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SUMMARY

A comprehensive understanding of the human pluripotent stem cell (hPSC) differentiation process stands as a prerequisite for the devel-
opment of hPSC-based therapeutics. In this study, single-cell RNA sequencing (scRNA-seq) was performed to decipher the heterogeneity
during differentiation of three hPSC lines toward corneal limbal stem cells (LSCs). The scRNA-seq data revealed nine clusters encompass-
ing the entire differentiation process, among which five followed the anticipated differentiation path of LSCs. The remaining four clusters
were previously undescribed cell states that were annotated as either mesodermal-like or undifferentiated subpopulations, and their prev-
alence was hPSC line dependent. Distinct cluster-specific marker genes identified in this study were confirmed by immunofluorescence
analysis and employed to purify hPSC-derived LSCs, which effectively minimized the variation in the line-dependent differentiation ef-
ficiency. In summary, scCRNA-seq offered molecular insights into the heterogeneity of hPSC-LSC differentiation, allowing a data-driven

strategy for consistent and robust generation of LSCs, essential for future advancement toward clinical translation.

INTRODUCTION

Corneal limbal stem cell (LSC)-driven repair mechanisms and
homeostatic renewal of corneal epithelium (CE) are essential
processes in the maintenance of human ocular surface health
(Deng et al., 2019). Guiding human pluripotent stem cells
(hPSCs) toward specific cell types such as LSCs possesses
significant promise for treating patients needing LSC trans-
plants. Major advantages of hPSCs as the LSC source include
abundance and donor-independent “off-the-shelf” nature,
and, to this day, multiple CE/LSC differentiation methods
for hPSCs have been introduced (Mahmood et al., 2022).
Aiming to facilitate clinical translation, protocols have shifted
toward simplified feeder- and serum-free versions such as our
own (Hongisto et al., 2017; Mikhailova et al., 2014).

Despite constant efforts, certain universal challenges
continue to impede the effective implementation of hPSC-
based therapeutics. High variation between individual
hPSC lines (Bock et al.,, 2011; Osafune et al., 2008) and
clones (D’Antonio et al., 2018; Hayashi et al., 2016) are
well-known problems for hPSC differentiation, which can
render promising protocols infeasible for widespread use.
Additionally, residual cellular heterogeneity within hPSC-
derived grafts impairs safety and efficacy (Sato et al., 2019).
Although hints of the efficiency variation have been pro-
vided in the previous literature (Hayashi et al., 2016; Vattu-
lainen et al., 2021), heterogeneity in the differentiation of
hPSCs into LSCs has not been systematically addressed.
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Single-cell RNA sequencing (scRNA-seq) allows decipher-
ing the heterogeneity of complex cellular systems and can
serve as a powerful tool for assessing the efficiency of hPSC
differentiation protocols (Cuomo et al., 2020). In recent
years, the use of scRNA-seq has significantly expanded
our knowledge about cell types in the cornea in vivo (Arts
etal., 2023), but it is not yet widely applied for hPSC differ-
entiation to LSCs. Through years of dedicated work on
hPSC-LSC differentiation in our laboratory, we have ob-
tained promising results using traditional characterization
methods such as immunofluorescence (IF) staining (Hon-
gisto et al., 2017; Vattulainen et al., 2019; 2021). Neverthe-
less, characterization based on a handful of markers is
insufficient and provides no solutions for addressing the
cell line-dependent variation. In this study, we used
scRNA-seq to explore the heterogeneity of cell populations
during hPSC-LSC differentiation and attempted to find
feasible solutions for more consistent and robust derivation
of hPSC-LSCs, using three distinct cell lines.

RESULTS

scRNA-seq recapitulates the temporal marker gene
expression patterns during the corneal differentiation
of hPSCs

One human embryonic stem cell (hESC) line Regea08/017
(hereafter, “hESC”) and two human induced pluripotent
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“hiPSC1”) and WTO003.TAU.bC (hereafter, “hiPSC2”) were
used for differentiation toward LSCs (Figure 1A). The incon-
sistency between the cell lines was evident on morpholog-
ical level: by day (D)24, the majority of hESC cultures con-
sisted of epithelial monolayers with cuboid cell shape,
whereas hiPSC1 and hiPSC2 yielded heterogeneous cultures
with atypical PSC-like colonial growth (Figure S1).

To define the precise cell states within the heterogeneous
populations, we carried out scRNA-seq for one hESC, two
hiPSC1, and two hiPSC2 replicas. Samples were collected
from undifferentiated cells at DO and from two previously
identified key time points at D10/11 and D24 (Vattulainen
et al., 2019). After quality control and filtering of raw
scRNA-seq data, 4,840 high-quality cells were acquired for
downstream analysis. The scRNA-seq data confirmed the
expected overall expression patterns for well-known
marker genes over time (Figure 1B): decreased expression
of pluripotency markers after DO, expression of previously
detected LSC marker ABCG2 mainly at D10/11, and strong
induction of LSC/progenitor marker TP63 and KRTI14
expression at D24. Based on the gene expression profiles,
nine separate clusters were identified and visualized in
high-dimensional space using uniform manifold approxi-
mations and projections (UMAPs) (Figure 1C).

hPSC-LSC differentiation
The nine clusters were characterized in detail in terms of
the contributing time points, cell lines, and their associated
cell-cycle phases (Figures 2A and 2B; Table S1). The main
difference between clusters 1 and 2 collected at DO arose
from cell cycle and subtle cell line-specific variations, and
they were merged for downstream analyses (C1-2). Cluster
3 (C3) and cluster 4 (C4) contained cells mostly collected at
D10/11, with a few cells originating from D24, while clus-
ter 5 (C5) and cluster 6 (C6) cells were collected solely at
D24. Due to their association with certain collection
days, we defined these clusters as “time point-specific.”
Among the remaining three clusters, cluster 7 (C7) and
cluster 8 (C8) contained a mixture of cells from both
D10/11 and D24, while cluster 9 (C9) comprised cells
from all three time points. We defined these as “mixed
time point” clusters. C9 contained actively cycling cells at
comparable levels with C1-2 cells. (Figure 2B, and Table S1)
Importantly, the studied cell lines showed varying distri-
butions to the identified clusters. Before the start of differ-
entiation, C1-2 contained a similar number of cells from all
three lines. In D10/11-associated clusters, hESC was
slightly underrepresented in C3 and slightly overrepre-
sented in C4. In D24-associated clusters, C5 contained a
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majority of hESC cells and rather small fractions from the
two hiPSC lines, while C6 was mainly derived from hiPSC2.
Interestingly, C7 was the only mixed time point cluster
containing a small fraction of hESC cells, whereas both
C8 and C9 were solely from hiPSC1 and hiPSC2. (Figure 2B,
and Table S1)

Time point-specific clusters represent cell states along
the LSC differentiation trajectory
Next, we set out to identify the precise cell state in each
cluster, using a combination of marker gene expression
and Gene Ontology (GO) analysis (Gene Ontology Con-
sortium, 2004). The protein-level expression of selected
markers was subsequently confirmed by IF.

Many C1-2 marker genes were associated with pluripo-
tency, including SOX2, LIN28A, and NANOG (Figures 2C,
and S2) and enriched for proliferation-associated GO terms

1012 Stem Cell Reports | Vol. 19 | 1010-1023 | July 9, 2024

-40

“mitotic nuclear division” and “DNA replication” (Fig-
ure 2D). IF of undifferentiated hPSCs at DO showed uni-
form expression of pluripotency-associated cluster markers
TRA-1-81 (recognizes an epitope expressed by PODXL),
OCT3/4, and LIN28 (Figures 3A, and S2), confirming the
annotation of this cluster as “PSC.”

Both C3 and C4 had high expression of the stem cell
marker ABCG2 (Figures 2C, and S2). Other highly ex-
pressed marker genes for C3 included cell adhesion and
migration genes such as LUM, TGFBI, and GABRP, and the
overall marker genes were slightly enriched for “mesen-
chyme development” (Figure 2D), indicating mesodermal
characteristics. Therefore, C3 was referred to as the
“meso-like-1” cluster. C4 exhibited a slightly more epithe-
lial-like profile, with low levels of epithelial stem cell genes
such as TP63 (Figures 2C, and S2) that gave rise to a slight
enrichment for “epidermis development” in GO analysis
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Figure 3. Immunofluorescence validation of time point-specific clusters 1-6
(A) Expression of selected C1-2/PSC markers in the undifferentiated hPSCs at DO.
(B) Expression of C3/meso-like-1 and C4/early-epi marker ABCG2 (ABCG2), C4/early-epi marker TP63 (p63a. and p40/ANp63), and corneal

lineage marker PAX6 (PAX6) at D10.

(C) Expression of PAX6 (PAX6) and C5/iLSC markers KRT14 (CK14), KRT15 (CK15), TP63 (p40/ANp63), and (XCL14 (CXCL14) at D24.

(D) Expression of C6/late-epi marker MUC16 (MUC16) at D24. Representative IF images are shown for hiPSC1. Cell nuclei counterstained

with DAPI or Hoechst 333420 (shown in blue). Scale bars, 100 pum.

(Figure 2D). Therefore, we named C4 as the “early-epi” clus-
ter. Furthermore, marker genes for both clusters were signif-
icantly enriched in “cell-substrate adhesion,” “tissue migra-

tion,” and “wound healing”
(Figure 2D). Consistent with the scRNA-seq data, IF of the
D10 cell culture samples demonstrated wide expression of
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ABCG2, with p63a co-expression in a subset of ABCG2-
positive cells (Figure 3B).

Both C5 and C6 displayed clear epithelial characteristics.
CS5 expressed high amounts of TP63 as well as other epithe-
lial and LSC genes like KRT14 and CXCL14 (Figures 2C, and
S2). C5 marker genes were highly enriched for “epidermal
development/differentiation”-associated GO terms, indi-
cating epithelial stem cell features (Figure 2D). We anno-
tated CS as the “induced LSC” (iLSC). Gene regulatory
network analysis on the C5/iLSC using SCENIC (Aibar
et al., 2017) revealed several key transcription factors of
LSCs (Figures S3A and S3B). Among them, HMGAZ2, KLF6,
TP63, JUN, and FOSL2 had high gene expressions and
SCENIC prediction scores (mean AUC, which stand for
Area under the ROC Curve). Signaling pathway assessed
with PROGENy (Schubert et al., 2018) identified activation
of, e.g., androgen, epidermal growth factor receptor
(EGFR), hypoxia, Janus kinase/signal transducers and acti-
vators of transcription (JAK-STAT), nuclear factor «B
(NF-«kB), and pS3 pathways (Figure S3E). C6 showed high
expression of diverse types of epithelial genes, such as
AQP3, MUC16, and SI00A9 related to epidermis or
conjunctival cells, as well as KRT8 and KRTIS8
(Figures 2C, and S2). A few cells had low expression of
skin (KRT1)- and hair follicle (KRT72)-associated keratins
but no typical conjunctival genes, such as MUC2,
MUC20, or KRT13, or mature corneal epithelial markers
KRT3 or KRT12 were observed (Figure S2). These findings
suggest that C6 has a distinct epithelial cell state from
CS. Therefore, we annotated C6 as “late-epi.” Gene regula-
tory network SCENIC analysis on the C6/late-epi revealed
key transcription factors such as GATA3, ARID3A, IRF6,
KLF5/6, and CREB3L2 (Figures S3C and S3D).

IF of D24 cell cultures confirmed protein-level expression
of C5/iLSC markers CK14, CXCL14, p63a/p40, as well as
another limbal cytokeratin CK15 (Figure 3C). MUC16
was present in morphologically distinguishable, layered
cell areas accompanied with low p63a staining intensity
(Figure 3D), indicating that this population possessed a
distinct epithelial cell state from C5/iLSC cells, correspond-
ing to the C6/late-epi.

Interestingly, the expression of corneal lineage marker
PAX6 was too low to reliably quantify in any of the
scRNA-seq data clusters (Figure S2). However, quantitative
real-time PCR (real-time qPCR) showed upregulated PAX6
throughout the differentiation process (Figure S4A), and
in IF we could see low but increasing intensity of nuclear
PAX6 staining in the majority of cells on D10/11 and
D24 (Figures 3B and 3C), accompanied by areas of clearly
PAX6+ cells especially in the hESC and hiPSC1 cultures
(Figure S4B). Coupled with epithelial markers such as p63
and CK14 (Figures 3B and 3C), these findings indicate a
successful commitment to CE lineage. Taken together,
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cell states of the time point-specific C1-2/PSC, C3/meso-
like-1, C4/early-epi, C5/iLSC, and Cé6/late-epi were identi-
fied by scRNA-seq and confirmed on the protein level in
IE. Cells in these clusters seemed to follow the expected pro-
gression of differentiating hPSCs.

Mixed time point populations contain non-epithelial
cells which deviate from the LSC differentiation
pathway

Among the mixed time point clusters, C7 and C8 cells ex-
pressed mesenchymal/mesodermal genes such as
COL1A1, ZEB2, ACTC1, and ACTAZ2 (Figures 2C, and S2).
Additionally, C7 cells expressed high levels of COL8AI,
GREM1, and TGFB2 and C8 marker genes included
HANDI1, GATA4, PITX1, TGFBI, and LUM. Therefore, we an-
notated C7 as “meso-like-2” and C8 as “meso-like-3” clus-
ter. Interestingly, some of these markers, e.g., ACTCI,
ACTA2, HANDI1, and LUM were expressed in both C3/
meso-like-1 and C8/meso-like-3, indicating somewhat
similar cell states (Figures 2C, and S2). IF confirmed the
expression of HAND1, GATA4, lumican (encoded by
LUM), and ZEB2 on the protein level, with varying co-stain-
ing patterns at D10 and D24 (Figure 4A). However, clear
expression of collagen 8Al1 (encoded by COL8AI) was
only observed at D24 (Figure 4A), indicating that it marks
a distinct cell cluster.

Intriguingly, C9 had a high resemblance to C1-2/PSC.
Similar pro-proliferation and pluripotency-associated
genes were detected among the highly expressed markers
in both clusters, but C9 cells additionally expressed distinct
metallothionein (MT) genes, which were not expressed by
C1-2/PSC (Figures 2C, andS2). Nevertheless, GO-term
enrichment of C9 was similar to that of C1-2/PSC (Fig-
ure 2D), and thus it was annotated as the “PSC-like” cluster.

As the PSC-marker-expressing cells belonging to C1-2/
PSC were only obtained at DO (Figure 2B, and Table S1),
we used a panel of pluripotency markers to confirm the
presence of C9/PSC-like cells at D10 and D24. Indeed,
strong expression of SOX2, TRA-1-81, OCT3/4, and
LIN28 was confirmed by IF in colonies showing undifferen-
tiated morphology and becoming more abundant within
cells at D24 when compared to D10 (Figure 4A). Although
almost no hESC-derived cells contributed to C9/PSC-like in
the scRNA-seq data, formation of distinctive colonies and
expression of pluripotency markers were observed also in
hESC at D24 during IF validation (Figure S4C).

To investigate the potential developmental trajectory of
all identified clusters, pseudotime analyses were performed
with Monocle 3 (Cao et al., 2019). Using C1-2/PSC as the
starting point, C5/iLSC cells were identified to be the latest
point in pseudotime, both in the pooled analysis (Fig-
ure SSA) or when hPSC lines were analyzed individually
(Figures S5B-S5D). This is consistent with that C5/iLSC is
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Figure 4. Immunofluorescence validation of mixed time point clusters 7-9
(A) Expression of C7/meso-like-2 and/or (8/meso-like-3 markers HANDI (HAND1), LUM (lumican), ZEB2 (ZEB2), and C0L8A1 (collagen

8A1) at D10 and D24.

(B) Expression of pluripotency and C9/PSC-like markers SOX2 (SOX2), NANOG (NANOG), PODXL (TRA-1-81), POU5F1 (0CT3/4), and LIN28A
(LIN28) among the differentiating cells at D10 and D24. Representative IF images are shown for hiPSC1. Cell nuclei counterstained with

DAPI or Hoechst 333420 (shown in blue). Scale bars, 100 pum.
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the endpoint of differentiation and contains the most LSC-
like cells. Among other clusters, C4/early-epi was shown to
be mostly consistently intermediate, between C1-2/C9
and CS5, while the remaining clusters showed clear line-
dependent differences in pseudotime.

Surface marker quantification confirms differences in
the cell line-dependent differentiation efficiency

To assess the line-dependent heterogeneity in detail, we
quantified the C5/iLSC cluster in all three lines. A clear ma-
jority (95%) of hESC-derived cells collected at D24 belonged
to this cluster, instead of only 35% of hiPSC1- and 22% of
hiPSC2-derived cells (Figure 5A). One possibility to deal
with this line-dependent heterogeneity is to purify the C5/
iLSC population. For this, we selected the top genes that
showed the highest expression in C5/iLSC based on average
log fold change (avg_log2FC), as compared to all other clus-
ters (Table S7). Among them, we identified AREG and ITGA6
as suitable purification marker candidates, as both proteins
are known to be cell membrane associated (Figure S5B).
Furthermore, as the C9/PSC-like cells constituted a particu-
larly undesirable population, we included PODXL (encoding
a protein which can be recognized by TRA-1-81 antibody) as
the negative selection marker (Figure 5C) and proceeded to
validate the markers in flow cytometry (FC).

At D24, AREG was expressed in 71.7% + 15.3% of hESC
vs. 58.4% + 11.9% of hiPSC1 cells, and ITGA6 was ex-
pressed in 92.8% =+ 4.0% of hESC vs. 82.5% + 5.4% of
hiPSC1 cells (Figure 5D). The line-dependent differences
were statistically significant (paired t test, p = 0.0319 for
AREG and p = 0.0302 for ITGA6). Despite major differences
in the amount of PODXL transcript in the scRNA-seq data
(Figure SE), TRA-1-81 antigen was measured in 2.7% =+
2.4% of hESC and only in 4.7% + 3.0% of hiPSC1 cells (Fig-
ure 5D), showing no statistically significant difference be-
tween the cell lines. Nevertheless, the quantification of
C5/iLSC cells with AREG, ITGA6, and TRA-1-81 confirmed
more efficient derivation of C5/iLSC from hESC, as
compared to hiPSC1 (Figure 5D), consistent with scRNA-
seq transcript quantification (Figure SE).

FACS based on AREG, ITGA6, and TRA-1-81
successfully purified iLSCs

First, we simulated the purification effect by computation-
ally selecting C5/iLSC and comparing their transcriptome
to data from all D24 cells and primary adult human LSCs
in silico. For this comparison, scRNA-seq data of C5/iLSC
cells, all D24 cells, and primary adult human LSCs from
Smits et al. (2023) were processed into pseudobulk data
and visualized with principal-component analysis (PCA).
We expected that in silico-purified C5/iLSC cells from all
cell lines would give rise to more similar transcriptome pro-
files with each other as compared to all D24 cells. Indeed,
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the in silico purification demonstrated a major impact espe-
cially on hiPSC1 and hiPSC2. After purification, all three
cell lines clustered closer together and moved closer to
the primary LSCs on the PC1 axis, which represents the
major difference in this PCA plot (58%) (Figure 6A).

Fluorescence-activated cell sorting (FACS) was used to
experimentally validate the purification approach with
hESC and hiPSC1 lines, using AREG and ITGAG6 for positive
and TRA-1-81 for negative selection. TRA-1-81/ITGA6"/
AREG™ cells and all live cells as the unpurified control
were sorted for subculture and characterized in IF after
8 days. PSC-like colonies were observed within the unpuri-
fied subcultures especially in hiPSC1, whereas TRA-1-817/
ITGA6*/AREG™ subcultures did not display PSC-like mor-
phologies (Figure 6B). The findings were confirmed in IF,
which demonstrated expression of pluripotency markers
within the unpurified cells, whereas the TRA-1-817/
ITGA6*/AREG" subcultures expressed LSC markers PAX6,
p63a, and CK14, but not pluripotency markers such as
OCT3/4 (Figure 6B). Additional IF characterization
included MUC16, lumican, and CK12 (encoded by
KRT12), to reveal the potential presence of C6/late-epi,
C8/meso-like-3, or terminally differentiated CE, respec-
tively, but these markers were not detected in any of the
samples. Staining with Ki67 (Figure 6B) demonstrated the
presence of smaller, proliferative cells which constituted
30.8% + 0.6% of the hESC and 68.0% + 1.2% of the hiPSC1
cultures when quantified through cell counting.

To further assess the molecular profile of the FACS-purified
cells, we collected samples from TRA-1-81/ITGA6*/AREG*
hESC and hiPSC1 at 15 days post-sorting and carried out
bulk RNA-seq. The expression of selected cluster marker
genes in the bulk RNA-seq data of FACS-purified cells was
compared to the pseudobulk datasets from “all D24 cells”
and the primary LSCs from Smits et al. (2023) (Figure 6C).
In line with the in silico and FACS-mediated purification re-
sults, expression of genes in FACS-purified hiPSC1 cells
showed more similarity to hESC cells and primary LSCs.
This included increased expression of LSC markers and
decreased expression of mesodermal and pluripotency
markers. This indicates that our cell sorting strategy, based
on surface markers identified from scRNA-seq data, can be
used to circumvent the line-dependent variability within
the hPSCs and produce purer populations of C5/iLSC cells.

DISCUSSION

Understanding the diverse cell types involved in the in vitro
differentiation of hPSC is crucial to gain control over the
process and advance safe and effective hPSC-based thera-
peutics. To achieve this, streamlined data-driven tools are
ultimately needed to facilitate the development of
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Figure 5. Measuring differentiation efficiency via quantification of surface markers with flow cytometry (FC)

(A) Distribution of cells to the identified clusters at D24, shown separately for each cell line.

(B and C) Expression (B) AREG and ITGA6 and (C) PODXL transcripts on the UMAP graphs.

(D) FC quantification of AREG, ITGA6, and TRA-1-81 antigens at D23/24.

(E) Quantification of cells with AREG, ITGA6, and PODXL transcripts measured in the single-cell RNA sequencing data. Results shown as
mean + SD, statistical analysis performed with paired t test (*p < 0.05).

standardization strategies and to support the production of
uniform high-quality hPSC-derived cells. In this study, we
showed differentiation of three hPSCs lines toward the
LSC lineage and used scRNA-seq for detailed analysis of
cell types/states along the process, validating these results
by IF and FC. Moreover, we demonstrated proof of princi-
ple that undesired populations such as non-epithelial or
PSC-like cells and high cell-line-dependent variation can
be overcome by using surface markers identified by
scRNA-seq. The results support our previous works (Hon-
gisto et al.,, 2017; Vattulainen et al., 2019; 2021) and,
more importantly, provide new insights into the differenti-
ation heterogeneity and strategies for improving the proto-
col outcome.

In this study, we successfully characterized the cell states,
C1-2/PSC, C4/early-epi, and CS5/iLSC, which follow the ex-
pected LSC differentiation trajectory. Additionally, we iden-
tified two previously unreported time point-specific subpop-
ulations. C3/meso-like-1 comprising ABCG2*/TP63" cells
collected at D10/11 demonstrated elevated expression of
genes associated with migration, invasiveness, and extracel-

lular matrix production, indications toward epithelial-to-
mesenchymal transition (EMT). This cluster of cells could
therefore recapitulate unintended EMT events potentially
linked to developmental neural crest-driven EMT (Weigele
and Bohnsack, 2020). Whether it represents a mere side
product, a transitional state, or a necessary factor influencing
the outcome of the overall differentiation process is an inter-
esting question warranting further investigation.

Although many genes in C4/early-epi were also associ-
ated with EMT, almost half of the cells also expressed
epithelial TP63, traditional hallmark of clinically relevant
LSCs (Rama et al., 2010), as well as ABCG2. We have previ-
ously demonstrated that ABCG2*/p63a* hPSC-LSCs have
enhanced regenerative abilities compared to ABCG27/
p63a* cells both in vitro and ex vivo (Vattulainen et al.,
2019). In this study, we demonstrated that D10/11 hPSC-
LSCs co-express p63a and PAX6 proteins, which identify
the corneal epithelial stem cells/progenitors both in tissue-
and hiPSC-derived LSC cultures (Hayashi et al., 2016; Nor-
rick et al., 2021). Therefore, we expect C4 to contain early
LSC-like cells, and the precursors of the later-emerging
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Figure 6. FACS-mediated purification of the target C5/iLSC population

(A) Principal-component analysis (PCA) of in silico-purified cells from the scRNA-seq data and primary cultured limbal stem cells (LSCs)
control data.

(B) IF characterization of unpurified vs. TRA-1-81-/ITGA6+/AREG+ cells at day D8 post-sorting. Cell nuclei counterstained with Hoechst
333420 (shown in blue). Scale bars, 250 um (black) and 100 um (white).

(C) Selected marker gene expression between in silico- and FACS-purified hiPSC (I) and hESC (E)-derived populations, compared to primary
LSCs (L). Results are shown as boxplots of the log2 values of the deseq2 normalized counts.

epithelial population represented by C5/iLSC, consistent
with the pseudotime analysis.

C5/iLSC expressed several traditional limbal progenitor/
LSC marker genes, e.g., KRT14, KRT15, and TP63 (Figueira
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et al.,, 2007; Nieto-Miguel et al., 2011; Pellegrini et al.,
2001). It also had a high expression of a more novel marker
CXCL14, which was recently associated with potential
LSCs in human corneas using scRNA-seq (Catala et al.,



2021; Collin et al., 2021). Thus, C5/iLSC seemed to repre-
sent the most LSC-like population obtained during the dif-
ferentiation process. Consistent with this, several tran-
scription factors identified as key regulators of CS5
through gene regulatory network analysis, such as TP63,
JUN, and FOSL2, are known to be important for LSCs (Li
etal., 2021; Smits et al., 2023; Wang et al., 2023). However,
the distinct profile from primary LSCs, coupled with the
lack of CK12 expression even after subculture, strongly
indicate that CS5/iLSC cells remain rather immature.
Manipulation of their serum- and feeder-cell-free culture
environment may be required to facilitate further lineage
commitment and proper differentiation. It is worth
mentioning that, in our data, PAX6 expression remained
almost undetectable by scRNA-seq. However, additional
analyses with real-time qPCR and IF contrasted this result
by demonstrating PAX6 expression on both mRNA and
protein level. This may require further attention in our up-
coming studies, since correct dosage of PAX6 is known to
be essential for corneal epithelial health, starting early on
from the eye field development all the way to corneal
morphogenesis and postnatal CE (Shaham et al., 2012).
Importantly, it is one of the key transcription factors
driving lineage commitment toward ocular epithelia
instead of skin epidermis (Li et al., 2015; Ouyang et al.,
2014; Smits et al., 2023).

Co/late-epi had a small number of cells and was identi-
fied as a distinct epithelial population appearing at D24,
as cells in this cluster expressed diverse epithelial markers.
MUCI16 is expressed superficially throughout the adult
ocular surface epithelia (Argiieso et al., 2003) and in the
developing CE (Collin etal., 2021); KRT8 and KRT18 are ex-
pressed in surface ectoderm during development and in
myoepithelial cells (Nguyen et al., 2018); and KRT1 and
KRT72 keratins that were lowly expressed in a small num-
ber of cells are normally expressed in the epidermis and
hair follicles, respectively (Moll et al., 2008). Several key
transcription factors identified in Cé6/late-epi have been
associated with both normal and diseased ocular surface
epithelia, e.g., KLF5/6 which, among other things, regulate
the development and differentiation of CE (Chiambaretta
et al., 2002; Kenchegowda et al., 2011) and GATA3, which
is upregulated in aniridia patients (Smits et al., 2023). It
would be of interest to further define the cell state of C6/
late-epi, whether it is one of the intermediate cell states
during differentiation or an off-track cell state.

In addition to the time point-specific C1-5, we also de-
tected three clusters containing cells from multiple time
points (C7-9). Two of these clusters, C7/meso-like-2 and
C8/meso-like-3 contained cells from both D10/11 and
D24 and displayed even higher EMT genes expression
than the time point-specific C3/meso-like-1 cells. Activa-
tion of unintended neural crest EMT gene expression pro-

grams could also explain the origin of these cells. However,
unlike the cells in C3/meso-like-1 that either go extinct
during the process or develop further into a new pheno-
type, the cells in C7-8 remain and overcommit to a meso-
dermal gene signature. Markers expressed in these clusters
included genes associated with mesodermal differentiation
and often linked to cardiac development, e.g., ACTCI,
HAND1, and GATA4 (Olson, 2006); this may indicate a
diversion from the intended LSC fate.

Finally, C9/PSC-like represented a population deviating
even further from the intended cell type. It contained
PSC-like cells from all three time points, with a large per-
centage of D24 cells. PSC marker expression coupled with
high proliferation rate is a known risk for tumorigenicity
(Lee et al., 2013). The distinctive attribute of C9/PSC-like
compared to C1-2/PSC was the clear upregulation of MT
genes, which play multiple roles in carcinogenesis,
including regulation of cell-cycle arrest, proliferation, and
apoptosis (Si and Lang, 2018). Some cells in C9/PSC-like
were derived from DO time point, thus showing high initial
MT levels. In a study of Lu et al. (2018), expression of MTs
was shown to characterize a bizarre differentiation-arrested
population, which was potentially linked to altered cellular
responses to medium zinc in a rare population of hESCs. It
would be of interest to further investigate the mechanisms
of these genes maintaining PSC-like phenotype during dif-
ferentiation and to unravel if certain hPSC line characteris-
tics make it more prone to produce such unfavorable
outcome.

In this study, the general differentiation efficiency was
highest in the hESC line, with 95% of the cells belonging
to the most LSC-like C5, while both hiPSC1 and hiPSC2
produced noticeably lower number of cells following the
differentiation trajectory and contributed more to mixed
time point C7-9. This may not be fully surprising, given
that the used protocol has been initially optimized with
the hESC line (Hongisto et al., 2017). The outcome is
most likely also influenced by the differences in cell line
origin, embryonic or reprogrammed, and even by the re-
programming method (Bock et al., 2011; Osafune et al.,
2008), which also explains the challenges to reproduce
the previously reported differentiation efficiencies with
different cell lines, despite using a similar protocol (Sun
et al., 2021). However, the observed differences represent
the well-acknowledged problems of line-dependent hPSC
differentiation efficiency.

To solve these issues, scRNA-seq data-driven decisions
can be made to further optimize the differentiation proto-
col for each individual cell line. However, this approach is
both time-consuming and laborious, and purification
might still be needed. As implicated by our in silico purifica-
tion results, selective enrichment efficiently mitigates the
inconsistency between different hPSC lines. Indeed, by
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combining positive selection of C5-specific surface markers
AREG and ITGA6 with negative selection of pluripotency
marker TRA-1-81 in FACS, we efficiently purified C5/iLSC
cells. Ultimately, the selective sorting evened out the differ-
ence between the golden standard hESC line and the less
efficient hiPSC1, by significantly enhancing the post-sort
efficiency of hiPSC1 in terms of LSC-associated gene and
protein level expression. When compared to the gene
expression of primary adult LSCs, the purification was
shown to further improve the quality of the hPSC-derived
cell populations based on the elevated expression of impor-
tant LSC marker genes such as TP63 and KRT14, and
decreased level of off-target markers like HANDI and
ZEB2. In the future, transferring toward gentler in-process
methods such as magnetic bead-activated cell sorting and
optimization of post-sort cell culture conditions should
be further explored to support scalability.

To the best of our knowledge, our study represents the first
to employ scRNA-seq for a detailed investigation of differen-
tiating hPSC-LSCs heterogeneity using several lines, to
define the precise cell states, differentiation efficiency, and
cell line dependency. Based on specific markers identified
by scRNA-seq, we successfully improve the quality and con-
sistency of the obtained hPSC-LSCs through cell sorting.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests should be directed to Dr. Huiq-
ing Zhou (j.zhou@science.ru.nl).

Materials availability

There are restrictions to the availability of human cell lines used in
this study due to the Act on the Secondary Use of Health and Social
Welfare Data. No other unique materials or reagents were gener-
ated or used in this study.

Data and code availability

The research data produced at Tampere University are in principle
shared and open according to the findable, accessible, interoper-
able, resuable (FAIR) principles. All raw sequencing files generated
in this study have been deposited in the Gene Expression Omnibus
database (GEO) with the accession number GSE248497. Generated
single cell objects are available on Zenodo at https://doi.org/10.
5281/zenodo.11208468. All code used in this study is available at
https://github.com/JGASmits/Heterogeneity-
of-differentiating-hPSC-derived-corneal-limbal-stem-cells-through-
scRNAseq. Public data of scRNA-seq data from adult LSCs were
downloaded from GEO: GSM6266908 and GEO: GSM6266909.

Corneal differentiation of hPSCs

Human ESC line Regea08/017 (“hESC”) was derived and character-
ized as described by Skottman (2010). Human iPSC line
WTO001.TAU.bB2 (“hiPSC1”) was established and characterized
in-house as described in Gronroos et al. (2021), and hiPSC line
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WTO003.TAU.bC (“hiPSC2") as described in the supplemental infor-
mation (SI) (see also Figure S6). Corneal differentiation for 23—
24 days was performed as previously described in Vattulainen
etal. (2019, 2021). Full details on hPSC lines and culture practices
are provided in the SI. All the experiments involving cell culture
work were conducted on the site of Tampere University, Faculty
of Medicine and Health Technology. The faculty has the approval
of the National Authority Fimea (Dnro FIMEA/2020/003758) to
conduct research on human embryos, and supportive statements
from Regional Ethics Committee of the Expert Responsibility
area of Tampere University Hospital have been obtained by the
research group, granting the permissions to derive, culture, and
differentiate hESC lines (R0O5116), and to establish and use hiPSC
lines in ophthalmic research (R16116).

scRNA-seq and data processing

Live single cells were sorted onto 384 wells using FACSAria fusion
cell sorter (BD Biosciences), and libraries were constructed
following the SORT-seq protocol (Hashimshony et al., 2016; Mur-
aro et al., 2016). Data in the libraries were pre-processed using
seq2science (Van Der Sande et al., 2023). Full details on scRNA-
seq with SORT-seq and data processing with seq2science pipeline
are provided in the SI.

Marker gene selection and GO-term enrichment

Marker genes for each cluster were identified using the Wilcoxon
rank-sum test (Stuart et al., 2019). GO-term enrichment was per-
formed using separated positive and negative marker genes for
each cluster with clusterProfiler (Wu et al., 2021). A combination
of marker genes, GO-term enrichment, and sample time point in-
formation was used to generate cluster annotations. The gene lists
for each cluster are provided in Table S7.

Suitable markers for sorting were selected among CS5/iLSC
marker genes (Table S7). The top genes with the highest av-
g_log2FC were selected and assessed whether their GO terms
were linked to the GO term “cell surface” (GO:0009986).

Pseudotime analysis

Monocle3 (1.3.1) (Cao et al., 2019) was used to perform pseudo-
time analysis in R (4.3.1) with Seurat (5.0.0). To prevent overplot-
ting of time points, quasirandom geom was used to sort time
points into categories from the ggbeeswarm package (0.4.0).

Single-cell pathway analysis and single-cell regulatory
network inference

The Seurat object was converted to Scanpy (Wolf et al., 2018) ob-
ject (hSad file) using Seurat (4.1.1) and SeuratDisk (0.0.0.9019) in
R (4.0.5). Cell-signaling pathways activity was determined using
PROGENYy (Badia-i-Mompel et al., 2022; Schubert et al., 2018) (de-
coupler-py 1.6.0). For each pathway, the top 500 genes were
included. Activity for these curated pathways was inferred for
each single cell by running a multivariate linear model from
decoupleR.

SCENIC analysis (Aibar et al., 2017) was performed using py-
SCENIC (0.12.1). To identify the top transcription factors, AUC
scores were summed up and sorted into individual transcription
factors. Next, the top 25 factors were selected for the C5/iLSC
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and Co/late-epi clusters. Finally, the most specific transcription
factors were inferred by plotting the mean expression values
against the mean AUC scores.

Real-time qPCR

Real-time qPCR was performed using standard methodology and
sequence-specific TagMan gene expression assays (Thermo
Fisher Scientific) for GAPDH (Hs99999905_m1) and PAX6
(Hs01088112_m1). Results were analyzed with the 222 method
(Livak and Schmittgen, 2001).

Cell staining for IF and FC/FACS

Standard indirect IF protocol was performed as previously
described (Vattulainen et al., 2021), using primary antibodies listed
in Table S2. Olympus IX51 fluorescence microscope (Olympus
Corporation) was used to capture representative IF images. Image]
software tools (Schindelin et al., 2009) were used for determining
the percentage of Ki67-stained cells against DAPI-stained nuclei.
For FC/FACS, single-cell suspensions were stained with AREG-
APC (17-5370-42; Invitrogen), ITGA6-PE (561894), and TRA-1-
81-FITC (560194; both BD Biosciences) following standard meth-
odology, and a minimum of 10,000 events from the primary gate
were recorded for analysis with FACSAria fusion. TRA-1-817/
ITGA6*/AREG™ cells and live cells with no selection as controls
were sorted onto 24 wells and subcultured for 8 days, as described
in full detail in the SI.

Statistical methods

Quantitative data from real-time qPCR, IF, and FC are presented as
mean = standard deviation (SD), except for Figure S4, where we
show mean =+ range. Paired t test was performed to analyze differ-
ences between the hESC and hiPSC1 lines in FC marker quantifica-
tion using the GraphPad Prism 9 software (GraphPad Software
Inc.). Differences were considered statistically significant when p
< 0.05.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2024.06.001.
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