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Abstract
Summary: vSPACE is a web-based application presenting a spatial representation of scRNAseq data obtained from human articular cartilage by 
emulating the concept of spatial transcriptomics technology, but virtually. This virtual 2D plot presentation of human articular cartage cells 
generates several zonal distribution patterns, for one or multiple genes at a time, revealing patterns that scientists can appreciate as imputed 
spatial distribution patterns along the zonal axis.
Availability and implementation: vSPACE is implemented in Python Dash as a web-based toolbox designed for data visualization of zonal 
gene expression patterns in articular cartilage chondrocytes. This tool is freely accessible at: https://vspace.cse.uconn.edu/
The source code and extra materials for this service can be downloaded from: https://github.com/zhacheny/vSPACE

1 Introduction
Single cell and single nuclear RNA sequencing (scRNAseq 
and snRNAseq) is fast becoming the transcriptional standard 
for assessing the molecular landscape of a tissue because it 
reveals the cellular heterogeneity of the tissue that is lost with 
bulk RNAseq. The huge datasets resulting from these studies 
(5–10K cells by 10–20K genes) present a major challenge for 
the graphical representation of the types of cells with a simi
lar molecular signature that are imputed into functional 
properties. In tissues where there are well-defined molecular 
signatures (e.g. the immune system), clustering cells into dis
tinct and biological subgroups using widely used Seurat soft
ware (Butler et al. 2018) and tSNE/UMAP visualization is 
distinctive and biologically meaningful. However, in tissues 
where cell types are not well defined at the molecular level be
cause prior knowledge is not well developed, such as articular 
cartilage (AC), the outcome generates clusters of merged cell 
populations with nomenclature that is not meaningful to the 
chondrocyte biological community. Figure 1 illustrates the 
tSNE analysis developed by our group using the Seurat pro
gram that identifies clusters with names of fibrocartilage, re
parative, regulatory, homeostatic, and effector chondrocytes 
that do not align with the known properties of this tissue. 
Using UMAP also produces a very similar highly integrated 
one clump of cells that are not separated in the 2D display 
(Swahn et al. 2023). The tSNE/UMAP approach often 

misidentifies functional clusters because unbiased selection of 
the most variable transcripts fails to capture functionally im
portant genes in part because the transcript changes of func
tionally discerning genes are subtle (not as dramatic as cell 
type discerning marker genes). Figure 1B is a classic example 
illustrating the limitation of using tSNE/UMAP style method 
when the gene expression values are obtained from one ho
mogeneous cell type such as chondrocytes as in the case 
of AC.

Here, we report on a graphical approach vSPACE (virtual 
Spatial Articular Cartilage Explorer) for representing a 
scRNAseq study of a tissue with well described histological 
organization, but which lacks the detailed cellular knowledge 
required for biologically meaningful clusters. It is designed to 
assist the AC community to develop meaningful clusters that 
eventually would be useful for spatial location of the clusters 
with the AC tissue. It is based on well-defined histological 
zone in the AC (superficial, transitional, middle and deep;  
Fig. 2A) that have been further refined at the transcriptional 
level by bulk RNAseq analysis of serial sections from the su
perficial to deep zone (Fig. 2C).

vSPACE differs from the recent multi-omics analysis sys
tems that map scRNAseq data to spatial transcriptomics data 
(ST) data such as CytoSPACE (Vahid et al. 2023), CellTrek 
(Wei et al. 2022) and SpaOTsc (Cang and Nie 2020). These 
latter systems assume the availability of ST data (e.g. 10× 
Visium) and attempt to map disassociated scRNAseq data to 
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the signals obtained from pockets of spatially anchored bulk 
cells, whereas vSPACE assumes no use of ST data.

2 Graphical design concept
Positioning each cell from scRNAseq study of AC within a 
2D space (Fig. 2C) is based on two determinants. The Y-axis 
represents the estimate of the tissue’s top-to-bottom spatial 
positioning, meaning middle zone spreads out equidistant 
from Y’s value zero and Y’s higher positive value and lower 
negative value are mapped to, respectively, toward superficial 
and deeper zones. The Y value for each plotted cell reflects its 
similarity of gene expression to signal strength of the superfi
cial or deep Zone Marker Genes (ZMG) that were selected 
from serial-section bulk RNA study as shown by the arrows 
in Fig. 2C (Grogan et al. 2013; PMID 23124445). The calcu
lation of Y for each cell in the study is derived from the differ
ence of the weighted summed superficial ZMG score minus 
the weighted summed deep ZMG score. For the X-axis the 
value represents the concerning gene expression strength in 
term of z-score, i.e. X-axis value 0 represents the gene’s popu
lation mean expression value and the X value being negative 

or positive means, respectively, expression value being 
smaller or larger than the population average.

3 Implementation
The developed vSPACE is a web-based toolbox for data proc
essing, exploration, analysis and visualization of zonal gene 
expression patterns in AC cells. This web-based tool is writ
ten in the Python programming language (version ≥ 3:6:0) 
and takes advantage of the Dash (Dabbas 2021) for the pipe
lined and customizable visualization to produce publication- 
ready figures and tables.

3.1 Input data
The input dataset needs to be preprocessed before being fed 
into the vSPACE portal. This step converts the raw dataset 
into z-score format and computes all data matrices for a sin
gle cell including the averages of the gene expression values 
for each cell with the dropouts (genes that are not express
ing), the averages of the gene expression value for each cell 
without the dropouts and the zonal labels. After this step, the 
processed data format also stores all the metadata, including 

Figure 1. (A) Normal human femoral epiphyseal articular cartage biopsy region from which scRNA-seq data was obtained. (B) tSNE graphics of the 
named clusters from the study (Swahn et al. 2023). (C) The list of key genes used to produce the cluster names—inconsistent with known biology of 
this tissue.

Figure 2. (A) Three zones of AC are identified from microscopic tissue histological image. (B) Z-Z plot emulates placement of cells by estimating zonal 
scores for individual cells for Y-axis and using expression z-score for the chosen gene (COL2A1) for X-axis. The vertical dots on the Y-axis are cells that do 
not express COL2A1. (C) Zonal marker genes identified for superficial and deep zones from gene expression study (Grogan et al. 2013) presented in the 
heat map are used to position each cell onto the Z-Z plot.
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the cell barcodes, gene symbol names, lists of marker gene 
sets, tissue types as well as the zonal names. Upon data input, 
a virtual spatial representation of the data points is then dis
played in the interactive viewer in 2D space, also known as 
the “Z-Z plot” (Zone versus Z score). The following parts il
lustrate how the Z-Z plot is constructed.

3.2 Computing zonal score
Spatial markers for the AC cells are assumed to be known a 
priori, which we call the ZMG. How to find the most ideal 
ZMG for a single cell study performed on AC cells is an on- 
going research topic. In this study, we use the zonal markers 
produced by serial sections from the superficial to the deep 
zones analyzed with Mass Spec (M€uller et al. 2014; PMID 
25193283) and bulk RNAseq (Grogan et al. 2013; PMID 
23124445) to compile a list of ZMG in the two major zones 
(superficial and deep) of the AC. Zonal scores are calculated 
by Equation (1). We note that the formula given below is a 
special form of a similar equation that has been already de
tailed in our previous work (Zhang et al. 2022). 

Zc ¼
P

g2ZMGS
Eg;c= ZMGSj j �

P
g2ZMGD

Eg;c= ZMGDj j (1) 

where Eg;c is the z score expression value of the gene g of the 
cell c, ZMGS and ZMGD represent, respectively, the superfi
cial zone markers and deep zone markers. The notations 
jZMGSj and jZMGDj correspond to the number of the 
marker genes in the superficial zone and the deep zone, re
spectively. Zc is calculated after trimmed quantile normaliza
tion is performed on the raw unique molecular identifier 
(UMI) count values (Wang et al. 2022). Figure 2B plot is gen
erated using PRG4, IGFBP5, CHI3L1, and OGN for 
ZMGS and COL10A1, integrin binding sialoprotein (IBSP), 
CLEC3A and F13A1 for ZMGD indicated by arrows 
in Fig. 2C.

3.3 Developing/validating the computational 
spatial map
For its 2D placement of single cells, the Z-Z plot places each 
AC cell on the Y-axis into three zone—superficial zone, mid
dle zone and deep zone—based the similarity of the expres
sion profile to the serial bulk RNAseq where the z score for 
all cells expressing the gene determines the Y-axis value 
(Fig. 2B). Note that cells not expressing the gene (dropouts) 
are placed on the Y-axis line. As shown in Fig. 2B, the Z-Z 
plot includes two horizontal lines, the upper one 

distinguishing superficial zone and middle zone and the lower 
one distinguishing middle zone and deep zone. The data 
points are colored by the zonal scores: cells (i.e. dots) in su
perficial zone are red colored and cells in deep zone are col
ored blue. The middle zone cells are colored gray. Here the 
position in Y-axis conveys the likelihood of a cell’s zonal 
membership. For example, the topmost positioned cells are 
estimated to be the most likely superficial zone cells and the 
bottommost positioned ones most likely deep zone cells. Cells 
are positioned along the Y-axis based on the corresponding 
zonal scores estimating where they should be between the 
two extremes. The plot also includes two vertical lines, the 
left one identifying the average gene expression value with 
dropouts (left vertical line) and the right vertical one the aver
age value of expressing cells (dropouts excluded) for the se
lected gene whose symbol placed below the X-axis. The two 
vertical lines are annotated with numeric values denoting the 
average intensity values of the data points that are generated 
for the chosen gene.

The program initially generates a Zonal Dot Count Table 
for the nine Z-Z compartments (non-expressing, Z<0, Z> 0 
in the superficial, middle and deep zone). Subsequently it pro
duces the Zonal Dot Percentage Table (Fig. 3) that calculates 
percentage of all cells expressing the gene in each zone, ex
cluding dropouts as well as the summed expression of 
the gene in all the cells in the scRNAseq study and the mean 
expression per total cell number and per expressing cells 
(non-expressing cells removed).

Distinctive Z-Z patterns are produced when cells are se
lected for genes expressed in the three distinct zones. PRG4 
produces the lubricin protein that is synthesized in the super
ficial zone and secreted into the joint fluid. The Z-Z pattern 
shows strong expression in the superficial and upper middle 
zone (Fig. 3A). Aggrecan (ACAN) is a major proteoglycan 
that accumulates in the middle and deep zones, which is 
reflected in the Z-Z pattern of strong expression in the two 
lower zones (Fig. 3B). IBSP is a characteristic protein of the 
deep zone, and the Z-Z pattern matches this expectation by 
strong expression in the deep zone only (Fig. 3C). Another 
validating observation is the Z-Z pattern of cell distribution 
of a single gene across multiple human donors selected by not 
having evidence of disease or trauma. Figure 4 illustrates the 
example of cells expressing the COL2A1 gene across five hu
man subjects (one female, four male) ranging in age from 20 
to 56. While the patterns are the same, the mean level and 
percent of expression can vary and could be an early marker 
of a subtle perturbation. Additional Z-Z patterns are 

Figure 3. Z-Z plot of three genes whose distribution is well known by the AC community. (A) Lubricin (PRG4) is produced by superficial zone cells. (B) 
Aggrecan (ACAN) is a major matrix proteoglycan primarily located in the mid and deep zone. (C) Integrin binding sialoprotein (IBSP) is a major matrix 
protein of the deep zone. For each graph, the zonal dot percentage table shows mean level of total and per cell expression and percent cellular 
distribution within each histological zone.
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provided in Supplementary Fig. S1 with accompanying 
explanations.

3.4 Use of spatial mapping to discover clusters
Although the cellular histology of each zone has a similar 
morphology, vSPACE reveals a very heterogeneous popula
tion when viewed as molecular clusters. The analysis begins 
by selecting a well understood gene that is expressed in sub
population of the AC such as PRG4, ACAN, COL2A1, and 
IBSP (what we call “cluster sentinel genes”). Using the avail
able Spearman test, the genes most frequently co-expressed 
with the PRG4 sentinel gene are discoverable. Figure 5 shows 
how the discovered co-expressing gene CRTAC1 (cartilage 
acidic protein) can be examined. Figure 5A shows the Z-Z 
pattern of PRG4 only (single gene mode). Figure 5B shows 
the outcome from Spearman test. Figure 5C overlays a heat 
map expression of CRTAC1 onto the PRG4 cells (in a co- 
expressing mode). Cells that strongly express both PRG4 and 
CRTAC1 have the bright orange color and are located in the 
superficial and top portion of the middle zone. Cells that are 
colored blue show low or no expression of both genes and 
are located in the middle to deep zone. The Zonal Dot Count 
and Percent program then generates the total number of tran
scripts, mean values of expressing cells and the percent en
richment within the cluster relative to the total cell 
population within each histological zone.

The highly co-expressing cells (orange-colored cells) in the 
superficial zone can be exported into an output file to tabu
late other genes that are expressed within the two-member 

cluster using Multiple Genes selection feature available in the 
program. Using the feature, other highly expressed gene(s) 
can be selected to further test the specificity of the cluster.  
Figure 5D illustrates a multigene-co-expressed cluster, i.e. 
highly co-expressing PRG4-CRTAC1-DPT (dermatopontin, 
a secreted integrin binding protein) and ABI3BP (a secreted 
adaptor SH3 protein). The red dots within the entire PRG4 
pattern are the cells that express the 4-member cluster. The 
user can perform another round of exploration in real-time, i. 
e. Spearman correlation test to find other genes enriched in 
the cluster.

3.5 Use by the AC biomedical community
The program is available to the public as a web-based tool at 
https://vspace.cse.uconn.edu. Currently there are 13 scRNAseq 
datasets preloaded by processing publicly available human AC 
scRNAseq datasets. Examining each of these datasets can be
gin by simply choosing a dataset from the dropdown menu 
listing the choices. The preloaded datasets include six human 
knee healthy AC samples and six human knee osteoarthritis 
(OA) samples (GSE220243) and one pooled dataset from 34 
human OA samples (GSE104782). This computational envi
ronment offers two primary analytic capabilities that will en
hance the understanding of scRNAseq experiment of AC. The 
first analytic capability is to review the cellular distribution 
patterns of one or more selected genes over the Z-Z plot 
(explained in Section 3.3) with “Use Gradient Color” option. 
One may enter FGFBP2 in the primary query box of the portal 
and discover its exceptionally formed negative correlation 

Figure 4. Consistency of the Z-Z plot for COL2A1 across AC samples obtained from health donors. Not shown the comparison of the total and per cell 
expression across the donor set that does seem to vary by sex and donor age.

Figure 5. Graphical representation of cell clusters based on co-expression of marker genes. (A) Z-Z plot of PRG4. (B) Spearman test for PRG4 high cells. 
CRTAC1 emerges. (C) Heat map of co-expressing CRTAC1 cells overlayed onto the PRG4 pattern showing high expression (Z> 1) of both genes in the 
superficial zone. (D) Overlay of cells with strong expressing (Z > 1) of three genes (CRTAC1, DPT, and ABI3BP) in PRG4 positive cells that show 
localization to the superficial zone.
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pattern along the zonal axis (Supplementary Fig. S1). This 
gene has been annotated for only a very broad GO Biological 
Process term “cell-cell signaling” (GO:0007267) suggesting 
that its function is not well studied in general, not to mention 
its regulatory role in AC chondrocytes. Since the pattern of 
ACAN resembles that of FGFBP2 (Supplementary Fig. S1), 
this scientist can explore how the two genes overlap by enter
ing ACAN in the secondary query box and will discover an ex
treme consistency both in expression level and localization 
between the two gene through heatmap visualization (e.g.  
Fig. 5C). The second analytic capability is to further drill 
down this “unusual” finding using the option “Use Cell 
Section” (explained in Section 3.4). The scientist selects a clus
ter of cells that are highly expressed both in FGFBP2 and 
ACAN and performs Spearman test to find which other gene(s) 
may be highly co-expressed in this subgroup. The secondary 
query box can include multiple genes to help further refine this 
cell cluster discovery effort. These capabilities are designed to 
develop meaningful clusters and analytical pathways to sup
plant the current tSNE/UMAP approach. The response rate of 
the portal is dependent on the size of the dataset (e.g. 7071 
cells × 445 genes versus 4450 genes) which determines the 
complexity of the clusters that can be assessed with the tool.

4 Conclusions
Our in-house use of the program environment has led us to 
appreciate the cellular complexity of a tissue that histologi
cally appears to be very homogeneous. For example, a cluster 
based on strong COL2A1-COL3A1 co-expression reveals a 
cell population specializing in synthesis of multiple collagen 
types (COL5, COL6, COL9, COL11, COL12, COL15, 
COL16, COL27) while a COL2A-CTHRC1 cluster makes 
no collagen transcripts but instead secretes matrix and 
growth factor modifying products. The Z-Z plot dramatically 
convey the difference between the pattern of COL2A1 be
tween healthy and osteoarthritic cartilage with the percentage 
of cells expressing the transcript increasing from 60% to 
100% (although a lower total number of cells and the per cell 
expression increasing from 80 to 240). While bulk RNA se
quencing does show a diminished COL2A1 mRNA, the 
scRNAseq provides a totally different perspective of how 
the AC chondrocyte responds to the disease environment. 
We predict that even more sophisticated examples of early 
and late-stage disease will become evident when biological 
clusters are utilized for further interrogation. Finally, 
as marker gene combinations are discovered and made pub
lic, it will provide guidance for probe selection when design
ing and interpreting cell level spatial transcriptomic or 
proteomic studies. This web portal is designed to be a com
munity resource—a knowledge portal for the AC re
search community.
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