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INTRODUCTION: Many of the most debilitating musculoskeletal conditions are the result of improper development.  Frequently, these conditions appear 
early in life, either at birth or during childhood, producing often severe disability for most or all of a patient’s life.  While these and thousands of other 
conditions impacting other systems of the body are often rare, together they represent an enormous impact on the global population—affecting an estimated 
263 to 446 million people worldwide.  Despite their devastating impacts, most of these disorders remain poorly understood, leaving patients with no FDA-
approved treatment.  To inform the development of treatments for these diseases, it is crucial that we understand their root cause. 
 
Therefore, we are developing a novel computational framework to discover the cellular etiology of diseases.  Based on the well-supported observation that 
disorders with a shared phenotype arise from overlapping molecular processes, we hypothesize that these processes are, in many cases, localized to a small 
set of cell types at specific developmental stages.  For our first aim, we will design a novel computational approach to discover the cell types whose 
disrupted intrinsic processes putatively cause a specific phenotype of interest.  Our second aim will be devoted to the development of the first computational 
approach for uncovering the pairs of cell types whose disrupted communication initiates the phenotype.  In addition, our framework will be the first to offer 
insight into the putative developmental stages at which these cell types are impacted.  By developing this project, we aim to provide the research community 
with a dedicated tool for uncovering the cellular etiology of diseases based on their shared molecular processes. 
 
METHODS: Our computational framework will use single-cell RNA-sequencing (scRNA-seq) data from atlases of healthy tissues, in combination with sets 
of phenotype-associated genes, to infer the cell types whose molecular disruption initiates various disease phenotypes, as well as the developmental stages at 
which these cell types are disrupted.  Systems biology approaches have provided insights into disease processes without the need for large cohorts of patients 
by taking advantage of the vast biological knowledge gleaned from healthy samples, such as curated networks of normal molecular interactions.  However, 
the majority of these networks are not cell type-specific, preventing the investigation into the differing molecular processes active in distinct cell types.  
Therefore, we will design a novel computational framework that integrates various existing software packages to achieve the following steps (see figure): 
 
 1)  Infer the position of each cell along a cell fate trajectory to provide context of the developmental stage at which each cell type is impacted. 
 2)  For each cell type, infer a network of molecular interactions.  For our first aim, we will infer gene regulatory interactions directly from scRNA-seq 
data to construct a de novo gene regulatory network specific to each cell type.  For our second aim, we will infer a cell-cell communication network for each 
pair of cell types by integrating scRNA-seq data 
with a curated network of protein-protein 
interactions that spans both of the cell types. 
 3)  Within each cell type-specific network, search 
for phenotype modules.  Many studies have 
demonstrated that disorders that share a phenotype 
often originate from a common physiological 
mechanism, as evidenced by a set of shared molecular 
processes.  We will search the cell type-specific gene 
regulatory networks and cell-cell communication 
networks for modules of statistically significantly 
connected phenotype-associated genes.  Cell types 
at each developmental stage with at least one 
statistically significantly connected phenotype 
module will be ranked according to their inferred 
causal association with the phenotype. 
 
To assess the performance of our approach, we will evaluate our framework on a set of selected phenotypes with well-understood etiology.  Specifically, 
these phenotypes have a core set of causal cell types and molecular processes that are activated at known stages of development, as well as a set of 
associated disease genes that are enriched for these molecular pathways.  Finally, these phenotypes will be selected based on the availability of scRNA-seq 
datasets that contain their associated pathogenic cell types and developmental stages.  These phenotypes will be used to evaluate our computational 
framework’s ability to correctly identify these implicated cell types and stages, and to rank these cell types and stages above others. 
 
RESULTS SECTION: Upon completion of our computational framework, we expect to see a subset of cell types at particular stages of development that can 
be associated with the phenotype of interest based on the presence of statistically significant phenotype modules.  Since our second aim is devoted to 
inferring communication relationships, the cell types will be output in pairs, indicating the necessity of communication between these cell types to prevent 
the development of the phenotype. 
 
DISCUSSION: We believe the computational framework that we develop will offer the opportunity to investigate the etiology of a wide range of disorders 
of development, including a large number of disorders that impact the musculoskeletal system.  While the inference of cell type-specific networks is 
challenging, we will be integrating various methods to utilize systems-based approaches to uncover these networks.  These systems-level strategies take 
advantage of higher-level, biologically relevant network structures than typical network inference approaches, which we believe will reduce the noise from 
the data and focus more on the real molecular relationships. 
 
SIGNIFICANCE/CLINICAL RELEVANCE: While the genes causing many rare and congenital disorders, including those of the musculoskeletal system, 
have been discovered, over 90% of these disorders remain without FDA-approved treatment, largely due to a lack of understanding of the mechanism by 
which these mutated genes disrupt normal developmental and physiological processes.  Our project takes a major step toward elucidating these etiological 
processes for a broad range of disorders by offering a computational tool to infer which cell types, at which developmental stages, initiate the pathogenic 
processes leading to various disease phenotypes. 

ORS 2024 Annual Meeting Paper No. 1724


