively
here, we leave aside some of its more technical aspects, and use the most intuitive and useful
for our aims.

Let us consider one of the several pathways that compose the metabolic network, in
particular the pathway that starts with D-glucose (Glc) and ends with fructose-1,6-
bisphosphate (F1,6P). As in nearly all cases, this pathway contains molecules that are
collected from the cellular or extracellular environment, and molecules that are produced in
the course of the pathway itself. In our case, the molecules from the environment are Glc,
hexokinase (HK), glucose-6-phosphate isomerase (GPI), 6-phosphofructokinase (PFK), and
two adenosine triphosphates (ATP). The intermediate product is D-glucose-6-phosphate
(G6P), while the final one is fructose-6-phosphate (FO6PP). Let us group together the
molecules from the environment, and use & to indicate their collection, that is,
Glc&HK&GPI&PFK&ATP&ATP. Therefore, we can indicate the pathways by
Glc&HK&GPI&PFK&ATP&ATP |— F1,6P, and the component causal steps by

1. Glc & HK — GlcJHK

2. (Gle['HK) & ATP — (Glc/'HK)[JATP

3. (Glc HK) | ATP — G6P & HK & ADP

4. G6P & GPI - G6P[IGPI

5. G6PLIGPI — F6P & GPI

6. F6P & PFK — F6PJPFK

7. (F6P/PFK) & ATP — (F6P  PFK) | ATP

8. (F6PLUPFK)[JATP — F1,6P & PFK & ADP

Where * indicates a bond between what is at its left side and at its right side; instead —
indicates the singular causal step from certain molecules (on the left) to their product (on the
right).

From this example we grasp some important aspects, already highlighted by the NCI
definition of pathway. First of all, each pathway “lives” in a molecular context which is
defined by a set of molecules (in our case, Glc&HK&GPI&PFK&ATP&ATP) and which
identifies the function of any molecule involved. We will come back to this issue below.

Moreover, there is no pathway if any step is not due to a causal interaction (in turn due to

8 See Boniolo, Di Fiore, D’Agostino 2010); Boniolo et al. (2013); Boniolo et al. (2015); Boniolo, Lanfrancone,
(2016).



thermal agitation) among the molecules involved. Such an interaction, caused by thermal
agitation, ends in a bond which is also facilitated by the three-dimensional configuration of
the binding molecules and, thus, by their stereospecificity. Moreover, the sequence of the
steps (eight in the case above) is continuous in time.

A further important issue is that we could consider only the shortest pathway (i.e.,
Glc&HK |- Glc[JHK), which is represented by a two-molecule context (Glc&HK) and by one

product given by their compound (Glc[THK). Now we clearly have only one causal step:

1. Glc & HK — Glc[JHK

But we can also ask for the functional explanation of the molecule Glc. In this case, and given
that molecular context, the answer is very simple, that is, the functional explanation of Glc is
given in terms of its bond with HK.

Let us go on and consider the Glc&HK&ATP |— (GlcTHK)[JATP pathway, which “lives”
in a molecular context given by Glc&HK&ATP. This time there are two causal steps in the

pathway:

1. Glc & HK — GlcJHK

2. (Gle['HK) & ATP — (Gle['HK)[JATP

If now we ask for the functional explanation of Glc, we have to pay some attention, since it is
twofold: there is a direct function (the bond with HK), but there is also a final function (the
production of the compound GIc*HK*ATP).

We can proceed and consider the Glc&HK&ATP |— G6P pathway, which “lives” in the

molecular context Glc&HK&ATP and which is composed of three causal steps:

1. Glc & HK — Glc[JHK

2. (Gle['HK) & ATP — (Glc['HK)[JATP

3. (GIc[THK)[TATP — G6P & HK & ADP

Again, the direct function of Glc is the bond with HK, but now the final function of Glc is the
production of G6P.
Thus, to generalise, let us stress that in any pathway each molecule involved has a direct

function, which is given by its bond with the molecule/s with which it produces a compound,

10



and a final function, which is understood considering the pathway in its entirety. Of course, if
the pathway is composed of only one step, the direct function and the final function are the
same. A molecule can play many functions, depending on the pathway in which it is involved.
However, a pathway holds which expresses its main function. It is usually the main function
that scientists are ultimately interested in, even if they also take into account the single causal
steps.

Considering the succession of pathways in which the given molecule is inserted (Glc&HK
| Gle['HK; Glc&HK&ATP | (Gle[THK)[IATP; Gle&HK&ATP | G6P; etc.), we can grasp
the different functions it could have. But there is an important point to consider here: in order
to understand the most important function of that molecule (according to molecular
biologists), we have to find the right pathway. For example, if we want to investigate (and
thus explain) the main function of the Glc molecule, we cannot not stop at the third pathway
above, but have to proceed up to what is called the metabolic pathway, which includes the
eight steps above but which continues and ends with the production of pyruvate and the
release of ATP. It is from this longer pathway — which gives us the process of glycolysis —
that we understand that the main function of Glc is to serve as a primary source of energy for
all living organisms.

There is, however, another a point worth stressing. Even if the pathway can be thought of
as composed of n causal steps, it cannot be epistemically decomposed into those n steps. The
reason rests on the fact that the function of the first molecule of the pathway, that is, of the
molecule from which the pathway starts, is strictly linked to the final molecule of the
pathway, that is, it depends on the entire pathway. In other terms, the function of a molecule
cannot be decomposed. If we take a shorter or longer pathway, as illustrated above, we have
to attribute it a different function; but it is the entire pathway under consideration that
provides us with the epistemological understanding of its function. In particular, if we want to
grasp the main function, for example, of Glc, we have to consider the entire metabolic
pathway, and cannot epistemically decompose it: the molecule’s function of being a source of
energy can be explained only if we examine the entire pathway, and not if we consider
component subpathways.

In order to grasp another epistemic feature of the molecular context, let us come back to
two subpathways of the metabolic pathway already considered, that is, Glc&HK&ATP |-
(GIclTHK)[JATP and Glc&HK&ATP |— G6P. As we can see, the respective molecular

contexts are the same. This means that there could be situations in which the identification of

11



the molecular context does not disambiguate the pathway and therefore the functional role of
the molecule under investigation. Therefore, while the molecular context identifies the set of
possible functional explanations, it is the pathway that fixes the right one.

Let us move to a different instructive example. We know that TP53 is a protein, encoded
by the TP53 gene located on the short arm of human chromosome 17, whose main function is
being a tumour suppressor. If we want to investigate this function we have to identify the
entire tumour suppressor pathway and its molecular context. This protein, indeed, is a central
node in a complex signalling pathway, evolved to detect a variety of cytotoxic and genotoxic
stresses that could compromise genomic stability and promote neoplastic transformation.
Once activated by a stress signal such as DNA damage, hypoxia, unscheduled oncogene
expression, viral infection, or ribonucleotide depletion, TP53 exerts its function of "guardian
of the genome" and mediates a series of cellular outcomes that can vary from cell cycle arrest
to DNA-repair, senescence and apoptosis, depending on the cellular context. This means that
if TP53 is mutated its main function of tumour suppressor no longer works, and this can end
in several kinds of cancers.

If we consider TP53 inside the mentioned signalling pathway, we realise that it has the
function of being a tumour suppressor. But TP53 is also inside a different pathway, and if we
consider this we have to reach the conclusion that it also has a different function. Let us grasp
this point better. TP53 is also a central molecule of a regulation pathway ending with its own
degradation. Here there is the ubiquitin ligase MDM?2, a protein encoded by the gene MDM?2,
which binds with TP53, thus inhibiting its transcriptional activity and stimulating its
ubiquitination, that is, its bond with ubiquitin (U), and consequent proteasome-dependent
degradation (call it degTP53). In other words, ubiquitination is the process that causes a
protein, in this case TP53, to be labelled by the protein ubiquitin. This labelling step marks
TP53 for destruction by proteasomes (P), very large protein complexes within the cell.
Summing up, TP53 also has the function of regulating the activation of a protein (MDM?2),
which is itself a regulator of TP53. This regulation pathway can be described as follows:

TP53& TP53& MDM2& U&P |— degTP53

And the causal steps are:

1. TP53 & MDM2 — TP530JMDM?2

2. TP53 [1 MDM2 — MDM2

3. MDM2 & TP53 — MDM2[1TP53

12



4. (MDM2 [ITP53) & U — (MDM2 | TP53)(1U

5. (MDM2(1TP53) U — MDM2 & (TP53(1U)

6. (TP537U) & P — (TP53(1U) P

7.(TP531U) /P — degTP53 & U & P

Thus, if we want a functional explanation of TP53, we have to identify the particular
pathway in which it is inserted. If we want to understand its function as a tumour suppressor,
we have to consider the right signalling pathway; if we want to understand its function as a
self-regulator, we have to consider the TP53&TP53&MDM2&U&P |- d(TP53) pathway and
thus the related molecular context: TP53&TP53&MDM2&U&P.

From this example, it is again clear that, even if the pathway can be thought of as
composed of causal steps (in this case, seven), it cannot be epistemically decomposed since
the regulatory function of the molecule (TP53) or its being a tumour suppressor can be
explained only by the related pathways in their entirety. This is why only the notion of
pathway as a continuous causal process can capture crucial epistemological features both of
the molecule under analysis and of the molecular constraints under which it operates.

Further aspects must be emphasized. By examining the molecular context of the pathway
under consideration, we are also able to explain the function of other molecules involved: the
function of MDM2 is to inhibit the transcriptional activity of TP53 and to facilitate the
ubiquitination (the bond with ubiquitin); the function of ubiquitin is to label the molecule (in
this case, TP53) that has to be degraded; the function of the proteasome is to degrade the
ubiquinated protein (in this case, TP53). But, again, we are able to attribute these functions
only by examining the pathway in its entirety.

Let us add another example to our survey, illustrating that the same molecule from which
two different pathways start has two different direct and final functions. Let us consider the
MAPK and PI3K signalling pathways in the KEGG melanoma pathway (see figure below
taken from www.genome.jp/kegg/pathway/hsa/hsa05218.html, and Boniolo, Lanfrancone,

2016)°, where melanoma, as is known, is a type of skin cancer.

® In this case, following the nomenclature indicated by the HUGO Gene Nomenclature Committee,
(www.genenames.org) MITF is the microphthalmia associated transcription factor; SRC is the sarcoma viral
oncogene homologue; SHCA is the SRC homology 2 domain containing transforming protein A; Grb2 is growth
factor receptor-bound protein 2; SOS is the son of sevenless; GTP is guanosine triphosphate; ATP is adenosine
triphosphate; PI3K is phosphatidylinositol-4,5-bisphosphate 3-kinase; AKT is serine/threonine-specific protein
kinase; PIP2 is phosphatidylinositol bisphosphate; PIP3 is phosphatidylinositol trisphosphate; PDKI1 is
phosphoinositide-dependent kinase-1; MAPK is mitogen-activated protein kinase, originally called ERK -
extracellular signal-regulated kinase -; MEK is mitogen-activated protein kinase; RAS is rat sarcoma protein;
RAF is a serine/threonine-protein kinase; GSK is glycogen synthase kinase.
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The MAPK (ERK in the figure above)'? signalling pathway is central in regulating many
cellular processes, including inflammation, cell stress response, cell differentiation, cell
division, cell proliferation, metabolism, motility and apoptosis. It is composed of a chain of
causal steps communicating a signal from a receptor on the surface of the cell to the DNA in
its nucleus. The pathway has a major role in many pathologies, since, when one of the
proteins involved is mutated, it can become stuck in the "on" or "off" position, which is a
necessary step in the development of cancers, immune disorders and neurodegenerative
diseases. The MAPK signalling pathway can be written as:

SCF& c-Kit & SRC& SHC1& Grb2& SOS& RAS& GTP& RAF& MEK& MAPK& ATP&
ATP& ATP& ATP& ATP& ATP |— MAPK*P

Here SCF (GF in the figure above) is a growth factor. Its binding to ¢-KIT, that is, a
tyrosine kinase receptor (RTK in the figure above), leads to the dimerization and
autophosphorylation of the receptor. This allows ¢-KIT to bind with downstream signalling
effectors such as SRC and SHCA adaptor proteins. SRC has the ability to bind with c-KIT
and by so doing, becomes activated, phosphorylates SHCA and suppresses differentiation to
favour proliferation. SHCA provides association sites for the Grb2/SOS complex and
activates RAS and RAF binding, thus sustaining MAPK activation. Grb2 is an adaptor protein
involved in the signal transduction cascade downstream of several receptors, while SOS is a
guanine nucleotide exchange factor that activates RAS. Stimulation of the RAS/MAPK
pathway finally leads to MITF activation by its direct phosphorylation. MITF is a
transcription factor whose transactivation is increased when phosphorylated, resulting in

increased proliferation of melanocytic cells. In other words, the direct function of SCF is, in

10 As is known, many genes and the encoded proteins have different names.
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this case, the bond with c-Kit, and its final function is the increase in melanocytic cells. These

steps can be inserted, as for the other cases considered, in the scheme below:

1. SCFé&c-Kit—>SCF*c-Kit

SCF*c-Kit* ATP® ATP—>SCF*(c-Kit*P 565 *P 570 )& ADP& ADP

SCF*(c-Kit*P 56 *P s70)& SRC—> SCF*(c-Kit*P s6s*Ps70)*SRC

SCF*(c-Kit*Pses*P570)*SRC &ATP—> (SCF*(c-Kit*P s65*P 570)*(SRC*P)&ADP

SCF*(c-Kit*P 55 *P 570)*(SRC*P)&SHC 1 —> SCF*(c-Kit*P 565 *P570)*(SRC*P)*SHC1
SCF*(c-Kit*P 56 *P 570)*(SRC*P)*SHC 1 & ATP—>SCF*(c-Kit*P 565 *P 570) *(SRC*P)*(SHC 1 *P)&ADP
SCF*(c-Kit*P 565 *P 570)*(SRC*P)*(SHC1*P)&(Grb2*SOS)—>

SCF*(c-Kit*P 565 *P 570)*(SRC*P)*(SHC1*P)*(Grb2*S0OS)

8. SCF*(c-Kit*Pses*Ps70)*(SRC*P)*(SHC1*P)*(Grb2*SOS)& (RAS*GDP)&GTP—
SCF*(c-Kit*Pses*P s70)*(SRC*P)*(SHC1*P)*(Grb2*SOS)& (RAS*GTP)&GDP

Al AN A ol o

9. GTP*(RAS*RAF)&MEK—>GTP*(RAS* (RAF*MEK))

10. GTP*(RAS* (RAF*MEK))&ATP—GTP*(RAS*(RAF*(MEK*P)))&ADP
11. GTP*(RAS*(RAF*(MEK*P))—>GTP*RAS&(RAF* (MEK*P))
12. (RAF* (MEK*P))&MAPK—>(RAF* (MEK*P))*MAPK

13. (RAF* (MEK*P))*MAPK&ATP—(RAF* (MEK*P))*(MAPK *P)&ADP

14. (RAF* (MEK*P))*(MAPK *P) >MAPK*P

Now let us move to the PI3K-Akt signalling pathway. This is an intracellular signalling
pathway involved in regulation of the cell cycle. It plays a central role, especially with respect
to many cancers (melanoma in particular), since cell cycle regulation has to do with cell
growth, survival, motility, and metabolism. As above, its formulation is:

SCF& c-Kit& SRC& P85-PI3K& P110-PI3K& PIP2& PDK1& ATP& ATP& ATP& ATP&
ATP | AKT*P*P

Where PI3K is a heterodimer composed of a pl110 catalytic subunit and a p85 regulatory
subunit. Both subunits are responsible for the production of PIP2 and PIP3, whose function is
to recruit signalling proteins to cell membranes and propagate the signal. Upon PI3K
activation, both AKT and PDK1 bind with PIP2 and PIP3 and translocate to the plasma
membrane, where PDKI1 phosphorylates AKT. The PI3K/AKT pathway mediates cell
survival through MITF phosphorylation induced by MAPK. MITF phosphorylation stimulates
both transactivation of the downstream effectors and degradation of the protein through the

ubiquitin-proteasome pathway, depending on the cell context. Moreover, PI3K/AKT
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signalling regulates MITF protein levels in the cells through GSK activity. If we want to
highlight the individual causal steps, we have

1. SCF& c-Kit — SCF*c-Kit

SCF*c-Kit &ATP—SCF*(c-Kit*P7,1)&ADP

SCF*c-Kit &ATP—>SCF*(c-Kit*P ;)& P85-PI3K—>SCF*(c-Kit*P 7y, *P85-PI3K)

SCF*(c-Kit*P721 *P85-PI3K)&P110-PI3K—>SCF*(c-Kit*P 721 ) *(P85-PI3K*P110-PI3K)

Al Il Bl

SCF*(c-Kit*P 1) *(P85-PI3K*P110-PI3K)&ATP—
SCF*(c-Kit*P721)&(P85-PI3K*P110-PI3K*P)&ADP

P85-PI3K*P110-PI3K*P&PIP2—(P85-PI3K*P110-PI3K*P)*PIP2

(P85-PI3K*P110-PI3K*P)*PIP2&ATP—(P85-PI3K*P110-PI3K*P)&PIP3&ADP

PIP3&AKT—PIP3&AKT

o ® RS

PIP3*AKT&PDK1—PIP3*AKT*PDK1

10. PIP3*AKT*PDK1&ATP—PIP3&AKT*P&PDK1&ADP

11. AKT*P &ATP—->AKT*P*P&ADP

12. AKT*P*P&ADP —AKT*P*P

As a consequence, the direct function of SCF is, again, the bond with c-Kit, but its final
function is the regulation of MITF: the same molecule, while inserted in two different
pathways — both stemming from it — has two different final functions.

To conclude this illustrative part, we wish to recall the important case of drugs and how the
focus on certain pathways also plays a central role in this setting. As is known, drugs are
molecules that change the molecular context of certain “non normal” or “pathological”
pathways, either inhibiting certain “non normal” or “pathological” functions or activating new
anti-symptomatic or curative functions. We cannot explain these functions without taking into
consideration the pathways in which they are inserted and how, after this insertion, the
molecular context changes and, therefore, so does the function of the molecules involved. Let
us consider thermoregulation in humans. We know that it is a feedback control pathway
maintaining body temperature at around 37° C. For many reasons, the temperature can
increase perilously. In this case we take paracetamol (a drug) to control it. This is an inhibitor.
As such, it inhibits the cyclooxygenase pathway, which is responsible for formation of
prostanoids. In particular, like any drug, paracetamol can be considered an ad hoc external
molecule inserted in an already existing internal pathway (in this case, the thermoregulation

feedback pathway) in order to interrupt the “non-normal" or “pathological" process of a cell
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(or of a cell population) in some way by attempting to divert it from its “natural history".
Most antibiotics work in this way. An example is given by those whose active element (as in
rifampicin or rifampin) is a protein synthesis inhibitor. This either stops or slows down the
growth or the proliferation of the infecting bacteria by disrupting the pathways involved in the
production of their proteins. Passing to HIV infection, the disease (but also some cancers) can
be treated by an antiretroviral drug based on the reverse-transcriptase inhibitors. The drug
inhibits the pathways involved in the activity of a viral DNA polymerase enzyme (that is, the
reverse transcriptase) used by the retroviruses to reproduce. After the virus has infected a cell,
the reverse transcriptase copies the single-stranded viral RNA into a double-stranded viral
DNA. This is then integrated into the host DNA, thereby allowing host cellular processes to
reproduce the virus. The reverse-transcriptase inhibitors stop the reverse transcriptase activity
and prevent the synthesis of the double-stranded viral DNA, thus preventing HIV from
multiplying. It is worth noting that sildenafil, used to cure male erectile dysfunction, also
works in this way by inhibiting cGMP-specific phosphodiesterase type 5, i.e. the enzyme
involved in the degradation pathway of cyclic guanosine monophosphate. This is a signalling
molecule triggering smooth muscle relaxation and allowing blood flow into the corpus
cavernosum, which causes erection. As an effect of the decrease of the cGMP-specific
phosphodiesterase activity due to sildenafil, the degradation of the signalling molecule is
stopped and, consequently, this signal lasts for a longer period of time.

This wide array of examples can be taken as representative of the use of causal and
functional notions in molecular biology, and provides us with hints regarding explanatory
strategies in that field, in particular concerning how central the notion of pathway is to
understanding what really happens both from the scientific and the epistemological points of
view. Our philosophical reflections, which will be further developed in the following section,
are thus rooted in scientific literature, and find their direct counterpart in an array of recent
works in molecular biology addressing context-dependence (see e.g. Schwanbeck et al. 2011;

Egloff and Grandis 2012; Lan et al. 2013; Bray 2016).

3. The explanatory centrality of molecular pathways

What has been said up to now should strongly indicate that the notions of process and of the
context in which it “lives” have to be retrieved and deserve more attention in a philosophical
discourse on the biological scenario, especially if we are focusing on the molecular level.

Neo-mechanistic theories have turned away from processual accounts but this move has
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probably not been totally fruitful. Some twist in the current philosophy of science debate can
benefit from paying attention to processes, in the very spirit of drawing closer to scientific
practice that largely motivates it.

Dealing with cell biology and, more specifically, with mitosis, Dupré (2013) remarks for
instance how “the formation of the microtubules that constitute the mitotic spindle, which in
turn separates the two strands of DNA in the chromosomes of the dividing cell, [...] is, surely,
a biological function. Yet it turns out that it does not individuate a mechanism. The reason for
this is just that there are a number of different ways in which microtubule growth (or
degradation) is directed; if one of these is prevented by some kind of intervention, then other
mechanisms take up the slack” (p. 26)!'. Along similar lines, the examples provided above
take these claims a few steps further, referring to different ways in which molecular functions
can be enacted and the crucial role and impact of the molecular context.

Our analysis, which is confined to molecular biology, has aimed to show that neo-
mechanism, while already constituting a very broad and developed philosophical movement,
still fosters further reflections and clarifications of concepts used in the sciences. The latter,
though, might not be most effectively concerned with some refinement of the notion of
mechanism in terms of entities and activities — as largely pursued in the latest literature — but,
rather, on some rethinking of ‘process’ and ‘pathway’, as suggested by accounts which
preceded neo-mechanism and which we believe rightly stressed continuity of production as a
core feature of causal relations.

At this point, a remarkable asymmetrical situation is worth recalling: on the one hand, the
biomedical sciences have no definition of mechanism, while philosophy of science has many
of definitions of mechanism; on the other, the biomedical sciences have clear and basically
convergent definitions of pathway, while philosophy of science has paid much less attention
to this element, which lies at the core of molecular biology as it allows us to grasp the
functions of the molecules we are interested in. To help overcome this deficiency, and starting

from the NCI’s definition, we could state that

A molecular pathway is continuous series of n causal bonding steps starting from one

molecule and leading to a molecular outcome with a certain function, which is determined by

' Commenting on that, Dupré continues: “The problem with this kind of teleological system, or system with a
robust tendency to end up in particular preferred states, is that the relation between functions and mechanisms is
more complex than that supposed by standard mechanistic theories” (ibidem).
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the entire pathway itself. Any molecular pathway “lives” in a given molecular context

composed of a certain set of molecules that fixes the conditions of possibility of its enactment.

The examples illustrate the crucial explanatory role of the molecular context which sets the
conditions of enactment of the molecular pathway and plays a decisive role in the explanation
of molecular functioning.

We should now go back to where we started from, that is, the success of the new
mechanical philosophy and its ambition to make sense of causal discourses in the sciences. In
the light of the examples, we should wonder what role mechanisms play in molecular biology,
and question whether they are necessary and/or sufficient.

As it appears, the notion of mechanism is not necessary to describe the molecular pathways
referred to above: the illustration of their functioning has made no epistemological appeal to
mechanisms. On the one hand, while not incompatible with mechanistic accounts, the analysis
provided does not depend on any specific proposal on how a mechanism is to be conceived,
or how a mechanistic model is to be built. On the other hand, current definitions of
mechanism like the ones mentioned in section 1 — i.e. Illari and Williamson’s and Glennan’s —
seem too general and broad to effectively capture what goes on in the molecular actions at
stake. The notions of pathway, function and causal interaction do the job, by expressing, if
properly understood, both the causal aspect inherent in molecular processes — namely, the
production of a given outcome — and the functional one, together with a proper stress on the
continuity of the molecular actions and their contextual constraints.

What about other philosophical definitions of mechanism? Do they do any better in the
respects at stake here? Let us consider two of the most successful ones, which have already
turned more than one decade, are still widely discussed, and do actually take functions into
serious account. According to Machamer, Darden and Craver, “mechanisms are identified and
individuated by the activities and entities that constitute them, by their start and finish
conditions, and by their functional role. Functions are the roles played by the entities and
activities in a mechanism. To see an activity as a function is to set it as a component in some
mechanism, that is, to see it in a context that is taken to be important, vital or otherwise
significant. [...] Functions should be understood in terms of the activities by virtue of which
entities contribute to the workings of a mechanism” (Machamer, Darden and Craver 2000, p.
6). While far from being opposed to this definition, our view is significantly different in a few

respects. To start with, we believe that an entity ontology — whichever entities we bottom-out
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on — is not the most suitable starting point in molecular biology in cases like the ones we
analysed, which are not best thought of in terms of discrete elements or decomposability of
systems. Once we replace entities with pathways, continuity — an aspect neo-mechanists are
not overconcerned with — can gain due appreciation. Furthermore, the appeal to pathways
seems to do justice to the distinctive contribution of the molecular arrangement itself (what
we deemed the “molecular context”), which is thoroughly acknowledged.

Things seem somewhat trickier if we look at Bechtel and Abrahamsen’s definition: “A
mechanism is a structure performing a function in virtue of its component parts, component
operations, and their organization. The orchestrated functioning of the mechanism is
responsible for one or more phenomena” (2005, p. 423). Although organized behaviour and
the performing of functions are properly recognised, here too the focus remains on
components, “because [the authors] want to draw attention to the involvement of parts”, with
actually some concern for accounts focusing on linear processes (ibidem, footnote 5). In the
cases we have analysed, the real interest is not merely in which units are at stake, but in the
continuous processual character of the pathways: the only ground on which we can propose a
functional explanation of a molecule. To better illustrate this point, in addition to the
examples already given, let us think about the protein cytochrome complex (Cyt c¢). Usually
located in the mitochondrial intermembrane space, Cyt ¢ is also found in the cytosol. In the
intermembrane space Cyt ¢ is inserted in a particular pathway; in the cytosol in a totally
different one. Focusing on the intermembrane space, we explain Cyt ¢’s function in terms of
cellular respiration; focusing on the cytosol, we explain its function in terms of cellular
apoptosis! Summing up, we need pathways to explain the possible multifunctional roles of a
molecule. Mechanisms seem not to be enough. Moreover, mechanisms do not seem to be
adequate in helping us to understand that a molecule can have as many functions as the many
subpathways starting from that molecule. But we have also seen that there is only one
pathway that allows us — as molecular biologists - to attribute to that molecule what we think
is its main function. Recalling the example above, the main function of Gle D-glucose is not
to bind with HK, or produce G6P, or F6PP, etc., but to serve as a source of energy. And we
understand this only when we consider the pathway starting from Gle D-glucose and ending
with pyruvate.

Furthermore, issues regarding gaps in our knowledge of mechanistic systems are dealt
with differently here. If Salmon, as well as, e.g., Peter Railton, already acknowledged that in

the great majority of cases we do not get to know mechanisms exhaustively, completely and
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in full detail, the issue has been more thoroughly addressed by neo-mechanists. Machamer,
Darden and Craver (2000), e.g., have stressed how we mostly arrive at mechanisms’ sketches
or schemata, and Craver (2006) has distinguished between how-possibly, how-plausibly and
how-actually mechanistic models. At the same time, in order to grasp the heuristics guiding
the elaboration of mechanistic models in the life sciences, Bechtel and Richardson (1993)
have emphasized the virtues of structural and functional decomposition. We take the
examples provided in the paper to show that the notion of pathway is central to navigate cases
in which the purpose is not to express some gap to be epistemically filled, or to present some
systems to be decomposed. The core elements that scientific explanations in molecular
biology are called to unravel in cases like those illustrated above are continuous pathways,
and their functions, which we currently know a good deal about. What we aim to stress is that
the definition of pathway provided above improves our attempts to grasp the performing of a
certain function, the way in which this is done (as a continuous series of causal bonds), and its

internal constraints.

4. From processes to mechanisms, and back
Let us conclude by highlighting how a focus on the notion of pathway with respect to the
analysis of causation in molecular biology can bring a few take-home lessons with it, both
with respect to the specific field at stake, and with respect to reflections on mechanisms and
related concepts. In the first place, the notion of pathway ties the knot between talking of
mechanisms and talking of functions. Neo-mechanists have pointed out, for instance, that
“mechanisms are functionally individuated by their phenomena” (Illari and Williamson 2012,
pp. 123-4), or that functional explanations — specifically, in psychology — can only be
conceived as sketchy mechanistic accounts (Piccinini and Craver 2011). We stress how the
context proves crucial to the very enacting of the molecular pathway itself, and hence to the
proper performing of its function and the bringing about of a given outcome. Outcomes of
molecular processes, in other terms, are brought about by pathways whose correct functioning
is strictly conditional upon particular molecular features. It is in this sense that we suggest an
adequate explanation of the working of molecular pathways must be contextual.

Therefore, the epistemological considerations we have elaborated starting from the
scientific framework recalled above also involve some rethinking of the notion of context and
its role in tackling mechanisms. Already in the late Salmon, the context is taken into account

as impacting on the identification of causal nexus. While remaining faithful to his ontic
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conception, Salmon admits that “statements about the relations between causes and effects are
usually highly selective, and they are typically context-dependent” (Salmon 2002, p. 126).
Basically following like intuitions, in the scenario of the new mechanical philosophy the
context has been held to guide the process of mechanisms’ discovery'?, with background
knowledge and interests playing a part: in biology, “first, the choice of phenomenon is
relative to the scientist’s interests. [...]. To some extent and in some cases, the choice of
beginning, ending, topping-off, and bottoming-out points in the description of a mechanism
may also be related to the interests of the investigator” (Darden 2008, p. 960). While agreeing
with these claims, we believe that the context is to be seen here as not hinting only at external
contingent conditions, and thus not only performing a role with respect to our epistemic
practices, in the construction of our mechanistic models. The context can be taken as decisive
to the very functioning of some processes the way they do, as related to the very configuration
of the phenomenon under investigation: there is no biological process if not in a given
biological context. This means that if you change the biological context, the biological
process changes as well. And a pathway approach, like the one we are proposing here, puts
this point right at the centre. We hence suggest that an additional notion of context is to be
introduced, which has not to do with the way in which the elaboration of our causal
knowledge is constrained by pragmatic factors, but with the very conditions allowing
biological functions to be enacted. When discussing explanatory matters, it is to be conceived
both as a “perspectival affair” (Craver 2001, p. 73), related to our epistemic procedures, and,
equally (or more) importantly, as an aspect inherent to the conditions of acting of the pathway
itself, which an explanation of molecular behaviour must account for. That is what, we
believe, the notion of pathway can capture better than currently available notions of
mechanism.

Without denying the many merits of neo-mechanism, we claim that, when wondering
which notions provide the most valuable guidance in tackling productive and explanatory
relations in the sciences, we should not discount or bracket the notions of process and
pathway too quickly. Dealing with very specific and detailed examples in molecular biology
can help us re-assess the epistemological import of both the notions of mechanism put
forward by neo-mechanists, and the notions of process/pathway and contexts in which they
“live”. All in all, if the purpose of philosophical enquiry on causal discourse in the sciences is

to provide the fittest conceptual tools to facilitate and support scientific investigation — a

12 Amongst most recent works on this, see e.g. Darden et al. (2018, forthcoming).
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daunting challenge indeed — we should wonder whether the struggle for a one-fits-all notion

of mechanism is the most promising route to follow, or conversely, whether we should pay

more attention to the processes and the contexts allowing their enactment.
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