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ABSTRACT

Organoids, three-dimensional in vitro tissue cultures
derived from pluripotent (embryonic or induced) or
adult stem cells, are promising models for the study
of human processes and structures, disease on-
set and preclinical drug development. An increas-
ing amount of omics data has been generated for
organoid studies. Here, we introduce OrganoidDB
(http://www.inbirg.com/organoid db/), a comprehen-
sive resource for the multi-perspective exploration of
the transcriptomes of organoids. The current release
of OrganoidDB includes curated bulk and single-
cell transcriptome profiles of 16 218 organoid sam-
ples from both human and mouse. Other types of
samples, such as primary tissue and cell line sam-
ples, are also integrated to enable comparisons with
organoids. OrganoidDB enables queries of gene ex-
pression under different modes, e.g. across differ-
ent organoid types, between different organoids from
different sources or protocols, between organoids
and other sample types, across different develop-
ment stages, and via correlation analysis. Datasets
and organoid samples can also be browsed for de-
tailed information, including organoid information,
differentially expressed genes, enriched pathways
and single-cell clustering. OrganoidDB will facilitate
a better understanding of organoids and help im-
prove organoid culture protocols to yield organoids
that are highly similar to living organs in terms of
composition, architecture and function.

INTRODUCTION

Organoids are three-dimensional in vitro tissue cultures
that are derived from pluripotent (embryonic or induced)

or adult stem cells or even patient-specific tissue samples
(1). Organoids can be directed to differentiate into a va-
riety of cell types with organ characteristics and have his-
tological organization similar to and sometimes indistin-
guishable from that of real organs. Furthermore, their for-
mation recapitulates the self-organizing process of organ
growth (2). Therefore, organoids are more promising mod-
els than two-dimensional cell lines for the in vitro study of
human processes and structures, disease onset and preclini-
cal drug development. Moreover, compared to animal mod-
els, organoids can be generated with higher efficiency and
speed and provide a more accurate representation of human
tissues (3). However, certain caveats in the current applica-
tions of organoids remain. For example, organoids may not
fully represent all cell types in a primary tissue and typically
lack immune and vasculature cells (4).

To fully realize the potential of organoid technology
in the field of disease research and drug development,
the key problem that urgently needs to be solved is to
verify that organoids can faithfully reflect the biological
process in the human body, which involves cell composi-
tion, differentiation, and states and the standard defini-
tions of responses to external stimuli, and describe these
patterns. In addition, developing a reliable culture proto-
col for organoids that can more accurately simulate the in
vivo environment will also become a future research direc-
tion. Therefore, comparing organoids with corresponding
human tissues using high-throughput sequencing technolo-
gies, especially single-cell sequencing, will provide a pow-
erful method for assessing the quality of organoids (5).
The ongoing Organoid Cell Atlas project was proposed in
2021, dedicated to exploring the single-cell characteriza-
tion of organoids (6). Moreover, an increasing amount of
transcriptomic data has been generated for organoid stud-
ies (7). However, to the best of our knowledge, there is cur-
rently no public organoid-related database or a centralized
data portal of transcriptome profiles from public organoid
studies.
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Here, we present OrganoidDB (http://www.inbirg.com/
organoid db/), a comprehensive transcriptome data (mi-
croarray, bulk RNA-seq and single-cell RNA-seq) resource
for organoids. In brief, we manually collected and anno-
tated transcriptome profiles of human and mouse organoid
samples from GEO and ArrayExpress. We also integrated
other types of samples, including primary tissues, cell lines
and xenografts, to enable comparisons with organoids. We
then cleaned and analysed the raw data through a stan-
dard pipeline and presented the integrated data on our
user-friendly web application. OrganoidDB enables users to
search for organoid transcriptome expression data at both
the bulk and single-cell levels under six different modes,
i.e. ‘General’, ‘Organoid Comparison’, ‘Organoid Devel-
opment’, ‘Organoid Specificity’, ‘Tissue Specificity’ and
‘Correlation Analysis’. OrganoidDB also allows users to
browse organoid samples and datasets with correspond-
ing organoid culture information, differentially expressed
genes (DEGs), enriched functions/pathways, differential
cell type markers, and single-cell analysis results such as
cell clustering and marker gene results when available.
OrganoidDB could not only facilitate a better understand-
ing of organoids but also help improve organoid culture
protocols to yield organoids that fully recapitulate the struc-
ture of the modelled organs.

MATERIALS AND METHODS

Workflow of OrganoidDB

The workflow of OrganoidDB is presented in Figure 1. The
data and methods employed to construct the database are
described below.

Data collection and curation

We retrieved high-throughput omics data related to hu-
man and mouse organoid studies from GEO (8) and Ar-
rayExpress (9) by searching the keyword ‘organoid’. After
careful manual collection, transcriptomic data (microarray,
bulk RNA-seq and single-cell RNA-seq) from these stud-
ies were included in our database. The metadata, includ-
ing organoid type, organoid source, and culture protocol,
among other variables, were collected for annotation of the
samples. It should be noted that organoid sample types are
tagged with a single type identity, such as brain, cerebral
cortex, duodenum, intestine, etc. Type tags are noninclu-
sive such that searching for brain organoids will not include
cerebral cortex organoids and vice versa. We also integrated
other types of samples, including samples of primary tis-
sues, cell lines and xenografts, to enable comparisons to be
made with organoids. Then, for the microarray data, we
used the GEOquery R package (10) to obtain the platform
information and the expression profile data of the corre-
sponding samples. For the RNA-seq data, we obtained the
download links for the fastq.gz files of these samples in the
ENA database (11) and used IBM Aspera software (https:
//www.ibm.com/products/aspera) to perform a high-speed
download. For samples without available fastq.gz files, we
downloaded the processed expression data from the GEO
database. In addition, to investigate gene specificity in dif-
ferent tissues, we downloaded bulk RNA-seq and single-cell

RNA-seq data from the GTEx (12) database, the HPA (13)
database and two published studies (14,15) for human and
mouse tissues to complement our database.

Data processing pipeline

We have built a series of uniform pipelines to process these
data. For microarray data, we used the GEOquery R pack-
age to obtain the expression matrix of the samples from
GEO, and the platform annotation file (GPL) was also ob-
tained. According to the GPL files, the probes were uni-
formly converted to Entrez IDs, and for multiple probes
that were mapped to a single Entrez ID, the average value
was used to represent the expression of this gene.

For bulk RNA-seq data, the downloaded fastq.gz files
were first checked for md5 values to ensure that the data
were error-free during transmission. Then, standard strict
read quality control (QC) was performed by fastp (v0.23.1)
(16). Subsequently, these clean data were mapped to the ref-
erence genome (human: GCF 000001405.39 GRCh38.p13;
mouse: GCF 000001635.26 GRCm38.p6) by using
HISAT2 (v2.2.1) (17) to generate SAM files. After that,
we used the featureCounts tool of subread (v2.0.1) (18)
software to count the reads aligned to each gene. The read
counts were normalized using the transcript per million
(TPM) method to enable comparison of expression values
between samples.

The single-cell RNA-seq data were checked and sub-
jected to QC as described above. Different pipelines were
developed for these data that were obtained from 4 differ-
ent construction protocols, namely, 10X Genomics, Smart-
seq2, Drop-seq and CEL-seq2 (19,20). For data from 10X
Genomics, we used CellRanger (v6.0.2) and its built-in
reference genomes (human: refdata-gex-GRCh38-2020-A;
mouse: refdata-gex-mm10-2020-A) to identify the barcode
of each cell as well as the unique molecular identifier
(UMI) and construct a matrix of UMI counts for each
sample. For data from Smart-seq2, the HISAT2 + fea-
tureCounts pipeline was used to quantify gene expres-
sion in each cell. For both the Drop-seq and CEL-
seq2 datasets, STAR (v2.7.10a) (21) software was used
for alignment, and the data were demultiplexed to con-
struct a matrix of UMI counts for each sample using
the published pipelines dropseqRunner (https://github.com/
aselewa/dropseqRunner) and celseq2 (22), respectively. Af-
ter constructing the expression matrix, a series of analyses
were performed using Seurat (v4.1.1) (23), such as TSNE
and UMAP clustering and identification of the marker
genes for different clusters or groups. We used SCTransform
(v0.3.3) (24) to normalize the count matrix and Harmony
(v0.1.0) (25) to integrate the samples. The annotation of
cell types was performed by scType (26). All analyses were
based on default parameters used to build a relatively stan-
dard analysis pipeline.

Differential expression analysis

Comparing the differences between organoids and other
types of samples is a common task of OrganoidDB, and
screening for DEGs allows inference of the molecular ge-
netic characteristics of specific organoids. Differential anal-
ysis of microarray data was performed based on limma
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Figure 1. Overview of OrganoidDB. (A) Data were manually collected from GEO and ArrayExpress. (B) The data are annotated, integrated and analysed
and presented to users via a web application interface; the application backend is built on Django and a hybrid MySQL/datafile data storage system,
while the frontend is built on HTML5 and jquery libraries. (C) Functions including search for genes and browse for datasets/samples are provided in
OrganoidDB. Various interactive plots are also created for data visualization.

(v3.52.1) (27), while bulk RNA-seq data were analysed by
using DESeq2 (v1.36.0) (28). For the RNA-seq datasets
lacking biological replicates, analysis was performed by
manually setting the biological coefficient of variation
(bcv, human: bcv = 0.4; mouse: bcv = 0.1) using edgeR
(v3.38.1) (29). The significance of each DEG was char-
acterized by Student’s t test, and P-values were adjusted
based on the Benjamini−Hochberg (BH) multiple test-
ing correction method. For datasets with larger sample
sizes, such as single-cell RNA-seq datasets and datasets
from the organoid specificity module, the Wilcoxon rank-
sum test was used to characterize significance, and the
false discovery rate (FDR) method was used to adjust the
P-values.

Enrichment analysis

OrganoidDB also supports functional enrichment analysis
of DEGs, including GO analysis, KEGG pathway analy-
sis, gene set enrichment analysis (GSEA) and cell marker
enrichment. For functional enrichment analysis, we down-
loaded annotation files from GO (30) and KEGG (31) to
build local libraries, and for cell marker enrichment anal-
ysis, we integrated two databases, CellMarker (32) and
PanglaoDB (33), to build local libraries. All enrichment
analyses were performed based on the most significant 2000
DEGs (adjusted P-values < 0.05), except for GSEA, which
was based on the ranking of fold changes of all expressed
genes. The enrichment analysis was performed by using hy-
pergeometric tests to calculate the P-values, which were ad-
justed using the BH multiple testing correction method.
These analyses and the visualization of the results were per-
formed on clusterProfiler (v4.0) (34).

Database implementation

OrganoidDB is hosted with NGINX and uWSGI in a cen-
tOS environment on the Alibaba cloud. The database is
built on a Django stack with a hybrid MySQL/filesystem
data storage system. The front end was rendered with
HTML5, bootstrap, and jquery libraries. Interactive data
tables are rendered with the datatable js library. All interac-
tive plots are rendered with the Plotly js library.

CONTENTS AND FEATURES OF ORGANOIDDB

Database overview

Currently, OrganoidDB provides transcriptome data from
16 218 organoid samples, including 12 911 human organoid
samples and 3,307 mouse organoid samples (Table 1
and DB Statistics page). These samples cover 172 differ-
ent organoid types, including intestinal organoids, brain
organoids, lung organoids and so on. The samples are or-
ganized into 1,069 datasets, including 145 single-cell RNA-
seq datasets, in five major categories––‘type comparison’,
‘state comparison’, ‘protocol comparison’, ‘source compar-
ison’ and ‘organoid development’. These five categories
describe biological contexts as follows: ‘type comparison’
compares organoid samples with other sample types, such
as tissue, primary cells, and xenografts; ‘state compari-
son’ compares organoids of different states, such as dis-
ease versus normal state, proliferative vs. quiescent state,
and adult versus fetal state; ‘protocol comparison’ com-
pares organoids grown under different growth conditions,
such as differentiation medium vs. expansion medium, co-
culture versus monoculture, and Matrigel versus colla-
gen and ‘source comparison’ compares organoids grown
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Table 1. Statistics of OrganoidDB

Function/term
Human

bulk
Human

single-cell
Mouse

bulk
Mouse

single-cell

General 722 Sa 449 529 C 322 S 221 261 C
Organoid specificity 975 S 172 149 C 332 S 67 773 C
Tissue specificity 17 382 S 566 108 C 72 S 53 760 C
Organoid
development

39 D 9 D 8 D 2 D

Organoid
comparison

630 D 115 D 247 D 19 D

type comparison 420 D 68 D 188 D 14 D
state comparison 123 D 21 D 9 D 0 D
protocol
comparison

71 D 14 D 42 D 4 D

source comparison 16 D 12 D 8 D 1 D
Organoid samples 7 243 S 5 668 S 2 953 S 354 S
Organoid types 119 T 66 T 67 T 19 T

a ‘S’, ‘C’, ‘D’ and ‘T’ indicate ‘samples’, ‘cells’, ‘datasets’ and ‘types’, re-
spectively.

from different sources, such as adult stem cells (ASCs)
versus pluripotent stem cells (PSCs), induced pluripotent
stem cells (iPSCs) versus embryonic stem cells (ESCs) and
patient-derived organoids (PDOs) versus patient-derived
xenograft organoids (PDXOs). Finally, ‘organoid develop-
ment’ calculates the correlation for each gene between gene
expression values and organoid developmental time points.

The homepage and DB statistics page give an overview of
our samples and datasets. The help page provides a guide on
OrganoidDB functionalities, while the search, browse, visu-
alization functionalities, user feedback and data submission
are described in the sections below.

Search functions

On the search page, OrganoidDB allows users to per-
form multi-perspective exploration of the gene expression
of organoids and other sample types under six modes at
both the bulk and single-cell RNA levels in either human
or mouse (Figure 2A). General. The ‘general’ mode allows
users to search for an overview of gene expression across
different organoids compared with primary tissues, cell line
cultures, PSC cultures and spheroids. This module contains
1044 bulk RNA samples and 126 single-cell samples with
∼670K cells (Table 1). For bulk RNA, searching for a gene
will display box-plot comparison of its expression across
the different sample types. For single-cell, the search result
will display violin-plot comparison as well as a bar-plot of
the percentage of cells a gene is expressed across the sam-
ple types. For more in-depth visualization, users can use
the organoid comparison mode to navigate our compari-
son datasets or organoid/tissue specificity modes to identify
organoid/tissue-specific genes.

Organoid comparison. The ‘organoid comparison’ mode
compares gene expression in organoid samples with that in
tissues, cell lines, and xenografts and compares organoids
derived from different sources or different protocols. This
mode provides users with access to four different categories
of DEGs as described above, i.e. ‘type comparison’, ‘state
comparison’, ‘protocol comparison’ and ‘source compari-
son’. These four categories contain 690, 153, 131 and 37
datasets, respectively. Users can search for the gene of in-

terest to query datasets in which the gene is differentially
expressed. OrganoidDB also provides comparison queries
based on organoid types. Users can identify the DEGs of
a certain organoid type under different conditions. In ad-
dition, users will be led to a detailed information page by
clicking the dataset ID, as described below.

Organoid development. The ‘organoid development’
mode enables the identification of genes correlated with
development by calculating Spearman’s correlations as
organoid cultures develop over time. There are 58 organoid
development datasets in total. In this mode, users can iden-
tify development-correlated genes by searching for genes of
interest across all our datasets or find genes with the highest
Spearman’s correlation in specific organoids.

Organoid specificity. This mode will help identify
organoid-specific genes in various organoid types. For
bulk RNA-seq samples, we calculated specificity across
36 different human organoids and 15 different mouse
organoids. For single-cell RNA-seq samples, we calculated
specificity across 17 different human organoids and 11
different mouse organoids. Organoid specificity was mea-
sured through comparison between the given organoid
type and the remaining organoid types using differential
expression analysis. Fold change and P-values were used
to estimate organoid specificity. Users can search for genes
of interest across all organoid types to see if they have high
specificity for certain organoids, or users can list all genes
for an organoid type and filter them on the basis of fold
change and P-values to identify the genes most specific to
an organoid type. For bulk samples, box plots are shown
to visualize differential expression across organoid types.
For single-cell samples, bar plots are shown to visualize
the percentage of cells with expression, and violin plots are
shown to visualize the expression value across the organoid
types.

Tissue specificity. This mode will help identify tissue-
specific genes in various tissue types. For bulk RNA sam-
ples, we calculated specificity across 30 different human tis-
sue types and 18 different mouse tissue types. For single-
cell samples, we calculated specificity across 26 different hu-
man tissue types and 20 different mouse tissue types. Tis-
sue specificity was measured through comparison between
the given tissue type and the remaining tissue types using
differential expression analysis. Fold change and P-values
were used to estimate the tissue specificity. By providing tis-
sue specificity as a reference, users can see if genes that have
high specificity to organoid types also have high specificity
in their corresponding tissue types. Similar to the organoid
specificity module, box plots, bar plots and violin plots are
shown to visualize differential expression.

Correlation analysis. Correlation analysis was used to
study gene−gene expression correlations across organoid
samples or tissue samples. Spearman’s correlations between
two genes were calculated based on gene expression across
samples in the same dataset.

Browsing interface

On the browse page (Figure 2B), users can browse through
organoid datasets and samples using (i) filters such as
organoid types, study types and comparison types. (ii) click-
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Figure 2. Main functions of the OrganoidDB web content. (A) Search for organoid transcriptome expression data under six different modes at both the
bulk and single-cell levels in human or mouse. (B) Browse for organoid datasets and samples by selecting the organism, data type, platform or tissue type.

ing the dataset ID will lead to a detailed information page
described below.

Detailed information

The detailed information page contains the available
organoid culture information for both samples and datasets
(Figure 3A). Sample characteristics such as sample capture
time and patient demographic information that the sam-
ple is derived from are provided. Furthermore, we anno-
tated datasets with the original GSE number as well as
publication information and PMID link when available.
For bulk RNA datasets, the overall analysis results, includ-
ing DEGs, enriched functions/pathways, and differential
cell type markers, are provided. For single-cell RNA-seq
datasets, in addition to the overall analysis, the single-cell

cluster analysis will generate a cell clustering plot with cell
type annotation when available, cluster marker genes and
DEGs in clusters (Figure 3B). Other interactive plots, in-
cluding box plots, volcano plots and heatmaps, are also pro-
vided for data visualization in the detailed information page
(Figure 3C).

Result availability

Interactive plots are rendered with the Plotly js library in
HTML5. Users can customize plot views by zooming and
panning to areas of interest, as well as showing or hiding
certain plot aspects. All processed data and related meta-
data can be downloaded through the data table search re-
sults. All interactive plots can be downloaded in PNG and
SVG format. Single-cell feature plots can be viewed and
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Figure 3. Detailed information page of a single-cell RNA-seq dataset example. (A) Users can view detailed information, including organoid information,
DEGs and enriched GOs/pathways/cell types. (B) For single-cell cluster analysis results, users can visualize cell clustering, the expression ratio for each
cluster, and marker genes and DEGs within clusters. (C) Other interactive plots, including box plots, volcano plots and heatmaps, are also provided for
data visualization. Due to space limitations, only selected parts of this page are shown here.

downloaded in the detailed information page of the corre-
sponding single-cell dataset.

User feedback and data submission

Usability tests are necessary for smooth database oper-
ation. Users can help us improve OrganoidDB by fill-
ing out a short questionnaire on the Feedback&Submit

page. The questionnaire collects information on the fol-
lowing: user intention, user satisfaction, platform usabil-
ity, platform usefulness and platform ease of use (35,36).
Users can give a short description of how they intend
to use our platform and give a rating of whether they
are successful in completing their tasks. In addition,
users can also describe in detail their suggestions for
OrganoidDB.
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Users can also inform OrganoidDB of particular datasets
of interest through the Feedback&Submit page. Users can
submit their name, e-mail, and institution, as well as data
source information such as GEO accession, link to the
data source along with metadata describing the submission.
OrganoidDB will review the submission and automatically
inform the submitter when their submission is included in
the database.

CONCLUSIONS AND FUTURE DIRECTIONS

OrganoidDB is a user-friendly interactive database that
provides comprehensively curated information and analy-
sis results based on transcriptome data related to organoids
from the GEO and ArrayExpress databases. Our database
includes microarray, RNA-seq and single-cell RNA-seq
data for multiple organ types in human and mouse, in-
cluding intestinal organoids, brain organoids, and lung
organoids. OrganoidDB makes it easy for organoid re-
searchers to explore organoid-related transcriptomic data
without the need for computational programming and to
conduct their own organoid research or validate their re-
sults. Taking advantage of our in-house-built hybrid data
storage architecture, OrganoidDB can quickly respond to
user input and help users retrieve transcriptome profiles of
interest. For example, researchers have found that aqua-
porin 5 (AQP5) is more highly expressed in human lung
organoids than lung tissues in the datasets ‘Odd000570’,
‘Odd000657’ and ‘Odd001044’ through the organoid com-
parison module (Supplementary Figure S1A). It has been
reported that AQP5 is highly expressed in lung organoids as
a marker of alveolar epithelial cells (37). In addition, users
can also apply the organoid development module to find
that the expression levels of some homeobox (Hox) genes
and LIM homeobox 1 (LHX1) are highly correlated with
the developmental time of kidney organoids in the dataset
‘Odd001105’ (Supplementary Figure S1B) (38). Addition-
ally, through ‘protocol comparison’ of the organoid com-
parison module, users can find that the expression of hep-
atocyte markers such as ALB and CYP3A4 (39) is gener-
ally upregulated in liver organoids in spinner flasks com-
pared to static cultures in the dataset ‘Odd000172’ (Sup-
plementary Figure S1C). Moreover, the GSEA results re-
vealed the enrichment of ‘bile secretion’ (Supplementary
Figure S1D), which is one of the major functions of the
liver. In addition, cell marker enrichment analysis also in-
dicated that hepatocyte cells might be enriched under spin-
ner conditions (Supplementary Figure S1E). Thus, we can
speculate that liver organoids cultured using spinner condi-
tions more closely resemble liver tissue under physiological
conditions, which was also confirmed by the previous re-
searchers (40). In summary, OrganoidDB can meet the tran-
scriptome analysis needs of organoid researchers and help
improve the understanding of organoids as well as organoid
culture protocols.

To the best of our knowledge, OrganoidDB is the first
publicly available database that provides an organized re-
source for researchers to explore transcriptomic differences
in organoids in terms of their tissue of origin, treatment
protocol, growth protocol, development time, and organoid
specificity. OrganoidDB is expected to provide a better un-

derstanding of organoids and help to improve organoid
culture protocols to yield organoids that fully recapitu-
late the structure of the modelled organs. In the future, we
will continue to maintain OrganoidDB and make regular
updates––new data can be added to OrganoidDB with our
standardized pipelines for collecting metadata from GEO
and ArrayExpress and processing raw transcriptomic data.
We plan to review new GEO and ArrayExpress entries ev-
ery 6 months and update our database accordingly. Further-
more, from the Feedback&Submit page, users can upload
new organoid datasets, and we will update OrganoidDB
accordingly after reviewing the submission. User feedback
will be reviewed weekly to continue to improve the usabil-
ity of OrganoidDB and make timely updates. We will also
expand the database in the following directions: (i) incorpo-
rate more types of high-throughput data, such as genomic
and proteomic data, to make OrganoidDB a multiomics re-
source; (ii) collect and analyse organoid data for drug pro-
cessing to provide data resources for target discovery and
drug development; (iii) build an in-house pipeline to allow
users to analyse their data using our standard procedures
and to integrate the results with OrganoidDB datasets and
(iv) develop a series of analytics tools and algorithms to
evaluate the organoid models. We believe that OrganoidDB
will benefit the organoid research community and expand
the application of this field.

DATA AVAILABILITY

OrganoidDB is freely available online at http://www.inbirg.
com/organoid db/, and there is no login requirement.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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