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STAT718/BIOL703: Genomic Data Science
Functional Analysis

Dr. Yen-Yi Ho (hoyen@stat.sc.edu)
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Objectives

▶ Determine how functions are attributed to genes using Gene
Ontology terms

▶ Understand the theory of how functional enrichment tools
yield statistically enriched functions or interactions

▶ Discuss functional analysis using over-representation analysis,
functional class scoring, and pathway topology methods

▶ Explore functional analysis tools
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Functional Analysis

The output of RNA-seq differential expression analysis is a list of
significant differentially expressed genes (DEGs). To gain greater
biological insight on the differentially expressed genes there are various
analyses that can be done:

▶ Determine whether there is enrichment of known biological
functions, interactions, or pathways

▶ Identify genes’ involvement in novel pathways or networks by
grouping genes together based on similar trends

▶ Use global changes in gene expression by visualizing all genes being
significantly up- or down-regulated in the context of external
interaction data
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Pathway Analysis Tools
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Over-representation Analysis
To determine whether any categories are over-represented, one can
determine the probability of having the observed proportion of genes
associated with a specific category in the gene list vs. the background
(gene categorizations for the appropriate organism).
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Example: Top Table

ID logFC AveExpr t P.Value adj.P.Val B

156 ABL1 1.10 9.20 9.03 4.88e-14 1.23e-10 21.29
1915 ABL1 1.15 9.00 8.59 3.88e-13 4.89e-10 19.34
155 ABL1 1.20 7.90 7.34 1.23e-10 1.03e-07 13.91
163 YES1 1.43 5.00 7.05 4.55e-10 2.87e-07 12.67

2066 PON2 1.18 4.24 6.66 2.57e-09 1.30e-06 11.03
2014 KLF9 1.78 8.62 6.39 8.62e-09 3.63e-06 9.89
1262 ALDH1A1 1.03 4.33 6.24 1.66e-08 6.00e-06 9.27
437 MARCKS 1.68 4.47 5.97 5.38e-08 1.70e-05 8.16

1269 AHNAK 1.35 8.44 5.81 1.10e-07 3.08e-05 7.49
1366 ANXA1 1.12 5.09 5.48 4.27e-07 1.08e-04 6.21
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Enrichment Analysis

Is the selected set of genes enriched in the genes in the cell cycle
pathway?

Related to Annotated but not Not Total
Cell Cycle Related to Cell Cycle Annotated

DE gene 100 691 9 800
Non DE gene 285 5012 65 5362

All gene 385 5703 74 6162
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Enrichment Analysis

Related to Annotated but not Total
Cell Cycle Related to Cell Cycle

DE gene 100 691 791
Non DE gene 285 5012 5297

All gene 385 5703 6162

100

791
= 12.64%

285

5297
= 5.38%

We can use the Hypergeometric test.
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Hypergeometric Test

Related to Annotated but not Total
Cell Cycle Related to Cell Cycle

DE gene 100 691 791
Non DE gene 285 5012 5297

All gene 385 5703 6162

P(X = k) =

(K
k

)(N−K
n−k

)(N
n

) =

(385
100

)(5703
691

)(6162
791

)
This test will result in an adjusted p-value (after multiple test
correction) for each category tested.
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Biological Databases

▶ Gene Ontology (GO)

▶ Kyoto Encyclopedia of Genes and Genomes (KEGG)

▶ Ingenuity pathway analysis
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GO Ontologies

To describe the roles of genes and gene products, GO terms are
organized into three independent controlled vocabularies (ontologies) in a
species-independent manner:

▶ Biological process: refers to the biological role involving the gene
or gene product, and could include ”transcription”, ”signal
transduction”, and ”apoptosis”. A biological process generally
involves a chemical or physical change of the starting material or
input.

▶ Molecular function: represents the biochemical activity of the
gene product, such activities could include ”ligand”, ”GTPase”, and
”transporter”.

▶ Cellular component: refers to the location in the cell of the gene
product. Cellular components could include ”nucleus”, ”lysosome”,
and ”plasma membrane”.

Each GO term has a term name (e.g. DNA repair) and a unique term
accession number (GO:0005125).
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Go term hierarchy

To do this, GO ontologies are hierarchical, ranging from general,
‘parent’, terms to more specific, ‘child’ terms.
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KEGG pathway
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KEGG database

▶ kg.hsa$sigmet.idx: signaling and metabolism gene sets

▶ kg.hsa$dise.idx: disease gene sets
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gage

Generally applicable gene-set enrichment (gage) is a popular
bioconductor package for performing gene-set and pathway
analysis.
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gage Results

p.geomean stat.mean p.val q.val set.size
hsa04110 Cell cycle 1.05e-08 5.77 1.05e-08 2.52e-06 158
hsa03013 Nucleocytoplasmic transport 4.67e-07 5.14 4.67e-07 5.61e-05 107
hsa04657 IL-17 signaling pathway 8.85e-06 4.44 8.85e-06 6.00e-04 91
hsa03008 Ribosome biogenesis in eukaryotes 1.00e-05 4.44 1.00e-05 6.00e-04 83
hsa03010 Ribosome 2.29e-05 4.18 2.29e-05 1.10e-03 134

Code for analysis can be found in FunctionalAnalysis.R on the course website.
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Visualizing gage Results: KEGG
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Visualizing gage Results
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Figure: Fanconi anemia pathway
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Gene Set Enrichment Analysis (GSEA)

Figure: GSEA plot for the Spliceosome pathway: hsa03040

22/26



- - :

GSEA output

ID Description setSize enrichmentScore NES pvalue p.adjust
1 hsa04657 IL-17 signaling pathway 91 0.710 2.771 0.004 0.033
2 hsa03013 Nucleocytoplasmic transport 107 0.582 2.380 0.004 0.033
3 hsa03030 DNA replication 36 0.684 2.289 0.003 0.033
4 hsa03460 Fanconi anemia pathway 54 0.628 2.255 0.004 0.033
5 hsa03008 Ribosome biogenesis in eukaryotes 83 0.559 2.178 0.004 0.033
6 hsa05204 Chemical carcinogenesis - DNA adducts 63 -0.652 -2.175 0.001 0.033
7 hsa05323 Rheumatoid arthritis 86 0.549 2.157 0.004 0.033
8 hsa00982 Drug metabolism - cytochrome P450 64 -0.634 -2.123 0.001 0.033
9 hsa04976 Bile secretion 85 -0.565 -1.999 0.001 0.033

10 hsa05340 Primary immunodeficiency 37 -0.660 -1.997 0.001 0.033
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Gene Set Enrichment Analysis (GSEA)

Figure: Pathview plot for the Spliceosome pathway: hsa03040
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Differential Co-Expression Analysis

Developed by Yen-Yi Ho Lab
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Resources for functional analysis

▶ g: Profiler - http://biit.cs.ut.ee/gprofiler/index.cgi

▶ David - http://david.abcc.ncifcrf.gov/tools.jsp

▶ clusterProfiler - http:
//bioconductor.org/packages/release/bioc/html/clusterProfiler.html

▶ GENEMANIA - http://www.genemania.org/

▶ GenePattern -
http://www.broadinstitute.org/cancer/software/genepattern/ (need to
register)

▶ WebGestalt - http://bioinfo.vanderbilt.edu/webgestalt/ (need to
register)

▶ AmiGO - http://amigo.geneontology.org/amigo

▶ REviGo (visualizing GO analysis, input is GO terms) - http://revigo.irb.hr/

▶ scDECO - https://github.com/YenYiHo-Lab/scDECO

▶ GSEA - http://software.broadinstitute.org/gsea/index.jsp

▶ SPIA -
https://www.bioconductor.org/packages/release/bioc/html/SPIA.html

▶ GAGE/Pathview -
http://www.bioconductor.org/packages/release/bioc/html/gage.html
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