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ABSTRACT:

Eukaryotic genomes contain many non-genic elements that function in gene regulation, chromosome
organization, recombination, repair or replication, and mutation of those elements can affect genome
function and cause disease. While numerous epigenomic studies provide high coverage of gene regulatory
regions, those data are not usually exposed in traditional genome annotation, and can be difficult to access
and interpret without field-specific expertise. The National Center for Biotechnology Information (NCBI)
therefore provides Ref Seq Functional Elements (RefSeqFES), which represent experimentally validated
human and mouse non-genic elements derived from the literature. The curated dataset is comprised of
richly annotated sequence records, descriptive records in the NCBI Gene database, reference genome
feature annotation, and activity-based interactions between non-genic regions, target genes and each
other. The dataset provides succinct functional details and transparent experimental evidence, leverages
data from multiple experimental sources, isreadily accessible and adaptable, and utilizes aflexible data
model. The data have multiple uses for basic functional discovery, bioinformatics studies, genetic variant
interpretation, as known positive controls for epigenomic data evaluation, and as reference standards for
functional interactions. Comparisons to other gene regulatory datasets show that the Ref SeqFE dataset
includes awider range of feature types representing more areas of biology, but it is comparatively smaller
and subject to data selection biases. Ref SeqFEs thus provide an aternative and complementary resource

for experimentally assayed functional elements, with future dataset growth expected.
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Eukaryotic genomes contain many types of functional elements, including conventional protein-coding
and non-coding genes, gene regulatory elements, architectural elements, and elements associated with
DNA replication, recombination and repair. Among those, conventional genes have received the most
attention for representation in major genome annotation resources, e.9., RefSeq (O’ Leary et a. 2016),
GENCODE (Frankish et al. 2021) and others. Gene products, which include alternatively spliced
transcripts and proteins, are abundantly represented in genome annotation databases with a heavy focus
on protein-coding regions, which occupy less than 1.5% of the mammalian genome. Moreover, genes are
major focal pointsfor the curation of disease-associated genetic variation, where there is an emphasis on
anchoring variation and linking human disease to specific genes (Wang et a. 2010; Vihinen et a. 2016;
Xin et a. 2016; Rivera-Munoz et al. 2018; Amberger et a. 2019; Landrum et al. 2020). Aside from the
obvious need to identify gene products due to their importance in biology, such a gene-centric focus is not
surprising given that genes and gene-associated variation are generally more amenable for discovery and
experimentation than non-genic functional elements, and they tend to offer more tangible avenues for

therapeutic treatment of human disease.

The genome includes many non-genic elements that function in diverse biological processes, including
gene regulation, chromosome organization, recombination or replication. Genome function can be
adversely affected by mutation of those elements and result in disease (Lupianez et a. 2016; Chatterjee
and Ahituv 2017; Perenthaler et al. 2019; Nesta et al. 2020), supported by genome-wide association
studies (GWASs) showing that >90% of disease-associated variation occurs outside of coding regions
(Ward and Kellis 2012; Gusev et a. 2014; Albert and Kruglyak 2015; Visscher et al. 2017; Gallagher and
Chen-Plotkin 2018; Boix et al. 2021). While alot of progress has been made in characterizing non-genic
functiona elementsin specialist research fields, that information is not always adequately disseminated to
other research fields, most notably to bioclinical research that relies on genome annotation for personal
genomic or disease-associated variant interpretation (Perenthaler et al. 2019). Gene regulatory elements

are the most abundantly studied among the non-genic element types and their epigenetic signatures are
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indicated in several large-scale resources, including the Encyclopedia of DNA Elements (The ENCODE
Project Consortium 2012), NIH Roadmap Epigenomics (Roadmap Epigenomics Consortium et al. 2015),
International Human Epigenome Consortium (Stunnenberg et al. 2016), Ensembl Regulation (Zerbino et
a. 2016) and EpiMap (Boix et a. 2021) projects, among others (Garda et a. 2021). However, those data
are not usually exposed in traditional genome annotation, can be difficult to interpret, and have not been
reconciled with region-specific experimenta datain the literature. Thus, complexitiesin epigenomic data
and its consumption disadvantages for non-field-specific experts indicate a need for more highly visible
and easily accessible annotation of the non-coding genome. Furthermore, because genome function can
only betruly elucidated by taking the entire genome into account, the current gene-centric focus of
traditional genome annotation and variant curation points to a general need for better definitions of non-

genic functional regions and an ethos to move beyond the genes.

To addressthis, NCBI created RefSeq Functional Elements (RefSeqFES), aliterature-derived dataset that
provides reference genome annotation of experimentally validated and well-characterized non-genic
regions in human and mouse. The dataset also links functional regionsto target genes and to each other
when there is activity-based support for functional interactions. Here we describe the creation of this
freely available and readily accessible dataset, its multiple components, access options and uses. We aso
compare Ref SegFEs to other gene regulatory resources, and we report current dataset statistics with
feature and genomic distribution analyses, which provide insights into current dataset content and offer

suggestions for future needs.

Results

Dataset scope and design

To distinguish the non-genic dataset from RefSeq conventional genes, which include protein-coding
genes, non-coding genes, pseudogenes and gene segments, we defined Ref SeqFEs

(https://www.ncbi.nlm.nih.gov/refseg/functional el ements; Supplemental Table S1) as any genomic
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element with experimentally validated function, and which is not otherwise considered a conventional
gene. For element types we included gene regulatory elements (e.g., enhancers, protein binding sites),
known structural elements (e.g., boundary elements, chromatin conformation-associated regions), and
other elements of functiona importance (e.g., well-defined recombination hotspots or replication origins).
While any experimentally validated non-genic element would fall in scope, including elements from high-
throughput experimental studies, we prioritized genomic regions that are implicated in human disease or
are otherwise of significant interest to the research community. Since we did not aim to replicate the
numerous gene regulatory resources that already exist based on well-processed epigenomic or other
multi-omics data (Garda et al. 2021), and because re-processing of available omics-derived data was not
feasible for us at thistime, we decided that Ref SeqFEs, at least in the earlier stages of the project, would
be focused on smaller-scale experimental data from the literature. Thus, it would be an alternative but
complementary literature-derived resource with an emphasis on functional activity. That approach

provides flexibility for representing awide range of feature typesin different areas of biology, fillsavoid
to help reconcile other data resources with traditional experimental datain the literature, and allows for
robust functional metadata provision such as direct links to publications. Consequently, the current
dataset, which is focused on human and mouse, excludes elements from large-scal e epigenomic studies
and elements that exist solely based on disease-associated variation. It also excludes elements that have
indefinite extents or are very large (tens of kilobase or greater lengths), such as telomeres, centromeres,
topologically associating domains (TADs) and their broad boundaries, where those are less tractable for

genome annotation.

For producing the data, we used the existing platforms and workflows aready in place for the RefSeq
transcript project to take full advantage of NCBI services, such as NCBI search engines, graphical
displays and tools, full indexing and versioning of sequence records, and the ability to update records and
genome annotation, including on new genome assemblies. Since all RefSeqgs are incorporated in NCBI’s

Nucleotide database (Benson et al. 2018), Ref SeqFE sequences and feature annotations adhere to data
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standards defined by the International Nucleotide Sequence Database Collaboration (INSDC) (Karsch-
Mizrachi et al. 2018) with robust use of those standards and ontologies, including recently introduced
controlled vocabularies for ‘regulatory_class’ and ‘recombination_class' features (Supplemental Table
S2A,B), and feature qualifiers for metadata displays. Terms from the Sequence Ontology (SO) (Eilbeck et
a. 2005) were additionally used to provide further specificity for features lacking a specific INSDC
feature or class, and SO terms were also used to define genome-anchored features in GFF3- and bigBed-

formatted download files.

The dataset was structured to include the following components: 1) Sequence records with curated
underlying feature annotation, represented by genomic RefSeq accessionsin NCBI’s Nucleotide database;
2) Locus-level curated records to integrate metadata, graphical displays and sequences for the underlying
region, represented as biological regionsin NCBI’'s Gene database (Brown et a. 2015); 3) NCBI genome
annotation on the human and mouse reference genome assemblies, represented as annotated features with
concise and formatted metadata for download and display; and 4) Interaction datato link biological

regions to target genes and each other, represented as pairwise interactions.

An overview of the Ref SeqFE workflow is shown in Figure 1. Briefly, curation was based on
experimental data from the literature, with bulk extraction from external databases for large-scale
validated datasets, and with supplemental data from researchers if necessary. RefSeq and Gene database
records were curated simultaneously, and those records were used as input for genome annotation by
NCBI's Eukaryatic Annotation Pipeline (Pruitt et al. 2014; McGarvey et a. 2015; Supplementa Table
S1, annotation pipeline links). Resulting FTP download files and graphical displays were produced for
individual RefSeq sequences, Gene database records and genome-annotated features. Those data were
further integrated and linked to NCBI-annotated genes and each other to produce additional FTP
download files and displays, including atrack hub. The following sections expand upon this workflow
and provide more detail s on the components that make up the dataset, followed by analyses of the dataset

and its contents.
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Sequence recor ds

Genomic RefSeq sequence records with ‘NG _’ accession prefixes were created to represent the range of
one or more experimentally validated non-genic features. We grouped features that were closely |ocated
and functionally related in single RefSegs, such as multiple adjacent or overlapping regulatory elements.
The range of those grouped features was used to define a parental biological region (Supplemental Table
S2B), as represented in Gene database records described below. To distinguish these non-genic Ref Seqs
from other genomic ‘NG_’ accessions represented by RefSeq, all Ref SeqFE accessions are associated
with NCBI BioProject accession PRINA 343958 (Barrett et al. 2012) and include the keyword RefSeqFE,

asindicated in GenBank flat files (Fig. 2A).

Both manual curation and automated or semi-automated methods were used to create the RefSegs.
Functional elements were selected for curation initially based on manually scanning the literature for
review articles on element typesin scope, e.g., gene regulatory elements, recombination regions or
replication origins, then identifying specific well-characterized elements described therein and following
links to citations. Additional in-scope elements were identified from targeted searches for elements
associated with genes of high biomedical interest (e.g., ACE2, BRCA1, CFTR, HBB and other frequently
accessed genes in the NCBI Gene database), from searches for publications that employ bulk screening
techniques, from specific experimental validation term searchesin PubMed or PubMed Central, and
through outreach efforts and user requests. The current dataset has some inevitabl e biases for
experimentally validated elements that are easily findable (e.g., have been discussed in reviews or are
associated with a biomedically important gene), for readily apparent evidence that is well-described and
presented in main text of open access publications with a PubMed 1D, and for data that are
straightforward to curate directly from the publication. Additional details of the data selection and
curation process are provided in Supplemental Material. All data were derived from evidence in the
literature, either based on individual locus studies or on experimentally validated subsets from larger-

scale studies. Examples of high-throughput evidence types used include but are not limited to clustered
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regularly interspaced short palindromic repeats interference (CRISPRI) assays (e.g., Fulco et al. 2019;
Gasperini et al. 2019), massively paralle reporter assays (MPRAS) (e.g., Kheradpour et a. 2013; Ernst et
al. 2016), and reporter or transgenic assays from the VISTA project (Visel et al. 2007), FANTOM5
project (Andersson et a. 2014) and other bulk-screened datasets (e.g., Wang et a. 2006; Roh et al. 2007;
Petrykowska et a. 2008; Narlikar et al. 2010). Those represent a sampling of the available evidencein
scope for curation, where new datasets and many more focused region data are continually being

identified and will be added to the Ref SeqFE dataset over time.

We used awide range of functional features to represent various element types, as indicated in the feature

table on our webpage (www.ncbi.nlm.nih.gov/refseg/functional el ements/#Feature table) and in

Supplemental Table S2A,B. A parental biological region feature was annotated on all RefSegs in addition
to one or more underlying functional features. To standardize the curation process, we used the feature
definitions provided by INSDC or SO and established policies for the annotation of each feature type
(Supplemental Table S2B, columns E,F). In the vast magjority of cases, the annotated feature range was
defined by the exact fragment tested in an experimental assay, with a minority of features being based on
ranges asserted by authors or by sequence analysis tools (see policies per feature type in Supplemental
Table S2B, column F). Overlapping feature annotation was all owed, where each feature with a distinct
range or type was treated as a unique entity and annotated separately, thus enabling the end user to see
each feature as it was assayed in the linked publication(s). Feature type annotation was strictly based on
the activity or characteristics primarily shown by the experimental evidence; for example, a protein
binding assay and separate evidence that the bound protein functions in aregulatory activity would be
represented by separate but overlapping protein binding and regulatory features, such asthe HBB-LCR
5'HS5 CTCF binding site and overlapping enhancer-blocking element features shown in Figure 2B.
Adhering to such guidelines enabled straightforward and consistent annotation decisions among curators.
Experimental evidence was displayed in INSDC ‘/experiment’ qualifiers on flat files (Fig. 2B, blue tabs),

including an evidence type derived from the Evidence & Conclusion Ontology (ECO) (Giglio et al.
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2019), followed by relevant publication evidence indicated by PubMed 1Ds. Other feature qualifiers
included ‘/note’ and ‘/function’ for additional descriptive and functional information (e.g., cell type
activity details), ‘/db_xref’ to link to the associated Gene database record, and feature type-specific

INSDC qualifiers. An example of GenBank flat file feature annotation with qualifier and ontol ogy

formatting is shown in Figure 2B.

Gene databaserecords

Whereas the Ref Seq records provide standal one annotated sequences with feature-specific metadata
stored in various INSDC qualifiers, the Gene database serves as the central |ocation for storing various
types of metadata at the locus level, while aso integrating sequence, genome annotation and graphical
display data. Types of locus-level metadata include nomenclature, the locus type designation, a summary
based on a synopsis of information from the literature, related publications, orthology information and

other standard Gene database fields, as described previously for conventional genes (Brown et al. 2015).

To support the Ref SegFE project we created Gene database records identified by a new ‘biologica

region’ Gene type (Supplemental Fig. S1, red tab). We aso added anew ‘ Feature type(s)’ field to indicate
the types of underlying features annotated on the associated RefSeq (Supplemental Fig. S1, green tab).
Since the provision of official nomenclature by the HUGO Gene Nomenclature Committee (HGNC)
(Bruford et a. 2020) or Mouse Genome Informatics (MGI) (Zhu et al. 2015) is generally out of scope for
non-genic regions, official nomenclature was included for only afew biological regionsthat had pre-
existing official nomenclature. Otherwise, all names, symbols and descriptions were based on curator
derivation from the literature, with default symbols containing a‘LOC’ prefix appended with the integer

GenelD assigned to the locus.

Genome annotation

All RefSegFE features (Supplemental Table S3A,B) were annotated by NCBI’ s Eukaryotic Genome

Annotation Pipeline together with NCBI’ s conventional gene-related features, initially in interim human
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and mouse annotation releases (ARs) starting in 2017 up to the current ARs on the human GRCh38.p13
and mouse GRCm39 reference genome assemblies. Following genome annotation, genomic coordinates
for annotated biological regions were propagated to relevant Gene records, both in text and graphical
formats. Graphical displays of our genome annotation are described below (Fig. 3). Genome-anchored
feature annotation was provided in both GFF3 (Moore et al. 2010) and bigBed (Kent et a. 2010) formats
for FTP download (Supplementa Table S1, genome annotation data paths), with further detailsin the

‘ Accessing RefSeq Functional Elements data’ section below.

| nter action data

An important aspect of our non-genic annotations is how these regions interplay with each other and with
target genes. Therefore, during data curation we internally tracked regulatory element-to-target gene
interactions and recombination partner pairings when there was sufficient experimental support in the
literature. For regulatory interactions, our linkages were based on either direct experimental evidence for
modulation of target gene promoter activity by methods such as reporter gene assays or transgenesis, or
by genetic perturbation assays showing regulatory effects on target gene expression. We excluded
linkages based on reporter assays that used heterologous promoters, and based on gene proximity
predictions, which may only be accurate less than half of the time (Fulco et al. 2019). Thus, only afifth of
the biological regions are linked to target loci, but these linkages have been experimentally assayed and
can be used as reference standards for activity-validated interactions. We also tracked regulatory
interactions for biological regions that regulate each other, such as distal enhancer activation of a curated
promoter region (e.g., the CFTR -44 kb enhancer and the CFTR promoter, LOC111674478 and
LOC111674463, respectively), or when regulatory elements from distinct biological regions have known
cooperative activity (e.g., the CFTR -44 kb and +36.6 kb enhancers, LOC111674478 and LOC111674479,
respectively). Our recombination partner pairings were based on either experimental evidence for non-
alelic homologous recombination (e.g., LOC106804612 and LOC106804613 representing a pha-globin

recombination regions; Fig. 3B), or on direct assays showing transl ocations or other reproducible

10
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recombination events on both sides of a breakpoint (e.g., the LOC107980440 and LOC107963955 major
breakpoint regions involved in BCR-ABL translocations). Both the gene regulatory and recombination
interactions were tracked at the parental biological region level, where they are relevant to at least one but

not necessarily all underlying features within the biological region.

Following reference genome annotation, we determined genomic coordinates for relevant biological
regions and target genes and then assembled the pairwise interactions in biginteract format (Haeussler et
a. 2019), dso including a custom column listing supporting publications. These data are available for

download on our FTP site (https://ftp.nchi.nlm.nih.gov/ref sea/Functi onal Elements/trackhub/data/;

Supplemental Table S1) and can also be visualized in regulatory interaction and recombination tracks in

our track hub (Fig. 3B) described below.

Accessing RefSeq Functional Elements data

We provided a variety of data access options for different levels of our data, including for individual
RefSeq and Gene database records, and for further processed genome annotation and interaction data. We
employed FAIR (Findable, Accessible, Interoperable, Reusable) data principles (Wilkinson et a. 2016) to
incorporate compatibility across multiple NCBI and non-NCBI tools and platforms. Our access options
are summarized in Supplemental Table S1, where various links are provided for data downloads, sample
gueries and relevant help documentation. Options are avail able to access Ref SeqgFEs viaNCBI’s Gene
database, Nucleotide database, BLAST searching, the BioProject database, NCBI graphical displays, the
Ref SeqFE Hub (see below), and the NCBI RefSeq, Gene and Genomes FTP sites. In addition, we
periodically announce news about the dataset in the NCBI Insights blog

(https://ncbiinsights.nchi.nlm.nih.gov/tag/ref seg-functional -elements/) and other NCBI socia media.

To visualize the non-genic biological regions and features, multiple graphical displays were provided for
standalone RefSeqgs and their genome-annotated contexts (Fig. 3). Each standalone Ref SeqFE record can

be viewed in graphical format (Supplemental Fig. S2) viaa ‘' Graphics’ link at the top of each flat file

11
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(Rangwalaet al. 2021). Genome-annotated features are color coded according to feature class, and
displayed in a‘Biological regions, aggregate’ track for the indicated NCBI AR (Fig. 3A). Thetrack can
be viewed in NCBI graphical view embeds (e.g., in Gene records) and in NCBI’s Genome Data Viewer

(GDV) (www.nchi.nlm.nih.gov/genome/gdv/; Rangwala et a. 2021), enabling the features to be viewed

in the context of other data tracks such as variation data, user-uploaded data, remotely connected files or

track hubs.

To expand the range of genome browsers Ref SeqFE annotations can be viewed in and to graphically
display the interaction data, we also created a Ref SeqFE track hub (Fig. 3B; Supplemental Material). Itis
in UCSC track hub format (Raney et al. 2014) and serves as a gateway for data visualization, extraction,
download and interoperability. It is hosted from the RefSeq FTP site (connection URL:

https://ftp.nchi.nlm.nih.gov/ref sea/Functional Elements/trackhub/hub.txt), registered in the Track Hub

Registry (Aken et a. 2017) and is a Public Hub in the UCSC Genome browser. It provides parenta
biological region and underlying feature tracks with custom metadatain bigBed format, and separate
tracks for regulatory and recombination interactions in biglnteract format. Additional details on the

Ref SeqFE Hub and NCBI graphical displays are described in Supplemental Material and on our webpage.

While some of our access options are applicable for data querying and use at the biological region level,
the ability to query and extract genome-annotated features is likely to be of higher interest. We therefore
provided features for the entire set of NCBI-annotated features (including conventional genes) in GFF3
format with RefSeqFE features indicated in ‘source’ column 2, and for standal one Ref SeqFE featuresin
bigBed format, as described for the Ref SeqFE Hub. Linksto al our downloadable data can be found in
Supplemental Table S1 and on our webpage, where we also provide feature and metadata extraction

examples (www.ncbi.nIm.nih.gov/refseg/functional el ements/#Feat_extraction).

Current dataset statistics and content

12
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To qualitatively and quantitatively assess the Ref SeqFE dataset, we performed multiple analyses to assess
the depth of curation used to produce the dataset, to determine the distribution of features and their
genomic locations relative to conventional genes, to assess the relevance of the dataset to clinically

relevant genes, and to compare the dataset to other available gene regulatory datasets.

To determine the depth of curation used to produce the dataset, we quantified the number of publications
used for feature evidence and assessed the number of features derived from each publication
(Supplemental Table S2C). In total, we used 2,219 distinct publications as evidence for human AR
109.20201120 and mouse AR 109 features combined. A broad set of publications were used as evidence
for just afew features (e.g., 85% of publications were used for 1-4 features alone), while a small set of
publications for large-scale studies contributed greater than 50 features each and were used as evidence
for aimost half of the features in the dataset, indicating that the dataset contains a good balance between
large-scale and focused study evidence. We additionally assessed the biological regions with respect to
single or multiple feature presence and according to study type derivation (Supplemental Table S2D).
Approximately 21-23% of biological regions contained multiple features, while 70-73% of biological
regions contained a single feature derived from a large-scale study. In summary, these analyses indicate
that the dataset is deeply curated from diverse publications with a mix of large-scale and focused studies,

and they attest to the high volume of laborious literature review used to create the dataset.

To assess the wide range of functional features represented in the dataset (Supplemental Table S2A,B),
we determined genome coverage and feature distributions following human AR 109.20201120
(GRCh38.p13 assembly) and mouse AR 109 (GRCm39 assembly). In total, and not including parental
biological region features, we annotated 9,862 features representing 4,450 distinct biological regions
across 6.1 Mb in human, and 2,271 features representing 889 distinct biological regions across 2.2 Mbin
mouse (Fig. 4E). The number of annotations per feature type and other feature statistics are shown in
Supplemental Table S2A. To further summarize feature distributions, we grouped features into four main

types: By INSDC regulatory class, recombination class (represented for human only), protein binding
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sites and miscellaneous others, as charted in Figure 4A,C and indicated in Supplemental Table S2A. In
both human and mouse 63-65% of features were regulatory class. Enhancers were by far the most
common among regulatory class features, which may reflect a preference for performing enhancer assays
in the literature, likely because their epigenetic signatures make them easier to identify. Protein binding
sites were the second-most common feature type in the dataset, accounting for 14% of human and 30% of
mouse features, indicating that protein binding assays are also popular in the literature, likely due to the
molecular-level functional insights they provide. We noted an underrepresentation of silencer features
(only 1-5% of regulatory class features) in the dataset, but we expect to increase silencer representation in
the near future based on evidence from recent bulk screens (e.g., Huang et al. 2019; Doni Jayavelu et al.

2020; Pang and Snyder 2020).

We determined feature length distributions and other length-rel ated statistics for all features combined,
per feature class and for individual feature types (Fig. 4B,D; Supplemental Figs. S3 and $4; Supplemental
Table S2A). The average length for all features was 781 bps for human and 1,125 bps for mouse, with
recombination class features being generally the longest at 2,590 bps, and protein binding sites being
generally the shortest at 29-35 bps (Fig. 4B,D). Feature length variability was also apparent between
individual feature types within each feature class (Supplemental Figs. S3 and S4; Supplemental Table

S2A), e.g., locus control regions were longer than other regulatory class features.

To assess the genomic distribution of Ref SeqFE features relative to conventional genes and gene
subregions, Ref SeqFE features were first overlapped with annotated gene ranges, which include introns.
We found that more than half (53-54%) of the features were gene range-overlapping in both human and
mouse (Fig. 5A,B; Supplemental Table S3A). We further assessed the gene-overlapping features relative
to gene subparts (exons, introns, CDS and UTR), and the intergenic features relative to gene 5" -proximal
(2 kb upstream of transcript starts) or gene 5’ -distal regions (Fig. 5A,B; Supplemental Table S3). For
gene overlaps, 37% of all features overlapped introns and 16% overlapped exons in both human and

mouse. The magjority of exon-overlapping features were UTR-overlapping (12% and 15% of the human
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and mouse datasets, respectively), while 4% of human and 1% of mouse features were CDS-overlapping,
indicating that protein-coding regions may have non-coding biological functionstoo, a point that may
impact genetic variant interpretation as described previously (Hirsch and Birnbaum 2015; Ahitiv 2016).
Of theintergenic features, approximately two-thirds were gene-distal, corresponding to 33% of all human
and 27% of all mouse features. For all genomic locations, feature overlap completeness was generally
high (>75% of features showed >80% overlap with relevant genomic subregions overall; Fig. 5C,D;
Supplemental Table S3A), especially with larger genomic segments (whol e gene ranges, introns,
intergenic regions) or for shorter feature classes (Supplemental Fig. S5), while shorter genomic segments

(exons, CDS, UTR) tended to show more partial Ref SeqFE feature overlaps.

Among the genes that overlapped RefSeqFE features, 64-69% were protein-coding, 28-34% were long
non-coding RNA (IncRNA) genes, and 2-4% were other biotypes (Fig. 5E; Supplemental Table S3B,C).
In total RefSeqFE features overlapped 2,455 and 565 distinct human and mouse genes, respectively. We
also determined that 45% of the human overlapping geneswere in at least one clinically relevant gene
dataset (Supplemental Table S3B, column 6 square bracket indications), where 833 genes were
represented in the RefSeqGene (RSG) dataset (Pruitt et al. 2014), 197 in the Locus Reference Genomic
(LRG) dataset (Dalgleish et a. 2010), and 835 were genes used for pathogenic (or likely pathogenic)
variant submissions to the ClinVar database (Landrum et al. 2020). Cumulatively, Ref SeqFE features
overlapped 13% of clinically relevant genes from those gene datasets combined, and further gene
overlaps are expected upon future dataset growth. This indicates that alternative biological roles may be
relevant when interpreting genetic variation in genes of clinical interest. We additionally quantified
clinically relevant genes represented as target genes in Ref SeqFE human regulatory interactions
(Supplemental Table S4). Of 667 distinct target genes, 388 (58%) were represented in at least one of the
RSG, LRG and ClinVar genelists. Thislikely reflects a high focus on clinically relevant genesin the

literature and/or our prioritization of clinical genesfor regulatory annotation provision.
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To further assess Ref SeqFES, we compared the dataset to other gene regulatory resources.
Notwithstanding the availability of numerous gene regulatory resources (Garda et al. 2021), we selected
just asampling of those for comparison, namely ENCODE candidate cis-regulatory elements (cCCREs;
The ENCODE Project Consortium et al. 2020), Ensembl Regulation (Zerbino et a. 2016), FANTOM5
enhancers (Andersson et al. 2014), VISTA enhancers (Visel et a. 2007) and dbSUPER super-enhancer
(Khan and Zhang, 2016). Compared to literature-derived Ref SeqFES, the other resources had different
dataderivation (Fig. 6A; Supplemental Table S5A), including from epigenomic signatures (ENCODE
cCREs, Ensembl and dbSUPER), CAGE data (FANTOMS5 enhancers) and transgenic assays (VISTA
enhancers). Those resources represented only one or afew feature types (Fig. 6A; Supplemental Table
S5A) compared to the over 40 feature types covering more areas of biology in the Ref SegFE resource
(Supplemental Table S2A,B). Ref SeqFE feature lengths were generally on a par with those from the other
datasets (Fig. 6C,E; Supplemental Fig. S6A,C,D; Supplemental Table S5A) except for dbSUPER
features, which were longer overall (Supplemental Fig. S6A). However, dataset size and genome
coverage comparisons (Fig. 6A; Supplementa Fig. S6B; Supplemental Table S5A) show that the current
Ref SeqFE dataset is considerably smaller than the comparative datasets with the exception of VISTA
enhancers, thereby indicating the major limitation of the dataset, as expected based on its literature-

derived nature.

To determine feature-level similarity, we intersected Ref SeqFE features with features in the other

datasets, either individually with each dataset or with features from the comparative datasets combined
(Fig. 6B,D; Supplemental Table S5B-F). When al RefSeqFE features were compared to all featuresin the
other resources, approximately 80% of RefSeqFE features overlapped afeature(s) in at least one of the
other datasets, with higher overlap percentages being apparent with the larger resources. As expected
based on the considerably smaller Ref SeqFE dataset size, with the exception of the more similarly sized
VISTA dataset, these overlaps represented very low percentages of featuresin the comparative datasets

(Supplemental Table S5B,C, columns E-G), indicating that alot more content can be gleaned from those
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large-scal e datasets. Nevertheless, afifth of Ref SeqFE features did not show any overlap with the
comparative datasets (Fig. 6B,D; Supplemental Table S5B,C,F) and afurther 8-25% of pairwise overlaps
were poor (<=10% of the RefSeqFE feature was overlapped, Supplemental Table S5D,E, column L),
indicating that the dataset contains novel content not represented in the other resources. The non-
overlapping features were distributed across al feature classes (30% regulatory, 19% recombination, 22%
protein-binding and 29% other types in human and mouse combined; Supplemental Table S5F). A higher
proportion of Ref SeqFE regulatory or enhancer features overlapped features in the other datasets. (Fig.
6B,D). We noted better overlap with ENCODE cCRE enhancers than Ensembl enhancers, likely because
ENCODE data were used to identify screening candidates in most of the large-scale studies used as
evidence for RefSeqFE enhancers. Many Ref SeqFE enhancers correl ated with promoter flanking regions,
CTCF binding sites and promoters that are abundantly represented in the Ensembl dataset (pairwise
feature overlaps in Supplemental Table S5D,E), and indeed non-equivalent feature type overlaps existed
with al the comparative datasets, likely due to differencesin cell type activity, the versatility of gene
regulatory elements, or dataset derivation and completeness differences. The enhancer-only comparisons
also indicated high similarities with VISTA positive enhancers (Fig. 6B,D; Jaccard statisticsin
Supplemental Table S5B,C), as expected given that VISTA positive enhancers are incorporated in the

RefSeqFE dataset and are a major source of Ref SegFE enhancersin mouse.

In summary, comparisons to other gene regulatory resources indicate that Ref SeqFES represent an
aternative but smaller resource based on more traditional experimental evidence from the literature. The
dataset offers a greater variety of nuanced feature types covering additional areas of biology, the features
generally overlap well with features in comparative resources, and the dataset includes content not found
in the other resources. Importantly, the currently smaller and more selective Ref SeqFE resource should be

considered complementary to other gene regulatory resources.

Discussion
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We described here a new literature-derived dataset that provides annotation of experimentally assayed
non-genic functional elementsin human and mouse, and which uses arobust data model with rich but
succinct metadata, and with accessibility options for awide range of researchers. The dataset includes
non-genic elements with diverse biological functions, ranging from gene regulatory elements, replication
origins, genomic instability and recombination regions, to gene regulatory and recombination partner
interactions. To our knowledge, this combination of functional element annotation isnot availablein
other comparative non-genic data resources. The dataset is unique from a biocuration perspective, where
we maximized use of INSDC feature types and qualifiers to format descriptive and functional information
from hundreds of publications, with all formatting being accessible and extractable from both standalone
RefSegs and genome annotation. Our provision of Ref Seq accessions for standal one use enables sequence
findability through various NCBI avenues, including from the Nucleotide and Gene databases and by
BLAST analysis. These are more consumable for focused genomic region studies without needing
genome-scal e extraction, e.g., for sequence determination for subsequent experimental assays, or for

using with small-scale sequence anaysis tools in the absence of high-performance computation.

Our integrative approach with respect to literature-derived data combines diverse experimental datatypes
with aunified metadata structure, and it eliminates user need for exhaustive searching of the literature, or
the need to remap data types between different genome assembly versions. Integrating different evidence
types can also result in stronger evidence and better inform on function than individual evidence types
aone. Although the literature-derived dataset is not inclusive of al available data sources and additional
support can be gained from evidence in larger complementary resources, we have already observed
strengthened functional support in some biological regions based on multiple evidence types. Examples
include LOC110121455, LOC112997545 and LOC111501765, where we were able to determine the
element type based on reporter assay evidence and link to target genes based on CRISPRI evidence.

Further such evidence type combinations are likely to yield more functional insights as the dataset grows.
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The dataset has multiple uses, ranging from basic functional discovery, to genetic variant interpretation,
to use as experimentally validated reference standards in multiple bioinformatic and epigenomic studies.
Furthermore, the activity-supported interactions can be used as reference standards for gene regulatory or
recombination interactions (also see discussion on their intended use below). Our multiple data
accessibility options allow data usage through visual inspection on genome browsers (e.g., for region-
specific comparisons to other datasets of interest), or through computational methods based on feature,
sequence or metadata extraction, where we have incorporated compatibility with multiple tools and
platforms. For basic research, the detailed experimental metadata can inform a researcher on experimental
approaches for further in-depth characterization of features of interest. Both the feature annotations and
target gene linking may be particularly useful for assigning function to clinically relevant genetic variants,
and the experimentally validated features can be used as positive controls for assessing callsin various
bioinformatic and epigenomic studies. We have aready noted some applications of the dataset in diverse
studies, including use of the Ref Segs as a source of locus control regions in a bioinformatics study
(Sharmaet al. 2019), use of the feature annotation for determining a DNase | hypersensitive site location
and sequencein afocused research study (Uchida et al. 2019), and use of the mouse enhancer and
promoter features to validate ChlP-seq callsin an epigenomic study (Roller et a. 2021). Ref SeqFES have
recently become one of the gene regulatory data sources for the GeneHancer resource (Fishilevich et a.
2017). The biological region records have also been used in other resources such as the GeneCards
database (Stelzer et a. 2016), and some variation resources link to the biological regions when thereis
variant overlap, including the Medical Genomics Japan Variant Database (MGeND) (Kamada et a. 2019)
and ClinVar Miner (Henrie et al. 2018). NCBI's dbSNP database (Sherry et al. 2001) includes placements
relative to RefSegFE ‘NG _’ accessions for some SNP entries (e.g., rs11036238), while NCBI's ClinVar
resource includes biological regionsin the ‘ Gene(s)’ tab for some variant records (e.g., Variation
ID:96742). Some biological regions are also reported loci for ClinVar submissions (e.g.,

LOC111365204). Reciprocally, alink to overlapping ClinVar variants can be found in the ‘Variation’
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section for most human biological regionsin the Gene database (Supplemental Table S1, biological

regions with ClinVar variants link).

The Ref SegFE interactions may appear akin to interactions observed in 3D genomics studies, such as 3D-
FISH or chromosome conformation capture-based assays (3C, Hi-C and similar derivatives, Kempfer and
Pombo 2020). However, Ref SeqFE interactions primarily provide basic element-to-target information as
opposed to informing on higher order genome structure, and they are not intended to be comprehensive.
They are derived either from genetic manipulation evidence for element-to-target activity or from
genomic rearrangement characterization, as opposed to 3D genomics studies which assess physical
contacts that are usually mapped at high density. Nevertheless, high-density 3D data can be difficult to
interpret and visualize, usually requiring different visualization displays, data formats and specialized
analysis tools, thus some users requiring basic element-to-target information may find the relatively
simple Ref SeqFE interactions easier to use, with the main limitation being the low numbers of
interactions in the current dataset, notwithstanding future expected growth. Asisthe case for the

Ref SeqFE feature data, the interactions provide complementary data based on an alternative data model.

While the Ref SeqFE dataset has accessibility, visibility and other advantages, it should be noted that this
isagrowing dataset where many regulatory elements from the literature still need to be curated, or many
functional elements still need to be experimentally validated. This results in obvious disadvantages with
respect to genome coverage, and consequently, the current dataset is less useful for researchers seeking
comprehensive genome-wide data, for which we encourage the use of larger-scale complementary
datasets. The current RefSeqFE dataset is more useful for seeking region-specific functional information
(when present) or as an experimentally assayed subset for comparative evaluation of larger-scale data.
Other limitations include the data selection biases indicated earlier, including selectivity for datathat are
easier to curate or automate, and our focus on regions that have been assayed in the literature. The
literature itself may have limitations that affect data representation, such as absent, incomplete or

inaccurate details in published methods. We expect all of the above limitations to decrease over time as
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the dataset grows. Other limitations include caveats for some experimental evidence types used in the
dataset (Catarino and Stark 2018; Perenthaler et al. 2019). For instance, in vitro experimental approaches
may not always mimic in vivo conditions, including lack of an endogenous chromatin environment, use of
heterol ogous promoters and absence of adjacent accessory sequences in reporter gene assays, lack of a
chromatin context in direct protein binding assays, or ectopic genomic integrations resulting in atered
chromatin landscapes in transgenic assays. Nevertheless, our representation of features based on those
evidence types catalogs them on the genome, alerts researchers about their existence and could potentially
prompt further in-depth characterization by other approaches. We aso note that the majority of Ref SeqFE
features based on those evidence types were originally identified as screening candidates from
epigenomic or other indicative datain supporting publications, or overlapping features based on
alternative evidence types may be present, which boosts confidence in them. While we aim to convey as
much functional information about each non-genic element as possible, we recommend that users

critically assess experimental evidence and its context.

Future plans for Ref SeqFEs include dataset growth and qualitative improvements based on research
community needs. We aim for significant growth over the next severa years, and are particularly
interested in engaging with researchers who have data suitable for inclusion in the Ref SeqFE dataset.
Incorporation of improved and evolving high-throughput functional assays will contribute to dataset
growth, including multiplex assays given their high-confidence nature, e.g., epigenetic or 3D genomics
information combined with activity assays such as the ChIP-STARR-seq method (Barakat et al. 2018).
We plan to increase representation of currently underrepresented feature types and to diversify the sources
of high-throughput evidence in the dataset. We will also explore ways to incorporate high-val ue subsets
of large-scale multi-omics data, for which we welcome research community input. We will continue to
review our access options and make improvements where necessary, e.g., backfilling and improving
cell/tissue type activity data, which is currently only accessible as free-text in feature qualifiers, by

converting it to an extractable format. We will provide additional details on our webpage and periodically
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announce any dataset improvements in the NCBI Insights blog. All community feedback is welcome
either directly by e-mail, by using the ‘ Feedback’ button on the Ref SeqFE webpage or through the

RefSeq user mail interface (https://www.ncbi.nlm.nih.gov/projects/Ref Seg/update.cai).

As the dataset continues to grow, we hope that our literature-derived annotations will provide further
insights into how genes are regulated and how the genome functions, with agoal to inform on
mechanisms of human disease. Now that we are in the exciting era of genomics in the 2020s, our dataset
fulfillsatimely need in moving traditional genome annotation beyond the genes, and in disseminating

non-genic functional annotation to mainstream research in a more accessible format.

M ethods

RefSeq Functional Elements dataset creation

An overview of the dataset and criteria used for data representation are described in the Results, on our

webpage (www.ncbi.nlm.nih.gov/refseg/functionalelements/) and in Figure 1. Procedures to provide

sequence records, Gene database records, genome annotation, interaction data and graphical displays are
described in relevant sections of the Results and on our webpage. Further specific details on each are

availablein Supplemental Material.

Data analyses

Data analyses were based on ‘RefSeqFE’ source features extracted from GFF3 files for human AR
109.20201120 and mouse AR 109 (FTP download pathsin Supplemental Table S1). Full-length gene,
gene subpart (‘exon’, ‘CDS') and 2 kb 5" -proximal features were also extracted from the same GFF3
files. Publication metrics were based on extraction of supporting PubMed IDs from bigBed feature files
for the same ARs. Clinically relevant gene list sources are provided in Supplemental Table S1 and in
Supplemental Material. Comparative datasets were obtained and processed as described in Supplemental

Materia. Standard UNIX command line methods were used together with the BEDTools software
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package (Quinlan 2014) to extract and count features, to determine genome coverage and feature length
statistics, to deduce intron, UTR and intergenic feature subsets, to determine publication-to-feature and
biological region-to-feature metrics, to convert to BED format, to perform feature intersections, and to
obtain statistics for overlapping genes, clinically relevant genes, comparative datasets and regul atory

target genes. Further specific details on each are available in Supplemental Material.
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Figurelegends

Figure 1. Workflow for Ref SeqFE dataset production. Full cylinders represent databases, the half-
cylinder represents the indicated data source, and rectangles represent actions. Relevant links to additional

information and data access are provided in Supplemental Table S1.

Figure 2. Example of abiological region Ref SeqFE flat file. Segments of RefSeq accession
NG_052895.1 representing the beta-globin locus control region (HBB-LCR) are shown. (A) Top section
of theflat file with alink to BioProject accession PRINA343958 and the ‘ RefSegFE’ keyword outlined in
red. (B) Segment of the feature annotation section. Features are displayed for the 5’HS5 DNase |
hypersensitive site (Tuan et al. 1985; Dhar et al. 1990; Wai et al. 2003), atranscriptional cis-regulatory
region (Long et a. 1998), a CTCF binding site (Farrell et a. 2002; Bulger et a. 2003; Chan et a. 2008)
and an enhancer-blocking element (Farrell et al. 2002). Featuresinclude ‘/experiment’ qualifiers with
experimental evidence from the literature as indicated by ECO strings and IDs and links to publications
(blue tabs), ‘/note’ qualifiers with descriptive information (grey tabs), ‘/function’ qualifiers describing the
function of each feature where applicable (green tabs), and a‘/bound_moiety’ qualifier for the protein
binding site (red tab). All featuresinclude a‘/db_xref’ qualifier (black tabs) linking to the biological
region record in the Gene database (Genel D:109580095), and an INSDC class qualifier when relevant
(orange tabs).

Figure 3. Graphical displays of RefSeqFE data. (A) NCBI Genome Data Viewer display of genome-
annotated features at the human opsin locus control region (OPSIN-LCR, Genel D:107604627 aso shown
in Supplemental Fig. S1). Underlying features are aggregated and displayed in the ‘Biological regions,
aggregate’ track (outlined in red). Depending on user track set options or the entry point to GDV, the
track may need to be turned on viathe configuration interface, as detailed on our webpage (Supplemental
Table S1, graphical displays link). Features are color-coded according to class or type. Coordinates are
based on positions on the genome sequence. An example of a mouseover-activated pop-up box is shown
(overlaid grey box). These boxes contain descriptive and functional information (orange tab) including
experimental evidence and links to publications, aswell asa‘Links & Tools area (blue tab) linking to the
related Gene database record and to sequences and BLAST analyses. (B) RefSeqFE Hub view of parental
biological regions, underlying features, and gene regulatory and recombination partner interactionsin the
UCSC Genome Browser. Regulatory interactions are shown between the alpha-globin locus control
region (HBA-LCR, Genel D:106144573) and the downstream HBZ, HBA2, HBA2 and HBQ1 genes (blue

curved lines), while the recombination partners track visualizes recombination (green curved line)
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between two a pha-globin recombination regions (LOC106804612 and LOC106804613). Parental
biological regions are denoted by black rectanglesin the biological regions track, while the features track
uses color coding as described for A. Further item-specific metadata, display options and links to related
data and tools can be found within item- and track-specific details pages. Depending on the density of
interactions in aregion, appropriate zoom levels or configuration modes may need to be adjusted, or
specific hub settings such as multi-region view can be used for viewing interactions between distally

located regions.

Figure 4. RefSeqFE feature distributions. (A) Categorized feature counts from human AR 109.20201120
on the GRCh38.p13 genome assembly with grouping by feature class. The pale blue labels indicate the
feature counts per category, where categories and a full breakdown of feature types and counts are
availablein Supplemental Table S2A. (B) Boxplot showing feature length distributions for al human
features (light grey) and individual feature classes, with coloring asin A. Some outliers (maximum length
141940) are not displayed because the Y -axis was scaled to better visualize the distributions of shorter
features. Length distributions per feature class are provided in Supplemental Figure S3 with customized
scaling for each class. n = 9862, 1357, 1379, 926 and 6200 sample points. Additional statisticsincluding
minimums, maximums, averages and standard deviations from the mean are provided in Supplemental
Table S2A. (C) Categorized feature counts from mouse AR 109 on the GRCm39 genome assembly as
shown for human in A. (D) Boxplot showing feature length distributions for all mouse features (light
grey) and individual feature classes, as described for human in B. n = 2271, 109, 690 and 1472 sample
points. Additional details are provided in Supplemental Figure S4 and Supplemental Table S2A. (E)
Summary table with overall counts of annotated features, biological region loci and genome coverage for
the indicated AR.

Figure5. Locations of RefSeqFE features relative to genes. (A) Locations of features from human AR
109.20201120 compared to NCBI annotated genes and subparts from the same AR. The horizontal bar
graph shows the overall locations (gene-overlapping or intergenic), while the bar-of-pie chart shows more
detailed locations. Blue tones denote genes and subparts while grey tones denote intergenic regions. The
pale blue labels indicate overlapping feature counts for each location, as shown for caled overlapsin
Supplemental Table S3A. (B) Locations of features from mouse AR 109 as shown for human in A. (C)
Violin plot showing completeness of human Ref SeqFE feature overlaps (overlap length/Ref SeqFE feature
length) at each gene-relative location (blue- and grey-tone coloring asin A) and cumulative results for all
locations (blue-grey distribution at left). n = 25029, 5468, 2084, 4373, 743, 1735, 5235, 1906 and 3485
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sample points. Supporting statistics (Fisher p-values, Jaccard statistics, degree of overlap minimums,
maximums, averages and standard deviations) are provided in Supplemental Table S3A. (D) Violin plot
showing compl eteness of mouse feature overlaps at each gene-rel ative location as described for human in
C. n=5810, 1249, 502, 981, 97, 459, 1237, 578 and 707 sample points. Supporting statistics are provided
in Supplemental Table S3A. (E) Biotype statistics for genes that are overlapped by Ref SeqFE features.
The count columns indicate the number of distinct genes overlapped by one or more features, while the %
total columns indicate percentages of the total number of genes (2455 human, 565 mouse) overlapped by
RefSeqFE features for each biotype.

Figure 6. Comparison of Ref SeqFES to other gene regulatory datasets. (A) Overview showing data
derivation, feature type representation and current sizes of each dataset on the human GRCh38.p13 and
mouse GRCm39 reference assemblies. Additional information for each dataset is provided in
Supplemental Table S5A. (B) Bar graph showing human AR 109.20201120 Ref SeqFE feature
intersections with the indicated datasets, where the Y -axis represents the percent of input Ref SeqFE
features showing overlap. All features in comparative datasets were intersected with either all Ref SeqFE
features (medium blue bars), Ref SeqFE regulatory features (grey bars) or Ref SeqFE enhancer features
(light blue bars). Enhancer features from each dataset were additionally intersected with Ref SeqFE
enhancer features (dark blue bars). Full statistics including input and overlapping feature counts, overlap
percentages with respect to each dataset, Fisher p-values and Jaccard statistics are provided in
Supplemental Table S5B, with raw intersection output, feature lengths and degrees of overlap with
respect to each dataset in Supplemental Table S5D. Datasets showing overlap with each RefSeqFE
feature are also indicated in Supplementa Table S3B, column G. (C) Boxplot showing feature length
distributions for the indicated human datasets. Some outliers and dbSUPER feature lengths (maximum
498572) are not displayed because the Y -axis was scaled to better visualize shorter feature distributions;
see Supplemental Figure S6A for a50 kb Y -axis scale with doSUPER data included. n = 9862, 926535,
622457, 63285 and 1989 sample points. Additional statistics including minimums, maximums, averages
and standard deviations from the mean are provided in Supplemental Table S5A. (D) Bar graph showing
mouse AR 109 RefSeqFE feature intersections with the indicated datasets, as described for human in B.
Supporting details are provided in Supplemental Tables S3C and S5C,E. (E) Boxplot showing feature
length distributions for the indicated mouse datasets, as described for humanin C. n = 2271, 343747,
364670, 49802 and 1291 sample points. Supporting details are provided in Supplemental Table S5A and
Supplemental Figure S6.
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experiment: EXISTENCE:transgenic organism evidence [ECO:0001131][PMID:1524826]
function: necessary for expression of the red and green cone pigment genes
regulatory_class: transcriptional_cis_regulatory_region
Links & Tools
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Supplemental TableS2A,B
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