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Abstract
My project will analyze single-nucleus RNA sequencing transcriptomic data related to Alzheimer’s disease using dataset GSE221365 from the NCBI Gene Expression Omnibus (GEO) https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE221365. The dataset includes cases of autosomal dominant Alzheimer’s disease (PSEN1-E280A carriers), sporadic AD, and cognitively normal controls. Using Bayesian Networks and probabilistic graphical models, the project will reconstruct gene regulatory networks, focusing on transcription factors implicated in mitochondrial dysfunction and oxidative stress (NRF1, NFE2L1, NFE2L2, and GABPA). The goals are to identify regulatory hubs, evaluate conditional dependencies among genes, and compare network structures between sporadic AD, PSEN1-E280A carriers, and a protected case (PSEN1 + APOE3-Christchurch homozygote). This analysis is expected to provide insights into the molecular mechanisms underlying disease susceptibility and protection in Alzheimer’s disease.
Introduction and Background
Research Questions:
1. How do gene regulatory networks involving mitochondrial and oxidative stress-related transcription factors differ between autosomal dominant AD (PSEN1-E280A), sporadic AD, and cognitively normal controls?
2. What unique regulatory hubs and conditional dependencies emerge in the protected APOE3-Christchurch homozygote case?
Significance:
Alzheimer’s disease is a major public health burden, yet mechanisms underlying its different forms remain incompletely understood. Single-nucleus RNA-Seq provides cell-type-resolved data to study transcriptional changes. By focusing on transcription factors NRF1, NFE2L1, NFE2L2, and GABPA, which are key regulators of mitochondrial function and oxidative stress, I can explore how dysregulated energy metabolism and cellular stress responses contribute to neurodegeneration. This knowledge may reveal potential therapeutic targets or biomarkers.
Key Variables:
· Independent variables: AD status (PSEN1-E280A carriers, sporadic AD, controls, APOE3-Christchurch protective case), brain region (frontal cortex, hippocampus).
· Dependent variables: Gene expression levels (counts per gene per nucleus), inferred regulatory connections.
· Control variables: Cell type, age, sex, and technical covariates (batch, library prep).
Literature Context:
Previous work (Almeida et al., Neuron 2024) revealed distinct autophagy and chaperone pathways activated in PSEN1-E280A compared to sporadic AD, and unique expression patterns in the protected APOE3-Christchurch case. Bayesian Networks and PGMs have been successfully used to infer transcriptional regulatory relationships in complex diseases, offering a powerful framework for this analysis.
Reasoning (Sample/Data):
The GSE221365 dataset includes 27 postmortem human brains across PSEN1-E280A carriers, sporadic AD cases, and controls. This sample size, although modest, is sufficient for hypothesis-generating network reconstruction at the gene or module level and is appropriate for this project’s scope.
Hypotheses:
· Transcription factors NRF1, NFE2L1, NFE2L2, and GABPA will emerge as regulatory hubs in AD samples, especially PSEN1-E280A cases.
· The APOE3-Christchurch protective case will exhibit altered conditional dependencies, possibly reflecting neuroprotective mechanisms.
Project Goals:
· Identify regulatory hubs and conditional dependencies between genes.
· Compare network structures across disease subtypes and controls.
· Explore molecular mechanisms underlying disease protection.

Methods 
Bayesian Networks are probabilistic graphical models that represent variables as nodes and their conditional dependencies as directed edges. They allow for modeling of complex, multivariate relationships and are particularly useful for uncovering hidden regulatory structures in biological systems. Learning Bayesian Networks from data typically involves two steps: (1) structure learning, where algorithms such as constraint-based or score-based approaches are used to infer the network topology, and (2) parameter learning, where conditional probability distributions are estimated for each node given its parents. This framework makes it possible to identify regulatory hubs and test hypotheses about gene-gene interactions in Alzheimer’s disease (Koller & Friedman, 2009).
Data Source:
RNA-Seq gene expression data from GSE221365 (NCBI GEO), which includes single-nucleus RNA-Seq from frontal cortex and hippocampus of Alzheimer’s patients and controls.
Analysis Plan:
1. Data Preprocessing: Download and process raw count matrices, normalize and filter low-quality nuclei.
2. Cell Type Annotation: Use cell-type-specific markers to classify nuclei (neurons, astrocytes, microglia, oligodendrocytes).
3. Network Reconstruction: Apply Bayesian Networks to infer gene regulatory networks, focusing on NRF1, NFE2L1, NFE2L2, and GABPA and their downstream targets.
4. Comparative Analysis: Compare conditional dependencies and network topology across PSEN1-E280A, sporadic AD, controls, and APOE3-Christchurch protective case.
5. Validation: Cross-reference inferred networks with known regulatory pathways  (KEGG) and published Alzheimer’s disease gene sets.
Software:
      R 
Evaluation:
Model fit will be evaluated using Bayesian Information Criterion (BIC) and likelihood scores. Network robustness will be assessed via bootstrapping. Results will be visualized as gene-gene interaction graphs and compared with existing literature.

Timeline (Week 8–14)
	Week
	Weekly Outcomes

	8
	Download and preprocess GSE221365 data. Perform quality control, normalization, and basic descriptive statistics.

	9
	Annotate cell types (neurons, astrocytes, microglia, oligodendrocytes). Define subsets for PSEN1-E280A, sporadic AD, controls, and APOE3-Christchurch case.

	10
	Construct preliminary Bayesian Networks for each group. Identify initial regulatory hubs.

	11
	Refine network models. Compare network structures between groups. Conduct statistical tests on differences in connectivity and hub significance.

	12
	Validate findings with existing databases (CTD, KEGG). Generate visualizations and draft results section.

	13
	Integrate methods, results, and discussion into a draft paper.

	14
	Finalize paper.
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