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Dear Editor,

When the human genome was fully sequenced in 2003, research focus
shifted to functional genomics, particularly the spatiotemporal expression
of genes, which is crucial for understanding organism development, func-
tional regulation, and disease mechanisms. A key step in this process is
uncovering the biological pathways involved. The first bioinformatics tool
for analyzing biological pathways using Gene Ontology (GO) was
GO::TermFinder, a Perl module published in 2004 that implemented the
over-representation analysis method.1 Shortly thereafter, in 2005, the
gene set enrichment analysis (GSEA) method was introduced.2 Various in-
formation content-based methods for measuring semantic similarity
were adapted for use with GO, and in 2007, Wang proposed a graph-based
approach to measure GO semantic similarity. In 2008, I developed
Figure 1. clusterProfiler: Elucidating genomic insights with a Nuwa allegory Through the
murals, we can illustrate the function and value of clusterProfiler. In this analogy, clusterProfi
across species. Its work is grounded in updated gene annotation references, represented b
flexible platform for systematically exploring biological mechanisms and states, deepening
theminiature humans Nuwa created. Like her hands, the clean interface of clusterProfiler allo
Nuwa created tribes with unique traits, clusterProfiler compares data from multiple treat
similarities and differences across conditions.
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GOSemSim, which implemented multiple GO semantic similarity measures,
including information content and graph structure algorithms.3 These
tools, which mine biological knowledge, rely heavily on gene functional in-
formation accumulated during the Human Genome Project era.
However, these tools were primarily designed formodel organisms. One of the

motivations behind developing clusterProfiler was my desire to extend pathway
analysis to non-model organisms. Additionally, all tools at that time were created
for case-control experimental designs. I wanted to apply pathway analysis to
more complex biological experimentswithmultiple conditions, which is the inspi-
ration for the software’s name—it profiles biological themes across different
gene clusters (Figure 1). This comparative approach to biological themes is an
innovation of clusterProfiler. In the v.4.0 paper, we applied it to compare the path-
ways perturbed by different drugs over time.4 In a protocol published in 2024, we
demonstrated its use in comparing microbiome and metabolome data across
lens of the Chinese myth of Nuwa creating humans, depicted in the style of Dunhuang
ler is the architect, like Nuwa, carefully analyzing coding and non-codingmulti-omics data
y the mountain in the mural. Just as Nuwa shaped humanity, clusterProfiler provides a
our understanding of complex phenomena. The results it generates can be compared to
ws researchers to easily access, manage, and visualize enrichment results. Moreover, as

ments and time points in a single run, simplifying the process of identifying functional
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 disease subtypes, characterizing transcription factors and their functions acti-

vated under stress at different time points and analyzing cell type enrichment
in single-cell clusters.5

The development of clusterProfiler began in 2011, with the first version pub-
lished in 2012.6 We initially applied it to study biological pathways regulated by
cobalt- and nickel-binding proteins in Streptococcus pneumoniae and to compare
host pathways regulated by human virus-encoded microRNAs.7,8 We have
continuously maintained and updated clusterProfiler, with over 12,000 commits
to the codebase. In 2013, we added the GSEAmethod, and in 2016, we adopted
the fgsea algorithm to accelerate the computation.9 In early versions, KEGG.db
was used as the data source of KEGG pathway analysis, but with changes to
KEGG’s licensing, KEGG.db stopped updating. In 2015, clusterProfiler began sup-
porting KEGG analysis by fetching the latest data online via HTTP, allowing anal-
ysis for all species available on the KEGG website. clusterProfiler also supports
WikiPathways and PathwayCommons, andwe developed tools for analyzing dis-
ease ontology, Reactome pathways, and Medical Subject Headings.10

Developing methods for specific biological knowledge databases cannot al-
ways keep up with newly emerging resources or support custom user-defined
databases. To address this, in 2015, clusterProfiler began supporting general
pathway enrichment analysismethods, enabling users to analyze newor custom
databases, expanding the scope beyond just biological pathways. My other R
packages have also supported clusterProfiler’s capabilities. These include
GOSemSim for calculating semantic similarity, which can be used to remove
redundant pathways for enrichment results3; ChIPseeker for annotating genomic
locations, applicable to functional enrichment analysis of epigenomic data11; and
ggtree for displaying the hierarchical relationships in enrichment results. Addi-
tionally, in the enrichplot package, we have continually developed new visualiza-
tion methods to help users better interpret and present enrichment analysis
results.

Eachmonth, clusterProfiler is downloaded over 18,000 times via Bioconductor
and has been integrated intomore than 40 bioinformatics software tools,making
it one of the foundational tools in bioinformatics analysis. Over 13 years of
development, we have seen clusterProfiler applied to explore individual develop-
ment, molecular mechanisms of diseases, and drug mechanisms of action. We
have also witnessed its use in analyzing data from new technologies, including
single-cell transcriptomics and spatial transcriptomics. In the future, I will
2 The Innovation 5(6): 100722, November 4, 2024
continue to maintain, update, and add new features to meet the needs of new
applications.
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