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Abstract
Background

Proteoglycans and glycosaminoglycans (GAGs) are essential for embryonic development and adult
tissue homeostasis. Proteoglycan core proteins largely determine proteoglycan localization, whereas
enzymes involved in GAG initiation, elongation, modification, and degradation regulate the composition
of attached GAG chains. Although proteoglycans are known to participate in epithelial-mesenchymal
transition (EMT), it remains unclear whether developmental EMT programs contribute to shaping
proteoglycan expression patterns that persist into adulthood.

Results

Using single-cell RNA sequencing data from 81 adult human cell types, we analyzed the expression of 42
proteoglycan core proteins and 48 GAG biosynthetic enzymes. Proteoglycan core protein expression was
strongly associated with embryonic germ-layer origin and EMT transcription factor (TF) activity,
suggesting that adult tissues retain transcriptional features established during embryogenesis. In
contrast, GAG biosynthetic enzymes displayed more cell type- and tissue-specific expression patterns,
including enrichment of chondroitin/dermatan sulfate biosynthetic enzymes in mesoderm-derived
immune cells and broad GAG biosynthetic enzyme expression in central nervous system cells. Analysis
of human embryonic single-cell data during gastrulation demonstrated dynamic, lineage-specific
regulation of both proteoglycan core proteins and GAG biosynthetic enzymes in parallel with EMT TF
expression. Approximately half of the proteoglycan core proteins retained their embryonic germ-layer
specificity in adult tissues, whereas GAG biosynthetic enzymes showed substantially lower
conservation. Integration of embryonic and adult transcriptomic data with EMT TF perturbation datasets
and ChlP-seq analyses identified the ZEB family as prominent candidate regulators, primarily through
enhancer-associated regulatory elements.

Conclusions

Together, these findings suggest that adult proteoglycan core protein expression retains a transcriptional
imprint of embryonic EMT programs, whereas GAG biosynthetic enzymes become increasingly governed
by cell type- and tissue-specific regulatory mechanisms. Our study provides evidence that developmental
origin is a major determinant of the adult proteoglycan landscape and offers a framework for
understanding how embryonic transcriptional programs contribute to extracellular matrix organization in
health and disease.

Background
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Proteoglycans are heavily glycosylated proteins that are widely expressed across human tissues and
play essential roles in tissue development, organization, homeostasis, and remodeling (1, 2). They
consist of a protein core decorated with covalently attached glycosaminoglycan (GAG) chains and are
found on the cell surface, within intracellular granules, and throughout the extracellular matrix (ECM) (2).
The diversity of both the core proteins and their attached GAG chains generates substantial structural
and functional heterogeneity, enabling proteoglycans to regulate numerous biological processes.

Through interactions with extracellular ligands (3-6), other proteoglycans (6, 7), and cell adhesion
molecules (2, 8), proteoglycans function as molecular interfaces between cells and their surrounding
microenvironment. As components of the basement membrane, they contribute to defining tissue
compartmentalization and establishing cell polarity (6, 9, 10). Additionally, proteoglycans act as
receptors, co-receptors, and ligands for various growth factors, cytokines, and morphogens that provide
essential signals for tissue homeostasis and regeneration (11-16).

Previous studies suggest that proteoglycans play a dual role in epithelial-mesenchymal transition (EMT),
both regulating and being regulated by the process (17). EMT is a reversible developmental program
during which epithelial cells lose polarity and cell-cell adhesion while acquiring migratory and
mesenchymal characteristics. The process is initiated by signaling pathways including TGF-, Wnt,
Notch, and receptor tyrosine kinases, culminating in activation of the EMT transcription factors (TFs)
SNAI1/2, TWIST1/2, and ZEB1/2, which repress epithelial genes while inducing mesenchymal gene
expression (18). Remodeling of the extracellular matrix accompanies these transcriptional changes and
facilitates cell migration (19).

EMT is initiated during gastrulation in the developing embryo, enabling the formation of the three primary
germ layers that ultimately give rise to every cell type in the adult organism. Proteoglycans contribute to
these developmental events by stabilizing concentration gradients of signaling molecules and enabling
signaling pathways that are critical for cell determination and tissue organization (20—23). For instance,
the formation of the endoderm and mesoderm germ layers from the single layer of epithelial cells
termed the epiblast, relies on proteoglycans to promote fibroblast growth factor signaling (24, 25). The
remaining cells of the epiblast become the ectoderm. Studies in model organisms have also shown that
proteoglycan-dependent activation of Wnt signaling is critical for cell movement during gastrulation (26,
27), and that the relocation of epiblast cells requires ECM rearrangement, highlighting a potential role for
proteoglycans in the basement membrane underlying the epiblast (28, 29). Because all adult tissues
originate from these embryonic lineages, transcriptional programs established during gastrulation may
continue to influence tissue-specific gene expression long after embryogenesis has concluded. Whether
such developmental programs contribute to the proteoglycan expression patterns observed in adult
tissues, however, remains unknown.

Although proteoglycans have long been recognized as regulators of EMT, it remains unclear whether
EMT-associated transcriptional programs also establish the proteoglycan expression patterns observed
in adult tissues. Furthermore, it is unknown whether proteoglycan core proteins and the enzymes
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responsible for GAG biosynthesis are governed by similar developmental regulatory mechanisms or
become independently regulated following lineage specification. Here, we integrate adult and embryonic
single-cell transcriptomic datasets with EMT TF perturbation experiments and ChlP-seq analyses to test
the hypothesis that embryonic EMT programs establish proteoglycan expression signatures that persist
into adulthood while GAG biosynthetic enzymes acquire increasingly tissue-specific regulation.

Results

Proteoglycan core protein expression, but not GAG biosynthetic enzyme expression, reflects embryonic
lineage identity and EMT transcription factor expression in adult tissues

Given the central role of EMT in embryonic germ-layer formation and the established involvement of
proteoglycans in this process (17, 30), we first investigated whether proteoglycan core protein and GAG
biosynthetic enzyme expression in adult tissues are associated with embryonic lineage identity and EMT
transcription factor (TF) expression. Single-cell RNA-sequencing (scRNA-seq) data from the Human
Protein Atlas comprising 81 adult human cell types were analyzed to examine the expression of 42
proteoglycan core proteins and 48 GAG biosynthetic enzymes (Additional file 2: Table S1A-B and S2).
Hierarchical clustering identified three cell type clusters (1-3) and three proteoglycan core protein
clusters (A-C) (Fig. 1A). Examination of the resulting cell type clusters revealed a striking segregation
according to embryonic germ-layer origin, with endoderm-derived cells predominantly clustering in
cluster 1, mesoderm-derived cells in cluster 2, and ectoderm-derived cells in cluster 3 (Fig. 1A). This
association was confirmed by Fisher's exact test (Fig. 1B), supporting the notion that embryonic germ-
layer identity is retained in adult proteoglycan core protein expression patterns. The stability of the
clusters and their cell types and gene compositions are shown in Additional file 1: Figure S1A-F and
Additional file 2: Table S2 and S3.

Because EMT establishes embryonic germ-layer identity, we next asked whether the proteoglycan-
defined clusters also differed in EMT TF expression. To address this, we compared the average
expression of the major EMT TFs (SNAI1/2, TWIST1/2, and ZEB1/2) across the three clusters (Fig. 1A
and 1C). The EMT TFs exhibited a similar clustering pattern. Cluster 2, which was enriched for
mesodermal cell types, showed the highest overall expression of EMT TFs, with particularly high
expression for ZEB1/2 and SNAIT; cluster 3, corresponding to ectodermal cells, showed high expression
of ZEB1 and ZEB2, but not for any of the other EMT TFs; while cluster 1, dominated by endodermal cell
types, exhibited generally lower expression of all EMT TFs, with the exception of SNAI2.

Despite the clear segregation by embryonic germ-layer origin, proteoglycan core proteins showed no
obvious clustering according to their predominant GAG chain type, as indicated by the side-bar
annotation (Fig. 1A). We therefore next investigated whether the enzymes responsible for GAG
biosynthesis exhibited a similar lineage-associated organization. GAG biosynthesis is mediated by
distinct enzyme classes responsible for chain initiation, polymerization, and modification through
epimerization and sulfation. Unlike proteoglycan core proteins, GAG biosynthetic enzymes did not
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segregate according to embryonic germ-layer origin (Fig. 1D). Instead, hierarchical clustering identified
four cell-type clusters (1-4), with cluster stability and cell type assignments shown in Additional file 1:
Figure S1G-L and Additional file 2: Table S4 and S5. Cluster 2 consisted exclusively of mesoderm-
derived cell types and was highly enriched for immune cells, containing 11 of the 12 immune cell types
included in the dataset. This cluster was primarily defined by enzymes belonging to GAG biosynthetic
enzyme cluster C, many of which participate in chondroitin/dermatan sulfate biosynthesis (Fig. 1D). This
enrichment suggests that immune cells may possess an increased capacity for chondroitin/dermatan
sulfate biosynthesis. Cluster 4 was characterized by broadly elevated expression of GAG biosynthetic
enzymes and consisted predominantly of principal parenchymal cells of the central nervous system (six
of the eleven CNS cell types), suggesting a particular requirement for GAG-modified proteoglycans in the
CNS. Cluster 1 consisted of three spermatogenic germ cell types and displayed generally lower
expression of GAG biosynthetic enzymes (Fig. 1D). No distinct cluster corresponding to GAG chain
initiation (linker) enzymes was identified. Instead, these enzymes were broadly expressed across cell
types, in contrast to the remaining GAG biosynthetic enzyme classes, consistent with the widespread
distribution of GAGs across human tissues (Figure STM). Overall, enzymes involved in heparan,
chondroitin, and dermatan sulfate biosynthesis exhibited marked cell type-specific expression but
showed little association with embryonic germ-layer origin. We next examined whether the GAG
biosynthetic enzyme clusters differed in EMT TF expression (Fig. 1D-E). Here, ZEB1 and ZEB2 were found
to be highly expressed in the CNS-enriched cluster (cluster 4), whereas SNAIT and ZEB2 expression was
highest in the immune-enriched cluster (cluster 2). These findings suggest a weaker association
between EMT TF activity and GAG biosynthetic enzyme expression than observed for proteoglycan core
proteins.

In summary, proteoglycan core protein expression in adult tissues is strongly associated with embryonic
germ-layer identity and EMT TF expression, whereas GAG biosynthetic enzymes exhibit more cell type-
and tissue-specific expression patterns with only limited overlap with EMT TF expression. The
observation that embryonic lineage remained the dominant organizing feature despite the diverse
physiological functions of the adult cell types suggests that developmental expression programs may
persist long after embryogenesis. These observations raised the possibility that the developmental
transcriptional programs observed in adult tissues originate during embryogenesis. We therefore next
examined proteoglycan core protein and GAG biosynthetic enzyme expression during human
gastrulation.

Proteoglycan core proteins undergo dynamic regulation
during gastrulation and partially retain embryonic germ-
layer identity

To investigate whether the germ-layer-specific core protein patterns observed in adult tissues originate

during embryogenesis, we analyzed scRNA-seq data from a karyotypically normal human embryo
(gestational week 4 + 5 days) (31). In the analysis, we included only cells annotated as epiblast, primitive
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streak, or the three germ layers, ectoderm, endoderm, mesoderm, as this is the stage of embryogenesis
where EMT is first induced (Fig. 2A). To reconstruct the transcriptional changes accompanying germ-
layer formation, we applied pseudotime trajectory analysis, which orders individual cells according to
transcriptional similarity and identifies genes whose expression changes during lineage progression. The
analysis reconstructed two developmental trajectories emerging from the epiblast, one leading to the
endoderm and the other to the mesoderm (Fig. 2B). Association tests performed separately along each
pseudotime trajectory identified multiple proteoglycan core proteins, GAG biosynthetic enzymes, and
EMT TFs whose expression changed significantly during lineage progression (FDR < 0.05; Additional file
3: Table S6A-B). These associations indicate that the expression of these genes changes dynamically as
cells transition through successive developmental states during germ-layer formation. Along the
endoderm trajectory, 16 proteoglycan core proteins (38%), 12 GAG biosynthetic enzymes (25%), and
three EMT TFs (50%) were significantly associated with pseudotime. Similar results were observed for
the mesoderm trajectory, where 18 core proteins (43%), 13 GAG biosynthetic enzymes (27%), and five
EMT TFs (83%) exhibited significant dynamic expression. To further characterize these dynamic
expression changes, we examined the smoothed expression profiles of all significantly associated genes
across the pseudotimes (Additional file 1: Figure S2A-F). Based on their smoothed expression profiles,
genes were classified as displaying increasing, decreasing, or fluctuating expression patterns. For the
endodermal trajectory, the majority of the significantly associated core proteins were either increasing
(44%) or fluctuating (38%). In comparison, in the mesoderm trajectory, 56% of the significantly
associated core proteins were increasing, and only 17% were fluctuating. As for the GAG biosynthetic
enzymes, in the endodermal trajectory, the majority of the significantly associated GAG biosynthetic
enzymes were increasing (67%), while for the mesoderm trajectory, the majority were fluctuating (62%).
Interestingly, all the significantly associated EMT TFs had a fluctuating expression in the endodermal
trajectory (TWIST1, ZEB1, and ZEB2) and either a fluctuating (60%; SNAI1, TWIST1, and ZEBT) or
increasing (40%; SNAI2 and ZEB2) expression in the mesodermal trajectory (Additional file 1: Figure S2E
and F). The fluctuating expression of EMT TFs along the endodermal trajectory likely reflects the
transient activation of EMT-associated transcriptional programs during definitive endoderm
specification. Together, these findings indicate that proteoglycan core proteins, GAG biosynthetic
enzymes, and EMT TFs undergo dynamic transcriptional changes during gastrulation, with distinct
expression patterns observed along the endodermal and mesodermal trajectories.

Although both proteoglycan core proteins and GAG biosynthetic enzymes displayed dynamic expression
during lineage progression, their individual expression patterns varied considerably. We therefore next
asked whether these genes nevertheless exhibited coordinated expression with the EMT TFs. To address
this, we performed a coordinated dynamics analysis. Rather than evaluating individual genes, this
approach summarizes the average expression trajectory of predefined gene groups, thereby highlighting
coordinated expression changes during lineage progression. Correlation analysis of these module
trajectories revealed a negative EMT TF-core protein and EMT TF-GAG biosynthetic enzyme coupling in
the endoderm trajectory (r=- 0.61 and - 0.61, respectively), but a positive coupling in the mesoderm (r =
0.41 and 0.62), revealing lineage-specific relationships between EMT TF expression and both

Page 7/30



proteoglycan core protein and GAG biosynthetic enzyme expression (Fig. 2C). Although the correlation
was stronger for the GAG biosynthetic enzymes than the core proteins, fewer GAG biosynthetic enzymes
were found to be significantly regulated during the pseudotime compared to the core proteins, as
described in the trajectory analysis. Together, these data suggest that core protein and GAG biosynthetic
enzyme dynamics are tightly coordinated with the EMT transcriptional program, but in lineage-specific
and opposing directions during early human development.

To compare germ-layer specificity between embryonic development and adulthood while minimizing the
impact of sparse single-cell expression, we first aggregated transcriptionally similar cells into metacells.
For each gene, germ-layer specificity was defined as the germ layer with the highest expression among
the top 75th percentile (Q3) of metacells in both embryonic and adult datasets (Additional file 1: Figure
S2G and H, Additional file 3: Table S8A-B). For the adult tissue data, we did not use the heatmap cluster
grouping but restricted the analysis to 74 cell types that could be confidently associated based on the
literature with one of the three germ layers (Additional file 3: Table S9). In the embryonic scRNA-seq
data, five proteoglycan core proteins were not detected and eighteen showed sparse expression with
only a few metacells expressing them, thus nineteen proteoglycan core proteins were included in this
analysis (Fig. 2D). Of these, nine (AGRN, BGN, DCN, GPC5, LUM, SDC2, SDC4, TGFBR3, and TSKU)
maintained the same germ-layer specificity after cell type differentiation. In addition, SDC3 exhibited
equal Q3 expression in ectoderm and endoderm in embryonic development but shifted to an ectoderm-
specific expression in adulthood. Interestingly, with the exception of SDC4, all of the proteoglycan core
proteins showed a significant association with the lineage trajectories, for example AGRN with endoderm
and DCN, GPC5, and TGFBR3 with mesoderm (Additional file 3: Table S6). In contrast, nine proteoglycan
core proteins changed their top-layer assignment: Four shifted from an embryonic epithelial layer
(ectoderm or endoderm) to mesoderm in adulthood, one from endoderm to ectoderm, and four from
mesoderm to either endoderm or ectoderm (Fig. 2D). Overall, 53% of proteoglycan core proteins retained
their embryonic germ-layer specificity into adulthood. The combination of conserved germ-layer
specificity and significant lineage associations during pseudotime suggests that embryonic
developmental programs continue to shape proteoglycan core protein expression in adult tissues.

For the 48 GAG biosynthetic enzymes, ten showed sparse expression and two were not detected in the
embryonic scRNA-Seq data. Among the remaining 36 enzymes, only eleven (B4GALT7, CHST8, CHST?9,
CHST11, CSGALNACT2, DSEL, EXTL1, GLCE, HS6ST1, NDST1, and XYLT2) retained their embryonic germ-
layer specificity (31%), with four of these (B4GALT7, CHST9, CHST11, and DSEL) having a significant
lineage association. By contrast, the other 25 enzymes shifted their germ-layer assignment: Nine from
ectoderm or endoderm to mesoderm, five from mesoderm to ectoderm or endoderm, eight between
ectoderm and endoderm, and one from dual embryonic (endoderm/mesoderm) to mesoderm in
adulthood (Fig. 2E). Overall, only 31% of GAG biosynthetic enzymes retained their embryonic germ-layer
specificity, substantially lower than the 53% observed for proteoglycan core proteins.
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EMT transcription factors are associated with proteoglycan
regulation and potential enhancer binding

The strong conservation of embryonic lineage specificity together with the coordinated expression of
proteoglycan core proteins and EMT TFs during gastrulation suggested that EMT TFs may directly
regulate the expression of specific proteoglycan core proteins. We therefore next examined the
relationship between individual EMT TFs and proteoglycan core proteins, as well as GAG biosynthetic
enzymes, using multiple complementary approaches. We first examined the relationship between
individual EMT TFs and proteoglycan core proteins or GAG biosynthetic enzymes by calculating pairwise
correlations between their smoothed pseudotime expression profiles within each lineage. Using a
Pearson correlation threshold of |r| > 0.4, extensive correlation networks were identified in both the
endodermal and mesodermal trajectories (Fig. 3A, Additional file 3: Table S10A-B). For the endodermal
trajectory, 108 proteoglycan core protein-TF correlations were identified (46 positive, 62 negative),
whereas the mesodermal trajectory yielded 140 correlations (71 positive, 69 negative). Interestingly,
genes correlated with one EMT TF in the mesoderm trajectory almost invariably showed similar
correlations with the remaining EMT TFs, suggesting a highly coordinated transcriptional program in this
lineage. Further, the endoderm lineage displayed a modest enrichment for negative associations,
implying distinct regulatory dynamics between the lineages. By comparison, the GAG biosynthetic
enzyme analysis revealed an even broader regulatory network: 160 significant correlations in the
endoderm (53 positive, 107 negative; Fig. 3B, Additional file 3: Table S10C-D) and 205 in the mesoderm
(128 positive, 77 negative). However, the endoderm was skewed toward negative regulation, while the
mesoderm was characterized by a predominance of positive TF-gene correlations. Strikingly, SNAI7
stood out in the endoderm by showing mostly positive correlations with GAG biosynthetic enzymes,
whereas the other EMT TFs maintained predominantly negative correlations. A similar yet more subtle
SNAI1-specific trend was also evident in the proteoglycan core protein dataset, underscoring both
shared and TF-specific regulatory programs across embryonic lineages. To further examine the
correlation between EMT TF and proteoglycan core protein expression, we performed correlation
analysis in the adult tissue data, using the same cutoff of |r| > 0.4 for defining a significant correlation
(Additional file 1: Figure S3A). For the proteoglycan core proteins, 70 positive and 5 negative
correlations were identified, while for the GAG biosynthetic enzymes 35 positive and 3 negative
correlations were identified, mainly with the ZEB1/2 TFs (Fig. 3C and D, Additional file 3: Table S11A-B).
By examining the overlap between the adult tissue and embryonic data, we identified nineteen
proteoglycan core proteins and eleven GAG biosynthetic enzymes (Fig. 3E and F). Although these
correlations suggest coordinated regulation between EMT TFs and proteoglycan core proteins or GAG
biosynthetic enzymes, they do not establish whether EMT TFs functionally regulate their expression. We
therefore next analyzed publicly available datasets in which EMT TFs were perturbed by knockout (KO),
knockdown (KD), or overexpression (OE).

A total of 44 publicly available in vitro EMT TF perturbation experiments were included in the analysis
(Additional file 4: Table S12). Differential expression analysis was performed for each dataset and log2
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fold changes (LogFC) were calculated between perturbed and wild-type samples (Additional file 4: Table
S12). Because several datasets contained only a single biological replicate, we focused on the direction
and magnitude of expression changes rather than statistical significance. To enable consistent
interpretation, LogFC values from KO and KD experiments were inverted so that all changes could be
interpreted in the same direction as OE, thereby reflecting the direct effect of the TF, where a positive
value indicates positive regulation by the EMT TFs, and a negative value reflects a negative regulation. To
account for differences in experimental design between datasets, we summarized the merged LogFC
distributions using the upper quartile (Q3), thereby capturing the predominant direction of regulation
across studies. We applied a LogFC threshold of + 1 (corresponding to a two-fold change) as a heuristic
to identify biologically meaningful shifts. EMT TF perturbation altered the expression of 23 proteoglycan
core proteins (~ 55%), with ZEB family TFs accounting for approximately 70% of the observed regulatory
events (Fig. 3G, Additional file 1: Figure S3B, Additional file 4: Table S12). Among the GAG biosynthetic
enzymes, 14 (~ 29%) exhibited altered expression following EMT TF perturbation, with an even greater
predominance of ZEB family TFs (~ 86%) (Fig. 3H, Additional file 1: Figure S3B, Additional file 4: Table
S$12). Among the genes meeting the predefined threshold, most regulatory effects were positive for both
proteoglycan core proteins (68%) and GAG biosynthetic enzymes (63%).

Although perturbation experiments provide evidence that EMT TFs influence gene expression, they
cannot distinguish between direct and indirect regulatory effects. We therefore investigated whether
EMT TFs bind regulatory regions associated with proteoglycan core protein and GAG biosynthetic
enzyme genes using publicly available ChIP-seq datasets. The analysis was restricted to the ZEB and
SNAIL families because limited ChIP-seq data were available for the TWIST family (Additional file 5:
Table S13). Information on enhancer and promoter regions of proteoglycan core protein and GAG
biosynthetic genes were obtained from GeneHancer (https://genehancer-staging.azurewebsites.net)
(Additional file 5: Table S14). To identify robust interactions across multiple biological contexts, an EMT
TF was considered a potential regulator only when binding to the same GeneHancer element was
detected in at least 50% of the available datasets. Using this criterion, we found that fifteen (36%)
proteoglycan core proteins exhibited binding of at least one EMT TF through the same regulatory
element (Fig. 31, Additional file 5: Table S15A-B). Binding was most frequent for ZEB1 and SNAI1,
potentially regulating seven and six proteoglycan core proteins, respectively, followed by ZEB2 (four) and
SNAI2 (three). Notably, all interactions were located within enhancer elements, with none detected in
promoter regions. Among the GAG biosynthetic enzymes, twenty-four (50%) showed potential binding of
at least one EMT TF in their promoter or enhancer regions. Interestingly, a predominance of ZEB-family
TFs was observed, with both ZEB1 and ZEB2 binding the regulatory regions of nineteen GAG enzymes,
followed by SNAIT (eight) and SNAI2 (five) (Fig. 3J, Additional file 5: Table S15C-D). In contrast to the
proteoglycan core proteins, four interactions were identified within promoter elements, two of each by
ZEB1 and SNAI1, while the majority were still associated with enhancers. Together with the perturbation
analyses, these findings support direct regulation of numerous proteoglycan core proteins and GAG
biosynthetic enzymes by EMT TFs, predominantly through enhancer-associated binding sites.
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To integrate the findings across all analyses, we compiled a gene-level summary of adult tissue
expression, embryonic trajectory associations, EMT TF correlations, perturbation experiments, and ChlP-
seq evidence for every proteoglycan core protein and GAG biosynthetic enzyme (Additional file 6: Table
S16).

Discussion

Our study demonstrates that proteoglycan core protein expression in adult tissues retains a strong
association with embryonic developmental origin despite extensive tissue differentiation. By integrating
adult and embryonic single-cell transcriptomic datasets with EMT TF perturbation and ChlIP-seq
analyses, we show that proteoglycan core proteins retain substantially stronger conservation of
embryonic germ-layer specificity than GAG biosynthetic enzymes and identify EMT-associated
transcriptional programs as candidate regulators of this developmental memory. Together, these
findings suggest that the adult proteoglycan expression landscape is shaped, at least in part, by
transcriptional programs established during gastrulation, thereby extending the current understanding of
proteoglycan biology beyond their well-established structural and signaling functions.

Gastrulation is the first developmental process during which EMT establishes the three embryonic germ
layers and therefore represents a critical stage for investigating how developmental transcriptional
programs are initiated. Proteoglycans are already known to play essential roles during this process by
regulating signaling pathways required for lineage specification and tissue morphogenesis. For example,
proteoglycans are required for fibroblast growth factor (FGF) signaling during primitive streak formation
in mouse embryos (32), while deletion of the heparan sulfate polymerizing enzymes EXT1 or EXT2
results in failure of gastrulation (33). Another well-characterized EMT-associated developmental process
is the formation of the neural crest, a transient migratory cell population that expresses EMT TFs
including SNAIT, SNAI2, and TWIST1 (34-37). Although neural crest cells originate from the ectoderm,
their migration has been proposed to be guided by proteoglycan expression within the sclerotome, a
mesoderm-derived tissue (38). In support of this, a study in rat embryos demonstrated that enzymatic
digestion of chondroitin and dermatan sulfate chains using chondroitinase ABC inhibited neural crest
cell migration (39). The authors proposed that chondroitin/dermatan sulfate proteoglycans facilitate
migration by reducing extracellular matrix adhesiveness, thereby creating a permissive environment for
migrating neural crest cells. Similar observations have subsequently been reported in mouse embryos
(40).

Although the developmental functions of proteoglycans are well established, considerably less is known
about how their expression is regulated during embryogenesis. Our analyses demonstrate that both
proteoglycan core proteins and GAG biosynthetic enzymes undergo dynamic transcriptional changes
throughout endodermal and mesodermal lineage specification that closely parallel EMT TF expression.
GAG biosynthetic enzymes displayed predominantly positive correlations with EMT TFs along the
mesoderm trajectory but predominantly negative correlations along the endoderm trajectory, suggesting
distinct lineage-specific regulatory programs during germ-layer formation.
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An additional observation supporting lineage-specific regulation was the markedly different temporal
expression dynamics observed along the two developmental trajectories. Whereas mesoderm-
associated proteoglycan core proteins and EMT TFs predominantly displayed increasing expression
throughout pseudotime, a substantially larger proportion of proteoglycan core proteins, GAG biosynthetic
enzymes, and all significantly associated EMT TFs exhibited fluctuating expression along the endoderm
trajectory. Rather than reflecting stable acquisition of a mesenchymal phenotype, these dynamic
expression patterns are consistent with the transient epithelial plasticity that accompanies endoderm
specification during gastrulation (41). The fluctuating expression of multiple proteoglycan core proteins
and GAG biosynthetic enzymes therefore suggests that remodeling of the proteoglycan landscape
accompanies these transient changes in cellular state, indicating that proteoglycans may contribute not
only to establishing stable epithelial and mesenchymal phenotypes but also to the epithelial plasticity
that accompanies developmental cell-state transitions.

Despite this coordinated regulation during embryogenesis, these relationships were not uniformly
maintained after development. Whereas coordinated expression between EMT TFs and proteoglycan
core proteins persisted into adult tissues, the widespread embryonic associations observed for GAG
biosynthetic enzymes were largely lost after development, with the exception of mesoderm-derived
immune cells and the ZEB family of EMT TFs. This difference likely reflects the fundamentally distinct
biological contexts of gastrulation and adult tissue homeostasis. One possibility is that proteoglycan
core proteins and GAG biosynthetic enzymes are co-regulated by additional developmental pathways
that are activated concurrently with EMT during embryogenesis, resulting in broad transcriptional
coordination. Alternatively, EMT-dependent regulation may be transient, functioning primarily during
lineage specification before tissue-specific regulatory mechanisms become dominant in differentiated
adult cells. These mechanisms are not mutually exclusive and together may explain why only a subset of
embryonic EMT-associated correlations persists into adulthood. Finally, although our embryonic
analyses were limited to a single human gastrulation dataset and the inherent sparsity of single-cell RNA
sequencing likely reduced detection of some genes, the consistency between the embryonic trajectory
analyses, adult tissue datasets, EMT TF perturbation experiments, and ChlP-seq analyses supports the
robustness of the developmental relationships identified here.

One of the clearest patterns identified in the present study was the segregation of proteoglycan core
protein expression according to embryonic germ-layer origin. This observation is consistent with the
well-established developmental relationship between germ-layer origin and the predominant
characteristics of differentiated cell types. For example, the endoderm gives rise primarily to epithelial
linings, including those of the gastrointestinal tract, respiratory system, and urinary bladder, whereas the
mesoderm gives rise to connective tissue and stromal cell types, including fibroblasts, smooth muscle
cells, and many immune cells, that frequently display mesenchymal characteristics. Consistent with
these developmental relationships, EMT TF expression was lower in the endoderm-enriched cluster and
higher in the mesoderm-enriched cluster. Because the clustering was based solely on proteoglycan core
protein expression, these findings suggest that subsets of proteoglycans are preferentially associated
with cell types of endodermal or mesodermal origin. Given the predominant epithelial and mesenchymal
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characteristics of these germ layers, respectively, this may reflect differences in the proteoglycan
repertoires associated with these broad cellular phenotypes.

Among the proteoglycan core proteins most strongly associated with mesoderm-derived cell types and
mesenchymal characteristics were the three small leucine-rich proteoglycans biglycan (BGN), decorin
(DCN), and lumican (LUM). These secreted extracellular matrix proteoglycans are key regulators of
collagen fibrillogenesis and extracellular matrix organization, consistent with their high expression in
stromal cell populations in our dataset, including fibroblasts, endometrial stromal cells, ovarian stromal
cells, and Leydig cells. Their association with mesoderm-derived tissues is further supported by the well-
established roles of biglycan and decorin in skeletal development and bone homeostasis (42), with
biglycan in particular being required for normal bone formation during embryonic development (43-45).
The observed expression pattern is also consistent with previous studies linking all three proteoglycans
to EMT. Biglycan, decorin, and lumican have all been included as mesenchymal markers in published
EMT signatures (17), while decorin and lumican have been shown to be upregulated during TGF-B-
induced EMT (46). Furthermore, biglycan has repeatedly been associated with EMT and metastatic
progression in several cancer types (47-51). Interestingly, despite their association with mesenchymal
phenotypes, both lumican and decorin have also been reported to suppress EMT and cell migration in
cancer (52-55), highlighting the context-dependent functions of proteoglycans in EMT regulation.

Another proteoglycan showing a strong association with mesoderm-derived cell types was syndecan-2
(SDC2). Consistent with our findings, syndecan-2 has previously been reported to be selectively
expressed in mesenchymal precursor cells during mouse embryonic development (56). In addition,
syndecan-2 is upregulated during TGF-B-induced EMT (46), has been identified as a mesenchymal
marker in published EMT signatures (17), and promotes EMT and migration in colorectal cancer cells
(57, 58). Although the association of individual proteoglycan core proteins with epithelial or
mesenchymal characteristics varied across our analyses, the overall pattern was consistent with
preferential expression of several extracellular matrix-associated proteoglycans in mesoderm-derived
tissues, many of which also retained their embryonic germ-layer specificity into adulthood.

In contrast to the proteoglycan core proteins associated with mesoderm-derived cell types, syndecan-1
(SDC1) and syndecan-4 (SDC4) were among the most highly expressed proteoglycans in endoderm-
derived cell types. Consistent with this observation, both have previously been included in epithelial-
associated EMT signatures (17). Syndecan-1 is predominantly expressed by epithelial cells, where it
contributes to anchoring cells to the extracellular matrix (59), and syndecan-4 has likewise been
associated with an epithelial phenotype following TGF-B-induced EMT (46). However, the role of
syndecan-4 appears to be context-dependent, as it has also been reported to promote EMT and cell
migration in other experimental systems (60, 61). This complexity was also reflected in our analyses.
Although SDCT and SDC4 were enriched in endoderm-derived cell types, neither exhibited strict
endoderm-specific expression across the datasets analyzed, nor did we find evidence for consistent
negative regulation by EMT TFs. Together, these findings suggest that, unlike several mesenchymal-
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associated proteoglycan core proteins, the relationship between syndecans and EMT is likely to depend
on cellular context rather than a simple epithelial-mesenchymal dichotomy.

Our integrative analyses suggest that EMT TFs are candidate regulators of a substantial proportion of
proteoglycan core proteins and, to a lesser extent, GAG biosynthetic enzymes. By combining embryonic
and adult correlation analyses with perturbation and ChiP-seq datasets, we identified multiple
proteoglycan core proteins that consistently showed evidence of association with EMT TF activity.
Although these analyses do not establish direct regulation for every candidate, they provide a systematic
framework for prioritizing proteoglycan core proteins and GAG biosynthetic enzymes for future
experimental validation. Previous studies investigating direct regulation of proteoglycan expression by
EMT TFs have largely focused on individual proteoglycans. For example, ZEB1 has been shown to bind
the syndecan-1 promoter and repress its expression in prostate cancer cells (62), while putative SNAI1
binding sites have been proposed in the promoters of syndecan-1 and syndecan-2, although without
direct experimental validation (63). Consistent with these observations, we identified a negative
correlation between ZEBT and SDC1 expression in adult tissues, but found no additional evidence
supporting direct regulation across our complementary analyses. Likewise, TWIST1 has been reported to
repress the Agrn promoter during mouse chondrogenesis (64), while overexpression of Snai1 and Snai2
also reduces Agrn expression, although direct binding was not investigated (65). In contrast, our
analyses classified AGRN as an endoderm-associated proteoglycan core protein but did not support
regulation by EMT TFs. Finally, SNAIT has been shown to directly activate VCAN expression in breast
cancer cells (66). Although we also identified associations between VCAN and EMT TFs, both positive
and negative relationships were observed across our datasets, suggesting that VCAN regulation is likely
influenced by additional context-dependent regulatory mechanisms.

Interestingly, several studies have demonstrated reciprocal regulation, whereby proteoglycans
themselves influence EMT TF expression. For example, knockdown of syndecan-2 reduced SNAI2 and
TWIST protein expression in colorectal cancer cells (57), loss of biglycan decreased expression of ZEBT,
ZEB2, and SNAI1 in gastric cancer cells (49), and silencing of SPOCK1 reduced expression of SNAIT,
SNAI2, ZEB1, and ZEB2 in pancreatic cancer cells (67). Collectively, these observations suggest that
regulatory interactions between proteoglycans and EMT TFs may be bidirectional, with proteoglycans
functioning not only as downstream targets of EMT-associated transcriptional programs but also as
upstream modulators of EMT TF activity.

Several limitations should nevertheless be considered when interpreting the EMT TF perturbation and
regulatory binding analyses. The publicly available perturbation datasets were limited in number and
predominantly derived from cancer cell lines, introducing both biological and technical heterogeneity.
Moreover, EMT is increasingly recognized as a highly context-dependent process that varies across
developmental stages, tissues, and disease settings (68-70). Consequently, regulation of proteoglycan
core proteins and GAG biosynthetic enzymes by EMT TFs is likely to be similarly context-dependent.
Although integrating multiple independent datasets substantially strengthened the robustness of our
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conclusions, experimental validation in defined developmental and physiological models will be required
to establish direct regulatory relationships.

Aberrant activation of EMT contributes to pathological tissue remodeling in numerous diseases,
including chronic fibrotic disorders such as pulmonary fibrosis and liver cirrhosis, as well as tumor
invasion, metastasis, and therapy resistance in cancer. Although the present study focused on
developmental EMT rather than disease-specific contexts, understanding how proteoglycan core
proteins and GAG biosynthetic enzymes are regulated during embryonic development provides an
important framework for interpreting their dysregulation when EMT is aberrantly activated. The
observation that multiple proteoglycan core proteins and GAG biosynthetic enzymes exhibit dynamic
expression during epithelial plasticity further raises the possibility that these molecules may also
contribute to the partial EMT states that characterize cancer progression and therapy resistance. Our
findings suggest that proteoglycan core proteins retain aspects of their developmental regulation into
adulthood and identify candidate EMT TF—proteoglycan regulatory relationships that may become
reactivated during pathological EMT. These observations provide a rational basis for prioritizing
proteoglycan core proteins and GAG biosynthetic enzymes for future functional studies in fibrosis,
cancer, and other diseases involving epithelial and mesenchymal plasticity. More broadly, this study
illustrates the value of integrating multiple publicly available transcriptomic, perturbation, and TF-binding
datasets to identify conserved developmental regulatory programs that would be difficult to resolve
using individual datasets alone.

Conclusions

This study identifies a previously unrecognized developmental relationship between EMT transcriptional
programs and proteoglycan core protein expression. By integrating adult and embryonic single-cell
transcriptomic data with EMT TF perturbation and ChlP-seq analyses, we demonstrate that proteoglycan
core proteins retain stronger signatures of embryonic germ-layer identity and coordinated EMT TF
activity than GAG biosynthetic enzymes, which instead exhibit predominantly cell type- and tissue-
specific expression patterns. Together, these findings suggest that the adult proteoglycan landscape is
shaped, at least in part, by transcriptional programs established during embryogenesis and identify EMT
TFs as candidate regulators of this developmental memory. The integrative framework presented here
provides a resource for prioritizing proteoglycan core proteins and GAG biosynthetic enzymes for future
mechanistic studies of development, tissue homeostasis, regeneration, fibrosis, and cancer.

Methods
Data from Human Protein Atlas

Single-cell RNA expression data of normal adult tissue were obtained from the Human Protein Atlas
(HPA) database (https://www.proteinatlas.org) under the downloadable data section for single cell
types. The dataset comprised transcript-per-million (TPM)-normalized RNA expression values for 81
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human cell types aggregated from 31 studies. Germ-layer origins were assigned based on published
literature and independently verified using Al-assisted literature cross-referencing. Expression values
were log,-transformed prior to downstream analyses.

Proteoglycan core protein and glycosaminoglycan (GAG) biosynthetic enzymes gene lists (Additional file
2: Table S1A-B) were curated, and GAG modification patterns for individual proteoglycans were
annotated based on previously published studies (71, 72).

Hierarchical clustering

Hierarchical clustering was performed on log,-transformed expression values using the
ComplexHeatmap v2.20.0 package in R (73). Cluster stability was evaluated independently for
proteoglycan core proteins and GAG biosynthetic enzymes using clValid v0.7, assessing connectedness,
Dunn index, and silhouette width across 2-10 cluster solutions to determine the optimal number of
clusters (74). Visualization was performed with ComplexHeatmap, RColorBrewer, circlize, ggpubr, and
ggthemes. The distribution of germ-layer assignments across clusters was tested using Fisher’s exact
test.

Correlation analysis

Pearson correlation coefficients between EMT TFs and proteoglycan core protein or GAG biosynthetic
enzyme expression were calculated from log,-transformed expression values using the cor() function in
the R stats package.

Single-cell RNA-seq data analysis

Processed single-cell RNA-sequencing (scRNA-seq) data of a karyotypically normal male human embryo
at gestational week 4 + 5 days (Carnegie Stage 7; CS7, equivalent to 16—19 days post-fertilization) were
obtained from a publicly available dataset (31). Only cells annotated as Epiblast, Primitive Streak,
Endoderm, Mesoderm, or Ectoderm were retained, corresponding to the developmental window when
EMT is first initiated. Cluster identities were remapped to a Subset_Cell_Types factor, and the dataset
was reprocessed in Seurat v5 (75). Normalization, variable-feature selection, and scaling were performed
using SCTransform with default parameters. Dimensionality reduction was carried out with PCA, and
visualization was done with UMAP (dims 1-20). Cell-type annotations were adopted from the original
publication.

Metacell analysis

Metacells were generated using the hdWGCNA package with the fraction method, including genes
expressed in at least 5% of cells (76). Cells were grouped by cell types, with parameters k =10,
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max_shared = 5, and min_cells = 20. Metacells were normalized with SCTransform and log-normalized
expression of genes in metacells was visualized using SCpubr (77).

Pseudotime trajectory analysis

Developmental trajectories were reconstructed using Monocle3 in conjunction with Seurat objects. The
Epiblast was defined as the root by identifying the closest principal-graph vertex, and cells were ordered
along pseudotime with order_cells(). Lineage branches were isolated using choose_graph_segments() to
define endodermal and mesodermal trajectories.

Trajectory and gene-association analysis

Raw UMI counts from the Seurat RNA assay were modeled as a smooth function of pseudotime using
tradeSeq v1.16 (fitGAM, 6 knots) (78). Genes with Benjamini-Hochberg-adjusted p < 0.05 in
associationTest were considered significant. Analyses included 42 proteoglycan core proteins, 39 GAG
biosynthetic enzymes, and six EMT-related TFs (SNAI1/2, TWIST1/2, ZEB1/2).

Module correlation

Smoothed expression curves were generated with predictSmooth (n = 200 points), from tradeSeq, and z-
scored per gene. Mean module trajectories were calculated for proteoglycan core proteins, GAG
biosynthetic enzymes, and EMT TFs, and Pearson correlations were computed between modules within
each lineage using custom R functions.

Bulk RNA-seq data analysis

Raw sequencing data were downloaded from publicly available bulk RNA-seq data on EMT TF
perturbation experiments (knockout, knockdown, or overexpressed) (Additional file 4: Table S12). Raw
fastq files were adapter trimmed, aligned to human reference genome GRCh38 v104 and raw count
matrices were generated using CLC Genomics Workbench 22.

Each BioProject was analyzed separately to preserve dataset-specific batch structures. For projects
containing multiple biological replicates per condition, differential expression analysis was conducted
using the edgeR-limma workflow. Gene counts were first filtered using filterByExpr to remove genes with
consistently low expression across all samples, followed by Trimmed Mean of M-values (TMM)
normalization implemented in calcNormFactors (edgeR). Library sizes and normalization factors were
used to generate log-transformed counts per million (logCPM) values. Quality assessment and sample
relationships were visualized by multidimensional scaling (MDS) based on the logCPM matrix, and the
samples showing evidence of batch effects or other confounding variation were added to the design
matrix to address batch effect. Normalized counts were then analyzed with the voom-limma pipeline,
using quality weights to account for between-sample variability. Linear models were fitted per gene, and
empirical Bayes moderation of variance was applied to obtain the final differential expression analysis
result. Contrasts were defined according to experimental conditions (e.g., overexpression vs wild-type,
knockout vs control), and Benjamini-Hochberg correction was used to adjust p-values for multiple
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testing. The resulting differential expression tables included log,-fold change (logFC), average
expression, t-statistics, and adjusted p-values for all detected genes.

For datasets lacking biological replicates or having single samples per condition, a simplified
comparison was performed to estimate expression changes. Counts were first pseudocounted (+ 0.1) to
avoid undefined log values, followed by direct computation of per-gene log,-fold changes between
experimental and control samples.

ChlIP-seq data analysis

Raw ChlIP-seq reads were aligned to the human reference genome GRCh38 (Ensembl v104) using CLC
Genomics Workbench (Qiagen) with default parameters, retaining only uniquely mapped reads. The
resulting BAM files were processed with samtools to retain reads with mapping quality = 20 and, for
paired-end libraries, only properly paired reads. Duplicate-retained and deduplicated versions were
generated using samtools markdup to assess signal quality under both conditions. Peaks were called
using MACS3 with a g-value threshold of 0.01 and the parameters -nomodel --extsize 147 for single-end
data. ENCODE hg38 v2 blacklist regions were removed with bedtools, and standard quality metrics,
including the Fraction of Reads in Peaks (FRiP) score and total peak count, were computed. Samples
were retained if FRiP = 0.05 or if at least 2000 blacklist-filtered peaks were detected, ensuring adequate
enrichment relative to background noise.

Downstream analyses were conducted using a custom R workflow to identify transcription-factor (TF)
binding events associated with proteoglycan core protein and GAG biosynthetic enzymes genes. Briefly,
narrowPeak files were imported as GRanges objects, preserving genomic coordinates and peak
attributes. Annotated regulatory regions containing promoter and enhancer elements linked to
proteoglycan core protein and GAG biosynthetic enzymes genes were obtained from the GeneHancer
database (79) and harmonized to the same genome assembly. Genomic overlaps between TF peaks and
regulatory elements were identified using the findOverlaps() function (GenomicRanges package),
enabling the identification of candidate direct TF-target interactions.
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Figure 1

Proteoglycan core proteins, GAG biosynthetic enzymes, and EMT transcription factor expression.
Hierarchical clustering of adult human cell types based on proteoglycan core protein expression revealed
clusters enriched for distinct embryonic germ layers, alongside corresponding patterns of EMT
transcription factor (TF) expression. In contrast, clustering based on GAG biosynthetic enzyme
expression showed predominantly tissue- and cell type-specific organization. (A) Heatmap showing
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hierarchical clustering of proteoglycan core proteins across 81 normal human cell types (HPA), using
log, ("TPM+1) expression values. Top annotations show germ-layer origin (endoderm, mesoderm,
ectoderm) and expression levels of canonical EMT TFs for each cell type. The right-side annotation bar
indicates the GAG chain types associated with each proteoglycan. (B) Tile plot summarizing the number
of cell types from each germ layer (endoderm, mesoderm, ectoderm) present within each proteoglycan
core protein based cluster identified in (A). (C) Boxplots representing the log2 (nTPM+1) expression
values of the EMT TFs in each of the heatmap clusters as seen in (A). (D) Heatmap showing hierarchical
clustering of GAG- biosynthetic enzymes across the same cell types, using log, ("nTPM +1) expression
values. Top annotations match those in (A). The right-side bar represents the biosynthetic groups and
function of each GAG biosynthetic enzyme. (E) Boxplots showing the log, (nTPM+1) expression values
of the EMT TFs in each of the heatmap clusters as seen in (D).
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Figure 2

Embryonic dynamics and adult lineage conservation of proteoglycan core proteins and GAG
biosynthetic enzymes. Pseudotime analysis revealed coordinated expression dynamics of proteoglycan
core proteins, GAG biosynthetic enzymes, and EMT transcription factors (TFs) during gastrulation and
enabled comparison of embryonic and adult germ-layer specificity (A) UMAP embedding of single-cell
transcriptomes from human gastrulation data, showing major developmental lineages: epiblast, primitive
streak, endoderm, and mesoderm. (B) Diffusion pseudotime analysis illustrating developmental

progression from epiblast toward endoderm and mesoderm. Cells are colored by pseudotime, with red
colors indicating more differentiated states. (C) Scatterplots showing the relationship between EMT TF
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module scores (yellow) and either the proteoglycan core protein module (blue) or GAG biosynthetic
enzyme module (red), analyzed separately for endoderm (top) and mesoderm (bottom) trajectories.
Curves represent smoothed pseudotime trends, and Pearson correlation coefficients (r) with
corresponding p-values are displayed. All scores are derived from log,(Expression+1) values. (D-E)
Alluvial plots showing how proteoglycan core proteins (D) and GAG biosynthetic enzyme genes (E) are
expressed across embryonic lineages (endoderm, mesoderm, ectoderm, endoderm+ectoderm
(endo+ecto) and endoderm+mesoderm (endo+meso)) and adult tissue-derived cell types, using Human
Protein Atlas cell-type annotations. Each plot illustrates how expression patterns observed during early
embryonic development map onto cell identities found in adult tissues.
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Figure 3

EMT transcription factors associations with proteoglycan core proteins and GAG biosynthetic enzymes.
Correlation, perturbation, and ChlP-seq analyses identify proteoglycan core proteins and GAG
biosynthetic enzymes that are candidate targets of EMT transcription factor (TF) regulation. (A-B)
Pairwise correlations between EMT TF expression and proteoglycan core protein genes (A) or GAG
biosynthetic enzyme genes (B) across endoderm and mesoderm gastrulation lineages. Only correlations
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with |r| > 0.4 are shown. Bubble size represents correlation magnitude; color indicates sign (red =
positive, blue = negative). (C-D) Same correlation analysis performed in adult tissue-derived cell types,
showing proteoglycan core protein (C) and GAG biosynthetic enzyme genes (D) with |r| > 0.4 relative to
EMT TF expression patterns. (E-F) Summary of proteoglycan core protein (E) and GAG biosynthetic
enzyme (F) genes that meet the correlation threshold (|r| > 0.4) in adult, endoderm, or mesoderm
contexts. (G-H) RNA-seq perturbation analyses showing proteoglycan core protein (G) and GAG
biosynthetic enzyme (H) genes with consistent EMT TF-dependent regulation. Genes plotted have
Q3(|logFC|) > 1 across perturbation datasets. Bubble size reflects the number of supporting datasets;
color denotes direction of regulation. (I-J) Consensus ChIP-seq regulatory interactions between EMT
TFs and proteoglycan core protein (I) or GAG biosynthetic enzyme (J) genes. Bubble size indicates the
fraction of datasets supporting the TF-gene assignment; color denotes enhancer-like vs promoter-like
regulatory context.
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