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Abstract

Ontological principles are needed in order to bridge the gap between medical and biological information in
a robust and computable fashion. This is essential in order to draw inferences across the levels of granularity
which span medicine and biology, an example of which include the understanding of the roles of tumor markers in
the development and progress of carcinoma. Such information integration is also important for the integration of
genomics information with the information contained in the electronic patient records in such a way that real time
conclusions can be drawn. In this paper, we describe a large multi-granular datasource built by using ontological
principles and focusing on the case of colon carcinoma.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

Medicine and biology have become ever more closely related in the last decades. While medicine
benefits from advances in molecular biology, biology benefits from the use of clinical data to derive and
test hypotheses. In light of the many studies pointing to an information gulf between those who discover
new gene products and those who can exploit these discoveries in clinical contexts [1-7], however, it is
important that researchers are able to understand the interrelations between the two fields. Thus, while it
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is certainly the case that the rapid development of bioinformatics has brought significant data integration
at the level of genes and proteins, comprehensive integration of data at this molecular level of granularity
with data at the clinico-pathological level is still lacking.

We have here chosen colorectal cancer as a case study and we seek to establish links connecting data
pertaining to this disease to the molecular level via the integration of three ontologies—SNOMED-CT [8],
foundational model of anatomy (FMA) [9] and the gene ontology (GO) [10]—with the UniProt [11] and
OMIM [12] databases. None of these ontologies and terminologies is free of mistakes [13—17]; however,
we here consider them as they stand in order to take the first step in building the needed integrated
framework.

2. Methods
2.1. Disease representation and classification

Our treatment of colorectal carcinoma on the clinical level is based on SNOMED together with in-
formation taken over manually from deVita (Principles of Oncology) [18] and Harrison’s Principles of
Internal Medicine [19]. A range of aspects were incorporated into the classification, including the staging
of diseases according to the TNM, Duke’s, and Modified Asler—Coller criteria, patient screening infor-
mation, risk factors such as pathological predisposing factors, chemical exposure, family history and age,
localisation of the disease based on organ and organ system affected and on the tissues involved, pathol-
ogy aspects such as gross and microscopic pathology, size, shape, extent, vessels or nerves involved, cell
type, nuclear characteristics and staining.

Gross pathology was first mapped to carcinoma location on the basis of a representation of the anatomy
of the colon at the organ system, organ, tissue, cell and subcellular levels of granularity using the FMA.
Information regarding clinical procedures, extent of carcinoma, vascular invasion, and histological pathol-
ogy was also added. In order to make the anatomical representation accessible to information retrieval
software, relations such as is-located-in, is-surrounded-by were added to the is-a and part-of relations
present in the FMA and GO’s Cellular Component ontology, the latter was situated within the corre-
sponding axis of the former.

2.2. Representation of biological processes

Representations of biological processes were taken over from GO and UniProt at the molecular level.
GO was chosen as the most widely used ontology in the biosciences, UniProt (which includes Swiss-Prot,
TrEMBL and PIR-PSD) [11] because it is the world’s most highly annotated protein sequence database
and because it contains high quality disease-related annotations [20]. We supplemented the annotations
within UniProt with those present with the gene ontology annotation (GOA) project [21]. Two protein
datasets were retrieved from UniProt:

1. A comprehensive manually curated human protein dataset consisting of over 10,000 proteins and
24,500 related GO terms.

2. A subset of 233 human proteins involved in colorectal carcinoma (with over 800 associated GO terms)
obtained by querying the OMIM database.
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Table 1

Relations between terms from GO’s molecular function and cellular component axes

Molecular function Cellular component Weight
Protein binding Cytoplasm 36
Zinc ion binding Nucleus 43
Protein binding Nucleus 45
Receptor activity Integral to plasma membrane 56
G-protein coupled receptor activity Integral to plasma membrane 70
DNA binding Nucleus 100
Antigen binding Extracellular 123
Transcription factor activity Nucleus 171

3. A dataset of correspondences between genes in the OMIM database and GO terms established via
Locuslink (http://www.ncbi.nih.gov/LocusLink).

GO consists of three separate ontologies—for biological processes (bp), molecular functions (mf), and
cellular components (cc), respectively—between the nodes of which no ontological relations are defined.
Thus GO does not record the fact that a given process is the exercise of a given function or that it takes
place at a particular cellular location. In order to find such missing associations between GO terms,
in particular those associated with colorectal carcinoma, we employed our human protein dataset and
analyzed the GO terms used in annotations associated therewith. We used both a statistical approach and
a probabilistic approach to address this issue.

2.2.1. Statistical approach

GO terms associated with all human proteins in the SwissProt database were separated into three tables,
labelled bp, mf, and cc according to the GO axes to which they belonged. Wherever a single protein was
annotated by GO terms belonging to two distinct axes, the corresponding terms were paired together and
three new tables were created for the resulting cc-mf, mf-bp, and cc-bp pairs. Identical tuples present
within these tables were then grouped together and associated with an occurrence count in such a way
as to provide a measure of how often GO terms from two distinct axes are annotated together. Examples
are given in Table 1.

2.2.2. The probabilistic approach to association rule induction using the a priori algorithm

The a priori algorithm [22] is the most often used approach to the mining of associations. It consists of
two steps. In the first, frequent item sets are determined by searching the lattice formed by all the subsets
of the total set of available items. In a second step, the strongest association rules were determined from
the frequent item sets. As there are more than 2500 GO terms that may be used to annotate relevant gene
products, only association rules which satisfy predefined minimal support and confidence level are taken
into consideration.

The support of an association rule is defined as the fraction of all transactions to which the rule is
applicable.

The confidence of an association rule is defined as that fraction of those transactions to which the rule
is applicable and in which the rule is also correct.
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In the case of GO, we are interested in rules that predict cellular component given molecular function
and biological process, or rules that predict molecular function given cellular component and biological
process, and so on.

Frequent item sets were determined by searching the subset lattice of all GO terms which occur together
as associations of some selected gene product. Association rules were constructed from the frequent item
sets and filtered with respect to quality criteria.

An example of a rule is:

ribosome < ribosome biogenesis; protein biosynthesis (0.2%, 93.2%).

This states that 0.2% of the total annotations (to GO terms originating from a specific database) annotate
ribosome biogenesis and protein biosynthesis together, and that within those cases where they occur
together, 93.2% are also annotated with the term ribosome.

3. Formal ontological principles

Our goal is to perform information integration across the disciplinary divide between medicine and
molecular biology by developing an ontological framework which can allow multiple perspectives upon
complex phenomena (such as diseases, associated risk factors, symptoms, pathological hallmarks, and
so forth). For a given target disease, this ontological framework will allow us to search, for example, for
other related diseases that have been identified as risk factors for the target.

A series of consensus ontological principles form the basis of our work, principles which are incorpo-
rated in different forms in a variety of top-level ontologies, including the DOLCE ontology [23]. Here,
we adopt the version of these principles that is present in the basic formal ontology (BFO) [24,25], in
which entities are divided into two non- overlapping categories of continuants and occurrents. To say that
an entity is a continuant is to say that it enjoys continuous existence in time and is such as to preserve
its identity through change. Occurrent entities, in contrast, have temporal parts or phases. They unfold
themselves phase by phase, and exist only in these successive phases. Examples of continuant entities
are: molecules, cells, organisms. Examples of occurrent entities are the processes in which such entities
participate.

For a universal or class to be a subclass of (stand in as an is-a relation to) another universal or class,
all instances of the subclass existing at any given time should be instances of the superclass existing at
the same time. Thus we have:

lung is-a lobular organ,

because all instances of lung are instances of lobular organ. We can express part of what is involved in
this relationship in the language of first-order logic, as follows:

R1: Ais-a B — Vx(inst(x, A) — inst(x, B))

Here ‘inst’ abbreviates the relation of instantiation between an instance and a corresponding universal; ¥
is the standard universal quantifier signifying ‘for all’ or ‘given any value of’; variables x, y, z ... range
over individuals and variables A, B, C, ... range over universals.

R1 states that if A is-a B, then every instance of A is an instance of B. Some relations between
classes need to be expressed not with the universal quantifier V but rather with the existential quantifier 3,
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signifying ‘there is a’ or ‘for some value of . For example, in lung tumor in lung, we have a relationship
which satisfies the following:

R2: A in B — Vx(inst(x, A) — Fy(inst(y, B) & in(x, y)))

where ‘in” symbolizes the instance-level relation which obtains when one individual entity is located in
another.

The relation of parthood between universals calls for yet another sort of treatment. For universals A
and B the relation A part-of B holds (on our reading here) only when each instance of A is part of some
instance of B and each instance of B contains an instance of A as part. For example, an instance of
ascending colon is always part of an instance of large intestine and an instance of large intestine always
contains an instance of ascending colon as part. This relation belongs to what is called canonical anatomy
within FMA.

R3: A part-of B =def Vx(inst(x, A) — Jy((inst(y, B) & part(x, y)))
& Vy((inst(y, B) — Jx((inst(x, A) & part(x, y))

3.1. Introducing the factor of time and granularity

Aninstance of lung at the granularity of whole organ is a continuant. Thus it remains the same individual
entity from one moment to the next, even though at lower levels of granularity it gains and loses parts
(for example cells and molecules). To do justice to these facts we need to take time into account. Thus
we write ‘inst(x, A, t)’ to signify that x instantiates A at time ¢, and similarly ‘part(x, y, #)’ to signify
that x is an individual level part of y at time z.

We then have for example:

R4: (inst(x, colon, t1) & inst(x, colon, t2)) — Vt(t1<t<t2 — inst(x, colon, t))

which asserts that if x is a colon at two distinct instants of time, then x is also a colon at all intervening
points of time.
To capture the part relation:

mucosa of colon part-of colon
We write:
R5: VxVy(inst(x, mucosa of colon,t) — Iy(inst(y, colon, t) & part(y, x, t)))

RS captures the fact that each instance of mucosa of colon is a part of some instance of colon. Note that
this part relation spans two distinct levels of granularity, of organ and tissue, respectively.
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Table 2
Tumor axis of the TNM classification for Colorectal carcinoma by the AJCC

TX: The primary tumor cannot be evaluated.

TO: The existence of a primary tumor cannot be ascertained.

Tis: Carcinoma in situ (tumor in place): an intraepithelial tumor or an invasion of the lamina propria. Tis includes cancer cells
entirely contained within the glandular basement membrane (intraepithelial) or lamina propria (intramucosal) with no breach
through the muscularis mucosae into the submucosa.

T1: The tumor invades the submucosa, the second layer of the large intestine.

T2: The tumor invades the muscularis propria.

T3: The tumor invades through the muscularis propria into the subserosa, or into nonperitonealized pericolic or perirectal tissues.
T4: The tumor directly invades other organs or structures, and/or penetrates the visceral peritoneum. In T4, the term ‘direct
invasion’ includes invasion of other sections of colon or rectum by way of the serosa; for instance, invasion of the sigmoid colon
by a carcinoma of the cecum.

Our scale of granularity recognizes six levels, for which we provide our preferred names and examples
as follows:

organ system: digestive system, respiratory system, nervous system

organ: pharynx, esophagus, stomach, colon

organ part: mucosa of colon, submucosa of colon

tissue: maximal portion of epithelial tissue of colon

cell: colon epithelial cell, fibrocytes

subcellular: colon epithelial cell nucleus, colon epithelial cell membrane

We now introduce a function which associates with each universal or class the granularity level of the
corresponding instances, for example, in

gr(digestive system) = organ system,
gr(colon) = organ,
gr(mucosa of colon) = tissue.

For present purposes we assume that gr does indeed designate a genuine function (i.e. that each universal
is associated with exactly one level of granularity).

We can now project the representation of structural pathologies onto the corresponding granular levels.
The American Joint Committee on Cancer (AJCC) has designated staging by, means of its TNM clas-
sification [26,27], which classifies carcinomas according to: tumor extent, lymph node involvement and
metastasis (Table 2).

Thus, while the T is stage deals with entities at the tissue, cell and subcellular levels of granularity,
from T1 on the granularity is in every case at the tissue level.

We introduce the following abbreviation to indicate the granularity involved in a given case of instan-
tiation:

R6: inst(x, A)=gerinst(x, A) & gr(x) = levell.
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We also define a transgranular parthood relation, considering entity A belongs to level 1 of granularity
and B to level 2:

R7: A part-of B—=gr(inst(x, A) & inst(y, B) & part(x, y) & gr(x) =levell & gr(y)
= level 2).

We can now define what it is for an entity to be a T1-stage carcinoma of colon structure as follows:

R8: inst(x, T1-stage carcinoma of colon structure) =ger AyIzIvIw(inst (v, carcinoma of mucosa
of colon structure) & inst(z, carcinoma of submucosa of colon structure) & inst(v, carcinoma of
muscularis layer of colon structure) & inst(w, carcinoma of serosa of colon structure) & part(y, x)
& part(z, x) & not part(v, x) & not part(w, x) & gr(mucosa of colon structure)=organ part &
gr(submucosa of colon structure)= organ part & gr(muscularis layer of colon structure)=organ part
& gr(serosa of colon structure)=organ part)

In order to make the formulas shorter we will not represent the granularity information in them from here
on. We can create such formalizations for each of the stages listed in Table 3. Going one step further, we
can relate the (normal) mucosa of colon with the carcinoma of mucosa of colon structure, since the latter
is still the mucosa of colon but with an abnormal trait

R9: inst(x, carcinoma of mucosa of colon structure)=gef yIz(inst(x, carcinoma) & inst(y, mucosa
of colon) & inst(z, carcinomatous pathology of mucosa) & has-anatomical-extent(x, y) & has-
pathology(y, 2)).

Here, has-anatomical-extent is the relation between a given carcinoma and the anatomical entity at
which it is localized and has-pathology is the relation between a given anatomical entity and the type
of pathology present therein. Carcinomatous pathology of mucosa can then be further specified at the
tissue, cellular and subcellular levels. If it is an ulcerative adenocarcinoma we have

R12: inst(x, carcinomatous pathology of mucosa)=qer 3y (inst(x, carcinomatous pathology) & inst(y,
ulceration with raised edges of mucosa) & has- pathological-feature(x, y)).

The relation has-pathological-feature specifies the pathological characteristic that is at issue in a given
pathology.

While staging exists at the tissue, organ and organ system levels, at the cellular and subcellular levels
there exist grades for a carcinoma. A grade 2 carcinomatous pathology can be formalized by means of

R13: inst(x, Grade 2 carcinomatous pathology of mucosa structure)=qes 3y(inst (x, carcinomatous
pathology) & inst(y, non-polar nucleus of mucosal epithelium) & has-pathological-feature(x, y) &
gr(Grade 2 carcinomatous pathology of mucosa structure)=subcellular).

In this way, we reach the subcellular level for normal and pathological structures at various levels of
granularity. Since subcellular locations are more elaborately (albeit less formally) represented in GO than
in the FMA, we map GO terms to the corresponding loci within the FMA in order to make a transgranular
representation possible.
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4. Formal-ontological relations
4.1. Transgranular part—whole relations

Various sorts of associations were found from our work on GO using statistical or probabilistic analyses,
in addition to the associations discussed above between process and function terms and between location
and process terms.

Relations crossing granularity levels are pre-eminently relations of part and whole. Using our method
for association rule induction, we were able to find the following transgranular part—whole relations not
currently present in GO:

transposase activity part-of DNA transposition
development part-of nucleus function (from GO’s nucleus)
apoptosis part-of cytoplasmic function (from GO’s cytoplasm)

GO does not clearly distinguish between functions (continuants) and processes (occurrents). When this
distinction is taken into account, however, then it becomes possible to distinguish two sorts of transgranular
relations:

transposase function part-of DNA transposition function
transposase activity part-of DNA transposition activity

Where entities are related across granularities, problems can arise when one attempts to use these relations
to derive inferences without taking granularity into account. This is especially the case when a process
of coarser granularity, for example development, is associated with an anatomical entity such as nucleus,
which is of finer grain. One does not know which is the development considered here, that of a cell in
a mammal or that of a cell in a unicellular organism or psychological development. In order to use our
formalism to bridge the granularity gulf between these entities, we will need to distinguish those relations
which are relevant in a given context and then find association rules involving the nucleus together with
these smaller parts.

The approach we take appeals to the notion of involvement, defining an operator involved-in, which
allows us to create general terms of the form A involved-in B, which refer precisely to those instances of
A which are involved in some instance of B. Here A is a smaller process that can (but need not) occur as
part of an instance of the larger process B. A involved-in B then designates the class of all and only those
instances of A which are part of instances of B.

R14: inst(x, A involved-in B)=gcs inst(x, A) & Jy(inst(y, B) & part(x, y))

Similarly, the larger process B may or may not have an instance of the smaller process A occurring as
part. We again declare a universal B involving A, which is a specification of B containing only those
instances of B which have instances of A as part:

R15: inst(x, B involving A)=ger inst(x, B) & Jy(inst(y, A) & part(y, x))
We can then assert that in every case:

R16 : A involved-in B part-of B involving A
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Example. hexokinase 1 (KEGG K00844, EC 2.7.1.1) activity is involved in glycolysis, fructose and man-
nose metabolism, galactose metabolism, starch and sucrose metabolism and in aminosugar metabolism.
Thus we can create universals such as

hexokinase 1 activity involved in glycolytic pathway
hexokinase 1 activity involved in galactose metabolism pathway

and so on.

We next sought to establish transgranular associations between processes and anatomical structures,
for example between fine-grained processes like p53 activity with a coarse-grained anatomical entity like
the colon. Once those associations are established, relations can be more easily formalized by appealing
to the fact that a robust anatomical ontology already exists in the form of the FMA. For example, in the
T1 stage of colon carcinoma at the organ level of granularity, a carcinomatous process projected onto
the colon. Since we cannot observe the detailed tissue structure of the colon at this level of granularity,
our formula reads as follows:

R17: inst(x, T 1-stage carcinomatous process of carcinoma of colon)=q.s3y(inst(x, carcinomatous
process) & inst(y, colon) & has-anatomical-projection(x, y))

When we move to the lower level of granularity of the tissue, however, we can project the carcinomatous
process of T 1-stage of colon onto its mucosa and submucosa

R18: inst(x, T 1-stage carcinomatous process of carcinoma of colon)=qef IyIzIwIw (inst(x, carci-
nomatous process) & inst(y, mucosa of colon) & inst(z, submucosa of colon) & inst(v, muscularis
layer of colon) & inst(w, serosa of colon)) & has-anatomical-projection(x, y, z)

If we then put R12 and R13 together

R19: inst(x, T 1-stage carcinomatous process of carcinoma of colon)=gefIyIzIvIwu (inst(x, car-
cinomatous process) & inst(y, mucosa of colon) & inst(z, submucosa of colon) & inst(v, muscularis
layer of colon) & inst(w, serosa of colon) & inst(u, colon) & has-anatomical-projection(x, y, z) &
part(y, u) & part(z, u) & part(v, u) & part(w, u))

This means that within the T'1 stage of the carcinomatous process of carcinoma of colon, and at the
tissue level of granularity, the carcinomatous process can be projected onto the mucosa and submucosa
of colon; and that the mucosa, submucosa, muscularis layer and serosa of the colon existing at the tissue
level of granularity are parts of the colon, an organ whose instances are observed (from the perspective
of this staging) at both the tissue and the organ level of granularity. In this way, we are able to represent
a transgranular part-whole relation which zooms from the organ level to the tissue level.

4.2. Relations from substances to processes

The relation of participation is a species of dependence; it is instantiated wherever an independent entity
such as an organism is involved as agent or patient in a process. There are different kinds of participation,
which we can order along the dimensions as shown in Fig. 1.
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Participation

\ Pau ency
(-agentive)
Perpetration (+agentive)
Influen

/ \ / \ Mediation

Initiation Termination

Facilitation Hindrance
Perpetuation

Fig. 1. Modes of participation [25].

4.2.1. Perpetration

The most important subtype of participation is that of perpetration. A substance perpetrates (does,
performs) an action (direct and agentive participation in a process). Perpetration can be of three subtypes:
Initiation, Perpetuation and Termination. To represent perpetration formally we need to distinguish the
substance which performs the relevant action, the action itself—in other words the process in which the
substance features as agent—and the time interval during which the action takes place (z).

4.2.2. Initiation

When it is stated that a substance, for example a cellular component, initiates a process, this means
that the process was not occurring before the initiation took place. Many of the association links induced
in the course of our experiment include such situations.

Example. Electron transporter initiates the process of electron transfer activity. However, since GO
does not include the relevant substance/component term (e.g. electron transportor) but only a term for
the related activity (e.g. electron transporter activity). Thus we cannot directly define the corresponding
relations—for example the relations between enzymes (substance) and functions within GO. In order to
compensate for the missing GO terms, we supplement a relation such as

electron transporter activity initiates electron transport
by including also the association rule
electron transport < electron transporter

and similarly for other cases in what follows. A transporter is a continuant, which exists even before it
exerts the function of electron transport and thereby initiates a process of electron transport. We need to
add this information into the association rules manually.

Initiation is a relation between universals satisfying for example

R21: electron transporter initiates electron transport — 3x, y (inst(x, electron transporter, t) &
(inst(y, electron transport, t) & initiates(x, y, 1))
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Here x and y are substance and process instances and the initiation process takes place at the time instant
t. Initiation is a kind of perpetration, which satisfies:

R22: initiates(x, y, r) — (perpetrates(x, y,t) & Vt'(t' <t — not occurs(y, t'))

Relevance to colon carcinoma: Many compounds (for example, thiacarbocyanine compounds) act
against the initiation of electron transporter activity in such a way as to have cytotoxic effects on human
carcinoma cells. These are the building blocks which can be used to represent the flow of pathophysio-
logical processes which occur in carcinomas like that of colon.

4.2.3. Perpetuation

This relation obtains when substance perpetuates (sustains) a process. Perpetuation normally presup-
poses that an entity existed at some earlier time which entered in the relation of initiation with the process
in question. However, perpetuators are of course not of necessity themselves initiators.

Example. The subtilase enzyme perpetuates the process of proteolysis and peptidolysis. It helps the
process to continue once it has been started. In some cases, subtilase can also help in the initiation of
peptidolysis. The same instance of subtilase can initiate a peptidolysis at a particular instance of time and
perpetuate it at the other.

The association algorithm relates the entities below
proteolysis and peptidolysis < subtilase activity,
Since GO does not contain enzymes but only their activities, this must be supplemented with
proteolysis and peptidolysis perpetuates subtilase

We can then write

R23: subtilase perpetuates proteolysis and peptidolysis— Ix, y(inst(x, subtilase, t) & inst(y, prote-
olysis and peptidolysis, t) & perpetuates(x, y, 1))

Here perpetuates is a relation on the instance level which satisfies for example axioms to the effect that

R24: perpetuates(x, y,t) — (perpetrates(x, y,t) & not V¢'(t' >t — not occurs(y, ') & not
Vt"(t” <t — not occurs(y, t”))

Relevance to colon carcinoma: Subtilase SKI-1 cleaves proproteins at non-basic residues. A proteinase
K-like subtilase, neural apoptosis-regulated convertase 1 (NARC-1) has one of the highest expressions
within colon carcinoma LoVo-CS5 cell lines. Such perpetuations are present throughout the colon carci-
noma’s pathophysiological pathways.

4.2.4. Termination
A substance terminates (brings to an end) a process.
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Example. Carbon-monoxide oxygenase is an enzyme which acts on an occurring electron transport
process and terminates this process. The relevant induced association rule is:

electron transport <— carbon-monoxide oxygenase activity
which we supplement with:
electron transport terminates carbon-monoxide oxygenase

Terminates is a relation on the instance level which satisfies axioms such as:

R26: terminates(x, y, ) — (perpetrates(x, y, 1)) & V¢'(f' >t — not occurs(y, t'))

The above formula asserts that to terminate a process at ¢ is to bring it about that the process does not
occur at any time later than 7.

Relevance to colon carcinoma: The termination of electron transport has cytotoxic effects on human
carcinoma cells.

4.2.5. Influence
A substance has an effect on a process.

Example. The peptide actin cytoskeleton helps in protein binding.
protein binding influences actin cytoskeleton

In a similar manner to the cases treated above, this can be formulated as:

R27: actin cytoskeleton influences protein binding =4e.¢ Vx (inst(x, actin cytoskeleton) — Iy (inst(y,
protein binding) & influences(x, y, 1))

Relevance to colon carcinoma: By binding to ATP and its hydrolysis, actin cytoskeleton influences
binding to antibodies (proteins) like TCP 22, a monoclonal marker for colon carcinoma.

4.2.6. Facilitation
Facilitation occurs where a substance plays a secondary role in a process.

Example. The large and small ribosomal units facilitate protein synthesis by helping to bring together
mRNA with tRNAs. The mRNA is sandwiched between the two subunits and then the codon-anticodon
match takes place between mRNA and tRNA. The association rule induced is

large ribosomal subunit facilitates protein biosynthesis

Relevance to colon carcinoma: Protein biosyntheses and expression involving ribosomes play a major
role in the pathophysiology of colon carcinoma.
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4.2.7. Hindrance, prevention
This relation obtains where a substance has a negative effect on the unfolding of a process.

Example. Transposase not only initiates DNA transposition, it also causes an auto-inhibition at a later
stage. Auto-inhibition takes place where the substance which initiates a reaction or process or which was
produced as a product of this process itself prevents the process from continuing further. The association
rule induced is

DNA transposition < transposase activity

Relevance to colon carcinoma: Transposase activities are involved in inflammatory bowel disease, one
of the predisposing factors to colon carcinoma and provide some evidence that the carcinoma could have
an infective component.

4.3. Relations between processes and substances

The above relations were exposed via our association rule induction as obtaining from substances
to processes, but relations were also revealed which point in the converse direction, from processes to
substances. Involvement is the most general form of relations of this type between a process and its
bearers. Its subtypes are creation, substaining in being, and degradation.

4.3.1. Creation
A process brings into being a substance.

Example. Beta-hydroxysteroid dehydrogenase activity creates steroids. The relation of initiation holds
between a substance and a process, the relation of creation holds in the converse direction: here a substance
(a steroid) is brought into existence by a process and continues to exist for at least a small time interval
thereafter. We supplement

steroid biosynthesis <— 3(or 17)beta-hydroxysteroid dehydrogenase activity
with

3(or1T)beta-hydroxysteroid dehydrogenase activity creates steroid

4.3.2. Sustaining in being
A process sustains a substance in existence for a certain period of time.

Example. Protease inhibitor activity maintains a membrane structure.
protease inhibitor activity sustains in being membrane

Relevance to colon carcinoma: Protease inhibitor activity protects the colon cells from the actions of
protein kinase C inhibitors like T-hydroxystaurosporine; it contributes to the resistance to apoptosis of
the colon cells.
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4.3.3. Degradation
This relation obtains when a process has negative effects upon a substance.

Example. When the activity of lyase enzyme causes a degradation of the D-amino-acid dehydrogenase
complex.

lyase activity degrades D-amino-acid dehydrogenase complex
4.4. Transgranular relations revisited

Once the associated relations have induced and formalized in the way described above, our strategy is
to project the processes onto the locations (usually subcellular) where they take place and then to zoom up
from the subcellular organelles thus identified to the relevant overarching entities on the cellular, tissue,
organ, organ system and organism levels. In this way the entities at the finest grains represented within
bioinformatics will become formally linked to the entities at the coarser grains standardly represented
within medical informatics. An example of such a derivation is

R28: inst(x, T 1-stage carcinomatous process of carcinoma of colon)=ger IyIzIvIWIudp3gIrds
(inst(x, carcinomatous process) & inst(y, mucosa of colon) & inst(v, submucosa of colon) &
inst(v, muscularis layer of colon) & inst(w, serosa of colon) & inst(u, colon) & has anatomical
projection(x, y, z, v, w) & part(y, u) & part(z, u) & part(v, y) & part(w, u) & inst(p, epithelium
of mucosa of colon) & part(p, y) & inst(q, epithelial cell of mucosa of colon) & part(q, p) & inst(r,
nucleus of epithelial cell of mucosa of colon) & part(r, q) & inst(s, p53 activity in nucleus of epithelial
cell of mucosa of colon) & has spatial projection(s, r))

The above formula represents four levels of granularity: that of subcellular, cell, tissue and organ lev-
els. It represents the fact that the mucosa, submucosa, muscularis layer and serosa of colon exist within
the colon at the tissue level of granularity and are parts of the colon, which itself is an organ. The
representation thus allows us to move from the lower granularity of organ to the higher granularity
of tissue in order to observe the transgranular part-relations involved within the entire colon struc-
ture. The formula represents more precisely the fact that T1 stage carcinomatous processes are pro-
jected onto the mucosa and submucosa of colon. It further represents the parts of the mucosa of the
colon at the cellular level of granularity (epithelial cell) and at the subcellular level (nucleus of the
epithelial cell). It then projects the p53 activity onto the nucleus of the epithelial cell, again at the
subcellular level of granularity. Thus the formula not only represents where the T1 carcinomatous
process takes place, but also how one of the key processes at the subcellular levels can be related
to 1t.

5. Ontological representation

We employed the Protégé 2.0 framework (http://protégé.stanford.edu/), a knowledge-base-creating
and editing tool, to create our ontologies. Protégé 2.0 was chosen because its frame-based architecture
provides a tractable framework for the representation of the sorts of complex relationships which fall
within our area of concern. While there are problems in representing some of the predicate-logic-based
constructs in Protégé, some of the features it contains, including the Description Logic-based OWL editor
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(http:77www.w3.org/TR/owl-ref/) make it useful for certain forms of reasoning. The relations between
entities at various levels of granularity are represented in the ontologies, together also with relations which
exist between the various axes.

6. Conclusion

Our approach still has several limitations. By connecting proteins to biological processes and establish-
ing relationships of a type not represented in GO between biological processes, molecular functions and
cellular components, we aim to provide a unified representation which can help in answering the difficult
questions which arise at the borders of medical and bioinformatics. This does not mean that we are aiming
to simulate the actual dynamic behavior within and between the entities here surveyed. This is because we
are interested in the first place in the ways in which particulars instantiate specific qualitative categories
rather than in the guantitative correlations which can be associated with such instantiations. Such qual-
itative categories must in any case be specified, together with the kinds of (qualitative) relations which
can obtain between them, before measures can be assigned to the terms of these relations. Ontologies
by themselves cannot represent the details of dynamic behavior. What they can do is to provide a robust
representation which can form a framework in whose terms quantitative models of dynamics can be built -
ideally in such a way as to avoid the characteristic defects of such models, namely that they focus on a nar-
row range of levels of granularity, primarily the micro-levels, where numerical values can most easily be
assigned.

Several challenges still need to be overcome.

First, how are we going to maintain and align (and in some cases build) the ontologies for anatomy,
physiology, pathology, molecular functions, and pathways in an environment where we are witnessing
a constant increase in the amount of information, both in the basic biomedical sciences and clinical
medicine? A collaborative effort is certainly needed. We believe that a formal ontology based on sound
principles can provide valuable support for such an effort.

Second, how can we derive accurate and reliable association rules? Currently, manual inspection is
required. However, it should, in the future, be possible to develop software tools with the capacity to
estimate automatically the confidence level of each association.

Finally, if robust ontologies can ease data integration and information retrieval, can they be made
powerful enough to help derive and test new hypotheses? The answer to this question depends on
the extent to which ontologies can be used to represent in adequate fashion highly complex biological
phenomena.

We are attempting to tackle each of these problems in order to make the ontology capable of serving as
areal bridge between medicine and molecular biology. The recently created Human Interaction Database
[28], together with IntAct [29] and IntEnz [30], combine information pertaining to interactions between
human proteins (taken from the Database of Interacting Proteins [31] and many other sources) with the
associated structural and functional information about the proteins themselves (taken from the Structural
Classification of Proteins [32] and the Protein Data Bank [33]). Integration of information from such
databases will provide further insights in bridging the gap between medical informatics and bioinformatics
based on formal ontological principles.
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