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Abstract

The reproducibility “crisis” in biomedical research has underscored the critical need for
well-annotated high-quality metadata, particularly in high-throughput domains such as RNA
sequencing (RNA-seq). RNA-seq has become an essential technique for investigating gene
expression, alternative splicing, and transcriptomic dynamics in various biological contexts,
including complex diseases. However, despite the increasing availability of large-scale
transcriptomic datasets in public repositories such as Gene Expression Omnibus (GEO),
ArrayExpress, and the Sequence Read Archive (SRA), incomplete, inconsistent, or poorly
standardized metadata significantly limits their interpretability, reproducibility, and reuse.
These issues not only compromise data quality but also hinder meaningful cross-study
comparisons, data integration, and meta-analyses.

This study addresses these challenges by developing a FAIR-compliant metadata
framework tailored to RNA-seq experiments. The framework is grounded in the FAIR
principles, Findability, Accessibility, Interoperability, and Reusability, and is designed to
support reproducible, transparent, and machine-readable data annotation. To construct the
framework, four widely adopted metadata standards were systematically analyzed: MIAME
(Minimum Information About a Microarray Experiment), MINSEQE (Minimum Information
about a High-Throughput Nucleotide Sequencing Experiment), FAANG (Functional
Annotation of Animal Genomes), and HCA (Human Cell Atlas metadata guidelines). MIAME
and MINSEQE were originally published as narrative descriptions without formalized
templates. For this study, those descriptive guidelines were translated into structured templates
through the identification and categorization of metadata fields relevant to RNA-seq
workflows. In contrast, FAANG and HCA already provide well-defined templates with rule-
based metadata fields and ontology integration. These existing templates were adopted without
modification to maintain compatibility and demonstrate the feasibility of harmonizing diverse
metadata schemas under a unified framework.

A metadata template was designed to guide researchers through the annotation process
using fill-in fields and multiple-choice options, improving usability while supporting
automation. The framework was implemented in Microsoft Excel and incorporates features
such as drop-down menus, conditional formatting, and controlled vocabulary fields to enhance
accuracy and consistency. To illustrate practical applicability, the framework was applied and
evaluated through a case study on RNA-seq data from the DC4AMND project, which investigates
transcriptomic changes in motor neurons of ALS model mice following trans-spinal direct

current stimulation (tsDCS). Results demonstrated that the framework effectively captures key
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biological and technical metadata, facilitates compliance with FAIR principles, and enables
accurate linkage between samples and data files across complex, multi-center studies. The study
emphasizes the importance of prospective metadata curation, especially for technically detailed
fields, and outlines plans to develop a user-friendly software tool based on this framework to
support wider adoption and scalability. By providing a structured and FAIR-aligned approach
to RNA-seq metadata annotation, this framework has the potential to significantly improve data
quality, enhance transparency in biomedical research, and support the broader goals of open

science and reproducibility.



Anotacija

FAIR prasibam atbilstoSas metadatu struktiiras izveide RNS sekvencéSanai:

Amiotrofiskas lateralas sklerozes gadijuma izpéte

Reproducgjamibas “krize” biomedicinas pétnieciba ir 1pasi paradijusi nepiecieSamibu
p&c preciziem, konsekventiem un labi strukturétiem metadatiem, seviski tadas tehnologiju
jomas ka RNS sekvenéSana (RNA-seq). RNA-seq ir kluvusi par vienu no bitiskakajam
metodém geénu ekspresijas, alternativas sapliiSanas (splicing) un transkriptomu dinamikas
izpétei dazados biologiskos kontekstos, tostarp kompleksu slimibu gadijumos. Tomér,
neskatoties uz to, ka publiskajas datu kratuvés pieejamo liela meroga transkriptomu datu
apjoms pieaug, metadatu nepilnigums, nekonsekvence vai vaja standartizacija butiski ierobezo
So datu interpretaciju, reproduc€jamibu un atkartotu izmantosanu. Tas ne tikai apdraud datu
kvalitati, bet ar1 biitiski apgriitina savstarpgji salidzinamu pétijumu veikSanu, datu integraciju
un metaanalizes.

Sis pétfjums risina mingtas problémas, izstradajot FAIR principiem atbilsto§u metadatu
struktiiru, kas 1pasi piem&rota RNA-seq eksperimentiem. Izstradatais ietvars balstas uz FAIR
principiem, atrodams (Findable), pieejams (Accessible), savietojams (Interoperable) un
atkartoti izmantojams (Reusable), un ir veidots, lai atbalstitu reproduc€jamus, parskatamus un
masinlasamus datu anotacijas procesus. Lai izveidotu So ietvaru, sistematiski tika analiz&ti Cetri
plasi pielietoti metadatu standarti: MIAME (Minimum Information About a Microarray
Experiment), MINSEQE (Minimum Information about a High-Throughput Nucleotide
Sequencing Experiment), FAANG (Functional Annotation of Animal Genomes) un HCA
(Human Cell Atlas) metadatu vadlinijas.

MIAME un MINSEQE ir publicétas ka aprakstoSas vadlinijas, nenodro$inot konkrétu
metadatu struktiiras paraugu. ST pétfjuma ietvaros vadliniju apraksti tika parversti strukturétas
veidn@s, identific€jot un sistematiz€jot metadatu laukus, kas biitiski RNA-seq darba plismam.
Savukart FAANG un HCA jau piedava skaidri definétas veidnes ar noteiktiem metadatu
laukiem un integrétam ontologijam. Sis vadliniju struktiiras tika izmantotas nemainita forma,
lai saglabatu saderibu un demonstrétu iesp€ju harmonizét dazadus metadatu standartus vienota
ietvara.

Lai atvieglotu pétniekiem anotacijas procesu, tika izstradata strukturéta metadatu
veidne, kas ietver ievadlaukus, izv€lnes un kontrolétas vardnicas. Ta uzlabo lietojamibu un

atbalsta metadatu ievades automatizaciju.



Lai demonstrétu izstradatas shémas praktisko pielietojamibu, ta tika piemérota un
novertéta, izmantojot RNA-seq datus no DC4MND projekta, kura tiek pétitas transkriptoma
izmainas motoneironos ALS peles modeli péc transspinalas tiesas stravas stimulacijas (tsDCS).
Rezultati paradija, ka ietvars efektivi aptver butiskakos biologiskos un tehniskos metadatus,
veicina atbilstibu FAIR principiem un lauj precizi sasaistit paraugus ar datu failiem sarezgitos,
daudzcentru pétijumos.

Nodros$inot strukturétu un FAIR principiem atbilstoSu pieeju RNA-seq metadatu
anotesanai, Sis metadatu ietvars var biitiski uzlabot datu kvalitati un veicinat atvertas zinatnes

reproducgjamibu.
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current stimulation in motor neuron disease

The Human Disease Ontology

Functional Annotation of Animal Genomes

Findable, Accessible, Interoperable, and Reusable

Gene Expression Omnibus

Human Cell Atlas

The Human Cell Atlas

Microarray Gene Expression Database
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Introduction

RNA sequencing (RNA-seq) is a powerful technique used to capture the transcriptome
of an organism's cells and tissues, providing insights into gene expression, alternative splicing,
and other regulatory mechanisms that govern cellular processes (Smail and Montgomery,
2024). However, RNA-seq generates highly complex data, including millions of short sequence
reads, many of which are aligned to specific genes or genomic regions (Deshpande et al., 2023).
Due to its complexity, RNA-seq data requires a robust metadata framework to ensure proper
interpretation and reuse (Matsuda, 2021).

To address the challenges of data management and reproducibility, the scientific
community has adopted the FAIR principles - Findability, Accessibility, Interoperability, and
Reusability (Wilkinson et al., 2016). These guidelines ensure that scientific data can be reliably
located, accessed, integrated, and reused by both humans and machines. Among the most
critical components supporting FAIR principles are the assignment of persistent identifiers,
such as Digital Object Identifiers (DOIs), and the inclusion of comprehensive metadata (Juty et
al., 2020). Metadata provides descriptive information that explains the context, origin,
structure, and intended use of a dataset (van Gils, 2023). In biomedical research, metadata
typically outlines the key characteristics of the data, including how it was collected, under what
experimental conditions, and which parameters were applied during its generation (Seep et al.,
2024). Metadata describing an RNA-seq experiment should cover all essential aspects of the
study, from basic contact information and a clear description of the experimental design to
detailed sample information and technical specifications of the sequencing process (Brazma et
al., 2012). It should also establish unambiguous links between biological samples and
associated data files, and include references to the annotation sources and quantification tools
used during analysis (Matsuda, 2021). Without this level of detail, even high-quality RNA-seq
data may be difficult to interpret correctly or reuse in future research.

Currently, the process of documenting metadata is often manual, inconsistent, and time-
consuming, making it difficult to ensure the reproducibility and reusability of the datasets
(Gongalves and Musen, 2019). Moreover, the lack of systematic metadata validation and
absence of standardized ontologies contribute to widespread data quality issues in public
repositories, which in turn limits the reliability of downstream analyses (Caliskan, Dangwal and
Dandekar, 2023). A large-scale analysis of metadata quality in major repositories such as the
National Center for Biotechnology Information BioSample and the European Bioinformatics

Institute BioSamples found that most records fail to meet basic quality criteria, including



completeness, use of controlled vocabularies, and structural consistency (Gongalves and
Musen, 2019). The study revealed that up to 97% of attribute names used in BioSample
metadata were user-defined and not standardized, and a significant portion of ontology-based
fields did not contain valid terms, severely hampering data discoverability and reuse. A large
proportion of RNA-seq datasets, particularly those submitted directly to The Sequence Read
Archive, lack essential metadata, such as library preparation protocols, biological replicates, or
processed data files, making them difficult to interpret or reuse (Rustici et al., 2021)

Given these broad challenges in RNA-seq data analysis, the implications become even
more pronounced when examining the field of complex diseases, such as Amyotrophic Lateral
Sclerosis (ALS), where data is often scattered across multiple platforms and formats (Baxi et
al.,2022). ALS is a devastating neurodegenerative disease with poorly understood mechanisms,
and RNA-seq may represent a valuable tool for identifying potential biomarkers and therapeutic
targets (Grima et al., 2023). However, ALS datasets are often dispersed across research groups,
platforms, and sequencing technologies (Baxi et al., 2022). Many datasets lack standardized
metadata, making it difficult to compare results, share data across platforms, or integrate the
findings from multiple studies (Sheffield, LeRoy and Khoroshevskyi, 2023). The lack of
consistent metadata documentation not only hinders the reproducibility of ALS research but
also limits the ability to leverage existing data for new insights or therapeutic discoveries (Ziff
et al., 2023). A recent analysis of RNA-seq publications found that essential methodological
information, such as data processing steps, software versions, and parameter settings, was often
missing or underreported, with only 25% of the studies fully describing their computational
workflows (Simoneau et al., 2021). As emphasized by recent studies, missing or mislabeled
metadata, such as incorrect sample sex or tissue type, has already led to the propagation of
erroneous conclusions in high-profile publications, underscoring the need for more rigorous
metadata integrity checks (Toker, Feng and Pavlidis, 2016; Caliskan, Dangwal and Dandekar,
2023). In many cases, RNA-seq datasets are submitted without sufficient contextual
information, such as experimental variables or data processing protocols, making it difficult for
researchers to assess their relevance or apply them in meta-analyses (Rustici ef al., 2021).

To enable robust and reproducible RNA-seq analyses in ALS and other complex
diseases, metadata must be curated using controlled vocabularies, systematically validated, and
interoperable across research platforms. A strategy proposed to address these issues is the
adoption of predefined metadata templates with standardized field names and controlled
vocabularie (Caliskan, Dangwal and Dandekar, 2023). This structured approach, combined

with automated validation tools, can improve the accuracy and interoperability of metadata and
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support compliance with FAIR data principles. Without reliable metadata, data reuse, cross-

study comparisons, and foundational goals of open science are compromised.
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Aim of the study

The aim of this research is to establish a FAIR-compliant metadata framework for RNA-

seq studies, ensuring that metadata is complete, consistent, accessible, and reusable.

Objectives

1. To evaluate existing metadata standards relevant to RNA sequencing

2. To compare and integrate existing metadata guidelines and ontologies into a unified FAIR-
compliant metadata framework for RNA-seq studies

3. To apply and validate the framework on RNA-seq data related to amyotrophic lateral

sclerosis
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1. Review of Literature

1.1 The Reproducibility Crisis in Scientific Research and the FAIR Principles

In recent years, increasing concern about the reproducibility of scientific results has led
to international efforts aimed at improving the reliability, transparency, and reusability of
biomedical research (Cobey et al., 2024). Multiple large-scale surveys and initiatives have
shown that many researchers struggle to replicate findings, even within their own laboratories,
raising questions about the credibility and usability of published data (Baker, 2016; Cobey et
al., 2024). These concerns are particularly pressing in fields such as genomics and
transcriptomics, where complex datasets and analytical pipelines increase the risk of errors or
inconsistencies (Wong, 2019). One striking example is the issue of sample misannotation in
public transcriptomic datasets. A large-scale analysis of human transcriptomics datasets
revealed that nearly 50% of studies contained at least one mislabeled sample, with discrepancies
in basic metadata such as biological sex (Toker, Feng and Pavlidis, 2016).

In response to growing challenges related to data reuse, reproducibility, and integration,
the FAIR Data Principles were introduced as a guiding framework for scientific data
management. FAIR stands for Findable, Accessible, Interoperable, and Reusable, and aims to
ensure that data are not only made available but are also structured and described in ways that
make them actionable by both humans and machines (Wilkinson et al., 2016). These principles
are particularly relevant in high-throughput fields such as RNA sequencing (RNA-seq), where
large and complex datasets require consistent, rich metadata for effective interpretation and
reuse (Gundersen et al., 2021). The table (Table 1) below summarizes the FAIR principles and
their corresponding subprinciples, as formulated by Wilkinson et al. (2016), which serve as a

foundation for improving the management and reuse of complex datasets such as RNA-seq.

Table 1
The FAIR Guiding Principles (Wilkinson et al., 2016)
Principle Subprinciple Description
Findable F1 (Meta)data are assigned a globally unique and persistent

identifier.

F2 Data are described with rich metadata.

F3 Metadata clearly and explicitly include the identifier of the
data they describe.

F4 (Meta)data are registered or indexed in a searchable
resource.

12



Principle Subprinciple Description
Accessible Al (Meta)data are retrievable by their identifier using a
standardized communication protocol.
Al.l The protocol is open, free, and universally implementable.
Al.2 The protocol allows for authentication and authorization,
where necessary.
A2 Metadata are accessible, even when the data are no longer
available.
Interoperable | 11 (Meta)data use a formal, accessible, shared, and broadly
applicable language for knowledge representation.
12 (Meta)data use vocabularies that follow FAIR principles.
I3 (Meta)data include qualified references to other
(meta)data.
Reusable R1 (Meta)data are richly described with a plurality of accurate
and relevant attributes.
R1.1 (Meta)data are released with a clear and accessible data
usage license.
R1.2 (Meta)data are associated with detailed provenance.
R1.3 (Meta)data meet domain-relevant community standards.

Although the FAIR principles provide a solid theoretical foundation, their practical
implementation in genomic databases has proven inconsistent. A study by Feijoo et al. (2020)
introduced the Bio FAIR Evaluator Framework, which evaluates the FAIRness of genomic
databases from both human and machine perspectives (Feijod et al., 2020). Their findings
revealed that while many databases superficially align with the FAIR principles, significant
gaps exist, particularly in the interoperability and reusability. Issues such as the lack of
standardized vocabularies, incomplete metadata fields, and the absence of persistent identifiers
were common, indicating that many genomic resources do not fully satisfy the specific
requirements defined by the FAIR subprinciples. The authors argue that FAIR compliance must
be assessed using well-defined metrics and automated tools to provide actionable feedback and

drive improvements in metadata quality and accessibility (Feijoo ef al., 2020).

1.2 Metadata in Biomedical Research

Metadata is data that describes and provides context for other (primary) data, such as its
origin, structure, and usage (van Gils, 2023). In the context of biological and biomedical
research, metadata refers to the information that describes the essential properties of primary
data, such as the experimental setup, conditions, and parameters under which the data were
generated (Seep et al., 2024). This includes, but is not limited to, details about sample

preparation, data collection methods, instruments used, and any contextual or experimental
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variables that may influence the results. As recent surveys confirm, researchers increasingly
recognize the foundational role of metadata in reproducibility and reuse, yet still face challenges
ensuring its quality and completeness (Cobey ef al., 2024).

Complete and well annotated metadata shared on public repositories ensures the
reproducibility and transparency of biomedical research and enables effective secondary
analysis (Huang et al., 2022). Metadata is crucial for understanding not only the content of the
data but also the methodology behind its generation, which can influence its interpretation and
usability in future studies.

While metadata is essential for ensuring the usability and reproducibility of data, a
significant issue remains with the completeness of metadata shared in public repositories. A
systematic study conducted by Huang et al. (2021) assessed the completeness of public
metadata accompanying omics data across 137 studies covering six therapeutic areas, including
Alzheimer's disease, cardiovascular diseases, and inflammatory bowel disease. The study found
that, although 72.8% of metadata was available in the original publications, only 48.6% was
fully documented in public repositories (Huang et al., 2022). The discrepancy underscores a
significant challenge in making metadata truly accessible and reusable, particularly for high-
throughput datasets like RNA-seq.

Another study conducted by Gongalves et al. (2017) systematically assessed the quality
of metadata in the BioSample repository, which contains metadata related to biological samples
used in biomedical research. The study found numerous anomalies in the metadata records,
including incomplete fields, the use of non-standardized field names, and inconsistencies in the
values entered. Specifically, 15% of metadata fields in BioSample used field names that were
not specified in the repository's data dictionary, which undermined the interoperability of the
data (Gongalves ef al., 2017). One of the most notable issues was the lack of ontology term use
for many metadata fields. While BioSample's metadata documentation specifies the use of
controlled vocabularies and ontologies for certain fields (such as disease and phenotype), only
a small percentage of metadata fields adhered to these standards. As a result, many fields
contained inconsistent, inaccurate, or poorly specified values, which made it difficult to
integrate and analyze data across different studies. For example, attributes like disease were
often populated with terms that did not match any entries in the relevant biomedical ontologies
(e.g., Human Disease Ontology). This lack of standardization can create significant barriers to
the interoperability of datasets and limit their reusability for future studies (Gongalves et al.,

2017).
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Furthermore, the study revealed that Boolean attributes, which require values like
"True" or "False", often contained a wide range of invalid values such as "Yes," "No," or even
"N/A." Only 27% of the Boolean attributes were well-specified, suggesting that even basic data
fields suffer from inconsistent documentation (Gongalves et al., 2017). This highlights the
importance of enforcing data validation mechanisms and using controlled terms to ensure
metadata consistency and accuracy. Even more, survey results from the biomedical research
community underline that such inconsistencies are often compounded by institutional gaps in
training and infrastructure for metadata curation (Cobey et al., 2024).

Beyond completeness and consistency, metadata integrity has emerged as a
foundational requirement for credible and reproducible bioinformatics research (Caliskan,
Dangwal and Dandekar, 2023). Metadata integrity ensures that datasets not only exist but are
accurately described, error-free, and usable across multiple contexts. When metadata is
unreliable, even high-quality data may be rendered unusable. Real-world consequences of poor
metadata quality are well documented. For example, Toker et al. (2016) identified cases where
human lung RNA-seq samples were reused across different COVID-19 studies but annotated
with conflicting metadata including different donor sex or tissue origin. These discrepancies
passed through peer review and were published in high-impact journals, highlighting the urgent
need for automated and systematic metadata validation processes (Toker, Feng and Pavlidis,
2016).

The systems used to submit metadata vary widely in terms of usability and quality
control (Bhandary et al., 2018). Inconsistent submission practices, combined with limited
validation and oversight, often result in metadata that is difficult to interpret or align with other
datasets. This significantly reduces the scientific value of large-scale omics data collections and
presents barriers to data reuse and reproducibility. Rajesh et al. (2021) found that essential
phenotypic information, such as age, ethnicity, and disease severity, was frequently missing
from public genomic datasets, thereby limiting their utility for secondary research (Rajesh et
al.,2021).

The literature consistently emphasizes that while the volume of publicly available omics
data is growing rapidly, the quality and consistency of the associated metadata remain
inadequate. Incomplete, inconsistent, or poorly standardized metadata hinders not only data
reuse and integration but also compromises reproducibility. These challenges are especially
critical in complex disease research, such as in RNA-seq studies of Amyotrophic Lateral

Sclerosis (ALS).
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Despite various efforts, current metadata submission systems often lack robust
validation mechanisms and fail to enforce the use of controlled vocabularies or ontologies. As
a result, datasets that might otherwise be highly valuable remain underutilized. Gongalves and
Musen (2019) demonstrate that metadata must not only exist but also be well-structured and
ontology-driven to be effective. They argue for the necessity of metadata authoring tools that
integrate standardization and enforce completeness at the point of submission, supporting the
FAIR principles (Gongalves and Musen, 2019). A defining attribute of FAIR metadata is its
machine-readability, which enables computational systems to automatically find, access,
interpret, and reuse data without human intervention. This requires the use of standardized
formats, controlled vocabularies, and structured data models (Wilkinson et al., 2016).

The literature increasingly emphasizes that a unified, FAIR-compliant metadata
framework, supported by automated tools, clear standards, and community-wide adoption, is

essential for fully utilizing the potential of RNA-seq and other high-throughput data.

1.3 Metadata Standards for RNA-seq

Creating FAIR-compliant data relies fundamentally on the completeness and quality of
metadata. While access to raw data is essential, the accompanying metadata provides the
context necessary for understanding, reproducing, and reusing that data (Leipzig ef al., 2021).
This is especially true for RNA-seq, where high-throughput experiments generate complex
datasets that vary widely depending on study design, sample origin, preparation methods, and
sequencing platforms (Conesa et al., 2016). Without detailed and standardized metadata, even
the most well-produced RNA-seq data may become inaccessible or unusable over time.

Therefore, the scientific community has developed several metadata standards
specifically aimed at capturing the necessary information to support reproducibility and reuse
in transcriptomics research. The following subsections outline four of the most influential
metadata standards in RNA-seq: Minimum Information About a Microarray Experiment
(MIAME), Minimum Information about a High-Throughput Nucleotide Sequencing
Experiment (MINSEQE), Functional Annotation of Animal Genomes (FAANG), and Human
Cell Atlas (HCA).

16



1.3.1. MIAME guidelines

The original MIAME guidelines were published in 2001 by the Microarray Gene
Expression Database (MGED) group (Brazma et al., 2001). These guidelines defined the
essential information that should accompany microarray data, which refers to gene expression
data generated using DNA microarray technology, a method that measures the expression levels
of thousands of genes simultaneously, to ensure reproducibility, data interpretation, and reuse
(Wiltgen and Tilz, 2007). The initial MIAME guidelines were designed for microarray
experiments but laid the groundwork for data standardization in high-throughput genomics and
transcriptomics. MIAME provides a structured framework for reporting essential experimental
details, which supports independent verification and improves the interpretability of results.

MIAME specifies six essential categories (Table 2) of information that should be

included when reporting a microarray experiment.

Table 2
MIAME Metadata Categories (Brazma et al., 2001)

Metadata Category Description
Experimental design The objectives, variables, and sample relationships.
Array design Including the probe content, layout, and annotation.
Sample information Source organism, treatments, and preparation.
Hybridization procedures How labeled RNA was hybridized and washed.
Measurements Scanner models, image formats, and extraction methods.
Normalization and data processing | The algorithms and parameters used.

Importantly, MIAME does not specify the format in which this information must be
provided, but only its content. This flexibility helped increase adoption but also introduced
challenges with consistency and interpretation across studies. To address this, a checklist
(Appendix 1) was created and adopted by major journals, and data repositories such as
ArrayExpress and Gene Expression Omnibus (GEO) began requiring MIAME-compliant
submissions (Brazma, 2009). Edgar and Barrett (2006) reported that MIAME support in GEO
facilitates independent evaluation and high repository usage, while Spellman et al. (2002) and
Brazma (2009) showed that MIAME-compliant models enable standardized data exchange and
clearer interpretation (Spellman et al., 2002; Edgar and Barrett, 2006; Brazma, 2009).

At the same time, several studies have noted ongoing challenges. A study that reviewed
data submission and MIAME compliance in 127 articles involving microarray-based

microRNA profiling reported low or inconsistent compliance and a reluctance to share data,
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factors that can compromise research quality (Witwer, 2013). Moreover, it has been challenging
to find the optimal balance between submitter effort and the appropriate level of metadata detail
to request, all within a rapidly evolving technological and social environment (Edgar and
Barrett, 2006). MIAME has also received criticism for being insufficiently equipped to capture
the full complexity of high-dimensional microarray data, with concerns that its minimal
standards cannot account for unforeseen biological variables that may influence experimental
outcomes (Galbraith, 2006).

These findings suggest that while MIAME guidelines enhance data sharing and
validation, their effective implementation depends on managing technical complexity and

ensuring consistent adherence.

1.3.2. MINSEQE guidelines

As next-generation sequencing technologies evolved and RNA-seq emerged as a more
prominent tool in genomics, MIAME faced new challenges. In 2008, the Minimum Information
about a High-throughput Nucleotide Sequencing Experiment (MINSEQE) standard was
proposed (Brazma et al., 2012). This version extended the principles of MIAME to
accommodate the specifics of sequencing technologies, providing more detailed guidelines for
RNA-seq, DNA sequencing, and other high-throughput sequencing platforms. The aim was to
ensure that sequencing data are reusable, interpretable, and reproducible by defining a minimal
set of metadata requirements.

MINSEQE specifies five essential categories (Table 3) of information that should

accompany sequencing datasets (Brazma et al., 2012).

Table 3
MINSEQE Metadata Categories (Brazma et al., 2012)
Metadata Category Description
Biological system, samples, and experimental | Describes the biological context of the study,
variables including the organism, experimental design,

grouping of samples, and variables under
investigation (e.g. treatment, time point,
genotype)

Sequence read data Refers to the raw sequencing output, such as
FASTQ files, and includes details about the
sequencing platform, read length, and base-level
quality scores.

Data processing Covers the computational steps taken to process
the raw reads, including alignment,
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Metadata Category Description

quantification, normalization, software used, and
relevant parameter settings.

General  information and  sample—data | Provides metadata that links samples to data files,
relationships including unique identifiers and information
about how biological samples correspond to
sequencing libraries and outputs.

Experimental and data processing protocols Documents the laboratory protocols used for
library preparation, sequencing chemistry, and
any other relevant methods. This section should
also describe how the data were processed
computationally, including pipeline versions and
repository links.

Unlike MIAME, which focused on microarrays, MINSEQE was developed taking into
account the complexity of sequencing pipelines, including raw data formats, computational
workflows and repository submission practices (Brazma et al., 2012).

Despite its conceptual value, there is a notable lack of published studies systematically
evaluating the level of compliance with MINSEQE or assessing its impact on the quality and
reusability of sequencing data. While MIAME has been the subject of multiple reviews and
empirical assessments, MINSEQE remains largely unevaluated in practice, making it difficult
to determine how consistently it is applied across public repositories or research publications

(Brazma, 2009).

1.3.3. FAANG

In 2014, the FAANG Consortium was established to define and improve experimental,
metadata and bioinformatics standards; ensure that experiments conducted to produce
functional annotation adhere to these standards; and release all the experimental and metadata
in an open access manner, rapidly and before publication (Andersson et al., 2015). The aim of
the Consortium is to produce comprehensive maps of functional elements in the genomes of
domesticated animal species based on common standardized protocols and procedures
(Andersson et al., 2015). To support this, FAANG has introduced a structured set of metadata
rule sets, including the sample core metadata rules, experiments core metadata rules, and
analyses metadata rules (FAANG, 2025). These rule sets guide consistent metadata collection
across different stages of the data lifecycle, ensuring interoperability and compliance with FAIR
principles.

FAANG metadata guidelines are structured to be not only comprehensive but also

practical and easy to implement. The consortium provides clear, rule-based templates for each
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metadata category, detailing exactly what information is required, recommended, or optional,
along with specific ontology terms and formatting instructions. For example, the metadata
section for the “Organism” entity includes fields such as species (with NCBI Taxon ID), sex
(linked to the PATO ontology), birth date, breed, and health status (Martinez-Romero et al.,
2017). Each field is annotated with its expected format, required ontology IDs, and validation
rules, ensuring clarity and consistency across studies.

Despite its strengths, there are several limitations to using FAANG metadata guidelines
for RNA-seq outside of agricultural genomics. FAANG was originally designed for
domesticated animal species, and its terminology and structure reflect that focus. For example,
fields such as “breed” or “production environment” may not translate meaningfully to human
biomedical data or model organisms. Additionally, the framework was tailored more toward
functional genome annotation than transcriptomic analysis, which means that technical RNA-
seq metadata, such as quality control metrics, read length, sequencing depth, or single-cell
parameters, are not explicitly covered.

Moreover, while FAANG promotes the use of standardized ontologies, the ontologies
it prioritizes (e.g., LBO for breeds, PATO for phenotypes) may not fully align with those
commonly used in human RNA-seq metadata annotation (Martinez-Romero et al., 2017), such
as The Human Disease Ontology (DO) for diseases or The Cell Ontology (CO) for cell types
(Diehl et al., 2016; Schriml et al., 2019). Finally, FAANG's metadata schema may not integrate
seamlessly with formats used by human-focused repositories like GEO or The Sequence Read
Archive (SRA), which adhere to guidelines such as MIAME and MINSEQE.

Nonetheless, the clarity of FAANG’s rules, the use of ontologies, and the structured
documentation templates make it a valuable foundation that can be extended or adapted for
broader RNA-seq metadata use cases.

To illustrate how FAANG supports metadata consistency for transcriptomic
experiments, Table 4 outlines selected metadata fields from the FAANG experiment core
metadata rules specifically relevant to RNA-seq. These fields are designed to capture key
information about experimental design, protocols, and sequencing methodology. Although
FAANG was originally developed for agricultural species, these fields offer a practical model
for RNA-seq metadata in broader contexts. In addition to experiments, FAANG also defines
structured metadata categories for samples and analyses, promoting consistency across the full

data lifecycle, from biological source to computational output.
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Table 4

FAANG Metadata Fields for RNA-seq Experiments (FAANG, 2025)

Field

Description

Experiment target

What the experiment was trying to find, list the text rather than an
ontology link, for example 'polyA RNA'.

RNA preparation 3' adapter
ligation protocol

Link to the protocol for 3’ adapter ligation used in preparation.

RNA preparation 5' adapter
ligation protocol

Link to the protocol for 5 adapter ligation used in preparation.

Library generation pcr product
isolation protocol

Link to the protocol for isolating PCR products used for library
generation.

Preparation reverse
transcription protocol

Link to the protocol for reverse transcription used in preparation.

Library generation protocol

Link to the protocol used to generate the library.

Read strand

For strand specific protocol, specify which mate pair maps to the
transcribed strand or Report non-stranded' if the protocol is not
strand specific. For single-ended sequencing: use 'sense’ if the
reads should be on the same strand as the transcript, 'antisense' if
on the opposite strand. For paired-end sequencing: 'mate 1 sense'
if mate 1 should be on the same strand as the transcript, 'mate 2
sense' if mate 2 should be on the same strand as the transcript.

RNA purity 260:280 ratio

Sample purity assessed with fluorescence ratio at 260 and 280nm,
informative for protein contamination.

RNA purity 260:230 ratio

Sample purity assessed with fluorescence ratio at 260 and 230nm,
informative for contamination by phenolate ion, thiocyanates, and
other organic compounds.

RNA integrity number

It is important to obtain this value, but if you are unable to supply
this number (e.g. due to machine failure) then by submitting you
are asserting the quality by visual inspection of traces and
agreeing that the samples were suitable for sequencing.

1.3.4. HCA

The Human Cell Atlas (HCA) is an international collaborative initiative whose mission

is to create comprehensive reference maps of all human cells, the fundamental units of life, as

a basis for understanding human health and for diagnosing, monitoring, and treating disease

(Regev et al., 2017). HCA Metadata guidelines significantly enhance the standardization of

RNA sequencing data by establishing a framework for comprehensive and highly detailed

metadata documentation (Fiillgrabe et al., 2020). This standardization is crucial for ensuring

reproducibility, facilitating data sharing, and improving the overall quality of scientific

research. HCA metadata guidelines are structured around three complementary categories: Tier

1 metadata, Tier 2 metadata, and cell annotation metadata (HCA Data Portal, 2025). Tier 1

metadata provides the technical information necessary for data integration across studies. It
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includes standardized, uniformly structured fields that help researchers assess and mitigate
batch effects. This metadata is stored in the CellxGene Discover platform and formatted as
AnnData matrices. In contrast, Tier 2 metadata captures biological information essential for
downstream analysis and interpretation. This tier includes more detailed, often sensitive data
that are protected through managed access and are tailored to the needs of individual Biological
Networks. These data are made available through the HCA Data Repository and commonly
stored in FASTQ format. Lastly, cell annotation metadata focuses on detailed cell-level
descriptions such as cell type or state, and is captured primarily on a per-cell basis. This
category supports biological labeling efforts and is maintained via the Cell Annotation Platform
(CAP), also using AnnData format. Together, these structured tiers ensure that HCA metadata
is both comprehensive and scalable for large-scale single-cell genomics research.

Despite its structured approach, the HCA metadata model faces several limitations. Tier
2 and cell-level metadata are not always consistently submitted or updated across studies (Lee
et al., 2025). Furthermore, the separation of metadata into distinct platforms may introduce
fragmentation, making it harder for users to obtain a unified view of both technical and

biological metadata.

1.4. Metadata in ALS Research

Amyotrophic Lateral Sclerosis (ALS) is a progressive and fatal neurodegenerative
disorder that affects motor neurons in the brain and spinal cord (Feldman et al., 2022). It is a
clinically and genetically heterogeneous disease, with both sporadic and familial forms, and
varying patterns of onset, progression, and molecular signatures (Zarei et al., 2015). The figure
1 illustrates the clinical manifestations of ALS including muscle weakness, dysarthria,
dysphagia, spasticity, and respiratory insufficiency, which result from the degeneration of both
upper and lower motor neurons (Muneer et al., 2014; Zarei et al., 2015). As RNA sequencing
becomes an increasingly important tool for uncovering transcriptomic alterations in ALS, the
quality and completeness of associated metadata play a critical role in enabling robust

interpretation, reproducibility, and secondary analysis (Kiaei and Kiaei, 2022).
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Figure 1

Symptoms Associated with Amyotrophic Lateral Sclerosis (Zarei et al., 2015)
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Despite the growing availability of RNA-seq datasets related to ALS in public
repositories, metadata reporting remains inconsistent (Cao and Scotter, 2022). In many cases,
datasets include sequencing files with minimal or no contextual information, making it difficult
to assess their relevance or quality for reuse.

The challenges of metadata collection in ALS are compounded by the disease’s inherent
variability (Swinnen and Robberecht, 2014). Biological samples may differ widely in terms of
postmortem interval, clinical stage, or RNA integrity, all of which influence gene expression
results. Moreover, the relatively small cohort sizes common in ALS studies further heighten the
need for comprehensive metadata to support statistical power and meaningful stratification (van
Rheenen et al., 2021). Without well-documented metadata, it becomes nearly impossible to

control for confounding variables or validate results in independent datasets.
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2. Data and Methods

2.1 Development of a FAIR-Compliant RNA-seq Metadata Framework

This study was designed to evaluate existing metadata standards in RNA-seq research
and to develop a structured, FAIR-compliant metadata framework. The methodology included
a comprehensive literature review, a comparative analysis of existing metadata guidelines and
the development of a metadata collection template using FAIR principles.

We identified and reviewed publicly available metadata standards and guidelines
relevant to RNA-seq. The selection of frameworks was guided by the FAIR Cookbook
Metadata Profile for Transcriptomics, which outlines essential metadata components to ensure
compliance with FAIR data principles (Rocca-Serra et al., 2023). The following frameworks
were analyzed:

e  MIAME - Minimum Information About a Microarray Experiment (Brazma et al., 2001)

e MINSEQE - Minimum Information about a High-Throughput Nucleotide Sequencing

Experiment (Brazma et al., 2012)

e FAANG - Functional Annotation of Animal Genomes (Andersson et al., 2015)

e HCA - Human Cell Atlas metadata guidelines (Regev et al., 2017)
These standards were chosen because they are widely recognized in the community and
collectively address a broad range of biological and technical variables relevant to
transcriptomic research.

MIAME and MINSEQE are primarily presented as narrative guidelines that describe
the types of metadata that should be reported. Since these standards do not include predefined
templates, we manually derived structured templates from their descriptions. This involved
interpreting the textual standards and translating them into standardized metadata fields
organized into logical categories.

In contrast, FAANG and HCA already provide structured metadata templates with rule-
based fields, validation logic, and controlled vocabulary support. These were used as-is, without
modification, to preserve their original formatting and intended use.

To visually summarize the development process, a flowchart (Figure 2) illustrates the
sequential steps involved in evaluating standards, extracting fields, and designing the unified
metadata template. For each framework, a metadata template was designed using Microsoft
Excel to support manual metadata entry, incorporating controlled vocabularies, drop-down

menus for standardization, conditional formatting and cell validations. The structure supports
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future translation into a user-friendly, automated, FAIR-compliant metadata entry and
management system. Metadata templates based on MIAME, FAANG, and HCA guidelines are
included in Appendices 2—4.

Figure 2
Flowchart of RNA-seq Metadata Framework Creation and Validation
- ™
Assessment of metadata requirements for
RNA-seq experiments
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2.2 MINSEQE-compliant metadata template

A complete MINSEQE-compliant metadata template, derived from the guideline’s
narrative description and expanded with ontology fields for enhanced FAIR compliance, is
presented in this chapter. The following sections provide a structured overview of the metadata

categories included in this framework. Each category is presented as a table detailing the
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expected information, including a brief description, and answer type. To enhance readability
and visual clarity, larger categories were divided into smaller, thematically grouped tables.
Metadata fields were classified into common categories including:

1. Contact Information

2. Experimental Design
3. Sample Information
4

Sequencing and Data Processing

2.2.1. Contact Information

This section (Table 5) captures the essential identification and affiliation details of the
data submitter. Including a unique researcher identifier, such as an ORCID ID, enhances
transparency and enables clear attribution across research outputs (Shillum et al., 2021).

Accurate contact information also facilitates future communication and supports data

trustworthiness.
Table 5
Contact Information
Field Description Answer Type Link
Author First and last name of the person Text
(submitter)* submitting the data
Author's ORCID ORCID identifier providing a ORCID ID https://orcid.org/
unique researcher ID
Email Address* Primary email for correspondence E-mail
Institution Name* | Affiliated institution of the Text
submitter
Contributors Other individuals involved in the Text
study
Links (URL)* Link to related publication or data Link
repository

*Required metadata field

2.2.2. Experimental Design

This section (Tables 6 and 7) outlines the core elements of the experimental design. It
includes titles, descriptions, variables, replicates, and quality-control methods, all of which are

essential for interpreting the results, assessing reproducibility, and guiding future experiments.
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Table 6

Experimental Design. Experimental Overview

Field Description Answer Type
Experiment Title* A brief, descriptive single-sentence title Text
for the experiment.
Description* Free-text summary or a link to the Text
experiment description/publication.
Type of the E.g., normal vs. diseased, time course, Text
Experiment™* dose response.

*Required metadata field

Table 7
Experimental Design. Experimental Variables and Controls
Field Description Answer Type Link
Experimental Factor | Key experimental Text
variables (e.g., dose, time
point)
Experimental Factor | Specific values for those Text
Value factors (e.g., time duration)
Experimental Factor | Units used for the Text
Units experimental factor values
(e.g., hours, mg/mL).
Sample Treatment Whether treatment was in | Multiple Choice
Type vitro, in vivo, or not
applied.
Replicates Usage and types of Multiple Choice | https://www.nature.com/
replicates documents/Biological an
d technical replicates g
uidelines.pdf
Quality-control Quality control strategies Text https://genomebiology.bi
omedcentral.com/articles/
10.1186/513059-016-
0881-8

2.2.3. Sample Information

This section captures essential metadata about the biological samples used in the study.

Use of standardized ontologies (e.g., NCBI Taxonomy, Uberon Anatomy Ontology, Cell

Ontology, Disease Ontology) is encouraged for consistent annotation of biological entities

(Starr et al., 2015; Diehl et al., 2016; Schriml et al., 2019; Schoch et al., 2020). Table 8 focuses

on sample identification and classification, while Table 6 details treatment and handling

procedures.
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Table 8

Sample Identification and Classification

Relationships

to its corresponding raw and
processed data files.

Field Description Answer Type Link

Sample ID A unique identifier for each Text
sample.

Organism Species (e.g., Homo sapiens, | Text
Mus musculus).

Organism ID | Species name annotated Ontology ID | https://www.ncbi.nlm.nih.gov/tax
using the NCBI Taxonomy. onomy

Tissue Type | Tissue type. Text

Tissue Type | Tissue type annotated using | Ontology ID | https://www.ebi.ac.uk/ols/ontologi

ID the Uberon Anatomy es/uberon
Ontology

Cell Type Cell type. Text

Cell Type ID | Cell type annotated using the | Ontology ID | https://www.ebi.ac.uk/ols4/ontolo
Cell Ontology. gies/cl

Qualifier Defines a sample Text
characteristic (e.g., strain,
age, treatment).

Value The value associated with the | Text
qualifier.

Value ID The value ID OntologyID

Source Source of information (e.g., Text https://www.disease-ontology.org/
DOID, lab records). https://www.ebi.ac.uk/ols4/ontolo

gies/pato
Sample-Data | A table linking each sample | Text

Table 9 addresses the experimental

preparation methods, and labeling.

context of the samples, including treatments,

Table 9

Sample Preparation and Treatment

Field Description Answer Type Link

Sample Processing How nucleic acids Text

Protocols (RNA, DNA) were
processed.

Extraction Method used to extract | Text
nucleic acids.

Purification Method for removing | Text
contaminants.

Preparation Preparation steps (e.g., | Text
fragmentation,
ligation).

Experimental Factors | Key experimental Text
variables (e.g., drug
dose, time point).
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Field Description Answer Type Link
Sample Treatment Describes the Text
treatment applied.
Sample Labeling Labeling method for Text
RNA or DNA.
2.24. Sequencing and Data Processing

This section provides metadata fields related to sequencing and data processing. To

maintain readability, the section is organized into five structured tables: Sequence Read Data,

Processed Data, Sequencing Methodology, Data Processing and Mapping, and Correction,

Rejection, and Reference Information.

Table 10 captures raw sequencing outputs including base-level data, quality scores, and

file formats.

Sequence Read Data

Table 10

Field

Description

Answer Type

Link

Raw Data

The raw sequencing
data generated by
the sequencing
instrument.

FASTQ files

Quality Scores

Base-level quality
scores associated
with each sequence
read.

Text

Quality Scores ID

A standardized
ontology identifier
that describes the
quality scores, using
terms from the
EDAM Ontology

Ontology ID

https://edamontology.org

Scale

Description of the
scale used for
quality scores.

Text

Data Format

The format of the

raw sequencing data
(e.g., FASTQ).

Multiple Choice

Data Format ID

A standardized
ontology identifier
that describes the
file format of the
data, using terms
from the EDAM
Ontology

Ontology ID

https://edamontology.org
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Processed Data

Table 11

Field

Description

Answer Type

Link

Processed Data

Final processed
data used for
analysis (e.g., gene
expression matrix,
peak calls).

File

Data Format for
Processed Data

Format for the
processed data (e.g.,
CSV, Excel).

Text

Data Format ID

A standardized
ontology identifier
that describes the
file format of the
data, using terms
from the EDAM
Ontology

Ontology ID

https://edamontology.org

Gene Expression
Data Matrix

Matrix where each
row is a gene and
each column is a
biological
condition.

Spreadsheet

Gene Expression
Data Matrix ID

A standardized
ontology identifier
that describes the
file format of the
data, using terms
from the EDAM
Ontology

Ontology ID

https://edamontology.org

Table 12 provides details of the sequencing platform, preparation, and chemistry used.

Table 12
Sequencing Methodology
Field Description Answer Type
Sequencing Platform and Platform used for sequencing. | Text
Technology
Library Preparation Method Method used to prepare RNA- | Text
seq libraries.
Sequencing Chemistry Sequencing Text
chemistry/platform.
Labelling Methodology Labeling method (if any). Text
Amplification Methodology Method to amplify RNA/DNA. | Text
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Table 13 captures tools and steps involved in aligning, filtering, and normalizing

sequencing data.

Table 13
Data Processing and Mapping
Field Description Answer Type
Read Mapping and Alignment | Tool and method used for Text
Methods alignment.
Data Filtering and Quality Steps to clean/filter the data. Text
Control Methods
Data Normalization Method Normalization approach used. | Text
Data Analysis Tools and Tools for downstream analysis. | Text
Algorithms

Table 14 covers advanced correction, filtering, and reference genome identifiers.

Table 14
Correction, Rejection, and Reference Information
Field Description Answer Type
Data Rejection Methods Method for excluding low- Text
quality data.
Data Correction Methods Corrective methods for Text
biases/batches.
Alignment Methods Tools used for alignment. Text
Data Smoothing Methods Techniques for smoothing Text
count data.
Data Filtering Methods Filter criteria used. Text
Identifiers Reference genome version Text
used.

2.3 Case Study Application: ALS RNA-seq Data

To evaluate practical applicability, the template was tested using RNA-seq data from
ALS research. Specifically, RNA-seq datasets from the DC4MND project were used to
simulate real-world metadata curation. Metadata elements were sourced directly from
participating scientists and partner institutions within the consortium. The completed metadata
records were then evaluated for completeness, consistency, and alignment with the FAIR
principles. This case study served to illustrate the framework’s effectiveness in standardizing

metadata and identifying common gaps that hinder data reuse in RNA-seq research.
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2.4 Overview of the DC4MND Project

The DCAMND (Multidimensional Mechanistic Investigations of Trans-Spinal Direct
Current Stimulation in Motor Neuron Disease; Nr. 7-3-2.N-1876, The EU Joint Programme —
Neurodegenerative Disease Research (JPND)) project is a European, multi-institutional
research initiative focused on exploring the mechanisms and therapeutic potential of trans-
spinal direct current stimulation (tsDCS) in the context of ALS. The project brings together
experts in electrophysiology, molecular biology, computational modeling, and bioinformatics
to investigate how tsDCS influences motoneuron excitability, glial function, and spinal circuitry
in both animal models and human iPSC-derived co-cultures. As part of its systems-level
approach, the study incorporates RNA-seq analysis to assess transcriptomic changes in
response to tsDCS treatment across different biological models.

In the animal model arm of the study, transcriptomic profiling was performed on spinal
cord motor neurons isolated via laser capture microdissection from SOD1-G93A transgenic
mice, one of the most widely used and well-characterized ALS models. These mice express a
mutated form of the human superoxide dismutase 1 (SOD1) gene and exhibit hallmark ALS
phenotypes, including progressive motor neuron degeneration, muscle weakness, and paralysis
(Kim et al., 2015). This model enables mechanistic insights into disease pathology and
therapeutic responses.

The project also emphasizes rigorous data and metadata curation practices, aligning

with FAIR principles to ensure reproducibility, transparency, and reusability of results.

2.5 Metadata Evaluation Using FAIR Metrics

To assess the completeness and FAIR compliance of the RNA-seq metadata produced
using our framework, we applied a modified version of the FAIR assessment methodology
developed by Elucidata (Chaudhr and Verma, 2021). This framework (Table 15) was originally
designed to evaluate metadata quality in public transcriptomic repositories such as the GEO. It
incorporates eight key metrics across the four FAIR principles, Findability, Accessibility,
Interoperability, and Reusability. Each metric is scored based on the presence and richness of
relevant metadata fields, such as the use of unique identifiers, standard ontologies, and machine-
readable formats. Scores range from 0 (absent or insufficient information) to 1 (complete and

compliant), with an overall composite FAIR score calculated as a weighted average. In our
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adaptation, we manually evaluated each applicable field in our MINSEQE-compliant metadata

template and calculated the resulting FAIR score accordingly.

Table 15
Elucidata’s FAIR Assessment Metrics
FAIR Principle Metric Metric ID

F2. Data are described with rich | Metadata contains biological keywords that F2

metadata describe the study

F3. Metadata clearly and Metadata include machine actionable identifier | F3

explicitly include the identifier | to processed data

of the data it describes

12. (meta)data use vocabularies | Metadata are described by biological keywords | 12

that follow FAIR principles and unique ontology identifiers
Metadata provide information regarding the R1 21
overall design of the study
Metadata provide contact information of the R122

R1.2. (meta)data are associated | creator(s)
with detailed provenance Metadata specify the publication identifier R123

Metadata contain the platform ID R1 2 4
Processed data associated with the study R125

contain sufficient processing context
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3. Results

To evaluate the applicability and completeness of the proposed metadata template, we
applied it to a real-world RNA-seq dataset generated within the DC4MND project. The RNA-
seq experiment involved spinal cord motor neurons isolated by laser capture microdissection
from SOD1-G93A mice, a widely used transgenic model that mimics key features of human
ALS pathology, treated with trans-spinal direct current stimulation (tsDCS), and sequenced
using the Illumina NovaSeq 6000 platform.

3.1 DC4MND RNA-seq Metadata

3.1.1. DC4MND RNA-seq Metadata: Contact Information

The Contact Information section (Table 16) of the metadata was the most straightforward
to complete. All required fields were filled without difficulty, the only missing element was the
URL linking to the dataset, which will be added once the RNA-seq data is publicly deposited.
While RNA-seq data in the DC4AMND project involved contributions from multiple researchers
and collaborators, this thesis provides the metadata details of the primary submitter only. A full

list of co-authors and contributors will be available in the final data repository and associated

publications.
Table 16
DC4MND RNA-seq Metadata. Contact Information.
Field Description Value
Author First and last name of the Edite Vartina
(submitter) person submitting the data
Email Address Primary email for Edite.Vartina@rsu.lv

corre spondence

Author's ORCID | ORCID identifier providing | https://orcid.org/0000-0002-9639-2883
a unique researcher ID

Institution Name | Affiliated institution of the | Riga Stradins University, Bioinformatics Group

submitter
Contributor 1 Other individuals involved | Baiba Vilne
in the study
Email Address Primary email for Baiba Vilne@rsu.lv
correspondence
ORCID ORCID identifier providing | https://orcid.org/0000-0002-1084-7067

a unique researcher ID

Institution Name | Affiliated institution of the | Riga Stradins University, Bioinformatics Group
submitter
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a unique researcher ID

Field Description Value
Contributor 2 Other individuals involved | Tatjana Kiselova
in the study
Email Address Primary email for Tatjana.Kiselova@rsu.lv
correspondence
ORCID ORCID identifier providing | https://orcid.org/0009-0003-3853-3056

Institution Name

Affiliated institution of the
submitter

Riga Stradins University, Bioinformatics Group

a unique researcher ID

Contributor 3 Other individuals involved | Egija Berga-Svitina
in the study

Email Address Primary email for Egija.Berga-Svitina@rsu.lv
correspondence

ORCID ORCID identifier providing | https://orcid.org/0000-0001-5150-0185

Institution Name

Affiliated institution of the
submitter

Riga Stradins University, Bioinformatics Group

a unique researcher ID

Contributor 4 Other individuals involved | Burak Ozkan
in the study

Email Address Primary email for burak.oezkan@uni-ulm.de
correspondence

ORCID ORCID identifier providing | https://orcid.org/0000-0002-5228-4880

Institution Name

Affiliated institution of the
submitter

Ulm University

a unique researcher ID

Contributor 5 Other individuals involved | Francesco Roselli
in the study

Email Address Primary email for francesco.roselli@uni-ulm.de
correspondence

ORCID ORCID identifier providing | https://orcid.org/0000-0001-9935-6899
a unique researcher ID

Institution Name | Affiliated institution of the | Ulm University
submitter

Contributor 6 Other individuals involved | Marcin Baczyk
in the study

Email Address Primary email for baczyk@awf.poznan.pl
correspondence

ORCID ORCID identifier providing | https://orcid.org/0000-0002-2656-9655

Institution Name

Affiliated institution of the
submitter

Poznan University of Physical Education

Links (URL)

Link to related publication
or data repository

3.1.2. DC4MND RNA-seq Metadata: Experimental Design

The following tables present the completed metadata fields related to the experimental
design of the study. Table 17 provides an overview of the experiment and context within the
broader DC4AMND project. It captures key details such as the experimental type and a

descriptive summary of the biological questions being addressed.
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Table 18 outlines the experimental variables and control conditions, specifying the key

factors under investigation, acute and chronic tsDCS. These entries were completed based on

experimental design documentation and the planned RNA-seq sampling strategy.

Table 17

DC4MND RNA-seq Metadata. Experimental Overview.

Field Description Value
Experiment A brief, descriptive single- Multidimensional mechanistic investigations of
Title sentence title for the trans spinal direct current stimulation in motor
experiment. neuron disease
Description Free-text summary or a link This metadata describes the RNA-seq component
to the experiment of the DC4MND project, which investigates the
description/publication. transcriptomic effects of trans-spinal direct current
stimulation (tsDCS) in the context of Amyotrophic
Lateral Sclerosis (ALS). The experiment examines
both acute and chronic tsDCS effects on spinal
motor circuits using ALS mouse models. This
RNA-seq analysis was performed to assess gene
expression changes in spinal cord motoneurons of
SOD1-G93A mice in response to tsDCS
stimulation, compared to sham-treated controls.
https://neurodegenerationresearch.eu/wp-
content/uploads/2023/05/DC4MND-Project-Fact-
Sheet.pdf
Type of the E.g., normal vs. diseased, Comparative analysis of tsDCS effects in diseased
Experiment time course, dose response. (ALS) vs. control animal models using time course
response assessments.
Table 18
DC4MND RNA-seq Metadata. Experimental Variables and Controls
Field Description Value
Experimental | Key Acute tsDCS Chronic tsDCS
Factor experimental
variables (e.g.,
dose, time
point)
Experimental | Specific values | 20 minutes after One day after
Factor Value for those stimulation stimulation
factors (e.g.,
time duration)
Experimental | Units used for | minutes days
Factor Units the
experimental
factor values
(e.g., hours,
mg/mL).
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3.1.3. DC4MND RNA-seq Metadata: Sample Information

The Sample Identification and Classification metadata (Table 19) provides detailed
information on each biological sample, with each representing an individual mouse included in
the RNA-seq experiment. Each sample is uniquely identified and annotated using standardized
ontology references (e.g., NCBITaxon, UBERON, CL, MGI). Notably, all samples were
derived from Mus musculus (NCBITaxon:10090), and motoneurons were isolated from the
spinal cord.

It is also important to note that two different naming conventions were used for the
RNA-seq samples across project documents. In experimental records, samples were labeled as
S1-3 (sham/control group) and A3-5 (tsDCS stimulation group), while in the sequencing output
and data files, samples appear under technical identifiers such as S11596Nr1 and S11596Nr6.

The metadata table explicitly links both naming formats and connects each sample to its

corresponding raw and processed data files to ensure clarity and traceability.

Table 19

DC4MND RNA-seq Metadata. Sample Identification and Classification

Field Description Value
Sample ID A unique identifier for S1-2 (S11596Nr1) - Sham -control
each sample. S2-3(S11596Nr2) - Sham -control
S3-3(S11596Nr3) - Sham -control
A1-3 (S11596Nr4) - tsDCS-treated mice
A 3-3 (S11596Nr6) - tsDCS-treated mice
A4-4 (S11596Nr7) - tsDCS-treated mice
A5-2 (S11596Nr8) - tsDCS-treated mice
Organism Species (e.g., Homo Mus musculus
sapiens, Mus musculus).
Organism ID Species name annotated | NCBITaxon:10090
using the NCBI
Taxonomy.
Tissue/Cell Tissue or cell type. Spinal cord (UBERON:0002240)
Type Motorneuron (CL:0000100)
Tissue/Cell Tissue or cell type. UBERON:0002240
Type ID Uberon Anatomy CL:0000100
Ontology or Cell
Ontology.
Qualifier Defines a sample Genotype
characteristic (e.g.,
strain, age, treatment).
Value The value associated SOD1-G93A
with the qualifier.
Value ID The value ID MGI:2183719
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Field Description Value

Source Source of information MGTI database
(e.g., DOID, lab records).

Sample-Data | A table linking each S1-2 (S11596Nrl) RNA S11596Nrl.1.fastq.gz

Relationships | sample to its RNA S11596Nrl.2.fastq.gz
corresponding raw and RNA S11596Nrl.bam
processed data files. RNA S11596Nrl.Aligned.sorte

dByCoord.out.bam

Table 20 continues with metadata related to sample preparation and treatment protocols,
including RNA extraction, purification, and labeling. All procedures were carried out using the
QIAGEN RNeasy Micro Kit (QIAGEN, Hilden, Germany), according to the manufacturer’s
instructions, and the RNA samples underwent fragmentation and adapter ligation steps in
preparation for sequencing. The samples represent both tsDCS-treated and sham-treated
conditions, with treatment performed in vivo. No additional labeling steps were applied, as the

RNA-seq protocol involved direct sequencing of prepared cDNA libraries.

Table 20
DC4MND RNA-seq Metadata. Sample Preparation and Treatment
Field Description Value
Sample How nucleic acids (RNA, | RNA extracted using QTAGEN RNeasy Micro Kit
Processing DNA) were processed.
Protocols
Extraction Method used to extract QIAGEN RNeasy Micro Kit
nucleic acids.
Purification Method for removing RNeasy spin columns
contaminants.
Preparation Preparation steps (e.g., RNA fragmentation and adapter ligation
fragmentation, ligation).
Experimental Key experimental tsDCS treatment, genotype
Factors variables (e.g., drug dose,
time point).
Sample Whether treatment was in | in vivo
Treatment Type | vitro, in vivo, or not
applied.
Sample Labeling method for RNA | No labelling; direct RNA sequencing
Labeling or DNA.

3.1.4. DC4MND RNA-seq Metadata: Sequencing and Data Processing
The metadata fields related to sequencing and data processing are presented in Tables 21
to 23. These entries cover the entire technical workflow, from raw read generation and quality

assessment to alignment, normalization, and downstream analysis. Table 20 outlines the basic
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characteristics of the sequence read data, including file formats, quality score encoding, and

data standards (e.g., EDAM ontology identifiers).

Table 21

DC4MND RNA-seq Metadata. Sequence Read Data

Field Description Value
Raw The raw sequencing data FASTQ files from Novaseq 6000 platform (Illumina,
Data generated by the sequencing San Diego, USA)
instrument.
Quality | Base-level quality scores Phred quality scores, assessed using FastQC v0.11.9
Scores associated with each sequence
read.
Scale Description of the scale used for | Phred+64 (Sanger / Illumina 1.9 encoding)
quality scores.
Data The format of the raw sequencing | FASTQ
Format data (e.g., FASTQ).
Data A standardized ontology EDAM:format 1930
Format identifier from the EDAM
ID Ontology

Table 22 focuses on the processed data output, specifically the TMM (Trimmed Mean of

M-values) normalized gene expression matrix, which forms the basis for biological

interpretation and statistical analysis. However, some fields in this section are currently not

filled in, as the final steps of the data processing workflow have not yet been completed. These

metadata fields will be updated as soon as the processed data becomes available.

Table 22

DC4MND RNA-seq Metadata. Processed Data

Field

Description

Value

Processed Data | Final processed data used

for analysis (e.g., gene
expression matrix, peak
calls).

TMM normalised gene expression matrix

Data

Data Format Format for the processed
for Processed | data (e.g., CSV, Excel).

CSV/TSV

Data Format A standardized ontology

EDAM:format 3752

ID identifier that describes the | EDAM:format 3475
file format of the data,
using terms from the
EDAM Ontology

Gene Matrix where each row is a

Expression gene and each column is a

Data Matrix biological condition.
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Field

Description

Value

Gene
Expression
Data Matrix ID

A standardized ontology
identifier that describes the
file format of the data,
using terms from the

EDAM Ontology

Table 23 provides a comprehensive account of the sequencing methodology. It is

important to note that this section is the most challenging to complete accurately without deep

familiarity with the data processing pipeline. Much of this information resides in specialized

protocols, sequencing facility documentation, or embedded within software pipelines, and is

not immediately visible to external reviewers.

Table 23

DC4MND RNA-seq Metadata. Sequencing Methodology

Field Description Value
Sequencing Platform used for Novaseq 6000 platform (Illumina, San Diego,
Platform and sequencing. USA)

Technology
Library Method used to prepare SMART-Seq Stranded (Takara Bio)
Preparation RNA-seq libraries.
Method
Sequencing Sequencing
Chemistry chemistry/platform.
Labelling Labeling method (if any).
Methodology
Amplification Method to amplify
Methodology RNA/DNA.
Read Trimming (if | Tools (their versions and | Adapters trimmed with Skewer v0.2.2; quality
applicable) parameters) to remove trimming not performed
adapter sequences and
low-quality bases (e.g.
Trimmomatic, Cutadapt)
Read Mapping and | Tools (their versions and Trimmed raw reads were aligned to mm10 using
(Pseudo)Alignment | parameters) used to map STAR (version 2.7.3)
Methods and align reads to the
reference genome (e.g.
STAR, HISAT2) or
perfrom pseudoalignment
transcriptome (Salmon,
Kallisto).
Reference genome | Identifiers used for Mus_musculus.GRCm39.112.gtf
ID reference genomes
Read Mapping Tools (their versions and | FastQC v0.11.9
Quality Control parameters) that evaluate
Methods the quality and integrity of
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aligned sequencing reads
by analyzing coverage,
biases, and mapping
statistics, especially for
RNA-seq data. (e.g.,
QualiMap).

Quantification and
Annotation

Tools (their versions and
parameters) (e.g.
featureCounts) to
quantifying gene
expression by counting
how many aligned RNA-
seq reads overlap with
genomic features defined
in the annotation file (GTF
or GFF) and the
annotation file
(GENCODE, Ensembl)
used.

Rsubread v1.32.4 using featureCounts

Data Filtering

Low count filtering to
remove low-expressed
genes and reduce noise in
downstream statistical
analysis.

Custom Python script was used to filter out
genes that did not show a median expression >
10 reads in at least one experimental group.

Data
Transformation

To stabilize variance and
normalize count
distributions before
visualization or clustering.

Log2 transformation

Data
Normalization
Method

Methods (tools, their
versions and parameters)
used to statistically
normalize the data (TMM,
Upper Quartile, DESeq2
Size Factor, Quantile
Normalization) or
expression normalization
metrics used (e.g., TPM,
RPKM, FPKM).

TMM, as implemented in DESeq?2 (version
1.24.0) in R (version 4.0.4)

Downstream Data
Analysis Tools and
Algorithms

Tools (their versions and
parameters) used for
downstream data analysis
(e.g., DESeq2, LIMMA
for differential
expression).

DESeq?2 (version 1.24.0) for differential
expression

3.2 Controlled Field Validation Log

Following the initial metadata curation, all fields that required controlled vocabulary
terms or ontology identifiers were systematically reviewed. Validation was performed manually

against established resources, including:
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e NCBI Taxonomy for organism identifiers (Mus musculus — NCBITaxon:10090)
e UBERON for tissue annotations (spinal cord — UBERON:0002240)

e (Cell Ontology for tissue and cell type annotations (motoneuron — CL:0000100)

e EDAM Ontology for data formats (FASTQ — EDAM:format 1930; CSV —
EDAM:format 3752)
e MGI Database for genotype information (SOD1-G93A — MGI:2183719).

No invalid terms were identified during this validation step. Incomplete fields, such as
dataset URLs and final annotation file versions, were marked as placeholders to be completed
once data submission is finalized.

Table 24 summarizes the evaluation of the DC4AMND RNA-seq metadata using FAIR
assessment metrics adapted from Elucidata’s framework for GEO datasets. Based on this
evaluation, the composite FAIR score of the DC4AMND RNA-seq metadata was 80.0 out of 100,
indicating a high level of FAIR compliance. This score reflects particularly strong performance
in metadata richness, the use of machine-readable identifiers, and provenance documentation.
The result demonstrates the effectiveness of the structured framework in producing reusable

and transparent metadata suitable for large-scale transcriptomic data sharing and integration.

Table 24

Evaluation of DC4MND Metadata Using Elucidata’s FAIR Assessment Metrics

FAIR Principle Metric Assessment Evidence

F2 Metadata contains Yes Includes keywords like
biological keywords that 'Amyotrophic Lateral Sclerosis',
describe the study 'tsDCS', 'motoneurons', 'SOD1-

G93A'

F3 Metadata include Yes Processed data files (.bam,
machine actionable .fastq.gz) are linked to sample IDs
identifier to processed and traceable
data

12 Metadata are described Yes Uses NCBITaxon:10090,
by biological keywords UBERON:0002240, CL:0000100
and unique ontology
identifiers

R1 21 Metadata provide Yes Experimental design and variable
information regarding the tables included with timepoints
overall design of the and treatment details
study

R1 22 Metadata provide contact | Yes Submitter name, email, ORCID,
information of the and institution are listed
creator(s)
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FAIR Principle Metric Assessment Evidence
R123 Metadata specify the Partially Only project summary link
publication identifier provided, no DOI or PubMed ID
yet
R1 2 4 Metadata contain the Yes Platform "NovaSeq 6000' and
platform ID tools like STAR, DESeq?2 are
documented
R1 2 5 Processed data associated | Yes Detailed info on trimming,

with the study contain
sufficient processing
context

alignment, quantification,
normalization methods
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4. Discussion

The ongoing reproducibility “crisis” in biomedical research continues to raise major
challenges for scientific progress and public credibility, as confirmed by multiple international
surveys. In a 2016 survey conducted by Nature, more than 70% of researchers reported they
had been unable to reproduce another scientist’s experiment, and over half said they had failed
to reproduce their own results (Baker, 2016). In the same study, over half of the respondents
(52%) considered this a significant crisis, although many still expressed confidence in the
overall reliability of the literature. Similarly, a cross-sectional survey published in 2024, which
focused specifically on biomedical researchers found that 72% believed a crisis exists, and only
16% reported their institutions had established procedures to enhance reproducibility (Cobey et
al., 2024).

One of the widely endorsed solutions to this crisis is the adoption of the FAIR data
principles - Findability, Accessibility, Interoperability, and Reusability (Wilkinson et al.,
2016). These principles emphasize not just open data, but usable data (Cobey et al., 2024). In
the context of RNA-seq, this means ensuring that metadata is complete, structured, and
standardized (Caliskan, Dangwal and Dandekar, 2023). Such metadata allows researchers to
assess the relevance and quality of public datasets, integrate them with new data, and perform
meta-analyses. Incomplete or inconsistent metadata, by contrast, severely limits the utility of
even high-quality sequencing data (Sabot, 2022). It can lead to misinterpretation, inappropriate
comparisons, or the outright exclusion of otherwise valuable datasets from integrative studies
(Glasziou et al., 2014). Thus, improving metadata completeness is a necessary step toward
unlocking the full potential of publicly available transcriptomic resources.

Our proposed framework is designed to systematically address persistent challenges in
RNA-seq metadata curation, including inconsistency, incompleteness, and lack of
standardization. To build this framework, we compiled and synthesized four widely used RNA-
seq metadata standards to construct a unified template. This template is designed to prompt
researchers to provide comprehensive metadata that covers essential biological and technical
parameters. By drawing on established guidelines, we ensured that the fields included are both
relevant to RNA-seq workflows and sufficient to support reproducibility and reuse.

One of the major limitations in current RNA-seq metadata practices is the frequent
fragmentation and incompleteness of essential information. Essential biological and technical
information, such as tissue origin, disease state, library preparation protocols, or sequencing

settings, is often missing or only partially described (Sabot, 2022). This lack of detail can make
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even high-quality sequencing data difficult to interpret or reuse. To address this, our framework
emphasizes the identification and inclusion of mandatory metadata fields that are essential for
interpreting and reusing the data. These core fields serve not only as documentation but also as
indicators of dataset completeness, helping researchers quickly evaluate whether a dataset is
sufficiently annotated for their intended analyses. Essential elements include clear sample-to-
data relationships (e.g., linking individual biological samples to corresponding FASTQ or BAM
files), biological metadata (such as tissue type, cell line, disease status, developmental stage, or
treatment condition), and technical metadata (including library preparation method, sequencing
platform, read layout, and strandedness) (Brazma et al., 2012). By clearly defining which
metadata elements are required, the framework encourages consistent reporting and facilitates
data integration, ultimately supporting more reproducible and reusable transcriptomic research.
One of the primary challenges with RNA-seq data is its high dimensionality. A typical RNA-
seq dataset contains expressions for thousands of genes across hundreds or thousands of
individual cells or samples. This large volume of data can be difficult to analyze and interpret
without detailed metadata that describes not just the data itself but the experimental conditions
that affect gene expression. For example, the same gene may exhibit varying expression levels
depending on the tissue, disease state, or time of collection, all of which need to be captured in
the metadata. This challenge is further compounded in large-scale, multi-center projects where
different parts of the experiment may be conducted at different sites, often introducing variation
in protocols, instrumentation, or data handling practices (Ulrich et al., 2022). Such complexity
is particularly pronounced in studies of heterogeneous and multifactorial diseases like
amyotrophic lateral sclerosis, where capturing detailed, standardized metadata across sites is
essential for meaningful analysis and comparison (Chid et al., 2013). Another challenge in
RNA-seq research is the variability in experimental protocols. RNA-seq protocols can differ
widely in terms of the methods used for sample collection, RNA extraction, library preparation,
sequencing platforms, and data analysis pipelines (Abdelaziz et al., 2024). For example,
different library preparation methods or sequencing platforms can yield datasets with distinct
biases and characteristics. These variations in methodology must be carefully documented in
the metadata to ensure that the data can be properly interpreted, compared, and integrated.

To address this, our framework includes a guided metadata template featuring fill-in
fields and multiple-choice options. This structure helps researchers navigate which data are
required, minimizes ambiguity, and promotes consistency across contributors and study sites.
By simplifying the process of metadata collection, the template supports more complete and

harmonized documentation, even in complex, distributed research settings. One important
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consideration in this process is the section covering sequencing methodology. This part of the
metadata is often the most difficult to complete accurately without domain-specific knowledge
of the data processing pipeline. Key details, such as sequencing chemistry, reference annotation
sources, or quantification tools, are frequently embedded in specialized protocols, facility
documentation, or within software environments and may not be apparent to external reviewers.
For this reason, we recommend that these fields be completed by the researcher directly
involved in the sequencing or bioinformatic analysis. Their expertise is essential to ensure that
the metadata is both accurate and complete, which is particularly important for interpreting
technical variability across datasets.

In addition to consistency and completeness, standardization is a fundamental goal of
our framework. Free-text fields and unstructured inputs are common in metadata submissions,
but they lack semantic clarity and hinder automation. By incorporating structured ontologies
and controlled vocabularies, such as the Uberon anatomy ontology for tissue and organ terms,
the NCBI Taxonomy for organism classification, and the Cell Ontology for cell-type
classification, our framework enables machine-readable annotations and semantic
interoperability (Diehl et al., 2016; Schoch et al., 2020). These features not only make the data
more accessible to computational tools but also ensure alignment with community-driven
standards, increasing the chances of long-term reusability.

To quantitatively assess the FAIRness of our proposed metadata framework, we applied
Elucidata’s FAIR assessment framework, which evaluates compliance with core FAIR
principles through eight weighted metrics (Chaudhr and Verma, 2021). Based on this
evaluation, the metadata generated for the DC4MND RNA-seq dataset received a composite
FAIR score of 80 out of 100. This high score reflects strong performance across areas such as
metadata richness, provenance, identifier usage, and interoperability. Compared to average
scores observed in uncurated GEO datasets, this result demonstrates the value of prospective
metadata design and highlights the framework’s effectiveness in producing machine-actionable
and reusable transcriptomic metadata (Chaudhr and Verma, 2021) .

Several previous efforts have aimed to improve RNA-seq metadata through
retrospective curation or templated annotation tools. For example, MetaSRA focuses on
enriching existing metadata from public repositories by mapping free-text descriptions to
ontology terms, thereby improving semantic structure and comparability across studies. It uses
a schema inspired by the ENCODE project and combines automated entity recognition with
ontology-based normalization to label human RNA-seq samples from the Sequence Read

Archive (SRA) (Bernstein, Doan and Dewey, 2017). This includes mapping to key biomedical
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ontologies such as the Disease Ontology, Cell Ontology, and Uberon, along with extracting
real-value properties like age or passage number. The MetaSRA project has since expanded to
include annotated metadata for both human and mouse samples, broadening its relevance for
comparative and cross-species studies. However, because MetaSRA operates retroactively, it
cannot address gaps in original metadata completeness or inaccuracies present at the time of
submission.

MetaSheet offers spreadsheet-based templates for metadata annotation with an
emphasis on ease of use, allowing users to generate documentation and code from Excel or
Google Sheets without requiring programming experience (Metadata Technology North
America, 2025). It is particularly designed to support the GO FAIR initiative by enabling rapid
metadata capture for statistical and scientific datasets. However, despite its accessibility and
flexibility, MetaSheet lacks integration with controlled vocabularies or domain-specific
ontologies, and does not currently support automated validation of metadata fields.
Additionally, there is no RNA-seq—specific template available, and its general-purpose design
may limit its immediate applicability for complex omics data.

MetaRNA-Seq provides a web-based tool for browsing, searching, and annotating
RNA-seq metadata with study-level summaries and a semiautomated curation interface (Kumar
et al., 2015). Unlike the MetaSRA, which emphasizes experiment-level information,
MetaRNA-Seq organizes metadata hierarchically and provides study-wide overviews, allowing
users to filter by attributes such as disease type, replicate type, or time series design. The tool
also offers guided annotation suggestions based on regular expression matches across
biosamples and experiments. However, MetaRNA-Seq currently focuses only on human
datasets and relies heavily on manual curation by a small number of contributors, limiting
scalability and consistency across large repositories.

In contrast, our framework is designed to be implemented prospectively, at the point of
data generation. This approach promotes higher metadata quality from the outset and reduces
the need for retrospective correction. Additionally, our use of structured ontologies, a guided
template with required fields, and automation-ready formatting provides a more robust and
reusable solution. A current limitation, however, is the need for manual input from domain
experts during the annotation process, particularly for technically detailed fields, highlighting

a potential area for future automation and integration with sequencing pipelines.
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Conclusions

The ongoing reproducibility “crisis” in biomedical research highlights the urgent need
for improved data practices, particularly in the handling of metadata. In RNA-seq research,
where high-dimensional datasets and complex experimental designs are common, incomplete
or inconsistent metadata remains a major barrier to data reuse, integration, and interpretation.
Our work addresses these challenges by presenting a structured framework for RNA-seq
metadata curation that prioritizes completeness, consistency, and standardization.

By synthesizing four established RN A-seq metadata standards, we developed a unified
template that guides researchers through the metadata annotation process using fill-in fields and
multiple-choice options. This approach helps ensure the inclusion of critical biological and
technical parameters, supports reproducibility, and aligns with FAIR data principles. We further
emphasize the importance of domain expertise in accurately completing sections related to
sequencing methodology and analysis pipelines, areas that are often difficult to annotate

retrospectively.
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Appendix 1

Structured Metadata Template for RNA-Seq Submission to GEO

Entity

Field

Description

Study

Title

Unique title (maximum of 255 characters) that
describes the overall study.

A working title from the associated manuscript may be
suitable.

Study

Summary (Abstract)

Thorough description of the goals and objectives of
this study.

A working abstract from the associated manuscript

may be suitable. Include as much text as necessary.

Study

Experimental design

Description of the type of SAMPLES included in the
submission.

For example: The experimental conditions and
variables under investigation, if replicates are included,
are there control and/or reference Samples, etc.

Study

Contributor

Firstname, Middlename initial, Lastname
Or Firstname, Lastname

Each contributor on a separate line.

Add as many contributor lines as needed.

Study

Supplementary file

If you submit a processed data file corresponding to
multiple Samples, include the processed file name
here.

Samples

Library name

In each row, provide a unique name for the library.
Do not include sensitive information.

Use only plain ASCII text for the names.

Each row represents a GEO Sample record
(GSMXXXXXXXX).

The unique name will be displayed in the
"Description” field of the GSM.

Samples

Title

Unique title (maximum of 120 characters) that
describes the Sample. We suggest the convention:
[biomaterial] [condition(s)] [replicate number]

Samples

Library strategy

A Sequence Read Archive (SRA)-specific field that
describes the sequencing technique for each library.
Enter one of the strategies from the drop-down list
(click arrowhead on cell immediately below).

Samples

Organism

Provide a valid scientific name at species level (or
lower rank, such as subspecies). Example: Mus
musculus

The name must return a SINGLE entry in the
Taxonomy database:
https://www.ncbi.nlm.nih.gov/taxonomy/

Add another "organism" column(s), if needed.

Samples

Tissue

Samples

Cell line

Samples

Cell type
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Entity Field Description

Samples Genotype

Samples Treatment

Samples Batch

Samples Molecule Type of molecule that was extracted from the
biological material.
Include one of the molecules from the drop-down list

Samples Single or paired-end Include "single" or "paired-end"

Samples Instrument model Instrument model used to sequence the library.

Samples Description Additional information not provided in the other fields,
or broad descriptions that cannot be easily dissected
into other fields.

Samples Processed data file Exact name of the file containing the processed data.

Samples Raw file Exact name of the file containing the raw data.
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Appendix 2

MIAME-Based Metadata Template for Microarray and RNA-seq Studies

MIAME Metadata standard: Experimental Design

Table 1

Field

Description

Answer Type

Link

Author (submitter)

First and Last Name

Text

Email Address

E-mail

Institution Name

Text

Links(URL)

Link to related
publication or data
repository

Link

Experiment Title

A brief, descriptive
single-sentence title
for the experiment.

Text

Description

A free-text format
description of the
experiment or a link to
an electronically
available publication

Text

Type of the Experiment

Such as normal-
versus-diseased
comparison, time
course, dose response,
and so on

Text

Experimental Variables

Describes the
parameters or
conditions tested, such
as time, dose, genetic
variation, or response
to a treatment or
compound

Text

Experimental Variable
Values

Specific values for
experimental factors
(e.g., dose level, time
of treatment).

Text

Replicates

Usage and types of
replicates.

Multiple
Choice

https://www.nature.com/do
cuments/Biological and te
chnical replicates guidelin
es.pdf

Quality-control

Such as dealing with
low-complexity
sequence-induced

Text

https://genomebiology.bio
medcentral.com/articles/10.
1186/513059-016-0881-8
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Field

Description

Answer Type

Link

nonspecific
hybridization

Experimental
Relationships

Describes the
relationship between
the samples and the
arrays used in each
hybridization.

Text

MIAME Metadata standard: Array Design

Table 2

Field

Description

Answer Type

Link

Array ID

A unique identifier for
cach array used.

Text

Array

Is your array commercial
or custom?

Multiple Choice

Provider

The provider or
manufacturer of the array.

Text

Array Platform Type

Describes the platform type
(e.g., glass slides, nylon
membrane).

Multiple Choice

Surface Type

Describes the surface type
of the array (e.g., type of
material used, such as
glass, silicon).

Multiple Choice

Array Content

Describes each element or
spot on the array, such as
the probes or genes

Text

Array Element
Identification

Describes the properties of
each element, such as gene
identifiers or sequences

Text

MIAME Metadata standard: Sample Information

Table 3

Field

Description

Answer Type

Link

Sample ID

A unique identifier for each
sample.

Text

Organism

Species (e.g., Homo
sapiens, Mus musculus).
NCBI Taxonomy.

Text

https://www.ncbi.nlm.nih.
gov/taxonomy

Tissue/Cell Type

Type of tissue or cells used
in the study. Uberon or Cell
Ontology.

Text

https://www.ebi.ac.uk/ols/
ontologies/uberon

Qualifier

Defines a characteristic of
the sample (e.g., strain, age,
treatment).

Multiple Choice
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Field Description Answer Type Link

Value The value associated with Text
the Qualifier.

Source The source of the Text https://www.disease-
information (e.g., database, ontology.org/
lab records).

Experimental Factors | Key experimental variables | Text
(e.g., drug dose, time
point).

Sample Treatment Describes whether the Multiple Choice

Type treatment was applied in
vitro, in vivo, or not
applied.

Sample Treatment Describes the treatment Text
applied to sample

Sample Preparation | Describes the method used | Multiple Choice
to prepare the samples for
analysis

Sample Labeling Describes the labeling Text
method for RNA or DNA.

Table 4
MIAME Metadata standard: Hybridization
Field Description Answer Type Link

Hybridization A free-text description of Text

Protocol the hybridization protocol

Hybridization Parameters for None

Conditions hybridization (e.g.,
temperature, volume, wash
procedure).

Hybridization Salt and detergent Text

Solution concentrations

Blocking Agent Agent used to block non- Text
specific binding during
hybridization.

Wash Procedure Procedure to wash Text
hybridized samples

Wash Temperature Temperature of wash (°C) | Number

Wash Time Duration of the wash Number
(minutes)

Wash Buffer Composition of the wash Text
buffer

Quantity of Labeled | Amount of labeled target Text

Target Used used

Hybridization Time Duration of hybridization | Number
(hours?)

Hybridization Total volume of Number

Volume hybridization (uL?)

Hybridization Temperature of Number

Temperature hybridization (°C)
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Field Description Answer Type Link
Hybridization Equipment used for Text
Equipment hybridization
Table 5
MIAME Metadata standard: Measurements
Field Description Answer Type Link
Raw Data Original scans (e.g. TIFF, | Files
CEL, or GPR)
Quantification Matrix | Quantification matrices Spreadsheet
(e.g. from image analysis)
Image Analysis Software used to analyze Text
Software microarray images
Methodology Underlying methodology Text
(e.g., algorithms)
Quantifications Definitions of Text
quantifications used
Gene Expression Final gene expression Text
Matrix matrix after normalization
Numerical All numerical calculation Text
Calculations specifications
Table 6
MIAME Metadata standard: Normalization Controls
Field Description Answer Type Link
Normalization General approach for Multiple Choice
Strategy normalization
Normalization Method used for Multiple Choice
Method normalization
Quality Control Quality control algorithms | Text
and strategies
Control Elements Details of control elements | Text
in the experiment
Hybridization Extract | Preparation of control Text
Preparation probes/samples before

hybridization
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Appendix 3

FAANG-Based Metadata Template for RNA-seq Studies

FAANG Metadata standard: Standard

Table 1

Field

Description

Answer Type

Sample Description

A brief description of the sample including
species name.

string

Material

The type of material being described.

ontology id

Project

State that the project is 'FAANG'.

constant

Secondary project

State the secondary project(s) that this data
belongs to e.g. '"AQUA-FAANG',
'GENE-SWitCH' or 'BovReg'. Please use your
official consortium shortened acronym if
available. If your secondary project is not in the
list, please contact the faang-dcc helpdesk to
have it added. If your project uses the FAANG
data portal project slices
(https://data.faang.org/projects) then this field is
required to ensure that your data appears in the
data slice.

string

Availability

Either a link to a web page giving information on
sample availability (who to contact and if

the sample is available), or a e-mail address to
contact about availability. E-mail addresses
should be prefixed with 'mailto:', e.g.
'mailto:samples@example.ac.uk'. In either case,
long term support of the web page or e-mail
address is necessary. Group e-mail addresses are
preferable to indiviudal.

uri

Same as

BioSample ID for an equivalent sample record,
created before the FAANG metadata
specification was available. This is optional and
not intended for general use, please contact the
data coordination centre (faang-dcc@ebi.ac.uk)
before using it.

string
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FAANG Metadata standard: Organism

Table 2

Required if related animals are part of FAANG,
e.g. quads.

Field Description Answer Type
Organism NCBI taxon ID of organism. ontology id
Sex Animal sex, described using any child term of | ontology id
PATO _0000047.
Birth date Birth date, in the format YYYY-MM-DD, or string
YYYY-MM where only the month is known.
For embryo samples record 'not applicable'.
Breed Animal breed, described using the FAANG ontology id
breed description guidelines
(http://bit.ly/FAANGbreed). Should be
considered mandatory for terrestiral species, for
aquatic species record 'not applicable'.
Health status Healthy animals should have the term normal, ontology id
otherwise use the as many disease terms as
necessary from EFO.
Diet Organism diet summary, more detailed string
information will be recorded in the associated
protocols. Particuarly important for projects
with controlled diet treatements. Free text field,
but ensure standardisation within each study.
Birth location Name of the birth location. string
Birth location latitude Latitude of the birth location in decimal number
degrees.
Birth location longitude | Longitude of the birth location in decimal number
degrees.
Birth weight Birth weight, in kilograms or grams. number
Placental weight Placental weight, in kilograms or grams. number
Pregnancy length Pregnancy length of time, in days, weeks or number
months.
Delivery timing Was pregnancy full-term. early or delayed. string
Delivery ease Did the delivery require assistance. string
Pedigree A link to pedigree information for the animal. uri
Child of Sample name or Biosample ID for sire/dam. string
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FAANG Metadata standard: Organoid

Table 3

organoid record.

Field Description Answer Type
Organ model Organ for which this organoid is a model system ontology id
e.g. 'heart' or 'liver'. High level organ term.
Organ part model Organ part for which this organoid is a model ontology id
system e.g. 'bone marrow' or "islet of Langerhans'.
More specific part of organ.
Freezing date Date that the organoid was frozen. string
Freezing method Method of freezing of organoid. Temperatures are | string
in celsius. 'Frozen, vapor phase'
refers to storing samples above liquid nitrogen in
the vapor.
Freezing protocol A link to the protocol for freezing. uri
Number of frozen Number of organoids cells that were frozen. number
cells
Organoid passage Number of passages. Passage 0 is the plating of number
cells to create the organoid
Organoid passage A link to the protocol for organoid passage. uri
protocol
Organoid culture and | Protocol for the culture and passage of organoids, | uri
passage protocol growth environment (matrigel or other);
incubation temperature and oxygen level are
expected in this protocol
Growth environment | Growth environment in which the organoid is string
grown. e.g. 'matrigel’, 'liquid suspension' or
'adherent'.
Type of organoid Whether the organoid culture two dimensional or string
culture three dimensional.
Organoid morphology | General description of the organoid morphology. string
e.g. 'Epithelial monolayer with budding
crypt-like domains' or 'Optic cup structure'. Be
consistent within your project if multiple similar
samples.
Derived from Sample name or BioSample ID for a specimen or string
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FAANG Metadata standard: Experiment Standard

Table 4

Field Description Answer Type
Secondary project State the secondary project(s) that this data string
belongs to e.g. '"AQUA-FAANG',

'GENE-SWitCH' or 'BovReg'. Please use your

official consortium shortened acronym if

available. If your secondary project is not in the

list, please contact the faang-dcc helpdesk to have

it added. If your project uses the FAANG data

portal project slices

(https://data.faang.org/projects) then this field is

required to ensure that your data appears in the

data slice.
Assay type The type of experiment performed. string
Sample storage How the sample was stored. Temperatures are in string

celsius. 'Frozen, vapor phase' refers to

storing samples above liquid nitrogen in the

vapor.
Sample storage How the sample was prepared for storage. string
processing
Sampling to How long between the sample being taken and the | number
preparation interval assay experiment preperations commencing. If

sample preperations were then left in intermediate

stages after preperation commenced, for example

as sheared chromatin, then this should be made

clear in your protocols.
Experimental protocol | Link to the description of the experiment protocol, | uri

an overview of the full experiment, that can refer

to the order in which other protocols were

performed and any intermediate steps not covered

by the extraction or assay specific protocols.
Extraction protocol Link to the protocol used to isolate the extract uri

material.
Library preparation Location where library preperation was string
location performed.
Library preparation Longitude of the library prep location in decimal | number
location longitude degrees.
Library preparation Latitude of the library prep location in decimal number
location latitude degrees.
Library preparation Date on which the library was prepared. string
date
Sequencing location Location of where the sequencing was performed. | string
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Field Description Answer Type
Sequencing location Longitude of the sequencing location in decimal number
longitude degrees.
Sequencing location Latitude of the sequencing location in decimal number
latitude degrees.
Sequencing date Date sequencing was performed. string
Table 5
FAANG Metadata standard: RNA Sequencing
Field Description Answer Type
Experiment target What the experiment was trying to find, list the text | ontology id
rather than ontology link, for
example 'polyA RNA'.
Rna preparation 3' Link to the protocol for 3* adapter ligation used in | uri
adapter ligation preparation.
protocol
Rna preparation 5' Link to the protocol for 5 adapter ligation used in | uri
adapter ligation preparation.
protocol
Library generation Link to the protocol for isolating per products used | uri
per product isolation | for library generation.
protocol
Preparation reverse Link to the protocol for reverse transcription used | uri
transcription protocol | in preparation.
Library generation Link to the protocol used to generate the library. uri
protocol
Read strand For strand specific protocol, specify which mate string

pair maps to the transcribed strand or Report non-
stranded' if the protocol is not strand specific. For
single-ended sequencing: use 'sense’ if the reads
should be on the same strand as the transcript,
'antisense' if on opposite strand. For paired-end
sequencing: 'mate 1 sense' if mate 1 should be on
the same strand as the transcript, 'mate 2 sense' if
mate 2 should be on the same strand as the
transcript.
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Appendix 4

HCA-Based Metadata Template for RNA-seq Studies (HCA Data Portal, 2025)

Field

Description

Answer Type

Link

Title

A brief, descriptive single-sentence title
for the experiment.

Text

Description

A free-text format description of the
experiment or a link to an electronically
available publication

Text

Author
(submitter)

First and Last Name

Text

Email Address

E-mail

Institution Name

Text

Links(URL)

Publication/preprint DOI: The
publication digital object identifier (doi)
for the protocol.

If no pre-print nor publication exists,
please write 'not applicable'.

Link

Consortia

title

This text describes and differentiates the
dataset from other datasets in the same
collection. It is strongly recommended
that each dataset title in a collection is
unique

and does not depend on other metadata
such as a different assay to
disambiguate it

from other datasets in the collection.

Text

study pi

Principal Investigator(s) leading the
study where the data is/was used

Text

batch_condition

Note: Name of the covariate that confers
the dominant batch effect in the data as
judged by the data contributor. The
name provided here should be the label
by which

this covariate is stored in the AnnData
object.

Text

default embeddi
ng

The value must match a key to an
embedding in obsm for the embedding
to display by

default in CELLxGENE Explorer.

Text

comments

Other technical or experimental
covariates that could affect the quality
or batch of the

sample. Must not contain identifiers.

Text
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Field

Description

Answer Type

Link

This field is designed to capture
potential

challenges for data integration not
captured elsewhere.

raw counts

normalized
counts

protocol_url

The protocols.io URL (if none exists,
please use the BioRxiv URL) for the
full

experimental protocol; or if multiple
protocols exist please list them e.g.
sample

preparation protocol / sequencing
protocol.

Text

donor id

This must be free-text that identifies a
unique individual that data were derived
from

Text

sample_id

Identification number of the sample.
This is the fundamental unit of sampling
the tissue

(the specimen taken from the subject),
which can be the same as the

'subject ID', but

is often different if multiple samples are
taken from the same subject. Note: this
is NOT

a unit of multiplexing of donor samples,
which should be stored in "library".

Text

institute

Institution where the samples were
processed.

Text

sample collectio
n_site

The pseudonymised name of the site
where the sample was collected.

Text

sample collectio
n_relative time
point

Time point when the sample was
collected. This field is only needed if
multiple samples

from the same subject are available and
collected at different time points.
Sample

collection dates (e.g. 23/09/22) cannot
be used due to patient data protection,
only

relative time points should be used here

(e.g. day3).

Text

library id

The unique ID that is used to track
libraries in the investigator's institution
(should align

with the publication)

Text
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Field Description Answer Type Link

library_id_repos | The unique ID used to track libraries Text
itory from one of the following public data
repositories:
EGAX*, GSM*, SRX*, ERX*, DRX,
HRX, CRX
author batch no | Encoding of author knowledge on any Text
tes further information related to likely
batch effects.
organism_ontolo | The name given to the type of organism, | Text https://www.ncbi.nl
gy term id collected in NCBITaxon:0000 format. m.nih.gov/taxonom
y
manner _of deat | Manner of death classification based on | Multiple
h the Hardy Scale or 'unknown' or 'not Choice
applicable":

e Category 1 = Violent and fast death
Deaths due to accident, blunt force
trauma

or suicide, terminal phase estimated at <
10 min.

e Category 2 = Fast death of natural
causes -Sudden unexpected deaths of
people who had been reasonably
healthy, after a terminal phase estimated
at<

1 hr (with sudden death from a
myocardial infarction as a model cause
of death

for this category)

e Category 3 = Intermediate death -
Death after a terminal phase of 1 to 24
hrs

(not classifiable as 2 or 4); patients who
were ill but death was unexpected

e Category 4 = Slow death - Death after
a long illness, with a terminal phase
longer than 1 day (commonly cancer or
chronic pulmonary disease); deaths

that are not unexpected

e Category 0 =Ventilator Case - All
cases on a ventilator immediately before
death

e Unknown = The cause of death is
unknown

e Not applicable = Subject is alive
[Please leave this field as blank for
embryonic/fetal tissue]

sample source The study subgroup that the participant | Multiple
belongs to. This indicates whether the Choice
participant was a surgical donor (this
includes patients providing blood
samples or
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Field Description Answer Type Link
biopsies), a postmortem donor, or an
organ donor.
sex_ontology te | Reported sex of the donor. Multiple
rm_id Choice
sample collectio | The method the sample was physically | Multiple
n_method obtained from the donor. Choice
tissue_type Whether the tissue is "tissue", Multiple
"organoid", or "cell culture". Choice
sampled_site co | Whether the site is considered healthy, | Multiple
ndition diseased or adjacent to disease. Choice
tissue_ontology | The detailed anatomical location of the | Text https://www.ebi.ac.
term_id sample, please provide a specific uk/ols/ontologies/u
UBERON beron
term. https://github.com/
obophenotype/uber
on
tissue_free text | The detailed anatomical location of the | Text
sample - this does not have to tie to an
ontology
term
sample preserva | Indicating if tissue was frozen, or not, at | Text
tion_method any point before library preparation
suspension_type | Specifies whether the sample contains Multiple
single cells or single nuclei data.This Choice

must be "cell", "nucleus", or "na".
This must be the correct type for the
corresponding assay:

e 10x transcription profiling
[EFO:0030080] and its children = "cell"
or "nucleus"

o ATAC-seq [EFO:0007045] and its
children = "nucleus"

o BD Rhapsody Whole Transcriptome
Analysis [EFO:0700003] = "cell"

e BD Rhapsody Targeted mRNA
[EFO:0700004] = "cell"

e CEL-seq2 [EFO:0010010] = "cell" or
"nucleus"

e CITE-seq [EFO:0009294] and its
children = "cell"

e DroNc-seq [EFO:0008720] =
"nucleus"

® Drop-seq [EFO:0008722] = "cell" or
"nucleus"

o GEXSCOPE technology
[EFO:0700011] = "cell" or "nucleus"
e inDrop [EF0O:0008780]

cell _enrichment

Specifies the cell types targeted for
enrichment or depletion beyond the
selection of live

http://www.ebi.ac.u
k/ols4/ontologies/cl
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Field Description Answer Type Link

cells. This must be a Cell Ontology
(CL) term. For

cells that are enriched, list the CL code
followed by a "+". For cells that were
depleted,

list the CL code followed by a "-". If no
enrichment or depletion occurred,

please use
'na' (not applicable)
cell_viability pe | If measured, per sample cell viability Number
rcentage before library preparation (as a
percentage).
cell number loa | Estimated number of cells loaded for Number
ded library construction.
sample collectio | Year of sample collection. Should not Number
n_year be detailed further(to exact month and
day), to
prevent identifiability
assay ontology | Platform used for single cell library Text https://www.ebi.ac.
term_id construction. This must be an EFO term uk/ols4/ontologies/
and either: efo

e "EF0:0002772" for assay by
molecule or preferably its most accurate
child

e "EF0:0010183" for single cell library
construction or preferably its most
accurate child

e An assay based on 10X Genomics
products should either be
"EF0O:0008995"

for 10x technology or preferably its
most accurate child. An assay based on
SMART (Switching Mechanism at the
5'end of the RNA Template) or
SMARTer

technology SHOULD either be
"EF0:0010184" for Smart-like or
preferably its

most accurate child.

Recommended:

10x 3'v2 "EF0:0009899"

10x 3' v3 "EF0:0009922"

10x 5' vl "EFO:0011025"

10x 5' v2 "EF0O:0009900"

Smart-seq2 "EFO:0008931"

Visium Spatial Gene Expression
"EF0:0010961"

library preparati | Indicating which samples' libraries were | Text
on_batch prepared in the same chip/plate/etc., e.g.
batchl, batch2
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Field Description Answer Type Link
library_sequenci | The identifier (or accession number) Text
ng run that indicates which samples' libraries
were
sequenced in the same run.
sequenced frag | Which part of the RNA transcript was Multiple
ment targeted for sequencing. Choice
sequencing_platf | Platform used for sequencing. EFO Text https://www.ebi.ac.
orm uk/ols/ontologies/ef
o/terms?iri=http%3
A%2F%2Fwww.eb
.ac.uk%?2F
efo%2FEFO_0002
699
is_primary data | This must be True if this is the Multiple
canonical instance of this cellular Choice
observation and False
if not. This is commonly False for meta-
analyses reusing data or for secondary
views of
data.
reference_geno | Reference genome used for alignment Multiple
me Choice
gene_annotation | Ensembl release version accession Text http://www.ensemb
_version number. Some common codes include: l.org/info/website/a
GRCh38.p12 = GCF_000001405.38 rchives/index.html)
GRCh38.p13 = GCF_000001405.39 or NCBI/RefSeq
GRCh38.p14 = GCF_000001405.40
alignment softw | Protocol used for alignment analysis, Text
are please specify which version was used
e.g. cell
ranger 2.0, 2.1.1 etc.
intron_inclusion | Were introns included during read Multiple
counting in the alignment process? Choice
author cell type | Encoding of author intuition of cellular | Text
annotation in the dataset
cell type ontolo | Cell Ontology (CL) term. This must be | Text http://www.ebi.ac.u

gy term

a Cell Ontology (CL) term
(http://www.ebi.ac.uk/ols4/ontologies/cl
).

If no appropriate high-level term can be
found or the cell type is unknown, then
itis

strongly recommended to use
'unknown'.

The following terms must not be used:
"CL:0000255" for eukaryotic cell;
"CL:0000257"

for Eumycetozoan cell; "CL:0000548"
for animal cell

k/ols4/ontologies/cl
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