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ABSTRACT

	The UCSC Genome Browser has become a cornerstone resource in genomic research, offering a robust, interactive platform for visualizing, analyzing, and comparing complex genomic data. This review details the key features of the browser, including its dynamic visualization capabilities, customizable tracks, and broad data integration spanning gene predictions, expression profiles, regulatory elements, and variant annotations. The browser supports over 2,500 genome assemblies through its core system and Assembly Hubs, including data from high-impact projects like the Human Pangenome Reference Consortium and the Vertebrate Genomes Project. Essential tools such as BLAT, LiftOver, the Table Browser, and Python-compatible REST APIs enable efficient querying, annotation, and coordinate conversion. Notably, the 2025 update introduced a range of enhancements including expanded clinical annotation tracks (gnomAD 4.1, AbSplice, SpliceAI), dosage sensitivity predictions, and the integration of high-resolution 3D protein models from AlphaFoldDB. The GenArk portal has been substantially broadened and interface improvements such as upgraded exon navigation and track management features enhance usability. Collectively, these advancements underscore the browser’s growing role in precision medicine, functional genomics, and large-scale bioinformatics workflows. This review highlights the UCSC Genome Browser's evolution as a scalable, open-source platform that continues to adapt to the demands of cutting-edge genomic research in 2025
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1. INTRODUCTION

The UCSC Genome Browser, developed and maintained by the University of California, Santa Cruz, is a powerful and widely used platform that facilitates the exploration and analysis of genome sequences from a broad spectrum of organisms. It serves as both an interactive online portal and a downloadable tool suite, enabling researchers to visualize and interpret genomic information with ease. [1] The browser is particularly valued for its fast, responsive interface and user-friendly design, allowing seamless navigation through complex genomic landscapes. This tool integrates a wealth of genomic annotations including gene predictions, conservation data, epigenetic markers, and variation datasets alongside reference sequences. [2] It is built upon a robust MySQL relational database system, ensuring efficient querying and retrieval of genomic data across multiple resolution levels, from entire chromosomes to individual base pairs. Moreover, its open-source framework allows for continuous development and community-driven enhancement. [3]
Since its launch, the UCSC Genome Browser has significantly expanded its database to support the genomic data of over 100 vertebrate species, along with selected invertebrates. Currently, it natively hosts the genome assemblies of 108 species, focusing on those with high-coverage sequencing data. High coverage is crucial in genome assembly, as it ensures overlapping sequence reads, facilitating the accurate construction of longer, contiguous DNA regions (contigs and scaffolds). [4] These well-assembled genomes are ideal for building comprehensive browser tracks that include gene structure, regulatory regions, and comparative genomics information. On the other hand, genomes with lower sequencing coverage—which often result in fragmented and incomplete assemblies—are generally not suitable for full-featured browser integration. However, these assemblies are not excluded from analysis. Instead, they may appear in multi-species alignment tracks or be accessed through alternative tools within the browser. To further extend its reach and flexibility, UCSC has developed the Assembly Hubs feature. [5] These are user-generated, web-accessible repositories of genomic data that can be loaded into the UCSC Genome Browser interface. Assembly Hubs are particularly useful for custom or newly sequenced genomes that are not maintained in UCSC’s core database. Through these hubs, users can upload, view, and annotate their own genome assemblies without waiting for official hosting. [6]
For comprehensive access to the ever-expanding universe of hosted assemblies, UCSC provides the GenArk Portal, a centralized location that lists all supported genomes, both natively hosted and accessible via Assembly Hubs. [7] As of now, the GenArk database includes more than 2,500 genome assemblies, encompassing a broad variety of organisms ranging from mammals and birds to fish and insects. A prominent example is the Vertebrate Genomes Project (VGP) Assembly Hub, which offers high-quality genome assemblies from diverse vertebrate lineages, enriching comparative genomic research. [8] Together, the UCSC Genome Browser and its associated tools represent a cornerstone in modern genomics, enabling researchers across disciplines to explore, annotate, and compare genomes with precision and flexibility. [9]

Table-1: Current Genome Assemblies in UCSC GenArk as of 2025

	Category
	Description

	Primates
	NCBI primate genomes (222 assemblies)

	Mammals
	NCBI mammal genomes (659 assemblies)

	Birds
	NCBI bird genomes (424 assemblies)

	Fishes
	NCBI fish genomes (463 assemblies)

	Vertebrates
	NCBI other vertebrate genomes (302 assemblies)

	Invertebrates
	NCBI invertebrate genomes (1,152 assemblies)

	Fungi
	NCBI fungi genomes (920 assemblies)

	Plants
	NCBI plant genomes (311 assemblies)

	Viruses
	NCBI virus genomes (291 assemblies)

	Bacteria
	NCBI bacteria genomes (118 assemblies)





Table-2: Updated UCSC Genome Browser Assembly Hubs

	Hub Gateway
	Description

	VGP
	Vertebrate Genomes Project collection (1,186 assemblies)

	CCGP
	California Conservation Genomics Project (126 assemblies)

	BRC
	Bioinformatics Research Center Analytics (778 assemblies)

	HPRC
	Human Pangenome Reference Consortium (96 assemblies)

	globalReference
	Global Human Reference Genomes, January 2020 (10 assemblies)

	mouseStrains
	16 Mouse Strain Assembly and Track Hub, May 2017

	legacy
	NCBI Genomes Legacy/Superseded by Newer Versions (553 assemblies)





UCSC: A Genomic Research Platform
The ever-growing volume of biological data necessitates advanced tools for effective data curation, integration, and visualization. [10-13] The UCSC Genome Browser has emerged as a powerful, user-friendly resource that caters to this need by enabling researchers to explore complex genomic landscapes through a wide array of annotated datasets, or "tracks." [14] These tracks present curated genomic information such as mRNA alignments, repeat element mappings, gene predictions, expression profiles, disease associations, and commercial microarray probe mappings (from platforms like Illumina and Agilent), all graphically displayed on a shared genomic coordinate system. [15]
The UCSC Genome Browser presents genomic information using a horizontally-aligned coordinate axis, which represents the linear structure of chromosomes. [16] Along this axis, a wide array of biological annotations are displayed as color-coded blocks, with each block representing the location, span, and type of a genomic feature such as exons, introns, regulatory elements, non-coding RNAs, or variants. [17] This visualization format enables users to easily interpret the spatial relationships and functional organization of genomic data. This multi-layered graphical representation, often termed vertical data integration, is one of the core strengths of the UCSC Genome Browser. [18] It allows for simultaneous comparison of diverse datasets aligned on a common genomic scale. [19] For instance, a researcher can view a gene's exon-intron architecture, nearby enhancer regions identified through ENCODE 3 or Screen Registry data, associated disease variants from ClinVar, and RNA expression levels from the GTEx V9 project, all within a single view. [20]
The UCSC Genome Browser offers a flexible and powerful search functionality that allows users to locate specific genomic regions using a wide range of input formats, including gene symbols (e.g., TP53, APOE, GBA1), RefSeq, Ensembl, or GenBank accession numbers (e.g., NM_007294 for BRCA1), precise chromosomal coordinates (e.g., chr17:38,450,000-38,531,000 for the BRCA1 locus), cytogenetic band identifiers (e.g., 20p13 for the short arm of chromosome 20), and single nucleotide variant (SNV) IDs (e.g., rs113488022, linked to COVID-19 severity). [21-24] The system is designed with intelligent parsing capabilities that can handle ambiguous or partially entered queries, offering real-time suggestions and alternative matches to streamline data retrieval and exploration. [25]
Each annotation block within a track on the UCSC Genome Browser is interactive, allowing users to click directly on elements to access comprehensive, gene- or feature-specific summary pages enriched with multi-dimensional data. [26] For example, selecting a gene label within tracks such as UCSC Genes, GENCODE, or Ensembl opens detailed annotation pages that include transcript structures covering known and predicted isoforms, splice variants, and coding sequences. [27] These pages are densely interlinked with leading biomedical databases, enabling users to explore a wide spectrum of functional and clinical insights. [30] Cross-links to resources such as OMIM (Online Mendelian Inheritance in Man) provide information on genetic disorder associations, while SwissProt/UniProtKB offers curated protein data including structure, post-translational modifications (PTMs), and biological function. [28] Additional connections to GeneCards, HGNC, and PharmGKB deliver annotations related to gene nomenclature, metabolic pathways, pharmacogenomics, and phenotype-drug interactions. [29] The Human Protein Atlas adds another layer by presenting tissue-specific expression patterns, highlighting gene activity across various organ systems. [31] Notably, as of 2025, the browser integrates with AlphaFoldDB, granting access to high-resolution, AI-predicted 3D protein structures for thousands of human and model organism genes enabling researchers to visualize molecular conformations and infer potential structure-function relationships. [32-34] A concrete example is the LRRK2 gene, which plays a pivotal role in Parkinson’s disease pathogenesis. [35] By querying LRRK2, users can visualize its multiple transcript variants and isoforms from GENCODE Release 45, examine variant pathogenicity classifications from ClinGen (such as the well-known G2019S mutation), and access epigenomic features like DNA methylation and histone marks from the Roadmap Epigenomics project that influence gene regulation. [36] Furthermore, the UCSC CRISPR Targets track enables the identification of potential guide RNA binding sites for gene editing strategies, and expression datasets from GTEx V9 reveal LRRK2 transcription patterns across various brain regions implicated in neurodegeneration. [37] This rich network of integrated annotations facilitates in-depth exploration of both the genomic and clinical landscapes, positioning the UCSC Genome Browser as a critical informatics platform for advancing precision medicine and translational genomics in 2025. [38] UCSC Genome Browser Designed with performance and scalability in mind, the UCSC Genome Browser pre-aligns millions of RNA sequences from GenBank to more than 240 genome assemblies across over 100 species (with multiple assemblies available for many species). [39] This infrastructure supports near-instantaneous querying and visualization of transcriptomic alignments, allowing for efficient cross-species comparative genomics. [40] By enabling simultaneous viewing of gene structures, regulatory motifs, SNPs, expression levels, and more, the browser empowers researchers to configure custom data overlays tailored to specific scientific questions. [41] 
A distinctive strength of the UCSC Genome Browser lies in its highly dynamic and interactive display resolution, which allows researchers to explore genomic data across multiple scales from single nucleotide resolution to entire chromosome landscapes, such as the full span of human chromosome 1, which covers over 245 million base pairs. [42-44] The intuitive drag-and-zoom interface facilitates seamless navigation and magnification of any desired genomic region, enabling both high-level overviews and detailed inspections. [45] To enhance data customization, integration, and sharing, the platform provides a suite of advanced tools. [46] The Custom Tracks utility enables users to upload and overlay their own datasets including SNPs, RNA-seq peaks, and other experimental annotations onto the reference genome, supporting multiple formats such as BED, WIG, GFF, GTF, PSL, and binary formats like bigBed and bigWig. [47] The Table Browser tool allows for the extraction and display of precise data subsets, such as non-synonymous SNPs, transcription factor binding sites, or promoter regions, which can be visualized as new Custom Tracks. [48] Through the Saved Sessions feature, users can preserve and share browser configurations, including uploaded tracks, by generating session-specific links, making collaborative genomic research more streamlined. The Manage Custom Tracks interface offers convenient options to update, delete, or review temporary uploads, which are retained for 48 hours unless associated with a saved session. For more robust and persistent data integration, the Track Hubs feature provides a scalable alternative, supporting remotely hosted collections of datasets and configuration files. Track Hubs are ideal for large consortia or institutional use, enabling sophisticated annotation structures, hierarchical data organization, and fine-tuned visual display through customizable configuration directives such as track lines and browser lines that govern track names, display settings, color schemes, descriptive metadata, and hyperlinks. This level of granularity supports not only interactive analysis but also the generation of publication-ready figures, with the UCSC Browser offering export options in PDF and PostScript formats to produce high-quality, camera-ready visuals suitable for academic and scientific dissemination. [49] 
Tracks: In genomic research, data analysis often requires displaying various types of information alongside the core data to provide more context or reveal specific insights. To accommodate this, data visualization platforms typically offer additional categories of tracks that can be selected and displayed alongside the original datasets. These tracks represent different layers of data that offer valuable insights depending on the research focus. These eleven categories of tracks can cover a wide range of research needs, and researchers have the flexibility to choose which ones to include based on the specifics of their query. [50] The selection of tracks helps enhance the analysis by enabling more comprehensive data display, which can facilitate the discovery of correlations, trends, and other relevant findings. Each track category corresponds to different types of biological data that might be of interest to the researcher. For example, one track might display gene expression levels across different conditions, while another might show the positions of specific regulatory elements or SNPs (single nucleotide polymorphisms). These tracks can range from basic annotations, such as gene location and exon-intron structure, to more complex data, such as protein interactions, epigenetic modifications, or sequence variations. [51] 
The ability to select and combine multiple tracks allows researchers to tailor the visualization to their needs, giving them the opportunity to explore various biological phenomena in greater detail. This flexibility can lead to a deeper understanding of the molecular mechanisms at play, guide hypothesis generation, and improve the overall quality of the research by making data interpretation more relevant to the specific questions being addressed. Moreover, displaying these additional tracks alongside the primary data ensures that researchers can cross-reference and validate their findings in the context of a broader biological landscape, providing a more nuanced view of the underlying data. In this way, the use of supplementary tracks is an essential tool in modern bioinformatics, helping to reveal complex relationships within genomic data and ensuring that research is both thorough and accurate. [52]



Table-3: Different Categories of Tasks.

	Category
	Description
	Examples of Tracks

	Genomic Mapping & Sequencing
	Provides tools to control sequencing styles (e.g., genomic coordinates, gaps, sequence). These tracks can display percentage-based data, revealing the prevalence of genetic elements in a given region.
	Base Position, Mappability, Gaps

	Gene Prediction & Annotation
	Uses algorithms to predict genes and display known gene data. This allows users to visualize gene models, coding regions, and non-coding RNA. It also helps to compare query sequences against reference genes.
	GENCODE v24, Geneid, Pfam in UCSC Gene

	Phenotype & Clinical Literature
	Offers phenotype data for professionals in genetics and medicine, helping to display genomic positions of both natural and induced amino acid changes. Some tracks apply AI to assess variant pathogenicity.
	OMIM Alleles, Cancer Gene Expression Super-track, AlphaMissense, Varchat, enGenome

	COVID-19 Research
	Visualizes data from GWAS and variant calling experiments, aiming to identify genetic variants that influence susceptibility or severity of COVID-19.
	COVID GWAS v3, COVID GWAS v4, Rare Harmful Variants

	Single-Cell RNA Sequencing
	Focuses on single-cell RNA expression data from a variety of human tissues, facilitating studies on cellular diversity and gene expression in specific tissues.
	Blood (PBMC), Heart Cell Atlas, Colon Wang

	mRNA & EST Data
	Displays expressed sequence tags (ESTs) and mRNA, offering insight into gene transcription and splicing events. Tracks allow mRNA alignment data across species for comparative studies.
	Human ESTs, Other ESTs, Other mRNAs

	Gene Expression Data
	Provides data on gene expression across various tissues, allowing users to investigate tissue-specific gene activity and consensus data across multiple datasets.
	GTEx Gene, Affy U133

	Transcriptional Regulation
	Displays data from studies on gene regulation, including transcription factor binding, regulatory variants, and other transcription-related elements. Tracks may show graphs for easier interpretation.
	ENCODE Regulation Super-track, ORegAnno

	Comparative Genomics
	Compares genomic sequences across species, highlighting conserved regions, which can reveal important functional elements. This category is particularly useful for studying evolutionary relationships.
	Conservation, Cactus 241-way, Cons 30 Primates

	Genetic Variation
	Compares sequences with known variants, including SNPs, copy-number variations, and allele frequencies. Tracks offer insights into how these variations affect genomes and populations.
	Common SNPs (150), All SNPs (146), Flagged SNPs (144)

	Human Pangenome Data
	Offers tracks from the Human Pangenome Reference Consortium, allowing users to explore genetic diversity by examining variant calls, multiple alignments, and structural variations.
	Multiple Alignment, Pairwise Alignments, Rearrangements, Short Variants

	Repeats & Repetitive Elements
	Tracks various types of repetitive sequences, aiding in the identification of repeated elements in genomic regions. This helps users refine searches and adjust track views based on repetitive content.
	RepeatMasker, Microsatellite, WM + SDust





Comprehensive Genome Analysis Tools
The University of California, Santa Cruz (UCSC) offers a comprehensive suite of genome analysis tools designed to facilitate various aspects of genomic research. Key tools include the Genome Browser, an interactive interface for visualizing genomic data such as genes, regulatory elements, and variations; BLAT, a fast sequence alignment tool for comparing sequences to reference genomes; In-Silico PCR, for simulating PCR amplification based on primers and target sequences; the Table Browser, which allows users to query and retrieve customized data from UCSC's databases; LiftOver, for converting genome coordinates between different assemblies; and the REST API, enabling programmatic access to UCSC data for integration into custom workflows. Additional tools like Variant Annotation Integrator help annotate genomic variants, while Gene Sorter and Genome Graph assist in organizing genes and visualizing complex data. The Data Integrator consolidates various genomic datasets for unified analysis, and UShER aids in tracking genomic variations, particularly in viral or microbial genomes. Tools like Gene Interactions, VisiGene, and Phylogenetic Tree PNG Maker offer insights into gene interactions, gene expression patterns, and phylogenetic relationships, respectively. UCSC also provides utilities such as BEDOPS, bedtools, bwtool, CrossMap, and libBigWig for manipulating genomic files and data formats, along with CruzDb, G-OnRamp, and MakeHub for database management and data sharing. Other useful resources include RTrackLayer for integrating data with R, trackhub for organizing genomic data tracks, twobitreader for processing 2bit encoded sequences, and Wiggle Tools for analyzing continuous-valued genomic data. Collectively, these tools enable researchers to perform comprehensive genomic analyses with flexibility and ease. [53] 
BLAT: BLAT (BLAST-Like Alignment Tool) is a high-performance sequence alignment tool primarily designed for finding sequence matches within large genomic databases. It works by efficiently locating regions of interest in genomic sequences, particularly useful when working with vast datasets, such as the human genome, which contains approximately 3.23 billion base pairs. BLAT operates by indexing genome sequences in memory, allowing for rapid search and retrieval of matching sequences. The tool can be used by either pasting a sequence directly into the input box or uploading a file in FASTA format. Users have the ability to tailor their searches based on specific needs, including options to select the genome and assembly version, specify the query type, and define sorting and output preferences. This flexibility makes BLAT a versatile tool for various genomic research tasks. [54]
When BLAT is applied to DNA sequences, it identifies matching sequences that exhibit at least 95% similarity over a minimum length of 25 base pairs. To perform this, BLAT indexes the genome in memory using a strategy based on overlapping 11-mer sequences (subsequences of 11 nucleotides). These 11-mers are used as anchors to search for similar regions in the genome, while avoiding areas with repetitive sequences. The indexed data structure is small, typically requiring less than one gigabyte of RAM, which allows BLAT to run efficiently even on standard computing hardware. This indexing method makes BLAT especially fast and scalable, as the entire genome is stored in memory, allowing rapid searches across large datasets. Because the index is based on non-repetitive 11-mers, BLAT can efficiently perform searches even within the vast genomes of humans and other species, such as primates. The tool excels at finding sequence similarities and can help users identify the exact genomic locations of specific sequences.
For protein sequences, BLAT functions similarly to its DNA counterpart but with a few key differences. Instead of working with 11-mers, BLAT uses 4-mers, which are overlapping sequences of 4 amino acids. As proteins are generally more conserved than DNA sequences, BLAT can find sequences with a minimum similarity of 80% over a length of at least 20 amino acids. The protein indexing process requires slightly more memory approximately 2 gigabytes of RAM due to the need to store and index the protein sequence database. However, it still remains efficient for large-scale sequence comparison tasks. BLAT’s protein alignment capabilities are particularly valuable for studies involving conserved protein regions across species, as it can identify similarities in protein sequences from a variety of organisms, including terrestrial vertebrates and earlier evolutionary forms. One of the primary uses of BLAT is for locating specific sequences within a genome. This can involve searching for a particular DNA sequence to determine its position in the genome, or to analyze the exon structure of a gene by comparing the mRNA sequence to the genomic DNA. BLAT is also useful for researchers looking to identify conserved regions between different species, especially for evolutionary studies or functional annotation of genes. [55] 
For users working with large datasets or requiring batch processing, BLAT offers command-line capabilities that can be installed on a Linux server. This allows for the execution of large-scale sequence alignments and the ability to adjust internal parameters to optimize performance for specific research needs.
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Figure-1: BLAT tool interface on the UCSC Genome Browser


Genome Graphs: The Genome Graphs tool provides an interactive platform for visualizing chromosomal data, enabling users to display the entire genome at once, along with the results of genome-wide association studies (GWAS). This tool offers a wide range of customization options, allowing users to tailor the display according to their needs. Specifically, users can modify the taxonomic classification or "clade" of the organism they are analyzing, select the appropriate genome and assembly type, and adjust graph colors to suit their preferences. [56]

In addition to these settings, the tool allows for the customization of key parameters such as the significance threshold for GWAS results, enabling users to focus on specific associations or refine their data analysis. Users can either upload their own dataset for visualization or choose from a variety of database-provided assemblies.

The layout and visual representation of the graph are highly configurable. Users can adjust the graph style, including the appearance of chromosomes and the overall design of the graph, ensuring that it fits their specific requirements. Detailed instructions are available in the Genome Graphs User’s Guide, providing step-by-step guidance on how to utilize the tool’s full range of features for more advanced data analysis and customization. [57]
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Figure-2: Genome Graphs tool interface on the UCSC Genome Browser

Lift over: The LiftOver tool is a powerful utility designed to facilitate the conversion of genome coordinates and annotations between different assemblies or across species. It leverages whole-genome alignments to align sequences from one reference genome to another. Users can either input the genome coordinates and annotations manually into a textbox or upload the relevant file for processing. To use the tool, users first select the source genome assembly, followed by the target genome and assembly that they wish to convert the coordinates into. This allows for the efficient transfer of data between different versions of the same genome or even between genomes of different species. [58]

Regions defined by chrom:start-end (typically in BED 4 to BED 6 format): This category allows users to define specific genomic regions by their chromosomal location and start-end coordinates. Customization options for this input include the ability to specify multiple output regions, set the minimum hit size for the query sequence, and define the minimum chain size for the target genome. These settings ensure that only sufficiently mapped regions are considered during the conversion process. [59]

Regions with an exon-intron structure (usually representing transcripts, in BED 12 format): This type is used for more complex genomic data, such as the structure of genes, which includes exons and introns. When using this input type, users can customize parameters such as the minimum ratio of alignment blocks or exons that must be successfully mapped for the conversion to be considered valid. Additionally, if an exon cannot be mapped directly, the tool can be set to use the closest mapped base instead, ensuring that the data remains as accurate as possible despite incomplete mapping. These customization options provide flexibility, allowing users to tailor the conversion process according to the specific requirements of their analysis. Whether dealing with simple coordinate regions or more complex exon-intron data, LiftOver offers a robust solution for transferring genomic information across different assemblies.
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Figure-3: LiftOver tool interface on the UCSC Genome Browser

The Python APIs
UCSC Genome Browser provides a suite of Python-compatible interfaces, enabling researchers to programmatically interact with genomic data and annotations. These interfaces facilitate a wide range of tasks, from automation to integration into computational pipelines, offering more flexibility and scalability than the graphical user interface. By utilizing these Python interfaces, researchers can efficiently access genomic resources, enhance their analysis capabilities, and streamline large-scale bioinformatics workflows. At the heart of this programmatic access is the UCSC REST API, a primary tool for querying genomic data over HTTP. This API enables users to retrieve key genomic information, such as nucleotide sequences, gene annotations, and variant data, by sending HTTP requests to specified endpoints. Although the UCSC REST API is language-agnostic, Python developers can integrate it into their workflows with ease, particularly by leveraging the popular Python library “Requests.” Additionally, community-contributed Python wrappers and tools further simplify the interaction with the API, making it accessible and practical for use in bioinformatics applications. [60]

Key use cases for the UCSC REST API in Python-based bioinformatics include:

· Sequence Retrieval: The API allows users to download nucleotide sequences from specific genomic coordinates. This functionality is crucial for tasks such as sequence analysis, primer design, and comparing different regions of the genome. [61]
· Gene Annotation Access: Researchers can use the API to access comprehensive gene annotation data, including curated datasets from RefSeq, GENCODE, and other gene tables. This makes it possible to retrieve gene structures, exon/intron boundaries, and regulatory features in a standardized format. [62] 
· Variation Data Queries: The API can also be used to query variation data, such as SNPs (single nucleotide polymorphisms), insertions, or structural variants. Researchers can extract this information for specific genomic regions, helping to identify genetic variants linked to diseases or traits. [63] 
· Track Information Extraction: Users can obtain detailed metadata about available genomic tracks, including the type of data, annotations, and formats for a given genome build. This capability is particularly useful for visualizing and analyzing large genomic datasets with multiple tracks, such as gene expression levels or epigenetic modifications.
· Pipeline Integration: The UCSC REST API is an excellent tool for automating queries within larger bioinformatics workflows. Researchers can integrate it with pipeline management systems like Snakemake or use it within Jupyter Notebooks for interactive, reproducible genomic analysis. By automating queries and data retrieval, the API supports high-throughput genomics tasks and comparative analysis across multiple genomes or datasets.
These features make the UCSC REST API highly versatile for applications like building custom genomic dashboards, creating automated annotation pipelines, and conducting large-scale genomic analysis. By leveraging the UCSC Genome Browser's programmatic capabilities, Python developers can significantly enhance the efficiency and accessibility of their bioinformatics research. [64] 

import requests
# Define endpoint and parameters
url = "https://api.genome.ucsc.edu/getData/sequence"
params = {
    "genome": "hg38",
    "chrom": "chr2",
    "start": 2000000,
    "end": 2000100
}
# Make the request
response = requests.get(url, params=params)
data = response.json()
# Display the DNA sequence
print("Retrieved sequence:", data["dna"])

Figure-4: In this example, the script retrieves a DNA sequence from chromosome 2 (chr2) of the human genome (hg38) from positions 2,000,000 to 2,000,100. It works in the same way as the original example by sending a GET request to the UCSC REST API and parsing the response to display the sequence.

UCSC Genome Browser Updates-2025:

The UCSC Genome Browser has seen considerable updates and expansions over the past year, significantly enhancing its functionality and expanding its genomic data offerings. A total of over 25 new and updated tracks have been introduced, spanning across various genome assemblies. These updates aim to improve the precision and breadth of genomic data available to researchers and clinicians, particularly in the realms of medical research, translational genomics, and personalized medicine.

New Clinical Tracks

In the past year, the UCSC Genome Browser incorporated ten new clinical tracks for human genome assemblies. Among these, the gnomAD 4.1 track is one of the most notable additions. This track contains genetic variant data from an extensive cohort of 807,162 individuals, including 730,947 exomes and 76,215 genomes. The gnomAD dataset plays a crucial role in understanding population genetics and the frequency of genetic variants across diverse populations, aiding in the identification of potentially pathogenic variants. Another key addition is the suite of new prediction score tracks, including AbSplice, BayesDel, and Illumina SpliceAI. AbSplice is a predictive model that identifies aberrant splicing events in human tissues, providing valuable insight into how genetic mutations may affect gene function. The track associated with AbSplice displays precomputed scores for all possible single-nucleotide variants across the genome, facilitating large-scale analysis of splicing defects. BayesDel is a machine learning-based tool that assigns deleteriousness scores to coding and non-coding variants, helping to assess the potential pathogenicity of genetic alterations. Meanwhile, SpliceAI, an open-source deep learning tool, predicts splicing alterations caused by genetic variations, offering an additional layer of functional interpretation for mutations.

One of the most impactful additions for clinicians and geneticists is the DECIPHER Dosage Sensitivity track, which utilizes ensemble machine learning models to predict the dosage sensitivity of autosomal genes. This track provides probabilities for haploinsufficiency and triplosensitivity, helping identify genes that may be associated with clinical conditions related to deletions or duplications of genetic material. Notably, it has helped identify 2,987 haploinsufficient genes and 1,559 triplosensitive genes, including 648 triplosensitive genes that were identified as unique. [65] 

Gene Set Updates

Alongside clinical tracks, the UCSC Genome Browser also updated and added several gene-related tracks for both human and mouse genomes. The GENCODE KnownGene tracks were updated to version 46 for human genomes and version VM35 for mouse genomes. These tracks provide comprehensive gene annotations and are widely used for downstream applications in gene expression studies, variant analysis, and functional genomics. For the hg19 assembly, the GENCODE KnownGene v45lift37 track was also integrated, ensuring reproducibility for studies using older genome builds. Additionally, a new RefSeq Historical track was added to the hg38 assembly, allowing users to access earlier versions of RefSeq transcripts, which is valuable for tracking the evolution of transcript annotations and for HGVS (Human Genome Variation Society) nomenclature searches. The HGMD (Human Gene Mutation Database) track was also included in human assemblies, displaying clinical variants that have been curated from a wide range of studies. Another noteworthy addition is the MANE (Matched Annotation from NCBI and EMBL-EBI) track, which highlights transcripts that have been uniformly annotated between the RefSeq and Ensembl/GENCODE gene sets. This track helps prioritize high-confidence gene models that are supported by multiple databases. Several tracks also undergo regular updates, such as the HGMD and MANE tracks, which are updated annually to include the latest clinical and functional annotations. For enhanced user experience, the MANE transcripts are now displayed at the top of search results, with distinct color coding to differentiate them from other transcripts. [66] 

In addition, ten new tracks were updated to the vertebrate assemblies, including the CRISPR Targets track for the Telomere-to-Telomere (T2T) human assembly, which identifies DNA sequences that are susceptible to CRISPR-Cas9 editing. This track is invaluable for researchers studying genome editing and its potential applications in therapy. Another valuable addition is the VISTA Enhancers track, which identifies potential enhancers whose activity has been experimentally validated in transgenic mice, aiding in the identification of regulatory elements in the genome. [67] 

Expanded Hubs and Data Access

The UCSC Genome Browser also introduced new hubs to support advanced genomic research. The ImpactHub provides predictions based on a machine learning model for regulatory element activity across 707 pairs of transcription factors and cell types. This feature is particularly useful for studying gene regulation and understanding how genetic variants influence gene expression in different tissues and conditions. Another addition, the Predominant PAS Hub, highlights polyadenylation sites and their associated hexamers for nearly 16,000 protein-coding genes, which is crucial for studies on gene expression regulation and mRNA processing.

The GenArk hub was expanded significantly with the addition of over 1,000 new assemblies, many of which include annotations and support for BLAT (BLAST-Like Alignment Tool), improving the accessibility and usability of genomic data. The expansion includes the addition of Telomere-to-Telomere (T2T) assemblies for primates and mice, which represent highly contiguous reference genomes. This extension also integrates links to IGV (Integrative Genomics Viewer) from GenArk index pages, making it easier for researchers to visualize genomic data.

Updates to Browser Software

In terms of software and user interface, the UCSC Genome Browser has introduced several improvements aimed at enhancing the overall user experience. The browser’s graphical page, which visualizes genomic data, has undergone updates to increase usability. For example, trash icons have been added next to custom tracks, allowing for quick deletion, and display functionality has been optimized for larger screens. Font sizes have been increased in dialog boxes to improve readability, and the amount of text displayed on the page has been reduced for clarity. The genePred tracks for both GENCODE and NCBI RefSeq annotations have received significant improvements. Users can now right-click on these tracks to quickly zoom in, enter exon positions, or navigate to specific codons. Additionally, the mouse-over function has been enhanced to display more information, such as the phase of the first and last codon, and whether exons are in-frame or out-of-frame. These updates help users navigate genomic data more effectively, especially when working with gene annotations at the transcript and coding levels. The search functionality has also been enhanced to provide users with quick access to relevant data. The updated search box now shows the five most recent search terms and allows users to quickly locate terms that match track data, track descriptions, or help documents. [68]

CONCLUSION: 

The UCSC Genome Browser continues to serve as a pivotal resource for genomic data exploration, analysis, and visualization. Its integrative platform, combining advanced tools, multi-layered annotation tracks, and intuitive navigation, empowers researchers across domains to uncover intricate genetic patterns and functional elements. The 2025 updates further strengthen its relevance in clinical genomics and personalized medicine by introducing predictive modeling tools, dosage sensitivity data, and user-centric enhancements. As the landscape of genome science evolves, the UCSC Genome Browser exemplifies adaptability, scalability, and innovation solidifying its position as an essential platform for both foundational and translational genomic research.
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