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Foreword

The candidate’s PhD project has covered different research areas, ranging from gene
expression and epigenetics to the ontological modeling of biomedical data. For this rea-
son, the thesis is structured into three main chapters. Chapter 1 is devoted to the on-
tology for neurovascular conditions developed for the NEUROWEB Project. Chapter 2 is
devoted to the integrative analysis of epigenetic and transcriptional data to elucidate
the regulatory role of the transcription factor NF-Y. Chapter 3 is devoted to the tran-
script and miRNA profiling of the R9C transgenic mouse model for dilated cardiomyopa-
thy. Every chapter is structured into the same sections: Background, Material and
Methods, Results, Discussion, Acknowledgments and Reference.

The work described in the final chapter is currently in progress; therefore results should
be regarded as preliminary.



The NEUROWEB Project

Modeling Clinical Conditions to Support Data Integration and Association Studies
for Neurovascular Medicine.

Abstract

The NEUROWEB Project was started in 2006 to support neurovascular researchers per-
forming genotype-phenotype association studies, intended as the search for statistical
correlations between the phenotype and the genotype of patients affected by
neurovascular disorders. In this project, the phenotype refers to the patients’ pathologi-
cal condition, and needs to be formulated on the basis of the clinical data collected dur-
ing the diagnostic activity.

The availability of large data cohorts is an essential factor for the successfulness of as-
sociation studies; for that reason, the project involves four different clinical institutions,
which are located in different countries of the European Union, and which grant access
to their clinical repositories to the other NEUROWEB Consortium members. Although all
sites comply with common international guidelines, they adopt specific ways to organize
the diagnostic activity and the patient data collected. As a consequence, the content of
the different repositories cannot be directly integrated, unless misalignment problems
are addressed.

To that end, we developed an ontological model for neurovascular pathological condi-
tions, the NEUROWEB Reference Ontology (NW-RO). The NW-RO, coupled to the
NEUROWEB query system and user interface, enables to query the local repositories,
and to retrieve clusters of patients characterized by the input clinical condition. This
core functionality can be exploited not only for genotype-phenotype association studies,
but also for epidemiological studies relating a clinical condition to environmental and
demographic factors, or looking for associations between different clinical indicators. In
addition, the terminological base attached to the NW-RO enables search functionalities
on external resources, such as the retrieval of scientific papers from PubMed/Medline.
Bridging the clinical domain to biomolecular research is a crucial endeavor for biomedi-
cal ontology modeling, supporting the data integration and data analysis needs of the
emerging field of Translational Research. Even though the final solution to this problem
is larger than NEUROWEB Project reach, the NW-RO is endued with a prototypal exten-
sion to handle biomolecular entities, showing the flexibility and potentiality of the
framework adopted.



Background

Biomedical informatics is a discipline including diverse applications such as clinical
data storage and integration, telemedicine, decision support, text-mining, knowledge
management and representation, not to mention real-time systems and embedded
computing. This section will be devoted to introducing general concepts of specific in-
terest for clinical data modeling and ontology design.

The Electronic Health Record

The notion of electronic health record (EHR)! [7, 8] is of primary importance to the field
of medical informatics. A patient interacting with a health-care institution typically un-
dergoes a process of information collection, generation and elaboration; these informa-
tion items (i.e. clinical features) span different areas, such as identification and demo-
graphics, medical findings, life style, health history; they are organized into a general
structure, the health record, which is instantiated for every patient; therefore, health re-
cords of different patients differ by values, rather than by content2. The importance of
that information corpus predates the computer revolution, when health records were
stored in a paper medium. As a matter of fact, the availability of health records enables
an array of essential functions, such as clinical activity (diagnosis, prognosis and treat-
ment), research, and administrative tasks.
The availability of information technology solutions for data storage and elaboration of-
fers great opportunities to clinical medicine, but requires mastering the complexity of
biomedical data; moreover, different tasks often pose specific issues.
The data stored in the EHR can be used for different goals, with specific inherent needs
and perspectives. Four broad groups can be identified:

a. data access in the daily clinical practice;

b. decision support systems;

c. clinical trials, association studies, translational research;

d. administration and management;

e. document management and cooperative work support.
The NEUROWEB Project is primarily committed to the use group (c), clinical trials, asso-
ciation studies, translational research; however, the system was designed to offer at
least some functionality even for the use group (a), data access in the daily clinical
practice. In addition, it is useful to consider the differences between these two use
cases, as health records adopted by single health-care institutions are often designed
to primarily satisfy the use group (a), and later restructured, or coupled to additional in-
formation infrastructuress, in order to be able to satisfy other use cases. In the next
subsections the use groups (a) and (c) will be briefly described.

Data Access in the Daily Clinical Practice

In the first place, the health record is meant to be accessed by the clinician, in order to
retrieve essential information required by his daily activity with patients.

The typical user-health record interaction is on a by-patient basis, rather than on a by-
field basis; that is, the clinician is often more interested in accessing the value of sev-

1 Electronic Medical Record (EMR) is often used as a synonym of EHR.

2 Unless the data of the patients are stored according to different health record models.

3 This is typically the case of the NEUROWEB Reference Ontology, that enables the federation of
different databases for genotype-phenotype association studies.



eral fields from the health record of the same patient, rather than in the value of one or
few fields across different patients?.
The preference for the patient-based access also explains why clinicians largely resort
to fields with natural language (NL) content to summarize the patient status in an ex-
pressive and intuitive way. The opposite access mode (on a field-basis) is more com-
mon for other use cases, such as in clinical trials and association studies.
The challenge here is to meet both these objectives:
a. maximize the exploitation of the electronic medium (for queries, statistical
analysis, etc...);
b. offer to the clinical user a view of the data being meaningful and intuitive, and
also compatible with his mental model and work organization.

Clinical Trials, Association Studies, Translational Research

Clinical trials, association studies and translational research require the use of clinical
data in a context other than the clinical practice; the final end is not the health-care of a
single patient, but rather the discovery or testing of some biomedical relation or prop-
erty, of general interest and validity in the medical domain. The relations and properties
assessed in these studies contribute to the implementation of Evidence-Based Medi-
cine (EBM), which is the use of available evidence from systematic research in the clini-
cal practice® [9]. Specifically,

- clinical trials consist in the testing of a drug or medication device, checking for
its safety for the patients’ health, and for its efficacy as a treatment (e.g.: is as-
pirin a good treatment for influenza?);

- association studies are performed to identify correlations between (a) one or
more clinical features, including the genetic make-up of individuals, and (b) a
clinical or pre-clinical disease condition, or disease progression behavior (e.g. is
the sodium level in the diet associated to hypertension? Is low-meat diet slowing
the progression of prostate neoplasm from benign to malignant?);

- translational research refers to the combination of biological research, at the
molecular and cellular level, to clinical ends (e.g. identification of biomolecular
disease markers for breast cancer).

Clinical trials and association studies present similar requisites:

- cluster the patients into groups with common clinical conditions (i.e. segmenta-
tion);

- large cohorts are necessary to grant statistical reliability; due to the rising costs
of patient enroliment into ad-hoc cohorts, integration of existing data silos is an
appealing solution; however, it is prone to flaws and biases, unless the content
of different resources is aligned on a semantic basis, preserving the meaning
and the methodological coherence [1, 4].

Translational research [10] is a broader term, generally referring to studies that con-
nect the clinical realm to biomolecular research; specific types of clinical trials and as-

4 For instance, a clinician may first record the patient’'s symptoms and signs on admission, and
schedule a first array of exams; when the exam results are available, he will need to enter them into
the health record, then go back to the symptoms and signs previously stored, consider other pa-
tient’s data (e.g. demographics and medical history), and eventually formulate an initial diagnostic
hypothesis. Considering another example, when the clinician formulates the treatment, he may have
to check for the patient’s drug intolerances.

Even when looking for similar cases (i.e. patients with a clinical profile similar to the one under ex-
amination), the health record is still accessed mostly on a by-patient basis. This use-case is usually
triggered by the encounter of a clinical case not fitting into the clinician’s experience, or the estab-
lished guidelines (for diagnosis, treatment, etc...).

5 "The practice of evidence based medicine means integrating individual clinical expertise with the
best available external clinical evidence from systematic research" [9].
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sociation studies (e.g. phenotype-genotype associations) are included as well. The
common denominator here is the existence of discrepancies between the clinical and
biomolecular domain [2], typically in terms of:

- methodology: clinical medicine is committed to curing disease and preserving
human health; it is subject to very tight constraints in the way the object of study
can be investigated and sampled (e.g. Alzheimer cannot be diagnosed extract-
ing a sample from the patient’s brain, and then performing an array of lab
tests); on the contrary, biomolecular research is committed to the elucidation of
biological mechanisms, and can exploit experimental designs causing the death
or disability of non-human organisms (e.g. systematic gene deletion is used to
identify genes essential for the organism’s survival);

- structural granularity: biomolecular research principally operates at the level of
molecules and cells, with a special accent laid on the genetic information en-
coded by nucleic acids; clinical medicine spans all organization levels, with tra-
ditional practice operating mainly at the organ and organ-system level;

- target organism: clinical medicine is devoted to the human organism, whereas
biomolecular research largely exploits model organisms (e.g. yeast, fly, mouse),
exhibiting variable levels of similarity to homo sapiens in terms of biological
structures and processes.

Modeling frameworks supporting translational research must address these chal-
lenges, providing a bridge between the two disciplines [2].

The Contribution of Ontology to Clinical Modeling

Apparently, the data have a central role in health applications: data are transferred
from existing records when a patient is admitted, they are generated ex-novo during the
diagnostic profiling, they are accessed and elaborated during the formulation of the di-
agnosis, prognosis and treatment, or during the execution of other tasks; data from dif-
ferent repositories need to be integrated and inter-operated to enable certain applica-
tions.

However, data themselves do not provide any explicit model of their semantics and the
rationale of their organization [11]. Ontologies, intended as formal representations of
entities and their inter-relations, enable to overcome those limitations. Biomedical on-
tologies are often perceived just as a tool for terminological standardization; however, a
more articulated perspective will be adopted here.

An Introduction to Ontologies

Ontologies are an important research topic in diverse communities of computer and in-
formation sciences, such as natural language processing, cooperative information sys-
tems, intelligent information integration, and knowledge management; they are also
gaining momentum in the biomedical community [12, 13]. Originally, ontology is a
branch of philosophy that deals with the theory of being, and considers questions about
what is and what is not. The word derives from the Greek onto (being) and logia (written
or spoken discourse) [14]. In computer science, ontologies are computational models
representing the kind of entities, properties of entities, and relations between entities
that can be ascribed to a specific domain of knowledge or application [14-17]; under an
Al perspective, they can be regarded as content theories®, in opposition to mechanism
theories [18]. Ontologies provide a shared and common understanding of a domain
that can be communicated across people and computer application systems; they are
successfully used for integrating heterogeneous databases, enabling interoperability

6 A catalogue of items in a store is the simplest example of a content theory.



among disparate systems, and specifying interfaces to knowledge-based services [11,
17].

Different Perspectives on Ontologies

The definition of ontology introduced in the previous sub-section is simple and univer-
sally accepted in the world of ontology design and development. However, different
schools of thought, implicitly or explicitly following different philosophical approaches
(e.g. nominalism, realism, conceptualism, conceptual realism, etc...), have proposed dif-
ferent perspectives on ontologies’. Discussing in detail the articulation and merit of
such different positions is beyond the scope of this work. The perspective adopted here
is that ontology is a representational artifact, and it has reality as referent; in other
words, the ensemble of entities, properties and relations composing an ontology is
committed to the representation of (a portion of) reality. However, reality is not under-
standable by human agents per se, i.e. in a purely objective fashion: the understanding
of reality is always mediated by interpretation schemes (cf. the notion of scientific
paradigm [19]), mental models [20], perspectives [21] and contexts [22]. The way real-
ity is represented within ontology always depends on the epistemological perspective
on reality inherently adopted®. This paradigm for ontology design was deemed optimal
for scientific applications®.

Ontology Meta-Models

An important methodological distinction exists between language-oriented ontologies
(for which the name terminologies is more appropriate), and ontologies committed to a
more comprehensive representation of semantics. In terminologies, the accent is laid
on the catalogue of the linguistic terms used in a domain, their inter-relations, and their
synonyms; typical applications are (a) content indexing for document retrieval, (b) in-
formation extraction, (c) data integration based on terminological matching. Under the
paradigm adopted here, ontologies committed to a more comprehensive representation
of semantics require an accurate analysis of knowledge sources, and, more specifically,
how the inherent cognitive models, adopted in the domain of interest, should influence
ontology design. In the most simple case of ontology, i.e. a taxonomy (more formally, a
subsumptioni® tree), that analysis translates to the identification of taxonomical crite-
ria, i.e. the reasons why certain entities are grouped into certain classes, and why cer-
tain classes are different than others. In the case of more elaborate ontologies, the
same analysis has to be extended to the semantic of the other relations beyond sub-
sumption; the formalization of such classificatory criteria enables the definition of an
ontology meta-modelil.

If a meta-model succeeds in capturing the cognitive models common to different do-
mains and applications, it can act as a foundational model of general validity!2; such

7 Compare the explicitly realist position exposed in [14] to the definition proposed by [15-17], mak-
ing explicit reference to concepts and conceptualizations.

8 This position can be related to Conceptual Realism (cf. [25]).

9 Simplifying the problem, a scientific theory is often regarded as a working model of a portion of
reality. Under this perspective, the (abstract) components of the theory (e.g. the notion of
electromagnetic field in Maxwell’s Electromagnetism, or the notion of gene in contemporary
genenetics) don’t exist in reality, yet are valid instruments to represent and interact with reality,
enabling prediction, manipulation, and control.

10 The subsumption relation (IS-A), relates a subclass to its class, in the same way the inclusion
relation relates a set to its super-set in set theory.

11 In computer science, meta-modeling is the definition of building blocks and rules to build models.
12 One of the fundamental aspects to be taken into account is: how are categories formulated? Refer
to [26] for a systematic analysis of this topic.
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meta-models are commonly termed Foundational Ontology or Formal Upper Ontology13
(cf. [23]).

In the context of the NEUROWEB Project, the issue of meta-modeling was addressed by
analyzing the expert classificatory criteria adopted by the neurovascular clinicians, and
the relations between the expert knowledge specifically detained by the neurovascular
communities and the general biomedicine knowledge.

Local and Global Domain Ontologies

Under an IT perspective, the fast proliferation of numerous local ontologies, developed
for specific projects or applications, but incapable to work as general model for the do-
main of interest, is a major factor hindering data exchange, system inter-operability and
resource integration. Specifically, the misalignment among these models is not on the
syntactic/formal language level (cf. the success of the formal language OWL-DL [24]);
terminological misalighment is a relevant factor, yet the major problem lies in the ab-
sence of a common meta-model and design methodology.

The solution to overcome this problem is not the radical elimination of local ontologies,
and replacement with a one-fits-all model; indeed, some of the local ontologies actually
capture valuable aspects of the knowledge schemes, specifically characterizing local
communities and institutions. This is particularly true in the clinical field, where local
communities of experts often develop specialized practices and approaches.

A more reasonable scenario entails, on a global levelt4:

- the establishment of a common ontology design methodology and meta-model;

- the establishment of a (global) Reference Ontology, composed by modular and
orthogonal sub-ontologies, capturing the entities and relations pertaining to the
general domain knowledge;

And, on the local level:

- the reception of as many elements as possible from the Reference Ontology, the
meta-model and the design methodology, to the extent that they fit into the local
needs;

Even in case of incomplete alignment, a partial mapping between the local ontologies
and the Reference Ontology can be very probably established, supporting integration
tasks.

Modeling Issues in the Clinical Domain

Clinical Indicators

The term clinical indicator is adopted to identify any clinically-relevant patient feature,
computationally represented as a field of the health record; the term indicator is pre-
ferred to datum, as it does not already imply the computational representation.
A clinical indicator can refer to different aspects of the patient; such differences are
important for the modeling activity. A non-exhaustive but representative list is:

- personal identification (e.g. name and surname, social insurance number);

- demographics (e.g. age, education, ethnic group);

- life-style (e.g. diet, smoking, alcohol consumption);

- elementary, common-use biometrics (e.g. weight, height);

- vital parameters (e.g. body temperature, pressure, pulse);

- signs, which are assessed by the medical doctor through a direct examination of

the patient (e.g. pallor, swollen lymph nodes);

13 An important example of Foundational Ontology for scientific research in the chemical, biological
and medical domains is BFO (Basic Formal Ontology) [27].
14 The OBO Foundry initiative [28] is moving along these lines.



symptoms, which are self reported by the patients (e.g. headache, confusion);
lab tests, which are usually performed on a sample®, and which can be further
grouped into genetic, biochemical, biomolecular, cellular, histological, etc...
(e.g. hemoglobin level, blood leukocitary formula, blood group);

instrumental recordings (e.g. electrocardiogram);

imaging (e.g. MRI);

expert reports, further elaborating instrumental recordings or imaging, usually
formulated in natural language (for instance, the radiologist’s report16);
undergoing or past treatment (e.g. drug treatment: active ingredient and dose
schedule; prostheses: ball and cage artificial heart valve);

family history (e.g. father died of myocardial infarction);

diagnosis, referring to an aspect or the whole clinical condition of the patients;
these can be expressed by a short textual description, and/or by categorical
values from disease classification systems (e.g. Diabetes Mellitus Type-2).

Clinical Indicators: Modeling Issues

Different aspects need to be handled when modeling clinical indicators and their val-
ues, which can be summarized as:

data type: numerical (e.g. number of daily smoked cigarettes: 8), categorical
(e.g. sex: male, female), serial code (e.g. social insurance number: 123-456-
789), free text (e.g. “The absence of symptoms implies a benign lesion.”),
multimedia (e.g. a picture);

scale or metric (e.g. height: meters; cognitive function: Rancho Level of
Cognitive Functioning Scale);

time-dependence, as the same indicator can be assessed multiple times;
normality range: normality ranges are usually applied to determine whether an
indicator has a clinically abnormal value (e.g. normal body temperature,
measured in the armpit, is between 35 and 37 °C);

methodology and instrumental technology; in this category we include the
procedure followed by the medical expert to perform the clinical assessment
(e.g. temperature measurement: rectal) and the information relative to the
measure device itself (e.g. CT-scan technology: electron beam; CT-scan device
manufacturer: Siemens); additional methodological issues arise when
instrumental results are elaborated using some formal and reproducible
method (e.g. an algorithm encoded in a software tool) or are interpreted by an
expert; the latter case introduces an additional problem of subjectivity;
dependence on pre-conditions: a specific issue with methodology is the
existence of pre-conditions for the validity of the indicator determination (e.g.
blood pressure higher than the reference threshold translates into hypertension
only if it is not measured after psychological or physical stress);

degree of objectivity or subjectivity; the latter can be interpreted in a negative
sense, implying lack of standardization and methodological alignment, or in a
positive sense, intending the contribution of the expert’s implicit knowledge to
problem solving;

granularity and inter-dependence of clinical conditions: every indicator, with its
specific value in the patient, can be regarded as a component of the global
condition; indicators with a more global scope (e.g. diabetes mellitus type-2)
usually rely on aggregation of narrower indicators (e.g. fasting glycemia), and

15 A sample is a limited portion of the patient’s body (e.g. a blood sample).
16 E.g. “Appearances are consistent with a sessile osteochondroma of the proximal humeral diaphy-
sis involving the medial cortex. The absence of symptoms implies a benign lesion.”
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the application of normality ranges (e.g. over-simplifying the case, influenza is
diagnosed when temperature is T > 38°C, the patients reports a general sense
of malaise, and he has runny nose and/or sore throat); the dependence on the
context can be analytically broken down into relations to other indicators, but
only with a varying degree of completeness; the harder cases occur when these
relations are established through implicit cognitive heuristics of the medical
expert;

- directly observed or inferred: indicators may reflect, to a different extent, the
“pure” observationl? of some physical reality or the inferential processess
guiding the diagnostic activity (relying on medical theory, guidelines and best
practices, personal experience); indicators belonging to the personal
identification, life-style and demographics typically have no interpretative
content, whereas the final diagnosis has the maximal interpretative content;
this issue is strictly connected to the subjectivity/objectivity issue, as the
inference criteria may be explicit/objective to a variable extent;

- granularity of physical structures, stratified at different scales of the organic
organization (e.g. molecule, intracellular or extracellular structure, cell or
extracellular matrix, tissue, organ, system, individual, population).

Neurovascular Disorders

Ischemic Stroke

A stroke is the rapidly developing loss of brain functions due to a disturbance in the
blood vessels supplying blood to the brain. This can be due to ischemia (lack of blood
supply) or due to a hemorrhage (rupture of a blood vessel or an abnormal vascular
structure). As a result, the affected area of the brain is unable to function, leading to
cognitive and motor deficits. Persistent interruption of blood supply eventually leads to
tissue necrosis and permanent brain lesions.
Stroke is a major health problem: it causes 9% of all deaths around the world, and it is
the second most common cause of death after ischemic heart disease; in particular,
considering the worldwide improvement of living conditions, and the aging of population
in the developed countries, stroke may soon become the leading cause of death world-
wide. About 80% of strokes are ischemic, defining a prominent position for Ischemic
Stroke in the neurovascular field.
Ischemic Stroke can have different causes, implying

- different pathobiological mechanisms leading to the generation of the ischemia;

- different treatment strategies;

- differet prognosis;

- different prevention strategies.
As far as the etiology is concerned, Atherosclerotic and Cardioembolic Ischemic Strokes
are both caused by an embolus obstructing a brain artery; in the case of the Atheroscle-
rotic etiology, the obstructing body is a thromboembolus generated by a ruptured
atherosclerotic plaque (i.e. ruptured atheroma) located in a large brain-afferent artery,
either intra-cranial or extra-cranial; in the case of the Cardiomebolic etiology, the embo-
lus is generated in the heart, and then carried to the brain by the bloodstream. The La-
cunar lIschemic Strokes are characterized by small-artery occlusion, and they are
caused by the presence of microatheromas in the small brain arteries, a condition

17 No observation is truly pure: what is observed depends on a theory specifying what is relevant,
and how it is observed influences the result. In addition, human contributions, such as instrument
calibration, or discarding meaningless values, are often hidden behind apparently objective data.

18 The inferential process mentioned here is intended as a human cognitive process.
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termed Small Vessel Disease; therefore, in the lacunar subtype, the occlusion is not de-
termined by an embolus generated in a different site.
[29]

The TOAST Classification System

The TOAST Classification System (Trial of Org 10172 in Acute Stroke Treatment) [30-
32] originally introduced the etiology as the main criterion for stroke subtype classifica-
tion, identifying Atherosclerotic, Cardioembolic and Lacunar as the main etiologies [30].
The TOAST was further improved by introducing classificatory categories to manage the
degree of certainty in the etiology assessment, introducing for every etiology the sub-
groups Evident, Probable and Possible [32].

Although the TOAST Classification System includes a natural language description of
the criteria for the diagnosis of the different subtypes, often including decision thresh-
olds for quantitative clinical indicators?9, it is not a formal diagnostic system?2°. In other
words, it is not a decision algorithm in the declension of computer science: it cannot be
directly implemented in an automatic decision system.

Materials and Methods

The NEUROWEB Reference Ontology Development and Implementation

The Knowledge Acquisition Activity

The initial stages of the NEUROWEB Project were devoted to the definition of a data in-
tegration strategy and to the definition of typical use-cases. An effort was started by the
clinicians to define a standard set of indicators (later termed Core Data-Set); mean-
while, the knowledge engineering group proposed the clinical phenotype?! as a founda-
tional concept, and hence the need for an ontological model. Once a consensus was
reached for this important decision, a phenotype description template was sent to the
clinicians to collect phenotype formulations according to the CDS (see Supplementary
Materials, Phenotype Description Form for Remote Knowledge Acquisition). This initia-
tive was only partial successful, though it helped to identify several improvements of
the CDS, as well as the TOAST as a standard source of phenotype definitions. The initial
ontology meta-model was defined according to the TOAST content and feedback from
the clinicians at INNCB.

The knowledge acquisition activity was then performed through direct interviews with
experienced clinicians, mainly at the AOK-OPNI and the UOP; the CDS and TOAST cate-
gories were explicitly used as reference concepts. The ontology meta-model was im-
proved, reaching a state very similar to the final one. At that stage, MI-EMC contributed
other phenotypes using the phenotype description template. The prototypal phenotype
formulations and the ontology meta-model were thoroughly discussed with clinicians at
plenary project meetings and through email exchanges.

The NW-RO was finally completed adding the biomolecular entities, and the termino-
logical extension.

19 E.g. stenosis degree = 50% for Atherosclerotic Evident. Stenosis is the restriction of a blood vessel
caused by the presence of an atheroma on the vessel surface.

20 Of course, this does not imply that the TOAST is not scientifically rigorous or irreproducible or
inconsistent.

21 For simplicity, clinical phenotype, state and condition will be treated as synonyms.
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The OWL-DL Implementation of the NEUROWEB Reference Ontology

Description Logics (DL) [33-35] are a family of logic-based knowledge representation
formalisms designed to represent and reason about the knowledge of an application
domain in a structured and well-understood way. The basic notions in description logics
are atomic concepts and atomic roles (unary and binary predicates in the terminology
of first order language, respectively). In order to distinguish the function of each con-
cept in the relation (represented by a role), the individual object that corresponds to the
second argument of the role is called role filler. For instance, hasPart.Wheel is an ex-
pression describing the relation of having wheels as parts; the individual objects be-
longing to the concept Wheel are fillers of the role hasPart.

A specific description logic is mainly characterized by the constructors it provides to
form complex concepts and roles from the atomic ones. The language used to formalize
the ontological clinical knowledge is SHOIN [35], which is an extension of the basic de-
scription logic. In order to develop the Reference Ontology computational model we
have adopted the OWL DL version [36]. The editor adopted for the OWL files generation
is Protégé [37], where the Reference Ontology concepts are represented as T-Box (Ter-
minological Box) entities.

The NEUROWEB System

The NEUROWEB Query System

The NEUROWEB phenotypes are defined in the NEUROWEB Reference Ontology (NW-
RO) as DL axioms; in this formulation, phenotypes cannot be directly exploited to query
the local repositories, since the latter are typically implemented as relational data-
bases. To retrieve patient clusters on a phenotypic basis, the axioms need to be trans-
lated into the local database queries, exploiting the mapping between the NW-RO and
the local database content.

Two software components were developed to perform this task: the Phenotype Con-
verter and the NEUROWEB to Local (N2L) Mapper. The Phenotype Converter translates
a SQL query composed by NW-RO entities into a query composed only by NW-RO enti-
ties mapped to local databases (mostly CDS Indicators), which is then dispatched to the
N2L Mapper. The N2L Mapper exploits the mapping to generate the actual queries on
the local database fields. The architecture of the query system is displayed in the figure
M.1.

The Phenotype Converter was implemented in Java, exploiting the Jena programming
interface to navigate the ontology and extract the class names and axioms. The conver-
sion process essentially navigates the references from the Top to the Low Phenotypes
axioms, and finally to conditions on CDS elements, which are the leaf nodes of the phe-
notype trees. For this navigation, the has-cause, has-evidence and by-means-of rela-
tions are used. By combining the simple conditions with the operators and quantifiers
of the axiom, the top level phenotype can be represented as a nested AND/OR expres-
sion.
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Figure M.1 - The figure displays the information flow of a clinical query in the
NEUROWEB system. The software modules are displayed as solid boxes, whereas
the data items are displayed as cylinders. The dashed boxes group the compo-
nents of a local site (only two sites were depicted for compact-ness reasons). Thick
arrows identify the information flow elicited by each user’s query.

The NEUROWERB to Local Mapping

Local medical experts, which are familiar with the actual meaning, coding, etc. of the
local repository logical structure, were requested to create the mapping between the
elements in the local repository and the ones in the Reference Ontology and the CDS. In
order to facilitate this task, a graphical interactive tool, named Ontology Mapper, was
developed as a Protégé plugin.

The Ontology Mapper enables to map a local database field to a CDS Indicator or Low
Phenotype. In addition, it is also possible to transform the values of the local field (e.g.
algebraic transformations of a quantitative indicator, conversion of the categorical
scale). The transformation can be specified by the user as pseudocode.

For instance, the algebraic transformation is handled as follows:

Case

when Local.Field.X is null then NA
else Local.Field.X * 0.88 + 4.5
end as "CDS.Indicator.X"

Whereas the conversion of the categorical scale is handled as follows:

Case

when Local.Field.X is null then else Category.BO
when Local.Field.X is Category.Al then Category.Bl
when Local.Field.X is Category.A2 then Category.B2
else Category.BO

end as "CDS.Indicator.X"
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The NEUROWEB Database and Web Service Technology

The NEUROWEB system exploits the Web Service technology to decouple the central
components from the local sites and facilitate the addition of new clinical partners.
Each partner is free to choose the preferred technology to implement the local compo-
nents. However, to deliver a low-cost and effective sample solution, the central techno-
logical committee has developed and made available a reference implementation,
which exploits the popular open-source technologies Glassfish (for the communication
tasks) and Postgres (for the database view). Glassfish safely manages call wrappings to
expose the local interface as a WSDL document. The Clinical Query Application runs as
a web application on the Glassfish server, processes the incoming web service call,
translates it into a SQL query, runs the query on the database view, wraps it and returns
the resulting record set.

Results

Introduction: Modeling Clinical Conditions to Support Association Studies

Genotype-phenotype association studies essentially require to:

1. define a phenotype of interest;

2. select the individuals characterized by the phenotype of interest;

3. test pre-selected genotypes for association, or perform an unbiased, genome-
wide search for associated genotypes.

In the NEUROWEB Project, the phenotype of interest is a pathological neurovascular
condition, and the phenotype must be formulated on the basis of the clinical indicators
stored in the local repositories (hence the term clinical phenotype). In the most simplis-
tic scenario, the researcher defines a database query, specifying what should be the
values for an array of clinical indicators, and then lets the system retrieve the corre-
sponding patients from the local databases. What are the inherent problems?

a. The local databases were developed independently; as a consequence the
fields corresponding to the same clinical indicator most probably have different
names.

b. In case a certain clinical indicator is represented in all the databases, it may
have values according to different metric units or qualitative scales.

c. In case a certain clinical indicator is represented in all the databases, it may
have been assessed using a different methodology or instrumentation, without
the warranty of an equivalent reliability in the assessment.

d. Since the local sites adopt specific diagnostic procedures, a certain clinical con-
dition may be defined at different granularity levels in different databases.

e. Clinical Indicators providing a global characterization of the patient’s condition
(such as the stroke diagnosis according to the TOAST classification) may have
been defined according to diverging criteria, and therefore cannot be reliably in-
tegrated.

A framework is required to address all these problems. The solution adopted was to de-
sign a model (the NEUROWEB Reference Ontology, NW-RO) for clinical conditions. The
clinical phenotypes defined in the NW-RO are grounded on the content of local reposito-
ries, and are constituted by (a) built-in phenotypes of most common use, (b) decon-
structed into more elementary units; these units can be exploited by the user in a com-
positional fashion, in order to modify the formulation of the built-in phenotypes or to as-
semble new ones. As a whole, the integration problem is addressed by reconciling the
content of the local databases into a central semantic model, the NW-RO.

With respect to the NW-RO, the notion of clinical phenotype is equivalent to clinical
condition: it is the representation of the patient’s state according to clinical indicators,
which reflect the examinations performed during the diagnostic activity and the final di-
agnostic judgment expressed by an expert clinician.
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The definition of the NW-RO meta-model was achieved through the interaction with the
neurovascular experts from the different partner sites, and required an intensive effort
of knowledge acquisition, analysis and elaboration. The next sub-section is devoted to
the description of the results of such activities.

Knowledge Analysis

The Strategic Role of Knowledge Analysis

Analyzing knowledge models and knowledge-based social organizations is a hard and
time-consuming task. Under an engineering perspective, undertaking knowledge analy-
sis must generate advantages for the design of the ontological model; otherwise it is a
theoretically intriguing but practically useless effort. Several elements suggest that the
knowledge analysis task is critical for the NEUROWEB Project:

- the identification and classification of clinical conditions is not a problem with a
formally set and universally accepted solution22; on the contrary, the topic is ob-
ject of substantial research and discussions among experts; it is natural for dif-
ferent clinical communities to devise and adopt specialized solutions, and then
to engage into experience-sharing and benchmarking efforts to identify and dis-
seminate the best-practices;

- the retrieval of patients conforming to a certain clinical condition requires the
highest level of methodological reliability, otherwise the results of association
studies are totally devoid of scientific value23; consequently, the model of clini-
cal conditions must be formal, expressive and scientifically accurate;

- a model of clinical conditions incapable to reflect the clinicians’ classificatory
criteria would be easily rejected by its users and hence fail its goal;

- the modeling challenges posed to ontology design by translational research of-
ten depend on the different cognitive models characterizing the experts in clini-
cal medicine and biomolecular research; these models are implicitly reflected by
the data organization and content; a system supporting data exchange and their
integrative analysis must be grounded on a clear understanding of the differ-
ences and the common ground between the two disciplines.

Disciplines

To describe the knowledge landscape in the NEUROWEB Project we need a few founda-
tional concepts. The notion of scientific discipline, though apparently intuitive, was not
formalized by prominent Philosophy of Science scholars, such as [19, 38-40]. Here, a
discipline is characterized by:

a. the domain of reality being the object of study (e.g. neurovascular pathologies);

b. the aims (e.g. preserve the patient’s health);

c. the methodology (e.g. how to perform medical examinations, how to interpret
diagnostic results, how to generate diagnostic hypotheses from initial evidences
and how to refine them until the final diagnosis is formulated, how to determine
the treatment);

d. the content theory (e.g. histology, anatomy, physiology, disease classifications,
etc...).

22 A typical counter-example is the classification of chemical elements by the periodic table, which is
universally accepted by chemists, and it is not object of discussion or further research.

23 A typical counter-example is a query system for scientific papers: the system retrieves potentially
interesting papers, but the final solution concerning whether the paper is relevant or not to the topic
of interest is determined by the user. The presence of partially-unrelated papers requires a greater
effort on the user’s side, but does not undermine the validity of the result.
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These criteria can be effectively used to understand the different aggregations of scien-
tific communities proposed by different philosophers of science [19, 38-40].
Neurovascular Medicine can be suitably conceived as a discipline.

Neurovascular Communities and the TOAST Classification

The NEUROWEB clinical communities can be conveniently regarded as Research Com-
munities, which are a form of social group standing in between the traditional Scientific
Community (as it is conceived in the philosophy of science) and the Community of Prac-
tice (as it is conceived in knowledge engineering [41-43]). Whereas a scientific com-
munity adheres to a hypothetical-deductive paradigm of scientific thinking, heavily rely-
ing on formal constructs (e.g., in physics, Newton's Law of Mechanics; in Chemistry, the
Periodic Table), a community of practice is characterized by some form of implicit
knowledge [44], which may be encoded, to a variable extent, as a semi-formal Repre-
sentational Artifact.

NEUROWEB clinical sites are communities of neurovascular experts, whose daily work
is the examination of patients; in each center, the patients have been previously diag-
nosed stroke within an ordinary hospital, and they are admitted to the center in order to
undergo a more detailed diagnostic process, as well as to receive the most suitable
treatment. Each clinical community encodes its own procedural rules into written
documents, termed protocols. The local protocols have to comply with best practices,
often encoded by written documents termed guidelines; best practices are determined
through interaction at international congresses and scientific publications.

Therefore, protocols capture elements at two different levels: the minimal requirements
prescribed by the guidelines, and characteristic elements of the local communities' cus-
toms and expertise. These elements can be clearly identified in the NEUROWEB clinical
communities:

- the examination of patients involves collective forms of working (e.g. advises
from elder colleagues, collective discussions over anomalous cases);

- the examination of patients, followed by the diagnosis formulation, and the
treatment decision, is a problem-solving activity; each problem-solving case un-
dergoes reification into a clinical record;

- the protocol can be regarded as a procedural manual, and it is the final product
of the negotiation phase.

As remarked in [39] the knowledge cycle of a Research Community typically originates
a domain conceptualization (a domain vision), usually implicit and not formalized [45-
46].

The domain conceptualization of a community may remain implicitly encoded in its rou-
tines and written documents, or it may undergo a process of structuring into a Repre-
sentational Artifact; examples of Representational Artifacts are, on the side of the con-
tent theories, classifications of pathologies, and on the side of mechanism theories, di-
agnostic algorithms, i.e. decision trees in which the if-then-else clauses are formulated
in Natural Language (NL) [47-49].

The capital difference between a narration, or a manual, and a Representational Arti-
fact is the presence of an explicit structure; the structuring process consists in transfer-
ring the knowledge content from the NL-encoding to the structure of the artifact.
Though the Representational Artifact is not directly encoded in a formal language, its
construction is the necessary condition for knowledge formalization. Representational
Artifacts always have residual semantic elements, encoded as NL, and their structure
may be partial or unsystematic [49]. Therefore, it is not practicable to treat them as the
sole knowledge asset. That is in agreement with consolidated KE literature, stating that
expert knowledge is primarily detained by subjects rather than artifacts or written
documents [44-45], and consequently postulating the necessity of knowledge acquisi-
tion (KA) from the experts preliminary to the knowledge representation (KR) phase [51].
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We argue that Representational Artifacts are valuable assets to guide the KA activity,
but, as knowledge sources, they cannot replace the experts' knowledge. In order to
support association studies, we are specifically interested in Representational Artifacts
able to guide the clustering of patients, in other words, classificatory systems for clinical
phenotypes.

In the context of the NEUROWEB consortium, the structuring process does not occur
within the local communities, but rather as a negotiation among different research
communities. The TOAST classificatory system is the Representational Artifact fulfilling
at best the NEUROWEB needs. It was developed by the international neurovascular
community to classify stroke patients on a diagnostic basis, and it was already adopted
by most of the clinical sites before the existence of the NEUROWEB Consortium. The
adoption of the same Representational Artifact (the TOAST) testifies for the presence of
a common conceptual and methodological ground across the different NEUROWEB Re-
search Communities. As a matter of fact, the TOAST assumes specific diagnostic crite-
ria grounded not only on a common conceptualization of clinical phenotypes (content
theory component), but also on shared methodological principles (mechanism theory
component). So far, two major modeling issues have to be managed:

- the TOAST is a classificatory system with a strong NL-component; to be repre-
sented with a formal language, it requires a further structuring effort (i.e. re-
finement of the conceptual model); that activity cannot be carried out without
involving the clinical experts from the Research Communities;

- managing the difference among the Research Communities, which requires to
conjugate two different objectives:

o federating their clinical repositories, and coherently formulating the
TOAST clinical phenotypes on that basis;

o besides the TOAST phenotypes, allowing also the formulation of custom-
ized clinical phenotypes, in order to convey the Research Communities
specificities.

From Neurovascular Medicine to the Biomolecular Domain: What Challenges

To support genotype-phenotype association studies it is valuable to connect clinical
phenotypes to genomic entities; the researchers in the NEUROWEB Consortium are
specifically interested in:

- comparing the genotype-phenotype associations generated within the
NEUROWEB System to the ones stored in publicly accessible databases;

- identifying possible relations between the function of a gene involved in a geno-
type-phenotype relation, and the nature of the associated phenotype (e.g.
what’s the relation between a LDL Receptor and Atherosclerotic Ischemic
Stroke?).

We argue that such an operation requires to bridge two knowledge domains belonging
to different disciplines. In this case, the two disciplines are clinical medicine, specifi-
cally vascular neurology, and molecular biosciences (the convergence of molecular bi-
ology, molecular genetics and genomics). The divergence between the two disciplines
concerns multiple epistemological dimensions:

- The object of study is the same, the human body (though biosciences are not
restricted to the study of humans, but also other life forms as well). However,
the focus is on different facets, occupying different granularity levels: medicine
mainly addresses the level of organs, anatomical parts, and global body pa-
rameters, though it takes into account also the tissue, cell and molecule levels;
molecular biosciences addresses the molecular level, with a particular focus on
the genetic information encoded by DNA, and the processes centered on it.
Therefore, clinical medicine and molecular biosciences have different reference
levels of granularity.
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- The two disciplines have different aims: clinical medicine aims at determining
and treating the pathological states of patients - it is concerned with the pa-
tient’'s health state; molecular biosciences aim at elucidating the molecular
mechanisms of biological organisms.

- The methodology is different as well (e.g. different experimental techniques), as
a consequence of the different facets in the object of study, and the different
aims.

- Finally, also the content theory (the catalog of entities, their properties and their
relations) is different. This difference is influenced by the object of study and the
methodology. The genomic information of interest for NEUROWEB (gene func-
tions and phenotypes) is typically stored within general-purpose repositories,
which are not the expression of a research community with a specific methodol-
ogy. For instance, HGMD [52] is a repository for genotype-phenotype associa-
tions, which includes phenotypes referring to pathologies, thus underpinning a
clinical perspective, altogether with phenotypes referring to the alteration of
specific molecular functions and processes, thus underpinning a molecular bio-
science perspective; the former, however, are not treated with the level of detail
adopted in the NEUROWEB project, and the methodological problem of how the
pathology is diagnosed is not addressed. Beyond methodology, other problems
arise in relation to the granularity levels of the object of study.

The strategy adopted to address this problem is exactly the one adopted to reconcile
different classification systems: identify suitable building blocks of the clinical pheno-
types, which can relate to biomolecular entities. In the next section we will discuss how
such building blocks were identified, and how they fit in into the ontology meta-model.

From Knowledge Structuring to the Ontology Meta-Model

Step 1: The Two-Layer Model

How to reconcile the methodological specificities of the local neurovascular communi-
ties into the common framework of the TOAST Classification System?

In the beginning, we devised a two-layer model. The lower layer, later termed Core Data
Set (CDS) was constituted by selected clinical indicators, which were identified by the
clinicians on the basis of their importance for stroke diagnosis. Under an IT perspective,
the CDS, coupled to a mapping between CDS indicators and the content of local data-
bases, would be enough for a query system to operate on the four clinical repositories.
In that setting, the task of phenotype formulation would be performed by the user as-
sembling different CDS indicators into a query formula. Since the clinical communities
accept the TOAST as a standard, it is natural to add a further layer, constituted by pre-
assembled CDS queries that represent standard phenotypes. In this two-layer model, a
phenotype is formulated as a conjunction/disjunction of criteria on the CDS indicators,
expressed as equalities, inequalities, or quantitative ranges to be satisfied24. This layer
is present in the final model as well, and is termed Top Phenotypes.

Let's briefly discuss the merits and limitations of this approach. The existence of a ne-
gotiated, but centrally encoded, phenotype formulation establishes a methodologically-
coherent federation of the different communities' resources. Local practices are recon-
ciled within this model, as different sets of CDS indicators can be used to identify a
common phenotype. The easiest case occurs when the same clinical evidence can be
assessed using different technologies but achieving the same degree of probatory
strength (e.g. Severe Stenosis in the Internal Carotid Artery can be determined by a Du-
plex AND a Computed Tomography Angiography Scan, OR by a Duplex AND a Magnetic

24 E.g. Severe Stenosis = (CTA Degree of Stenosis > 60%) OR (MRI Degree of Stenosis > 60%).
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Resonance Angiogram Scan). The way phenotypes are encoded strictly resembles the
typical formulation of a query, and thus can be easily handled by a clinical expert; for
that reason, the two-layer model was successfully used for the Knowledge Acquisition
activity.

Step 2: Identifying the Building Blocks of Clinical Phenotypes - the Three-Layer Model

The two-layer model is not enough to support NEUROWEB System functionalities for the
following reasons:

- The CDS indicators do not represent general concepts of the medical domain;
CDS indicators should be rather regarded as the minimal elements of the diag-
nostic practice, as it is exerted in the NEUROWEB clinical communities; for ex-
ample, anatomical parts are often referred in the CDS indicators, but they are
not represented as stand-alone entities of the CDS. For the same reason, CDS
indicators are not suitable units to bridge the clinical practice and biomolecular
research.

- In several cases, the actual indicators in the local databases do not perfectly
match the CDS indicators, because of granularity discrepancies?5; for example,
one database reports the stenosis degree (as a number) and the stenosis side,
whereas another database only reports the presence/absence of a severe
stenosis. A hierarchy of phenotypes at different granularity levels is required to
handle this problem, and it is not provided by CDS indicators.

To overcome these problems, we decided to introduce an additional layer. We decon-
structed the TOAST phenotypes into more elementary components (i.e. building blocks)
holding general validity in the medical domain. To convey the fact that these are more
elementary phenotypes, the layer was termed Low Phenotypes.

To define the entities and relations constituting the Low Phenotypes layer, we analyzed
what are the TOAST classification criteria:

1. etiology (Atherosclerotic, Cardioembolic, Lacunar Stroke);

2. confidence of the etiological assessment (Evident, Probable, Possible), depend-
ing on the strength of the diagnostic evidence for the most-probable etiology;

In addition, anatomy (i.e. the location of the lesion) is not used by the TOAST, but could
be suitably used to extend it, and is consistently used in the different clinical communi-
ties.

These criteria are explicitly recognized by the clinicians, and are generally used in clini-
cal medicine.

Another major point to consider is that the diagnostic activity is always characterized by
the acquisition of diagnostic evidences, enabling the reconstruction of the undergoing
patho-physiological processes and structures, even if these are not directly observed.
For instance, the ischemic stroke is caused by the lesion of an atherosclerotic plaque,
triggering the coagulation cascade, the release of a clot particle into the bloodstream
(embolization), and the obstruction of a brain artery; however, the state of the plaque is
not required by the current diagnostic guidelines; its capability to cause embolization is
rather inferred from the presence of the ischemic lesion, the presence of the athero-
sclerotic plaque in a clinically relevant afferent artery, and the absence of alternative
explanations. However, from a biological standpoint, it is important to represent not
only the diagnostic evidences, but also the inferred state of the biological parts and
processes. In the specific case of ischemic stroke, there is a consistent partition be-
tween the evidences for the ischemic damage (typically brain imaging displaying the
damaged tissue, and the cognitive / motor impairment of the patient) and the evi-
dences for the cause of the occlusion causing ischemia; the latter is usually a persis-

25 Specifically, clinical state granularity, refer to the description in the Introduction.
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tent or progressive state of the patient’s organism (i.e. with a time-span usually in order
of years or decades), whereas the latter occurs after a chain of point-events (i.e. with a
very compact time-span) leading to trauma.
To represent all these aspects, we structured the ontology meta-model into five large
groups of entities:
- Top Phenotypes (Ischemic Stroke types, according to the TOAST or user-defined,
representing a neurovascular clinical state);
- Low Phenotypes (building blocks of neurovascular clinical states);
- Topo-Anatomical Entities, comprising Anatomical Parts and Topological Con-
cepts (building blocks, necessary but not sufficient to represent a clinical state);
- CDS Indicators and Diagnostic Values (defining what values of the clinical indi-
cators determine the presence of a certain phenotype);
- Biomolecular Entities, currently comprising only Biomolecular Processes and
their Participants (typical entities of the biomolecular world).
In particular, the Low Phenotypes are divided into:
- Durative Etiological Background (e.g. Atherosclerosis);
- Traumatic Point-Event (typically Ischemic Traumatic Event);
- Durative Diagnostic Evidence (e.g. Stenosis);
- Point-event Diagnostic Evidence (e.g. Relevant Lesion).
A Top Phenotype is primarily decomposed into a Durative Etiological Background - with
its diagnostic evidence - and a Traumatic Point-Event through the Has-Cause-Durative
and Has-Cause-PointEvent relations respectively. The reason for grouping together
Durative Etiological Background and its diagnostic evidence as targets of the Has-
Cause-Durative relation is that the nature of the diagnostic evidence influences the
etiological assessment confidence characterizing the Top Phenotype (Evident, Possible,
Probable). The Durative Etiological Background and the Traumatic Point-Event are con-
nected to their diagnostic evidences via the Has-Diagnostic-Evidence relation. A Diag-
nostic Evidence can be broken down into Diagnostic Evidences at a smaller granularity
level via the same Has-Diagnostic-Evidence relation.
The reason for introducing the Has-Diagnostic-Evidence relation is that the Durative
Etiological Background and the Traumatic Point-Event are never observed per se, but
are rather inferred from observables evidences, interpreted according to some general
diagnostic theory. However, it is important to go beyond the mere diagnostic evidences,
identifying phenotypes that can fully correlate to biomolecular entities. For this reason,
the Durative Etiological Background and the Traumatic Point-Event, but not their diag-
nostic evidences, are connected to the Biomolecular Processes via the Involves rela-
tion. When the definition of a Low Phenotype implies the reference to an Anatomical
Part or a Topological Concept, this relation is represented by Has-Location and Has-Site
respectively.
Via the By-Means-Of relation, the Diagnostic Evidences are mapped to the CDS Indica-
tor and its value range (termed Diagnostic Value, connected via the Has-Value relation),
which are required for the assessment of the phenotype presence.
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Figure R.2. The meta-model instantiated with specific classes.




The entities from the Top Phenotypes, Low Phenotypes and Topo-Anatomical Entities
can be mapped to entities and terms from other biomedical ontologies and terminol-
ogies. Biomolecular Processes are mapped to Gene Ontology [53], and Biomolecular
Process Participants to the Entrez-Gene NCBI Database [54]26.

The meta-model is displayed in figure R.1. Figure R.2 displays the same meta-model,
only with specific entities replacing the main classes.

Step 3: The Logic Formalization

The NEUROWEB Reference Ontology is implemented using the formal language De-
scription Logics (DL). A phenotype is typically formulated as a logic axiom, capturing the
structure of entities and relations. This aspect will be addressed with more details in
the next section, A Closer Look at the NEUROWEB Ontology, exploring the representa-
tion of a typical NEUROWERB clinical phenotype. A brief description of Description Logics
as a knowledge representation formalism can be found in the Material and Methods /
The OWL-DL Implementation of the NW-RO section.

Step 4: The Mapping from CDS Indicators to Local Databases

The NEUROWEB Reference Ontology needs to be mapped to local databases; otherwise
no patient retrieval functionality can be supported. In most of the cases, the CDS Indi-
cators can be mapped to the local database fields, and the mapping equals to a linguis-
tic translation into the local terminology. In a few cases, however, the granularity of the
clinical indicators represented by the local database fields is too large for the CDS
mapping. In these cases it is still possible to map the local database fields to the NW-
RO, but only at the expense of by-passing the CDS and part of the lower-granularity Low
Phenotypes. On the one hand, this solution offers a higher coverage; however, on the
other hand, it exposes to the risk of only partially granting methodological coherence in
phenotype-based searches. Indeed, the methodological coherence depends on the ap-
plication of the same phenotype formulations, as specified by the NW-RO; incomplete
definitions, stopping at a certain granularity level, offer a limited warranty of reproduci-
bility and homogeneity.

For this reason, a decision was taken to establish two different mapping & query
modes:

- standard mode: only the mapping to the CDS is accepted as valid; if a field in a
local database cannot be mapped to the CDS, the corresponding indicator is as-
sumed to be missing; as a consequence, the patients from that repository may
not match certain phenotypes; the methodological coherence is maximally
granted, but false negatives may be generated in a large number;

- flexible mode: the mapping to the CDS and to all of the Diagnostic Evidence Low
Phenotypes is accepted as valid; the methodological coherence is only partially
granted, but false negatives are minimized.

For an example of how the flexible mapping works, please refer to the section A Closer
Look at the NEUROWEB Reference Ontology / The Flexible Mapping in Action: the Ca-
rotid Stenosis.

A future scenario entails the use of local ontologies for the mapping onto the NW-RO;
this solution enables to express a more sophisticated relationship and exploit the full
power of the NEUROWEB framework.

What Role for the Existing Medical Ontologies

A major decision to be taken was to choose between the development of a specific
Reference Ontology and the adoption of an existing one [55]. The second solution

26 Please refer to A Closer Look at the NEUROWEB Reference Ontology / The Terminological Base.
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would apparently offer superior advantages, by granting interoperability with external
resources, and facilitating the involvement of new partners, in case they are already
complying with an existing ontology. However, there are crucial problems undermining
this solution. First, the phenotype ontologies developed within the biological community
are oriented to high-throughput genetic experiments in model organisms [12, 57-58],
and hence are not suitable for clinical applications. Second, no publicly-available medi-
cal ontology is committed to the representation of clinical finding and clinical conditions
or phenotypes [56]. From a pragmatic perspective, one may argue that, even if an op-
timal solution is not available, the re-use of an existing general-purpose medical ontol-
ogy may still offer significant advantages. As a case in point, we did consider SNOMED-
CT [59-61] as a possible candidate, but decided against it because of several semantic
shortcomings that would be encountered by adopting it27 28,

- Considering the NEUROWEB stroke type taxonomy (Top Phenotypes), most of
the concepts are either missing from SNOMED-CT, or they are formulated in an
unsuitable way. For instance, the definition of SNOMED-CT Atherosclerotic Oc-
clusive Disease clearly implies an atherosclerotic etiology, but not the specific
features of stroke, which are part of the NEUROWEB Ischemic Stroke definition.

- SNOMED-CT offers qualitative scales for clinical findings but does not provide
quantitative criteria to assign them (e.g. no stenosis percentage ranges are as-
sociated to the previously mentioned scale), nor it resolves inter-dependencies
among different indicators. In addition, several CDS Indicators do not have a
corresponding term in SNOMED-CT (e.g. relevant scan lesion, where relevance
is determined by co-axiality of stenosis and ischemic lesion).

We also considered the Disease Ontology (DisO) [64], a general-purpose classification
of pathologies. DisO was developed to annotate biological-samples within genetic data-
banks (in the context of the NUgene Project). DisO includes concepts which have termi-
nological correspondence in the NEUROWEB Reference Ontology (e.g. Stroke, Athero-
sclerosis, Subarachnoid hemorrhage, Cerebral embolism, Cerebral thrombosis, Occlu-
sion and stenosis of carotid artery, etc...); however, there are major problems prevent-
ing its adoption; just to make a few, representative examples:

1. the DisO disease taxonomy does not follow the taxonomy adopted by the
NEUROWERB clinican communities;

2. no criteria are provided to assign disease classes on the basis of clinical data;

3. the concepts are organized by adopting only is-a, part-of, inverse-of, union-of
and disjoint-from relations, lacking any specification of causality, which is a fun-
damental criterion for stroke categorization in the NEUROWEB Project; the fail-
ure to depict the relation between ischemic stroke and its etiological back-
ground hampers also the genotype-phenotype associations studies (e.g. geno-
types associated to atherosclerosis would not necessarily relate to ischemic
stroke).

Although general-purpose medical ontologies cannot replace the NW-RO, the NW-RO is
connected to the best-matching terms from such ontologies. This terminological exten-
sion constitutes a valuable resource for keyword-based searches in external resources.
For more details on the topic, please refer to A Closer Look at the NEUROWEB Refer-
ence Ontology / The Terminological Base.

27 Concerning the shortcomings related to the formal structure of SNOMED-CT, see [62].
28 For an assessment of SNOMED-CT applicability to stroke-related clinical data and diagnostic cate-
gories see [63].
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A Closer Look at the NEUROWEB Reference Ontology

The NW-RO Overall Architecture

The NW-RO is composed by three layers. The bottom layer is the Core Data Set (CDS), a
set of clinical indicators which are mandatory for the diagnosis, and are mapped to the
content of local repositories. The top layer, the Top Phenotypes, is a neurovascular dis-
ease taxonomy, representing the classificatory categories used by neurovascular ex-
perts. The middle layer, the Low Phenotypes, enables the deconstruction of Top Pheno-
types into more elementary units. The Low Phenotypes are connected to the CDS val-
ues required for their occurrence, thus closing the loop. Connections are present only
among adjacent layers; therefore no connections exist between the CDS and the Top
Phenotypes. The overall architecture is displayed in figure R.3.

NEUROWEB
Reference &A’ Top Phenotypes
Ontology (stroke types)

Low Phenotypes
(building blocks)
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) Core Data-Set
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Figure R.3. The Architecture of the NEUROWEB Reference Ontology.

The NW-RO in Action: the Atherosclerotic Ischemic Stroke Evident

Atherosclerotic Ischemic Stroke Evident (AISE) is a Top Phenotype. This sub-section is
devoted to displaying how it is encoded by Description Logics (DL) formula (figure R.4),
and how this representation can be mapped to a graphical diagram (figure R.5). The
diagram notation is composed by phenotype-boxes (equivalent to tokens), transition-
rectangles (transitions) and arcs connecting only phenotype-boxes to rectangles, and
vice-versa. If a phenotype-box A is in-connected to a single transition T1, all the pheno-
type-boxes out-connected to transition T1 are necessary for A to occur; if multiple tran-
sitions (T1, T2, etc...) are in-connected to A, at least one is necessary for A to occur.
Within a phenotype box, a dashed line represents a relation between two entities; if
only a component of the box occurs, but the relation is not present, the whole pheno-
type in the box does not occur. The arcs out-going a phenotype box have an attached
relation name. The overall diagram depicts the inter-dependencies among phenotypes,
a specified by the DL formula.
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(1) AISE = JhasCausePointEvent.IschemicTraumaticEvent
M JhasCauseDurative.(Atherosclerosis
M JhasDiagnosticEvidence.SevereStenosis)
(2) IschemicTraumaticEvent = JhasDiagnosticEvidence.RelevantLesion
(3) RelevantLesion = JhasDiagnosticEvidence. LeftRelevantLesion
L JhasDiagnosticEvidenceRightRelevantLesion
(4) LeftRelevantLesion = JhasDiagnosticEvidence.(
(ModerateLesion LI Severelesion) M JhasSide.Right)

M JhasDiagnosticEvidence.(SevereStenosis M JhasSide.Right)

Figure R.4. Fragment of the DL Formula defining AISE (Atherosclerotic Ischemic
Stroke Evident). The first axiom states (a) the existence of a relation from AISE to
Ischemic Traumatic Event via the Has-Cause-Point-Event relation, and (b) the exis-
tence of a relation from AISE to Atherosclerosis via the Has-Cause-Durative; in ad-
dition, Atherosclerosis must have Severe Stenosis as Diagnostic Evidence (this is a
specific requirement of Atherosclerotic Ischemic Stroke when it is Evident). Accord-
ing to the first axioms, the presence of AISE requires the presence of Ischemic
Traumatic Event, Atherosclerosis and Severe Stenosis. According to the second
axiom, Ischemic Traumatic Event requires the presence of a Relevant Lesion, to
which it is connected via the Has Diagnostic Evidence Relation. The formula further
decomposes Relevant Lesion into Left and Right Relevant Lesion.
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Figure R.5. The decomposition of Atherosclerotic Ischemic Stroke Evident (AISE)

into more elementary phenotypes, graphical notation. AISE was not fully decom-
posed just for space reasons.
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The Flexible Mapping in Action: the Carotid Stenosis

Presence of Carotid Stenosis is a Low Phenotype composed by a number of narrower
Low Phenotypes via the Has-Diagnostic-Evidence relation. The increasing granularity is

due to:

anatomical part specification (anatomy);
side specification (topology);
degree of occlusion (quantitative scale).

Presence of
Carotid
Stenosis

A A

T

Has-
Diagnostic-
Evidence

Stenosis in
ICA/CCA

1

o

A Di

Has- Has-
agnostic-

Evidence

Stenosis in

Left ICA/CCA

Diagnostic-
Evidence

o

A

>

Diagnostic-
Evidence

Has-

==

Stenosis in
Origin Common
Carotid Artery

Stenosis in
Right ICA/CCA

=+

Diagnostic-
Evidence

Severe
Stenosis in
Right ICA/CCA

—

‘ By-Means-Of

Has- Has-

Diagnostic-
Evidence

':F

Occlusion in
Right ICA/CCA

By-Means-Of +

A

| I—

Duplex Carotid Duplex Carotid
Stenosis De- CDS Stenosis De-
gree Right Indicator gree Right
ICA/CCA ICA/CCA
Has@VaIue Has@VaIue
Severe CDS Occlusion
Value

Fig R.6. The Low Phenotype Presence of Carotid Stenosis: the decomposition into
narrower phenotypes can be exploited by the flexible mapping.

Indeed, the presence of a stenosis in the carotid artery may be diagnosed if there is an
evidence of it in the segment called Internal/Common Carotid Artery (ICA-CCA) or in the
Origin of the Common Carotid Artery; the ICA-CCA Stenosis can be diagnosed if there is
an evidence of it in the right or in the left Internal/Common Carotid Artery and in par-
ticular if there is an evidence of a severe stenosis or a complete occlusion of the vessel.
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The occlusion must be diagnosed by means of a specific exam called Duplex, with re-
sult equal to occlusion in the ordinal scale. These phenotypes at increasing granularity
are all suitable connection points for the flexible mapping.

The Terminological Base

As an additional feature, the NEUROWEB System supports semantic searches over
biomedical literature. To support this functionality, the NW-RO was mapped to other on-
tological/terminological resources, at the present stage MeSH2° [65-66] and Open-
GALENS30 [67-69]31.

The mapping from the NW-RO to MeSH and OpenGALEN was generated by visual in-
spection and manual comparison of terms/concepts. The properties
owl:equivalentClass and rdfs:subClassOf were used to map the terms. For
each mapping (NW-RO - MeSH and NW-RO - OpenGALEN), a separate OWL file was
generated containing only the mappings. The mapping files can be updated anytime.
The NEUROWEB - MeSH mapping currently is constituted by 60
owl:equivalentClass mappings and 14 rdfs:subClassOf mappings; the
NEUROWEB - OpenGALEN mapping is constituted by 18 owl:equivalentClass
mappings and 6 rdfs: subClassOf mappings.

Functionalities to be Supported by the Biomolecular Extension

The NEUROWEB consortium is committed to carrying out high-throughput Single Nu-
cleotide Polymorphism (SNP) genotyping campaigns [70-71] exploiting DNA samples of
previously hospitalized or newly admitted patients; subsequently, the experimentally
collected data will be analyzed, in order to identify statistical genotype-phenotype asso-
ciations. The goal is to identify non-Mendelian genetic factors that can act as risk or
protective factors for the ischemic stroke and related clinical conditions; the
NEUROWEB research approach is typically multi-genic. This research activity is sup-
ported by the NEUROWEB Reference Ontology (NW-RO) through the formulation of clini-
cal phenotypes, and does not require any biomolecular extension.

In relation to genotype-phenotype association studies, two additional tasks were envi-
sioned for the NEUROWEB System; they are currently not supported, but the NW-RO is
endued with a prototypal extension to biomolecular entities.

The first task to be supported is the retrieval and integration of genotype-phenotype re-
lations from publicly available resources; this functionality enables to cross-check asso-
ciations found in NEUROWEB patients, or can provide interesting associations to be fur-
ther tested by querying the NEUROWEB databases. In order to define the ontology re-
quirements for this functionality, it is first necessary to identify the discrepancies be-
tween NEUROWEB phenotypes and the externally-defined phenotypes. Currently, only a
handful of publicly-available databases provide genotype-phenotype associations, such
as the Human Gene Mutation Database (HGMD) [HGMD] and the NIH Genetic Associa-
tion Database (GAD) [72]32. The amount of available data, its accessibility, and the

29 MeSH (Medical Subject Headings) is a medical thesaurus developed at the US National Library of
Medicine (NLM) containing a controlled vocabulary for content indexing of MEDLINE/PubMed paper
abstracts.

30 OpenGALEN is an open-source description-logic based medical ontology and is provided by the
Open-GALEN Foundation. The aim of OpenGALEN is to represent the relation among medical domain
entities of general use.

31 SNOMED-CT was not included only for financial reasons. Outside North America, SNOMED-CT is
not available for exploitation without commercial license.

32 NCBI OMIM, a robust and informative resource, should not be taken into account for two reasons:
(1) most of its content is devoted to mono-genic diseases with Mendelian inheritance, whereas
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richness of the information provided are expected to grow in the future, as more and
more genome-wide association studies (GWA) are performed and made available to the
research community. Given the current situation, we analyzed several HGMD and GAD
phenotypes, to identify the correspondences and discrepancies with NEUROWEB phe-
notypes. Some of the phenotypes typically refer to disease and other clinical conditions
(e.g. Diabetes Mellitus Type-ll, Coronary Disease, Hypertension, Ischemic Stroke,
Atherosclerosis); these phenotypes, when they are of neurovascular interest, can be
mapped to some level of the NW-RO. We refer to the reconciliation of these discrepan-
cies as horizontal integration; such discrepancies are due to the different criteria ap-
plied to categorize clinical conditions. Unlike the case of horizontal integration, other
phenotypes are described making explicit reference to genes, gene families, molecular
and cellular processes (e.g. Apolipoprotein A1l Deficiency, HDL Deficiency, Increased
Lipid Metabolism). The latter cannot be handled unless the corresponding biomolecular
entities are introduced into the NW-RO and mapped to NEUROWEB phenotypes. We re-
fer to the reconciliation of these discrepancies as vertical integration. We expect this
problem to be dominant when genotype-phenotype relations are imported from model
organisms, where the observation of anomalies at the molecular and cellular level is a
standard research methodology.
The second task to be supported consists in offering possible explanations of the bio-
logical mechanisms underlying a statistically-relevant genotype-phenotype association.
This task requires the ontology to decompose a phenotype into its underlying biological
mechanisms, finally referring to biomolecular processes and parts. This scenario entails
the same vertical integration we mentioned for the first functionality.
The solution of the horizontal and vertical integration problems goes beyond the
NEUROWEB Project scope:
- the horizontal integration should be addressed by defining a general represen-
tation meta-modeling for clinical phenotypes and pathological conditions (cf
[56]), with specific communities adopting the meta-model and defining special-
ized solutions when required; on the contrary, the current situation for human
genotype-phenotype resources is rather messy: different players develop reposi-
tories without using a formal model (or at least robust criteria) for phenotype
annotation;
- the vertical integration should be addressed by providing orthogonal reference
ontologies of biological parts and processes at different granularity levels (OBO
[28] has undertaken such a mission); coupled to the previous resource, this
would enable to efficiently represent the biomolecular basis of clinical pheno-
types, when known.
In the outlined scenario, the biomolecular extension of the NW-RO should be regarded
as a prototypal solution, to be tested and enriched in the project follow-up, and to be
compared to alternative solutions being proposed in the community.

Discussion

The Discussion section comprises two main parts. In the first part, we consider the sci-
entific contributions of the NEUROWEB Reference Ontology (NW-RO), beyond the nar-
row scope of NEUROWEB System functionalities; namely, we will consider how the NW-
RO can act as a catalyst, prompting clinicians to share and discuss different diagnostic
protocols on a more formal basis, and how it can contribute to the ontology design
methodology in the biomedical arena.

NEUROWEB's commitment is to non-Mendelian multi-genic effects; (2) OMIM content is organized as
free text, a feature that severely impairs the computational exploitation of the information content.
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Value of the NEUROWEB Reference Ontology beyond the NEUROWEB Project

The First Mereology of Neurovascular Conditions

We argue that the NUROWEB Reference Ontology (NW-RO) is the first ontology propos-
ing a meta-model for neurovascular conditions (i.e. neurovascular phenotypes). Most of
the existing representation resources are terminologies (e.g. SNOMED-CT, MeSH) or
disease taxonomies (e.g. DisO). THE NW-RO is committed to represent the mereology of
phenotypes, which is the formally structured build-up of parts and sub-parts required
for the phenotype in order to be characterized. The part of a phenotype is another phe-
notype, depicting a narrower clinical condition, until the minimal elements of diagnostic
practice (i.e. the CDS elements) are reached. This feature enables the NW-RO to formu-
late the phenotypes on the basis of database content, granting methodological coher-
ence in association studies.

A Formal and Computable Model of the TOAST Classification System

The TOAST Classification System is an important resource in the neurovascular com-
munity; the improvement of stroke classification criteria is a focus of current research
in the neurovascular community. The contribution offered by the NW-RO is a formaliza-
tion of the TOAST concepts, enabling the clinician to organize their discussions, and the
structuring of their resources, on a more formal and structured basis.

Towards a General Meta-Model for Clinical Findings and Clinical Phenotypes

A cooperative project has been recently started, under the auspices of the NCBO (Na-
tional Center for Biomedical Ontology of the NIH, National Institutes of Health) and OBO
(Open Biomedical Ontology) Foundry, in order to formulate a general-validity meta-
model for symptoms, signs, clinical findings and clinical phenotype [56]. The
NEUROWEB modeling experience will be a valuable contribution to this effort, whose
undertaking reveals the importance of this modeling field in present-day biomedical in-
formatics.

Further Challenges of Clinical Condition Modeling

Though effective in supporting the NEUROWEB System Functionality, the NEUROWEB
Reference Ontology does not wear out all the issues and challenges arising when mod-
eling clinical conditions. Two topics will be briefly sketched in the following sub-
sections: the relation to the very different clinical state paradigm in machine learning
approaches, and the possibility of an “operative system” for association studies, i.e. a
computational system supporting the formulation and iterative refinement of clinical
phenotypes in association studies.

Clinical States: the Ontological Model and the Data Space Paradigm

A very interesting aspect is the representation of a clinical state as a portion of a multi-
dimensional space, a paradigm typically adopted in machine learning approaches to
decision support and automated diagnosis. Such a representation typically requires an
array of independent and quantitative (or at least ordinal categorical) indicators, and
may fall short when the indicators have a rich semantic structure inter-relating them.
However, these approaches offer the advantages of crossing the borders of pre-set
categories and work on a continuous space. The advent of more powerful and system-
atic diagnostic devices, in the fields of imaging and biomarkers, may empower this sce-
nario, effectively grounding every phenotype on a space of quantitative features.

An Operating System for Association Studies?

The NEUROWEB Reference Ontology is a content theory of clinical indicators and clini-
cal conditions pertinent to ischemic stroke clinical medicine. Compared to other dis-
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ease “ontologies”, the NW-RO offers the advantage of going beyond taxonomical dis-
ease classification by identifying building-blocks. Such a system enables the user to re-
formulate pre-built clinical phenotypes or to build them ex-novo. There are several rea-
sons why this is desirable for association studies. Most important, different types of as-
sociation studies may require different criteria to aggregate indicators into clinical phe-
notypes; for instance, genotype-phenotype association studies require the homogeneity
of the biological processes underlying the disease condition; for instance, cardioem-
bolic and atherosclerotic ischemic stroke may require similar anti-coagulant treatments
to minimized the ischemic damage, but the pre-disposing genetic factors may be very
different due to the diverse underlying etiologies; moreover cardioembolic stroke itself
may be a reasonable unitary etiology when considering the origin of the embolus, but
the embolization process can be caused by a very heterogeneous array of factors trig-
gering the coagulation cascade (e.g. coronary disease, atrial fibrillation due to congeni-
tal anomalies, prosthetic heart valves), that it may have to be broken down into sub-
types in order to mine more meaningful genotype-phentype relations.

Another interesting aspect is the generation of totally new phenotypes, going beyond
the traditional diagnostic categories, exploiting biomolecular criteria (e.g. similarity of
the perturbed pathways according to gene expression or mutation studies).

All these issue require an in-depth analysis (going beyond the current project commit-
ments) and also a stratified experience with the use of compositional ontologies for
clinical conditions that is not yet available at the present stage. The scenario is the de-
velopment of an “operating system”33 for association studies, i.e. a computational sys-
tem supporting the formulation and iterative refinement of clinical phenotypes in asso-
ciation studies.

The Challenges Posed by the Biomolecular Extension

The strategy adopted for the NW-RO biomolecular extension relied on
1. decomposing the phenotypes in order to distinguish diagnostic evidences from
biological processes at the organ and tissue level, such as the durative etiologi-
cal background and the traumatic point-event (ischemic or hemorrhagic);
2. mapping the biological processes from the organ and tissue level to the cellular
and molecular scale.
Clearly, this is not the only possible approach. The foundational notion of process may
be replaced by a different one. As far as we know, it's the only published proposal34.
The most problematic aspect concerning the notion of biomolecular process is the
boundary problem: since biomolecular processes can be regarded as networks of mo-
lecular transformation reactions (such as formation of complexes, post-translational
modification of proteins, transport of biomolecules, binding to DNA promoters, tem-
plate-dependent nucleic acid polymerization, etc...), it has hard to identify robust
boundaries for processes; it is not even clear whether such boundaries are, to a certain
extent, natural, or they mostly are mere fiat boundaries imposed to organize knowl-
edge. This problem is typically reflected by the complicated structure of the Gene On-
tology / Biological Process ontology: higher-level processes are decomposed into nar-
rower and narrower sub-processes, generating a multi-level hierarchy.

33 The computer oprative system provides the user a high-level representation of the programs
running and the data stored in memory supports (file system), and it provides the user an array of
fucntionality to interact with them.

34 A different proposal, yet unpublished, was presented by Barry Smith and Richard Schuermann at
the Dallas Workshop for Symptoms, Signs, Clinical Findings and Clinical Phenotypes [56].
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Introduction

This is a template for the description of “phenotypes”, as they are defined in the
NEUROWEB Glossary. Please try to fill-in most of the fields while avoiding free text
unless explicitly allowed.

In the last NEUROWEB meeting, we have agreed that “phenotypes” are central to the
system architecture, in order to group patients for clinical and genetic association
analyses. A list of phenotypes has recently circulated among the partners. The group at
Erasmus-Rotterdam (MI-EMC) provided a sizable textual description of the “atheroscle-
rotic ischemic stroke”, with some implicit reference to the TOAST etiological criterion.
The group at Budapest (AOK-OPNI) provided a list of “new stroke phenotypes" without
further characterization.

In order to complete this initial part of the modeling work, making sure that the descrip-
tions roundtrips are minimized, we are proposing to formulate a phenotype according to
the following hierarchical structure.

Please note that at this stage we are collecting only the NEUROWEB phenotypes (that
is, phenotypes derived from standard clinical protocols, such as those defined by the
TOAST, or anyway considered a standard in medical practice - as defined in the
NEUROWEB Glossary).

How to deal with the USER-DEFINED phenotypes will be the subject of an upcoming
document.

Phenotype Description Template

The following is a description of the template parts. The actual template follows.

1. Name:
a simple, short and clear, symbolic name for the phenotype.

2. Description:
a brief textual description of the phenotype and its relationship with other pheno-
types and current medical practice.

3. Core Data Set (CDS) Mapping:

In brief, a set of parameter ranges (constraints) based on the fields contained in the

CDS initially compiled by Prof. Yanis Ellul, which must be satisfied in order for the

phenotype occurrence to be valid.

3.1. list of clinical data to be used (a list of names, referring to Core Dataset fields);

3.2. list of constraint ranges on each clinical data value;

3.3. a boolean formula combining the constraints from the previous list (using AND,
OR, XOR, NOT, IMPLIES...); this formula is not compulsory, although an effort to
produce it would be highly appreciated. If you have a hard time depicting the
combination of constraints required for phenotype occurrence validity, please
at least describe the phenotype in plain text within the section “description”;

3.4. additional comments (e.g. to what degree is the formulation satisfactory? Are
there elements missing from the CDS?);

Note: You may find it natural to think at a phenotype as a combination of more elemen-
tary phenotypes, which you have already characterized with this form. In that case, you
do not have to repeat the list of clinical data and their constraints: simply put a link to
the elementary phenotypes in which those lists are reported, but do remember to put
the phenotype combination in the formula.
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(Fictional) Example of Template Use
NAME: occipital atherosclerotic stroke
DESCRIPTION: Occipital atherosclerotic stroke is ...
CDM:
Clinical data to be used:
1. Conscious level
2. Type of brain imaging

a. Relevant scan lesion (generic)

b. Relevant scan lesion location
3. Type of vessel study

a. Left carotid degree of stenosis

b. Right carotid degree of stenosis
Constraints:
1. Conscious level > 2
2. Type of brain imaging = MRI

a. Relevant scan lesion (generic) = yes

b. Relevant scan lesion location = occipital
3. Type of vessel study = angiography

a. Left carotid degree of stenosis > 50%

b. Right carotid degree of stenosis > 50%
Formula: AND(1, AND(2, 2.a, 2.b), AND(3, OR(3.1, 3.b)))
Additional comments: as you wish...
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NF-Y Targets

Characterization of NF-Y Transcription Factor Targets: Function and Transcriptional
State.

Abstract

NF-Y is a trimeric transcription factor containing H2A/H2B-like subunits, which specifi-
cally binds to the CCAAT box, a common eukaryotic promoter element. In this work, the
NF-Y binding sites were assessed by ChIP-chip (chromatin immunoprecipitation on chip)
on chromosome 20, 21, 22. The majority of the target genes are bound by NF-Y in the
promoter and/or within the coding region.

To gain insights into NF-Y-dependent transcriptional regulation, we assessed the rela-
tionships between NF-Y binding and (1) positive histone marks (H3K9-14ac and
H3K4me3), as detected by ChlP-chip, (2) the transcriptional state of the corresponding
targets. As a result, NF-Y loci can be divided in two distinct clusters: (i) a large cohort
contains H3K9-14ac and H3K4me3 marks and correlates with expression and (ii) a
sizeable group is devoid of these marks and is found on transcriptionally silent genes.
Within this class, we find that NF-Y binding is associated with negative histone marks,
such as H4K20me3 and H3K27me3.

NF-Y removal by a dominant negative NF-YA leads to a decrease in the transcription of
expressed genes associated with H3K4me3 and H3K9-14ac, while increasing the lev-
els of many inactive genes. These data indicate that NF-Y is embedded in positive as
well as in negative methyl histone marks, serving a dual function in transcriptional regu-
lation, as an activator or as a repressor.



Background

The NF-Y Transcription Factor Binds the CCAAT Box

Transcription initiation by RNA polymerase |l at class Il gene promoters is a finely regu-
lated process requiring the interplay of many different transcription factors [1-2]. Gen-
eral transcription factors (GTFs), namely TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH, rec-
ognize specifically the core promoter, recruit the RNA polymerase, and help melt the
DNA, thus enabling the initiation of transcription at the correct start site. Assembly of
this preinitiation complex is controlled by a large set of transcriptional activators and
repressors that recognize, in a sequence-specific way, DNA sequence motifs located on
proximal or distal enhancer regions of the promoters and function by contacting either
directly or indirectly, through co-activators and co-repressors, the GTFs.

Among such sequence motifs, the CCAAT box is known to be one of the most frequent.
This has been illustrated by several unbiased bioinformatic studies of large sets of ver-
tebrate promoters [3-10]. Testing has shown that the CCAAT box significantly contrib-
utes to promoter activity [11].

Different entities contain the word CCAAT in their acronyms, but several types of evi-
dence indicate that NF-Y, also termed CBF and HAP2/3/5 for Saccharomyces cere-
visiae, is the CCAAT regulator. (i) Highly specific antibodies were used in supershift elec-
trophoretic mobility shift assays and chromatin immunoprecipitations (ChlPs) with a
plethora of different promoters [12-13]. (ii) Specific dominant negative NF-YA vectors
were employed in cotransfection and adenovirus infection experiments. (iii) Nucleotides
flanking the CCAAT box emerged in the bioinformatic studies cited above, with perfect
matches to NF-Y preferences, as assayed by in vitro binding studies [14]. It is therefore
reasonable to conclude that NF-Y is by far the major protein that regulates this element.

The Protein Structure of the NF-Y Complex

NF-Y is a ubiquitous heteromeric transcription factor (TF) composed of three subunits,
NF-YA, NF-YB, and NF-YC, all necessary for DNA binding [11]. NF-YB and NF-YC contain
conserved core regions, which display very high structural similarity to histone folds
composed of three alpha helices separated by short loop/strand regions (figure B.1.b)
[15]. NF-YB/NF-YC association is essential for NF-YA binding and sequence-specific
DNA interactions (figure B.1.c).

NF-YB

Figure B.1.a. The NF-Y B-C dimer (ribbon representation).



Figure B.1.b. Stereo C-alpha traces of the superimposition of the NF-YC/NF-YB (or-
ange), H2A/H2B (gray), NC2/NC2 (blue), and H3/H4 (green) histone pairs.

NF-YAl

Figure B.1.c. Model of the complex of NF-YC/NF-YB with the CCAAT element: the
DNA backbone is shown as ribbons (purple) with the bases displayed; the two pos-
sible locations of the CCAAT box, according to the modeling, have been colored
cyan. NF-YA is colored blue. The two alternative positions for the linker connecting
NF-YA1 and NF-YA2 sub-domains are shown as blue dotted lines.

How does NF-Y Regulate Transcription?

Interestingly, CCAAT boxes are present at a specific location within promoters, typically
between -60 and -100 bp from the transcriptional start site (TSS). Within this context,
NF-Y is not a powerful activator but rather a promoter organizer that cooperates with
the activity of neighboring TFs. The emergence of genome-wide technologies now allows
a look at TF binding in a more systematic and unbiased way. Previous studies, per-
formed with CpG island arrays and with an oligonucleotide array representative of a
small set of human promoters, left us with an inconclusive picture as to the widespread
NF-Y distribution in vivo [16].

A more comprehensive understanding of a TF mechanism of action can be attained
only by considering the chromatin environment, defined by patterns of histone post-
translational modifications (for a full review, please refer to [17-19]). In particular,
H3K4 trimethylation (H3K4me3) and H3K9-14 acetylations (H3K9-14ac) are associ-
ated with an active chromatin environment in regions and promoters that are tran-
scribed or poised for rapid induction by external stimuli [20-23]. Their presence in vivo
has been detailed at the single-gene level, and location analysis confirmed their wide-
spread distribution in the proximity of promoters [21, 24-32]. Interestingly, while the
presence of these marks precedes gene activation, an increase in their levels is gener-
ally noticed in systems of inducible transcription. In NF-Y-dependent endoplasmic re-
ticulum stress promoters, for example, a substantial increase in H3 acetylation and
H3K4me3 was seen after induction, while NF-Y binding was detailed before [33-34]. On
the other hand, posttranslational modifications such as H3K9, H3K27, and H4K20 me-
thylations are known to be associated with inactive or actively repressed areas of the
genome [35-37]).
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Figure B.2. The different histone modifications, their locations on the (transcribed)
gene sequence, and their role of activation or repression of transcription.

In general, understanding the relationship between histone modifications and TF bind-
ing is quite relevant; it is not completely clear, at the moment, whether the binding of
certain factors is required for specific modifications to be brought in through recruit-
ment of histone-modifying enzymatic machines or whether the binding of TFs is allowed
only by a preexisting nucleosomal environment with an appropriate pattern of histone
modifications.

To shed light on the relationship between NF-Y and active histone marks, we used high-
density tiling arrays of chromosomes 20, 21, and 22 in ChlP-on-chip experiments.

Materials and Methods

Cells, infections, and PCR analysis

HelLa cells were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum, 1% antibiotics (penicillin and streptomycin), and L-glutamine in 5%
CO2. HCT116 p537- cells were grown in McCoy’s medium. Infection of HCT116p537
and Hela cells with Ad-YAm29, Ad-NF-YA, and Ad-GFP adenoviruses was carried out as
described previously [38]. Semiquantitative ChlIP PCR and reverse transcription-PCR
(RT-PCR) analyses were performed according to standard procedures, in the linear
range of amplification, essentially as previously described [39].

ChIP, amplicon generation, and ChIP on chip

ChlPs were performed essentially as described previously [16]. Briefly, 5 x 106 cell
equivalents of chromatin, < 0.5 kb, were immunoprecipitated with 15 pg of anti-YB,
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anti-H3K4me3 (Abcam), and anti-H3K9-14ac (Upstate) antibodies. Immunoprecipita-
tion-enriched DNAs were used to generate amplicons for hybridization experiments.
Parallel ChlPs were run with a Flag control antibody (Sigma), and bona fide NF-Y targets
were used to check enrichments before and after the amplification steps. The genera-
tion of amplicons from the individual ChiPs was performed by following the protocol of
ligation-mediated PCR previously described [40-41]. Design of the oligonucleotides,
preparation of the slides, hybridization, and scanning of the fluorescence intensities
were performed by Nimblegen. Validations of the results by semiquantitative PCR were
performed on independent, nonamplified ChlPs using primers listed in File S1 in the
supplemental material [A1]. Negative-histone-mark ChIPs were also performed as de-
scribed previously [16] using anti-H3K9me3 (Abcam), -H3K27me3 (Abcam), and -
H4K20me3 (Upstate) antibodies.

ChlP-on-chip data analysis

The Cy5 and Cy3 raw data obtained from each experiment were normalized by subtract-
ing the median and then adding back the average median of the two channels. The in-
dependent median normalization was chosen since channel distributions were not pa-
rametric and therefore the mean was not suitable. This approach does not perturb the
detection of biologically relevant peaks, while allowing efficient removal of noise due to
unbalance between the two channels (not shown). After single-channel normalization,
the Cy5/Cy3 ratio was calculated for each probe and then converted to the correspond-
ing Z score. This kind of transformation is useful when seeking to compare the relative
standings of items from distributions with different means and/or standard deviations
and fitted our requirement of performing comparison between different arrays. Box-and-
whisker plots clearly showed that Z-score conversion allowed for a direct comparison of
independent data sets derived from biological replicates (not shown). Peak search was
then performed essentially as previously reported [40], with the so called “peak first”
approach. A given percentile threshold was chosen for all experiments, and all probes
with enrichment values greater than the percentile were selected. An NF-Y “peak” was
defined as a stretch of at least three adjacent probes (spaced by no more than 150 bp
on the genomic sequence) exceeding the percentile threshold. In H3K9-14ac and
H3K4me3 experiments, five adjacent probes were considered to define a peak. A hy-
pergeometric P-value-based distribution was then associated with the peaks obtained.
Finally, peaks obtained from the different experiments were merged, and a given peak
was predicted as biologically relevant if present in at least two out of four experiments
for NF-Y or two out of three experiments for active histone marks, with corresponding
probability values computed with a binomial distribution.

Transcription Microarray Analysis

The GEO GSE6022 data set, containing a total of three untreated HelLa cell samples,
each being a biological replicate, was used for HelLa profiling experiments. The GEO
GSE6207 data set, containing seven untreated samples, was used for HepG2 profiling
experiments. The data set from Sato et al. [42], containing three untreated samples,
each being a biological replicate (Affymetrix HG-U133-A platform), was used for human
embryonic stem (ES) cell profiling experiments. The GEO GSE8884 (Affimetrix HG-U133
plus 2.0 platform) was also used for the latter analysis, yielding essentially the same
results despite the larger coverage of the platform (not shown). Expression signals for
microarray data were calculated according to the rma algorithm and used for quality
control. Absent (A) and present (P) calls were also calculated according to the open-
source version of the MAS5 algorithm and used both for quality control and compari-
sons. A gene was called P if it was present at least in two out of three of the samples.
The same rules were applied for A calls. A gene was called UN if it did not fall in the
previous categories. The A, P, and UN groups have no overlaps.
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Results

Confirming NF-Y CCAAT Specificity
To assay the prevalence of NF-Y binding on CCAAT promoters, we performed ChIP
analysis with an anti-NF-YB antibody on chromatins derived from seven different cell

lines.

CELL LINE o
PROMOTER SEQUENCE 2159|2285 25 |3

O~ 5 ,:3,, S ] g

_|
DIP2A GTCTTCGEGGCCAATGGAAGCGAGECTCTGGTCTT uB
SON CCCTTTGGAGCCAATCAGGARGGCGAGAGACCGAA uB
ITSN1 AAACCGCCAGCCAATTGGAAGAAGGGGCCCGCACC :T; |:0LD uB
ZNF294 TCATTCCTGGCCAATAGGAAGCCAAGCATTGGACC uB
PCNT2 CGTGAGCGCACCAATCTGTGGCCGGCGAGCGTARA uB
HMGN CGTGCGTCCGCCAATCAGCGCGCAGACCGCACTTT UB
TSGA GGCACCTCGACCAATCACCGCCCGGGAATACGGAG TS
NDUFV3 ATCGGGACCACCAATCACAGGCAGCAGCGTGAGGG uB
LSS GCCCACGCAACCAATCAGAGCGCCGCGAGCGTGAC ?E(? I’:jON:_D uB
TMEM50B ACCGCAGCGACCAATCGGAGCGCAGCAAGTGGCCG uB
RUNX1 CGGCCGGCGGCCAATCACAGGCCTTTCCGGTATCA uB
DSCR1 GGAGACGGGGCCAATARAGGAACGGAATTCTCTTC UB
C210RF7 GTCGGCCGCTCCAATCAGCTCAGCCAGACCCAGCT UB
MORC3 CCCCAAGCTCCCAATTCGGCATTGCCTGGAGGCGG T8
DSCR3 GAGCCGCCGGCCAATCAGCGCTTTGCAGGACTAGC uB
ABCG1 TTGETGCCGGCCAATCGOGCGCTCEGEGOGGEETC uB
OLIG2 GGCTGCCTCGCCAATGAGCTGGGCCCGCCGGGEEE IZ-OSV:OLD TS
OLIG1 CGGGGCGCAGCCAATGGAGGCGCGAGGCCGGECET TS
TIAM1 GTCAGGCGGCCCAATCGGAGCTCGGTTTCCCACGG 15
SH3BGR GTGCTGTGCACCAATCGGAGACCTGTGCAGAGATG TS
S$100B GCCGTGGCAGCCAATGGGAGCCGAAGGCGGGGETG TS
CLDN17 TGTTTCCCAGCCAATAAGAAGGTAGCTAGGGGTGT T8
TMPRSS3 ACAGGTTAGTCCAATCGGGGAATATTTTCCCCAAG T8
AIRE GCCCCGGCGCCCARTCAGGGCCAGGGCCTCCCGCA NEGATIVE s
ERG ATGAAGTCAGCCAATGGCAGGAAGAGGTTTCTATT TS

P ositivity 64% | 52% | 64% | 68% | 48% | 72% | 64%

Figure R.1. NF-Y binding to CCAAT promoters in vivo. Twenty-five randomly picked
CCAAT promoters from chromosome 21 were analyzed by ChlIP with anti-NF-YB an-
tibody on chromatin derived from seven different cell lines. Enrichment over that
for an irrelevant Flag control antibody was assessed by semiquantitative PCR and
classified as high (> 30-fold), medium (5- to 30-fold), or low (2- to 5-fold). Colored
boxes indicate positivity and gray boxes indicate no enrichment in ChlPs. The bot-
tom line refers to percentages of NF-Y-positive sites for each cell line. The expres-
sion patterns of the respective genes were analyzed according to available tran-
scriptome data (UniGene build no. 186) and reported on the right. UB (ubiquitous)
refers to genes expressed in at least 10 out of 45 body sites of UniGene’s EST Pro-
file Viewer, while TS (tissue specific) refers to genes showing expression in less
than 10 body sites.

We checked 25 randomly picked CCAAT-containing promoters of chromosome 21
genes. Figure R.1 indicates that most of the promoters were indeed bound by NF-Y in
the majority of cells. However, the degree of enrichment over a control Flag antibody
varied substantially and was arbitrarily divided into three levels: high (> 30-fold), me-
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dium (5- to 30-fold), and low (2- to 5-fold). The expression patterns of these genes were
then analyzed according to available Unigene transcriptome data and divided into two
broad categories: genes that were ubiquitously expressed and those that had a tissue
or cell type preference. With few exceptions, TMEM50B, RUNX1, and DSCR1, the high-
and medium-enrichment genes, were all in the ubiquitous category and bound by NF-Y
in all cell lines. Four genes, CLDN17, TMPRSS3, AIRE, and ERG, all tissue specific, were
negative in all cell lines. Finally, weakly enriched sites were mostly found on tissue-
specific genes. We conclude that (i) NF-Y is bound to the majority of CCAAT-containing
promoters and (ii) the highest enrichment correlates with a ubiquitous expression pro-
file.

NF-Y ChIP on chip on tiling arrays

ChIP-chip Experiment, Data Analysis and Stringency Selection

To define in an unbiased way the “landscape” of NF-Y binding in vivo, we performed NF-
YB ChlIP-on-chip analysis in HelLa cells with a tiling array containing all non-repetitive
sequences of the entire chromosome 21 and large parts of chromosomes 20 and 22.
Fifty-mer oligonucleotides are tiled every 50 bp, giving a high degree of resolution and
an overall representation of 2.2% of the human genome. To obtain maximal definition
of the locations, ChIPs were performed using chromatin shorter than 500 bp, with a
mean size of 250 to 300 bp. The enrichments present in the starting ChIPs were as-
sayed against a Flag control antibody and were routinely — 100-fold when checked on
bona fide NF-Y target genes [Al: File S2].

Four NF-YB probes derived from independent ChlPs were Cy5 labeled and hybridized
together with the corresponding Cy3 input DNA, used as an internal control. After nor-
malization of single channels, ratios between NF-YB and input probes were calculated
and converted to Z scores (see Materials and Methods for details). An NF-Y peak was
defined as a set of at least three consecutive probes whose Z scores deviated signifi-
cantly from the average of normalized data. Typically, selected ratios were above 1.8 to
2.3 depending on the replicate. Only peaks present in at least two out of four replicates
were collected for further analysis.

Overall, the number of NF-Y binding sites ranged from 757 to 2120, depending on the
stringency applied (P values between 1.6 x 105 and 1.4 x 104). The ChIPs performed
for figure R.1 served as a guide for data analysis: none of the NF-Y-negative promoters
was scored, while a majority of the positives were retrieved (table RT.1), and, with the
fourth stringency considered, 14/16 positives were recovered.

NF-Y Binding Site Classification by Genomic Location

Binding sites were then classified and divided into three main categories: (i) “promot-
ers” (PR), describing NF-Y locations residing from -2 kb to +0.5 kb relative to the TSS of
a RefSeq sequence and representing 9 to 11% of the total depending on the stringency;
(i) “genes” (GE), indicating NF-Y locations residing within RefSeg-annotated genes; and
(iii) “elsewhere” (EL), referring to locations external to promoters and intergenic regions.
The last two categories each accounted for 42 to 48% of the sites.

Independent ChlIP validations were performed on 35 loci derived from the less-stringent
criteria: all NF-Y promoter loci tested scored positive in standard ChlPs and so did
11/15 sites among the “genes” cohort ([Al: File S3]). Thus, based on the pre-validation
and validation ChIPs, the highest stringency reported in table RT.1 highly underscored
the extent of NF-Y binding and the 1.43 x 104 stringency reflected more closely the ac-
tual targets, with 10 to 15% false positives/negatives.
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Pre-validated

Binding Sites RefSeq TUs (n = 907)
_ promoters
Stringency (P) % (number) % (number)
Total SR GE =8 SR GE All NF-Y [+] NF-Y []

1 (1.06E-05) 757 1.1 (84) 45.4 (344) 43.5 (329) 9.8 (89) 26.1 (237) 298 9/16 0/9
2 (2.88E-05) 1,176 9.7 (114) 46.9 (551) 43.5 (511) 13.6 (123) 34.8 (316) 386 11/16 0/9
3 (6.79E-05) 1,533 8.9 (137) 47.4 (727) 43.6 (699) 16.0 (145) 40.4 (366) 446 11/16 0/9
4 (1.43E-04) 2,120 9.0 (191) 48.1 (1,020) 42.9 (909) 21.6 (196) 47.4 (430) 519 14/16 0/9

Table RT.1: NF-Y location analysis: binding sites and TUs.

Category % (number) of sites containing a CCAAT box (£150 bp)

1 (P = 1.06E-05) 2 (P = 2.88E-0.5) 3 (P = 6.79E-05) 4 (P = 1.43E-04)

Total 63.3 (479) 62.8 (739) 61.8 (947) 61.6 (1,306)

PR 70.2 (59) 71.1 (81) 66.4 (91) 63.4 (121)

GE 59.6 (205) 59.3 (327) 58.5 (425) 58.6 (598)

EL 66.3 (218) 64.8 (331) 64.4 (431) 64.6 (587)

Table RT.2: NF-Y sites containing at least one CCAAT box.



We next analyzed NF-Y sites in terms of transcriptional units (TUs), defined as University
of California, Santa Cruz, RefSeg-annotated genes (hgl7 assembly) with their respec-
tive promoters; overall, there are 907 TUs (with no redundant promoter) within the re-
gions considered here. As expected, by comparing the number of NF-Y promoter loca-
tions with that of the corresponding TUs (191 versus 196), we could recover, on aver-
age, one location per positive promoter.

A different picture emerged for NF-Y GE category sites, since the number of NF-Y* TUs
was significantly lower than the overall number of locations: 430 versus 1,020. Consid-
ering that some of these locations referred to overlapping or divergent units, this im-
plies that on average two or three NF-Y binding sites were found per positive TU.

We also analyzed in greater detail the distribution of NF-Y sites (figure R.2). Within PR,
most sites reside in the core area, as expected. Within GE, the site distribution shows a
relatively steep decline as a function of the distance from the TSS, in agreement with a
relevant role for NF-Y at the 5' ends of genes. Interestingly, we found that more than
50% of NF-Y* promoters possess an additional NF-Y site within the body of the gene
(figure R.2.b). Within the EL category, one-third of the locations overlap (20%) or are
nearby (9%+4%) GenBank annotated mRNAs with no RefSeq definition, which are most
likely sites of Pol Il activity (figure R.2.b).
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Figure R.2.a. Location of NF-Y binding sites. NF-Y sites were plotted according to
their positions with respect to the TSS. Left: NF-Y promoter sites. Right: NF-Y GE
sites.
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Figure R.2.b. Categories of NF-Y binding sites. Left: EL sites were classified as pre-
sent within 5 kb to the 5' or 3' end of an annotated gene, as present within a Gen-
Bank-annotated human mRNA not corresponding to a RefSeq (hmRNAs), or far
from annotated genes (other). Right: Venn diagrams showing the overlap between



NF-Y TUs containing a site in the promoter and those containing a site within the
body of the gene.

Presence of CCAAT boxes in NF-Y locations.

It was of interest to assess whether NF-Y locations contain CCAAT boxes. For this analy-
sis, we considered a short interval of 500 bp centered on the peak, which is most likely
a stringent but reliable window considering the length of the original chromatin [A1: File
S2]. The pentanucleotide was found in 61.6% of total locations, with a higher percent-
age in PR and lower in GE (table RT.2). We also calculated the overall number of CCAAT
boxes per location. Based on purely statistical considerations, the expected frequency
is around 1 CCAAT box/location; a specific enrichment was clearly evident in PR, since
2 to 2.5 CCAAT boxes per promoter were present (figure R.3). For the GE and EL loca-
tions, a lower enrichment of 1.5 to 1.7 CCAAT boxes per location was scored. Hence, we
conclude that CCAAT boxes are present and overrepresented in most NF-Y locations.

<4 Expected & Promoters O Genes O Elsewhere.
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P-value 1.06E-05 2.88E-05 6.79E-05 1.43E-04

Figure R.3. CCAAT boxes in NF-Y locations. Average numbers of CCAAT boxes pre-
sent in the different NF-Y location categories were plotted for the four stringencies
initially considered. This number was calculated based on the actual mean dimen-
sions of the identified NF-Y binding sites, ranging from 460 to 560 bp depending
on the stringency, divided by the theoretical occurrence of the pentanucleotide
CCAAT (once per 512 bp).

NF-Y Binding and Transcriptional State

H3K9-14ac and H3K4me3 ChlP-chip Detection

To characterize NF-Y sites in terms of the chromatin environment, we analyzed H3K9-
14 acetylations and H3K4 trimethylation on the same tiling platform (table RT.3). The
data, derived from triplicate experiments, were analyzed essentially with the same
stringency criteria used for NF-Y, except that a peak was defined as a stretch of at least
five consecutive probes. This window was selected since these modification were sup-
posed to cover larger part of a genomic sequence compared to the punctuate nature of
TFs binding events. We validated a number of locations by independent ChiPs: with one
exception, all Promoters were confirmed, whereas for Genes, adherence to ChIP on chip
data was high (14/15 for H3K9-K14ac, 13/15 for H3K4me3).

H3K9-14ac sites are more abundant than H3K4me3, on average three times. The dis-
tribution is also different: nearly 50% of H3K9-14ac is found within the GE category,
and a minority in PR; on the contrary, most of the H3K4me3 locations are found in PR,
in agreement with this mark being more abundant at the very 5’ of genes.

We also analyzed H3K9-14ac and H3K4me3 sites in terms of Transcriptional Units
identified (out of the 907 present on the tiling platform), initially focusing our attention
to promoter regions. 30-45% of the total PRs scored positive for H3K4me3, 33-51% for
H3-K9-14ac, depending on the stringency.
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We pursued further analysis on the 4th stringency considered. The vast majority of the
analyzed PR regions was either positive (39%) or negative (42%) for both marks, with a
minority (18%) that was either H3K9-14ac+ or H3K4me3+; 87% of H3K4me3 promot-
ers were also positive for H3K9-14ac (figure R.3.a). The same analysis was repeated for
GE sites; as expected, the larger class was H3K9-14ac+/H3K4me3-, most likely due to
the high rate of H3K4Ame3 false negatives; once again, the vast majority -90%- of
H3K4me3 sites, was also positive for H3K9-14ac (figure R.4.a).

We then analyzed microarray data of HelLa cells (untreated state). All genes were classi-
fied as P (Present) or A (Absent), whit an A calls indicating a complete absence, or very
low levels of expression. Overall, 59% of Hela TUs were in the P set and 39% in the A
calls. As expected, active histone marks were clearly enriched in P calls, with an ex-
tremely robust correlation, in the PR group (figure R.3.b). The correlation was almost
absent in the GE group (figure R.4.b). A possible yet speculative reason could be that
GE sites are actual promoters controlling alternative transcripts that are not specifically
recognized by current Affymetrix platforms.

As a control, we compared our data with H3K9-14ac and H3K4me3 locations previ-
ously reported in HepG2 cells [27], also analyzing Affymetrix profiling data of the same
cell line. As expected, a strong correlation between active histone marks PRs and gene
expression was present in HepG2 cells as well, with very significant p-values (figure
R.3.b). Less so it was in the GE list, particularly for H3K4me3 in Hela (figure R.4.b). In-
terestingly, overlap of the profiling data of Hela and HepG2 was extremely high, with
HepG2 cells being the more restricted: in any case most of P and A calls were con-
served between the two epithelial lines. This allowed us to match the H3K9-14ac+ and
H3K4me3+ TUs in Hela with those determined in HepG2: indeed the intersection was
greater than 85% for both marks in PRs (figure R.3.c) and in GE, with the exception of
H3K4me3 in the latter category (figure R.4.c).

As a second control, we also compared our data with the genome-wide analysis of
H3K4me3 islands performed by Guenther et al. [32] in human embryonic stem cells,
obtaining similar results (data not shown).

In conclusion, our analysis is robust and consistent with previous results, showing a
strong correlation between H3K4me3 and H3K9-14ac, and between these marks and
expression.

H3K9-14ac
String Peaks TUs (n = 907)
) Total % (number) % (number)
PR GE EL Promoters Genes
1.06E-05 1,116 29.6 (330) 45.3 (505) 25.2 (281) 33.2 (301) 37.0 (336)
2.88E-05 1,525 25.0 (381) 47.1 (719) 27.9 (425) 38.8 (352) 44.4 (403)
6.79E-05 2,386 18.7 (445) 50.2 (1,198) 31.1 (743) 45.2 (410) 54.9 (498)
1.43E-04 3,148 16.6 (521) 48.2 (1,517) 35.3 (1,110) 51.6 (468) 62.2 (564)
H3K4me3
String Peaks TUs (n = 907)
) Total % (number) % (number)
PR GE EL Promoters Genes

1.06E-05 348 71.3 (248) 14.9 (52) 13.8 (48) 30.2 (274) 9 (63)
2.88E-05 458 65.7 (301) 18.1 (83) 16.2 (74) 35.7 (324) 5 (86)
6.79E-05 823 44.1 (363) 25.6 (211)  30.3 (249) 42.4 (385) 233(211)
1.43E-04 1,012 38.0 (385) 29.6 (300)  32.3 (327) 44.8 (406) 26.8 (243)

Table R.T3. Active histone mark location analysis.
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Figure R.3.a. Promoter-class: active histone mark distribution. The presence or ab-
sence of both histone marks is highly correlated.
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Figure R.3.b. Promoter-class: transcriptional state (Absent/present, A/P) by histone
mark distribution. Transcriptional state and histone marks were determined for
Hela cells (left) and HepG2 cells (right), with similar results. Positive histone marks
strongly correlate with Present status.

HelLa HepG2 HelLa HepG2
e Present 86.5% H3K9-14ac
Promoters

87,5% Absent H3K4me3

Figure R.3.c. Promoter-class: overlap of the transcriptional status and histone
marks presence comparing HelLa and HepG2 cells. The two cell lines display a sat-
isfactory overlap.
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Figure R.4.a. Gene-class: active histone mark distribution. H3K4 trimethylation is
affected by a negative bias.
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Figure R.4.b. Gene-class: transcriptional state (Absent/present, A/P) by histone
mark distribution. Transcriptional state and histone marks were determined for
Hela cells (left) and HepG2 cells (right), with correlation between positive histone
marks and Present status stronger in HepG2 than in HelLa. However, even in
HepG2, the correlation is weaker in Gene than in Promoter class.
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Figure R.4.c. Promoter-class NF-Y targets: overlap of the transcriptional status and
histone marks presence comparing HeLa and HepG2 cells. The two cell lines dis-
play a satisfactory overlap, except for trimethylations.



Correlation between NF-Y and H3K9-14ac, H3K4me3 Histone Marks

By combining the three different ChlP-on-chip data sets, we observed that the majority
of NF-Y+ promoters were also H3K9-14ac+ or H3K4me3+ (68% and 61% respectively,
figure R.5); a good proportion, 57%, contained both marks. These proportions are re-
markably larger than the baseline, as displayed by the highly significant correlative P
values.

Within NF-Y genes, the percentage of H3K9-14ac+ GE sites was higher, at 85%, while
the percentage of H3K4me3+ GE sites was lower, at 42%, and, consequently, the per-
centage of NF-Y+ genes double positive for histone marks was also around 40% (figure
R.5). However, the correlation between NF-Y and active histone marks within this cate-
gory was stronger, with a P value of 1.3 x 10727 for NF-Y+ H3K9-14ac+ H3K4me3+
genes, indicating that essentially all of NF-Y*/H3K4me3* sites were also acetylated.
Somewhat surprisingly, we noticed that a sizeable set of NF-Y+ TUs were neither acety-
lated nor trimethylated, both within promoters (27%) and within the bodies of the genes
(18%). This cluster was unexpected, at least in these proportions, and was further ana-
lyzed below.

When we reversed the analysis, asking how many H3K9-14ac+ and/or H3K4me3+ TUs
were bound by NF-Y, we found that 28% of H3K9-14ac+ and 30% of H3K4me3+ pro-
moters were also NF-Y+ (figure R.5); this is quite significant, considering the promoters
that are not active in HelLa cells and considering that the overall percentage of NF-Y+
promoters was 21% (table RT.1). Within the GE category the percentage of H3K9-
14ac+ TUs positive for NF-Y was 64% and the percentages of double positives were as
high as 79%.

Altogether, these data indicate a significant correlation between NF-Y binding and these
histone modifications, either within promoters or within the bodies of the genes, and
highlight a smaller population of NF-Y-positive locations that are neither H3K9-14 acety-
lated nor H3K4 trimethylated.
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Figure R.5.a. Correlation between NF-Y binding and active histone marks. Percent-
ages of NF-Y+ TUs that scored positive for either H3K9-K14ac or H3K4me3 or for
both histone marks.
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Figure R.5.b. Percentages of histone mark-positive TUs bound by NF-Y.

Correlation between NF-Y, H3K9-14ac, H3K4me3 Histone Marks, and Gene Expression

Next, we interrogated the list of NF-Y+ TUs with respect to both histone marks and ex-
pression using available HelLa profiling data sets. Overall, 59% of the 907 TUs analyzed
here were in the P set and 39% in the A set. As expected, the majority, 75%, of NF-Y+
promoters followed P calls (figure R.6). NF-Y+ genes showed modest skewing toward
expression, with P calls at 67% (figure R.6). We then integrated the active histone mark
data into this analysis. Within promoters, the NF-Y+ H3K9-14ac+ and NF-
Y+/H3K4me3+ clusters showed clear skewing toward P calls, and even more did the
triple-positive NF-Y+/H3K9-14ac+/H3K4me3+ clusters; only a residual 10% of TUs
were scored as A in the latter class (figure R.6).

On the other hand, the NF-Y+/H3K9-14ac-/H3K4me3- promoters were strongly en-
riched in A calls (figure R.6), indicating (i) that NF-Y is bound at these promoters in the
absence of active histone marks and (ii) that this cohort of genes is not expressed. A
somewhat similar situation emerged for NF-Y+ genes: enrichment of NF-Y+/H3KO9-
14ac+/H3K4me3+ clusters toward expression was less evident, but once again the
majority of NF-Y+/H3K9-14ac-/H3K4me3- genes were found in A calls (figure R.6).
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Figure R.6. Distribution of A/P transcriptional status for Promoter-class and Genes-
class NF-Y targets, in relation to histone marks. Absence of both histone marks,
even in presence of NF-Y, is strongly associated to transcriptional repression.

To gain insights into this dual behavior, NF-Y-positive TUs were subjected to Gene On-
tology enrichment analysis after dividing them into those containing at least one active
histone mark and those devoid of both modifications. Functional categories expected to
be positively affected by NF-Y (cell cycle, cell signaling) were present in the NF-
Y+/H3K9-14ac+/H3K4me3+ cohort of genes, but no single function was overwhelm-
ingly enriched; this is consistent with the notion that NF-Y is a broad transcriptional
regulator, with specific roles in certain cellular functions (figure R.7.a). A very similar
picture was obtained for the down-regulated genes in a NF-YB knockdown experiment
(figure R.7.b) [A2]. On the contrary, a different picture emerged with NF-Y+ TUs devoid
of active marks, since functions expected to be repressed in HelLa cells, such as sen-
sory perception and immune response, were weakly enriched (figure R.7.c).

NF-Y+ & Active Histone Marks+ Transcriptional Units

GO.ID Gene Ontology Category # genes P-Value Enrich. Ratio
G0:0007049 cell cycle 23 1,41E-03 1,46
GO:0051726 regulation of cell cycle 13 8,28E-04 1,65
G0:0000278 mitotic cell cycle 6 0,00E+00 1,9
G0:0008092 cytoskeletal protein bindin 8 2,88E-03 1,69

~Go:o0062¢0 I ONATSBIESBR 5000t 0015
G0:0003712 transcription cofactor activity 7 5,55E-03 1,67
G0:0016044 membrane organization and biogenesis 9 0,00E+00 1,9
G0:0006897 endocytosis 7 0,00E+00 1,9
GO0:0048667 neuron morphogenesis during differentiation 7 5,55E-03 1,67

transmembrane receptor protein
G0:0007169 tyrosine kinase signaling pathway 4 3,93E-02 1,52
ribonucleoprotein complex
G0:0022613 biogenesis and assembly 5 0,00E+00 1,9
G0:0006928 cell motility 9 0,00E+00 1,9
GO0:0004857 enzyme inhibitor activity 6 4,66E-02 1,43
G0:0065003 macromolecule complex assembly 15 2,47E-04 1,68
G0:0006520 amino acid metabolic process 11 3,99E-04 1,75

Figure R.7.a. Functional enrichment (Gene Ontology) of NF-Y targets with at least
one active histone mark.
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NF-Y siRNA Microarray - DOWN

GO.ID Gene Ontology Category # genes P-value Enrich ratio
G0:0007049 cell cycle 60 4.65E-22 4.2
G0:0000279 M phase 31 1.31E-19 7.6

G0:0005694 30 2.15E-15 5.7
G0:0006260 23 2.24E-14 7.0
GO0:0006259 44 2.47E-14 3.7
G0:0006281 19 1.30E-08 4.4
GO0:0006974 23 2.35E-10 4.6

GO0:0015630 microtubule cytoskeleton 25 8.89E-12 4.9
G0:0005856 cyloskeleton 41 1.16E-08 2.6
GO0:0046907 intracellular transport 37 1.69E-10 3.2
G0:0015031 protein transport 31 9.01E-08 2.8
GO:0005783 endoplasmic reticulum 26 2.00E-05 2.4
G0:0048193 Golgi vesicle transport 8 3.14E-04 3.7
G0:0006457 protein folding 12 3.35E-04 2.9
G0:0051082 unfolded protein binding 10 3.89E-04 3.1
G0:0005739 mitochondrion 28 2.61E-05 2.2
G0:0009055 electron carrier activity 12 5.47E-05 3.4
GO:0016071 mRNA metabolism 15 4.34E-05 3.0
GO0:0006396 RNA processing 18 5.33E-04 2.2

Figure R.7.b. Functional enrichment (Gene Ontology) of downregulated genes after
a NF-Y interference (siRNA).

NF-Y+ & Active Histone Marks- Transcriptional Units

GO.ID Gene Ontology Category # genes P-Value Enrich. Ratio
G0:0007600 sensory perception 5 2,55E-02 2,05
G0:0065003 macromolecule complex assembly 4 5,49E-02 1,83
G0:0007155 cell adhesion 5 6,21E-02 1,69
GO:0006955 immune response 4 8,39E-02 1,64
GO0:0006915 apoptosis 5 8,83E-02 1,56

Figure R.7.c. Functional enrichment (Gene Ontology) of NF-Y targets with both
negative histone marks.

Altogether, these data indicate that NF-Y binding is associated with two different chro-
matin states and opposite functional outcomes: in the presence of the two active his-
tone marks, NF-Y is bound to expressed loci; binding within areas devoid of these modi-
fications is coupled to inactive genes.

NF-Y Associates with Chromatin with Negative Histone Marks

We further investigated the cluster of nonexpressed NFY+/H3K9-14ac-/H3K4Ame3-
TUs. To assay the possibility that negative histone marks were present in these areas,
we performed ChIP experiments with antibodies directed against H3K9me3,
H3K27me3, and H4K20me3, which have been associated, in various terms, with inac-
tive or partially inactive chromatin environments [19]. As shown in figure R.8, with one
exception, these loci were confirmed to be NF-Y positive, most of them with a low or
medium enrichment level compared to genes targeted by NF-Y and transcribed, such as
the SON gene (figure R.8, top).

Interestingly, all 12 tested sites scored positive for H4K20me3, as did 7 out of 12 for
H3K27me3; among these SUHW1, encoding the human homologue of Drosophila Sup-
pressor of Hairy-wing insulator binding protein, and the vitamin D receptor-activated
CYP24A1; only three sites, APOBEC3, FTCD, and C210rf81, were H3K9me3+. Reassur-
ingly, with just one exception, ChlPs confirmed negativity for the active histone mark
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H3K4me3 (not shown). These results are consistent with the idea that NF-Y can be as-
sociated in vivo with areas of the genome containing negative histone marks.
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Figure R.8. ChIP with negative histone marks in nonexpressed NF-Y+ loci. Twelve
NF-Y+/H3K9-K14ac-/H3K4me3- sites, randomly selected from the list of targets
not expressed in Hela cells were analyzed by ChIP with anti-NF-YB, anti-
H3K27me3, anti-H3K9me3, and anti-H4K20me3 antibodies. Enrichment over that
for an irrelevant Flag control antibody was assessed by semiquantitative PCR in
duplicate experiments; enrichments greater than twofold were considered signifi-
cant. The chromosome 11 satellite centromeric region (SATCEN11) and the pro-
moter of the transcribed NF-Y target SON were used as internal controls (top row).
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Figure R.9. Effects of NF-Y removal on gene expression. HelLa cells (left) were in-
fected in parallel with control Ad-GFP, wild-type Ad-NF-YA, and the dominant nega-
tive Ad-YAm29 adenovirus. RT-PCR analyses of infected cells were performed in the
linear range of amplification for the indicated genes. HCT116 cells (right) were ana-
lyzed under the same conditions.
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NF-Y is an activator as well as a repressor

The binding of a TF to a target DNA sequence does not necessarily imply direct tran-
scriptional regulation. To assay the role of NF-Y binding in gene expression, we infected
Hela and HCT116 cells with adenoviral vectors coding for an NF-YA dominant negative
protein (Ad-YA-m29) containing a mutation in the DNA binding domain; the mutant still
associates with the histone fold NF-YB/NF-YC dimer but renders the trimer incapable of
CCAAT association ([38] and references therein). In parallel, we infected cells with wild-
type Ad-NF-YA and Ad-GFP viruses. Under these conditions, expression of CCAAT-
containing, NF-Y-dependent promoters was previously shown to be crippled [16]. Figure
R.9 shows RT-PCR analysis of expressed NF-Y targets associated with positive histone
marks (top); dominant negative YA treatment led to decrease in expression of the genes
analyzed, while little effects were observed in the control wild-type Ad-GFP or Ad-NF-YA
infections. The mRNA levels of control, NF-Y-independent genes such as GAPDH were
unaffected. Similar results were obtained with the HCT116 cells (Fig. R.9, top right). In
parallel, we also analyzed NF-Y loci not expressed and associated with negative histone
marks; some of these genes, notably CYP24A1 and SERPIND, were clearly and specifi-
cally up-regulated by the YA-m29 treatment, both in HeLa and in HCT116 cells.

Note that the former had high levels of H3K27me3 and low H4K20me3; SERPIND
showed the opposite pattern. SUHW1, which was low on both these marks, was very
modestly induced by YA-m29. Interestingly, all these genes contain prototypical CCAAT
boxes in their promoters. We conclude that the presence of an active NF-Y trimer is re-
quired both for the expression of active genes and for repression of some of the NF-Y
targets associated with negative histone marks.

Discussion

Summary

In this work, we correlated the in vivo binding of NF-Y with the presence of H3-K9-14
acetylations and H3-K4 trimethylation using high-density arrays covering chromosome
21 and large parts of chromosomes 20 and 22. We came to the following relevant con-
clusions. A majority of genes analyzed here are targeted by NF-Y, either in the promoter
or in the 5' end region of the gene. Functionally, two types of NF-Y loci exist: one has ac-
tive histone marks and correlates with transcription, and the other is found in sites that
are transcriptionally silent and loaded with negative histone marks. NF-Y serves as an
activator of the former and as a repressor of the latter.

NF-Y Binding Location and Motif Specificity

Several bioinformatic studies have found CCAAT boxes in > 60% of human promoters
[3, 5-7]; specific functional groups, such as those involving cell cycle and endoplasmic
reticulum stress-regulated genes, were found to be quite enriched for CCAAT-containing
genes [4, 8, 43]. Interestingly, analysis of microRNA control sequences identifies NF-Y
as one of the few TFs involved in the regulation of all of them [10].

The first issue tackled here is how frequent are NF-Y binding sites. The answer to this
depends, to some extent, upon the stringency of the analysis. Monitoring 25 promoters
and validations of additional loci helped us fine-tune our analysis, so that we “lose” only
10 to 15% of the positive locations, keeping the false-positive sites at the same level.
The two extremes range from 757 to 2,120 sites; the former is an absolute minimum
that considers only very-high-affinity sites, the latter is a wider look at low-affinity sites
or at sites present only in a subcategory of cells, as ChlPs were made from a heteroge-
neous population. Extrapolation of these numbers to the whole genome brings NF-Y
sites to 35,000 to 80,000, which is high compared to extrapolations performed for
other TFs such as E2F1 (20,000 to 30,000 binding sites [40]). However, it should be
noted that there are at least 200,000 NF-YB molecules within the nuclei of various cell
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lines (R. Mantovani, unpublished data). These data are consistent with the idea that NF-
Y is involved in a wide range of RNA production procedures, both positive and negative;
indeed, the TUs that contained at least one NF-Y site are a majority, 519 out of 907.
However, it should be noted that there are at least 200,000 NF-YB molecules within the
nuclei of various cell lines (R. Mantovani, unpublished data). These data are consistent
with the idea that NF-Y is involved in a wide range of RNA production procedures, both
positive and negative; indeed, the TUs that contained at least one NF-Y site are a major-
ity, 519 out of 907.

The second issue tackled by this work concerns the presence of the CCAAT consensus
in the identified NF-Y sites. Previous location analysis experiments performed with simi-
lar platforms reported a low rate of consensus sites near locations of TFs [40, 44-45],
while others suggested significant variation from the in vitro-derived consensus [46]. It
was found, using stringent criteria, that about 60% of NF-Y binding sites contain a
CCAAT consensus, particularly promoter sites. Furthermore, 1.5 to 2.5 CCAAT boxes per
locus are found; thus, the presence of one or more CCAAT boxes is in general important
for NF-Y binding, in agreement with biochemical in vitro work [14]. Note that the total
number of CCAAT-containing promoters in the cluster analyzed here is 463 out of 907
(51%), which is lower than the 60 to 67% derived from other studies [3]. Nonetheless,
around 35% of the identified NF-Y loci are apparently devoid of CCAAT boxes. There are
explanations for this finding. (i) Variation of a single nucleotide in the CCAAT pentanu-
cleotide was reported to be compatible with NF-Y binding, especially when other func-
tionally important overlapping sites are involved [47-48]. A degenerate CCAAT box
would be missed in our stringent analysis. (ii) The ChlP-on-chip experiments were per-
formed with an anti-NF-YB antibody; since NF-YB and NF-YC subunits are in excess with
respect to NF-YA (Mantovani, unpublished), some CCAAT-less sites devoid of the se-
quence-specific NF-YA might have emerged.

The last point raised by our analysis is related to the genomic location of the identified
NF-Y binding sites. The CCAAT box has long been considered almost exclusively as a
promoter element crucial for Pol Il recruitment [49]. In keeping with expectations [12],
the vast majority of NF-Y PR sites, 70%, are positioned near the TSS, and there is clear
enrichment of sites near the TSS also within the GE cohort (figure R.2.a). However, NF-Y
locations appear to be more scattered, and roughly 50% of NF-Y-positive promoters
contain an extra site within the body of the gene (figure R.2.b). It is possible that their
role in many such cases is related to promoter-enhancer connections, while other GE
locations could be alternative promoters of the same gene or sites of divergent RNA
production. Moreover, within the EL cohort, a large number of sites are located in
MRNA expressing areas, sites of Pol Il activity. This accounts for 20% of the 909 EL
peaks (table RT.1 and figure R.2.b). If we apply to these Pol II/NF-Y+ units the same ra-
tio of 2 sites/unit, as measured in bona fide NF-Y RefSeq GE sites, at least 100 addi-
tional Pol Il units would be added. Extrapolating to the whole genome, we estimate
4,500 NF-Y+ units outside of the annotated RefSeq genes. The remaining EL peaks
could either be enhancer sequences located at a distance from transcribed regions or
TUs whose RNAs have not been annotated yet.

NF-Y: Activator and Repressor Role

It is clear that H3K4me3 acetylation and H3K9-14 acetylation are hallmarks of active
genes [23, 27-28]. Our data for HelLa cells confirm previous results for HepG2, ob-
tained using similar criteria of analysis [27]. First of all we found an excellent correla-
tion between active mark islands and gene expression in Hela cells (Figure R.3.a-b).
Second, as the overlap between expressed and not expressed genes in HelLa and
HepG2 cells is quite high (85%), we found a remarkable degree of coincidence between
histone mark sites in the two cell lines, with deviations only for H3K4me3 within genes,
an effect due to cell type-specific patterns and/or to our underestimation of such a
category (Figure R.3.a-b). A similar picture emerged also by comparison with the data
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set of Guenther et al. [32], obtained with human ES cells [A1: File S5I to K]. Skewing
toward expression was less evident for H3K4me3-positive promoters in ES cells, in
agreement with previous observations [29].

NF-Y binding has been so far mostly associated with two possible transcriptional states:
an actively transcribing gene and a poised promoter, with a pre-bound NF-Y ready to
help recruiting whichever TF is specifically responsible for full activation following a
stimulus. Indeed, the majority of NF-Y-bound units contains H3K9-14ac and H3K4me3
sites and is expressed. Note that active genes are expected to be readily discernible in
Affymetrix profiling data, while the levels of the inducible ones might not, thus under-
scoring this already significant correlation.

It has long been known that the binding of TFs and cofactors to promoters is a hallmark
of expression, by signaling to the Pol Il transcription machinery the positional coordi-
nates [2]. It would seem logical, therefore, to postulate that positive histone marks are
positioned according to a code determined by the sequence-specific TFs. Reassuringly,
several studies have confirmed that TF binding indeed correlates with the presence of
“active” marks and with gene expression. In a thorough study performed with quantita-
tive PCR on the correlation between > 30 histone modifications and MYC sites, Guc-
cione et al. [50] concluded that the presence of

H3K4me2/3, H3K9-14ac, and H3K79me2 is a prerequisite for MYC binding. Interest-
ingly, elimination of MYC had little effect on the levels of these modifications, unlike
what was found for H4 acetylations, which were decreased [50]. Clearly, this is not the
case for NF-Y, since our unbiased analysis identified NF-Y regions devoid of these active
histone marks.

The most surprising result is the identification of the discrete cohort of NF-Y+ TUs in
which H3K9-14ac and H3K4me3 islands are absent and specifically enriched in A calls
(almost 80%); this indicates that NF-Y is not always associated with active/inducible
transcription. This cluster comprises mostly tissue-specific and developmentally regu-
lated genes (figure R.7.a-c) and is associated with repressive histone marks such as
H4K20me3 and H3K27me3. While hints at a negative role for NF-Y in transcription had
previously been reported [38, 51-53], we are intrigued by the extent of this phenome-
non, which involves 20 to 25% of the total binding sites. Significantly, we find that re-
moval of the NF-Y trimer leads to activation of these loci. Among the de-repressed,
CYP24A1, but not SERPIND, is H3K27me3+. It is known that this modification is asso-
ciated with Polycomb [37]; hints to a possible mechanism of repression through deposi-
tion of this negative mark come from recent experiments with Caenorhabditis elegans,
in which ceNF-Y function has been genetically linked to Polycomb through direct inter-
action with the ESC/E(Z) component [54].

The structural resemblance of NF-YB-NF-YC to H2A-H2B should be remembered when
considering the bifunctional behavior of NF-Y. The first sign of an opening chromatin
cluster, and one specifically required for H3K4me3, is monoubiquitination of H2B on
K123 [55]; we noted that lysines are present in the corresponding region of the H2B-
like NF-YB, and indeed NF-YB is monoubiquitinated (G. Donati and R. Mantovani, data
not shown). On the other hand, H2A is monoubiquitinated by Polycomb components,
and the functional significance of this modification is opposite to that of H2Bubiquitin,
leading to repression of transcription [56]. Thus, H2A-ubiquitin could serve as a signal
to recruit H3K27 methyltransferase.

Given the dual dominant NF-Y function uncovered here, we are tempted to speculate
that a code of posttranslational modifications may exist for the histone-like NF-Y. The
bivalent behavior of NF-Y and its independence from a specific pattern of activating
versus repressive histone modifications might have important consequences for tran-
scriptional regulation at bivalent loci that have been recently mapped in both ES and
lineage-committed cells. At these sites, in fact, the activating H3K4me3 and the re-
pressive H3K27me3 are present together on areas of the genome “poised” for alterna-
tive developmental fates [57-59]. Interestingly, the role of NF-Y in stem cells has been
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highlighted by two recent studies: (i) NF-YA was shown to be required for maintenance
of hematopoietic stem cells [60] and (ii) the CCAAT box was found to be specifically en-
riched in conserved regions of genes highly expressed in mouse and human ES cells,
with NF-Y being required both for regulation of these elements and for cell survival [9].
Moreover, a switch in the two major isoforms of NF-YA was noticed upon differentiation,
with the “short” form being highest in stem cells and decreasing in embryonic bodies.
Note that this isoform is specifically required for stemness in the hematopoietic system
[60]. These results, considered together with the widespread bifunctional role of NF-Y
and its independence from specific methyl marks shown here in committed Hela cells,
suggest that NF-Y might be associated with bivalent sites in ES cells, possibly even
regulating their positioning. Because of its structure and histone interactions [61], NF-Y
would be ideal to maintain nucleosome-free areas, accommodate accessibility of
nearby TFs, and recruit modifying complexes, positive or negative. This hypothesis and
the cause-and-effect relationships between the positioning of histone marks and NF-Y
binding will now be investigated with appropriate genetic experiments.
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ROC Model Expression Profiling

Gene Expression Profiling
of the R9C Transgenic Mouse Model for Dilated Cardiomyopathy.

Abstract

Cardiomyopathies of diverse etiology impair cardiac muscle function and frequently
progress to a convergence point where they induce heart dilatation and overt failure.
Although heart failure is a major source of global morbidity and death in the developed
world, afflicted patients are typically diagnosed with end stage disease when few effec-
tive avenues for restorative intervention remain and clinical outcomes are poor.

In order to elucidate the molecular basis of cardiomyopathy pathogenesis, we per-
formed an extensive gene expression survey of cardiac ventricle samples, isolated from
a transgenic mouse model of cardiomyopathy, which is characterized by the overex-
pression of the phospholamban (PLN) mutant R9C. PLN-ROC interferes with Ca** cy-
cling and cardiomyocyte relaxation, eventually leading to death by heart failure between
16 and 24 weeks of age.

In addition to traditional mMRNA microarray profiling, we also profiled microRNA (miRNA)
transcriptional patterns, as these non-coding RNAs play an important role as gene ex-
pression modulators. Samples were extracted at 8, 16 and 24 weeks of age, from
transgenic mice and normal control littermates.

The analysis of global transcriptional patterns displayed a very high correlation with
heart functionality indexes, confirming the validity of the study. Functional profiling en-
abled to generate a map of cellular processes differentially regulated in R9C-induced
DCM. Activated processes included immune response and inflammation, apoptosis, cy-
toskeleton remodeling, extracellular matrix deposition, growth factor signaling and
other regulatory pathways; inhibited process included oxidative metabolism, mitochon-
drial components and peroxisome activity/biogenesis. To further understand the regu-
latory pathways controlling the pathogenetic process, we identified differentially ex-
pressed miRNA whose predicted targets were enriched by differential transcripts
(upregulated targets for down-regulated miRNA, and vice-versa). This analysis enabled
to identify miR-1 as an outstanding regulator in DCM, a finding that was confirmed by
comparing the transcriptome of R9C mice to miR-1 knockout mice.

Further study is being devoted to (1) a more comprehensive characterization of tran-
scriptionally active regulatory pathways, (2) the identification of other miRNA involved in
the DCM pathogenesis, and (3) the comparison of these results to other cardiomyopa-
thy models (e.g. hypertrophic) and profiling data from human patients.
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Background

Heart Failure and Dilated Cardiomyopathy

Heart failure (HF) is a condition in which a problem with the structure or function of the
heart impairs its ability to supply sufficient blood flow to meet the body's needs. It is
one of the most common, costly, disabling, and deadly medical conditions encountered
by a wide range of physicians and surgeons in both primary and secondary care [1].
Cardiomyopathies of diverse etiology impair cardiac muscle function and frequently
progress to a convergence point where they induce heart dilatation and overt failure.
Dilated cardiomyopathy (DCM) is characterized by dilatation and impaired contraction
of 1 or both ventricles in the absence of significant coronary artery disease. The inci-
dence of DCM has been estimated to be 5 to 8 cases per 100,000 individuals, with a
prevalence of 36 per 100,000 [2]. Thus, DCM is a leading cause of heart failure and
cardiac transplantation in Western countries [3]. The high morbidity and mortality asso-
ciated with DCM underscore the need for a better understanding of the underlying mo-
lecular events leading to heart failure in DCM.

The R9C-PLN Transgenic Mouse Model of Dilated Cardiomyopathy

Reduced contractile function and pathological remodeling are recognized clinical hall-
marks of heart failure, but the critical early events that impair myocyte performance are
largely undefined [4].

Intracellular Ca** handling is the central coordinator of cardiac contraction and relaxa-
tion [5]. Contraction begins with sarcoplasmic reticulum (SR) release of Ca** into the
cytosol via the ryanodine receptor; relaxation occurs with SR Ca** reuptake through the
Ca** adenosine triphosphatase (ATPase) SERCA2a pump. Phospholamban (PLN), an
abundant, 52-amino acid transmembrane SR phosphoprotein [6], regulates the Ca**
ATPase SERCA2a. In particular, PLN acts as SERCA2a inhibitor, unless it is phosphory-
lated by Protein Kinase A (PKA).

A phospholamban mutation at nucleotide 25, which encodes an Arg 3 Cys substitution
at codon 9 (R9C), causes inherited human dilated cardiomyopathy, with dominant ef-
fect; the onset of dilated cardiomyopathy in affected patients typically commences dur-
ing adolescence followed by progressive deterioration in cardiac function leading to cri-
sis and mortality [7]. A transgenic mouse model of this mutation (tagged throughout the
text as R9C) showed a remarkably similar cardiac phenotype, with the afflicted mice
presenting with early onset dilated cardiomyopathy characterized by decreased cardiac
contractility and premature death [7]. Cellular and biochemical studies revealed that,
unlike wild-type PLN, PLN-R9OC did not directly inhibit SERCA2a. Rather, PLNROC PKA,
consequently blocking PKA-mediated phosphorylation of wild-type PLN, and preventing
the modulation of its SERCA2a inhibitory activity [7].

microRNAs

MicroRNAs (miRNA) are single-stranded RNA molecules of about 21-23 nucleotides in
length, involved in gene regulation. miRNAs are encoded by genes that are transcribed
from DNA but not translated into protein (non-coding RNA, cf. figure B.1). miRNAs are
transcribed to primary transcripts (pri-miRNA), usually by Pol-ll, and fold into a typical
stem-loop secondary structure; pri-miRNA are then cleaved, generating a shorter stem-
loop structure (pre-miRNA), which is exported to the cytosol, and further cleaved to a
short RNA duplex. miRNA enters the RISC (RNA-Induced Silencing Complex) as ssRNA,
and binds a complementary sequence in the 3’ UTR of the target-transcript they acti-
vate target transcript degradation (mediated by a RISC endonuclease), and/or inhibit its
translation [8].



Since target-recognition is guided by sequence complementarity, different methods

have been proposed to predict miRNA target transcripts (e.g, TargetScan [9]).
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Figure B.1. A comprehensive classification of non-coding RNA types in metazoans.

Materials and Methods

Sample Preparation

Male and female mice were analyzed at 8, 16, and 24 weeks by M-mode and Doppler
echocardiography for non-invasive assessment of left ventricular function and dimen-
sions. Immediately prior to the preparation of cardiac tissue samples, at least six mice
in each category were COz-asphyxiated, and the ventricle muscle was collected rapidly
and rinsed in ice-cold PBS. For pathology and histological analyses, the hearts were
washed extensively in ice-cold PBS and fixed immediately with ice-cold 4% paraformal-
dehyde in PBS. Cardiomyocytes were isolated, and intracellular Ca** measurements
were performed.

Microarray Technology and Data Analysis

Microarray-based global mRNA profiling experiments were performed using the Affy-
metrix Mouse 430 2.0 full-genome array chips. Raw image data were analyzed using
the Affymetrix MASH software package; resulting .CEL files were then imported (using
the affy R/Bioconductor [10] package) and processed using the rma algorithm, as im-
plemented in the rma R/Bioconductor package; rma inlcudes a sample normalization
step. MiRNA expression profiles were generated using the Exigon miRNA microarray
platform. PCA (Principal Component Analysis) was performed using the Ade4 R pack-
age; the rows of the data matrix were normalized subtracting the mean and dividing by
standard deviation, a common pre-processing step when performing PCA. miRNA were
ranked using the ratio of the mean signal within each class (R9C-DCM 16 weeks, wild-
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type 16 weeks); miRNA with one or more expression value not available across the rep-
licates were discarded from the analysis. Kolomogorv-Smirnov tests were performed us-
ing R.

Functional Enrichment Map

The functional enrichment map was generated as follows. Gene Ontology (GO) func-
tional enrichments were computed using the GSEA test [11], with Pearson correlation
to fractional shortening as differentiality metric. GO was previously filtered to exclude
terms with less than 10 or more than 500 annotated genes. Enriched terms were se-
lected if they passed an uncorrected p-value threshold of 0.01 and an estimated False
Discovery Rate lower than 10%. In order to visualize the terms in the functional enrich-
ment map, an interaction network was first generated among gene ontology terms.
Terms were regarded as set of genes, and the overlap among these sets was computed
using a modified version of the Jaccard coefficient (Jc). Given two sets A and B, the Jc is
usually computed as the ratio between the size of the intersection and the union of set
A and B; since GO-derived gene sets typically have very different sizes, the size of the
union was replaced by the size of the smallest set; only interactions with modified Jc
larger than 0.5 were retained. The resulting network was visualized using Cytoscape
[12], applying the organic layout. The network was additionally edited manually, to re-
move terms without a specific biological scope (e.g. Cellular Macromolecular Complex
Subunit Organization), which were not previously removed by the size-dependent filter.
Node color, accounting for term state (up-regulation, down-regulation) was assigned us-
ing GSEA uncorrected p-value.

Results

Transgenic Model Phenotype

We established a survival curve for the transgenic line in which 44 mice overexpressing
the ROC transgene under control of the myosin heavy chain, cardiac-specific promoter
and 79 littermate controls were analyzed. The PLN-R9C mice had a median survival of
only 20 weeks with fewer than 15% persisting past 24 weeks. The first recorded deaths
in the PLN-R9C line were observed between 12 and 16 weeks of age, whereas only one
wild-type control mouse died over the entire 24-week period. For our subsequent gene
expression analyses, 24 weeks was established as end stage human dilated cardio-
myopathy due to the high mortality, 8 weeks was established as a time point represen-
tative of early stage disease prior to the first recorded mortality, and 16 weeks was es-
tablished as a midpoint in disease progression. However, enlargement of both ventricle
and atria was evident by 8 weeks of age in the PLN-R9C mice. Likewise cross-sections
of the myocardium stained with hematoxylin and eosin showed thinning of the ventricu-
lar wall and evidence of left ventricular dilatation in the 8-week transgenic animals with
continued progression of dilatation with age. High power magnification also indicated
obvious regions of fat and connective tissue infiltration and muscle degeneration in the
PLN-R9OC hearts even at the 8-week time point (figure R.1).
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Figure R.1. Phenotypic analyses of wild-type and R9C mice. Top left: survival curves
for wild-type and ROC mice. Top right: cardiac sections show significant cardiac
enlargement in the ROC mice even at the earliest time point of 8 weeks of age.
Middle: histological sections with higher power micrographs show evidence of car-
diac disease from 8 weeks of age. Bottom left: measurement of anterior and pos-
terior wall thickness in wild-type and R9C mice. Bottom right: cardiac shortening
assessed by echocardiography; significant functional impairment in the R9C trans-
genic animals begins as early as 8 weeks of age.

Global Transcription Patterns

Transcripts were profiled at 8, 16 and 24 weeks for wild-type and transgenic animals.
To understand the global behavior of gene expression, the expression data matrix was
analyzed using Principal Component Analysis (PCA). PCA is a dimensionality reduction
techniques that projects the data into a new space, whose dimensions are ranked ac-
cording the amount of original data variation explained; its typical application to gene
expression data consists in the projection of the samples into a new “meta-gene”
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space, where dimensions correspond to distinct patterns of gene expression. As dis-
played by figure R.2, the first two Principal Components account for a relevant share of
original variation (evaluated as the sum of their eigenvalues, which is larger than 40%
of the total sum). PC-1 is characterized by particular biological significance, as it ex-
plains the disease progression: wild-type samples have negative values, whereas trans-
genic (R9C-DCM) samples have increasingly positive values from 8w to 16w, reaching
saturation at 24w. Replicates display a very limited dispersion along PC-1, with the only
exception of R9C.hd.w16.4. We confirmed the biological significance of PC-1 by com-
puting the Pearson correlation between PC-1 sample coordinates and three quantita-
tive phenotypes of DCM (Dilated Cardiomyopathy): wall thickness, fractional shortening
and survival rate. Correlation was always larger than 0.8, and maximal for fractional
shortening.

PC-2
RIEHE I 0.3
S - Rachdwa1  ROC-DCM 16w
FOCHAEE Wi .2 RIC.hewd 6.1
RAC.helw16.3
R 9C it wB.3 R hiwi 62
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PR RIC.het+§24.3
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RG24 2 RIC hawed 1 |
v RIC hekw}d 2}
RIC hew16.4
PC-1 Eigenvalues | |
. 0.0 0.5 pC-1

PC-2

Disease Progression

Figure R.2. Principal Component Analysis. The central diagram is a bi-plot, display-
ing the sample in the new “meta-gene” space; the coordinates are Principal Com-
ponent (PC) 1 and 2. Profiled samples are displayed as grey dots with a text label
specifying their identity; colored dotted box group samples belonging to the same
class. The bottom-left diagram is the eigenvalue barplot; the intensity of each ei-
genvalue is related to the amount of original variation explained by each PC. PC 1
and 2 have cognate eigenvalues standing out of the distribution.

PC-2 is less straightforward to explain biologically. Apparently, it discriminates R9C-DCM
8 weeks from both wild-type and R9C-DCM 16-24 weeks; however, replicates show a
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significant dispersion along PC-2, suggesting some caution in its interpretation. Prelimi-
nary evidence (data not shown) suggests that PC-2 may account for an initial stress re-
sponse, occurring in R9C-DCM at 8 weeks, but then declining at 16 and 24 weeks. This
hypothesis will be further investigated.

Functional Enrichment Map

To identify the processes differentially regulated in R9QC-DCM we adopted a novel visu-
alization approach, termed Functional Enrichment Map. First of all, we decided to focus
our attention on the gene expression pattern displayed by the first principal component,
as it strongly relates to disease phenotypes. An enrichment test was performed on
Gene Ontology [13] terms, in order to select the ones enriched by genes highly corre-
lated to fractional shortening (fractional shortening was specifically picked as it better
relates to gene expression patterns). The selected terms were then re-organized in a
network, termed Functional Enrichment Map, which captures term regulation state (up-
regulation, down-regulation) and term inter-dependence. Term inter-dependence is
specifically modeled considering the number of genes co-annotated under two different
terms: if two terms annotate the same genes, or if the genes annotated by one term
form a completely included subset of the genes annotated by the other term, the inter-
action score is one; more in general, the interaction score is computed using a modified
version of the Jaccard coefficient (see Materials and Methods).

The Functional Enrichment Map clearly displays large clusters of highly inter-related
terms, with the same activity state. Outstanding biological functions, previously related
to Dilated Cardiomyopathy can be identified; for instance, Immune Response, Apop-
tosis, Actin Cytoskeleton Remodeling, and Extracellular Matrix / Collagen Biosynthesis
are all up-regulated; Oxidative Metabolism is down-regulated. Additional biological func-
tions offer promising insights into the regulatory pathways controlling DCM pathogene-
sis, such as Ras/Rho Signaling, Growth Factor Signaling and Embryonic Developmental
Processes.

The global, manually annotated view of the Functional Enrichment Map is displayed in
figure R.4.a. Local, magnified views of local areas of the map are provided by figures
R.4.Q1-11, according to the break-down scheme displayed in figure R.4.b.
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Figure R.4.Q1. The
Immune Response
cluster, part 1.
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Figure R.4.Q4. Different Processes
contributing to tissue remodeling.
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Figure R.4.Q6. Growth and
cell fate pathways.
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Figure R.4.Q8. Oxidative
metabolism cluster, part 2,
loosely coupled to
Carbohydrate metabolism.
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miRNA Analysis

miRNA Selection

miRNAs were profiled at 16 weeks for wild-type and transgenic animals; the completion
of the design, in order to include the 8 and 24 weeks time-points, is currently under
course.

Considering the 16 week miRNA profiling, we designed the following test, to identify
mMiRNA actively involved in ROC-DCM pathogenesis. We first ranked miRNA by differen-
tial gene expression, and filtered the ones with robust expression signals and mapped
to public databases. Then, we tested their target sets (according to TargetScan 4.2. se-
quence-based predictions [9]) for enrichment in up-regulated or down-regulated genes,
using the Kolmogorov-Smirnov test (KS-test) for distribution inequality. miRNA that are
actively involved in R9C-DCM pathogenesis are expected to be differential and to have
targets enriched in differential genes, but with opposite sign, since miRNA act as post-
transcriptional inhibitors. In other words, if a miRNA is up-regulated, its targets are ex-
pected to be down-regulated, and vice-versa. Specifically, we selected only those
MiRNA whose target-set enrichment p-value is large enough to be associated only with
one of the two ends of the miRNA ranking (figure R.5.a-b).

Target up-regulation
(KS-test p-value)

/ miR-1
106 — -
/ miR-29c¢
M Threshold
103 -|{+----------———-——-—--"—-—-"—"—"—"———
Most Most
down-regulated miR up-regulated miR

Figure R.5.a. Differentially expressed miRNA and associated target-set enrichment
p-value for up-regulation. miR-1 is the only miRNA displaying a p-value larger than
the confusion threshold (brown); miR-29c¢ is borderline. P-values below the confu-
sion threshold can be associated to the target-sets of both down-regulated and up-
regulated miRNA, and therefore are deemed not significant.



Target down-regulation
(KS-test p-value)

102 —

Most Most
up-regulated down-regulated
miR miR

Figure R.5.a. Differentially expressed miRNA and associated target-set enrichment
p-value for down-regulation. None of the miRNA passes the confusion threshold.

Surprisingly, one down-regulated miRNA passes this very stringent test, but none of the
up-regulated. The selected miRNA is miR-1, a well known regulator of cardiac develop-
ment and function [14].

Computational miR-1 Validation

In order to validate miR-1 role in ROC-DCM, we performed an extensive comparison be-
tween the transcriptomes of R9C-DCM and miR-1 KO [14].
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Figure R.6. Genes up-regulated in miR-1 KO display a larger than randomly ex-
pected overlap with genes upregulated in ROC-DCM. The y axis represents the frac-
tional overlap between a running selection of up-regulated or down-regulated
genes in R9C-DCM and miR-1 KO, after correction for the expected random over-
lap. The x axis represents the threshold used for the running selection (top x frac-
tion of up-regulated and bottom x fraction of down-regulated genes). Green and red
represent the overlap of up-regulated and down-regulated genes, respectively.
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miR-1 KO data is referred to a very similar system (mouse, heart ventricular samples),
and thus very limited discrepancy due to experimental factors is expected. As displayed
by figure R.6, up-regulated genes in R9C-DCM and miR-1 KO are characterized by a
consistent overlap which, even after correction for the expected random overlap, rang-
es between 10 and 25%.

miR-1 Putative Pathway

miR-1 is positively regulated by the transcription factors MyoD and the Mef2 complex
[15]. These transcription factors also control the promoter of miR-13335, a miRNA in-
volved in muscle differentiation [14-15]. As displayed by figure R.7, the differential tran-
scriptional states at 16 weeks of miR-1, miR-133 and its transcriptional activators Mef2
and MyoD are highly consistent.
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miR-1 miR-133
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Figure R.7. miR-1 putative pathway. Red represents down-regulation and blue
represents up-regulation.

Discussion

The results insofar are promising, but require additional work, both in terms of experi-
mental validation and computational analysis. Additional computational work is cur-
rently being devoted to the in-depth interpretation and validation of the active proc-
esses identified through the Functional Enrichment Map. The same visualization ap-
proach can be exploited also to compare the R9C-DCM model to other murine models
of cardiomyopathy, or to transcriptional data from human patients; another interesting
application would be to identify and visualize which processes are specifically regulated
by miR-1, exploiting the miR-1 KO transcriptional signature and miR-1 predicted targets.
The efficacy of the miRNA selection criterion, combining miRNA differentiality and tar-
get-set differentiality, may be disputed, given the extremely limited number of candi-
dates found; to overcome this problem, data from different miRNA microarray platforms
will be evaluated and pooled together if necessary, and alternative tests for target en-

35 miR-133 is differential at 16 weeks, and has a target-set significantly enriched in up-regulation,
yet it is not selected after the previous analysis, as it does not pass ours stringent test on the
robustness of gene expression signals.
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richment in up-regulated or down-regulated genes will be taken into account and
benchmarked, beyond the KS-test.
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