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PUBLISHABLE SUMMARY 

Work package 9 (WP9) is responsible for creating the HeCaToS data management infrastructure. Two of 
the main components of this infrastructure are:  
1) Data warehouse, a catalogue of toxicogenomics projects, studies, and datasets providing cross-

dataset searching capability, and  
2) ChEMBL database that contains bioactivity data on nearly 1.5 million drug-like molecules, extracted 

from the medicinal chemistry literature or from other public domain databases. 
 
This deliverable describes two distinct efforts within WP9: 

- First, to address the work package objective to provide indexing and annotation of data within the 
HeCaToS data warehouse to allow for more flexible querying, we report on the data standards 
implemented in the BioStudies database that serves as the platform for the HeCaToS data 
warehouse. We have developed a customised submission template, to ensure that all HeCaToS data 
submissions use consistent sample naming and descriptions, according to the needs of data 
analysts. Also, the BioStudies database allows ontology-aware searching using the Experimental 
Factor Ontology. This makes it possible for the user to query BioStudies using, e.g., disease terms. 

- Second, to address the work package goal to index existing assays within ChEMBL to ensure 
availability of data for HeCaToS modelling efforts, we report on the annotation of ChEMBL assay 
descriptions with Medical Subject Headings (MeSH), which describe concepts such as diseases and 
cellular processes. A process was established to annotate the descriptions using a publicly available 
software system called the Medical Text Indexer, and all 1.2 million ChEMBL assay descriptions have 
been processed. The preliminary results suggest that the annotation is useful for identifying lower-
level processes relevant to disease and toxicity. This is expected to enable queries aimed at 
discovering relationships between organism-level outcomes and lower-level assays, as well as aid 
data pooling in support of WP1 deliverables. 

 

OBJECTIVES 

According to the HeCaToS Description of Work: 

- Provide deeper indexing and annotation of data within data warehouses to allow more flexible 
querying; 

- Build a map of toxicology assays from available data, and use this clustering to guide model design 
and generation. 

 
These objectives relate to Task 9.5: 

- Curation and indexing of bioassays related to the toxicity associated targets will be performed 
across both ‘omics and phenotypic assay systems to ensure maximal alignment of available data 
towards toxicity prediction, and also to enable the application of multi-scale modelling. Where 
available ontologies, such as the BioAssay Ontology (BAO) will be used to describe assays. Tools will 
be developed to identify data outliers, and inconsistent data, and such data will be flagged in the 
database, in a similar way to that used in ChEMBL. 
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INTRODUCTION 

This report describes two distinct efforts within WP9, both addressing the above objectives. First, 
related to objective 9.4, we describe the data standards used for submissions into the HeCaToS data 
warehouse (based on the EBI’s Biostudies database), as well as the ontology-aware query mechanism 
implemented. Second, related to objective 9.7, we report on the annotation of ChEMBL assay 
descriptions with Medical Subject Headings (MeSH) to support modelling efforts. 
 
In the Milestone Report MS.14 “First set of novel experimental data successfully uploaded to data 
warehouse” we described and analysed the various potential ways of uploading data into the HeCaToS 
data warehouse. These options were discussed at length during the annual project meeting in 2015, and 
the consensus was reached to use a HeCaToS-specific template for describing the studies performed and 
the resulting datasets. Submissions from project partners are further processed by the data manager at 
EBI, and loaded into the data warehouse. Since the HeCaToS data warehouse runs within the BioStudies 
database at EBI, HeCaToS benefits from all developments performed for that generic resource. One of 
the features relevant for this report is ontology-aware search – as an example, users can search for 
“liver disease” and get not only studies explicitly annotated by that term, but also, e.g., all 
“hepatocellular carcinoma” studies. This feature will be especially useful after the public release of 
HeCaToS data in future, when these datasets will be searchable along with the other 600,000+ studies in 
the BioStudies database. 
 
A substantial part of the ChEMBL database is functional, cellular and phenotypic assays. In contrast to 
the target binding data in ChEMBL, which is generally well understood, these functional and higher-level 
assays are still relatively unexplored. The majority of functional assays in ChEMBL is cell- and organism-
based, whereas a minority has a tissue-based or subcellular format. Since these assays span levels of 
biological organisation, they are of primary interest for multi-scale modelling and the discovery of 
adverse outcome pathways. 
 
One of the tasks of WP9 is to curate and index bioassays relating to toxicity-associated targets, and to 
ensure maximal alignment of available data towards toxicity prediction and the application of multi-
scale modelling (Task 9.5). Some examples of functional assays in ChEMBL are shown in Figure 1 along 
with their Bioassay Ontology (BAO)1 classification as currently available in ChEMBL.  
 

 
Figure 1: Examples of functional assays in ChEMBL 21 together with their Bioassay Ontology Assay Format 
classification, showing assays are indexed across a hierarchy of biological organisation 

 
ChEMBL assays are currently annotated and indexed using a variety of ontologies. The Bioassay 
Ontology Format classification provides information on the experimental system used, e.g. cell-based 
format refers to assays that use whole cells, as opposed to biochemical or organism-based format. 
However, this does not help to define which disease or toxicity an in vitro assay is relevant to. ChEMBL 
targets are mapped to UniProt2 identifiers, and cells and tissues are also indexed using various 
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ontologies. However, currently no indexing of diseases or cellular processes within ChEMBL assays 
exists. Given the diversity of the functional data in ChEMBL, indexing of related assays with a controlled 
vocabulary would support identification of data relevant to the modelling efforts in WP1.  
 
The tasks of EBML-EBI within WP1 (Computational Chemistry) include developing approaches to model 
curated higher order assays, which are linked to lower-complexity target-based models, and to 
investigate methods for bioassay pooling to extend the scope of models. For example, WP1 has built a 
graph database using ChEMBL data to facilitate the exploration of relationships between higher-level 
assays and target-based assays. The first investigations using the graph database have already revealed 
a need for standardisation and simplification of the network structure, in order to detect patterns 
among the noise, and to identify predictive lower-level functional assays. More detailed indexing of 
bioassays in ChEMBL is expected to benefit these tasks. 
 
Medical Subject Headings (MeSH) is a controlled vocabulary provided by the National Library of 
Medicine (NLM) for indexing and cataloguing biomedical journal articles in PubMed and other health-
related information.3 MeSH terms cover a wide range of subject areas: for example, MeSH concepts 
include diseases, organ physiological processes and cell physiological process.4 Given this wide scope, 
we decided to annotate ChEMBL assays with MeSH terms. 
 
In the results section below we report on the annotation of ChEMBL assay descriptions with MeSH 
terms. First, we report on the system used to annotate the ChEMBL assay descriptions. We then 
illustrate how the annotation helps identify relevant lower-level processes for two diseases, and outline 
the potential benefits for WP1. 
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RESULTS 

 
Data standards and ontology-aware search in BioStudies 

The template for HeCaToS data acquisition was developed in Excel (see Figure 2). It follows the “key-
value” model – e.g., ‘Submission’ is the key, while the associated value is S-HECA18. Most studies are on 
the effect of different compounds on cardiac microtissues. Some others are describing functional data, 
as well as sample descriptions and processes. A single submission template is used across different types 
of studies. 
 

 
Figure 2: Layout of the HeCaToS data acquisition template 
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A submission template includes a header that describes some technical information, followed by a 
section describing the metadata of the study: title, factor names, the technology used, the study 
description, references of the samples used, compounds and doses, and a few others. All these 
annotations are constant across the study. 
 
This is followed by a table with file names, and the information that helps interpret the individual files, 
i.e., information that is not constant across the study. For a compounds effect study, this information 
would include sampling date, time points, and dosage regime. At the end of the template the 
information about the submitter can be entered. 
 
Figure 3 illustrates how the data is represented in the web interface. 
 

 
 

Figure 3: Example of a HeCaToS study, as available via the data warehouse user interface. 

 
 
In addition to a list of studies (as in Figure 5), which is the default representation of a set of studies in 
the BioStudies user interface, we have developed a HeCaToS-specific study overview page, which 
provides an easy to use, 2-dimensional overview of what data is available. The two dimensions are for 
the compound, and the technology used. 
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Figure 4: HeCaToS compound study overview page 

 
 
 

 
Figure 5: HeCaToS studies – list view 

 
 
Finally, Figure 6 illustrates the ontology-aware search in BioStudies, which is available in the HeCaToS 
context. Users can use a term hierarchy when typing in their search terms, and the search results 
include not only direct text matches (2nd study in the example), but also hits found via traversing the 
ontology (1st study). 
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Figure 6: Ontology-enabled auto-complete and search in BioStudies 

 
 
Annotation of ChEMBL assay descriptions  

Background 

Two forthcoming HeCaToS tasks for WP1 are… 

- T1.10: Develop approaches to extend scope of models through data pooling (cell lines, species, target 
families etc.); 

- T1.11: Develop predictive models for higher-level curated functional assays, linked to lower 
complexity, target based models. 

 
These tasks are interrelated, as pooling of functional assay data from ChEMBL will most likely be 
required in order to enable it’s modelling using target-based models. Pooling of data for a given protein 
target is routine in QSAR modelling exercises. However, it is much more difficult to do this with cell-, 
tissue- or organism-based functional assays, as it is rarely obvious which assays are appropriate to 
merge. This is due to the heterogeneity of assay systems, readouts, cell lines, animal models etc. used in 
these assays.  
 
One approach to solving this problem might be to annotate ChEMBL assays with ontology terms. Assays 
tagged with common (at some level of the ontological hierarchy) terms might then be candidates for 
pooling. One ontology that is of interest is MeSH, as it is widely used in the biomedical community and 
has good coverage of the relevant knowledge domain. For these reasons, and because a tool for 
automatically annotating texts is available (see below), we decided to explore this ontology first. 
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Methods and annotation system 

MeSH terms are hierarchically organised within the MeSH hierarchy, and each descriptor has a list of 
corresponding ‘entry terms’, which are synonyms and closely related terms that can be used for 
indexing purposes.5 An example of the MeSH descriptor for cholestasis and its entry terms is shown in 
Figure 7. There are more than 27,000 unique MeSH descriptors in MeSH version 2016, each having its 
own list of entry terms. In addition, there are more than 230,000 MeSH supplementary concepts, which 
include chemical names and rare diseases. 
 
 
 

 
Figure 7: An example of a MeSH descriptor showing its unique ID, preferred term, and entry terms (synonyms). 

 
ChEMBL 21 has more than 1.2 million assays with assay descriptions available for annotation. Designing 
systems for large-scale automated assignment of MeSH headings to biomedical text is a field of research 
on its own, and machine learning methods continue to be investigated for addressing the task.6–8 One of 
the first MeSH indexing systems to have been published is the Medical Text Indexer (MTI) by the 
National Library of Medicine (NLM).9 The MTI software is used in-house by the NLM to suggest MeSH 
terms to curators who index and catalogue new citations.10 The NLM MTI is used as a baseline for 
evaluating the performance of other indexing systems.6,8 Given it is publicly available and provides a 
convenient Application Programming Interface (API), we used the MTI for annotating ChEMBL assays. 
  
Two major components of the MTI system are MetaMap Indexing, and PubMed Related Citations. 
MetaMap Indexing identifies and ranks biomedical concepts in the text supplied, which are 
subsequently mapped to MeSH concepts. Additionally, MeSH terms are extracted from PubMed Related 
Citations, which are the documents most similar to the supplied text or abstract. When using the MTI 
API, MeSH headings recommended from both pathways are returned. 
 
General counts of annotated assays 

We developed a workflow to submit assay descriptions from ChEMBL to the Medical Text Indexer API 
for annotation. We submitted all assay descriptions from ChEMBL version 21 and retrieved at least one 
MeSH descriptor or supplementary concept for more than 1.2 million assays. The system did not suggest 
any terms for 4555 ChEMBL assays. An example of a ChEMBL assay description and the MeSH terms 
annotated to it by the MTI is shown in Figure 8. 
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Figure 8: An assay description from ChEMBL and its corresponding MeSH terms annotated by the Medical Text 
Indexer system 

 
The highest-level categories in the MeSH hierarchy are shown in Figure 9. The most relevant categories 
are highlighted, including diseases, investigative techniques, and processes. The underlying idea is to 
discover, e.g., biological processes and experimental techniques used in ChEMBL assays which are 
associated with diseases or toxicity. Category F is highlighted because some mental diseases fall under 
this category (category F03). The number of ChEMBL assays annotated with terms from these categories 
and all its child terms is shown in Figure 10.  
 

 
Figure 9: Categories in the MeSH hierarchy. Categories of interest for the ChEMBL assay annotation are 
highlighted. 
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Figure 10:  The number of ChEMBL assays annotated with the MeSH headings listed (or any of its child terms). 
Counts have been grouped by categories at one level below the highest level in the MeSH hierarchy. Only the top 
30 categories are shown.  

 
The number of assays annotated with terms within each disease category is shown in Figure 11. In total, 
more than 300,000 assays were annotated with at least one term from the disease categories in the 
MeSH hierarchy. 

Figure 11: The number of ChEMBL assays annotated with MeSH headings for diseases (or any of its child terms). 

 
The top 15 counts for the number of assays annotated with ‘Cell Physiological Processes’ are shown in 
Figure 12. 
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Figure 12: The number of ChEMBL assays annotated with Cell Physiological Processes from the MeSH hierarchy. 
The top 15 processes are shown. 
 

 
Making new links using the MeSH indexing 

An important motivation behind the MeSH classification is to aid discovery of links between compounds, 
diseases and/or toxicities, and lower-level (in vitro) assays and cellular processes. We are only beginning 
to draw such links, and this will need more time to be explored in collaboration with WP1. However, a 
few preliminary views on the data can give a useful impression. 
 
Concordance between annotations at abstract and assay level 

MeSH terms associated with abstracts, which are indexed manually by NLM curators, are available from 
PubMed. We have downloaded these terms as provided by PubMed for all articles in ChEMBL. 
 
The tables below (Figures 13 and 14) show the MeSH terms associated with an abstract next to the 
pooled MeSH terms for all assays extracted for this paper. A random set of PubMed articles is shown, for 
either articles annotated with ‘Asthma’, or a MeSH term for any form of diabetes, at the abstract level.  
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Figure 13: A random set of articles the abstract of which is annotated with the MeSH term ‘Asthma’. The MeSH 
terms at the abstract level and the pooled MeSH terms of all assays extracted from that publication are shown. 
Terms in red are from the Disease and Pathological Signs categories of the MeSH hierarchy, whereas the terms in 
blue are from the category Phenomena and Processes of the hierarchy. Only terms from these branches were 
included in the table. 
 

 
In Figure 13, the term ‘Asthma’ itself is not always in the overlap column, but several processes relevant 
to the disease do appear in the overlap. Relevant processes also occur in the assay terms, such as 
Histamine Release, Airway Resistance, Leukocyte Count, and Bronchoconstriction. In Figure 14, for the 
case of diabetes, the disease seems to appear more often in the overlap column. Again, the assay terms 
include several relevant processes, such as Carbohydrate Metabolism, Obesity, Diet, and Hyperglycemia. 
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Figure 14: A random set of articles the abstract of which is annotated with a MeSH term mentioning ‘diabetes’. 
The MeSH terms at the abstract level and the pooled MeSH terms of all assays from the same paper are shown. 
Terms in red are from the Disease and Pathological Signs categories of the MeSH hierarchy, whereas the terms in 
blue are from the category Phenomena and Processes of the hierarchy. The orange terms occur in both these 
branches of the hierarchy. Only terms from these categories were included in the table. 
 

 
Finding disease-associated lower-level MeSH terms 

The tables in Figures 13 and 14 use randomly selected assays for illustration, so the next step is to 
investigate whether some diseases are particularly associated with certain lower-level processes across 
all assays annotated with the disease. This can be done at the abstract level, using abstracts annotated 
with a certain MeSH disease and taking the corresponding assays, or at the assay level, using assays that 
have been annotated with both a disease and lower-level processes. 
 
Figure 15 lists the top 20 MeSH terms most associated with assays from papers annotated with 
‘Asthma’. The list was sorted on the Fisher’s Exact p-value (not corrected for multiple comparisons yet). 
Several relevant lower-level processes appear. 
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Figure 15: The top 20 MeSH terms most significantly associated with assays from publications annotated with the 
MeSH term for Asthma. 

 
It is reassuring that the most associated term in assays from papers annotated with ‘Asthma’ is Asthma 
itself. However, we are of course interested in lower-level processes. It is possible to restrict the results 
to specific branches of the MeSH hierarchy, and this strategy is being investigated further. 
 
In conclusion, we have established a process for annotating ChEMBL assay descriptions with MeSH 
terms and submitted all ChEMBL assay descriptions. The preliminary results suggest that the annotation 
is useful for identifying lower-level processes relevant to disease and toxicity. It is hoped the annotation 
will enable more complex queries aimed at discovering relationships between organism-level outcomes 
and lower-level assays, and aid data pooling in support of WP1 deliverables.  
 
Overall, the MeSH indexing provides a standardised annotation of diseases in the assays, which can now 
be used by WP1 for HeCaToS modelling objectives. 
 

DIFFICULTIES 

The data warehouse work of HeCaToS would benefit from a more direct way for project partners to 
submit data into the database, via a user-friendly submission tool. Such a tool has been released for 
generic BioStudies submissions, but it is not yet possible to impose a submission template for a 
particular set of submissions (such as HeCaToS ‘omics studies). This improvement has been planned (not 
funded by HeCaToS), and HeCaToS will be able to benefit once this functionality is ready.  
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The MTI tool was designed by the NLM to annotate article abstracts. However, ChEMBL assay 
descriptions are much shorter than the typical abstract, typically consisting of a single sentence. The 
method might thus not be expected to perform as reliably on the assay descriptions as on the abstracts.  
 
Some further actions are needed to clean up the annotations, including flagging false positive 
assignments. For example, sometimes wrong annotations happen, such as the assignment of the MeSH 
term for ‘Negotiating’, in its conflict resolution sense, in cases where the assay description mentions e.g. 

“MRP3-mediated drug transport”. Rules need to be developed to exclude such cases or flag these types 
of outliers, and restrict to the appropriate parts of the hierarchy.  
 
The sheer number of assay descriptions in ChEMBL (over 1.2 million) precludes any large-scale manual 
annotation with ontology terms. While the MTI tool allows the automated annotation of text with MeSH 
terms, other ontologies of interest might not have similar tools available. Thus, other techniques, such 
as keyword matching and text mining algorithms might need to be investigated if this exercise is to be 
extended to other ontologies. 
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