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annotation is considered to be rejected. Because NOT annotations
arerare in the GO knowledgebase, the number of rejected annota-
tions is low in practice, thereby leading to an inflated reliability. The
previous study’® suggested that another property could be calculated,
the number of older annotations that were later removed, based on
the assumption that they were later judged tobe incorrect. They then
defined reliability as:

Reliabi"ty = Nconﬁrmed/(Nconﬁrmed + Nrejected + Nremoved) (1)

where N, o.rirmeq 1S the number of GO annotations presentin an older ver-
sion (at time point t,) of an annotation set, which were later confirmed
before time point t;, Nygjecreq is the number of GO annotations present
attimet, that were rejected between time points t,and t;, and Nemoved
is the number that were removed between time tyand t,.

Using this method, we calculated the reliability of PAN-GO annota-
tions. We first gathered all primary annotations made between Octo-
ber 2019 and March 2022 from the GO knowledgebase using the date
stamp on each annotation. We then compared them with the PAN-GO
annotations in the October 2019 release of the GO knowledgebase.
The comparisonincluded 11,102 new primary annotations and 21,145
PAN-GO annotations for the same set of 4,007 human genes. If the GO
class fromthe new primary annotationis the same or more specific as
that of a PAN-GO annotation, the PAN-GO annotationis considered to
be confirmed. By this definition, 2,354 PAN-GO annotations for 1,608
genes were confirmed. Extended Data Table 3 shows the breakdown of
the confirming primary annotations by evidence code; most of these
derive from direct assays on aspecific gene product (IDA), and only 29
were from high-throughput studies (HDA).

Of the new experimental annotations, there were 54 negative (NOT
qualifier) annotations, of which only three disagreed with PAN-GO
annotations. After reviewing these three negative annotations, we
found that one was specific to one proteinisoformbut not the canonical
proteinencoded by the gene (so the PAN-GO annotationis correct), and
the remaining two were to the same transporter gene and refer to zinc
as asubstrate (SLC30A10 NOT ‘zinc ion transmembrane transporter
activity’, and SLC30A10 NOT ‘intracellular zinc ion homeostasis’).
However, other papers (supporting other primary GO annotations)
have demonstrated these same functions for SLC30A10, and therefore
confirm the PAN-GO annotations. As a result, there were O negative
GO annotations that canbe considered to reject PAN-GO annotations.
We recognize that 54 negative annotations is a small sample, which
will underestimate the actual PAN-GO error rate. Following the previ-
ously described method*®, we also examined the PAN-GO annotations
that were present in our October 2019 release but later removed. We
found 4,809 PAN-GO annotations had been removed, but in most cases,
annotations were removed owing to redundancy with another, more
informative PAN-GO annotation (fine-tuning of the annotation set) and
notbecause of an error. To estimate anerror rate, we reviewed arandom
sample of 500 removed annotations and categorized each one as cor-
rectbut not meeting PAN-GO selection criteria (fine-tuning of selected
annotations for modelling), incorrect (selection in the evolutionary
model of an experimental annotation that is actually incorrect) or
uncertain (demonstrated inahomologue but possibly incorrect for the
annotated humangene). We found that 7 (1.4%) were incorrect and 20
(4%) were uncertain. Assuming these percentages approximately hold
for theentire set of removed annotations, we estimated that between 67
(removed because they wereincorrect, 4,809 x 1.4%) and 260 (removed
because they were either incorrect or uncertain, 4,809 x 5.4%) were
removed because of errors. This would give a reliability (equation (1)
above) of PAN-GO annotations between 90% (260/(2,354 + 260)) and
97% (67/(2,354 + 67)).

One example of a clearly incorrect PAN-GO annotation was found
within the carnitine O-acyltransferase family (PTHR22589). CPT1C, in
contrasttothe CPT1A and CPT1B paralogues, does not have ‘carnitine

O-palmitoyltransferase activity’ in mitochondria, but localizes in the
endoplasmicreticulumwhere it shows ‘palmitoyl-(protein) hydrolase
activity’®>*®. This type of incorrect inference of functional conservation
through ancient duplication events, and therefore errorsin evolution-
ary modelling, is one of the most common errors we found during our
review. When such errors are discovered, the PAN-GO evolutionary
modelis updated to correct the error.

Arelatively frequent case ofimportant fine-tuning of PAN-GO anno-
tationsrelates to the sometimes subtle difference betweena GO term
foraBP and the corresponding GO term for regulation of that process.
Frequently, the primary annotation derived from an experiment, often
based onthe effects of agenetic manipulation such as adeletion, uses
the regulatory term. Other experiments, however, may show that the
proteinin question is directly involved in the process (resulting in an
annotation to the process itself rather than its regulation). Several
PAN-GO annotations were updated (5in our sample of 500) to consist-
ently reflect either involvement in, versus regulation of, a particular
BP.Other common updates were duetoinconsistenciesinthe primary
annotations for enzyme complexes to the GO term ‘complex assembly’
(10inourrandom sample of 500), which we consider to be fine-tuning
asthey are correct even if not highly informative.

Broad functional categories on the PAN-GO website. To facilitate
browsing of the PAN-GO annotations, and for visualizing the landscape
of human gene functions in Fig. 3, we mapped each annotationto a
set of selected, relatively high-level GO categories. Broad functional
categories were taken from the generic GO subset, which is available
at https://release.geneontology.org/2022-07-01/ontology/subsets/
goslim_generic.obo. Note that these are categories of annotations, not
genes, so a gene annotated to multiple distinct GO terms may appear
in multiple categories. Note also that some of these broad categories
are subcategories of others; in this case, a gene was assigned only to
the more specific subcategory, and not the more general category,
to minimize the overlap between categories and therefore facilitate
visualization and browsing.

PAN-GO annotation browser. We developed a simple web-based tool
for exploring the set of human gene functions, including links to all
experimental evidence and phylogenetic trees. Itisimplemented using
ElasticSearch and is available at https://functionome.geneontology.
org/. Code s available from GitHub (https://github.com/pantherdb/
pango).

Contributions of experimental evidence from model organism anno-
tations. Primary GO annotations (supported by published experimental
evidence) are used for all PAN-GO annotations. We characterized this
evidence in detail for each model organism (Extended Data Table 1).
Column 2reports the number of PAN-GO annotations that are support-
ed by one or more publications with experimental evidence for func-
tion of a gene in that organism. Evidence obtained from experiments
on humangenesis divided into two rows: one for direct evidence for a
givengene and one for evidence for arelated (paralogous) human gene.
Column 3reports the number of PAN-GO annotations supported only
by experimental evidence for homologous genes (that is, it excludes
any PAN-GO annotations that have direct experimental evidence for
the human gene). These annotations were inferred from other human
paralogues or non-human homologues, but have not yet been experi-
mentally confirmed. Column 4 counts PAN-GO annotations that are
based on non-human experimental data only. Column 5 counts PAN-GO
annotations that are based on evidence from only one species. Column 6
counts allexperimental annotations ineach organism that could poten-
tially be used as literature evidence for human PAN-GO annotations.

Evolution of gene functions. For each PAN-GO annotation, we ret-
rieved the branch of the evolutionary tree that was modelled as having



gained that functional characteristic, representing when that char-
acteristic first evolved in an ancestor of a human gene. Because the
phylogenetic approach defines ancestors in terms of LCAs of extant
species, our evolutionary model specifies the interval between two
ofthese LCAs, during which the functional characteristic evolved. The
approximate dates for each of these LCAs has been determined®, sowe
couldconvertthe LCAintervalto atimeinterval. Forinstance, ifagene
function characteristic now foundinahumangenefirstappeared along
the branch leading from the LCA of Eukaryota and Archaea (around
4,250 millionyears ago) to the LCA of plants and animals (the LCA of Eu-
karyota, about 1,598 million years ago), then the function first evolved
between 4,250 and 1,598 million years ago, and was then transmitted
unchanged from parent to child for atleast 1.6 billion years all the way
to modern humans.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

PAN-GO browser: https://functionome.geneontology.org. PAN-GO
annotations: https://functionome.geneontology.org/download/func-
tionome_release.gaf.gz. Evolutionary models: https://pantree.org,
https://functionome.geneontology.org/download/IBD.gaf. Phylo-
genetic trees: https://data.pantherdb.org/ftp/panther_library/15.0/.
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genes. For each gene family tree, selected primary annotations are used to
constructanexplicitevolutionary model of gains and losses of gene function
alongbranches of the phylogenetic tree, and the evolutionary modelis then
usedto create theintegrated PAN-GO annotations for human genes. The set
ofhumangene functionsreported here comprises nearly 69,000 integrated

annotations.

Extended DataFig.1|Overview of process for creating the set of human
gene functions. First, experimental results from the scientific literature are
captured as primary GO annotations, and stored in the GO knowledgebase
(GOKB).The nextstepis phylogeneticintegration: amassive corpus of primary
annotations for genes in multiple different organisms was integrated using
phylogenetic trees that represent the evolutionary relationships between
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distinct GO terms for genes, we made each set as non-redundant as possible,


http://amigo.geneontology.org/amigo/term/GO:0005515

Reference

Updated
Proteome

reference

Proteomes

P Families with problematic trees

PANTHER trees

Manual
PAN-GO
annotation and
review
(PAINT tool)

GO
experimental
annotations
New

Manual paper
curation

User feedback

Literature

As needed

Extended DataFig.4 |Processfor creating, updating andreleasing
evolutionary models and PAN-GO (IBA) annotations derived from

the models. The central task is the software-assisted process of PAN-GO
annotation and review using the PAINT tool. PAINT integrates the primary GO
experimental annotations with the PANTHER trees built from UniProt Reference
Proteomes (blue squares), allowing curators to construct an evolutionary

Evolutionary
model

GO terms

Yearly

Updated
PANTHER trees

o
£
]
v 3
o Updated IBA GO
evolutionary annotation
s model
43
£
8
=
<

Monthly updates
released in GO KB

Updated GO
experimental

annotations

Monthly

model of each gene family, whichis used to produce annotations in family
members (green). Updates, both automated and curator-reviewed (orange
squares),are made at each GO knowledgebase release toreflect changesinthe
underlying data (ontology and annotations), and upon release of new PANTHER
versions.



Article

A
G0:0002753 - cytoplasmic pattern recognition
receptor signaling pathway

siRru

-
;e
]

G0:0032480 - negative regulation of type-1 interferon productiol

G0:0032481 - positive regulation of type-1 interferon productior

GO0:0032728 - positive regulation of interferon-beta
production

GO0:0032755 - positive regulation of interleukin-6 production

GO0:0032760 - positive regulation of tumor necrosis factor
production

GO0:0140374 - antiviral innate immune response

GO0:0045071 - positive regulation of interferon-alpha
production

"] GO0:0051091 - positive regulation of DNA-binding
transcription

HEOE EO0E .T ™ : factor activity
GO0:0002230 - positive regulation of gene expression

[ ] a o
GO0:0002735 - positive regulation of myeloid

dendritic cell cytokine production

G0:0002753 - cytoplasmic pattern recognition
,,,,,,,,,,,,, receptor signaling pathway

sirrus

HUMAN_DHX58 ——"""" = HE ||
PANTR_DHX58

GORGO_

"MousE omes W —OoEw GO0:0045088 - regulation of innate immune response
\T_DI

G0:0045088 - tive r lation of innate immune response

FELCA_DHX58

CANLF_DHX58

MONDO_DHX58
ORN

GO0:0098586 - cellular response to
virus

GO0:0051607 - defense response to virus

:

GO0:0045071 - negative regulation of viral genome replication

GO0:0071360 - cellular response to exogenous dsRNA

GO0:0045087 - innate immune response

GO0:0140374 - antiviral innate immune response

| |
GO0:00 09597 - detection of virus

ENCEEE E O N HEE u :
GO0:0002230 - positive regulation of defense response to virus

™ o " by host

GO0:0009615 - response to virus

Extended DataFig. 5|Selection of GO classes (functional characteristics) response’and ‘cytoplasmic pattern recognition receptor signaling pathway’
forevolutionary modeling from among available classes withexperimental  (redtext). The other classes (black text) correspond to peripheral processes or
evidence (primary GO annotations). This figure shows part of the tree phenotypes (A), orarerelated classes, parent or child classes of the most relevant
corresponding to PANTHER family PTHR14074 (whichincludes genesinvolved classes (B) and have not been selected for the evolutionary model. Green squares
inrecognition of viruses and other pathogens) in the PAINT tool. Out of over indicate primary GO annotations for the gene in that position of the tree, and

40 BP classes associated with this family through primary GO annotations,only  redcircles highlight different BP classes annotated to the members of this
two havebeenselected for the evolutionary model: ‘antiviralinnateimmune family during GO primary annotation.



Extended Data Table 1| Sources of experimental evidence for human PAN-GO annotations

Source of experimental All PAN-GO Homology based Homology based Homology based All experimental
evidence for human PAN-GO  annotations PAN-GO PAN-GO PAN-GO annotations of the
annotation supported by annotations annotations annotations genome in human-
(time of last common evidence from the  supported by supported only by supported by gene-containing
ancestor with humans) source evidence from the non-human evidence only in trees
source experimental data ONE source
Human direct experiment 24,386 NA NA 5,904 113,304
Human paralogs 32,907 21,566 NA 2,742
Mus musculus 39,545 26,105 12,033 7,098 98,047
(~87 Ma)
Rattus norvegicus 22,627 14,704 5,153 1,963 50,532
(~87 Ma)
Drosophila melanogaster 18,100 11,655 3,810 813 37,445
(~708 Ma)
Saccharomyces cerevisiae 12,206 7,552 4,102 1,754 26,376
(~1275 Ma)
Caenorhabditis elegans 10,374 6,633 1,838 305 17,646
(~708 Ma)
Danio rerio 7,208 4,752 1,469 288 19,323
(~429 Ma)
Schizosaccharomyces pombe 6,469 3,974 1,640 359 13,736
(~1275 Ma)
Arabidopsis thaliana 6,028 3,379 1,170 223 29,501
(~1598 Ma)
Dictyostelium discoideum 3,406 2,112 613 88 6,369
(~1598 Ma)
Gallus gallus 2,887 1,881 430 55 2,864
(~319 Ma)
Escherichia coli 1,383 794 470 135 4,146
(~4250 Ma)
Others 10,689 6,393 1,487 166 15,125

Divergence times (Ma, million years ago) from humans are taken from the TimeTree resource®’.
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Extended Data Table 2 | Average number of GO classes selected for evolutionary modeling, compared to total number of
experimentally annotated GO classes in each family

Ontology aspect of GO Avg. number of GO terms selected for evolutionary ~ Avg. number of GO terms experimentally annotated for
modeling of a family genes in a family

biological process 2.32 18.19

molecular function 1.75 5.28

cellular component 1.76 7.37




Extended Data Table 3 | Type of experimental evidence
for later GO annotations that confirmed earlier ‘predicted’
PAN-GO annotations

Evidence code # of confirming experimental annotations
IDA (inferred from direct assay) 1940

IMP (inferred from mutant phenotype) 347

IPI (inferred from protein interaction) 263

HDA (inferred from high-throughput direct assay) 29

IGI (inferred from genetic interaction) 24

EXP (other experimental) 14

IEP (inferred from expression pattern) 4

These are primary annotations added to the GO knowledgebase between October 2019

and March 2022, which were found to confirm (by direct experimental evidence) PAN-GO
annotations made before October 2019 that were previously supported only by experimental
evidence for a homologous gene. Detailed documentation of GO evidence codes can be
found at https://geneontology.org/docs/guide-go-evidence-codes/.
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