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SUMMARY

Pluripotent stem cells hold great promise for regenerative medicine since they can differentiate into all somatic cells. MicroRNAs
(miRNAs) could be important for the regulation of these cell-fate decisions. Profiling of miRNAs revealed 19 differentially expressed
miRNAs in the endoderm and 29 in the mesoderm when analyzing FACS-purified cells derived from human embryonic stem cells.
The mesodermal-enriched miR-483-3p was identified as an important regulator for the generation of mesodermal PDGFRA* paraxial cells.
Repression of its target PGAM1 significantly increased the number of PDGFRA* cells. Furthermore, miR-483-3p, miR-199a-3p, and miR-
214-3p might also have functions for the mesodermal progenitors. The endoderm-specific miR-489-3p and miR-1263 accelerated and
increased endoderm differentiation upon overexpression. KLF4 was identified as a target of miR-1263. RNAi-mediated downregulation
of KLF4 partially mimicked miR-1263 overexpression. Thus, the effects of this miRNA were mediated by facilitating differentiation

through destabilization of pluripotency along with other not yet defined targets.

INTRODUCTION

During vertebrate development one of the first cell-fate de-
cisions is gastrulation, resulting in the formation of three
embryonic germ layers (Murry and Keller, 2008). During
gastrulation the definitive endoderm (DE) and mesoderm
(ME) arise, with evidence that they originate from a mesen-
dodermal progenitor (Murry and Keller, 2008; Yang et al.,
2014). Human pluripotent stem cells (hPSCs) such as em-
bryonic stem cells (hESCs) or induced pluripotent stem
cells (hiPSCs) can differentiate under appropriate condi-
tions into virtually any adult cell type. These cells can be
used to study human development in vitro or provide a
cell source for regenerative medicine. However, despite
extensive studies of transcriptional networks and dynamics
in model organisms and during hPSC differentiation,
many aspects of gene regulation during germ layer forma-
tion are not well understood.

Endogenous non-coding RNAs, such as microRNAs
(miRNAs), are regulatory elements that can control the
expression of target genes on the post-transcriptional level
(Bartel, 2009). They exert important functions in develop-
ment, differentiation, cell-fate specification, and patho-
genesis (Eliasson and Esguerra, 2014; Fiedler et al., 2014;
Sayed and Abdellatif, 2011). Knockout of the miRNA-pro-
cessing proteins Dicerl or Dgcr8 results in lethality during
embryogenesis and disturbed ESC differentiation, demon-
strating that miRNAs possess essential functions for early
development (Bernstein et al., 2003; Wang et al., 2007;

Kanellopoulou et al.,, 2005). Additionally, miRNAs can
facilitate reprogramming of somatic cells into iPSCs and
help to maintain pluripotency (Leonardo et al.,, 2012).
Several studies identified miRNA clusters that are highly
enriched in PSCs with decreasing expression levels upon
differentiation, such as the species-conserved miR-302/
367 or the human miR-371-373 cluster (ortholog of the
murine miR-290-295 cluster) (Chen et al., 2007; Diekmann
etal., 2013; Lakshmipathy et al., 2010; Laurent et al., 2008;
Stadler et al., 2010). However, miRNAs enriched in ESCs
can exhibit additional functions during early differentia-
tion, as shown across different species for the miR-430/
427/302 family that is also important for proper endoderm
and mesoderm development (Rosa et al., 2009).

Studies of the miRNA transcriptome (miRNome) during
DE differentiation of hESCs revealed a unique miRNA
expression profile (Fogel et al., 2015; Hinton et al., 2010,
2014; Liao et al., 2013) but these studies analyzed heteroge-
neous cultures, which did not allow a reliable correlation
between miRNA expression and the DE. Therefore, this
study comparatively analyzed the miRNome of hESCs
from fluorescence-activated cell sorting (FACS)-purified
DE and ME to identify differentially expressed miRNAs.
Identified miRNAs were functionally analyzed during dif-
ferentiation, in silico predicted target mRNAs were analyzed
by a luciferase reporter assay, and effects of these genes
upon differentiation were investigated. Out of the DE
candidate miRNAs miR-489-3p, miR-1263, and the miR-
371-373 cluster were primarily expressed in DE cells.
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Figure 1. Characterization of Sorted Cell Populations
(A) Protocols used for randomized, endoderm (DE), and mesoderm (ME) differentiation.
(B) Schematic overview of the experimental setup to purify the different populations.

(legend continued on next page)
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Transfection with miR-1263 and/or miR-489-3p mimics
increased the number of CXCR4" DE cells and accelerated
DE differentiation. The pluripotency regulator KLF4 was
regulated by miR-1263 on the mRNA and protein expres-
sion level. Additionally, repression of KLF4 by small inter-
fering RNA (siRNA) partially mimicked this effect. The
miRNAs miR-199a-3p, miR-214-3p, and miR-483-3p were
highly enriched in ME cells. Functional analysis revealed
that only miR-483-3p was able to alter the composition
of the analyzed ME subpopulations. PGAM1 was identified
as an mRNA target of miR-483-3p, which was also regulated
on the protein level. The miR-483-3p effect was in part
mimicked by PGAM1 repression. Thus, this study showed
that miR-1263 facilitates DE differentiation likely by KLF4
repression, while miR-483-3p has an important function
for subdividing the broad ME into progenitor subpopula-
tions for further lineage specification.

RESULTS

Characterization of Sorted Populations upon
Differentiation

Initially, several protocols were tested to induce ME from
hESCs, with highest expression values of mesodermal
genes (KDR, PDGFRA, MEOX1, CD34) using protocol ME3
(Figures S1A and S1B). In line with the role of T (Bry) for
early mesendo/mesoderm specification (Tan et al., 2013),
ME3 induced its peak expression early if GSK3 inhibition by
CHIR-99021 (CHIR), to activate Wnt/B-catenin signaling,
was present, and a decreased expression thereafter (Fig-
ure S1C). GSK3 inhibition for more than 2 days (ME1,
MES) or together with fibroblast growth factor 2 supple-
mentation (ME4) reduced the expression of KDR and
PDGFRA (Figure S1B). A nearly identical expression profile
was obtained with the second hESC line, HUESS (Fig-
ure S1D). Thus, ME3 was used for the mesoderm differenti-
ation in the following experiments.

Figure 1A shows the applied differentiation protocols
to purify endoderm and ME by FACS (Figure 1B). CXCR4
was solely induced upon differentiation toward the DE,
while CD49e, a described marker for DE progeny (Wang
etal., 2011), was additionally detected upon ME differenti-
ation (Figure 1C). EpCAM was highly expressed on hESCs
and maintained under DE or randomized conditions.

Upon ME differentiation EpCAM decreased while NCAM*
cells appeared (Figure 1C). Time-course analysis during
ME differentiation revealed early EpCAM/NCAM double-
positive cells at day 2, which decreased their EpCAM posi-
tivity upon further differentiation (Figure S1E). Hence,
EpCAM ™ /NCAM* and EpCAM*/NCAM™ cells after ME
differentiation as well as CXCR4* and CXCR4 ™~ cells upon
DE differentiation were characterized in detail.

The CXCR4~ population exhibited similar expression
levels of NANOG, POUS5f1, and SOX2 compared with
hESCs, suggesting that these cells resisted endodermal dif-
ferentiation and maintained pluripotency (Figure 1D). In
contrast, CXCR4" cells and both populations upon ME dif-
ferentiation showed very low expression levels of these plu-
ripotency marker genes (Figure 1D). The DE marker genes
SOX17, FOXA2, GSC, and MIXL1 were highly expressed
only in CXCR4" cells (Figures 1E and S2A), while the ME
marker genes PDGFRA, KDR, CD34, MEOX1, and OSRI
were significantly increased solely in EpCAM /NCAM?*
cells without induction of neuroectodermal marker genes
(SOX1, NES) (Figures 1F, S2B, and S2C). These findings
were reproduced with the second hESC line, HUES8
(Figures S2D-S2F). Thus, CXCR4™ cells represented highly
purified DE cells, whereas sorted EpCAM™/NCAM™ cells
represented purified ME cells.

miRNA Profiling in Purified Endoderm, Purified
Mesoderm, and hESCs

Sorted CXCR4" DE, EpCAM ~/NCAM* ME, and undifferen-
tiated cells of the hESC line HUES8 were analyzed by qRT-
PCR array cards (Figures 1B, 2A, and 2B). Out of the 754
tested miRNAs, 188 were not expressed in the analyzed
populations, 369 were expressed in all populations, and
200 were expressed in two or only one population.
Stringent criteria were used to identify differentially ex-
pressed miRNAs with a C; value of <28 and an exclusive
or a 10-fold altered expression compared with the other
populations (Table 1 and Figures 2A and 2B).

According to these criteria 12 upregulated and 7 downre-
gulated miRNAs were detected in the CXCR4" DE pop-
ulation (Table 1). miR489-3p was expressed in all popula-
tions but exhibited a strong induction (>44-fold) in DE
cells, while miR-1263 was exclusively expressed in this
population. In line with earlier studies, miR-375 (>100-
fold) and the hESC-enriched miR-371-373 cluster were

(C) Representative flow-cytometric dot plot diagrams of HES3 cells in the undifferentiated state (ESC) or after 4 days of differentiation with
the indicated protocols. Numbers represent the respective percentages of cells in the indicated quadrant. Depicted are CXCR4 and CD49e

(upper panel) or EpCAM and NCAM (lower panel).

(D-F) Normalized expression of marker genes for pluripotency (VANOG, POU5f1, SOX2) (D), DE (FOXA2, SOX17, GSC) (E), and ME (PDGFRA,
KDR, CD34) (F) scaled to hESC. Values are mean + SEM, n = 4-7. ANOVA plus Bonferroni’s post hoc test, *p <0.05, **p < 0.01 compared with
hESC. C~, CXCR4 ™ cells; C*, CXCR4™ cells; E'N~, EpCAM*/NCAM™ cells; E"N*, EpCAM™/NCAM* cells.

See also Figures S1 and S2.
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also upregulated in DE cells (Fogel et al., 2015; Hinton et al.,
2010; Joglekar et al., 2009; Lakshmipathy et al., 2007; Lau-
rent et al., 2008; Stadler et al., 2010). Similar to earlier re-
sults (Fogel et al., 2015; Hinton et al., 2014), three of the
seven downregulated miRNAs are part of an miRNA cluster
on chromosome 19 (miR-517a-3p, miR518e-3p, and miR-
520g-3p), suggesting an inhibitory role of this cluster for
DE development.

Sorted EpCAM™/NCAM™* ME cells exhibited 15 upregu-
lated and 14 downregulated miRNAs compared with DE
and ESCs according to our criteria (Table 1). Seven out of
the 15 upregulated miRNAs showed either an exclusive or
a more than 100-fold induced expression in ME. Interest-
ingly, the 3p and 5p form of miR-483 were included in
the list of upregulated miRNAs but only miR-483-3p
showed an exclusive expression in sorted ME. Six out of
the 14 downregulated miRNAs are part of the miR-302 clus-
ter that is linked to hESCs and DE development (Leonardo
et al., 2012; Rosa and Brivanlou, 2011; Rosa et al., 2009).
Interestingly, the endodermal-enriched miR-489-3p is
also in the list of repressed miRNAs, indicating its inverse
regulation during DE and ME formation.

Validation of Endoderm- and Mesoderm-Specific
miRNAs

For further validation we focused on top-ranked upregu-
lated miRNAs (Table 1), and analyzed their expression in
sorted populations and during differentiation using a sec-
ond hESC line (HES3) to exclude cell-line-dependent
effects.

The miRNAs miR-489-3p and miR-1263 were highly ex-
pressed only in CXCR4* DE cells, while miR-1243 could
not be validated as endoderm specific (Figure 2C). Time-
course analysis revealed that miR-489-3p was induced at
day 1 and plateaued from day 2 on, whereas miR-1263
started to be increased from day 2 on and peaked at day 4
with a ~40-fold stronger induction compared with miR-
489-3p (Figure 2D). Thus, miR-489-3p might be important
during early events of DE formation, whereas miR-1263
seems to be important for later stages. The miR-371-373
cluster was already described as hESC enriched (Lakshmi-

pathy et al., 2007; Laurent et al., 2008; Stadler et al.,
2010), but CXCR4" DE cells exhibited even a ~5-fold
increased expression of this cluster compared with hESCs
and all other populations (Figure S3A). Their expression
was induced from day 2 on and plateaued (miR-372-3p)
or peaked at day 4 (Figure S3B), indicating additional roles
of these miRNAs during DE formation.

Mesodermal-enriched miRNAs with an exclusive or more
than 100-fold induced expression in ME cells were chosen
for further validation. Out of these seven miRNAs miR-
199a-3p, miR-214-3p, and miR-483-3p showed a strong
induction nearly exclusively in EpCAM™/NCAM"* ME cells
(Figure 3E). Their expressions were detectable from day 2/3
on and significantly increased until day 4, with the stron-
gest induction rate of more than 200-fold detected for
miR-483-3p (Figure 3F). Expression of miR-143-3p and
miR-145-5p was significantly induced in ME cells, whereas
miR-10a-5p and miR-196b-5p were induced in ME cells and
in the EpCAM*/NCAM™ population (Figures S3C and S3D).
However, these four miRNAs were also induced by a treat-
ment with CHIR alone (Figure S3E), suggesting that they
are potentially regulated by Wnt/B-catenin signaling inde-
pendent of the developmental stage.

miR-1263 and miR-489 Facilitate Endoderm
Differentiation

Next, effects of the endoderm-specific miR-489-3p and
miR-1263 on DE formation were analyzed by transfecting
hESCs prior to differentiation (Figure 3A). Under optimal
DE conditions (~70% CXCR4" cells), transfection of miR-
489-3p or miR-1263 mimic showed slightly increased
numbers of CXCR4" cells at day 2, whereas at day 4 only
miR-1263 mimic maintained this tendency with a ~10%
increased number of DE cells (Figure S4A). We also tested
a suboptimal DE condition (2.5 uM CHIR instead of 5 pM
for the first 24 hr) to assess the miRNA effect in a setting
of less extrinsic signal strength (Figure 3B).

Under the suboptimal DE condition, transfection of miR-
489-3p or miR-1263 mimic significantly increased the
number of CXCR4* cells compared with the negative con-
trol (NC). This effect was especially more pronounced at

Figure 2. Comparative Analysis of the miRNomes (HUES8) and Validation of Selected miRNAs in a Second hESC Cell Line (HES3)
(A) Comparison of the miRNA expression ratios of purified DE cells versus ME cells (y axis) or versus hESCs (x axis) using the HUESS line.
(B) miRNA expression ratios of ME cells versus DE cells (y axis) or versus hESCs (x axis) (HUES8 cell line). (A) and (B) present results from
pooled samples each comprising 4 independent experiments. Plotted are the 369 miRNAs expressed in all analyzed populations. The central
quadrant represents the chosen 10-fold altered expression difference and the indicated numbers represent the miRNAs in the respective

quadrant.

(C-F) Normalized expressions of the indicated miRNAs in the different populations (C and E) or during DE (D) or ME (F) differentiation,
respectively. Values are mean = SEM, n = 4-8. ANOVA plus Bonferroni’s post hoc test, *p < 0.05, **p < 0.01 compared with all other
populations in (C) and (E), and compared with day 0 in (D) and (F). C*, CXCR4™ cells; E”N*, EpCAM™/NCAM" cells; C~, CXCR4 ™ cells; E'N~,

EpCAM*/NCAM™ cells.
See also Figure S3.
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Table 1. Upregulated and Downregulated miRNAs in Differentiated Cells Compared with Undifferentiated Cells

Endoderm Mesoderm
Fold Change of Expression Fold Change of Expression
miRNA Compared with ESCs Compared with ME miRNA Compared with ESCs Compared with DE
Upregulated Upregulated
miR-1263 n.d. in ESC n.d. in ME miR-196b-5p n.d. in ESC n.d. in DE
miR-1243 1354.3 2.1 miR-483-3p n.d. in ESC n.d. in DE
miR-375 988.6 102.8 miR-675-5p n.d. in ESC n.d. in DE
miR-888-5p 74.6 9.7 miR-214-3p 1387.6 n.d. in DE
miR-489-3p bbb 101.2 miR-10a-5p 563.9 2043.6
miR-371-3p 33.9 20.2 miR-199a-3p 281.5 320.2
miR-7-2-3p 29.3 26.3 miR-145-5p 129.3 105.6
miR-373-3p 19.2 6.3 miR-193-5p 64.4 300.0
miR-372-3p 17.5 9.1 miR-143-3p 57.2 n.d. in DE
miR-661 13.8 12.7 miR-483-5p 46.1 45.7
miR-200a-5p 9.4 27.3 miR-532-3p 28.5 11.0
miR-1260a 2.4 10.1 miR-455-3p 28.0 11.6
miR-365-3p 20.0 24.4
miR-15a-5p 18.4 13.2
miR-362-5p 16.6 12.4
Downregulated Downregulated
miR-154-3p n.d. in DE n.d. in DE miR-98-5p n.d. in ME n.d. in ME
miR-518e-3p 5.8 x 1073 5.5 X 1072 miR-367-3p 1.2 X 1072 6.0 x 102
miR-187-3p 3.9 %X 102 6.7 X 10" miR-302¢-5p 1.2 %102 1.0 X 1072
miR-520g-3p 4.2 x 1072 5.3 x 1072 miR-302b-3p 2.4 X 1072 2.7 X 1072
miR-517a-3p 5.7 X 1072 6.0 X 1072 miR-302d-3p 3.0 X 1072 3.3%x 1072
miR-512-3p 5.8 X 1072 9.3 X 1072 miR-302d-5p 3.1 %1072 2.6 X 1072
miR-100-5p 6.2 X 1072 8.1x 103 miR-302a-5p 3.3x 1072 2.3 x 1072
miR-200b-3p 3.9 X 1072 3.8 X 1072
miR-302a-3p 5.4 % 1072 5.6 X 1072
miR-31-5p 6.5 x 1072 5.1 x 1072
miR-520c-3p 1.7 x 107? 7.5 x 1072
miR-559 3.0x 107" 2.9 X 1072
miR-200a-5p 3.4 % 107" 3.7 %1072
miR-489-3p 4.4 x 107! 1.0 X 1072

n.d., not detected; DE, definitive endoderm; ME, mesoderm.
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day 4 for miR-1263 than for miR-489-3p (Figures 3B and
3C). Simultaneous transfection of both mimics did not
further enhance the number of CXCR4" cells but showed
a profile similar to that of miR-1263 alone (Figure 3B).
Upon transfection with the miR-1263 mimic, pluripotency
marker genes (POUS5f1, SOX2, NANOG) were significantly
downregulated at day 4 without affecting the extraembry-
onic endoderm marker SOX7 (Figures 3D and S$4B).
Contrarily, the endodermal marker genes GSC, MIXLI,
and FOXA2 were slightly increased, while SOX17 showed
no differences (Figures 3E and S4C). Two days after trans-
fection a slight but not significantly reduced expression
of the pluripotency marker genes was detected, while all
other genes showed no differences (Figure S4D). Interest-
ingly, transfection of the respective miRNA inhibitors
alone or together showed no effects on DE formation (Fig-
ures 3B-3E and S4A-S4D). Taken together, miR-1263 facil-
itates and accelerates DE differentiation while miR-489-3p
promotes initial cell-fate decisions with a less pronounced
effect on the overall efficiency compared with miR-1263.

Next, the effects of miR-489-3p and miR-1263 on hESCs
were analyzed by transfecting their mimics alone or
together followed by cultivation in hPSC medium (Fig-
ure 3F). Under this condition, transfection of the mimics
alone or together did not induce the expression of primi-
tive streak/DE marker genes (SOX17, FOXA2, GSC) or alter
the expression of pluripotency marker genes (POUS5f1,
SOX2, NANOG) (Figures 3G and 3H). Thus, miR-489-3p
and/or miR-1263 were not able to induce differentiation
of hESCs under hPSC cultivation conditions.

Functional Characterization of Mesodermal miRNAs

Earlier publications demonstrated that KDR* cells represent
lateral plate ME, whereas PDGFRA™ cells exhibit a paraxial
ME character (Sakurai et al., 2006; Tan et al., 2013). Thus,
the distribution of these cells was analyzed in EpCAM "/
NCAM™ cells upon transfection with mimics or inhibitors
of identified ME-enriched miRNAs (Figure 4A). Inhibition
of miR-483-3p significantly reduced the number of
PDGFRA" cells, while inversely transfection of miR-483-
3p mimic significantly increased their number compared
with the respective NC (Figures 4B and 4C). Inhibiting or
mimicking miR-199a-3p or miR-214-3p did not yield any
significant changes (Figure 4C). Also, the number of

KDR™ cells was not altered under all tested conditions (Fig-
ure 4C). Transfection of a second hESC line (HUESS8) with
the miR-483-3p inhibitor or mimic resulted in nearly iden-
tical results (Figure 4D) excluding a cell-line-dependent ef-
fect. In line with these flow-cytometric results, inhibition
of miR-483-3p significantly reduced the expression of
PDGFRA while mimicking slightly increased PDGFRA
expression without affecting KDR in both hESC lines (Fig-
ures 4E and S4E). Interestingly, the expression of CD34
decreased significantly upon inhibition of miR-483-3p (Fig-
ures 4E and S4E). Thus, the observed changes of the
PDGFRA" population upon miR-483-3p modulation were
confirmed on the protein and mRNA levels (Figures 4C-
4F and S4E), demonstrating an important role of miR-
483-3p for the formation of PDGFRA" cells during ME
development.

Next, the expression of miR-199a-3p, miR-214-3p, and
miR-483-3p was analyzed in the different NCAM* subpop-
ulations (Figures 4F and 4G). The miR-483-3p was already
expressed in the PDGFRA™ (P™) population and increased
in PDGFRA™ (P¥) cells, whereas its expression was nearly
abolished in CD34" cells (Figure 4G). Also miR-199a-3p
and miR-214-3p were expressed in P~ cells but their expres-
sion was passed to CD34" cells with a nearly absent expres-
sion in the P* population (Figure 4G). Taken together, all of
these three miRNAs were already expressed in the P~ pop-
ulation, which might contain a potential progenitor cell
population for P* and CD34" cells. Furthermore, miR-
483-3p was passed from the P~ population to P* cells,
whereas miR-199a-3p and miR-214-3p were nearly abol-
ished in these cells but passed to the CD34* population.

Potential Candidate Genes and Their Functions during
Differentiation

In silico prediction of potential miRNA binding sites in
the 3’ UTR region of mRNAs was performed with the
TargetScan and miRanda algorithms by choosing a total
context™ score < —0.4 and a mirSVR score < —1.0 as cutoffs.
For the endodermal miR-1263, 195 (TargetScan) and 102
(miRanda) potential targets were predicted with 39 over-
lapping targets (Figures 5A and 5B). In silico prediction for
miR-483-3p revealed 19 (TargetScan) and 133 (miRanda)
targets, with five candidates included in both predictions
(Figures 5A and 5B). Target prediction for miR-199a-3p

(C) Representative flow-cytometric histograms of CXCR4 staining at days 2 and 4.
(D and E) Normalized expression of marker genes for pluripotency (POU5f1, SOX2) (D) and primitive streak/DE (GSC, FOXAZ2) (E) after 4 days
of differentiation post transfection. Values are mean + SEM, n = 5-6. ANOVA plus Bonferroni’s post hoc test, *p < 0.05 compared with the

respective NC.

(F) Schematic overview of the transfection of miRNA mimics/inhibitors under hESC cultivation condition.
(G and H) Normalized expression of marker genes for primitive streak/DE (S0X17, FOXA2, GSC) (G) and pluripotency (POU5f1, SOX2, NANOG)
(H) 2 or 4 days after transfection and cultivation in hESC medium. Values are mean + SEM, n = 4.

See also Figures S4A-S4D.
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Figure 4. Functional Analysis of Mesoderm-Specific miRNAs

(A) Schematic overview of the experimental setup.

(B) Representative flow-cytometric dot plot diagrams after 4 days of ME differentiation (HES3). Transfected miRNA inhibitors or mimics are
marked. Indicated numbers represent the percentages of double-positive cells (upper panel: NCAM*/PDGFRA"; lower panel: NCAM*/KDR™).
(C and D) Quantification of NCAM*/PDGFRA* and NCAM*/KDR™ cells by flow cytometry at day 4 using the HES3 (C) or HUES8 (D) cell line.
Transfection with the indicated mimics/inhibitors was performed at day 2. Values are mean + SEM, n = 4-8. ANOVA plus Dunnett’s post hoc
test compared with the respective NC (C) or Student’s t test (D), *p < 0.05 and **p < 0.01; n.s., not significant.

(legend continued on next page)
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and miR-214-3p resulted in an overlap of 29 and 25 poten-
tial targets, respectively (Figures SSA-S5D).

Of the predicted targets for miR-1263, KLF4, a regulator
for pluripotency, exhibited one potential binding site in
its 3’ UTR. Combined transfection of a luciferase reporter
vector and miR-1263 mimic strongly repressed luciferase
activity (Figure 5C), indicating binding to this site. Of the
predicted targets for miR-483-3p, phosphoglycerate
mutase 1 (PGAM]1) contained two potential binding sites
and binding of miR-483-3p was demonstrated with the
luciferase reporter assay (Figure 5C). Interestingly, the so
far less characterized gene zinc finger and BTB domain-con-
taining 26 (ZBTB26) was proved as a target of miR-1263
and miR-483-3p (Figure 5C), indicating a negative influ-
ence of this gene on DE and ME differentiation. The
activin A receptor type 2A (ACVR2A) was determined as a
possible target of miR-199a-3p, while N-a-acetyltransferase
15 (NAA1S) is a potential target of miR-214-3p and miR-
1263 according to the luciferase assay results (Figure SSE).

Next, changes of the KLF4 and PGAM1 protein expres-
sion after transfection with the respective miRNA mimics
were examined. For this purpose HEK293 cells were used
as a model cell line because these cells had a similar expres-
sion of KLF4 and PGAM1 on the mRNA and protein levels
compared with hESCs (HES3) and a nearly undetectable
expression of miR-1263 and miR-483-3p (Figures SSF-
SS5I). The transfection of miR-1263 mimic significantly
decreased KLF4 protein levels 24 hr and 48 hr post transfec-
tion compared with the respective NC (Figure 5D). Also,
transfection of the miR-483-3p mimic was able to signifi-
cantly decrease the protein amount of PGAMI1 at both
time points compared with the NC (Figure SE).

Surprisingly, the mRNA expression of KLF4 in sorted
CXCR4" DE cells was comparable with that of hESCs (Fig-
ure 6A). Certainly the KLF4 protein expression signifi-
cantly decreased upon differentiation, and transfection
of the miR-1263 mimic further decreased the KLF4 protein
amount compared with the NC (Figure 6B). Inversely to
the amount of KLF4 protein, the number of CXCR4" DE
cells increased (Figures 6B and 6C), suggesting that lower
KLF4 protein levels are beneficial for DE formation.
Inhibition of miR-1263 had no effects on the differentia-
tion efficiency into the DE and the amount of KLF4
protein was maintained on the same level as the NC

(Figures 3B, S4A, and S6). We speculate that the amount
of inhibitor may not be able to quench the strong miR-
1263 expression.

To further examine the influence of KLF4 on DE forma-
tion, we transfected siRNA prior to suboptimal DE differen-
tiation. This resulted in a ~50% decrease of the KLF4 gene
expression (Figure 6D) and, confirmatory to the mimic
transfections, in a significant increase of CXCR4* cells
compared with the NC (Figures 6E and 6F). Thus, downre-
gulation of KLF4 alone increased the overall differentiation
efficiency but did not accelerate DE formation.

To elucidate potential roles of the miR-483-3p target
PGAM1 during ME differentiation, we performed transfec-
tion of siRNA. This reduced the gene expression of PGAM1
by ~50% at day S (Figure 6G) and resulted in a small but
significant induction of PDGFRA™ cells compared with
the NC, without effects on the gene expression of KDR or
PDGFRA (Figures 6H and 6I).

DISCUSSION

One of the earliest cell-fate decisions during development
is the formation of the three embryonic germ layers. The
study of human development using hPSCs represents a
promising in vitro model. Although many signaling path-
ways are known that contribute to in vitro germ layer
formation, the differentiation yields are often inefficient
and variable. Next to gene regulatory networks, miRNAs
have the potential to influence cell-fate decisions (Kanello-
poulou et al., 2005; Rosa et al., 2009; Wang et al., 2007)
by fine-tuning the expression of their target genes on the
post-transcriptional level (Bartel, 2009). In this report
three different embryonic populations were analyzed to
study the differential expression of miRNAs and their
functions during gastrulation. In contrast to previous re-
ports (Fogel et al., 2015; Hinton et al., 2010, 2014; Liao
et al.,, 2013), purified DE and ME populations were
compared with hESCs to exclude unwanted cell lineages.
This permitted a distinct correlation of miRNA expression
to a specific cell fate.

DE differentiation was performed using an established
protocol (Diekmann et al., 2015). For ME induction
different conditions were tested, and subsequently a

(E) Normalized gene expressions of ME markers (PDGFRA, KDR, CD34) at day 4 (HES3). Values are means + SEM, n = 4. Student’s t test,

*p < 0.05.

(F) Depicted is a PDGFRA and CD34 staining of the mesodermal NCAM* population at day 4 after randomized or ME differentiation (HES3).
Indicated percentages represent the numbers of cells within the quadrant of this particular experiment.

(G) Normalized miRNA expression in the three purified populations of mesodermal NCAM* cells scaled to undifferentiated hESCs (HES3).
Values are mean + SEM, n = 3-6. ANOVA plus Bonferroni’s post hoc test, *p < 0.05 and **p < 0.01 compared with P~ cells. P, NCAM*/
PDGFRA™/CD34™ cells; P*, NCAM*/PDGFRA*/CD34~ cells; CD34*, NCAM*/CD34"/PDGFRA™ cells.

See also Figure S4E.
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Figure 5. Target Prediction and Verification of Their Regulation
via Endoderm- and Mesoderm-Specific miRNAs

(A) Predicted targets of miR-1263 and miR-483-3p calculated by
the TargetScan or miRanda algorithm.
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protocol was used that is similar to that of Tan et al. (2013).
Specific expression of surface proteins was used to purify
the desired cell populations from heterogeneously
composed differentiation cultures. Pure DE cells were ob-
tained using the specific DE marker CXCR4 (Davenport
et al., 2016; Diekmann and Naujok, 2016; Kroon et al.,
2008; Naujok et al., 2014). In contrast to a recent publica-
tion (Wang et al., 2011), CD49e could not be validated as
truly DE specific because it was also detectable upon ME
differentiation. In line with Evseenko et al. (2010), the
EpCAM™/NCAM™* population represented early ME cells.
Additionally, we showed that EpCAM was passed from
hPSCs to the DE but not to ME cells. Thus, EpCAM could
be an additional surface marker to distinguish DE from ME.

Analysis of the specific miRNomes from purified
populations and hESCs identified differentially expressed
miRNAs, from which some were already described. The
DE-associated miR-375 (Fogel et al., 2015; Hinton et al.,
2010, 2014; Joglekar et al., 2009; Liao et al., 2013) was
highly enriched in purified DE cells and served as positive
control for our purification and characterization strategy.
Earlier studies associated the miR-371-373 cluster with
the pluripotent state (Lakshmipathy et al., 2007; Laurent
et al., 2008; Stadler et al.,, 2010), while recent reports
showed its upregulation also in heterogeneously composed
DE populations (Fogel et al., 2015; Hinton et al., 2010,
2014; Liao et al., 2013). Here we verified that this cluster
is upregulated specifically in DE cells. Thus, the miR-371-
373 cluster is important for the maintenance of pluripo-
tency and also for proper DE development. This might
be mediated by modulation of the Nodal/transforming
growth factor B (TGF-B) signaling, similar to the miR-302/
367 cluster (Rosa et al.,, 2009, 2014; Barroso-delJesus
et al., 2011).

Recently, miR-489-3p and miR-1263 were described to be
upregulated in mixed DE populations, but these reports did

(B) Tabular presentation of the candidate genes predicted by both
algorithms for miR-1263 and miR-483-3p. Names written in bold
were experimentally analyzed by luciferase reporter assays.

(C) Luciferase activity normalized to the B-galactosidase activity
for the subcloned 3’ UTRs of KLF4, PGAM1, and ZBTB26 in HEK293
cells upon transfection of the indicated mimics and the reporter
plasmids. Values are mean + SEM, n = 4-6. Two-tailed Student’s
t test, **p < 0.01.

(D and E) Normalized protein expression of KLF4 (D) and PGAM1 (E)
24 hr and 48 hr post transfection with the indicated miRNA mimics
in HEK293. The NC of each experiment was set as 100%. For each
protein one representative western blots is shown on the right.
Values are mean + SEM, n = 4-5. ANOVA plus Bonferroni’s post hoc
test, *p < 0.05 and **p < 0.01 compared with the respective NC.
See also Figure S5.
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Figure 6. Influence of KLF4 and PGAM1 on Endoderm or Mesoderm Differentiation (HES3)

(A) Normalized gene expression of KLF4 in undifferentiated hESCs (HES3) and sorted CXCR4™ DE cells. Values are mean + SEM, n = 4.

(B and C) Normalized protein expression of KLF4 (B) and quantification of CXCR4™ DE cells by flow cytometry (C) after suboptimal DE
differentiation and transfection with the indicated miRNA mimics (HES3). Values are mean + SEM, n = 4. ANOVA plus Bonferroni’s post hoc
test, *p < 0.05, **p < 0.01 compared with hESCs and ##p < 0.01 between miR-1263 and the NC on the particular day. A representative
western blot of KLF4 is depicted in (B).

(D) Normalized gene expression of KLF4 in hESCs and after transfection with the indicated siRNAs plus subsequent suboptimal DE dif-
ferentiation. Values are mean + SEM, n = 4-6.

(E and F) Representative flow-cytometric histogram of CXCR4™ cells at day 4 (E) and quantification of CXCR4" cells at days 2 and 4 (F) upon
siRNA transfection and subsequent suboptimal DE differentiation. Values in (F) are mean + SEM and one respective NC of each experiment
is scaled to 100%, n = 4-6. Student’s t test, *p < 0.05.

(G-I) Normalized gene expression of PGAM1 (G), flow-cytometric quantification of PDGFRA™ cells (H), and normalized gene expression of
PDGFRA and KDR (I) at day 5 of ME differentiation. The cells were reseeded on day 2 and transfected with the indicated siRNAs. Values are
mean + SEM, n = 4-6. Student’s t test, *p < 0.05.

See also Figure S6.

not characterize their specific functions (Liao et al., 2013;
Fogel et al., 2015; Hinton et al., 2014). In this study we
confirmed their specific expression in DE cells. Functional
characterization demonstrated that both miRNAs acceler-
ated and increased DE formation. However, miR-1263
was more effective in increasing the overall DE efficiency.
Simultaneous transfection of both miRNA mimics showed
a profile similar to that of the miR-1263 mimic alone, sug-

gesting that the effect on the overall DE efficiency is
predominantly mediated by miR-1263. However, both
miRNAs under hPSC cultivation conditions were not
potent enough alone or together to induce differentiation
by themselves. In silico target prediction and functional
evaluation confirmed KLF4, among others, as a target
mRNA of miR-1263, which is regulated also on the protein
level. Interestingly, KLF4 was expressed in hESCs and
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purified DE cells on a similar level, but downregulation
of the KLF4 protein correlated with a more efficient DE
formation. This effect could be partially mimicked by
siRNA-mediated downregulation of KLF4, albeit without
accelerating DE formation. Thus, miR-1263 mediates its
positive effects on DE formation partially by destabiliza-
tion of the pluripotency transcriptional network via KLF4
downregulation. The comparison of the siRNA- and miR
mimic-mediated effects suggests that other miR-1263
target genes are also involved in this process. Future studies
should address the effects of further miR-1263 targets.

Our characterization of the identified ME-enriched
miRNAs revealed different roles during ME formation.
miR-199a-3p, miR-214-3p, and miR-483-3p were validated
as miRNAs that may influence ME development or specifi-
cation due to their strong induction and nearly exclusive
expression in EpCAM~/NCAM* ME cells. Even though
miR-143-3p and miR-145-5p were exclusively expressed
in purified ME cells, these two miRNAs, like miR-10a-5p
and miR-196b-5p, were also induced upon CHIR treatment
alone. A recent publication strengthens a potential role
of miR-145 for ME formation because its overexpression
inhibits hESC self-renewal and induces differentiation
with an increased expression of ME and ectodermal genes
(Xu et al., 2009). However, our data also suggest that these
four miRNAs are potentially regulated by Wnt/p-catenin
signaling independent of the developmental stage or that
they might be expressed in a different ME sublineage
induced by treatment with CHIR alone (Mendjan et al.,
2014; Lian et al., 2013).

The early hPSC-derived ME can be subdivided into para-
xial (PDGFRA*/CD347) and lateral plate (KDR*/CD34*) ME
(Tan et al., 2013). Here we provide evidence that miR-483-
3p modulates the number of PDGFRA* paraxial ME cells
without affecting the number of KDR™ cells. In contrast,
miR-199a-3p and miR-214-3p showed no effects on these
two ME subpopulations although they may have functions
in the PGFRA™ ME sublineages. This is indicated by their
maintained/increased expression in the CD34* popula-
tion, while being nearly abolished in the PGFRA" paraxial
ME lineage. We speculate that the two analyzed ME popu-
lations arise from an exclusively NCAM™* ancestor that
serves as progenitor pool. In the NCAM™ cells all three
miRNAs were expressed, suggesting additional functions
for all three miRNAs already in the early ME progenitor
pool. Consequently, this report identified miR-483-3p as
an important regulator of the PDGFRA™ paraxial ME that
is capable of further differentiation into chondrocytes,
osteocytes, and myocytes (Tan et al.,, 2013; Evseenko
et al., 2010). All three miRNAs seem to be important for
the NCAM* population.

Target predication and experimental validation identi-
fied PGAM1 as a target gene of miR-483-3p that is regulated
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on the mRNA and protein levels. Inhibition of PGAM1
by siRNA could partially mimic the effect of miR-483-3p.
Nonetheless it is likely that additional genes are regulated
by this miRNA, which results in the more potent effect of
miR-483-3p compared with the siRNA-mediated PGAM1
reduction. PGAM1 is part of the glycolysis pathway, which
indicates a role of metabolic flux regulation to influence
cell-fate decisions. This is in line with a recent publication
showing that PSCs exhibited a higher glycolytic flux than
early differentiated cells and that inhibition of glycolysis
in PSCs leads to differentiation and histone deacetylation
(Moussaieff et al., 2015).

Faial et al. (2015) showed that induction of ME genes
required BMP4 signaling or Nodal/TGF-f antagonism,
while upregulation of DE genes was strictly dependent on
Nodal/TGF-B signaling. In this study we also functionally
validated the type-2 activin receptor ACVR2A as target of
the mesodermal miR-199a-3p, which is important for
Nodal/TGF-B signaling. Together with the verified downre-
gulation of the Nodal/TGF-B-regulating miR-302 cluster
(Rosa et al., 2009; Barroso-delJesus et al., 2011), this sug-
gests that miRNAs lower Nodal/TGF- signaling to permit
ME differentiation. Finally, we identified that miRNAs
enriched either in DE or ME share identical target mRNAs
as shown here for ZBTB26 and NAA15. Both genes were
not yet described to be functionally relevant for DE or ME
specification, but both germ layers repressed these two
genes. This raises the question of whether these unknown
genes might be inhibitory for DE and ME differentiation or
even for gastrulation. Further experiments will be needed
to uncover these mechanisms.

In summary, this comprehensive analysis of purified DE
and ME permitted the correlation of miRNA expression to
particular cell fates. We found 12 upregulated and 7 down-
regulated DE-specific miRNAs as well as 15 upregulated and
14 downregulated ME-specific miRNAs to match stringent
criteria. The ME-enriched miR-199a-3p, miR-214-3p, and
miR-483-3p seem to have functions already within the
early ME progenitor pool, while miR-483-3p is additionally
an important regulator for the development of PDGFRA*
paraxial ME cells. The miR-483-3p mediates its effects on
the formation of PDGFRA™ cells in part by regulating
PGAML. In the DE population miR-489-3p and miR-1263
were validated as highly enriched. Both miRNAs could
accelerate and increase the efficiency of DE differentiation
upon overexpression, while the effect on the overall DE ef-
ficiency was predominantly mediated by miR-1263. KLF4
was validated as a functional target of miR-1263, and
siRNA-mediated downregulation of KLF4 mimicked the
miR-1263 effect to some extent. This demonstrates that
miR-1263 mediates its effects by interference with the
pluripotent transcriptional network, although other tar-
gets will likely play a role.



EXPERIMENTAL PROCEDURES

For more detailed information of the experimental procedures and
the used antibodies, please refer to Supplemental Experimental
Procedures.

Human ESC Culture and Differentiation

HUESS8 and HES3 cells were cultivated under feeder-free conditions
and the differentiation was induced from a defined number of
seeded singe cells as described earlier (Diekmann et al., 2015; Die-
kmann and Naujok, 2016; Naujok et al., 2014). Advanced RPMI-
1640 supplemented with 1% penicillin-streptomycin, 1% Gluta-
max, and 0.2% fetal bovine serum was used as base medium and
for randomized differentiation. DE differentiation was performed
with 50 ng/mL activin A (Peprotech) and 5 uM (optimal condition)
or 2.5 pM (suboptimal DE condition) CHIR (Cayman Chemicals)
for 24 hr followed by 72 hr in the same medium without CHIR.
Induction of ME differentiation was performed in base medium
supplemented with 25 ng/mL BMP4 (Peprotech) plus 5 uM CHIR
for 24 hr and subsequently for 72 hr in the same medium without
CHIR. Media were changed daily during differentiation.

Flow Cytometry and Cell Sorting

Cells were washed, dissociated with trypsin/EDTA, resuspended in
PBS plus 2% fetal calf serum, and counted. They were then stained
with primary conjugated antibodies following standard protocols
and measured on a CyFlow ML flow cytometer (Partec) or sorted
at the central cell sorting facility of Hannover Medical School.
Data analysis was performed with Flow]Jo.

Gene and miRNA Expression Analysis

Total RNA was isolated using the peqGOLD RNAPure kit (Peqlab)
and total RNA plus small RNAs using the miRNeasy kit (Qiagen)
following the manufacturer’s instructions. From 1 to 2 pg total
RNA cDNA was synthesized and subsequently 5-10 ng was used
for each qRT-PCR reaction. Samples were measured in triplicates
using specific primer pairs or TagMan assays (Table S1) on a
ViiA7 system (Thermo Fisher Scientific). Data normalization was
performed with qBasePlus (Biogazelle) against the geometric
mean of three stably expressed housekeeping genes (G6PD, TBP,
TUBAIA; M <0.5).

Reverse transcription for miRNA expression analysis was per-
formed with either 25 ng (single miRNA assays) or 500 ng (array
cards) of total RNA plus small RNAs. Sequence-specific primers
(Table S2) or the respective Megaplex RT primer pools (array cards,
Thermo Fisher Scientific) were used. For miRNA array cards, each
analyzed population was a pooled sample from four independent
experiments. Data normalization of single miRNA assays was
performed with gBasePlus against three stably expressed controls
(RNU48, U6 snRNA, mir-425-5p; M < 0.5) and for the array cards
using the modified global mean normalization strategy (D'Haene
et al., 2012).

miRNA and siRNA Transfection Experiments

For transfection of miRNA inhibitors/mimics (Thermo Fisher
Scientific), Lipofectamine 2000 was used. Transfection during DE
differentiation was performed on day O (30 pmol/24-well) directly af-

ter changing to the first DE medium. During ME differentiation,
transfection with 30 pmol miRNA inhibitors/mimics per 12-well
was performed on day 2 upon dissociation and reseeding (7.5 X
10* cells/cm?) of the cells in ME differentiation medium plus
10 uM Y-27632 (Selleck Chemicals) to ensure acceptable transfection
efficiencies. Transfection of siRNAs (Thermo Fisher Scientific) was
performed accordingly using 50 pmol or 30 pmol per 12-well during
DE or ME differentiation, respectively. Transfection efficiencies were
examined by flow cytometry 24 hr later with an FAM-conjugated
NC, and a 60% cutoff was set for further analysis.

Luciferase Reporter Assay

Partial 3’ UTRs harboring at least one potential binding site for the
respective miRNA were individually cloned into the pMIR-REPORT
vector (Thermo Fisher Scientific). Lipofectamine 2000 was used
to co-transfect 20 ng of pMIR-REPORT, 20 ng of B-galactosidase
control plasmid (Promega), and 30 nM miRNA mimic or control
into HEK293 cells. After 24 hr, luciferase and p-galactosidase activ-
ity were measured (Promega) and normalization was performed
against the B-galactosidase activity of the respective sample.

Western Blot

Cells were detached, collected, centrifuged, and resuspended in
RIPA buffer (Thermo Fisher Scientific). These whole-cell extracts
were sonicated and a protease inhibitor mixture (Roche Diag-
nostic) was added. The protein content was determined by BCA
assay (Thermo Fisher Scientific). Ten to twenty micrograms of total
protein were separated by SDS-PAGE and transferred via electro-
blotting to a PVDF membrane. Blocking was performed with
2%-5% nonfat dry milk in PBS plus 0.1% Tween 20. Primary anti-
bodies were incubated overnight at 4°C and subsequently washed
and incubated with the respective peroxidase-labeled secondary
antibodies. The bands were visualized by chemiluminescence us-
ing the ECL select or ECL detection kit (GE Healthcare Europe)
on a chemiluminescence imager (INTAS Science Imaging). Densi-
tometric analysis was performed with Image Studio Lite software
(LI-COR).

Statistics

Unless stated otherwise, all data values represent mean + SEM. The
number of independent experiments (n) is stated in each figure
legend. Statistical analyses were performed using GraphPad Prism
software.
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