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To the Editor —

Open access to software in computational and systems biology, including data, code 

and models, is widely acknowledged as essential for ensuring reproducibility of research 

results and reuse of methods1. Although there are software tools that allow sharing of 

computational pipelines, these systems generally do not allow the integration of software 

annotation and documentation at each step in the process — elements that are required to 

understand and run complex and rapidly evolving software, including methods developed in 

systems biology for inferring biological pathways.

Jupyter notebooks2 allow developers to combine text, code and code output elements 

in an integrated executable document so that complex analyses can be reproduced, thus 

also allowing production of tutorials and educational vignettes. Jupyter notebooks are 

increasingly used in computational and systems biology, including by gene expression 

and visualization pipeline tools like Biojupies3 and the CoLoMoTo Interactive Notebook4 

for containerized Boolean Network modeling; Binder5, Appyters6 and the GenePattern 

notebook7 extend Jupyter notebooks to web-based applications for a large array of genomic 

analyses. However, not all notebook tools are seamlessly enabled for end users, and there are 

few resources that provide executable, exemplar workflows in network biology.

The modeling and inference of gene regulatory networks (GRNs) connecting transcription 

factors to their target genes presents challenges in methods development and deployment. 

Genome-wide GRN inference requires inferring tens of millions of regulatory interactions 

between transcription factors (or other regulators such as miRNAs) and genes and relies 

on complex calculations involving large matrix operations. Network models are often 

inferred for different phenotypes and compared to identify edge weights that differ between 

states, genes or transcription factors that have condition-specific patterns of targeting, or 

communities of genes and regulators that are unique to, and functionally associated with, 

each state.

Our research team has been developing network inference and analysis methods, 

collected into the Network Zoo (http://netzoo.github.io), with implementations in R, C, 

MATLAB and Python. The growing community of users of these network resources, 
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the increasing interest in learning how to apply network inference methods, and the 

need to ensure that published analyses are fully reproducible led us to develop Netbooks 

(http://netbooks.networkmedicine.org), a hosted collection of Jupyter notebooks that provide 

detailed and annotated step-by-step case studies of GRN analysis. These case studies (Fig. 

1a and Supplementary Table 1) include recreation of a published comparison of inferred 

GRNs between cell lines and their tissues of origin, a comparison of regulatory networks 

between two pancreatic cancer subtypes, a study of regulatory changes in glioblastoma that 

implicated PD1 signaling in outcomes, and the inference of trans-regulatory effects in breast 

cancer.

Netbooks allows users on any device to access the resource using a web browser and without 

login (Supplementary Note 1). Each access creates a new instance on the server with a 

unique user token and provides read-and-write disk space, memory and dedicated CPU 

resources (Fig. 1b). The welcome page contains a set of simple notebooks called ‘vignettes’ 

that detail basic input, calling and output for GRN inference methods installed on the server, 

together with their usage and program parameters. The case studies are grouped by the 

programming language (either R or Python) chosen for the example, and users can run and 

modify the notebook for each case study to understand how changes in input or parameters 

affect the results. Users can also create their own notebook using R or Python kernels and a 

preinstalled set of packages and tools.

A primary motivation behind the development of Netbooks has been our group’s 

longstanding interest in promoting reproducible research. While we have long made our 

primary code and data available, we recognize that potential users seeking to replicate our 

results can struggle with not only the installation of the software, but the correct version 

of the programming language, software environment and associated software dependencies; 

these issues have been recognized as a barrier to reproducibility in other fields, including 

machine learning8. Netbooks solves these software environment problems by creating a 

containerized version of the operating system configuration that allows analyses to be 

reproducibly rerun over time.

We have used Netbooks to test new network inference pipelines and methods, and to 

provide reproducible versions of results (including recreation of figures) in both published 

manuscripts9 and those submitted for review and posted on the arXiv preprint server10. 

Posting analyses to Netbooks has the advantage of providing anonymous access to new 

methods or analyses during the peer review process and allows reviewers to investigate 

questions they might have otherwise raised in their reviews.

We are continuing to expand the catalog of case studies and welcome submissions from the 

community of Network Zoo users. We will also add examples in Netbooks as we develop 

new methods that take into account an ever-growing quantity of published multi-omic data, 

thus ensuring that these methods are also reproducible.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 ∣. Netbooks contains a catalog of 19 case studies in regulatory genomics using the Network 
Zoo tools.
a, Netbooks collection includes case studies in cancer genomics and network medicine 

using a variety of network reconstruction and analysis tools. Row number corresponds to 

case study number in Supplementary Table 1. TF, transcription factor. b, Web server design 

enables users to run and modify existing case studies and create new notebooks.
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