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Single-cell analysis of human fetal epicardium reveals its cellular composition
and identifies CRIP| as a modulator of EMT
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SUMMARY

The epicardium plays an essential role in cardiogenesis by providing cardiac cell types and paracrine cues to the developing myocardium.
The human adult epicardium is quiescent, but recapitulation of developmental features may contribute to adult cardiac repair. The cell
fate of epicardial cells is proposed to be determined by the developmental persistence of specific subpopulations. Reports on this epicar-
dial heterogeneity have been inconsistent, and data regarding the human developing epicardium are scarce. Here we specifically isolated
human fetal epicardium and used single-cell RNA sequencing to define its composition and to identify regulators of developmental
processes. Few specific subpopulations were observed, but a clear distinction between epithelial and mesenchymal cells was present,
resulting in novel population-specific markers. Additionally, we identified CRIP1 as a previously unknown regulator involved in epicar-
dial epithelial-to-mesenchymal transition. Overall, our human fetal epicardial cell-enriched dataset provides an excellent platform to

study the developing epicardium in great detail.

INTRODUCTION

The heart is covered by a mesothelial cell layer known as
the epicardium. This single-cell, thick layer derives from
the proepicardium, a transient population of progenitor
cells at the venous pole of the developing heart (Niderla-
Bielinska et al., 2019). Once the epicardium is established,
a subset of epicardial cells undergoes epithelial-to-mesen-
chymal transition (EMT) and delaminates from the epicar-
dial layer to populate the subepicardial space and to invade
the myocardium. These epicardial-derived cells (EPDCs)
have been reported to differentiate into various cell types,
including fibroblasts, pericytes (PCs), and smooth muscle
cells (SMCs) (Acharya et al., 2012; Cai et al., 2008; Gitten-
berger-de Groot et al., 1998; Grieskamp et al., 2011). While
cellular contributions of EPDCs to endothelial cell (EC)
(Carmona et al., 2020) and cardiomyocyte (CM) (Zhou
et al., 2008) populations have been reported, an epicardial
contribution to these cell types is likely limited (Tian et al.,
2015). Additionally, the epicardium and EPDCs produce
paracrine cues such as fibroblast growth factors and reti-
noic acid, thereby orchestrating developmental processes
including proliferation and maturation of CMs and ECs
(Masters and Riley, 2014). The crucial role of the epicar-
dium in cardiac development is underlined by experiments
where in vivo inhibition of epicardial outgrowth led to
severely impaired myocardial and coronary vessel develop-
ment (Gittenberger-de Groot et al., 2000). In the adult
heart, the epicardium is a quiescent layer, but it is reacti-
vated after ischemic injury (Zhou et al., 2011) with epicar-
dial cells partly recapitulating developmental capacities
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such as expression of developmental genes, proliferation,
and EMT (forming the subepicardium) but with little
migration into the tissue. Although the adult epicardium
after ischemic injury displays limited contribution to car-
diac tissue formation, its activation is essential to the
post-injury response (Duan et al.,, 2011; Smart et al.,
2011). Since the adult epicardium partly recapitulates the
propertties of its embryonic counterpart, increasing our un-
derstanding of the epicardium and its composition during
development may reveal novel approaches to improve the
contribution of epicardial cells in the post-injury response.

The epicardium has been characterized by several tran-
scription factors such as Wilms’ Tumor 1 (WT1), T-box 18
(TBX18), and transcription factor 21 (TCF21) (Cai et al.,
2008; Kikuchi et al., 2011; Moore et al., 1998). In mice
and chick embryos, these markers are not uniformly ex-
pressed in the epicardium or the subepicardial mesen-
chyme, implying a degree of cellular heterogeneity
(Braitsch et al., 2012). Recently, single-cell RNA sequencing
(scRNA-seq) has provided key insights into in situ epicardial
heterogeneity and function in organisms such as mouse
and zebrafish (Lupu et al., 2020; Weinberger et al., 2020).
In mouse embryos, there is a considerable overlap of epicar-
dial markers, and cell fate of EPDCs does not depend on
the expression of the epicardial transcription factors WT1,
TBX18, or TCF21 (Lupu et al.,, 2020). In other studies,
epicardial heterogeneity was thought to reflect develop-
mental progression and EMT, rather than to indicate
the presence of distinct subpopulations (Streef and Smits,
2021). In contrast, functional subpopulations were identi-
fied in zebrafish: knockout of genes specific to these
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subpopulations affected epicardial cell number, migration,
and homing of non-epicardial cells (Weinberger et al.,
2020). In humans, we are only starting to unravel the
composition of the epicardium and subepicardial mesen-
chyme. A recent study by Knight-Schrijver et al. compared
the composition of the fetal epicardium during several
stages of development to the adult heart and found that
the mesothelial cell state of the epicardium persisted into
adult life, while other cell stages were transient (Knight-
Schrijver et al., 2022). These data were mainly collected
from whole heart samples, in which the epicardium is
only a small proportion of cells. To fully appreciate the
composition and the processes that occur within the epicar-
dium, a more detailed analysis is required. Here we used a
previously established protocol to separate the human
(sub)epicardium from the underlying cardiac tissue
(Dronkers et al., 2018) and generated an epicardial cell-en-
riched dataset to analyze the composition and function of
the human fetal epicardium. scRNA-seq revealed limited
heterogeneity within the epicardium, but we identified
several novel markers for epithelial and mesenchymal
stages of epicardial cells. By focusing on the process of
EMT, we discovered CRIP1 as a potential regulator of epicar-
dial EMT, demonstrating that our dataset can be used to
identify functional modulators of developmental processes.

RESULTS

Single-cell sequencing data enriched for epicardium-
associated cells
To specifically study the human fetal epicardium, we
manually separated the epicardial layers from the underly-
ing tissue of four human fetal hearts staged 14 and 15 weeks
of gestation. Tissues were dissociated into a single-cell sus-
pension, and live calcein* cells were sorted into 384-well
plates (2,137 cells) using fluorescence-activated cell sorting
(FACS) for single-cell sequencing (Figure 1A). Spike-ins and
mitochondrial reads were discarded, and 2,501 genes were
detected per cell on average (Figure S1A). Subsequent data
analysis was performed using RacelD3 (Herman and
Griin, 2018). After quality control, 2,073 cells remained
for further analysis. Cell clusters were visualized by
applying unsupervised t-distributed stochastic neighbor
embedding (tSNE), revealing 16 clusters in our dataset (Fig-
ure 1B). To avoid cell-cycle associated variability, genes
correlating to expression of PCNA, MKI67, and CDKI
were not included in clustering (Figure S1B). The distribu-
tion of samples across clusters was verified (Figure S1C).
Clusters >10 cells were identifiable based on the expression
of cell-type-specific markers (Figure 1C and Table S1).
Epithelial epicardial cells were identified in cluster 4
based on the expression of UPK3B, MSLN, and KRT19
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(Bochmann et al., 2010) and represented 141 cells (6.8%
of total cells). The subepicardium is composed of mesen-
chymal cells that derive from the epicardial epithelium
(Moore-Morris et al., 2016). We distinguished mesen-
chymal cells based on associated genes (POSTN, DPT,
PDGFRA), and we found that these cells were abundantly
presentin clusters 1, 2, 3, 8, and 12 (65.3% of isolated cells).
In total, 72.1% of the cells within our isolate were related to
the (sub)epicardium.

Our isolation method cannot fully prevent co-isolation
of cardiac tissue, and indeed, we observed other cardiac
cell types within our dataset. CMs were present in cluster
7 (TNNI3, ACTC1, and MYL4, 7.9%). Notably, a subset of
CMs had a relatively low expression of MYH7 and MYL2
(Figure S1D), indicating that cluster 7 contained mature
and immature cardiomyocytes (Guo and Pu, 2020). Cluster
10 (1.7%) consisted of cells expressing SOX10, S100b, and
NRXN, suggesting derivation from the neural crest. Cluster
5 held a hematopoietic CD45" population (Figure S1E),
which contributes to the epicardium of the developing
mouse heart (Balmer et al., 2014). Other cardiac cell types
included SMCs/PCs expressing RGS5 and ACTAZ2 (3%, clus-
ter 9). ECs expressing PECAM and VWEF clustered separately
from the epicardium(-derived) cells in clusters 5, 11, and
15. These three endothelial clusters were closely related,
and subclustering may have occurred due to a higher
expression of artery-specific marker EFNB2 in cluster 11
(Figure S1F) (Xu et al., 2018). Nevertheless, all three clusters
appeared to be endothelial and comprised a total of 11.9%
of the total population. Several small clusters were identi-
fied: cluster 13 cells (six cells) were likely red blood cells
based on the expression of HBG1/2, and cluster 14 ex-
pressed neuronal markers CHRNA3 and SYN2 (five cells).
Cluster 16, consisting of two cells, was unidentifiable.
Overall, our isolation method resulted in a high yield of
epicardium-associated cells that were selected for further
analysis.

Expression of marker genes in isolated epicardial cells
and their derivatives

We explored the composition of the human fetal epicar-
dium in more detail by excluding cardiac cell types (CMs,
ECs), CD45", and neural crest cells (Figure 2A). The remain-
ing enriched subset of epicardium-associated cells (EACs)
was used for separate clustering and analysis (Figure 2A).
The threshold for clustering was set to discriminate beyond
the epithelial-mesenchymal traits. Epithelial cells were
identified based on the combined expression of UPK3B,
MSLN, and KRT19 (Bochmann et al., 2010), revealing that
these cells are now present in two clusters: EAC8 and 3.
Mesenchymal cells comprised the largest population
within our subset and based on combined expression of
markers DPT, POSTN, and PDGFRa were shown to be
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Figure 1. Experimental workflow and tSNE visualization of fetal epicardial and cardiac tissue-related subpopulations

(A) Experimental workflow.
(B) tSNE map shows 16 subpopulations.

(C) Expression dotplot of clusters and their respective markers. Dot size represents fraction of cells expressing the marker, and fill color
corresponds to expression levels. Right: a barplot depicts the number of cells in each cluster. Colors correspond to tSNE map in (B). Clusters
<10 cells are not shown. Epi, epicardium; Mes, mesenchymal cells; SMC, smooth muscle cells; HC, hematopoietic cells; NC, neural crest; EC,

endothelial cells; CM, cardiomyocytes. See also Figure S1.

present in three distinct clusters: EAC1, 2, and 4, which may
suggest some degree of heterogeneity. SMCs were retrieved
in cluster EAC6 (RGSS5, ACTA2, THBS4) (Figure 2B).

In line with reports on mouse and chick embryos, WT1,
TCF21, and TBX18 were non-homogenously expressed in
our EACs. Importantly, co-expression of these transcrip-
tion factors was observed in several cells (Figure 2C). Specif-
ically, WT1 was primarily found in clusters EAC3 and 8 and
at a lower level in some mesenchymal cells, while TBX18
was expressed in both epithelial and mesenchymal popula-
tions. TCF21 was expressed highest in the mesenchymal
populations, with low expression in a small number of cells
in cluster EAC8 and low expression in cluster EAC3 (Fig-
ure 2C). These observations indicate that for the human
epicardium, WT1, TBX18, and TCF21 do not distinguish
epithelial from mesenchymal cells derived from the epicar-

dium. Furthermore, although expression is heterogeneous
in these cells, it is insufficient to cause distinct clustering,
and they do not appear to be indicators of epicardial het-
erogeneity. Since WT1 and TBX18 expression decreases
in epicardial cells after EMT and TCF21 increases (Lupu
et al., 2020), their expression pattern might be related to
the process of EMT.

To assess heterogeneity within the epicardium-related
subgroups, we performed differentially expressed gene
(DEG) analysis. DEGs were analyzed within the epithelial
clusters (EAC3 vs. EACS; all significant DEGs are listed in
Table S2). The expression profiles across the individual clus-
ters of the 10 DEGs with the highest fold change (fc) are dis-
played (Figure 2D). Interestingly, there were no genes that
differentiated EAC3 from EACS8. Although EAC3 had a rela-
tively high expression of genes encoding for ribosomal
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proteins (Figure 2D), these were also present in EACS8 (Fig-
ure 2D), and the level was comparable to mesenchymal clus-
ters EAC1 and 2 (data not shown). EACS displayed a higher
expression level of CPA4 and PLA2G2A (Figure 2D), but
these genes were not exclusive to this cluster as they are
also present in EAC3, making it unlikely that these markers
define a distinct subpopulation. Further inspection of the
DEGs in EAC3 against all other clusters (Table S1) revealed
that TGM1 was expressed primarily in EAC3, and this cluster
was also enriched for AGTRI1, CA9, and TSPAN7 (Figure S2A).
Within the mesenchymal populations, we compared each
cluster to all remaining cells inside its subgroup (e.g., EAC1
versus EAC2+EAC4). All significant DEGs are listed in
Table S2. Analyzing the mesenchymal subpopulations re-
vealed that there were few distinguishing markers present
(Figure 2D and Table S2). EAC1 had two DEGs with an
fc > 2 compared with EAC2+EAC4 (SCARAS, PIie,
Table S2). EAC2 revealed a higher expression of the SMC
marker RGS5. EAC4 had a relatively high expression of
FNDC1 and HSPB6 (Figure 2D) and was also enriched for
PDGEFRA, a driver of fibroblast cell fate (Smith et al., 2011).
Additionally, EAC4 had high expression of ECM-encoding
genes, such as COL1A1 and FBLN1 (Figure S2B). The small
number of DEGs between the clusters EAC1, 2, and 4, and
the high expression of genes associated with mesenchymal
cell function (collagens, PDGFRa, POSTN; Figures 2B and
S2B), suggested that a functional difference was limited.
This was confirmed by Gene Ontology (GO) term analysis
on DEGs in all clusters (Figure 2E); EAC3 and EACS8 were en-
riched for biological processes related to the epithelial layer
and the formation of muscle tissue. EAC2 could not be func-
tionally characterized based on GO terms, while EAC1 did
not have sufficient DEGs to have any significant GO terms.
EAC4 was enriched for genes related to mesenchymal
cell functions (collagen metabolic processes, response to
TGEFB). Based on these data, EAC4 is the most fibroblast-
like population within our dataset.

To investigate if subpopulations observed in other spe-
cies or models persisted in our data, we focused on expres-
sion of markers of epicardial subpopulations that were
described in zebrafish (TGM2, SEMA3F, CXCL12) (Wein-
berger et al., 2020). Overall, these genes were primarily ex-
pressed throughout EAC3 and EACS. Interestingly, while
CXCL12 was proposed to be expressed in the epithelial
epicardium in zebrafish embryos, we observed a higher

expression of this chemokine in mesenchymal clusters
EAC1, 2, and 4 (Figure S2C). This observation correlates
with recent studies showing that mesenchymal epicardial
cells express cxcl12a and mural cells express cxcl12b in re-
generating adult zebrafish hearts (Xia et al., 2022).
Recently, basonuclin (BNCI) has been described as regu-
lator of WT1 and TCF21 expression in human pluripotent
stem cell-derived epithelial epicardial cells (Gambardella
et al., 2019). In agreement, we found BNCI highly ex-
pressed in EAC3 and EAC8 and low expression in mesen-
chymal cells (Figure S2D).

Identification of markers in the epicardium and its
derivatives

While differences within the epithelial and mesenchymal
populations were not apparent, large differences between
epithelial and mesenchymal cells were observed, allowing
the identification of markers with a specific expression pro-
file for these populations. Based on DEG analysis, several
genes were highly expressed in epithelial clusters (EAC3
and EACS8) in comparison with mesenchymal clusters
EAC1, 2, and 4. This included established genes but also
less reported ones such as SULF1, CRIP1, AQP1, and C3 (Fig-
ure 3A and Table S3). Mesenchymal subpopulations dis-
played a differential expression of several ECM-related
genes as well as C7, NRK, GPC3, and DLK1 (Figure 3A and
Table S3). To establish the specificity of these markers, we
performed in situ validation on the protein level in human
fetal heart tissue (Figure 3B). Immunohistochemistry
confirmed a distinct epithelial signal of AQP1 on the mem-
brane and expression of SULF1 and CRIP1 in the cytosol of
cells in the epicardial layer. Additionally, AQP1 and CRIP1
were observed in ECs and SMC, in agreement with the
expression patterns in the total sequencing data of all iso-
lated cells (Figure S3A). To further validate our dataset, we
investigated the protein expression of THBS4 as a marker
of the SMC population that demarcated EAC6 (Table S1).
As expected, THBS4" cells were observed closely located
to vessels (Figure 3B). Immunostaining was also performed
for mesenchymal markers TCF21 and NRK, since the latter
appeared to represent a novel marker of EPDCs. Both
markers were observed primarily within the subepicardial
space as is expected for epicardial-derived mesenchymal
cells. NRK (Nik-related kinase) has not yet been described
as a marker for the mesenchymal population, but its

Figure 2. Analysis of epicardium-associated cells (EACs) reveals limited heterogeneity

(A) Top: dashed line depicts cells that were used for subsequent analysis. Bottom: tSNE map of EACs and SMCs.

(B) Expression of epithelial markers (top), mesenchymal markers (middle), and SMC markers (bottom). Expression scale is log2.

(C) Expression of common markers of the epicardium in EACs. Expression scale is log2.

(D) Expression dotplot of DEGs in epithelial and mesenchymal subclusters. The top rows show the 10 DEGs with highest fc compared with

the remaining cells in the subcluster.

(E) GO term enrichment of DEGs in EACs. Color, false discovery rate (FDR); size, enrichment ratio (log2). See also Figure S2.
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Figure 3. Expression and spatial validation of epithelial and mesenchymal markers
(A) tSNE plots showing expression of (novel) markers in the epithelial (EAC3, 8) and mesenchymal (EAC1, 2, and 4) subpopulations.

Expression scale is log2.

(B) Immunohistochemistry with established (WT1, AQP1) or novel markers on human fetal heart tissue. Small dashes: magnification of
epicardial section of CRIP1 staining. Large dashes: magnification of epicardial section of NRK staining. Solid arrowheads: epithelial
expression. Open arrowheads: mesenchymal expression. Counterstain is DAPI. Scale bar: 25 um. See also Figure S3.

specificity was confirmed by the combination of the
scRNA-seq data and protein expression within the (sub)
epicardium. Interestingly, NRK* cells were also present
within the outer epicardium (Figure 3B), suggesting epithe-
lial cells turning on mesenchymal features and retention of
these transitioning cells within the epicardium as previ-
ously described in developing chicken hearts (Mantri
et al., 2021). Overall, we were able to differentiate between
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epicardial cells with an epithelial and mesenchymal tran-
scriptome, but within these classifications, we found
limited heterogeneity based on DEGs and GO analysis.

Differentiation trajectories in epicardial and
epicardium-derived cells

We hypothesized that the subpopulations within the
epithelial and mesenchymal populations could result



Modules

Expression

v

«

&

7|

o B
S
. . 0 ,‘S
° > o ©
oy o
o <
i 3 o
& o .
\ £ o
g g o
S b o I_l
S
S | | | | |
8 3 2 1 4
o
° EAC
S
-
o
kel
<
[}
=
<
>
0 o
49 = D multicellular organismal process { @
47 5 cellular component organization or biogenesis{ ® | FDR
45 cellular component organization{ @ 0.05
43 5 = developmental process 1 @ 0.04
42 multicellular organism development{ @ 0.03
anatomical structure development{ @ ’
41 o animal organ development{ @ 0.02
39 1 ~ system development{ @ 0.01
ag - anatomical structure morphogenesis { @ 0.00
cellular developmental process { @
37 4 cell differentiation{ @ | Fold Enrichment
33 4 pr response to external biotic stimulus (log2)
32 response to other organism e 0
cell adhesion{ @ ® 1
cell development{ @ ® 2
29 3 o tissue development{ @ @ s
26 L epithelium development{ @
25 1] cell-cell adhesion{ @ [
ag= cell junction organization { @ . 5
20 5 epithelial cell differentiation { @
19 H ki negative regulation of hydrolase activity { @ . 6
17 4 urogenital system development { @
< skin development
15 7 external encapsulating structure organization { @
12 7 extracellular structure organization { @
18 ] extracellular matrix organization
5! intermediate filament organization
5 ] positive regulation of opsonization
1 A IEEINT]
T T T 1 5
3 2 1 4 Module
EAC
CRIP1 UPK3B BNC1
o 2
©4 o
04 & o
. ° wl®
i cod. cail-
N 2 . 8o
o 8 I
K N s gwld
bt i o]
o | ¥ N .
o 3 v Y Teee 00 °
ol r r r
83 2 1 4
SNAI2
o T
‘ < .
- . .
.5 ~A é © :
7}
8 o 8
S oo
X X
w4 w
o+ o

Stem Cell Reports | Vol.

18 | 1421-1435 | July I1, 2023

(legend on next page)

1427



;0‘
(&

from the ongoing process of EMT during cardiac develop-
ment and the subsequent differentiation into fibroblast
and SMCs. To explore these processes, cells were ordered
in pseudotime using StemID2 (Herman and Griin, 2018).
A potential differentiation path was detected between
epithelial and mesenchymal cells; we identified EACS8 as
the starting point with EAC4 as the end of the differentia-
tion trajectory (Figure 4A). This path appears to represent
epicardial cells undergoing EMT and differentiating into
mesenchymal cells with endpoint cluster 4, the most fibro-
blast-like cells according to our DEG analysis (e.g., FBLN1,
COL1A1, PDGFRA; Figure S2B). As expected, a differentia-
tion trajectory toward SMCs (EAC3 to EAC6; Figure 4A)
was also observed. Next, stem cell scores per cluster were
determined, and these indicated that epithelial cluster
EAC3 displayed the highest degree of “stemness” (Fig-
ure 4B). Based on the combination of differentiation
trajectories and the stem cell score, EAC3 should have the
highest differentiation potential and could represent a
progenitor population. To identify genes with a similar
expression profile during differentiation from epithelium
to mesenchymal cells, genes were ordered into a self-orga-
nizing map (SOM) resulting in 50 modules (Figure 4C).
Since EAC3 was suggested to be the most dynamic popula-
tion, we focused on modules containing those genes that
were differentially expressed in EAC3 (Table S1). Genes in
module 5 largely overlapped with DEGs (fc > 2) from
EAC3 (87 out of 93 genes) (Table S4), including genes
related to EMT and differentiation such as ALDHIA2 and
BNC1 (Gambardella et al., 2019; von Gise et al., 2011).
GO analysis of genes in module 5 associated with epithelial
development and epithelium differentiation (Figure 4D).
Other modules that displayed a high expression in EAC3
and low in EAC4 (modules 9, 11, 14, 19, and 32) were
enriched for unrelated GO terms (Figure S4). Upon closer
inspection of module 5, in combination with the expres-
sion profile in EAC3 (Table S3) and literature, we identified
several potential novel regulators of epicardial EMT and dif-
ferentiation including CRIPI1. CRIP1 (or CRPI) encodes
cysteine-rich protein 1, a protein that contains two LIM do-
mains with associated glycine-rich repeats (Henderson
et al., 1999). During cardiac development in zebrafish,
CRIP1 (csrpl) is associated with altered cellular migration

and behavior through non-canonical Wnt signaling (Miya-
saka et al., 2007), which is a regulator of epicardial EMT
(von Gise et al., 2011). Additionally, CRIP1 functions as a
co-factor of serum response factor (SRF), another inducer
of EMT in the epicardium during development (Trembley
et al.,, 2015). To identify genes that are regulated by
CRIP1, we inferred a gene regulatory network (GRN) using
GENIE3 (Huynh-Thu et al., 2010). We used WTI as a
benchmark since this transcription factor and its down-
stream targets have been characterized extensively. Inter-
estingly, within the list of genes with the highest weight,
we found several that are implied in epicardial differentia-
tion (TCF21, PDGFRa) as well as marker of epicardial
epithelium (UPK3B) to be associated with CRIP1
(Table S5). The expression profiles of CRIP1 and its putative
downstream targets UPK3B and TCF21 were assessed. The
pseudotime trajectory of CRIP1 indicated a similar expres-
sion profile to UPK3B (high in EAC3, low in FAC2, 1, and
4). This profile is opposite to TCF21, which is highly ex-
pressed in the mesenchymal clusters (Figure 4E). BNC1 is
known as a master regulator of epicardial phenotypes
(Gambardella et al., 2019), and its expression was observed
in the same module 5 as CRIP1. Indeed, while BNC1 expres-
sion was low, it displayed a similar profile to CRIP1, with
the largest change in EAC3 (Figure 4E). Moreover, SNAIZ,
a transcription factor involved in epicardial EMT, also has
low expression at the start of the trajectory and has the
largest change in expression in EAC3 and 2, after which
it remains high in the mesenchymal clusters. These data
could suggest a potential role for CRIP1 in the epicardium
during development.

CRIP1 in epicardial EMT and developmental processes

Based on our sequencing and immunohistochemistry data,
CRIP1 represents a marker of the epicardial epithelium.
Considering its potential targets as a regulator based on
GRN (Table S5), we sought to identify the function of
CRIP1 in epicardial EMT and other key developmental pro-
cesses. We established the presence of CRIP1 protein in the
epicardium at 13 weeks of development (Figure 3B) and
expanded this time window from 8 to 17 weeks of gesta-
tional age and in the adult. CRIP1 was epicardially ex-
pressed throughout cardiac development as well as in adult

Figure 4. Pseudotime analysis indicates differentiation from epithelial to mesenchymal populations
(A) Differentiation trajectories superimposed on tSNE map from Figure 2. Color of nodes: entropy. Color of links: -log10 p value. Width of

links represents number of cells on the intercluster link.

(B) Stem cell score of clusters as calculated by ((number of links X entropy) - minimum median entropy across all clusters).
(C) Self-organizing map (SOM) of gene expression profiles (log2) on the differentiation trajectory from A. X axis shows cluster numbers.

Module 5 is highlighted by dashed outline.
(D) GO term enrichment for genes in module 5 of the SOM in (C).

(E) Expression profiles of CRIP1, UPK3B, BNC1, TCF21, and SNAIZ along the differentiation trajectory from (A). Expression is displayed as

untransformed values. See also Figure S4.
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Figure 5. CRIP1 is a marker of human fetal epicardium and is downregulated in primary human cultured epicardial cells under-

going EMT

(A) Immunohistochemistry of CRIP1 during various stages of development and in adult atrial tissue. Solid arrowheads: epithelial
expression. Open arrowheads: mesenchymal expression. Counterstain is DAPI. Scale bar: 25 pm.

(B) gPCR of various epicardial and mesenchymal markers after 5 days in control conditions or after the addition of TGFB to induce EMT. Data
are presented as mean + SEM of three independent samples. *p < 0.05, ***p < 0.001; Student’s t test.

atrial epicardium (Figure S5A). As anticipated, we also
observed CRIP1 expression in the SMCs of coronary ar-
teries (Figure S3B), as was previously shown in the adult
murine heart (Henderson et al., 1999). To establish the
role of CRIP1 in epicardial cells, a human epicardial cell cul-
ture model was used (Moerkamp et al., 2016). In vitro, pri-
mary epicardial cells retain their epithelial phenotype

and undergo EMT after stimulation with, e.g., TGFB, allow-
ing controlled analysis of cellular processes. Using this
model, we confirmed that CRIP1 has a high expression in
an epithelial state (control) and a reduced expression
5 days after TGFB-induced EMT (Figure 5B). To confirm
that our culture model followed general expression dy-
namics of the epicardium, the expression levels of WT1,
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Figure 6. siRNA-induced knockdown of CRIP1 induces EMT in an epicardial cell culture model

(A) Validation of knockdown using gPCR. Data are presented as mean + SEM of three independent samples. *p < 0.05; Student’s t test.
(B) MTT assay to assess proliferation in siScr and siCRIP1 treated cells. Data are presented as mean + SEM of four independent samples.
(C) Representative images of primary epicardial cells after 48 h cultured with scrambled siRNA (siScr) and SB to maintain an epithelial
phenotype, siSCR alone, or siCRIP1. Arrowheads indicate examples of mesenchymal cells. Scale bar: 50 um.

(D) gPCR for mesenchymal markers (SMA, TAGLN, POSTN, TCF21, PDGFRa), EMT-related transcription factor SNAI1, and epithelium (UPK3B,
WT1). Data are presented as mean + SEM of three independent samples. *p < 0.05; Student’s t test.

(legend continued on next page)
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UPK3B, and mesenchymal markers (TAGLN, SMA, POSTN)
were assessed. Indeed, it showed that epicardial markers
are downregulated, and mesenchymal genes were strongly
upregulated 5 days after TGFB induced EMT in our in vitro
epicardial cell model (Figure 5C). The early EMT-related
transcription factor SNAII is likely no longer upregulated
at this stage.

Since in our dataset (1) all epithelial cells express CRIP1,
and (2) CRIP1 is reduced once mesenchymal markers are
expressed as well as upon the induction of EMT through
TGEFB, we hypothesized that CRIP1 is required for the main-
tenance of an epithelial phenotype in human cardiac
development.

To assess the role of CRIP1 in epicardial EMT, we per-
formed siRNA-mediated knockdown (KD) of CRIPI in
cultured primary epicardial cell isolations. CRIPI KD was
validated by qPCR (Figure 6A), and KD did not affect prolif-
eration of epicardial cells (Figure 6B). Interestingly, removal
of CRIP1 was sufficient to induce EMT already after 2 days
shown by the appearance of spindle-shaped cells (Fig-
ure 6C). The change in cell morphology coincided with
the increased expression of mesenchymal markers SMA,
TAGLN, and POSTN (Figure 6D). The expression of
TCF21, a marker of mesenchymal cells, had a limited in-
crease in expression. Interestingly, the fibroblast-related
marker PDGFRa was reduced upon treatment with siCRIP1,
which may suggest that CRIP1 KD drives cells more toward
a smooth muscle cell phenotype. Although the expression
of EMT-related transcription factor SNAII increased, this
did not reach significance. Epithelial markers WT1 and
UPK3B were lowered upon KD but not yet significantly (Fig-
ure 6D). Since CRIP1 was identified as a regulator of TCF21,
PDGFRa, and UPK3B (Table S5), we investigated whether a
correlation existed between CRIP1 expression and its
targets identified in the GRN in the siCRIP1 cells. There
was a weak correlation between CRIPI and PDGFRa (R®
0.6922), but we found a strong negative correlation be-
tween CRIP1 and TCF21 (R? 0.9933) and a positive correla-
tion with UPK3B (R* 0.9791), suggesting that CRIPI levels
at least indirectly affect TCF21 and UPK3B expression
(Figure SSA).

Migration is a crucial process in epicardial development;
therefore, we investigated whether CRIP1 was also
involved in migration using a wound healing assay.
CRIP1 KD reduced the migration rate after 24 h (87.6 +
2.9 vs.72.1 = 3.5) (Figures 6E and S5B).

In our total cell scRNA seq dataset, CRIP1 was expressed
in a subset of ECs (Figure S3B). To establish whether
CRIP1 has a function in ECs, CRIP1 KD was performed in
human umbilical vein endothelial cells (HUVECs). Similar
to epicardial cells, KD of CRIP1 in HUVECs resulted in
reduced migration (Figures 6F and S5C). Additionally, in a
tube formation assay, CRIP1 influenced angiogenic proper-
ties in HUVECs; siCRIP1 reduced the number of junctions
and meshes (Figure 6G). These data suggest that CRIP1
plays a role as regulator of multiple cardiac developmental
processes, such as angiogenesis, but also in epicardial EMT
and migration.

DISCUSSION

The epicardium plays a crucial role in heart development
and may contribute to cardiac repair after injury. Detailed
information on the human developing epicardium and
its derivatives is limited. Here, we have characterized the
human fetal epicardium on a single-cell level in an epicar-
dial cell-enriched dataset. Using these data, we have (1)
identified novel markers of the epicardium in epithelial
and mesenchymal state and (2) investigated EMT resulting
in a role for CRIP1 as a regulator of epicardial EMT.

Previous studies have relied on the analysis of the epicar-
dium as a part of the single-cell data obtained from whole
hearts. In many cases, the epicardium is represented by a
very limited number of cells, and it is often identified
merely on a few (known) markers. Others have isolated
the epicardium and its derivatives by FACS based on estab-
lished epicardial markers (e.g., WT1). However, neglecting
cells that are negative for this marker may introduce a bias
into the derived cell population. Here we show that specif-
ically removing and processing the human fetal epicardial
layers yields a strongly enriched cell population containing
both epithelial-like epicardial cells and its derivatives
(71.1%) without the limitations of using established
markers.

Our dataset reveals that the established epicardial genes
WT1, TBX18, and TCF21 do not identify all epicardial asso-
ciated cells on the mRNA level. In mouse embryos staged
embryonic day 11.5 (E11.5), a great degree of overlap be-
tween Wtl, Thx18, and Tcf21 expression was observed,
but these epicardial cells lost their marker signature as
development progressed (Lupu et al., 2020). Since we

(E) Wound healing assay in primary epicardial culture after knockdown of CRIP1. RWD: relative wound density, n = 3 independent samples,

*p < 0.05 at 24 h. Student’s t test.

(F) Wound healing assay in HUVECs after knockdown of CRIP1, n = 3 independent samples. *p < 0.05; Student’s t test.
(G) Images of tube formation by HUVECs after knockdown of CRIP1. Right: number of junctions and meshes in HUVECs after 24 h. Scale bar:
400 um. Data are presented as mean + SEM of three independent samples. *p < 0.05; Student’s t test. See also Figure S5.

Stem Cell Reports | Vol. 18 | 1421-1435 | July I1,2023 1431

'O‘
©



;0‘
(&

have investigated a relatively short developmental time
span, there is a possibility that these genes have a higher
degree of overlap in the human heart at earlier develop-
mental stages. We have previously established that fetal
epicardial cells from gestational age 14-15 weeks are very
active and undergo spontaneous EMT (Moerkamp et al.,
2016). Since the focus of this study was to investigate pro-
cesses such as EMT and epicardial activity, this prompted us
to focus on this developmental stage.

Over the last few years, heterogeneity within the epicar-
dium has been studied with the aim to identify cells with
specific abilities in a developmental and regenerative
context. In our dataset, we found two very similar popula-
tions of epithelial cells, arguing against heterogeneity in
the epicardium, which is in line with recent findings in
mice (Lupu et al., 2020). Although in the mesenchymal
cells there was persistent subclustering, we were unable to
identify distinguishing markers for individual mesen-
chymal subpopulations. Moreover, GO enrichment anal-
ysis revealed no functional difference between these popu-
lations. This led us to conclude that these subpopulations
may reflect the differentiation status rather than a different
intrinsic functional capacity. The heterogeneity previously
described by others could be explained by ongoing EMT or
differentiation (Streef and Smits, 2021). Indeed, our most
progenitor-like cluster (EAC3) already displays lower
expression of the epithelium-related gene UPK3B and an
increase in TCF21 mRNA, suggesting that EMT is already
initiated in this cluster. Our dataset revealed novel and spe-
cific markers of the human fetal epithelial epicardium and
the mesenchymal population. For mesenchymal cells, we
report for the first time the expression of NRK. Nrk has
been reported to regulate expression of chemokines and
matrix metalloproteinases in adult mouse SMCs (Lu et al.,
2020). In skeletal muscle cells, NRK organizes cytoskeletal
actin through actin polymerization (Nakano et al., 2003),
which could be relevant in the differentiation of EPDCs
since it leads to SRF-dependent transcription (Olson and
Nordheim, 2010). In our dataset, NRK is very specific
for mesenchymal cell populations. Interestingly, when
analyzing the spatial distribution on a protein level, we
observed NRK present within the subepicardium and in
the outer epicardial layer. Since epicardial cells in the fetal
heart are prone to undergo spontaneous EMT (Moerkamp
etal., 2016), they may reside in the epithelial layer at an in-
termediate stage, which was reported previously (Mantri
et al., 2021). We further confirmed this by identifying
NRK and TCF21 in the outer epicardium, which may clarify
some of the reported heterogeneity. The spontaneous ten-
dency to undergo EMT may also explain why we find a rela-
tively low number of fully epithelial cells (EAC3 and 8) in
our dataset, as was also observed by Knight-Schrijver
et al. (2022).
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The dataset revealed CRIP1 as a novel marker present
within the epithelial epicardium at week 14-15 of devel-
opment. Protein expression within the epicardial layer
was confirmed by immunohistochemistry throughout
development and in the adult epicardium.

We continued to analyze CRIP1 based on its expression
pattern and its GRN that included genes involved in
epicardium (UPK3B) and epicardial differentiation
(TCF21). When investigating the pseudotime trajec-
tories, CRIP1 was suggested to be a potential regulator
of epicardial EMT. In cell culture, we found that KD of
CRIP1 rapidly induced EMT, and it inhibited epicardial
migration. The continuous expression of CRIP1 in the
epicardium and its role in preventing EMT was initially
surprising since CRIP1 has been proposed to be an
inducer of EMT in cancer (He et al., 2017; Li et al.,
2018). In idiopathic pulmonary fibrosis, CRIP1 was
induced by TGFB and highly expressed in fibroblasts
(i.e., mesenchymal cells) (Jarvinen et al., 2012). However,
in agreement with our observations, a high CRIP1
expression in human breast cancer was associated with
a better prognosis, and KD of CRIP1 increased the inva-
sive potential of breast cancer cells in vitro (Ludyga
et al.,, 2013), suggesting cell-type-specific functions of
CRIP1. CRIP1 has been described as a co-factor of SRF,
a known regulator of epicardial EMT (Trembley et al.,
2015). SRF is a transcription factor with many different
targets, including mitogen-responsive and muscle-spe-
cific genes. Both CRIP1 and the closely related CRIP2
have been described as SMC differentiation co-factors
through interaction with SRF (Chang et al., 2003; Hen-
derson et al., 1999). SRF activity is context dependent
and is orchestrated through the binding of tissue-specific
regulatory co-factors (Posern and Treisman, 2006), and as
such, the function of CRIP1 could be different depend-
ing on the cellular context. Our dataset revealed that, be-
sides the expression within the epicardium, CRIPI
expression was also observed in other cells including
ECs. KD of CRIP1 in HUVECs affected migration and
angiogenic properties, indicating that CRIP1 has a func-
tion in several cell types that are crucial for cardiac devel-
opment. The exact mechanism for CRIP1 in epicardial
cells remains to be investigated, but based on tissue
expression and the rapid induction of EMT upon CRIP1
removal, we anticipate it functions as an essential co-fac-
tor in maintaining epithelial homeostasis. Overall,
knowledge of the human fetal epicardium is sparse due
to the limited availability of tissue and the underrepre-
sentation of the epicardium in most cardiac datasets.
We provide extensive data of epicardial cells and
their derivatives that allow a detailed investigation of
the human fetal epicardium and its differentiation
pathways.



EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents
should be directed to and will be fulfilled by the corresponding
author, A.M.S. (a.m.smits@lumec.nl).

Materials availability

This study did not generate new unique reagents. Details about
methods, reagents, cells, and scRNA-seq analyses can be found in
the methods section and in the supplemental experimental
procedures.

Data and code availability

Human fetal epicardium data have been deposited in the GEO data
repository. The accession number for the human fetal epicardium
sequencing data reported in this paper is GEO database:
GSE213669. All transcriptomic analyses were performed using
standard protocols with previously described R packages.

Collection of human cardiac tissue

Human adult heart auricles were collected anonymously as surgi-
cal waste from patients undergoing cardiac surgery under general
informed consent. Human fetal cardiac tissue was anonymously
collected with informed consent from elective abortion material
of fetuses (gestational age 8 and 20 weeks). This research was
carried out according to the official guidelines of the Leiden Uni-
versity Medical Center and approved by the local Medical Ethics
Committee (No. P08.087). This research conforms to the Declara-
tion of Helsinki.

Isolation of human epicardial cells

Fetal epicardial layers were isolated by separating the epicardium
from the underlying myocardium of four human hearts aged 14—
15 weeks post-gestation as previously described (Dronkers et al.,
2018). After processing tissue into a single-cell suspension, cells
were stained with 100 nM calcein AM (65-0853, Thermo Fisher).

Sorting and single-cell RNA library prep

Single-cell RNA library prep and plate preparation was performed
by Single Cell Discoveries. Briefly, single viable cells were sorted
into 384-well plates (one or two plates per sample, seven in total)
filled with 50 nL lysis buffer containing CELseq2-primers, spike-
ins, and dinucleotide triphosphates and immediately frozen at
—80°C. cDNA was constructed using the SORT-seq protocol (Mur-
aro et al., 2016). Detailed methods regarding sequencing and
analysis with RacelD3, StemID2, and GENIE3 can be found in
the supplemental experimental procedures.

Immunofluorescence staining of human heart tissue

Immunohistochemical staining was performed on formalin-fixed
paraffin embedded human fetal and adult atrial cardiac tissue. 6-
pum sections were incubated overnight at 4°C with primary anti-
bodies: WT1 (ab89901, Abcam), AQP1 (sc-25287, Santa Cruz),
CRIP1 (PAS-24643, Thermo Fisher), TCF21 (HPA013189, Sigma-
Aldrich), NRK (PA-53566, Thermo Fisher), THBS4 (AF2390, R&D
Systems), and SULF1 (ab32763, Abcam). TCF21 signal was ampli-

fied using TSA (NEL700AO001KT, PerkinElmer). Appropriate sec-
ondary antibodies were used, and nuclei were stained with DAPIL.

Isolation of mRNA and qPCR

mRNA was isolated using ReliaPrep RNA Miniprep Systems (Prom-
ega), followed by cDNA synthesis using the RevertAid H Minus
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). qPCR
was performed in a 384-well format using SYBR Green (Promega).
Expression levels were normalized for two reference genes (HPRT1
and TBP); details and primer sequences are found in the supple-
mental experimental procedures.

Cell culture experiments

Primary epicardial cells were isolated and cultured as described pre-
viously (Moerkamp et al., 2016)). In experiments aimed at inducing
EMT, cells were stimulated with 1 ng/mL transforming growth fac-
tor B 3 (TGFB3, provided by Prof. P. ten Dijke). HUVECs were
cultured in EGM2 (CC-3162, Lonza) supplemented with 2% FCS.
siRNA experiments were performed using ON-TARGETplus
SMARTPool siRNAs for CRIP1 (L-016212-00-0005, Dharmacon)
or scrambled control (siScr, D-001810-10-05, Dharmacon) at
25 nM. For migration assays, cells were seeded at 20,000 cells per
well. Detailed methods regarding cell culture and related experi-
ments can be found in the supplemental experimental procedures.

Statistical analysis
Data are represented as mean + SEM of at least three independent
samples, and unpaired t test was used for statistical analysis unless
otherwise stated. Statistical analysis was performed using
GraphPad Prism 9.0.1.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2023.06.002.
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