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Abstract

Understudied or dark proteins have the potential to shed light on as-yet undiscovered molecular
mechanisms that underlie phenotypes and suggest innovative therapeutic approaches for many
diseases. The Reactome-IDG (llluminating the Druggable Genome) project aims to place dark
proteins in the context of manually curated, highly reliable pathways in Reactome, the most
comprehensive, open source biological pathway knowledgebase, facilitating the understanding

of dark proteins’ functions and predicting their therapeutic potentials. The Reactome-IDG web
portal, deployed at https://idg.reactome.org, provides a simple, interactive web page for users

to search pathways that may functionally interact with dark proteins, enabling the prediction of
functions of dark proteins in the context of Reactome pathways. Enhanced visualization features
implemented at the portal allow users to investigate the functional contexts for dark proteins based
on tissue specific gene or protein expression, drug-target interactions, or protein or gene pairwise
relationships in the original Reactome’s SBGN (Systems Biology Graph Notation) diagrams or
the new simplified functional interaction (FI) network view of pathways. The protocols in this
chapter describe step-by-step procedures to use the web portal to learn biological functions of dark
proteins in the context of Reactome pathways.

Basic Protocol 1: Search for Interacting Pathways of a Protein

Support Protocol 1: Interacting Pathway Results for an Annotated Protein
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Alternate Protocol 1: Use Individual Pairwise Relationships to Predict Interacting Pathways of

a Protein

Basic Protocol 2: Using the IDG Pathway Browser to Study Interacting Pathways

Basic Protocol 3: Overlaying Tissue Specific Expression Data

Basic Protocol 4: Overlaying Protein/Gene Pairwise Relationships in the Pathway Context

Basic Protocol 5: Visualizing Drug/Target Interactions
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INTRODUCTION

There is currently a limited understanding of biological functions of about one third of
protein coding genes in humans (Oprea et al., 2018). These understudied proteins are
referred to as “dark proteins”, which have no experimental evidence linking to diseases
and have no known small molecules binding to relatively high potency. However, these
proteins may have the potential to reveal new molecular mechanisms underlying biological
processes and phenotypes and may provide a more thorough understanding of many
diseases and their therapeutics. Biological pathways serve as a structured representation

of molecular interactions and processes, facilitating researchers to collect prior knowledge
into a system that is understood by both humans and computers. This system can be used
to conduct advanced studies such as large-scale omics data analysis and visualization and
in sifico mathematical modeling for drug discovery. Reactome (Gillespie et al., 2022) is
the most comprehensive, open-source biological pathway knowledgebase, covering over 50
percent of total human protein coding genes. Its pathways extensively span crucial areas in
human biology, including cell cycle, DNA repair and replication, signaling pathways, gene
regulation, apoptosis, among many others.

The Reactome-IDG (llluminating the Druggable Genome, https://commonfund.nih.gov/
idg) project aimed to predict functions of dark proteins from their interactions with
components of Reactome pathways, therefore facilitating more informed hypotheses about
their functions and therapeutic potentials. The protocols described here explain step-by-step
procedures to use the Reactome-IDG web portal, deployed at https://idg.reactome.org,

to search for interacting pathways for dark proteins, to overlay tissue specific gene or
protein expression data to determine their tissue specific context, and to study drug/target
interactions to identify potential therapeutics related to interacting pathways. Users may
study interacting pathways interactively in detail in the original Reactome’s Systems
Biology Graph Notation (SBGN)-based pathway diagrams (Le Novere et al., 2009) or in
the simplified functional interaction (FI) network view of pathways (Wu et al., 2014).
Pathways in Reactome are manually curated to ensure high quality. The manual annotation
is labour intensive, limiting the coverage of the human proteome. Researchers may also use
the Reactome-IDG portal to infer pathways for those non-dark proteins that have not been
annotated yet in Reactome.

Curr Protoc. Author manuscript; available in PMC 2024 July 01.


https://commonfund.nih.gov/idg
https://commonfund.nih.gov/idg
https://idg.reactome.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beavers et al.

Page 3

Five Basic Protocols, one Support Protocol, and one Alternate Protocol are provided in

this section. Basic Protocol 1 describes how to search for and examine pathways that

may functionally interact with a protein at the Reactome-IDG web portal homepage.
Support Protocol 1 further describes how a Reactome-annotated protein is displayed on

the Reactome-IDG homepage. Alternative Protocol 1 extends Basic Protocol 1 by detailing
use of pairwise relationships directly for interacting pathway searches. Basic Protocol 2
describes use of the Reactome-IDG pathway browser. Basic Protocols 3 and 4 explain

how to overlay tissue specific expression data and pairwise relationships, respectively, onto
pathway diagrams. Finally, Basic Protocol 5 describes visualization of drug interactions with
target proteins.

BASIC PROTOCOL 1

Search for Interacting Pathways of a Protein

An interacting pathway of a protein is defined as a Reactome pathway with which the
protein may functionally interact to activate or inhibit the pathway’s activity. The interacting
pathways are inferred based on predicted functional interactions (Wu., Feng, & Stein, 2010)
using a trained machine learning model. The functional interaction score calculated by the
machine learning model measures how likely two proteins may functionally relate or interact
each other. See the COMMENTARY section at the end for more details. Examining a dark
protein in the context of Reactome pathways starts with searching for interacting pathways
for a query gene or protein on the Reactome-1DG web portal at https://idg.reactome.org.
This protocol describes how to do this. For the purpose of illustrating expected results, the
dark protein TANC1 (https://pharos.ncats.nih.gov/targets/TANC1) is used as an example:

Protein: Gene name: TANC1
UniProt accession number: Q9C0D5

Search parameters: Functional interaction score = 0.8 (To choose proteins that are predicted to functionally interact with
TANCI1 with a score = 0.8 for interacting pathway analysis)

FDR of interacting pathways < 0.05 (To select statistically significant interacting pathways)

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations

1. Navigate to the Reactome-IDG homepage at https://idg.reactome.org.
The homepage (Fig.1) contains multiple distinct elements.

The Navigation Bar at the top of the page contains links to resources for the
Reactome-IDG website. The “reactome IDG” logo redirects the user to this home
page when clicked. The “User Guide” provides an overview of the website and
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a step-by-step explanation of site features and functionality. "Downloads" has
two files. The mongodb database dump file has data such as predicted functional
interactions that support the IDG website, while the zipped csv file contains the
pairwise features used to train the machine learning model to predict the protein
functional interactions for interacting pathway inference.

The IDG Pathway Browser can be launched by clicking the “Launch the IDG
Pathway Browser” card. Functionality of the IDG Pathway Browser will be
explained in Protocol 2.

The Visit Reactome card will redirect users to the main Reactome website
(https://reactome.org) when clicked.

The Dropdown labeled “Illuminating the Druggable Genome with Reactome”
provides an overview of the Reactome-1DG project and its web tools.

The Search Bar allows the user to enter the gene name or UniProt accession of
a protein that is to be analyzed. This is the main entry point for users to learn
biological functions of dark proteins at the Reactome-IDG web portal.

Type the gene name (TANC1) or UniProt accession (Q9CO0D5) into the search
bar at the Reactome-IDG portal, https://idg.reactome.org, and click the “Search”
button to the right of the bar. This will load the results section for interacting
pathways.

The pathways predicted to interact with the searched protein or gene are
presented in a card, where they are displayed in a scatter plot view (Fig. 2)

by default. Users can view predicted interacting pathways in a network view
(Fig. 3) and toggle between the two views by clicking the small plot icon at the
bottom left corner of the card as shown in Fig. 2. In order to present a better
visualization for interacting pathways and facilitate the comparison study, only
pathways having entities laid out in their SBGN diagrams are displayed here.

In the scatter plot view (Fig. 2) interacting pathways are plotted as points that are
colored and grouped based on their top-level pathways annotated in Reactome.
Pathway points can be clicked to filter the table view below (Fig. 4) to show

the pathway represented by the clicked point. The legend to the right of the plot
displays the top level pathway names for each point. Clicking a name will add or
remove the points associated with the top level pathway from the plot. The user
can zoom in or out, reset the plot axis, and further adjust the plot view using the
buttons at the top right corner of the plot. The user can also download the plot
view into a PNG image by clicking the “download plot as a png” button (shown
as a camera icon).

The network view (Fig. 3) displays individual pathways as nodes and overlaps
between pathways as edges. Clicking the gear icon located at the top left corner
of the network view (Fig. 3) displays a panel for users to adjust the network
view. This panel contains a drop down menu to perform automatic layout

of the network using one of five algorithms: cose (i.e. force-directed layout),
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random, circle, concentric, and grid. The panel also contains a field to adjust

the pValue threshold for the pathway overlaps shown as edges. Increasing this
pValue will add more edges between pathways while decreasing it reduces edges.
The reset button will recenter and rescale the network. The map icon at the

top right corner displays the legend for the network when clicked. The user

may select one or multiple (press and hold ctrl while clicking) nodes and their
represented pathways are exclusively displayed in the table (Fig. 4). A panel with
information about the overlap between two pathways linked by an edge in the
network is displayed in the bottom right corner when the edge is clicked. The
user may select multiple edges to view their overlap information by pressing and
holding the control key while clicking.

The “Pharos Target” button (Fig. 2), located at the top right corner of the card,
will take the user to the target page of the searched term at the PHAROS website
(e.g. https://pharos.ncats.nih.gov/targets/ TANC1), the official website of the NIH
IDG program.

A list of interacting pathways is shown at the bottom of the card in the table
view (Fig. 4). The first column in the table lists the pathway stable identifiers,
which can be clicked to open the pathway diagram for the selected pathway in
the pathway browser, as described in Basic Protocol 2. The “Pathway” column
shows the pathway names. The “Gene Number” column lists the number of
genes that are annotated in the pathway. The “pValue” column displays the
statistical significance of each pathway based on interacting pathway prediction
using predicted functional interactions between the searched term and the
proteins in the pathway. The “FDR” column is the false discovery rate of

the pathway listed. The arrow icon to the left of each row in the table can

be expanded to show more information about the pathway. Additional rows
can be displayed using the controls at the bottom right in the table view.

The “DOWNLOAD PATHWAY LIST” button at the bottom of the table will
download the table in the CSV format when clicked.

Adjust the interacting pathways shown for the searched term with the Functional
Interaction Score located at the top left corner of the Interacting Pathways card.

The threshold of Functional Interaction (FI) Score can be adjusted with the
clickable arrows or by typing in a value (Fig. 2). Click the “Update” button to
update the results. The FI Score is a measure of the likelihood of functional
interaction between two proteins. The score was calculated by a random forest
model trained with 106 protein/gene pairwise relationship features. A higher FI
score will select proteins that are more likely to functionally interact with the
searched protein. The selected FI partners are then used for interacting pathway
analysis for the searched protein (Brunson, Sanati, Matthews, et al., 2023).

The “DOWNLOAD GENES” button below the Functional Interaction Score
value will download the related genes together with their support pairwise
features used to predict Fls in the CSV format.
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4, Filter interacting pathways shown for the searched term by adjusting the False
Discovery Rate (FDR) located at the bottom right corner of the card.

The threshold of FDR at the bottom right corner in the table has a list of values
to filter the displayed pathways. The results will update automatically once a
value is selected. The user can also enter a value manually for filtering.

SUPPORT PROTOCOL 1

Interacting Pathway Results for an Annotated Protein

The Reactome-IDG website supports analysis of proteins annotated in Reactome in addition
to dark proteins or non-dark proteins that are not in Reactome. Exploring interacting
pathways for a protein annotated in Reactome may help users to better know the protein’s
potential functional involvement in pathways that may crosstalk with pathways where the
queried protein is annotated. Predicted interacting pathways are displayed together with
annotated pathways for annotated proteins as demonstrated in this support protocol. For

the purpose of illustrating expected results, the protein “aldolase, fructose-bisphosphate B”
(Gene name: ALDOB; UniProt accession: P05062) is used. Note: This protein has been
annotated in Reactome while TANC1 in Basic Protocol 1 has not.

Protein: Gene name: ALDOB
UniProt accession: P05062

Search parameters: Functional interaction score = 0.9 (To choose proteins that are predicted to functionally interact with
ALDOB with a score = 0.9 for interacting pathway analysis)

FDR of interacting pathways < 0.05 (To select statistically significant
interacting pathways)

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations

1. Navigate to the Reactome-IDG homepage at https://idg.reactome.org.

2. Type the gene name, ALDOB, or Uniprot identifier, P05062, into the search bar
and click the “Search” button to the right of the bar. This will load the results
section for interacting pathways as outlined in Basic Protocol 1. The results will
include an additional “Annotated Pathways” section (Fig. 5) located above the
“Interacting Pathways”.

Annotated Pathways (Fig. 5) shows a hierarchical view of the Reactome
annotated pathways that contain the searched gene or protein. The last top-level
pathway is expanded by default. To view lower level pathways in other top level
pathways, click the arrow to the left of these top-level pathways. Clicking on a
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pathway name from the list will open the Reactome pathway diagram for the
selected pathway in another browser window, as described in Basic Protocol 2.

ALTERNATE PROTOCOL 1

Use Individual Pairwise Relationships to Predict Interacting Pathways of a Protein

Basic Protocol 1 describes how to find interacting pathways for a gene or protein based on
Functional Interactions (FIs) predicted based on a set of protein/gene pairwise relationships.
The Reactome-IDG web portal also allows users to predict interacting pathways based on
the original individual pairwise relationships (e.g. protein-protein interactions, or tissue or
cancer specific gene expression correlations) that are used for the FI prediction. This is
useful if the user wants to find pathways that may be functionally related in one specific
tissue (e.g. based on GTEX tissue-specific gene co-expression) or cancer (e.g. based on
TCGA cancer specific gene co-expression). This protocol describes how to select one or
more individual protein/gene pairwise relationships and then to predict interacting pathways
for a query gene or protein based on the selected relationships.

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations
1. Search for a term, such as TANC1, on the Reactome-IDG homepage at https://
idg.reactome.org (described in Basic Protocol 1).

2. Click on the “CHOOSE SOURCES” button at the top of the card (Fig. 6) to
choose one or more gene/protein pairwise relationships.

A form will be displayed with drop down lists to choose individual gene/protein
pairwise relationship datasets; click “ADD” to register the selection (Fig. 7). Up
to six datasets can be added for a single analysis. Clicking the “x” at the top left
corner will close this form.

3. Click on the “SEARCH?” button to conduct interacting pathway analysis based
on the selected pairwise relationships.

A list of interacting pathways will be displayed similar to the results shown in
Basic Protocol 1. To close the view of this analysis, click the “x” at the top left
corner and return to the view of results based on Fls.

BASIC PROTOCOL 2

Using the Reactome-IDG Pathway Browser to Study Interacting Pathways

Based on knowledge levels and clinical applications of proteins, human proteins can be
grouped into the four target development level categories (Oprea et al., 2018): 1). Tclin
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(for "clinical") represents the most-studied proteins, ones that have known interactions with
approved drugs and for which there is an identified mechanism of action. These represent
just 3 percent of the human proteome; 2). Tchem (for "chemical™) includes proteins that

are known to bind to small molecules with relatively high potency. This group accounts

for 6 percent of the proteome; 3). Thio (for “biology”) refers to proteins for which there

is experimental evidence of disease relevance, and some understanding concerning their
structure and function, but which have not been fully developed as drug targets. About 53
percent of the proteome belongs to this category; 4). Tdark (referring to the "dark genome")
includes all proteins that do not meet the criteria for inclusion in any of the other categories.
These proteins account for 38 percent of the proteome. The Reactome-IDG pathway browser
highlights proteins annotated in pathways according to these knowledge levels in different
colors as default. Further, the browser also offers additional new features, including a
simplified FI network view of pathways, drug interaction overlay, and tissue specific gene
and protein expression overlay, allowing users to interactively explore possible functions and
therapeutic potentials of dark proteins in the context of Reactome pathways. This protocol
describes how to navigate and use the pathway browser to visualize predicted interacting
pathways for a protein. The following protocols describe how to use overlay features.

For the purpose of illustrating expected results, the dark protein TANC1 will be used as an
example:

Protein: Gene name: TANC1
UniProt accession number: Q9C0D5
Search parameters:  Functional interaction score = 0.8
FDR of interacting pathways < 0.05

Chosen sources: none

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations

1. Search for a term (TANC1) on the Reactome-IDG homepage at https://
idg.reactome.org (described in Basic Protocol 1).

The Reactome-IDG homepage directly connects pathways to the IDG pathway
browser, facilitating seamless access for users through pathway links. We
recommend using the Reactome-IDG pathway browser as described in this
protocol with features highlighted for a search term. The “Launch the IDG
Pathway Browser” card at the top of the Reactome-IDG homepage will launch
the pathway browser. However, features for a searched term will not be loaded .
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2. Click a pathway link (e.g. R-HAS-442755, https://idg.reactome.org/
PathwayBrowser/#/R-
HSA-442755&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLG
FDR=0.05) on the Reactome-IDG homepage to visualize the interacting pathway
for the searched term in the pathway browser. There are several links located on
the Reactome-IDG homepage to view pathways at various levels: from the
annotated pathways section, from the interacting pathways section, and the
“Open Pathway Browser” button. Each section is described below.

In the annotated pathways section (Fig. 8) all top and lower-level pathways are
displayed as links to the pathway browser. Click a pathway and the web browser
will open the pathway browser page to the clicked pathway. The annotated
pathways panel is only displayed for annotated proteins so ALDOB is used
instead of TANCL1 in Fig. 8.

The table displayed within the Interacting Pathways card (Fig. 9) lists the
pathway stable ids for each of the interacting pathways as hyperlinks. Clicking
one of these links will show the related pathway diagram in the pathway browser
in another web browser tab. The table also provides an arrow on the far left of
each row that displays the pathway hierarchy for each interacting pathway when
clicked (Fig. 9). Each of the higher-level pathways can also be clicked and the
pathway browser page will redirect to the corresponding pathway diagram.

The “Open Pathway Overview” button towards the top of the interacting
pathways panel (Fig. 10) will also open the pathway browser with an overview
of all pathways in Reactome, where the pathways that interact with the queried
protein are highlighted magenta (Fig. 11). Users can adjust the FI score or the
FDR thresholds of interacting pathways for highlighting. The control panel is
located at the bottom of the overview.

3. Select a pathway of interest (e.g. Activation of NMDA receptors and
postsynaptic events) in the pathway overview (Fig. 11) to view detailed
information about it. The “Open pathway diagram” button is located at the top
left corner of the pathway overview as shown in Fig. 11. The button is disabled
if no pathway is selected in the overview and enabled after a pathway is selected.
Clicking this button will open the pathway diagram view (Fig. 12). The user may
also double click a pathway in the pathway overview to open the diagram in the
pathway browser.

In the diagram view (Fig. 12) entities with magenta borders are colored to
indicate that they are predicted to functionally interact with TANC1 at the given
parameters. The gray box in the lower middle of Fig. 12 displays the flag for
what types of interactions are displayed. The “combined_score” flag is displayed
by default, indicating the predicted Fls are used for interacting pathways. Other
flags are added as pairwise relationships overlaid (described in Basic Protocol
4). If the current flag indicated is for a combined score of all interactions, the
user can adjust the score to be more or less strict and thus adjust the interactors
shown. The score cutoff can be adjusted in the control panel at the bottom of the
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diagram labeled “FI score” for functional interaction score. To the right of the
“FI score” the false discovery rate labelled “fdr”of interacting pathways can also
be adjusted.

Zoom into the diagram by scrolling with a mouse or using the “+” button at the
lower right corner (Fig. 12) to view detailed annotation of the pathway (e.g.
complex compositions and numbers of interacting drugs). Fig. 13 shows an
example of a zoomed-in view of three complexes (“Gly,D-Ser:L-
Glu:GRIN1:GRIN2 NMDA receptors”, “Gly,D-Ser:L-Glu:GRIN1:GRIN2B
NMDA receptors” and “Gly,D-Ser:L-Glu:GRIN1:GRIN2 NMDA
receptors:CALM1:4xCa2+") in the “Ca2+ influx into the post-synaptic cell”
pathway accessible via https://idg.reactome.org/PathwayBrowser/#/R-
HSA-442755&SEL=R-HSA-432164&PATH=R-HSA-112316,R-
HSA-112315,R-
HSA-112314&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLG
FDR=0.05. The borders of these three complexes are colored in magenta,
indicating that proteins annotated in these complexes are predicted to
functionally interact with the query protein (here TANC1). The numbers at the
top left purple corner of the complex indicate the numbers of drugs that can bind
to any proteins annotated in the complex.

A complex is displayed with multiple vertical bars, each of which represents a
subunit of the complex. Proteins of the complex are colored according to their
knowledge level (Tclin, Tchem, Thio and Tdark) (Opera et al., 2018) as shown in
the legend at the right of Fig. 13. A popup panel will open after right-clicking
an entity. The “Molecules” tab in the panel shows the annotated entities (proteins
and chemical compounds) that comprise the complex entity. The “Pathways” tab
lists other pathways the entity is involved in.

Drugs are indicated by a purple circle at the top left corner of an entity. The
number inside the circle is the number of drugs that interact with the entity. To
visualize the interaction of a drug with an entity in a pathway, see Basic Protocol
5.

Click the “Cytoscape View” button in the top left button bar (the second from
right button as shown in Fig. 13) to view the pathway as a functional interaction
network of proteins (Fig. 14).

The nodes in the FI network view represent the proteins annotated in the
pathway. The node’s gene name and UniProt accession will be displayed when
the user hovers over it. The “FIView Options” button on the top left of the view
opens the network configuration panel when clicked as shown in Fig. 14. The
user may perform automatic layout using one of four algorithms: force directed,
grid, circle, and random. The user may overlay drug interactions on the network
by clicking “Show Drugs” as described in Basic Protocol 5. By default, nodes are
colored based on their knowledge levels as indicated in the key on the left of the
panel. The borders of nodes for proteins that are predicted to functionally interact
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with the query protein (e.g. TANCL) are colored in magenta as shown for KRAS.
The user may adjust the FI Score cutoff to select interacting proteins to highlight.

To view more information about the protein, right click the node and a panel
will be displayed (Fig. 15). This panel contains three tabs. The first tab provides
identifier information about the protein and links to other resources. Information
about existing tissue specific expression overlay is located in the second tab
(described below in Basic Protocol 3). The third tab describes overlaid pairwise
interactions (described below in Basic Protocol 4). The second and third tabs
will not display information if the Overlay Tool has not been used. In the top
right corner there are three buttons. The leftmost button will open the protein

in an interaction popup panel if pairwise relationships have been added using
the Overlay Tool (described in Basic Protocol 4). The center button will pin the
panel so the panel does not close during other clicks, and the rightmost button
closes this panel.

The Edges in the FI network view (Fig. 14) represent functional interactions
extracted from complexes and biochemical reactions annotated in the Reactome
pathway. Edges are displayed with a tee’d end to indicate inhibition, or an
arrowed end to indicate catalysis or activation. Edges having neither of these
are interactions extracted from complexes or inputs participating in the same
reactions. The UniProt accession numbers of the proteins involved in the
functional interaction will be shown when hovering over an edge. Right clicking
an edge will display a panel listing the Reactome sources (i.e. reactions and
complexes) the clicked FI is extracted from. An FI may be extracted from
multiple reactions or complexes, and users can choose a reaction or complex

to visualize its detailed information in the “Details Panel” at the bottom of the
pathway browser.

BASIC PROTOCOL 3

Overlaying Tissue Specific Expression Data

The Reactome-IDG web portal integrates "the Target Central Resource Database (TCRD)"
database (Sheils, Mathias, Kelleher, et al. 2021), which collects 19 tissue specific gene

and protein expression datasets from a variety of data sources, such as CCLE (Barretina,
Caponigro, Stransky, Venkatesan, et al. 2012), GTEx (GTEx Consortium. 2013), HPA
(Uhlén, Fagerberg, Hallstrém, Lindskog, et al. 2015), and many others. Visualizing tissue
specific gene or protein expression data in combination with dark protein interactions
directly on the top of a pathway displayed as a SBGN diagram or a FI network facilitates
the understanding of the functional relationships between the dark protein and its interacting
pathways. This protocol describes how to use the overlay tool to overlay tissue specific
expression data on the pathway diagram view and the FI network view.

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.
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Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations

1. Select a pathway of interest in the pathway browser (described in Basic Protocol
2) and use the “Open pathway diagram” button located at the top left of the page
(Fig. 11) to open the pathway diagram view (Fig. 16). The pathway used in this
protocol is “Apoptotic execution phase”, which is accessible via the link, https://
idg.reactome.org/PathwayBrowser/#/R-
HSA-75153&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGF
DR=0.05. The link opens the pathway directly in the diagram view. Click the
Overlay Tool button located in the top left of the Pathway Diagram view (the
rightmost button as shown in Fig. 16) to open the Overlay Tool panel (Fig. 17).

The Overlay Tool panel (Fig. 17) contains two tabs. The first tab, Overlay

Data, provides interfaces for users to choose tissue specific gene and protein
expression data to overlay on the diagram, and its use will be described in this
Protocol. The second tab, Overlay Relationships, implements interfaces for users
to choose pairwise relationships to overlay (See Basic Protocol 4 on how to
overlay relationships). In the Overlay Data tab, the “Select Expression Type”
drop down list allows users to select an expression type from the listed data
sources. Once an expression type is selected, the user can select up to 12 tissue
types or cell lines in the “Select Tissues” list to overlay. To select multiple tissues
at once, the user can hold the control (or command on mac) key. The user can
also hold the shift key while clicking one tissue and then another to select all
tissues between the two clicked tissues. There is a filter box above the tissue
selection list that allows users to filter for tissues based on entered letters.

Fig. 18A shows the pathway diagram with tissue specific expression data
overlaid. The scale for the expression values is shown at the right side of the
diagram. There is also a control at the bottom of the diagram view to cycle
through each of the overlaid tissues. Users can use the forward and backward
buttons to observe overlaid data for each of the tissues, or use the play button to
visualize the tissues sequentially. There is a close button at the top right of the
control panel to remove the overlay when finished.

Within the diagram view the average expression value of the proteins in the
complex are used to recolor the complexes when the view is zoomed out into

a large scale. The overlay on a complex will become segmented when the user
zooms in, with each segment’s color representing the expression value of a single
protein annotated in that complex (e.g. four proteins, DFFA, DFFB, KPNA1,
KPNBL1, in the “DFF:associated with the importin-alpha:importin-beta complex”
complex as shown in Fig. 18B). To view the expression values for individual
proteins in each of the selected tissues, users can right click any complex or
protein and a table showing these expression values will be displayed.
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Click the “Cytoscape View” button located at the top left corner of the diagram
view (the second button to the right as shown in Fig. 18) to switch the pathway
diagram view to the FI network view. The overlaid expression values stay

with proteins that are displayed as nodes in the network view. The user can
also overlay the expression values directly by clicking the Overlay Tool button
located at the top left corner of the FI network view (Fig. 19). The overlay
data panel described in the previous step (Fig. 17) will appear with the same
functionality.

In the FI network view, each protein is recolored according to its expression
after overlaying (Fig. 19). The proteins that don’t have expression values
reported for the given expression type are colored green. Expression values for
individual proteins for all selected tissues can be viewed in the “Overlay” tab in
the panel displayed in Fig. 19 by right clicking a protein.

When the FI view is switched to the pathway diagram view or vice versa, all
overlaid data is kept.

BASIC PROTOCOL 4

Overlaying Protein/Gene Pairwise Relationships

The Reactome-1DG web portal provides pairwise relationship datasets collected from
multiple sources (e.g. GTEX, TCGA, StringDB and Harmonizome) (Brunson, Sanati,
Matthews, et al., 2023) to overlay on existing diagrams. The pairwise datasets can be varied
by relationship type, data source, and bioSource (i.e. species, organ, tissue or cell line)

and the users may choose them based on these criteria. The overlaid pairwise relationships
may be investigated further by opening the pairwise popup, a network view of the overlaid
pairwise relationships for an entity in the pathway diagram or a protein in the FI network
view. This protocol describes how to use the overlay tool to overlay pairwise relationships
on the displayed pathway diagrams or the FI network view.

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-IDG pages.

Protocol steps with step annotations

1.

Select a pathway of interest in the pathway browser overview (described in Basic
Protocol 2) and use the “Open pathway diagram” button in the top left of the
page (Fig. 11) to open the pathway diagram view (Fig. 20). The pathway used in
this protocol is “Transcriptional regulation by RUNX3", which can be accessed
via https://idg.reactome.org/PathwayBrowser/#/R-
HSA-8878159&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FL
GFDR=0.05. This link opens the pathway directly in the diagram view.
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2. Click the Overlay Tool button located in the top left of the Pathway Diagram
view (the rightmost button as shown in Fig. 20) to open the Overlay Tool panel
and then select the “Overlay Relationships” tab in the panel (Fig. 21).

The Overlay Pairwise Relationships Tool (Fig. 21) in the bottom tab of the
Overlay Tool panel allows pathway diagrams to be overlaid with pairwise
relationship data. The relationship datasets may be selected by first choosing

a relationship type, then a data source, and a BioSource. For “Gene_Similarity”,
the user may select the datasets according to the data sources originally
collected by the Harmonizome project (e.g. achilles, encodetf or hpo) (For more
information about the Harmonizome data sources, see https://maayanlab.cloud/
Harmonizome/download). The options included in each dropdown list will be
populated based on the previous selections made. To differentiate between
positive and negative interactions if available, users can select a line color for
each added interactor set. Up to 6 sets of interactions can be overlaid at a

time. Click the “Add” button to add a relationship for overlaying and click the
“Overlay!” button to overlay the added pairwise relationships.

In the pathway diagram view a control panel appears at the bottom once a set

of pairwise relationships have been overlaid. The control panel contains a close
button to remove the overlaid data and a message about the loaded relationship
datasets. In the pathway diagram view (Fig. 22) entities display red circles at the
top right corners showing the numbers of pairwise interactors that exist. The user
can click a circle to open a “pairwise popup” for the chosen entity as described in
step 4.

3. Click the “Cytoscape View” button (the second to the right) located in the top
left of the diagram view (Fig. 22) to switch to the FI network view to visualize
overlaid results in the network view (Fig. 23).

The pairwise relationships can also be overlaid directly in the FI network view
of the pathway. Click the Overlay Tool button located in the top left of the FI
network view (Fig. 23). The overlay data panel described in the previous step
(Fig. 21) will appear with the same functionality.

4. Right click a node in the FI network view to open a popup panel (Fig. 24) and
then click the “Show Pairwise Relationships” button (target icon, the leftmost
button) in the top right corner of the panel to open the pairwise popup (Fig. 25).

In the pairwise popup a functional interaction network (Fig. 25) shows the
clicked protein at the center and its interactions. When many interactors are
available the first 10 will be shown for the clicked protein. Dark (Tdark)

proteins will be displayed before other interactors. The source node (i.e. the
clicked protein, EP300 in Fig. 25) is represented by circles and interactors are
represented by triangles. The nodes are colored according to the tissue specific
expression overlaid when expression data is overlaid. Otherwise, they are colored
according to their knowledge levels. The edges are colored according to the
interaction set, which is configured in the Overlay Pairwise Relationships panel
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(see step 2). The dash lines represent positive relationships while the dotted lines
represent negative relationships. The user can remove interactors that are not of
interest by right clicking on the node and selecting “remove”. The source node
cannot be removed.

In the pairwise relationships table as shown at the bottom of Fig. 25, users
can view all of the available interactions for the source node. The table lists

the diagram source node, the interaction source, the current overlay value if
existing, and the interaction type (positive or negative) for the chosen interactor.
Interactors can be added to the network by clicking the “View” button.

The pairwise popup can also be opened by clicking the red circle located at the
top right corner of an entity drawn in the pathway diagram view (e.qg. the red
circle labeled with 48 in protein RUNXS in Fig. 22).

BASIC PROTOCOL 5

Visualizing Drug/Target Interactions in the Pathway Context

One of the major functions of the Reactome-1DG portal is to reveal therapeutic potential

of dark proteins to guide experimentally testable hypotheses. To this end, drug/target
interactions can be overlaid on the pathway diagram and the FI network in the Reactome-
IDG pathway browser. Drug/target relationships are also displayed in the pairwise popup.
This protocol describes how to visualize drug/target interactions in the diagram, FI network,
and pairwise popup.

Necessary Resources

Hardware: Computer capable of supporting a Web browser and an Internet connection.

Software: A modern Web browser such as Chrome, FireFox, or Safari with JavaScript
enabled to display Reactome-1DG pages.

Protocol steps with step annotations

1. In the pathway diagram view of the Reactome-IDG pathway browser (Basic
Protocol 2), zoom into the diagram to view more detailed information of the
pathway. The pathway used in this protocol is “Apoptotic execution phase”
accessible via this link, https://idg.reactome.org/PathwayBrowser/#/R-
HSA-75153&SEL=R-HSA-201634&PATH=R-HSA-5357801,R-
HSA-109581&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLG
FDR=0.05 (Fig. 26). The detailed information includes drug-target interactions,
which are represented by a purple circle at the top left corner of an entity. The
number inside the circle is the number of drugs that interact with the entity. For
example, number 1 inside the purple circle at the top left corner of protein PTK2
indicates there is one drug interacting with PTK2 (Fig. 26).

2. Click a purple circle to open a popup for interactions between the drug(s) and the
entity (Fig. 27).
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Users can view information for each of the displayed interactions between the
drugs and the entity in the “Drug Targets” table. This information includes: the
protein target the drug interacts with, the action type (e.g. inhibitor or activator),
and the drug activity measure method (activity type , e.g. IC50) and activity
value collected in the original TCRD database (Sheils, , Mathias, Kelleher, et al.
2021). The drugs are represented as purple hexagons.

3. In the FI network view the user can select the “Show Drugs” button at the bottom
of the network configurations panel as shown at the top left of Fig. 28A. The
nodes representing drugs are hexagon shaped and colored purple (Fig. 28B).

To remove drugs from the network, click “Remove Drugs” in the network
configuration panel (Fig. 28B).

4. In the FI network view of the pathway overlaid with drug and target interactions
(Fig. 28B), right click a protein or drug node to open up the information panel
for the clicked node. Fig. 29 shows such an information panel for protein
ROCKZ1, where clicking the “Rx” icon located in the top right will open the
pairwise popup showing interactions between ROCKZ1 and drugs targeting it.

COMMENTARY:

Background Information:

The Reactome-IDG web portal was designed to place understudied or dark proteins in the
context of the Reactome annotated pathways, facilitating the inference and learning of the
functions of these proteins in the framework of human annotated pathways. The portal can
also be used for proteins that have not been annotated in Reactome. To build this portal,
we expanded our original functional interaction prediction workflow (Wu & Haw, 2017)
by collecting 106 protein/gene pairwise features from multiple resources and training a
random forest machine learning model using the Fls extracted from Reactome annotated
biochemical reactions and complexes as the training dataset. After that, the trained random
forest model was used to predict functional interactions for protein pairs, and predicted
interaction partners were collected for pathway enrichment analysis. The analysis results,
which are reported as pValues based on binomial tests and FDRs (False Discovery Rates)
after multiple hypothesis correction using the Benjamini-Hochberg procedure (Benjamini
& Hochberg, 1995) as shown in the Reactome-IDG web portal, measure the likelihood
and strength of the interaction pathways for dark proteins quantitatively (Brunson, Sanati,
Matthews, et al., 2023).

Pathways in Reactome are organized hierarchically as they are in standard biochemistry
textbooks for easy data management, curation, and visualization. Higher level pathways
contain more entities than lower level pathways. In the Reactome pathway browser,
higher level pathways are presented with high-level SVG (scalable vector graph)-based
diagrams while lower level pathways are visualized with SBGN-based diagrams with
detailed information of reactions, including inputs, outputs, catalysts, regulators and reaction
types, laid out (Gillespie et al., 2022). Some lower level pathways don’t have their own
SBGN-based diagrams and are drawn as parts of their higher level containing pathways. To
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facilitate the visualization, the Reactome-1DG portal analyzes pathways that have their own
SBGN-based diagrams only at its homepage. In total, 524 pathways were chosen as potential
interacting pathways for dark proteins.

To validate the predicted interacting pathways, we conducted two systematic analyses: 1).
We analyzed a single cell RNA-seq dataset, which is independent of any pairwise features
used to train the random forest model, to build a gene co-expression network and then
analyzed interacting pathways for proteins using their co-expression partners. Correlation
analysis between the interaction pathway scores from this SCRNA-seq data and the scores
from predicted functional interactions showed a significantly positively skewed distribution,
supporting our prediction results; 2). We developed an NLP (natural language processing)
workflow to compare PubMed abstracts and Reactome’s text summaries of pathways and
reactions after embedding them into numeric vectors using BERT, a pre-trained deep
learning language model (Devlin et al., 2019). For individual genes, we calculated the

top pathways where the gene may be annotated based on the similarity of abstracts and
Reactome pathways and then calculated the correlation between the annotation possibilities
and interaction pathway scores based on predicted Fls. Similar to the results from the
scRNA-seq analysis, we observed a significantly positively skewed distribution of the
correlation. In addition to these two computation-based approaches, we also randomly chose
20 dark proteins and performed literature searches for evidence supporting their involvement
in the predicted interacting pathways. In the majority of cases, direct experimental evidence
was found linking the function of the protein to a possible role in at least one of the
predicted interacting pathways. These validation results provide overall support for the
predicted interacting pathways. However, it is important to note that Reactome's pathways
are annotated through the collection of evidence from diverse experimental systems,
encompassing various tissues and cell types. Likewise, the training of the random forest
model incorporated over 100 features, representing numerous cell types. As a result, our
prediction results of interacting pathways are not specific to any particular tissue or cell
type and should be interpreted with caution when applied to such contexts (Brunson, Sanati,
Matthews, et al., 2023).

Pharos (Sheils, Mathias, Kelleher, et al., 2021) is the official web site of the NIH IDG
program, providing a collection of resources for all proteins, including understudied
proteins and well studied proteins. A protocol has been published to describe how to

use Pharos for the druggable genome study (Sheils, Mathias, Siramshetty, et al. 2020).

The enhanced Reactome IDG pathway diagram widget has been integrated into Pharos

(e.g. https://pharos.nih.gov/targets/NTN 1#pathways), allowing researchers to investigate
dark proteins using Reactome without leaving Pharos. However the Reactome IDG web
portal provides a dedicated place for users to study understudied proteins in the context

of Reactome pathways with other Reactome analysis and visualization features as well as
better performance. The homepage of the portal provides a much enhanced user experience
for researchers to explore interaction pathways without constraints of limited space at
Pharos. Furthermore, the Reactome IDG web portal uses the same backend database, TCRD
(Sheils, Mathias, Kelleher, et al. 2021), as Pharos, to provide tissue specific protein and gene
expression data and drug/target interactions for overlay.
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Very recently, a new initiative has been launched to study understudied proteins (https://
understudiedproteins.org, Kustatscher, 2022) with a focus on using proteomics technologies
for detailed mechanistic insights. The predicted interacting Reactome pathways for
understudied proteins will provide some starting points to undertake such studies. We expect
to work with other groups in the community to integrate our results with their resources

to create a more sophisticated, integrative workspace to learn about understudied proteins’
functions and their therapeutic potentials.

Critical Parameters:

The interacting pathways of a protein are predicted and scored based on the functional
interactions of the protein. In order to collect those function interactions, a FI score
threshold needs to be used. This threshold determines how many Fls are used for
interacting pathways prediction. Different thresholds may yield different results. Users are
recommended to try different thresholds and compare the final results.

Troubleshooting:

The Reactome-1DG portal’s search for interacting pathways (Basic Protocol 1) supports
human proteins and genes only. It accepts UniProt accession numbers and standard human
gene symbols. Users have to make sure they are using these two types of identifiers to return
the results.
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Lounch the IDG Pathway Vist Reactome
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Illuminating the Druggable Genome with Reactome v

SEARCH A GENE OR UNIPROT SEARCH

Figure 1.
The Reactome-IDG home page (https://idg.reactome.org) features a navigation bar, link

cards, a drop down, and a search bar for interacting pathway analysis.
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Showing Results For: TANC1

No annotated pathways found.

Interacting Pathways Reachable through interactions

Functional Interaction Score =0.8 s
_ B UPDATE CHOOSE SOURCES OPEN PATHWAY OVERVIEW
11 genes interacting with TANC1 £

@ =
Interacting Pathway Plot

¢ Autophagy
Cell Cycle
°  Cell-Cell communication
¢ Cellular responses to stimuli

Developmental Biology
[

=
5]

-Log10(pValue)
@

Pathway

Figure 2.
Interacting pathways for a query gene or protein are displayed as a scatter plot according to

the pValues of the pathways. Each dot represents a pathway and is colored based on its top
level pathway assignment as annotated in Reactome. These top level pathways are shown
in a legend to the right of the plot. Dots are grouped based on their top level pathways and
sorted based on the original pathway hierarchy structure on the Reactome website. Clicking
the network icon at the bottom-left corner switches the view to the network (Fig. 3).
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Figure 3.
Interacting pathways are displayed in a network view. Pathways are rendered as nodes

whose size vary based on the pathway size. Nodes are linked through edges whose width
varies based on the extent of overlapping of their annotated genes. Users may click the gear
button at the top-left corner to control the network view, the legend button at the top-right
corner to view network legends, and an edge for detailed overlap information. Clicking the
plot icon at the bottom-left corner switches the view to the scatter plot (Fig. 2).
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Pathway Id Pathway
v R-HSA-4427 Activation of NMDA receptors and postsynaptic events
v R-HSA-960973¢ Assembly and cell surface presentation of NMDA receptors
v R-HSA-112314 Neurotransmitter receptors and postsynaptic signal transmission
v R-HSA 760 LICAM interactions
v R-HSA-5626467 RHO GTPases activate IQGAPs
v R A-6807878 COPI-mediated anterograde transport
v R-HSA-9646399 Aggrephagy
v R-HSA-8955332 Carboxyterminal post-translational modifications of tubulin
v R-HSA-157858 Gap junction trafficking and regulation
v R-HSA 49 HSP90 chaperone cycle for steroid hormone receptors (SHR) in the presence of ligand

search R

Figure 4.

Gene Number
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121
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102
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46
51
57

Rows per page:

Page 24

pVolue FDR
109e-12 1.51e-10
1.89e-12 174e-10
2.46e-10 1.35e-8
793e-10 3.65e-8
2.35e-8 399e-7
3.06e-8 4.59e-7
8.35e-8 109e-6
996e-8 1.30e-6
1.50e-7 1.65e-6
2.34e-7 2.10e-6
FDR<
00S
- 1-10 of 52

Interacting pathways are displayed in an interactive table where the user may read detailed
descriptions about the pathways, search for specific pathways, and filter them based on an

FDR value.
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Showing Results For: ALDOB

Annotated Pathways Manually curated based on literature references

> Disease
v Metabolism
v Metabolism of carbohydrates
v Fructose metabolism
Fructose catabolism
v Glucose metabolism
Gluconeogenesis

Glycolysis

Figure 5.

Page 25

PHAROS TARGET

The Annotated Pathways section shows hierarchical relationships of pathways where the

searched gene or protein is annotated.
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Showing Results For: TANCI1

No annotated pathways found.

Interacting Pathways Reachable through interactions

Functional Interaction Score = 0.8

UPDATE CHOOSE SOURCES OPEN PATHWAY OVERVIEW

11 genes interacting with TANC1

Figure 6.
The “CHOOSE SOURCES” button is located towards the top of the Interacting Pathways

Panel, which is displayed after searching for a term.
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Figure 7.
The panel used for users to choose individual sources. This panel is opened using the

“CHOOSE SOURCES” hutton (Fig. 6).
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Showing Results For: ALDOB

Annotated Pathways Manually curated based on literature references

Figure 8.
The annotated pathway section where each pathway links to the pathway browser.
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Pathwoy Id Pathway Gene Number pVolue FOR
~ Netrin-1 signaling S0 197e-12 1.38e-11
Description

Netrins are secreted proteins that play a crucial role in neuronal migration and in axon guidance during the development of the nervous system. To date, several Netrins have been described in mouse and [mor
Hierarchy

v Caspase activation via Dependence Receptors in the absence of ligand 10 756e-9 3.78e-8

v Myogenesis 29 13le-2 131e-2

The table in the “Interacting Pathways” card displays the stable ids of pathways and their
corresponding higher-level pathways, accessible by clicking the arrows located on the far
left of each row. The pathways listed under “Hierarchy” are displayed as links to the
pathway browser.
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‘ SEARCH
Showing Results For: TANC1
No annotated pathways found.
Interacting Pathways Reachable through interactions.
Functional Interaction Score = 0.8 i CHOOSE SOURCES OPEN PATHWAY OVERVIEW
11 genes interacting with TANC1 [B8% ENES

Figure 10.
The top of the interacting pathways panel contains a button labeled “OPEN PATHWAY

OVERVIEW?” that will launch the pathway browser.
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Figure 11.

The interacting pathways of TANC1 with FI Score = 0.8 and fdr < 0.05 are highlighted in
magenta in the pathway overview at the Reactome-IDG pathway browser.
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Figure 12.

The pathway diagram for “Activation of NMDA receptors and

postsynaptic events”, an interacting pathway of TANCL1. This pathway
can be accessed with the link, https://idg.reactome.org/PathwayBrowser/#/R-

Page 32

08

HSA-442755&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05.
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Figure 13.
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Page 33

Zooming into the pathway diagram shows more details about the entities in the diagram.
The user can also right-click an entity to open a popup panel to visualize even more

information about the clicked entity (shown for complex, Gly,D-Ser:L-Glu:GRIN1:GRIN2
NMDA receptors:CALM1:4xCa2+).
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Figure 14.
The Function Interaction (FI) View for the “Activation of NMDA receptors and postsynaptic

events” pathway. This FI view of the pathway can be accessed with the link, https://
idg.reactome.org/PathwayBrowser/#/R-HSA-442755&PATH=R-HSA-112316,R-
HSA-112315,R-

HSA-112314&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGFDR=0.05
&FIVIZ.
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Figure 15.

Protein information panel for ADCY1, a protein displayed in the FI network view for the

ADCY1
Q08828
Tchem
Go!

1

“Activation of NMDA receptors and postsynaptic events” pathway (Fig. 14).
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Figure 16.
The pathway diagram view. The pathway in this view is “Apoptotic

execution phase”, accessible via the link, https://idg.reactome.org/PathwayBrowser/#/R-
HSA-75153&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGFDR=0.05.
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*= Overlay Tool

Overlay Data

=] This tool allows you to overlay data on the currently displayed pathway diagram or functional
(o) =\VASLICHll interaction view.

Select an expression type from the drop down menu, and then use the tissue selector to
select up to 12 tissues at a time.

- Select Expression Type:

Overlay
Relationships
Type afilter...

ADRENAL_CORTEX (ACH-001401)

AUTONOMIC_GANGLIA (ACH-000078)
AUTONOMIC_GANGLIA (ACH-000099)
AUTONOMIC_GANGLIA (ACH-000120)
AUTONOMIC_GANGLIA (ACH-000136)
AUTONOMIC_GANGLIA (ACH-000149)
AUTONOMIC_GANGLIA (ACH-000203)
AUTONOMIC_GANGLIA (ACH-000227)
AUTONOMIC_GANGLIA (ACH-000259)

Overlay!

Figure 17.
The Overlay Data tab in the Overlay Tool panel allows users to overlay tissue specific gene

and protein expression data onto the displayed pathway diagrams or the FI network.
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Figure 18.
A. Tissue specific expression data overlaid on the diagram view of the

“Apoptotic execution phase” pathway, which is accessible via the link,
https://idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-
HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05.
B. A zoomed-in view of the pathway diagram highlights a reaction

with complexes annotated. These complexes have annotated proteins with their expression
displayed in segments (e.g. DFF:associated with the importin-alpha:importin-beta complex
having four segments corresponding to four proteins, DFFA, DFFB, KPNA1, KPNB1).
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Page 39

3.76E2
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Tissue specific data overlaid on the FI network view for the “Apoptotic execution phase”
pathway. The FI network view of this pathway is accessible via https://idg.reactome.org/
PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-
HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05

&FIVIZ.
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Figure 20.

<p >

The pathway diagram view. The pathway in this view is “Transcriptional regulation by

RUNX3”, which can be accessed via https://idg.reactome.org/PathwayBrowser/#/R-

HSA-8878159&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGFDR=0.0

5.
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*= Overlay Tool

Overlay Pairwise Relationships

m This tool allows users to overlay pairwise relationship data onto pathway level diagrams and the functional
interaction view.

Overlay Data
Select relationship types below and configure their sources before clicking overlay.

Protein_Interaction b
=
= BioGridBioPlexStringDB p4
Overlay

Relationships
No options to select... v

Overlay!

Figure 21.
The Overlay Data Tool for Pairwise Relationships for users to choose the relationship

datasets based on the relationship type, data source, and BioSource (e.g. species, tissue, cell
type or cell line).
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Figure 22.
Protein/Gene Pairwise relationships overlaid on the pathway diagram view of the

“Transcriptional regulation by RUNX3" pathway. The view has been zoomed in around
protein “RUNX3”.
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Figure 23.

Protein/Gene Pairwise relationships overlaid onto the FI network view of the

“Transcriptional regulation by RUNX3” pathway.
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Source Description

IgDB|Homo_sapiens|Protein_Interaction 619

an|Gene_Similarity|achilles 116

Interactors

Figure 24.
The information panel with the “Interactors” tab selected. The tab shows the "Show Pairwise

Relationships” button at the top right (the target icon). Clicking this button opens the
pairwise relationship network view (Fig. 25).
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Pairwise Relationships

C3orf62 GTF3C3

Page 45

Source Interactor  Vawa. Y PosiNea Interaction Source Rolationshif
EP300 ABL1 Tclin positive BioGridBioPlexStringDB|Homo_sapie View
EP300 ABLIM3 Tdark positive Harmonizome|human|Gene_Similarit View
EP300 ACAP3 Tdark positive BioGridBioPlexStringDB|Homo_sapie View
EP300 ACCS Tbio positive Harmonizome|human|Gene_Similarit View
EP300 ACSM5 Tdark positive BioGridBioPlexStringDB|Homo_sapie View
EP300 ACTA1 Tbio positive BioGridBioPlexStringDB|Homo_sapie View

Overlay data source: Target Development Level ‘ o o 1-10 of 735 o °

Figure 25.

The pairwise relationship view contains a network and a table. The network displays the
original protein in the circle (here EP300) at the center and the overlaid interactors in the
triangles around the circle. The nodes are colored based on the knowledge levels. The edges
are colored according to the colors configured when the data is selected in the Overlay

Data Tool pane (Fig. 21). The dash lines represent positive relationships while the dotted
lines represent negative relationships. The table lists all overlaid interactions for the original

protein.
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Figure 26.
A zoomed in view of the pathway diagram shows overlaid drug interactions as

purple circles at the top-left corner of entities. The number indicates the number of

drugs that can interact with the entity. The reaction highlighted in this diagram is
“Caspase-mediated cleavage of FADK 1” and can be accessed via https://idg.reactome.org/
PathwayBrowser/#/R-HSA-75153&SEL=R-HSA-201634&PATH=R-HSA-5357801,R-
HSA-109581&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGFDR=0.05.
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\”I‘oljllatinib

Drug Targets
Drug Name Target Protein Action Type Activity Type Activity Value
lorlatinib PTK2 INHIBITOR 1C50 7.77€0
Figure 27.

A Pairwise Popup of drug/target interactions containing a network and a table. The network
shows the protein target (e.g. PTK2) in circle and the drug (e.g lorlatinib) in purple hexagon.
The target is colored according to its knowledge level. The table lists all drug/target
interactions.
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A: The FI network view of the pathway where the user can overlay drugs by clicking “Show
Drugs” in the network setting. B: The FI network view with drugs overlaid. The user can
remove drugs by clicking “Remove Drugs” in the network setting. This FI network view is
for the “Apoptotic execution phase” pathway and can be accessed via the link, https://
idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-
HSA-109581&FLG=TANC1&FLGINT&DSKEY S=0&SIGCUTOFF=0.8&FLGFDR=0.05

&FIVIZ.

Curr Protoc. Author manuscript; available in PMC 2024 July 01.

DNMIL


https://idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05&FIVIZ
https://idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05&FIVIZ
https://idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05&FIVIZ
https://idg.reactome.org/PathwayBrowser/#/R-HSA-75153&PATH=R-HSA-5357801,R-HSA-109581&FLG=TANC1&FLGINT&DSKEYS=0&SIGCUTOFF=0.8&FLGFDR=0.05&FIVIZ

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Beavers et al. Page 49

N\l /
R * ROC|

TA DSG3
S RO#*X
‘ [} Gene Symbol: ROCK1
| Uniprot Link: Q13464
‘ Target Development Level:

/

1 T

N <
ripasudil PR V_ ~

<}
. Pharos Target Page: Go!
: ( | Drugs 2
SP6 v,
\. ] STI
. 3 & R N — Y (7
A A 0 Activity Type: IC50
/\ y Activity Value: 9.1
fasudj ! {Rrutinib

CAS?G “ A g ‘ H V
F /%

Figure 29.
The FI network view with a target (ROCK1) selected to show drug interactions in red edges.

The information panel is shown by right clicking the target.
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