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Abstract

Since its introduction in 2003, Cytoscape has been a de facto standard for visualizing and analyzing biological networks. We now introduce
Cytoscape Web (https://web.cytoscape.org), an online implementation that captures the interface and key visualization functionality of the desk-
top while providing integration with web tools and databases. Cytoscape Web enhances accessibility, simplifying collaboration through online
data sharing. It integrates with Cytoscape desktop via the CX2 network exchange format and with the Network Data Exchange for storing and
sharing networks. The platform supports extensibility through an App framework for Ul components and Service Apps for algorithm integration,
fostering community-driven development of new analysis tools. Overall, Cytoscape Web enhances network biology by providing a versatile,
accessible, and collaborative online platform that adapts to evolving computational challenges, laying a foundation for future incorporation of

advanced network analysis capabilities by the community.
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Introduction

As biomedical data grow larger and more complex, re-
searchers increasingly rely on network-based analysis tools
to understand the many interactions among genes, proteins,
disease phenotypes, drugs, and other interconnected biologi-
cal or clinical entities. Network analysis has been essential in
structural biology for mapping protein complexes and cell-
cell interactions, in functional biology for mapping regulatory
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networks and complex biomarkers, and in the study of dis-
ease via drug and patient interactions. Since its introduction
in 2003, a primary hub for biomedical network analysis and
visualization has been Cytoscape [1] (https://cytoscape.org),
with over 300 000 downloads annually. Cytoscape provides
tools for visualizing, exploring, and analyzing complex bio-
logical networks, including support for diverse molecular and
omics data types, as well as access to a variety of interac-
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tion databases. Users can tailor the appearance and layout of
networks by mapping quantitative and categorical attributes
to node and edge properties such as size, color, shape, and
connectivity.

A primary driver of Cytoscape’s widespread adoption is its
user-friendly interface, data-driven visual styles, and flexible
architecture supported by a community-driven and extensive
ecosystem of Apps. Cytoscape provides programmatic access
through representational state transfer application program-
ming interfaces (REST APIs), making it suitable for advanced
users and developers.

Complementing the Cytoscape platform are other network
analysis tools such as NetworkX [2] and igraph [3], which are
popular choices among bioinformaticians and data scientists
working in scripting languages such as Python. Web-based
platforms including Gephi-lite (https://gephi.org/gephi-lite/)
and GraphSpace [4] have recently demonstrated the poten-
tial of browser-based network tools. Specialized editors like
Newt [5] and NDExEdit (https:/frankkramer-lab.github.io/
NDExEdit) [6] showcase strengths of these tools in areas such
as pathway editing, network manipulation, and public shar-
ing. These advances illustrate the promise of fully featured,
web-based solutions for network biology, with each tool tar-
geting specific use cases or data formats. In parallel, the rapid
advancement of web technologies and availability of open-
source libraries allow modern browsers to provide robust
platforms for data visualization and analysis, tasks that in the
past were only possible via desktop applications. Researchers
increasingly need platform-independent tools that integrate
with big data and cloud-based resources. These trends call for
an expanded Cytoscape ecosystem that enables users to ac-
cess network visualization and analysis functions on the web
as easily as they can on the desktop.

To address these needs, we developed Cytoscape Web
(https://web.cytoscape.org), a new web-based tool that brings
Cytoscape’s core functionalities into the browser. Cytoscape
Web implements these functions using web-based software
and service components we previously developed, such as
Cytoscape.js [7] for visualization and the Network Data
Exchange (NDEx) [8-10] for cloud network storage and
management. We describe the architectural details of Cy-
toscape Web, including principles of system design, architec-
tural overview, data models and core components, Cytoscape
eXchange (CX2) format, and system extensibility, as well as
elements of the user interface (UI). We show how Cytoscape
Web can be used with three examples: two oriented to bio-
logical network analysis users and one to bioinformatics ser-
vice developers. Finally, we use the “Discussion” section to
highlight implications of some of the core features, address
current limitations, and outline future directions for extend-
ing Cytoscape Web. We intend Cytoscape Web to be part of an
extensive ecosystem of interoperable web, scripting, program-
ming, and desktop tools that enable users to access network
visualization and analysis from any computing environment.

Materials and methods

Cytoscape Web system design principles

The system architecture of Cytoscape Web is founded on three
core design principles: (i) delivering advanced network anal-
ysis and visualization functionality in web browsers, (ii) en-
suring integration with the established Cytoscape ecosystem,

and (iii) maintaining system stability and extensibility through
both Apps and external services.

Building upon Cytoscape Desktop’s network analysis and
visualization capabilities developed over two decades, Cy-
toscape Web implements a single-page application architec-
ture [11] that facilitates data visualization and sharing in
modern research environments. The implementation uses Re-
act (https://react.dev/), an industry-standard framework for
component-based web applications, enabling researchers to
leverage established desktop tools alongside modern web
technologies. By emphasizing client-side processing, the imple-
mentation achieves high level of performance and responsive-
ness within the browser environment while reducing server-
side load to improve system scalability.

Integration with the Cytoscape ecosystem remains a funda-
mental design priority, centered on the data-driven network
visualization approach through data-driven visual styles—a
key feature that contributed to Cytoscape Desktop’s popu-
larity. The system implements this core functionality in the
web environment while maintaining conceptual alignment
with Desktop through standardized data formats and famil-
iar UI patterns, ensuring accessibility for both experienced and
new users.

Cytoscape Web continues Cytoscape Desktop’s extensi-
bility model, centered around its App framework, fostering
an ecosystem of third-party applications [12-15]. It imple-
ments system expandability through two distinct approaches:
Apps and Service Apps. Apps are plugin-based modular ap-
plications with custom UI components using TypeScript or
JavaScript, providing detailed control over user experience de-
sign and functionality. The second approach introduces the
Service Apps framework, which facilitates integration with
computationally intensive external services such as graph lay-
out or clustering. This architecture particularly supports the
polyglot environment common in bioinformatics [16, 17], en-
abling incorporation of tools developed in widely used pro-
gramming languages. In a Service App, developers implement
tools as web services that both perform analyses and specify
their Uls to Cytoscape Web as configurations of menus, di-
alogs, and other standard controls. All that is required is a
backend service, eliminating the need for web application de-
velopment expertise. Algorithms written in commonly used
languages such as Python or R can be readily deployed and
integrated. This dual approach to expandability ensures Cy-
toscape Web can accommodate diverse development require-
ments while maintaining accessibility for both developers and
researchers.

Architectural overview

Cytoscape Web’s React-based architecture uses client-side
processing capabilities while reducing backend dependen-
cies. The backend serves exclusively as a service layer for
data persistence and authentication. It uses the CX2 format,
which is a standardized JavaScript Object Notation (JSON)
structure for exchanging network, table, and style data. This
architecture allows core tasks—such as network visualiza-
tion and layout—to be executed directly in the browser, im-
proving responsiveness and reducing reliance on server-side
computation.

The client-side architecture handles all core functionali-
ties, leveraging both central processing unit (CPU) and graph-
ics processing unit (GPU) processing capabilities of mod-

G20z Re|N 2o uo 1senb Aq 211z 1 8/G9gkeNB ieu/ca0L 0 L/10p/ajo1e-aoueApe/leu/wod dno-ojwapeoe//:sdiy wolj papeojumoq


https://gephi.org/gephi-lite/
https://frankkramer-lab.github.io/NDExEdit
https://web.cytoscape.org
https://react.dev/

ern browsers. Network and table data manipulation, visual
styling, and user interactions are processed through standard
CPU operations, while computationally intensive tasks such as
graph layout algorithms or network rendering use GPU accel-
eration, without any user-side configurations. The backend’s
responsibilities are limited to functions that cannot be per-
formed on the client side: serving application code bundles,
managing authentication, and storing networks and user’s
workspace snapshots such that they are persistent between
work environments (e.g. home or office computers). This thin-
backend architecture improves scalability by offloading com-
putation to client machines and minimizing server—client data
transmission. Currently implemented through NDEXx, this ap-
proach enables deployment of Cytoscape Web in resource-
constrained environments while supporting multiple concur-
rent users through client-side processing.

Data models and core components

The client-side architecture of Cytoscape Web implements
four primary components, mirroring the traditional Cy-
toscape Desktop system (Fig. 1): central data store, visualiza-
tion and Ul and data import and export module (Fig. 1A)
described below, and the external App framework (“System
extensibility” section, Fig. 1B).

The foundation consists of a centralized data store imple-
mented using Zustand (https://github.com/pmndrs/zustand),
which manages four core data models: networks, tables, visual
styles, and workspace (Fig. 1A). The network model main-
tains graph topology independent of its implementation, cur-
rently using Cytoscape.js for in-memory graph representation.
Associated with network elements are data tables that serve
as general-purpose storage for node and edge properties, en-
abling flexible attribute management across the system. Visual
styles define both default values and mapping functions that
transform tabular data into visual properties such as color,
size, and shape. This standardized approach to visual mapping
ensures consistency between desktop and web environments.
The workspace model encapsulates the application state, in-
cluding networks, tables, and visual styles, and enables ses-
sion restoration after page reloads, supporting persistent user
workflows. This centralized data architecture provides consis-
tent access across all system components while maintaining ef-
ficient state management. The separation of core data models
enables flexible implementation of visualization and analysis
features while preserving data integrity throughout the sys-
tem. The visualization and Ul components are implemented
with React-based modules that manage user interaction and
data display (Fig. 1C). Core components include the network
manager for workspace organization, style editor for visual
mapping configuration, network renderers for graph visual-
ization, and table browser for attribute management. These
components interact directly with the central data store to
maintain consistent data representation across the interface.
The system’s visualization architecture accommodates diverse
network structures through pluggable rendering engines and
layout algorithms.

The data import/export module maintains data compati-
bility with Cytoscape Desktop via CX2 while extending web-
specific capabilities (Fig. 1D). The module facilitates bidirec-
tional data exchange with NDEx and web servers through
the CX2 format, supports network and attribute import
from tabular data, and enables export of images in various
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formats including vector-based PDF. The system also pro-
vides workspace persistence through NDEx integration. To
maintain data locally, the architecture implements a caching
layer using IndexedDB, which preserves core data mod-
els across browser sessions. This design enables workspace
recovery following browser reloads or application closure
while supporting basic offline capabilities with minimal server
communication.

CX2: the standard data exchange format in the
Cytosca pe ecosystem

As a new web-based integration hub, Cytoscape Web re-
quires a data exchange format that can efficiently transmit net-
work data between Cytoscape Web and external applications.
This format needs to be platform-independent, programming-
language agnostic, and able to model complex data-driven
visual styles and network data. Existing formats, such as
Graph Modeling Language, GraphML [18], and the eXtensi-
ble Graph Markup and Modeling Language (XGMML), pri-
marily focus on representing network topology and attributes
but do not natively support data-driven visual styles or layout
information. CX2 files are distinct from the Cytoscape Desk-
top session files that are intended to preserve the application’s
full state as a Java-specific binary archive of multiple files.
In contrast, CX2 is a JSON-based format jointly developed
by the Cytoscape and NDEx teams to support efficient data
exchange and facilitate interoperability across the Cytoscape
ecosystem. In CX2, network elements and metadata are orga-
nized into separate “aspects,” each following its own schema.
Typically, the set of elements stored in an aspect has the same
data structure. This approach accommodates node and edge
definitions, layout coordinates, and visual property mappings,
allowing for dynamic, data-driven styling (e.g. node size or
color) that is consistently interpreted across Cytoscape ecosys-
tem tools. CX2’s compact design reduces memory footprint
and network transfer times. Its extensibility allows new fea-
tures to be incorporated without disrupting existing appli-
cations. For developers requiring custom fields, CX2 sup-
ports “opaque aspects,” enabling specialized attributes and
behaviors.

To encourage widespread adoption of CX2, we integrated
CX2 support into the ndex2 Python client package (https:/
github.com/ndexbio/ndex2-client), providing a programmatic
interface for creating and managing CX2 networks. It enables
efficient handling of nodes, edges, and attributes in Python
and supports bidirectional conversion between CX2 networks
and other data science libraries, like Pandas (https:/pandas.
pydata.org/) or NetworkX. Additionally, the package simpli-
fies uploading and downloading networks to and from NDEx
for persistent storage.

System extensibility
App framework

Cytoscape Web extends functionality through TypeScript-
based Apps while maintaining architectural alignment with
Cytoscape Desktop’s plugin (App) system. Implementing
desktop software plugin architecture in web applications
presents unique challenges due to runtime environment
and security model differences. To address these challenges,
we adopted Webpack’s Module Federation framework
(https://webpack.js.org/concepts/module-federation/), en-

G20z Re|N 2o uo 1senb Aq 211z 1 8/G9gkeNB ieu/ca0L 0 L/10p/ajo1e-aoueApe/leu/wod dno-ojwapeoe//:sdiy wolj papeojumoq


https://github.com/pmndrs/zustand
https://github.com/ndexbio/ndex2-client
https://pandas.pydata.org/
https://webpack.js.org/concepts/module-federation/

4 Ono et al.

A" Data Store

B

)

{ Network Store }

Johe] ssenoy
a10]S ejeq

W
Service Apps‘

 Visual Style Store

Table Store

}omawe.
ddy eoinueg

{ Workspace Store }

N\

=
%
Gt
«
2
>

Image Files

e

NDEXx

Local Cache
(IndexedDB)

'UI Cé‘rnhpb‘hhénts

D

Figure 1. Core components and data flow of Cytoscape Web. (A) The central data store manages networks, associated tables, and visual styles in
memory, with continuous synchronization to the browser's IndexedDB to prevent data loss. (B) The extensibility layer enables system expansion
through two mechanisms: Apps utilizing Module Federation (https://webpack.js.org/concepts/module-federation/) to access the data store and Service
Apps that process external service interactions through JSON-defined interfaces. (C) The Ul layer comprises React components for network
management, visualization, and data table manipulation. (D) Data persistence and exchange are implemented through NDEx integration for network and
workspace storage, with support for direct import of local CSV and CX2 files, and export capabilities for various image formats.

abling dynamic integration of independently deployed web
applications.

The framework provides developers API access to core data
models—including networks, tables, visual styles, workspaces,
and layout algorithms—through a provisional API that con-
tinues to evolve with community input. This implementation
enables custom application development while preserving sys-
tem security through a controlled distribution model that in-
tegrates trusted third-party applications via static build-time
dependencies.

Through Module Federation, developers can maintain in-
dependent development and deployment cycles without syn-
chronization with the core application’s release schedule.
Developer documentation for this framework is actively
maintained in the GitHub repository (https:/github.com/
cytoscape/cytoscape-web-app-examples).

Service App framework

For developers who are not comfortable with TypeScript-
based modern web application development, Cytoscape Web
introduces the Service App framework, which allows develop-
ers to register a REST service with Cytoscape Web to extend
its functionality. The REST service can be run locally or on
a remote server. At the core of the Service App framework
is a REST service specification that defines endpoints for ser-
vice description, task submission, required inputs, and result
retrieval. The Service App REST service specification lets ser-
vice developers specify the Ul for inputs that their service re-
quires without writing TypeScript code in Cytoscape Web. A
Service App can be added to Cytoscape Web by simply past-

ing the URL in the Apps > Manage Apps ... menu. Once the
service is registered, Cytoscape Web will automatically pro-
cess the JSON object received from the metadata endpoint of
the service and generate the corresponding menu items. When
a user runs the service, a dialog window appears to collect
specified inputs. After the service completes, Cytoscape Web
applies any actions defined by the service to the returned re-
sults. For instance, the “Update tables example” Service App
(https://github.com/idekerlab/enrichment_service) applies the
updateTables operation to the service results, which adds or
updates columns in the nodes or edges table of the current
network. Additional actions include opening a URL in a new
tab, adding a new network, and updating a network’s selec-
tion, content, and layout. The status of installed App and Ser-
vice Apps is stored in the workspace settings. It is automati-
cally saved when the workspace is saved and restored when
the workspace is reloaded.

Results

Ul and core features

Cytoscape Web was designed to provide a familiar experience
when performing common analysis workflows. In addition to
importing existing network models from NDEx, users can cre-
ate new ones starting from tabular datasets. The tabular file
import interface provides a preview of the data and allows the
user to define the columns to use for nodes, edges, and their at-
tributes and, select the appropriate data type for each column
(Fig. 2A). Once loaded, the data and all user-defined changes
will be stored locally in the browser and will not be lost unless
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Figure 2. Core Cytoscape Web features. (A) The tabular data loader interface displays a preview of the data and allows the selection of columns to use
for nodes, edges, and their attributes, including the appropriate data type. (B) Side-by-side comparison of the visual style editor interface in Cytoscape

Web (left) and Cytoscape Desktop (right).

the Cytoscape Web’s local database is intentionally cleared by
the users themselves.

The appearance of networks in Cytoscape Web can be cus-
tomized using data-driven visual style mappings. The visual
style editor aims to recreate its Cytoscape Desktop counter-
part, allowing the creation of default, discrete, and continuous
mappings as well as bypasses (Fig. 2B). Besides a minimal lay-
out difference involving the node, edge, and network tabs po-
sition, the only substantial difference involves the visibility of
the available visual style properties. In fact, while Cytoscape
Desktop displays only a default selection of properties and
users must manually select any additional ones they wish to
use, Cytoscape Web always displays all the available proper-
ties in the Style tab, thus simplifying the end-user experience.

Once a network is laid out and styled, Cytoscape Web al-
lows exporting raster (PNG, JPG) or vector (SVG, PDF) for-
mat images to generate high-quality figures for publications,
grant proposals, or educational material.

Users can also decide to save their data to NDEx. Cytoscape
Web allows users store their data in NDEx to simplify ac-

cess, collaboration, and distribution of network models. While
saving a network to NDEx requires users to register or log
in to their accounts, this can be done directly from the Cy-
toscape Web interface with only a few clicks thanks to the
Google Sign In feature. This feature has the advantage to per-
sist across applications, so if users sign in when using the
NDEx web app, they will also be signed in when they visit the
Cytoscape Web app, and vice versa. Once the networks are
saved in NDEXx, users can further manage their properties to
specify visibility, searchability, and provide selective access to
collaborators.

In addition, Cytoscape Web enhances collaborative work-
flows by allowing direct sharing of networks via URLs:
in fact, any network in Cytoscape Web can be shared by
pasting its URL into an email or other document, like in the
following example: https://web.cytoscape.org/0/networks/
9a8f5326-aa6e-11ea-aaef-0ac13S5e8bacf?selectednodes=
41536+41580+41605+41606+41719& selectededges=
e42257+e42161+e42160+e42117&left=open&right=
closed&bottom=open&activeTableBrowserTab=2.
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The shared URL not only allows interactive access to the
network in the recipient’s Cytoscape Web workspace, but also
preserves some of the interface settings that the sender defined,
such as a collapsed or expanded table panel, the active ta-
ble panel’s tab, and the node/edge selection in the network’s
graphic rendering.

Cytoscape Web currently implements core functionalities
for network visualization, import/export operations, and
basic filtering and visual style modifications. Certain ad-
vanced functionalities, such as detailed network analysis al-
gorithms and a comprehensive layout library, have not yet
been fully replicated. Foundational support for these fea-
tures exists through a flexible App and Service App frame-
work. This positions Cytoscape Web as an evolving platform
aimed at progressively incorporating desktop capabilities over
time.

Example use case: loading and styling a network

Cytoscape Web supports loading and visualizing biological
data as networks. Existing networks can be loaded from
NDEx, or new ones generated by importing tabular data.
Then, the appearance of the network and its layout can be
modified by leveraging the data-driven styling capabilities
available in Cytoscape Web. We have created a step-by-step
tutorial to guide users through a common data visualiza-
tion workflow. The tutorial uses the same slide deck format
shared by other Cytoscape examples, and can be accessed at
the following URL: https://cytoscape.org/cytoscape-tutorials/
protocols/basic-data-visualization-web/index.html#/. We are
also working on additional tutorials and examples that will
accompany future Cytoscape Web releases.

Example use case: visualizing the MuSIC map v1.0
with HiView

Cells exhibit multiscale organization across multiple orders
of magnitude, inspiring the creation of hierarchical networks
as “Cell Maps” to understand cellular structure and function.
These maps contain assemblies of proteins and their interac-
tions, arranged in nested hierarchies. It captures relationships
from individual proteins and protein complexes up to path-
ways and organelles. However, conventional two-dimensional
network visualization often fails to convey this complex-
ity. To address this challenge, we initially developed two
specialized, independent web applications, collectively called
HiView [19], for visualizing Nested System in Tumors Map
[20] and DNA Damage Response Assemblies Map [21]. To
extend this capability to a broader community, we then
implemented HiView in Cytoscape Web, an extension that
enables interactive exploration and analysis of hierarchical
networks.

HiView is built upon a specialized CX2-based data model
called hierarchical network schema for CX2 (HCX) (https:
/lcytoscape.org/cx/cx2/hex-specification). HCX encodes hier-
archical information, including annotations and the subnet-
works that define each assembly, along with cell map spe-
cific visual styles to facilitate intuitive navigation. Using the
ndex2 Python client, we transformed the original multiscale
integrated cell (MuSIC) Map v1.0 [22] and its underlying
protein—protein interaction data into HCX and uploaded
them to NDEx. This approach enables data sharing, allowing
researchers to access the MuSIC 1.0 network through a web

browser without needing local installation, thereby enhancing
research accessibility and reproducibility.

The MuSIC Map is among the sample networks
in Cytoscape Web, and also available at this URL:
https://web.cytoscape.org/0/networks/885f6d1c-96ef-11ef-
af07-005056ae3c32?selectednodes=135&left=open&right=
open&bottom=open&activeTableBrowserTab=0.

Once the map is loaded in Cytoscape Web, all changes made
will be applied locally and not to the original network. When
done working, users can save their modified copy of the map
to their NDEx account. Users should not worry that their
changes might be applied to the original map as the backend
will not allow that to happen.

As shown in Fig. 3, HiView introduces two new Ul compo-
nents that extend Cytoscape Web’s analytical capabilities. The
first is the “Cell View” renderer, which employs a circle pack-
ing layout to depict hierarchical structures as nested circles.
When the MuSIC Map is viewed, users can start from the top-
level organelle nodes, using zoom and click to progressively
increase levels of detail and gaining insights into subcellular
structures.

The second component, the “Sub Network Viewer” panel,
appears in a new secondary panel to the right hand side of
the Cytoscape Web App interface. When a user selects an as-
sembly in the main hierarchy, this panel displays the original
supporting network, helping researchers understand the pro-
tein interactions underlying each cellular system. Other Apps
can also use the same framework to integrate their own panels
and extend Cytoscape Web’s functionality.

The HiView feature can be applied to any multiscale net-
work formatted in HCX. Using the utilities available in the
ndex2 Python client, researchers can easily create, modify, and
upload HCX networks to NDEx. They can also define any
network as a subnetwork associated with a node in the main
network. Each subnetwork can include custom attributes, lay-
outs, and styles, allowing flexible representation of complex
multiscale structures. When an HCX network like the MuSIC
Map is loaded, Cytoscape Web automatically activates these
additional UI components, offering enhanced analysis capa-
bilities. The MuSIC Map demonstrates how Cytoscape Web
can be extended to support new data models, Uls, and visual-
ization approaches.

Example service app: functional enrichment

We developed two Service Apps for functional enrichment
analysis that rely on g:Profiler [23, 24] and NDEx IQuery
[25]. Service Apps can be added to Cytoscape Web via the
Apps menu item by registering the service endpoints (the “Ser-
vice App framework” section). The endpoint for g:profiler
enrichment is https://cd.ndexbio.org/cy/cytocontainer/v1/
gprofilerenrichment while that for IQuery enrichment is https:
/lcd.ndexbio.org/cy/cytocontainer/vl/iqueryenrichment. The
above two Service Apps require nodes in the network to have
a string column/attribute in the node table, containing either
a comma- or space-delimited set of gene symbols. The MuSIC
v1.0 map found in the sample networks on Cytoscape Web is
an example of this type of network where the nodes represent
communities of genes.

The value in each network node column/attribute is there-
fore considered as a set of genes that serves as the basis
for enrichment analysis and is processed individually using
the g:Profiler or NDEx IQuery algorithms. g:Profiler ana-
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Figure 3. MuSIC Map v1.0 displayed in Cytoscape Web. The hierarchical map is rendered in “Tree View" by default, but users can select “Cell View" to
display the model using the circle packing layout as shown in the inset. The Sub Network Viewer panel on the far right allows exploration of the

underlying protein—protein interaction data for each selected subsystem.

lyzes gene sets against biological databases to identify statis-
tically significant pathways, while IQuery uses the REST API
provided by NDEx IQuery to retrieve pathways ranked by
similarity-based matches.

The dialog windows for the two Service Apps have min-
imal differences and are shown in Fig. 4. Once the analysis
is completed, 10 new columns are added to the node table
that summarize the results of the enrichment analysis. These
columns include key information such as pathway name, over-
lap proportions, statistical significance (P-value), and meta-
data about the analysis, including the algorithm and source
database used.

A detailed user manual for Cytoscape Web is available at
https://web-manual.cytoscape.org. The user manual can also
be conveniently accessed directly in Cytoscape Web via the
“Help” menu.

Discussion

Cytoscape Web is a browser-based framework designed to
enable researchers to interact with complex datasets regard-
less of local hardware or operating system. This version of
Cytoscape Web is a new evolution of the 2010 Flash based
tool that was implemented as a tool for rendering simple net-

works [26]. The new Cytoscape Web is the first version to
offer a significant portion of Cytoscape Desktop capabilities
and is designed to support long-term development and main-
tenance. By following a shared URL, users can reestablish the
same analysis environment—complete with data and visual
configurations—on any internet-connected device. This setup
encourages collaboration, as multiple team members can view
and edit networks under identical conditions. Equally impor-
tant, it preserves context across sessions, so researchers can
seamlessly transition from one device to another while main-
taining workflow continuity.

A key element of Cytoscape Web’s collaborative potential
lies in its integration with the NDEx platform and the use
of CX2. By storing, sharing, and publishing network models
through shareable URLs, NDEx helps ensure reproducibility
and transparent collaboration. Through the CX2 file format,
networks retain consistent structure and styles across multiple
applications, allowing users to adapt to novel data or evolv-
ing questions. This interoperability underscores the platform’s
commitment to reusability and extensibility.

Cytoscape Web is designed to complement Cytoscape Desk-
top, offering a bidirectional pipeline for network analysis.
This approach ensures that data, styles, and visual arrange-
ments remain consistent whether researchers operate in the
browser or a local desktop environment. While desktop Cy-
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Figure 4. Service Apps for functional enrichment analysis. Dialog windows for the g:Profiler (left) and IQuery (right) enrichment Service Apps. The
selected input column (CD_MemberList) contains the whitespace-separated set of genes used for enrichment analysis.

toscape excels at managing large-scale networks and offers an
expansive App ecosystem, Cytoscape Web complements these
strengths with immediate accessibility and built-in collabora-
tion features. If a new App appear in one setting only, net-
works can still be transferred between the two platforms, al-
lowing researchers to harness emerging methods, even if they
are exclusive to one environment. We anticipate that many
users will prefer the web platform for simpler use cases, and
we remain committed to supporting and evolving both the
web and desktop applications in the future.

Cytoscape Web offers a framework for integrating with
existing workflows, web applications, and desktop pipelines.
Its App and Service App architectures, combined with a
URL-based import feature, allow external tools to hand
off networks directly to Cytoscape Web as long as they
can serve CX2-formatted data via a REST endpoint. For
example, if a Jupyter notebook produces a CX2 file
at http://localhost:8080/xyz/mytempresult.cx2, simply navi-
gating to https://web.cytoscape.org?import=http://localhost:
8080/xyz/mytempresult.cx2 automatically loads the result-
ing network in Cytoscape Web. This streamlined approach
ensures that advanced features—such as hierarchical “Cell
View” visualizations, broad style and table editing, and cloud-
based collaboration—are accessible within diverse research
environments.

Limitations and future plans

A known limitation of Cytoscape Web is related to memory al-
location. Most browsers allocate between 1 and 2 GB of mem-
ory per tab, depending on the browser and system. Cytoscape
Web must operate within these constraints, which can limit its
ability to handle large networks. As a temporary workaround,

Cytoscape Web can only open networks that contain up to
20 000 edges or 26 000 edges and nodes combined, whose

cx2 file size is <500 MB, which covers the majority of bio-
logical networks at present (for larger networks users are re-
ferred to Cytoscape Desktop). Performance issues are being
actively addressed through ongoing efforts to integrate ad-
vanced technologies like WebGL (https://www.khronos.org/
webgl/) in Cytoscape.js and custom rendering components us-
ing Deck.gl (https://deck.gl/).

While Cytoscape Web provides the essential functional-
ity of Cytoscape Desktop, many advanced features, such as
undo capabilities, image annotations for styles, the Network
Analyzer, programmatic access with languages like Python
and R, and additional data import options (e.g. .sif, .xlsx),
are currently missing. Plans are in place to implement these
features to bring Cytoscape Web closer to feature parity
with its desktop counterpart. Furthermore, browser depen-
dency introduces constraints; the tool’s performance varies
with the capabilities of different browsers, and its reliance
on an active internet connection makes offline use infeasi-
ble. To mitigate these limitations, the development team is
exploring ways to optimize browser-based workflows and
enhance the user experience. Additionally, the team recog-
nizes the future potential of making Cytoscape Web embed-
dable as a view-only widget for integration into external
websites, leveraging its collaborative advantages for network
sharing. Maintenance plans also include iterative improve-
ments to the UL scalability of cloud services like NDEx, and
developer-facing APIs to ensure a robust experience for all
users.

Access to external interaction databases is a key feature
of the Cytoscape desktop application and relies on apps that
have not been ported to Cytoscape Web yet. Plans are in place
to add this functionality in future releases. NDEx hosts several
interaction databases such as STRING, BioGRID, HumanNet,
and more. Users can find and query these large interactomes
directly in NDEx and save the results of their queries. Once
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the query results are saved to the user’s NDEx account, they
can be opened in Cytoscape Web for further manipulation.

Acknowledgements

We thank Dr William Longabaugh and Dr Barry Demchak
for their valuable contributions to the project. We also extend
our gratitude to Kevin Smith and Brendan Dennis for their
support as system administrators, ensuring the smooth oper-
ation of the project’s infrastructure. Additionally, we thank
Dr Leah Schaffer for her invaluable input, using her hierarchy
as a driving use case for the development of Cytoscape Web.
Her assistance in testing implementations and validating re-
sults was instrumental to this project.

Author contributions: Conceptualization: [K.O., C.C.,D.P,,
AP, JM., MK., M.E, CL., G.B., T.L, J.C.]; Methodology:
[K.O., D.E, C.C., D.P, A.P, .M., M.K., M.E, C.L., G.B., T.L,
J.C.]; Software: [K.O., D.E, C.G., C.C., R.P, J.L., D.P, A.P,,
K.H., Y.X.,].M., M.K., M.E, C.L., G.B., T.L, J.C.; Validation:
[K.O.,C.C,R.P,D.P,A.P,K.-H,,].M.,M.K,, M.E, C.L., G.B,,
T.L,]J.C.]; Writing: [K.O.,D.E, C.C.,R.P.,, J.L.,D.P., A.P.,K.H.,
Y.X., ].M., G.B.,, T, J.C.]; Funding acquisition: [D.P., A.P.,
J.M., G.B., T.L].

All authors read and approved the final manuscript.

Supplementary data
Supplementary data is available at NAR online.

Conflict of interest

Trey Ideker is a co-founder, member of the advisory board,
and has an equity interest in Data4Cure and Serinus Bio-
sciences. TI is a consultant for and has an equity interest in
Ideaya Biosciences and Eikon Therapeutics. The terms of these
arrangements have been reviewed and approved by the Uni-
versity of California San Diego in accordance with its conflict-
of-interest policies. Gary Bader is on the advisory board of
Adela, unrelated to this work.

Funding

We are grateful to the National Institutes of Health for fund-
ing for this project through the following awards: National
Human Genome Research Institute [U24HG012107], Na-
tional Cancer Institute [U24CA269436], National Institute of
General Medical Sciences [P41GM103504]. Funding to pay
the Open Access publication charges for this article was pro-
vided by the National Human Genome Research Institute
[U24HG012107].

Data availability

Cytoscape Web is publicly accessible at https://web.cytoscape.
org. It is free and open to all users. Upload and analysis of sen-
sitive personal information requires a login. The source code,
distributed under the MIT license, is available in the following
repositories:

e Cytoscape Web: https://github.com/cytoscape/cytoscape-
web

o All releases are archived in Zenodo under the DOI https:
//doi.org/10.5281/zenodo.14775458

Cytoscape Web: bringing network biology to the browser 9

e Example Apps: https://github.com/cytoscape/cytoscape-
web-app-examples

References

1. Shannon P, Markiel A, Ozier O et al. Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res 2003;13:2498-504.
https://doi.org/10.1101/gr. 1239303

2. Hagberg AA, Schult DA, Swart PJ. In: Varoquaux G, Vaught T,
Millman J (eds.), Exploring Network Structure, Dynamics, and
Function Using NetworkX. Proceedings of the 7th Python in
Science Conference, 2008, 11-5.
https://doi.org/10.25080/TCWV9851

3. Csardi G, Nepusz T. The igraph software package for complex
network research. Inter Journal Complex Systems 1695. View in
ResearchGate, 2006. https://www.researchgate.net/publication/

221995787 _The_Igraph_Software_Package_for_Complex_Network_Researc

4. Bharadwaj A, Singh DP, Ritz A et al. GraphSpace: stimulating
interdisciplinary collaborations in network biology. Bioinformatics
2017;33:3134-6. https://doi.org/10.1093/bioinformatics/btx382

5. Balci H, Siper MC, Saleh N et al. Newt: a comprehensive
web-based tool for viewing, constructing and analyzing biological
maps. Bioinformatics 2021;37:1475-7.
https://doi.org/10.1093/bioinformatics/btaa850

6. Auer F, Mayer S, Kramer F. Data-dependent visualization of
biological networks in the web-browser with NDExEdit. PLoS
Comput Biol 2022;18:¢1010205.
https://doi.org/10.1371/journal.pcbi.1010205

7. Franz M, Lopes CT, Fong D et al. Cytoscape.js 2023 update: a
graph theory library for visualization and analysis. Bioinformatics
2023;39:btad031.
https://doi.org/10.1093/bioinformatics/btad031

8. Pratt D, Chen J, Welker D ef al. NDEXx, the Network Data
Exchange. Cell Syst 2015;1:302-5.
https://doi.org/10.1016/j.cels.2015.10.001

9. Pratt D, Chen J, Pillich R ef al. NDEx 2.0: a clearinghouse for
research on cancer pathways. Cancer Res 2017;77:¢58-61.
https://doi.org/10.1158/0008-5472.CAN-17-0606

10. Pillich RT, Chen ], Churas C et al. NDEx: accessing network
models and streamlining network biology workflows. CurrProtoc
2021;1:€258. https://doi.org/10.1002/cpz1.258

11. SPA (Single-page application)}—MDN Web Docs Glossary:
Definitions of Web-related terms | MDN. 2024.
https://developer.mozilla.org/en-US/docs/Glossary/SPA

12. Demchak B, Otasek D, Pico AR et al. The Cytoscape Automation
app article collection. F1000Research 2018;7:800.
https://doi.org//10.12688/f1000research.15355.1

13. Pico AR, Bader GD, Demchak B et al. The Cytoscape app article
collection. F1000Research 2014;3:138.
https://doi.org/10.12688/f1000research.4642.1

14. Lotia S, Montojo J, Dong Y et al. Cytoscape app store.
Bioinformatics 2013;29:1350-1.
https://doi.org/10.1093/bioinformatics/btt138

15. Saito R, Smoot ME, Ono K et al. A travel guide to Cytoscape
plugins. Nat Methods 2012;9:1069-76.
https://doi.org/10.1038/nmeth.2212

16. Gentleman RC, Carey V], Bates DM et al. Bioconductor: open
software development for computational biology and
bioinformatics. Genome Biol 2004;5:R80.
https://doi.org/10.1186/gb-2004-5-10-r80

17. Cock PJA, Antao T, Chang JT et al. Biopython: freely available
Python tools for computational molecular biology and
bioinformatics. Bioinformatics 2009;25:1422-3.
https://doi.org/10.1093/bioinformatics/btp163

18. Brandes U, Eiglsperger M, Lerner ] et al. “Chapter 16: graph
markup language (GraphML)”. In: Tamassia R (ed.), Handbook
of Graph Drawing and Visualization. Boca Raton, Florida, USA:
CRC Press, 2013.

(501} papeojuMo(

Gz0z Ae|N 2o uo 1senb Aq L1z 1 8/59cieNBieu/ca0L 0 L/10p/ajole-aoueApe/leu/wod dno-ojwapeose//:sdpy


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf365#supplementary-data
https://web.cytoscape.org
https://github.com/cytoscape/cytoscape-web
https://doi.org/10.5281/zenodo.14775458
https://github.com/cytoscape/cytoscape-web-app-examples
https://doi.org/10.1101/gr.1239303
https://doi.org/10.25080/TCWV9851
https://www.researchgate.net/publication/221995787_The_Igraph_Software_Package_for_Complex_Network_Research
https://doi.org/10.1093/bioinformatics/btx382
https://doi.org/10.1093/bioinformatics/btaa850
https://doi.org/10.1371/journal.pcbi.1010205
https://doi.org/10.1093/bioinformatics/btad031
https://doi.org/10.1016/j.cels.2015.10.001
https://doi.org/10.1158/0008-5472.CAN-17-0606
https://doi.org/10.1002/cpz1.258
https://developer.mozilla.org/en-US/docs/Glossary/SPA
https://doi.org//10.12688/f1000research.15355.1
https://doi.org/10.12688/f1000research.4642.1
https://doi.org/10.1093/bioinformatics/btt138
https://doi.org/10.1038/nmeth.2212
https://doi.org/10.1186/gb-2004-5-10-r80
https://doi.org/10.1093/bioinformatics/btp163

10

19.

20.

21.

22.

23.

Ono et al.

Yu MK, Ma J, Ono K et al. DDOT: a Swiss Army knife for
investigating data-driven biological ontologies. Cell Syst
2019;8:267-73.€3. https://doi.org/ 10.1016/j.cels.2019.02.003
Zheng F, Kelly MR, Ramms D]J et al. Interpretation of cancer
mutations using a multiscale map of protein systems. Science
2021;374:eabf3067. https://doi.org/10.1126/science.abf3067
Kratz A, Kim M, Kelly MR et al. A multi-scale map of protein
assemblies in the DNA damage response. Cell Syst
2023;14:447-63. https://doi.org/10.1016/j.cels.2023.04.007
Qin Y, Huttlin EL, Winsnes CF et al. A multi-scale map of cell
structure fusing protein images and interactions. Nature
2021;600:536—42. https://doi.org/10.1038/s41586-021-04115-9
Reimand J, Kull M, Peterson H et al. g:Profiler—a web-based
toolset for functional profiling of gene lists from large-scale

24.

25.

26.

experiments. Nucleic Acids Res 2007;35:W193-200.
https://doi.org/10.1093/nar/gkm226

Kolberg L, Raudvere U, Kuzmin I ez al. g:profiler—interoperable
web service for functional enrichment analysis and gene identifier
mapping (2023 update). Nucleic Acids Res 2023;51:W207-12.
https://doi.org/10.1093/nar/gkad347

Pillich RT, Chen ], Churas C et al. NDEx IQuery: a multi-method

network gene set analysis leveraging the Network Data Exchange.

Bioinformatics 2023;39:btad118.
https://doi.org/10.1093/bioinformatics/btad118

Lopes CT, Franz M, Kazi F et al. Cytoscape Web: an interactive
web-based network browser. Bioinformatics 2010;26:2347-8.
https://doi.org/10.1093/bioinformatics/btq430

Received: January 30, 2025. Revised: April 8,2025. Editorial Decision: April 16,2025. Accepted: April 22,2025

© The Author(s) 2025. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

G20z Re|N 2o uo 1senb Aq 211z 1 8/G9gkeNB ieu/ca0L 0 L/10p/ajo1e-aoueApe/leu/wod dno-ojwapeoe//:sdiy wolj papeojumoq


https://doi.org/%2010.1016/j.cels.2019.02.003
https://doi.org/10.1126/science.abf3067
https://doi.org/10.1016/j.cels.2023.04.007
https://doi.org/10.1038/s41586-021-04115-9
https://doi.org/10.1093/nar/gkm226
https://doi.org/10.1093/nar/gkad347
https://doi.org/10.1093/bioinformatics/btad118
https://doi.org/10.1093/bioinformatics/btq430

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Conflict of interest
	Funding
	Data availability
	References

