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Characterization of directed differentiation of pluripotent stem cells towards therapeutically relevant cell
types, including pancreatic beta-cells and hepatocytes, depends on molecular markers and assays that
resolve the signature of individual cells. Pancreas and liver both have a common origin of anterior defin-
itive endoderm (DE). Here, we differentiated human embryonic stem cells towards DE using three differ-
ent activin A based treatments. Differentiation efficiencies were evaluated by gene expression profiling
over time at cell population level. A panel of key markers was used to study DE formation. Final DE dif-
ferentiation was also analyzed with immunocytochemistry and single-cell gene expression profiling. We
found that cells treated with activin A in combination with sodium butyrate and B27 serum-free supple-
ment medium generated the most mature DE cells. Cell population studies were useful to monitor the
temporal expression of genes involved in primitive streak formation and endoderm formation, while sin-
gle-cell analysis allowed us to study cell culture heterogeneity and fingerprint individual cells. In addi-
tion, single-cell analysis revealed distinct gene expression patterns for the three activin A based
protocols applied. Our data provide novel insights in DE gene expression at the cellular level of in vitro
differentiated human embryonic stem cells, and illustrate the power of using single-cell gene expression
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profiling to study differentiation heterogeneity and to characterize cell types and subpopulations.
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1. Introduction

In the efforts of developing new sources of insulin producing
cells for treatments of Type I diabetes, human embryonic stem
cells (hESCs) hold a great promise as an unlimited source of insulin
supply. Protocols for efficient generation of definitive endoderm
(DE) and its subsequent differentiation to pancreatic progenitors
and pancreatic B-cells (beta-cells) have been extensively reported
[1-12]. Although, the cells generated with these protocols do not
express the same combination of markers as their in vivo counter-
parts, glucose responsive beta-like cells can be generated when
maturated in vivo [8]. This data indicate that hESCs have the po-
tential to develop into functional insulin producing cells, but the
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instructive signals for in vitro maturation of pancreatic progenitors
are missing. To overcome this challenge, it is generally believed
that the most straightforward strategy of differentiating pluripo-
tent stem cells towards beta-cells is to mimic the signaling path-
ways of pancreas development, during normal mammalian
embryonic development, and to translate this knowledge to
human in vitro systems.

The progressive developmental steps behind beta-cell differen-
tiation are first initiated with formation of DE. In vertebrates, this
process starts during gastrulation with the appearance of the prim-
itive streak (PS) (reviewed in [13,14]). Pluripotent epiblast cells un-
dergo epithelial to mesenchymal transitions and migrate through
the PS and become either mesoderm or endoderm. The cells that
first exit PS form the most anterior part of the embryo, while cells
exiting later form the posterior part of the embryo. After migration
through the PS, DE invades and replaces the extraembryonic endo-
derm layers of visceral endoderm (VE) that forms the supportive
tissues of the embryo. During vertebrate gastrulation the Nodal
signaling pathway regulates endoderm and mesoderm formation
[15,16]. In the pregastrula embryo, high levels of Nodal induce
endoderm and anterior mesendoderm, whereas low levels of Nodal
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promote transcription of mesoderm and posterior endoderm. A key
regulatory gene for PS formation is Brachyuru (T) that is induced by
signals from extraembryonic endoderm [17,18]. Another transcrip-
tion factor, Mix homeobox-like 1 (MixI1), is expressed during gas-
trulation, when the early endoderm migrates out from the PS and
plays an important role in cell commitment towards the endoder-
mal linage and suppresses mesodermal differentiation [19]. MixI1
is also required for cell movement that during gastrulation is asso-
ciated with anterior expansion of DE and gut tube morphogenesis
[19,20]. Cerberus 1 (Cer1), SRY (sex determining region Y)-box 17
(Sox17) and forkhead box A2 (Foxa2) are expressed in DE and are
in many aspects key regulatory genes for endoderm development
and specification of foregut endoderm, the part of the endoderm
that later on gives rise to organs, such as pancreas and liver
[21,22]. Absence of Sox17 in mice results in depletion of DE in
the foregut endoderm [23]. In the pre/early-streak embryo, Sox17
is expressed in the entire extraembryonic/VE endoderm. At mid-
streak stage Sox17 is expressed in endoderm at the anterior end
of the PS, but not in VE. At the time of DE movement to the anterior
gastrula, Sox17 expression expands more anterior and is therefore
specifically expressed in DE of the gastrula in contrast to other
endoderm markers such as Cer1, Foxa2 and hematopoietically-ex-
pressed homeobox protein (Hhex) that are also expressed in ante-
rior VE [21,22]. The C-X-C chemochine receptor type 4 (Cxcr4) is
expressed in DE and in mesoderm but not in VE [24-26]. After gas-
trulation, the endoderm is regionalized along the anterior-poster-
ior axis into foregut, midgut and hindgut, where foregut later on is
specified into thyroid, lung, hepatic and pancreatic endoderm.
Hhex is one of the earliest markers that regulates anterior-poster-
ior identity and is expressed in the first anterior DE cells, emerging
from the PS [27], and plays an essential role in maintaining ante-
rior identity [28,29]. Moreover, at late gastrulation, LIM homeobox
1 (Lhx1), orthodenticle homeobox 2 (0Otx2), Cerl and Foxa2 have
been shown to be required for establishment of the anterior-pos-
terior axis body plan [30-32]. Sox17, FoxA2, Hhex and Cer1 are all
expressed both in DE and VE, while SRY (sex determining region
Y)-box 7 (Sox7) is exclusively expressed in mouse VE [23]. Markers
that are expressed during regionalization of the gut endoderm in-
clude alpha fetoprotein (Afp) [33], caudal type homeobox 2 (Cdx2)
[34] and HNF1 homeobox B (Hnf1b) [35]. To summarize, genetic
studies in vertebrates have shown that there is no exclusive mark-
ers that can be used to define anterior DE, which is the origin of
both beta-cells and hepatocytes. Instead, cell characterization re-
lies on using a combination of markers that collectively identifies
anterior DE and excludes a VE phenotype.

In the attempts of translating developmental biology into strat-
egies for in vitro differentiation of pluripotent stem cells, research
tools that define the molecular events within heterogeneous cell
populations are needed. Individual cells in a seemingly homoge-
nous cultures or tissues are in many aspects unique in their expres-
sion of transcripts and proteins [36]. This implies that cell
population data cannot be used to accurately describe individual
cells. Immunocytochemistry provides an opportunity to specifi-
cally target cells expressing anterior DE markers at the protein le-
vel. However, there are few or no published data using these
antibodies for immunolocalization in hESCs. Furthermore, only a
few proteins may be analyzed simultaneously using immunocyto-
chemistry. This highlights the need for novel assays and tools that,
at cellular level, monitor differentiation of hESCs towards DE. The
use of single-cell gene expression analysis to understand stem cell
heterogeneity and the dynamic transition between cell fates has
been recognized for a long time, but lack of analytical techniques
sensitive enough to measure few transcripts has limited such
experiments. However, recent advances allow robust and repro-
ducible single-cell gene expression measurements to be performed
[37-39].

Here, we differentiated hESCs towards DE using three different
activin A based protocols. The dynamics of DE markers were ana-
lyzed over time using gene expression profiling at cell population
level. The temporal analysis of DE associated markers identified
an optimal endpoint stage of differentiation that was further char-
acterized by single-cell gene expression profiling. Immunocyto-
chemistry was used to confirm expression of DE markers at
protein level. Analysis of multiple markers associated with differ-
entiation at the single-cell level allowed us to determine character-
istic transcript signatures for cells generated by the three different
activin A treatments. Our data illustrate the value of analyzing
multiple markers at the cellular level and how single-cell analysis
can be implemented as a research tool to understand hESC
differentiation.

2. Material and methods
2.1. Cell cultures and differentiation of human embryonic stem cells

The hESC line SA121 [40] was maintained as undifferentiated
cells in DEF™-CS (Cellartis AB), according to Swedish ethics guide-
lines. For differentiation, hESCs were passaged into differentiation
media, containing RPMI1640 (Gibco, Invitrogen) supplemented
with 0.1% Penicillin/Streptomycin (Gibco) and activin A 100 ng/ml
(Peprotech), up to 7 days according to Fig. 1. For AAFBS, differentia-
tion medium supplemented with 0.2% fetal bovine serum
(Sigma-Aldrich) was used day 0-2 and 1% fetal bovine serum was
used day 3-7. For the AAB27 and AANaB protocols, differentiation
medium was supplemented with 2% B27 serum-free supplement
medium (Gibco) all days. In AANaB, 1 mM sodium butyrate (NaB,
Sigma-Aldrich) was added day 0-1 and 0.5 mM NaB day 2-7 [12].
Full medium change was performed every day. Bright field images
of cells were taken on an inverted microscope (Eclipse TE2000-U,
Nikon).

2.2. Immunocytochemistry

Cells were washed once in phosphate buffered saline and fixed
in 4% paraformaldehyde for 15 min, washed three times in PBS,
permeabilized in 0.5% TritonX-100 for 15 min (all Sigma-Aldrich).
Primary antibodies: goat anti-SOX17 (1:500) (R&D Systems),
mouse anti-POU5F1 3/4 (1:200, Santa Cruz), mouse anti-AFP
(1:500, Sigma-Aldrich), goat anti-FOXA2 (1:500, Santa Cruz Bio-
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Fig. 1. Definitive endoderm differentiation. Human embryonic stem cells were
treated with activin A using three different protocols: AAFBS, AAB27 and AANaB to
induce differentiation towards definitive endoderm. Detailed differentiation pro-
tocols are described in Section 2.
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technology), mouse anti-CDX2 (1:200, BioGenex 1/200) and goat
anti-Sox7 (1:200) (R&D Systems) were incubated in phosphate
buffered saline at 4 °C over night. As secondary antibodies, Alexa
Fluor 594 conjugated donkey-anti-rabbit IgG, Alexa Fluor 488 don-
key-anti-goat IgG, Alexa Fluor 488 donkey-anti-rabbit IgG and
Alexa Fluor 488-a-mouse IgG (all Molecular Probes) were added
in a 1:500 dilution in phosphate buffered saline for 1 h at room
temperature. Cell nuclei were stained with DAPI (Sigma-Aldrich).
Immunostained cells were visualized with Nikon Eclipse TE2000-
U Fluorescence microscope and Nikon Act-1C for DXM1 200C
software.

2.3. Total RNA extraction and reverse transcription

Cells were harvested in RNA Cellprotect (Qiagen) every day for
all differentiation protocols. Total RNA was extracted using the
RNeasy mini-Kit (Qiagen), following the standard protocol for ani-
mal cells. Removal of residual genomic DNA from all samples was
done with DNase I treatment (Qiagen), according to the manufac-
turer’s protocol. Reverse transcription was performed using
200 ng total RNA in a final volume of 20 pl, using HighCapacity
cDNA Reverse Transcription Kit (Applied Biosystems) using Rotor-
gene 3000 (Qiagen), according to manufacturer’s instructions. Each
cDNA sample was diluted with water to 200 pl.

2.4. Gene expression profiling

LightCycler 480 (Roche Diagnostics) and ABI PRISM 7900 HT se-
quence detection system (Applied Biosystems) were used for gene
expression profiling following the minimum information for publi-
cation of quantitative real-time PCR [41]. Both TagMan based
probe and SYBR Green I assays were used. Detailed assay informa-
tion is shown in Table S1. For SYBR Green I based assays, iQ SYBR
Green Supermix (Bio-Rad) and 400 nM of each primer (Sigma-Al-
drich) was used and the applied temperature profile was 95 °C
for 3 min followed by 50 cycles of amplification (95 °C for 20s,
60 °C for 20 s and 72 °C for 20 s). For TagMan probe based assays,
TagMan Gene Expression Master Mix with UNGase and 1x TagMan
primer/probe mix for respective gene was used (both Applied Bio-
systems). The temperature profile for TagMan assays was 50 °C for
2 min and 95 °C for 10 min followed by 40 cycles of amplification
(95 °C for 15 s and 60 °C for 1 min). Assay performance was evalu-
ated with standard curve (Figs. S1 and S2). All SYBR Green I gener-
ated data were confirmed with melting curve analysis. No assay
amplified genomic DNA, tested by reverse transcription negative
samples. Potential references genes were evaluated using Norm-
Finder and GeNorm algorithms. Data were normalized against
the geometric mean expression of ACTB, RPL7, RPS10 and YWHAZ.
The comparative Cycle of quantification (Cq) method for relative
quantification (AACq-method) was used and performed as de-
scribed [42]. Gene expression levels were plotted as mean + SD of
three independent biological experiments.

2.5. Single-cell gene expression profiling

Single-cell sorting for gene expression profiling has been de-
scribed elsewhere [38,43,44]. Briefly, hESCs were enzymatically
dissociated into single-cell suspensions and kept in differentiation
medium on ice until cell sorting. Single-cells were sorted with BD
FACSAria (BD Biosciences) into 96-well plates containing 5 pu Cel-
luLyser (TATAA Biocenter) per well. Samples were frozen at 80 °C
until subsequent analysis. Transcriptor (Roche Diagnostics) was
used for reverse transcription. Lysed single-cells in 13 pl water
containing 2.5 pM anchored-oligo(dT18) primer and 3.0 uM ran-
dom hexamers (both Roche Diagnostics; final concentrations) were
incubated at 65 °C for 5 min; 1x reaction buffer with 8 mM MgCl,,

1 mM deoxynucleotide mix, 20 U Protector RNase inhibitor and
10U Transcriptor (all Roche Diagnostics; final concentrations)
were added to a final volume of 20 pl. Reverse transcription was
performed at 25 °C for 5 min, 50 °C for 60 min, 55 °C for 15 min
and terminated by heating to 85 °C for 5 min. Pre-amplification
with 10 pl ¢DNA and 25 nM of each primer was performed in
100 pl, using iQ SYBR Green Supermix (Bio-Rad). Primers for the
following genes were included: CDX2, CER1, CXCR4, FOXA2, HHEX,
HNF1B, LHX1, MIXL1, NANOG, POU5F1 and SOX17 (Sigma-Aldrich).
Primer sequences are provided in Table S1. The temperature profile
was 95 °C for 3 min followed by 15 cycles of amplification (95 °C
for 20s, 55 °C for 20 s and 72 °C for 3 min). Samples were immedi-
ately frozen on dry ice after finishing the last elongation step. All
samples were diluted 1:10 with water before qPCR. LightCycler
480 (Roche Diagnostics) was used for all gPCR measurements. To
each 10 pl reaction, containing iQ SYBR Green Supermix (Bio-
Rad) and 400 nM of each primer (Table S1), we added 3 pl of di-
luted pre-amplified cDNA. The temperature profile was 95 °C for
3 min followed by 50 cycles of amplification (95 °C for 20 s, 60 °C
for 20 s and 72 °C for 20 s). The formation of expected PCR products
was confirmed by melting curve analysis and all assays were ver-
ified by agarose gel electrophoresis. Performance of pre-amplifica-
tion and qPCR assays used for single-cell measurements are shown
in Fig. S2.

2.6. Single-cell analysis

Distributions of transcripts are lognormally distributed in sin-
gle-cells [38,39,45]. The Cqg-values represent the negative logarith-
mic transcript number in qPCR measurements. Consequently, all
single-cell data analyses were performed with Cq-values. For hier-
archical clustering, principal component analysis (PCA) and Koho-
nen self-organizing maps complete data matrices were needed. For
these analyses, cells without expression of a specific marker where
given a Cq-value of the maximum Cg-value quantified for that
particular gene plus two. A few cells had contribution of unspecific
PCR products. These cells received a Cq-value of the maximum
Cg-value quantified for that particular gene plus one. All data anal-
yses were robust and were not found to depend on missing data
strategy as long as missing data were considered to represent cells
with transcript levels below level of detection for respective assay.
All Cg-values were mean-centered for respective gene in Fig. 6 and
Table 1. Consequently, a negative mean-centered Cq-value corre-
sponds to a cell with expression above the overall mean for that
particular gene. Spearman correlation was performed in SPSS
(16.0 or later, SPSS Inc.) software. Hierarchical clustering, PCA
and Kohonen self-organizing maps were performed in GenEx soft-
ware (MultiD). Expression of each gene was autoscaled for hierar-
chical clustering analysis, using Ward’s algorithm and Euclidean
distance measure. Autoscaled gene expression values were also
used in PCA to give all genes equal weight in the clustering algo-
rithms. The data were analyzed as described [38,42].

3. Results

3.1. Dynamics of global gene expression during differentiation towards
DE

To induce differentiation towards DE, hESCs (cell line SA121)
were treated with activin A, a member of the TGF-b superfamily
that mimics Nodal signaling [46,47]. Three different activin A treat-
ments were used as illustrated in Fig. 1. Briefly, in the AAFBS pro-
tocol, hESCs were differentiated with activin A and low
concentration of fetal bovine serum [3]. The serum was replaced
with B27 serum-free supplement medium in the AAB27 protocol
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Fig. 2. Temporal analysis of gene expression at cell population level during AAFBS, AANaB and AAB27 treatments. Optimal endpoint of DE differentiation for AAFBS treated
cells was day 5 and 7 for AAB27 and AANaB treated cells. Data for AAFBS treated cells at day 7 are missing, due to poor cell survival. Data are shown as mean * SD of three
independent experiments. The expression value was arbitrarily set to a value of 1 for all genes at day 0. Note the difference in scale for respective gene.

and with B27 serum-free supplement medium and sodium buty-
rate (NaB) in the AANaB protocol [12]. Expression of genes in-
volved in PS formation and differentiation towards anterior DE

were monitored under 7 days using reverse transcription quantita-
tive real-time PCR (Fig. 2). The expression profile of PS and DE
markers in AAB27 and AANaB treated cells showed similar
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A. SOX17

D, SOX}T" P

G. SOX17

Fig. 3. Immunocytochemistry analysis at endpoint stage for AANaB treated cells. The majority of SOX17" cells co-expressed FOXA2 (A-C). AFP (D-F) and SOX7 (G-I) were not
detected in SOX17 expressing cells. CDX2 was not detected in FOXA2+ cells (J-L). Cells were counterstained with DAPI for nuclear localization. Scale bar in (A-C) and (G-I)

represent 100 pm and 50 um in (D-F) and (J-L).

dynamics as during vertebrate endoderm differentiation [14],
while the gene expression profile of AAFBS treated cells did not fol-
low the temporal expression pattern found in mouse development.
The gene regulation differed in magnitude between the treatments,
where most DE genes were induced to lower levels in AAFBS trea-
ted cells than in AANaB and AAB27 treated cells, indicating a less
efficient method for DE differentiation. The PS gene, T, which is in-
volved in segregating mesoderm and endoderm, was transiently
expressed day 3-7 in both AAB27 and AANaB treatments (Fig. 2).
In AANaB treated cells, T was clearly downregulated day 7, which
indicate differentiation towards endodermal rather than to meso-
dermal cell types. The expression of MIXL1 followed the expression
pattern of T, during AANaB differentiation. In AAB27 treated cells,
MIXL1 was upregulated first at day 6, while AANaB treated cells
upregulated MIXL1 already day 3. The transient gene expression
pattern of PS markers was followed by upregulation of a panel of
DE genes (CER1, CXCR4, HHEX, FOXA2, OTX2 and SOX17). In AAB27
and AANaB treated cells, the endodermal genes SOX17 and FOXA2
were induced at day 5-7 and both were expressed at slightly high-
er levels in the AAB27 treated cells (Fig. 2). In addition, induction of
CXCR4 was also induced at day 5-7. According to the expression
pattern found in mouse, Cxcr4 is expressed in early endoderm
and mesoderm but not in anterior VE. Thus, upregulation of

SOX17, FOXA2 and CXCR4 indicated differentiation towards DE
rather than VE, during AAB27 and AANaB treatments. Furthermore,
the VE marker SOX7 did not follow the induction pattern observed
for the DE genes. Notably, cells that were differentiated in the ab-
sence of activin A showed upregulation of SOX7 expression, while
the expression of DE genes were downregulated compared to acti-
vin A differentiated cells (Fig. S3). These data support the hypoth-
esis that activin A promotes differentiation towards DE but not VE.
Moreover, the markers involved in anteriorization of DE: CERI,
HHEX, LHX1 and OTX2, were upregulated at day 5-7, the same time
as the other DE genes were upregulated and indicated specification
of anterior DE during AAB27 and AANaB treatments (Fig. 2). The
LHX1 expression peaked at day 6-7 for AAB27 and AANaB treat-
ments, while AAFBS treated cells showed an overall low LHX1
expression throughout all days. CDX2 was absent in most analyzed
samples, regardless days of differentiation (data not shown).

In summary, anterior DE markers (CER1, HHEX, LHX1 and OTX2)
were induced at the same time as universal DE genes (SOX17,
FOXA2) for both AAB27 and AANaB treatments, while the PS mark-
ers T was only downregulated for AANaB treated cells. This gene
expression pattern is similar to PS/mesendoderm formation and
the following development of anterior DE, during mouse develop-
ment [14]. At day 7, all DE genes were induced, while pluripotency
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AANaB

POUSF1 DAPI SOX17
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AAB27

AAFBS

Fig. 4. Immunocytochemistry analysis at endpoint stage of DE differentiation. SOX17 and POU5F1 expression in AANaB (A-D), AAB27 (E-H) and AAFBS (I-L) treated cells at
endpoint stage. Endpoint stage for AANaB and AAB27 treated cells were day 7 and 5 for AAFBS treated cells. Cells were counterstained with DAPI for nuclear localization.
Bright field images show cellular morphologies at endpoint stage of differentiation in each treatment (M-0). Scale bars in panels (A-L) represent 100 pim and in panels (M-0)

represent 50 pm.

markers POU domain class 5 transcription factor 1 (POU5F1, also
known as OCT4) and Nanog homeobox (NANOG) remained unregu-
lated. Therefore, we chose day 7 to study the differentiation capac-
ity of the AAB27 and the AANaB treated cells in detail with
immunocytochemistry and single-cell analysis. Day 5 was chosen
for AAFBS treated cells, according to the same criteria. In addition,
these cells started to die after day 5.

3.2. Immunocytochemistry showed efficient differentiation towards DE
but not to extraembryonic and gut endoderm

To qualitatively analyze differentiation, immunostainings were
performed at endpoints stage of each treatment (Fig. 3). The major-
ity of the AANaB treated cells co-expressed SOX17 and FOXA2. AFP
and CDX2 that are expressed in the gut endoderm tube in mouse
were not detected at day 7 in AANaB treated cells, indicating that
these cells have not developed into gut endoderm. In addition,

the VE marker SOX7 was not detected in AANaB cultures, support-
ing the observation that SOX7 gene expression were not efficiently
upregulated during activin A treatment. Similar results were ob-
served in AAB27 treated cells (Fig. S4). Most AANaB and AAB27
treated cells were SOX17* and POU5F1~, but a somewhat higher
portion of POU5F1" cells were observed in the AAB27 treated cul-
tures (Fig. 4). AAFBS treated cells showed fewer SOX17" cells and
less efficient downregulation of POU5F1 compared to AAB27 and
AANaB treated cells.

3.3. Distinct morphology of DE differentiated cells

During the first 24 h of AANaB treatment a dramatic cell death
was observed, where surviving cells started to proliferate from day
4 and reached confluence at day 7. AANaB treated cells showed
marked changes in cellular morphology over time and were
homogenous at day 7, where individual cells exhibited uniform
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morphology illustrated by bright field images in Fig. 4M. This mor-
phology and homogeneity was not observed to the same extent in
AAB27 treated cells (Fig. 4N). The AAFBS treated cells were grown
to confluence around day 3-5 as illustrated in Fig. 40. Thereafter,
the number of cells gradually declined.

3.4. Single-cell gene expression analysis revealed distinct SOX17
positive cell populations

Eighty-two single-cells from respective activin A treatment
were collected by flow cytometry, lysed, reverse transcribed, pre-
amplified and analyzed with quantitative real-time PCR. Perfor-
mance of the pre-amplification step is shown in Fig. S2. Gene
expression of CDX2, CER1, CXCR4, FOXA2, HHEX, HNF1B, LHX1,
MIXL1, NANOG, POU5F1 and SOX17 were analyzed. All single-cells
were negative for CDX2 expression, which is in agreement with
the immunostainings (Fig. 3). Basic statistical parameters for all
single-cell data are described in Table 1.

Initially, we performed binary data analysis at the single-cell le-
vel to identify co-expression of PS and DE genes with SOX17 (Table
2). Here, we used SOX17 as key marker for DE differentiation, since
SOX17 is only expressed in endoderm, and exclusively expressed in
DE from mid-streak stage embryo [23]. Sixty percent of the AAB27
treated cells expressed SOX17 and 71% of these cells expressed the
mesendodermal marker CXCR4. Co-expression of SOX17 and CXCR4
excluded VE being formed. The corresponding number for AANaB
treated cells was 63%. During AAB27 differentiation all SOX17* cells
co-expressed CERI. The percentages for FOXA2, HHEX, MIXL1 and
LHX1 were 82%, 69%, 86% and 73%, respectively (Table 2). The

Table 1
Statistical parameters describing gene expression in single cells using AAFBS, AAB27
and AANaB differentiation protocols.

Gene AAFBS AANaB AAB27

n? Mean® n? Mean® n? Mean®
CER1 46 -0.73 60 0.90 77 0.27
CXCR4 18 -0.17 48 1.09 35 —-1.41
HNF1B 2 -0.21 3 0.14 3 0.00
POUS5F1 51 -2.04 47 394 78 —-0.71
HHEX 8 0.37 32 0.92 39 -0.76
MIXL1 21 0.67 32 2.10 61 -0.80
SOX17 5 -0.25 52 1.09 49 -1.13
FOXA2 8 0.15 61 0.00 50 -0.26
LHX1 4 0.40 22 0.96 38 -0.61
NANOG 44 -1.55 54 2.01 62 -0.17

2 Number of cells expressing a given gene. n, = 82 for respective treatment.

b Mean gene expression of respective treatment. All numbers are expressed as
cycle of quantification values (log,-scale) and values are mean-centered for
respective gene. Negative values represent expression above the mean for that
particular gene. For example, the mean expression of CER1 in AAFBS treated cells
was 1.92(090-(=073) = 3 g times higher than in AANaB treated cells, using the assay
specific PCR efficiency of CER1 (Table S2).

Table 2

Binary analysis of the SOX17 positive cell population.
Gene AANaB?® (%) AAB27° (%)
CER1 96 100
CXCR4 86 71
POUS5F1 47 61
HHEX 57 69
MIXL1 55 86
FOXA2 96 82
LHX1 37 73
NANOG 61 63

2 Percent of cells expressing a given gene in the SOX17 positive cell population for
cells treated with AANaB and AAB27.

pluripotency markers POU5F1 and NANOG were co-expressed in
59% of the SOX17" cells (SOX17"POU5F1*"NANOG" cells).

During AANaB differentiation 63% of the cells expressed SOX17.
Ninety-six percent of the SOX17* cells co-expressed CER1 and
FOXA2, respectively, whereas 57% expressed HHEX (Table 2). More-
over, CXCR4 was detected in 86% of the SOX17" cells and pluripo-
tency markers POU5F1 and NANOG were co-expressed in 33% of
the SOX17" cells (SOX17*POU5SF1"NANOG"® cells). Interestingly, AA-
NaB treatment generated 55% SOX17"MIXL1*® cells and 37%
SOX17*LHX1" cells, which were lower percentages compared to
AAB27 treated cells (86% and 73%, respectively).

During AAFBS differentiation, the majority of the cells co-ex-
pressed CER1, POU5F1 and NANOG (data not shown). SOX17 expres-
sion was only detected in 5 of the 82 (6%) analyzed cells. Within
the SOX17* population, CER1, CXCR4, FOXA2 and HHEX were co-ex-
pressed in 2 of the 5 SOX17" cells. In all activin A treatments, HNF1B
was expressed in less than 4 cells regardless differentiation proto-
col and was therefore not included in further correlation and clas-
sification analysis (Table 1). Of the HNF1B positive cells detected,
all cells co-expressed CER1, CXCR4, FOXA2, LHX1 and SOX17 inde-
pendent of differentiation method.

Conclusively, both AAB27 and AANaB treatments generated
similar numbers of cells co-expressing DE markers: CER1, CXCR4,
FOXA2, HHEX and SOX17. However, the SOX17" population gener-
ated during AAB27 differentiation co-expressed LHX1 and MIXL1
transcripts to higher extent compared to AANaB differentiation.
In contrast, pluripotency genes were more rarely expressed in
the SOX17" population generated, during AANaB differentiation.

3.5. Single-cell gene expression profiling revealed cellular
heterogeneity

High variability in gene expression was observed both within
and between the three different activin A treatments, indicating
a non-synchronized differentiation (Fig. 5). Hierarchical clustering
of all cells, regardless activin A treatment used, grouped DE genes
(CER1, CXCR4, FOXA2, HHEX, LHX1, MIXL1 and SOX17) together,
where the expression profile of SOX17 and FOXA2 were most
similar. The pluripotency markers POU5F1 and NANOG grouped
separately (Fig. 5).

The relative transcript levels for respective gene and treatment
are presented in Fig. 6. Several genes showed 10,000-fold variation
or higher in transcript levels both within and between differentia-
tion protocols. The observed differences between activin A treat-
ments at cell population level were to a large extent also
observed when analyzing the positive population of a given gene
at single-cell level. The relative gene expression levels of most
DE genes were observed at similar or somewhat lower levels in
AAFBS treated cells compared to AAB27 and AANaB treated cells
at cell population level (Fig. 2). The number of cells expressing
DE genes was significantly lower in AAFBS treated cells (Table 1),
but the transcript levels of the positive cells were in the same
range as for the other treatments (Fig. 6). These data suggest that
the lower expression level observed at cell population level in
AAFBS treated cells could be explained by fewer cells expressing
a specific gene but at expression levels similar to the other treat-
ments. The distributions of MIXL1 and LHX1 for AAFBS differentia-
tion were in agreement with cell population analysis, whereas in
AAB27 and AANaB treatments, the distribution of respective gene
was more unclear compared to the global analysis. The relative dis-
tribution of MIXL1 and LHX1 transcripts showed a skewed expres-
sion towards higher levels in AAB27 treated cells compared to
AANaB treated cells (Fig. 6). This was not as obvious when compar-
ing MIXL1 and LHX1 expression at cell population level (Fig. 2). By
comparing the gene expression profile at single cell level to the
profile at cell population level, we conclude that global cell
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Fig. 5. Cell heterogeneity and gene clustering. Heat map of hierarchical clustering grouped differentiation genes (CER1, CXCR4, FOXA2, HHEX, LHX1, MIXL1 and SOX17)
together, where the expression profile of SOX17 and FOXA2 were the most similar, while POU5F1 and NANOG grouped separately. Gene expression levels of all genes were
autoscaled Cg-values. High expression is shown in red (negative values), while low expression is shown in green (positive values).

Table 3
Spearman correlation coefficients for AAFBS, AANaB and AAB27 treated cells.
CER1 CXCR4 POU5F1 HHEX MIXL1 SOX17 FOXA2 LHX1 NANOG

AAFBS
CER1 1
CXCR4 0.55 1
POUS5F1 0.30 -0.15 1
HHEX 0.31 0.00 -0.21 1
MIXL1 0.19 0.40 -0.64 - 1
SOX17 - - -0.40 - - 1
FOXA2 0.77 1.00 —0.31 - - - 1
LHX1 - - - - - - - 1
NANOG 0.55 -0.24 0.72 -0.21 -0.57 - 0.10 - 1
AANaB
CER1 1
CXCR4 0.66 1
POUS5F1 -0.27 0.37 1
HHEX 0.19 0.22 0.37 1
MIXL1 0.12 -0.25 0.60 -0.18 1
SOX17 0.41 0.36 0.03 0.12 0.38 1
FOXA2 0.33 0.20 -0.09 0.26 0.13 0.22 1
LHX1 -0.44 -0.06 -0.04 -0.49 0.09 031 -0.22 1
NANOG ~0.33 0.16 0.73 0.20 0.49 0.14 0.22 —0.00 1
AAB27
CER1 1
CXCR4 0.50 1
POU5F1 -042 0.08 1
HHEX 0.55 0.39 0.14 1
MIXL1 0.59 0.35 -0.01 0.45 1
SOX17 043 0.14 0.14 0.52 0.32 1
FOXA2 0.62 0.57 -0.17 0.46 0.55 0.57 1
LHX1 0.61 _0.41 0.26 0.48 0.46 0.46 0.60 1
NANOG ~0.35 0.15 0.69 0.10 ~023 0.17 -0.20 0.23 1

Bold indicates >99% significance; underline indicates >95% significance. Correlation coefficients were not calculated for gene pairs with fewer than five data points.

population analysis could not in all cases provide sufficient resolu-
tion to detect differences between treatments.

3.6. Expression of anterior DE genes correlated at the cellular level
during AAB27 treatment

Spearman correlation analysis was performed at the single-cell
level to find common gene expression patterns within respective

activin A treatment (Table 3). A correlation coefficient of 1 reflects
perfect correlation, —1 reflects perfect anti-correlation and 0 is no
correlation. Notably, the DE genes showed an overall positive cor-
relation (P < 0.05) at the cellular level in AAB27 differentiated
cells. In the AANaB cells, only four correlations between DE genes
(CER1:CXCR4, CER1:S0X17, CER1:FOXA2 and CXCR4:SOX17) were
found (P<0.05), compared to 17 positive correlations for the
AAB27 treated cells (P<0.05). In addition, CER1 was negatively
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correlated with the pluripotency markers POU5F1 and NANOG for
AAB27 treated cells. In AAFBS treated cells, two positive correla-
tions were detected between the DE genes (CER1:CXCR4 and
CXCR4:FOXA2). In all activin A treatments, expression of pluripo-
tency genes POU5F1 and NANOG positively correlated to each other.
Additionally, there was no or negative correlations between pluri-
potency genes and endodermal genes in AAB27 and AANaB treated
cells. In summary, correlation data showed that the expression of
DE genes were synchronized in AAB27 treated cells, while the
expression of DE markers in AANaB and AAFBS cells were mainly
non-synchronized.

3.7. Individual cells grouped into different subpopulations based on
treatment protocol

To test if individual cells from the different treatment protocols
could be classified into different subpopulations based on their
gene expression profiles, we applied principal component analysis
(PCA) (Fig. 7). PCA is an unsupervised learning algorithm. To give
all genes equal importance in the classification analysis all data
were autoscaled [42]. PCA revealed three different subpopulations
of cells. Interestingly, the individual cells mainly grouped accord-
ing to their treatment. Most AAFBS cells were grouped together
and these cells were characterized by low anterior DE expression
levels and high expression levels of pluripotency genes (Table 1
and Fig. 6 and Fig. S5). The subpopulation with AANaB treated cells
showed intermediate expression of anterior DE genes and low
expression of pluripotency genes, while cells treated with AAB27
were characterized with high levels of both anterior DE and pluri-
potency markers (Table 1 and Fig. 6 and Fig. S5). However, all acti-
vin A treatments were represented with at least a few cells in
respective subpopulation defined by PCA, indicating that all three
treatments could generate the same cell types, but with different
efficiency. Single-cell grouping by PCA (Fig. 7) mainly overlapped

PC 2

~ PC1

Fig. 7. Differentiated human embryonic stem cells grouped according to their
treatments. Principal component analysis clustered the differentiated cells into
three groups. AAFBS treated cells (black squares) clustered mainly into group 1,
AAB27 treated cells (red dots) into group 2 and AANaB treated cells (green
triangles) into group 3. Cells in group 1 were characterized by high expression
levels of pluripotency genes (POU5F1 and NANOG) and low expression levels of
differentiation genes (CER1, CXCR4, FOXA2, HHEX, LHX1, MIXL1 and SOX17) (Table 1,
Fig. 6 and Fig S5). Cells in group 2 showed high expressions of both pluripotency
and differentiation genes, while group 3 cells were characterized by low expression
levels of pluripotency genes and intermediate expression levels of differentiation
genes. Loadings for principal component analysis are shown in Fig S5. HNF1B was
excluded from the analysis due to few data points.

with the hierarchical clustering shown in Fig. 5 (data not shown).
We also applied Kohonen self organizing maps to screen for more
subpopulations [38]. This screen identified two subpopulations,
one subpopulation characterized by low expression of DE markers
and high expression of pluripotency markers, while the cells in the
other subpopulation were represented by low expression of pluri-
potency markers and high expression of DE markers. Many cells
were also found to be in transition between an undifferentiated
and differentiated cell state (data not shown).

4. Discussion

In the attempts of developing protocols for programming plu-
ripotent stem cells towards therapeutically relevant cell types,
such as beta-cells and hepatocytes, recapitulating the molecular
events along the developmental program of pancreatic and hepatic
development are believed to be the most successful strategy. Beta-
cells and hepatocytes share a common origin from a bipotent pro-
genitor population of anterior DE cells that have the potential to
become both liver and pancreas [48]. In vitro differentiation is by
no means a synchronized process. Instead, cell cultures contain a
mixture of cells with different degrees of maturation. Detailed sin-
gle-cell characterization is an important and informative tool to
define the expression signature of individual cells in differentiating
hESCs cultures, and to compare them to their in vivo counterparts.
Here, we differentiated hESCs towards DE with three different
methods of activin A treatment. Cell differentiation was evaluated
both at cell population and single-cell level, using key marker
genes that identify DE with anterior identity.

Most DE markers are not exclusively expressed in DE, but are
also expressed in other cell types. Therefore no single marker can
be used, instead a panel of markers that collectively identify defin-
itive endoderm and exclude extraembryonic endoderm need to be
used. All activin A treatments induced gene expression of anterior
DE markers, while the gut endodermal markers AFP and CDX2
were absent, indicating differentiation towards a DE phenotype
that has not yet fully developed into gut endoderm. The temporal
gene expression profile during AAB27 and especially AANaB differ-
entiation showed similar characteristics as to DE formation in ver-
tebrates (Fig. 2) [14]. Transient expression of T and MIXL1, which
are characteristic markers of PS formation [19,49], were detected
before induction of endodermal genes SOX17, FOXA2 and CXCR4
(Fig. 2). The gene expression profiles of PS and DE genes indicated
that AAB27 and AANaB treatments transitioned cells through a
mesendodermal progenitor stage followed by differentiation to-
wards endoderm rather than mesoderm.

Differentiation towards VE or DE was assessed with CXCR4 and
SOX7 expression. CXCR4 is expressed in DE but not in VE, while
SOX7 has the opposite expression pattern [23,26]. Upregulation
of CXCR4 gene expression in combination with absence of SOX7
protein expression indicated that AAB27 and AANaB treatments di-
rected hESCs towards DE and not to VE (Figs. 2 and 3 and Figs. S3
and S4).

Cell population analysis implicated that AAB27 and AANaB dif-
ferentiations, compared to AAFBS treatment, were similar (Fig. 2).
The single-cell analysis confirmed this observation. In order to
characterize the identity of cells generated during the different
activin A treatments, we examined gene expression of anterior
DE markers in detail at the single-cell level. Binary analysis showed
that AAB27 and AANaB treatments generated similar numbers of
cells co-expressing the DE markers: CER1, CXCR4, FOXA2, HHEX
and SOX17. Notably, the SOX17" population of AAB27 treated cells
co-expressed MIXL1 and LHX1 to a higher extent than AANaB
treated cells (Tables 1 and 2). In addition, significant correlations
between MIXL1 and LHX1, and LHX1 and SOX17 were observed in
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AAB27 treated cells, but not in AANaB treated cells (Table 3). Fur-
thermore, cells treated with AAB27 expressed MIXL1 and LHX1 at
higher levels compared to AANaB treated cells (Fig. 6). This ob-
served difference in the SOX17" cell population could not be de-
tected at cell population level (Fig. 1). In vertebrates, MixI1 and
Lhx1 are expressed during gastrulation and early somite stages
and are involved in commitment towards the endodermal lineage
and in anterior movement of the endoderm [20,50]. In this context,
the quantified differences in MIXL1 and LHX1 expressions and cor-
relations among the SOX17"cells led us to speculate that AANaB
treated cells have progressed further in differentiation towards
gut endoderm than AAB27 treated cells. This hypothesis is further
supported by the PCA classification. The PCA showed that most AA-
NaB treated cells grouped separately compared to both AAB27 and
AAFBS treated cells. Several DE markers were correlated in AAB27
treated cells at single-cell level, while few correlations were found
in AANaB treated cells (Table 3). One explanation for this observa-
tion is that AAB27 treated cells were in early stages of DE differen-
tiation and therefore more synchronized than AANaB treated cells.
This hypothesis is further supported by relative high expression of
pluripotency markers (POU5F1 and NANOG) and PS markers (T and
MIXL1) in AAB27 treated cells compared to AANaB treated cells.
POU5F1 and NANOG also bind most DE gene promoters as repres-
sors or suppressors [51]. If some AANaB treated cells have differen-
tiated to more mature cell states, these cultures would most likely
contain more cell types than the other treatments, which may ex-
plain the few observed transcript correlations at single-cell level
for AANaB treated cells (Table 3). The AANaB treated cells were
characterized with intermediate expression of anterior DE markers
and low expression of pluripotency markers (Table 1, Figs. 6 and 7
and Fig. S5).

Interestingly, no or very weak expression of POU5F1 could be
detected by immunostainings for AAB27 and AANaB treated cells,
while transcripts for both genes could easily be detected at both
cell population and single-cell level (Figs. 2, 4 and 6). This discrep-
ancy may be explained by different levels of sensitivity between
immunostainings and reverse transcription quantitative real-time
PCR. However, the downregulations of POU5F1 and NANOG tran-
scripts were modest, indicating that post-transcriptional regula-
tion of POU5F1 and NANOG can be the major regulatory
mechanism of these pluripotency markers during activin A differ-
entiation. To fully test the lineage potential of DE cells displaying
different signatures of anterior DE expression, additional in vitro
and in vivo assays are needed [52]. Assays that make it possible
to follow cell fate decisions would provide an opportunity to test
if cells displaying different molecular signature at the DE stage
have the same potential to develop along the endodermal lineage.
Such assay could be based on genetic lineage tracing that irrevers-
ibly mark cells at one developmental stage and thereafter can be
identified in descendants of this early cell type [53,54].

In summary, we applied gene expression profiling at both cell
population and single-cell level to monitor in vitro differentiation
of hESCs towards DE using three different activin A based treat-
ments. In addition, immunocytochemistry was used to confirm
DE differentiation at protein level. To study DE differentiation, a
panel of markers was used, since no uniquely expressed DE marker
exists. Single-cell analysis allowed us to study differentiation het-
erogeneity and characterize individual cells, while cell population
studies were useful to monitor the overall differentiation pattern.
Single-cell analysis revealed distinct gene expression pattern for
the three different differentiation protocols applied. Our data illus-
trate the necessity of using single-cell analysis as a tool to define
the characteristics of individual cells. Here, we applied unsuper-
vised algorithms to find unknown subpopulations of cells. This ap-
proach allowed us to identify cell states not by the presence of
specific markers but rather by expression levels of shared markers.

Confirmation of newly found subpopulations with other algo-
rithms is important, since most algorithms will separate cells into
groups regardless their importance. We used well-known differen-
tiation markers, which allowed us to interpret data from a develop-
mental point of view. Analysis of genes with unknown functions
may generate unexpected correlations and interesting subpopula-
tions for further investigations, but direct interpretations are usu-
ally hard and very speculative. Improved analytical tools to
characterize different stages of development during in vitro differ-
entiation of pluripotent stem cells will open new avenues to devel-
op and improve current differentiation protocols.
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