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Abstract

Human embryonic stem cells (hESCs) have the potential to form any cell type in the body,
making them attractive cell sources in drug screening, regenerative medicine, disease and
developmental processes modeling. However, not all hESC lines have the equal potency to
generate desired cell types in vitro. Significant variations have been observed for the differ-
entiation efficiency of various human ESC lines. The precise underpinning molecular mech-
anisms are still unclear. In this work, we compared transcriptome variations of four hRESC
lines H7, HUES1, HUES8 and HUES9. We found that hESC lines have different gene
expression profiles, and these differentially expressed genes (DEGs) are significantly
enriched in developmental processes, such as ectodermal, mesodermal and endodermal
development. The enrichment difference between hESC lines was consistent with its line-
age bias. Among these DEGs, some pluripotency factors and genes involved in signaling
transduction showed great variations as well. The pleiotropic functions of these genes in
controlling hESC identity and early lineage specification, implicated that different hESC
lines may utilize distinct balance mechanisms to maintain pluripotent state. When the bal-
ance is broken in a certain environment, gene expression variation between them could
impact on their different lineage specification behavior.

Introduction

Human embryonic stem cells (hESCs), derived from inner cell mass (ICM) of human blasto-
cysts [1], have the capacity to differentiate into any functional cell type of the three germ layer
(defined as pluripotency), and self-renew indefinitely in vitro, making them attractive cell
sources in drug screening, regenerative medicine, disease and developmental processes model-
ing [2-4]. Since the first hESC line established [1], many lines have been cultured from differ-
ent laboratories in the past two decades around the world [5]. The growth of ES cells as a
pluripotent population requires a balance between survival, proliferation, and self-renewal sig-
nals, thus understanding the molecular mechanism involved in self-renewal and pluripotency
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of embryonic stem cells are critical for better culture method establishment and further appli-
cation [6]. So far, considerable efforts have already been made to explore the precise molecular
mechanisms of regulating pluripotency and self-renewal in embryonic stem cells [7-14]. Sev-
eral genetic regulators play pivotal roles in identity control of hESCs have been identified,
including extracellular signaling factors [7, 12, 14], transcription factors[8, 9], cell cycle regula-
tors [12], microRNA [13, 15], genes involved in maintaining chromosomal stability [10], and
DNA methylation [16]. Several cocktails of these regulators have been successful to reprogram
somatic cells into induced pluripotent stem cells (iPSCs) [17, 18]. These regulators precisely
form a complex circuit that represses genes required for differentiation and holds the ESCs

in a pluripotent state [6, 19]. However, not all hESC lines are equal in their potency to dif-
ferentiate into desired cell types in vitro, significant variations have been observed in the differ-
entiation efficiency of various human ES cell lines. The precise underpinning molecular
mechanisms are still largely unclear [20-24].

Several studies have been reported that hESC lines differ in the ability to differentiate into
distinct cell types while they can commonly maintain their pluripotent state in culture [20-
23]. Osafune, et al characterized 17 hESC lines differentiation potential in vitro by assessing
the expression of genes that are the markers of the three germ layers and their derivatives at
four time points during spontaneous or directed differentiation. They demonstrated that
hESC lines have different propensity to differentiate into certain lineages or cell types [20].
Bock, et. al. established genome-wide reference maps of DNA methylation and gene expres-
sion of 20 previously derived human ES lines and 12 human iPS cell lines, and assessed their
differentiation propensity in vitro [21]. In addition, WNT3 and miR-371-3 have been identi-
fied as biomarkers that are capable of predicting the definitive endoderm and neural differenti-
ation propensity of human pluripotent stem cells, respectively [22, 23]. All these studies
indicated that different hESC lines are distinct in their ability to form certain types of cells,
although they have the common defined characteristics of self-renewal and pluripotency.
Genetic and epigenetic variations may contribute to functional variability between cell lines.
However, how these variations ‘lock’ the pluripotent state and differentially respond to devel-
opment signaling that lead to differentiation bias remain to be elucidated. Understanding the
mechanisms will facilitate finding appropriate culture conditions to overcome the propensity
and establish more efficient differentiation protocol.

Several studies have already explored the gene expression profiles of hESCs by different
techniques [25-28]. Most of them focused on key genes that regulate pluripotency and main-
tain the undifferentiated state [24]. Some markers have been identified to predict certain cell
type differentiation propensity in human pluripotent stem cell [22, 23]. However, there were
hundreds even thousands of genes show different expression between cell lines. Whether these
genes are associated with differentiation bias or they collectively influence hESCs differentia-
tion behavior have not been investigated so far.

In this work, we wanted to find out whether transcriptome variations among hESC lines
were associated with developmental processes that may eventually affect hESCs differentiation
behavior. We compared transcriptome variations of four hESC lines H7, HUES1, HUES8 and
HUES9 by RNA-Seq. We totally identified 19,429 expressed genes, in which 3,571 genes,
including 335 transcription factors (TFs), were differently expressed at least between two lines.
Gene Ontology (GO) functional annotation demonstrated that these differentially expressed
genes are significantly enriched in developmental processes, such as ectoderm, mesoderm and
endoderm development. These functional enrichments of DEGs were shown to be associated
with differentiation propensity and were in line with lineage bias in vitro. Among these DEGs,
pluripotency factors, such as POU5F1 and NANOG, and genes involved in signaling pathways
transduction, such as BMP, WNT, FGF and FZD family genes, also showed significantly
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different expression level among the four lines. These genes not only play key role in hESC
identity controlling but also influence early lineage specification. Therefore, these data impli-
cated that different hESC lines, which showed distinct differentiation propensity, utilized dif-
ferent balance networks to maintain pluripotent state. When the balance is broken in a certain
environment, gene expression variation between them could impact on their different lineage
specification behavior.

Materials and methods
Cell culture

The Ethics Committee of BGI-IRB approved this study. H7 were obtained from GE healthcare
and HUES1, HUESS, HUES? lines were bought from Harvard University. All hESC lines

with passage number between 30 and 40 were used in this study and cultured according to the
protocol established in our lab. Briefly, cells were grown in hESC medium containing DMEM/
F12 basic medium (Life Technologies), 20% knockout serum replacement (KSR, Life Technol-
ogies), 1xL-glutamine (Life Technologies), 1xXMEM NEAA (Life Technologies), 0.1 mM
2-Mercaptoethanol (Life Technologies) and 50 ng/mL human FGF2 (Life Technologies) on
Mitomycin C (Sigma) treated murine embryonic fibroblasts (MEFs), medium was changed
every day. About 7 days, cells were dispersed into small clumps with 1 mg/mL Collagenase IV
(Life Technologies) for 20 min at 37°C-, then plated onto Matrigel hESC-qualified Matrix
(Corning)-coated dishes in mTeSR™1 medium (Stemcell Technologies) at a ratio of 1:3 to
1:6. In the feeder-free medium, ReLeSR™ (Stemcell Technologies) were used for dissociation
and passaging according to the manual.

RNA-Seq library construction and sequencing

When hESC colonies reached about 80%-90% confluence in mTeSR™ 1 medium, cells were
collected by ReLeSR ™ according to the protocol. Briefly, cells were washed with 1 x DPBS
twice and added to appropriate ReLeSR™ for 3-5 min at room temperature, then the appro-
priate mTeSR™1 medium was added to the cells and shook mildly. Cells were spined at 1,200
rpm and collected in 15mL tubes. All protocols for Illumina sequence preparation, sequencing,
and quality control were provided by BGI. Briefly, cells were mixed with TRIzol (Invitrogen)
and dissolved for 5 min, then spined at 12,000 x g for 5 min at 4°C. Chloroform was added to
the supernate and mixed, then spined at 12,000 x g for 10 min at 4°C. Chloroform/ isopropa-
nol (24:1) was added to the supernate and spined at 12,000 x g for 10 min at 4°C again. The
same volume of isopropanol was added to the supernate and stored at -20°C for 1 hr, then
spined at 13,600 x g for 20 min at 4°C. Sediment was washed by 75% alcohol and spined at
13,600xg for 20 min at 4°C twice and RNA was dissolved by Nuclease-free water. The purity,
integrity, and density of RNA were detected by Nanodrop, Agarose gel electrophoresis and
Agilent 2100 BioanaLyzer respectively, then cDNA was synthesized and PCR was used to con-
struct RNA-Seq library. RNA-Seq was conducted by Illumina Hiseq 2000.

RNA-Seq data processing and differential expression analysis

Reads were mapped to the human genome (GRCh37/hg19) using HISAT2 with default param-
eters as described in detail in [29]. Raw counts of sequencing reads for the feature of genes
were extracted by featureCounts included in the SourceForge Subread package [30].

To identify differential expressed genes, edgeR in the R package was used to import, orga-
nize, filter and normalize the data [31]. Expressed genes were selected as their counts per mil-
lion (CPM) value not less than 1 in at least two samples across the entire experiment while
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lowly expressed genes were removed for the flowing analyses. Quasi-likelihood F-tests
(ANOVA-like analysis) were achieved to identify DEGs according to description in detail in
[32]. Genes with fold change (FC) more than 2 and false discovery rate (FDR) less than 0.01
were assigned as DEGs.

SRA files of H1 (GEO accession number: GSM915328 and GSM915329) and HUES64
(GEO accession number: GSM1112834 and GSM1112837) RNA-Seq data were downloaded
from https://www.ncbi.nlm.nih.gov/sra. Data analyses of these two cell lines were performed
according to the protocol described in [33]. Genes withFC more than 2 and adj.P.Val less than
0.01 were assigned as DEGs.

GO enrichment analysis

GO and GO-slim enrichment analyses were performed using PANTHER™ Version 13.0
according to [34] with Binomial test type. P-value less than 0.05 were assigned as significance.

Embryoid bodies (EBs) formation

When hESC colonies reached about 80%-90% confluence in mTeSR™1 medium, cells were dis-
persed into small clumps with ReLeSR™ according to the manual and transferred to ULA-flasks
(Corning) in EBs medium containing DMEM/F12 basic medium, 20% KSR, 1xL-glutamine,
I1xMEM NEAA and 0.1mM 2-Mercaptoethanol, the medium was changed every two days.

Real-time quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen) cDNA was transcribed from 300ng
RNA for one reaction using PrimeScript RT reagent Kit (TAKARA) according to manufactur-
er’s protocol. Gene expression of SOX2 (Forward: 5’ ~AGGATAAGTACACGCTGCCC-3";Re-
verse: 5/ ~-TAACTGTCCATGCGCTGGT T-3’),POUS5F1 (Forward: 5/ ~-CTTGCTGCAGAAGT
GGGTGGAGGAA-3";Reverse: 5’ ~-CTGCAGTGTGGCTTTCGGGCA-3"),NANOG (Forward:
5’ -AATACCTCAGC CTCCAGCAGATG-3";Reverse: 5’ ~-TGCGTCACACCATTGCTATTCTT
C-3"),PAX6 (Forward: 5' -AACAGACACAGCCCTCACAAACA-3",Reverse: 5'—-CGGG AAC
TTGAACTGGAACTGAC-3"), and Nestin (Forward: 5' -GACCCTGAAGGGCA ATCACA-3"',
Reverse: 5' -GGCCACATCATCTTCCACCA-3") were normalized to inner reference GAPDH
(Forward:5’ ~-CCACCAGCCCCAGCAAGAGC-3;Reverse:5’ ~-CAAGGTGCGGCTCCCTAGGC-
37). Data were representative of three independent experiments.

Neural and cardiac differentiation

For neural progenitor cells (NPCs) differentiation, a modified protocol from [35] were used
here. Briefly, when hESC colonies reached about 70%-80% confluence in mTeSRTM1
medium, cells were treated with 0.5mM EDTA in PBS at room temperature for 6 to 10 min
and resuspended in NPC differentiation medium supplemented with 10 uM Y-27632 (Sigma).
Resuspended cells were then seeded onto fresh matrigel coated plates at densities about 2 x 10*
cells/cm” in NPC differentiation medium supplemented with 10 uM Y-27632 for 24 h. Then
cells were culture in NPC differentiation medium without Y-27632 and media was changed
every day. Cells were harvested at the end of day 7. The NPC differentiation medium consists
of DMEM/F12 basic medium, with 20% KSR, 1% NEAA, 1% Glutamax, 10 mM SB431542 and
100 ng/ml Noggin.

For cardiac differentiation, a modified protocol from [36] and [37] was employed. Briefly,
when hESC colonies reached about 70%-80% confluence in mTeSR™1 medium, cells were
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dissociated into single cells with Accutase (Thermo Fisher Scientific) at 37°C for 10 min and
then were seeded onto fresh matrigel coated plates at densities 1x10° cells/cm* in mTeSR™1
supplemented with 10 uM Y-27632 for 24 h. Cells then were cultured in mTeSR"™1, which
was changed daily. When cells reached about 70%-80% confluence (2 days), cells were treated
with 6 uM CHIR99021 (Sigma) in RPMI/B27-insulin (Thermo Fisher Scientific) for 48 h (day
0 to day 2). At day 3, The medium was changed to RPMI/B27-insulin with 5 pM IWP2
(Sigma) for another 2 days. At day 5, the medium was changed to RPMI/B27-insulin. At day 7,
the cells were transferred to RPMI/B27, and medium was changed every 2 days. At day 15,
cells were collected for following analysis.

Flow cytometry

Cells were dissociated into single cells with Accutase and filtered by 40 um cell strainers (BD
Falcon). Filtered cells fixed with 1% (vol/vol) paraformaldehyde for 10 min and permeabilized
with 70% methanol for 10 min at room temperature. For NPCs, cells were stained using 1: 200
rabbit polyclonal IgG PAX6 (ab5790, Abcam) as primary antibody for 1 hour and 1: 1,000
Alexa Fluor 488 goat anti-rabbit IgG H&L (ab150077, Abcam) as secondary antibody for 30
min at room temperature. Rabbit polyclonal IgG were employed as an isotype control. For car-
diomyocyte, cells were stained with PE mouse anti-cardiac Troponin T type 2 (TNNT?2,
564767, BD Bioscience) for 1 hour at room temperature and PE mouse IgG1 kappa (554680,
BD Bioscience) was used as isotype control. All samples were run on BD FACSJazz.

Results
Highly expressed genes in hESCs

Many factors influence genes expression, such as feeder cells, culture media, additives and pas-
sage methods [38]. In order to minimize influence from environmental factors, we synchro-
nously cultured the four hESC lines and passaged three times on the same feeder-free medium
before cell collecting for RNA extraction. To remove possible differentiated cells on the clone
border, we used ReLeSR™ for dissociation and passaging, which is an enzyme-free reagent
without the need for manual removal of differentiated cells. In consideration of biological vari-
ability, we pooled three biology samples as one replicate, each line had two independent repli-
cates for library construction and high-throughput RNA sequencing. After adaptor trimming
and low-quality filtering, we total obtained more than 253 million clean reads, and each cell
line got more than 31 million reads per replicate (Fig 1A). Mapping to human genomes
(GRCh37/hg19), more than 80% reads aligned 1 time and about 75% reads uniquely assigned
to reference transcriptome. Total 19,429 expressed genes were obtained from following RNA-
seq analysis, including 15,058 protein codings, 1, 841antisenses, 1,058 pseudogenes, 787 long
intergenic noncoding RNAs (lincRNAs), 287 processed transcripts and 108 micro RNAs
(miRNAs) (Fig 1B and S1 Table).

Next, we analyzed highly expressed and lineage-specific genes across the four cell lines.
Normally, most highly expressed genes regulating pluripotency and self-renewal should be
common in all hESC lines while lineage-specific genes should be expressed at a much lower
level. Here, we used transcripts per million (TPM) [39] to normalize for sequencing depth and
gene length for relative quantity, and then ranked genes abundance according to TPM values.
According to the expression level, we assigned the top 1000 ranked genes, accounting for
5.15% of total expressed genes, as highly expressed genes. We combined the top 1000 highly
expressed genes from the four cell lines and got 1,275 genes in total (S2 Table), of which 762
genes were shared in the four cell lines (Fig 2A). GO-slim enrichment analysis showed that
these shared genes significantly enriched in ribosome and cytosol cellular component that are
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Fig 1. Results of reads mapping to genes expressed in hESC lines H7, HUES1, HUES8 and HUES9. (A) A histogram showing the
number of reads uniquely aligned to GRCh37/hg19 genome and assigned to transcriptome for each line with replicates. (B) A pie
chart depicting percentage of distinct bio-types annotated in the total genes expressed in hESC lines H7, HUES1, HUES8 and HUES9
after filtering out lowly expressed genes. Number in brackets represent amount of genes in the biotype. CPM of a gene in two or more
libraries are larger than 1 considered as expressed genes, otherwise as lowly expressed genes filtered out.

https://doi.org/10.1371/journal.pone.0192625.g001

involved in translation, biosynthetic process, protein metabolic process, mitosis, oxidative
phosphorylation biological process. These results were in line with the discovery from previous
transcriptome profile studies [25, 27, 28] (Fig 2B). In addition, some pluripotent factors such
as POUSF1I (also known as OCT4) and SOX2, were highly expressed in all the four cell lines
[19, 27]. In terms of lineage-specific genes, we found these genes are lowly expressed or not
detected as expected, and their expression level and ranking are much lower than hESC mark-
ers expressed in the four lines (Table 1).

Meanwhile, we also did GO-slim enrichment analyses on those highly expressed genes not
shared among the hESC lines to see their functional enrichment. Interestingly, these genes
were significantly enriched in developmental processes, especially in ectoderm development
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10 20 30
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Fig 2. Highly expressed genes in hESC lines H7, HUES1, HUES8 and HUES9. (A) Venn diagram showing top 1000
highly expressed genes ranked by expression level in the four cell lines. Expression level were normalized by transcripts per
million (TPM). (B) GO-slim biological process enrichment analysis for 762 commonly high expressed genes shared in the
four cell lines. (C) GO-slim biological process enrichment analysis for non-shared high expressed genes in the four cell
lines.

https://doi.org/10.1371/journal.pone.0192625.9002
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Table 1. TPM value and ranking level of lineage-specific genes in hESC lines H7, HUES1, HUES8 and HUESY.

Lineage Marker TPM Ranking
H7 HUES1 HUESS8 HUES9 H7 HUES1 HUESS8 HUES9
hESCs POU5F1 861.66 414.30 460.03 176.94 86 256 219 826
SOX2 317.49 654.37 634.96 433.28 347 134 135 228
PODXL 1322.01 1115.44 1087.66 898.01 49 55 61 75
CDH1 116.19 183.08 226.13 131.61 1362 779 593 1232
THY1 383.97 107.21 104.67 71.72 260 1605 1677 2756
EPCAM 171.07 212.11 199.24 119.70 811 653 717 1416
CD9 116.48 52.72 53.88 27.92 1356 3792 3735 7452
ITGB1 131.23 120.19 113.06 120.75 1159 1390 1523 1397
CD59 33.52 31.81 32.66 25.71 5628 6275 6192 7923
PROM1 31.34 44.75 44.14 38.73 5977 4514 4638 5591
PREX1 38.68 28.22 28.71 72.21 4927 6938 6848 2733
SALL4 142.81 273.96 284.41 305.08 1033 436 424 366
MYC 67.37 45.14 48.58 18.39 2701 4466 4198 9807
TDGF1 157.48 116.31 131.87 48.52 907 1455 1212 4388
DNMT3B 640.81 715.49 888.24 533.03 131 112 82 164
ALPL 266.77 407.57 369.04 336.52 436 261 307 325
TDGF1 157.48 116.31 131.87 48.52 907 1455 1212 4388
Mesendoderm MIXL1 8.18 3.22 217 1.31 12617 16066 17066 18297
GSC 3.55 2.36 3.34 2.05 15474 16882 15976 17616
Mesoderm T 2.10 2.29 0.87 1.30 16832 16951 18558 18306
CD34 0.52 0.90 1.68 1.40 18707 18509 17601 18198
GATA4 0.70 0.84 231 0.63 18476 18570 16925 18951
HAND1 0.18 1.49 4.68 4.38 19186 17827 15010 15858
TWIST2 5.81 3.08 1.12 4.27 13958 16202 18249 15932
GATA6 1.04 1.25 2.33 0.83 18041 18099 16898 18724
Endoderm CXCR4 5.28 10.20 11.27 29.13 14254 12112 11620 7204
SOX17 1.73 1.74 3.25 1.22 17196 17545 16063 18371
FOXA2 1.72 1.07 2.90 0.72 17205 18304 16363 18853
AFP 0.36 0.32 3.48 0.71 18930 19219 15863 18872
AMN 20.35 19.57 19.89 21.70 8277 8869 8788 8880
SOX7 10.48 9.34 10.41 7.75 11547 12483 11968 13900
HNF4A 0.29 0.20 0.85 0.20 19036 19301 18583 19288
FOXA1 - - - - - - - -
Ectoderm PAX6 0.99 13.92 19.80 40.43 18102 10658 8812 5356
TUBB3 36.09 32.00 24.20 24.45 5271 6235 7768 8203
SOX1 3.42 7.46 4.60 8.28 15597 13391 15063 13638
FGF5 - - - - - - - -

https://doi.org/10.1371/journal.pone.0192625.t001

(Fig 2C). Among these genes, GLI3 [40-42], ZIC3 [43-45], OTX2 [46-48], CDK4 [49-51],
LHX5 [52], HES3 [53] etc., had been reported in several studies and play important role in ner-
vous system development (S2 Table). Next, we analyzed expression variations among the four
cells and wanted to investigate its potential impacts on hESCs differentiation.

Transcriptional variability among hESC lines

Genes with more than 2-fold change (maximum CPM divide by minimum CPM among the
four cell lines for each gene) and FDR less than 0.01 were assigned as DEGs. Overall, we
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Fig 3. Transcriptional variability among hESC lines H7, HUES1, HUES8 and HUESY. (A) GO-slim biological process enrichment
analysis of DEGs at least between two lines. Result shows that these global DEGs are significant enriched in developmental process. (B)
Histogram depicting number of DEGs between any two cell lines. HUES1 and HUES8 have the least DEGs compared to other two-two
compares. (C) GO-slim biological process enrichment analysis of DEGs between HUES9 and HUES]. (D) GO-slim biological process
enrichment analysis of DEGs between HUES9 and HUESS. Although HUES] is female while HUESS is male, their expression profiles
are more similar than other cell lines. GO-slim enrichment analysis indicates that their DEGs show no significant enrichment in
biological process. Compared to HUES9, upregulated genes (logFC > 1 and FDR < 0.01) in these two cell lines exhibit significant
enrichment in endoderm development (Note: HUES1 and HUESS refer to GO complete biological process data, S7 Table) while
upregulated genes of HUES9 significantly enriched in nervous system development and ectoderm development. Other results of GO-
slim biological process enrichment analysis please see S2 Fig.

https://doi.org/10.1371/journal.pone.0192625.9003

identified 3571 DEGs, accounting for 18.38% of the total expressed genes (S3 Table). To inves-
tigate whether these DEGs are linked to differentiation propensity variability, we analyzed
their functional enrichment. Results of overrepresentation test showed that these DEGs were
significantly enriched in nervous system development, ectoderm development, mesoderm
development etc. (Fig 3A).

In order to inspect how expression variations associated with differentiation bias, we per-
formed two-two comparison analysis (S4 Table). Results showed that the number of DEGs
between HUES1 and HUESS were the least compared to others (Fig 2B and S3 Fig). GO
enrichment analysis of these DEGs showed no significant enrichment in the biological process.
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On the other side, DEGs between HUES1 or HUES8 and H7 or HUES9, or between H7 and
HUESY, were significantly enriched in developmental processes, involving ectodermal, meso-
dermal, endodermal, nervous system, muscle organ, skeletal system development (Fig 3C and
3D). Previous study had shown that HUES1, HUES8 and HUES9 had various differentiation
propensity, with HUES] inclining toward mesoderm, HUES8 toward mesoderm and endo-
derm, while HUES9 toward ectoderm [20]. Here, GO-slim enrichment analyses demonstrated
that upregulated genes in HUES9 were overrepresented in ectoderm process, while upregu-
lated genes in HUES1 or HUESS were significantly enriched in endoderm development, impli-
cating that gene expression variability could bring about different hESC lines with distinct
differentiation bias (Fig 3C and 3D).

To verify our results, we downloaded public available hESC lines H1 and HUES64 RNA--
Seq data to carry out differential expression analysis (54 Table). Markedly, results showed that
genes differentially expressed were enriched in developmental process as well (Figure D in S2
Fig). Together, these results suggest that transcriptional variations between hESC lines are
enriched in developmental processes, which could influence their differentiation propensity in
vitro.

Expression variability of transcription factors among hESC lines

Transcription factors play key role in genes expression regulation and several master transcrip-
tion factors can control cell fate decision, such as combination of transcription factors
POUS5F1, SOX2, KLF4, and C-MYC or OCT4, SOX2, NANOG and LIN28 have been used to
transform human fibroblasts into induced pluripotent stem cells (iPSCs) [17, 18]. In the total
19, 429 expressed genes, we assigned 1, 285 genes as TFs according to human transcription fac-
tors list downloaded from animal TFDB*® [54] (S5 Table).

Next, we selected top 100 highly expressed transcription factors by their TMP value to see
expression variations. We combined the top 100 highly expressed TFs and 74 are shared in all
four lines (Fig 4A and S5 Table), including SOX2 and POUS5F1 which are well-known auto-
regulated TFs in the core transcriptional regulatory circuitry in human embryonic stem cells
and contribute to pluripotency and self-renewal [8, 19]. In addition, several TFs that are
important regulators of embryonic stem cells pluripotency and self-renewal, such as TCF3
[55], ZSCANI0 [56], SALL4 [57, 58], LIN28A [18], HMGAL [59], Zic3 [60] and Parp1[61]
etc., were in the top 100 TFs set as well. Some of them had been used to generate iPSCs or
improve reprogramming efficiency.

Meanwhile, we looked at the number of differentially expressed TFs (DETFs) and their
related functions in all the TFs set, 335 DETFs were identified using the same selecting method
mentioned above, accounting for 26.07% of the total expressed TFs (S5 Table). Notably, signif-
icant difference in POU5F1 and NANOG expression was observed among the four cell lines,
which also had been described in previous studies [62, 63]. On the other side, the expression
level of SOX2 were only slightly different in the four cell lines. During the EBs formation, the
expression changed pattern were similar (Fig 4B). These pluripotent factors also play pivotal
role in embryonic stem cell specification to certain germ layer reported in several studies [64,
65]. Therefore, we analyzed biological process enrichment of these DETFs, and compared to
non-DETFs to see their difference. Results from GO-slim biological process enrichment analy-
sis showed that these DETFs were significantly enriched in developmental process as well,
including ectoderm development, segment specification, mesoderm development and so on
(Fig 4C). Differentially, non-DETFs in the four cell lines were mainly involved in metabolic
process and biosynthesis process (Fig 4D), which were important for the maintenance of self-
renewing and pluripotency in stem cells [66-69]. These results demonstrated that differentially
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Fig 4. Expression variability of transcription factors among hESC lines H7, HUES1, HUES8 and HUES9. (A) Venn diagram showing top 100 highly expression
transcription factors (TFs) TFs in the four cell lines. (B) Expression variation of pluripotent factors POU5F1, NANOG and SOX2 in the four cell lines. Top left
histogram exhibits fold change (FC) compared to lowest expressed cell lines (data from RNA-seq). * represents FC >2 and FDR < 0.01. The other three charts show
POUS5FI, NANOG and SOX2 expression change during EB formation (data from RT-PCR) and fold change of each gene was normalized by expression level of hRESC
for each line. (C) GO-slim biological process enrichment analysis of DETFs at least between any two cell lines. (D) GO-slim biological process enrichment analysis of
non-DETFs among the four cell lines.

https://doi.org/10.1371/journal.pone.0192625.9004

expressed TFs in hESC lines are involved in regulating cell developmental process while
expression of non-DETFs mostly involved in metabolic process and biosynthesis process.

Expression variability on signaling networks among hESC lines

There are several key signaling pathways required for maintaining pluripotent state while sup-
pressing differentiation in hESCs, including insulin-like growth factor /phosphatidylinositol-3
kinase (IGF/PI3K), fibroblast growth factor (FGF)/Mitogen- activated protein kinase
(MAPK), TGF-Band Wnt pathway [7, 70-75]. These finely-balanced and coordinately inter-
acted signaling networks are critical for cell fate decisions in hESCs [73, 76]. Hence, we
selected genes of these pathways and investigated their expression variation in the four hESC
lines. We totally selected 176 genes involved in these four canonical pathways, in which 60
genes were significantly differentially expressed (S6 Table). Interestingly, many genes we
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found were ligands or receptors showed great variation among the four cell lines, including
bone morphogenetic protein (BMP) genes, wingless-type MMTYV integration site family
(WNT) genes, fibroblast growth factor (FGF) genes, and frizzled family receptor (FZDR)
genes etc. (Fig 5A). Ligands and receptors are upstream signaling inputs, so we wanted to
know how their different expression would influence downstream genes expression. We
grouped all genes into two classes: signaling upstream genes (SUGs) (including ligands, recep-
tors, and co-receptors) and signaling downstream genes (SDGs) (including kinase, TFs, et.).
(S6 Table). Expression variations between SUGs and SDGs were significant different among
the four cell lines. 46.07% genes in SUGs were differentially expressed while only 16.11% genes
in SDGs showed differential expression (Fig 5B). According to previous studies, whether Wnt
pathway is required for human stem cell pluripotency or differentiation are still unclear [7, 76,
77]. Here we found 9 of 12 WNT family genes were differentially expressed, and expression
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Fig 5. Expression variations of genes involved in IGF/PI3K, FGFMAPK, TGF-p and Wnt signaling pathways in hESC lines H7, HUES1, HUESS and
HUES?9. (A) Fold change of BMP, WNT, FDZ and FGF family genes among the four lines. * represents genes differentially expressed at least between two
cell lines by FC > 2 and FDR < 0.01. (B) Percentage of DEGs in PUGs and PDGs of the four signaling pathways. Statistically significant were analyzed by
student’s t-test. (C) Line chart showing fold change of differentially expressed WNT family genes and inhibitor DKK1 in Wnt signaling pathway in the four
cell lines. (D) Line chart depicting fold change of BMP4 and pluripotent factors POU5F1 and NANOG in the four cell lines. Fold change of each gene
mentioned here was normalized by the minimum CPM of the gene among the four lines.

https://doi.org/10.1371/journal.pone.0192625.g005
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level in HUES9 were much higher than other cell lines. But we noticed that DKK1, one inhibi-
tor of the Wnt signaling pathway, also were significantly upregulated in HUES9 as well (Fig
5C). When we examined the expression level of Wnt family genes between H1 and HUES64
using RNA-seq data downloaded from public database, we can also see that WNT family genes
were highly expressed in HUES64 cell line and more than half of the upstream genes (53.85%)
in the Wnt signaling pathway presented significantly different expression level (Figure A in S4
Fig). Meanwhile, no significant differences were observed in the expression level of most
downstream genes, except LEF1 and APC2 (Figure B in S4 Fig). These results together impli-
cated that hESCs coordinate signal networks to keep the expression of SDGs within a narrow
range for the maintenance of pluripotency and self-renew, although the signaling inputs are
greatly varied among different hESC lines that could influence their consequent differentiation
bias. However, a general mechanism by which differentially expressed genes (such as WNT
family genes) between human pluripotent cell lines that precisely coordinated to keep each
pluripotent status remains to be elucidated.

Discussion

Previous studies have confirmed that physiological and functional variability exists among
hESC lines, although they have the common properties in the ability to differentiate into any
cell type of the body and self-renew indefinitely in vitro [24, 38]. One of these variations is that
they exhibited different capability to form certain cell type, which could influence their future
application [20, 21]. The gene expression profile of hESCs has been explored by several tech-
niques, including serial analysis of gene expression (SAGE), expressed sequence tag (EST) enu-
meration, microarray analysis and massively parallel signature sequencing [24]. However,
most of these studies have been undertaken to unravel the key genes that characterize the sta-
tus of ‘stemness’, regulate pluripotency and maintain the undifferentiated state. And several
other studies were interesting in the comparison of ES cells and iPS cells [24, 38]. Thus, the
influence of gene expression variations between hESC lines on their differentiation behavior
has yet to be elucidated.

In this work, we wanted to know whether transcriptome variations among hESC lines link
to their differentiation bias in vitro by RNA-seq analysis. We compared expression profiles of
four hESC lines H7, HUES1, HUES8 and HUES?9, and totally identified 19, 429 expressed
genes, among which 4, 302 (22.14%) genes, including 362 (1.86%) transcription factors, were
differentially expressed at least in two cell lines. Functional annotation demonstrated that
these DEGs were significantly enriched in developmental processes, such as ectoderm develop-
ment, mesoderm development (Fig 2B). During the stem cell specification, one cell type com-
mitment accompanied with changes in expression pattern and regulation network, and these
changes could potentially function to antagonize other cell types formation. That is to say that
differentiation process is a one-or-the-other process. Among the four lines, HUES1, HUES8
and HUES9 have distinct differentiation propensity reported in previous study. Specifically,
HUESI and HUESS exhibited a tendency to turn on genes characteristic of meso-, endo- and
epidermal (skin) lineages, whereas HUES9 showed inclination to ectodermal and neuronal
genes [20]. Here, we found that gene expression pattern of HUES1 was more similar to
HUESS than to HUES9 (Fig 3B and S3 Fig). These DEGs upregulated in HUES9 were enriched
in nervous system development and ectoderm development, implicating its differentiation
direction bias. Accordingly, many genes function in nervous system development and ecto-
derm development were downregulated in HUES1 and HUES8 comparing to HUES9, mean-
ing less possibility to antagonize endoderm formation. Not surprisingly, upregulated genes in
HUES1 and HUES8 showed function enrichment in endoderm development (Fig 3C and 3D).
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These results indicating their differentiation propensity are in line with previous report [20].
Besides, we compared PAX6 and Nestin expression in spontaneously differentiating embryoid
bodies derived from the four cell lines at day 28 by RT-PCR. Results also showed that the level
of PAX6 and Nestin expression was significantly higher in HUES 9 than in HUES 1 and HUES
8 (Figure A in S5 Fig).

Transcription factors, especially master transcription factors in the core regulation circuit,
such as POUIF5, NANOG, and SOX2, play pivotal role in genes expression regulation to sus-
tain self-renewal and pluripotent state in hESCs, while inhibiting differentiation [19]. How-
ever, it has been demonstrated that they also play important role in early mouse and human
embryonic cell fate decision [78, 79]. Moreover, self-renewal and distinct lineage specification
are orchestrated in hESCs through cross-talk between these pluripotency factors and signal
pathways [80-82]. POU5F1 and NANOG specially antagonize neuroectodermal induction,
whereas SOX2 is required in this layers. Conversely, POU5F1 and NANOG promote meso
and/or endodermal differentiation while SOX2 potently suppress mesendodermal formation
[78, 81]. In addition, high levels of POU5F1 enable self-renewal in the absence of BMP4 but
specify mesendoderm in the presence of BMP4 while low levels of OCT4 induce embryonic
ectoderm differentiation in the absence of BMP4 but specify extraembryonic lineages in the
presence of BMP4 [64]. In this study, POU5F1 and NANOG were differentially expressed
while SOX2 showed similar expression level in the four lines (Fig 5D). Expression of POU5F1
and NANOG were much higher in HUES1 and HUESS than in HUES9, and the expression
difference were in line with their differentiation bias. H7 had high POU5F1 expression and
low BMP4 expression, consistent with previous report [64]. Notably, expression of POU5F1 in
HUES?9 are lowest and BMP4 are highest compared to other lines. gene expression level of
POUS5F1 in HUES9 were the lowest and BMP4 were the highest among these four cell lines.
But POUS5F1 remain present high expression level in POU5F1 and are significantly higher
than differentiated EB cells (Fig 4B). Therefore, high levels of POU5F1 together with BMP4
could specify mesendoderm, implicating an antagonistic mechanism in HUES9 whose upregu-
lated genes are significantly enriched in ectoderm development.

BMP family and Wnt family genes play important role in developmental processes. Their
temporal and spatial regulation of signals are crucial for special tissue development, such as
heart [36]. Although BMP family and Wnt family genes have significant changes in HUES9
cell lines compared to the other three cell lines (Fig 5A), results of direct neural differentiation
exhibited that percentage of PAX6" cells derived from these four cell lines were comparative,
and efficiency are very high, at about 97% (Figure B and C in S5 Fig). On the other side, when
directing the four cell lines to form cardiomyocytes, efficiency was significantly different
among them. Specifically, percentage of TNNT2™ cells derived from HUES8 and HUES] are
significantly higher than cells derived from HUES9 (P-value = 0.003 by one-way ANOVA)
(Figure B in S6 Fig). Contracting cells from HUES9 mainly appeared in large cell clumps (S1-
S4Videos). These results indicated that different gene expression patterns in different hESC
lines could appreciably impact on target type cells differentiation efficiency, however, differen-
tiation bias could be overcome by finding appropriate direct differentiation methods [24].

In summary, our study demonstrated that DEGs among hESC lines are significantly
enriched in developmental processes, involving in ectoderm, mesoderm and endoderm devel-
opment. Human embryonic stem cells could potentially coordinate genes expression to bal-
ance core regulation circuit and maintain un-differentiation state, in which cross-talk between
genes, including pluripotency factors and genes participating in signaling transduction, were
involved. Some of these genes could affect their differentiation behavior, but they collectively
keep hESC in a stable status. When the balance was broken, expression variations between
lines eventually contribute to their differentiation propensity in vitro. The degree to which
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these differentially expressed genes contribute to the capability of hESCs forming a certain cell
type, and whether some of these DEGs have larger weight than others when used as markers to
predict their differentiation behavior remain to be determined. More data of gene expression
and efficiency in forming desired cell types from different hESC lines are needed. Further-
more, the underlying molecular mechanisms by which DEGs affect differentiation bias and
whether recently constructed naive hESC lines [83-86] are more homogeneous than conven-
tional cell lines need to be investigated.

Supporting information

S1 Fig. Morphology of the four hESC lines H7(top left), HUESI1 (top right), HUESS (bot-
tom left) and HUES9 cultured in feeder-free medium. Bar, 100 pm.
(TIF)

S2 Fig. Differential expression analysis in hESC lines H7, HUES1, HUES8 and HUES?9. (A)
GO-slim biological process enrichment analysis of DEGs between H7 and HUESI. (B) GO-
slim biological process enrichment analysis of DEGs between H7 and HUESS. (C) GO-slim
biological process enrichment analysis of DEGs between H7 and HUES9. (D) GO-slim biolog-
ical process enrichment analysis of DEGs between H1 and HUES64 downloaded from public
available RNA-seq data.

(TTF)

S3 Fig. Differential expression analysis by two-two comparison. (A) H7 compared to
HUES1, HUES8 and HUES9. (B) HUES1 compared to H7, HUES8 and HUES9. (C) HUES8
compared to H7, HUES1 and HUES9. (D) HUES9 compared to H7, HUES1 and HUESS.
Upregulated: logFC > 1 and FDR < 0.01, downregulated: logFC <_ -1 and FDR < 0.01.
(TIF)

$4 Fig. Comparison of expression level of Wnt signaling pathway genes between hESC
lines HUES64 and H1. (A) Expression variations of genes in Wnt signaling pathway upstream
component between hESC lines HUESI and H1. (B) Expression variations of genes in Wnt
signaling pathway downstream component between hESC lines HUES1 and H1.

(TIF)

S5 Fig. Neural differentiation from H7, HUES1, HUES8 and HUES9. (A) Fold change of
PAX6 and Nestin expression in spontaneously differentiating embryoid bodies derived from
H7, HUES1, HUES8 and HUES9 at day 28. (B) Percentage of PAX6" cells derived from H7,
HUES1, HUES8 and HUESY. (C) Example of flow cytometry analysis for PAX6" cells derived
from H7, HUES1, HUES8 and HUES?9.

(TIF)

$6 Fig. Cardiac differentiation from H7, HUES1, HUES8 and HUES9. (A) Example of cardi-
omyocytes morphology in culture derived from H7, HUES1, HUES8 and HUES9. (B) Percent-
age of TNNT2" cells derived from H7, HUES1, HUES8 and HUES9. (C) Example of flow
cytometry analysis for TNNT2" cells derived from H7, HUES1, HUES8 and HUES9.

(TIF)

S1 Table. List of genes expressed in the four hESC lines.
(XLSX)

$2 Table. List of top 1000 highly expressed genes in the four hESC lines.
(XLSX)
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S3 Table. Different expression genes in the four hESC lines.
(XLSX)

$4 Table. DEGs from two-two cell lines comparisons.
(XLSX)

S5 Table. Transcript factor genes expressed in the four hESC lines.
(XLSX)

S6 Table. Signaling pathway genes expressed in the four hESC lines.
(XLSX)

S7 Table. Results of GO biological process complete enrichment analysis for upregulated
genes in HUES1 and HUES8 compared to HUES9.
(XLSX)

$1 Video. Example of cardiomyocyte contracting derived from H7.
(MP4)

$2 Video. Example of cardiomyocyte contracting derived from HUESI.
(MP4)

$3 Video. Example of cardiomyocyte contracting derived from HUESS.
(MP4)

$4 Video. Example of cardiomyocyte contracting derived from HUES9.
(MP4)

Acknowledgments

We thank Dongxiu Peng and Yuanjie Li for experimental assistance.

Author Contributions

Methodology: Dongmin Zheng.

Project administration: Changbin Sun, Jiawen Zhang.
Resources: Jian Wang.

Supervision: Huanming Yang, Xi Zhang.

Validation: Huanming Yang.

Writing - original draft: Changbin Sun.

Writing - review & editing: Xi Zhang.

References

1. Thomson JA, ltskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, et al. Embryonic
stem cell lines derived from human blastocysts. Science. 1998; 282(5391):1145-7. PMID: 9804556

2. Gepstein L. Derivation and potential applications of human embryonic stem cells. Circ Res. 2002; 91
(10):866—76. PMID: 12433831

3. Trounson A, DeWitt ND. Pluripotent stem cells progressing to the clinic. Nat Rev Mol Cell Biol. 2016; 17
(8):194-200. https://doi.org/10.1038/nrm.2016.10 PMID: 26908143

4. Odorico JS, Kaufman DS, Thomson JA. Multilineage differentiation from human embryonic stem cell
lines. Stem Cells. 2001; 19(3):193-204. https://doi.org/10.1634/stemcells.19-3-193 PMID: 11359944

PLOS ONE | https://doi.org/10.1371/journal.pone.0192625 February 14,2018 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0192625.s017
http://www.ncbi.nlm.nih.gov/pubmed/9804556
http://www.ncbi.nlm.nih.gov/pubmed/12433831
https://doi.org/10.1038/nrm.2016.10
http://www.ncbi.nlm.nih.gov/pubmed/26908143
https://doi.org/10.1634/stemcells.19-3-193
http://www.ncbi.nlm.nih.gov/pubmed/11359944
https://doi.org/10.1371/journal.pone.0192625

@° PLOS | ONE

Gene expression variability of hES cell lines

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

International Stem Cell I, Adewumi O, Aflatoonian B, Ahrlund-Richter L, Amit M, Andrews PW, et al.
Characterization of human embryonic stem cell lines by the International Stem Cell Initiative. Nat Bio-
technol. 2007; 25(7):803-16. https://doi.org/10.1038/nbt1318 PMID: 17572666

Liu N, Lu M, Tian X, Han Z. Molecular mechanisms involved in self-renewal and pluripotency of embry-
onic stem cells. J Cell Physiol. 2007; 211(2):279-86. https://doi.org/10.1002/jcp.20978 PMID: 17195167

Sokol SY. Maintaining embryonic stem cell pluripotency with Wnt signaling. Development. 2011; 138
(20):4341-50. https://doi.org/10.1242/dev.066209 PMID: 21903672

Boyer LA, Lee Tl, Cole MF, Johnstone SE, Levine SS, Zucker JP, et al. Core transcriptional regulatory
circuitry in human embryonic stem cells. Cell. 2005; 122(6):947-56. https://doi.org/10.1016/j.cell.2005.
08.020 PMID: 16153702

Babaie Y, Herwig R, Greber B, Brink TC, Wruck W, Groth D, et al. Analysis of Oct4-dependent tran-
scriptional networks regulating self-renewal and pluripotency in human embryonic stem cells. Stem
Cells. 2007; 25(2):500-10. https://doi.org/10.1634/stemcells.2006-0426 PMID: 17068183

Lee Tl, Jenner RG, Boyer LA, Guenther MG, Levine SS, Kumar RM, et al. Control of developmental
regulators by Polycomb in human embryonic stem cells. Cell. 2006; 125(2):301-13. https://doi.org/10.
1016/j.cell.2006.02.043 PMID: 16630818

Fong H, Hohenstein KA, Donovan PJ. Regulation of self-renewal and pluripotency by Sox2 in human
embryonic stem cells. Stem Cells. 2008; 26(8):1931-8. https://doi.org/10.1634/stemcells.2007-1002
PMID: 18388306

Wang L, Schulz TC, Sherrer ES, Dauphin DS, Shin S, Nelson AM, et al. Self-renewal of human embry-
onic stem cells requires insulin-like growth factor-1 receptor and ERBB2 receptor signaling. Blood.
2007; 110(12):4111-9. https://doi.org/10.1182/blood-2007-03-082586 PMID: 17761519

Wang Y, Xu Z, Jiang J, Xu C, Kang J, Xiao L, et al. Endogenous miRNA sponge lincRNA-RoR regulates
Oct4, Nanog, and Sox2 in human embryonic stem cell self-renewal. Dev Cell. 2013; 25(1):69-80.
https://doi.org/10.1016/j.devcel.2013.03.002 PMID: 23541921

Dravid G, Ye Z, Hammond H, Chen G, Pyle A, Donovan P, et al. Defining the role of Wnt/beta-catenin
signaling in the survival, proliferation, and self-renewal of human embryonic stem cells. Stem Cells.
2005; 23(10):1489-501. https://doi.org/10.1634/stemcells.2005-0034 PMID: 16002782

Suh MR, Lee Y, Kim JY, Kim SK, Moon SH, Lee JY, et al. Human embryonic stem cells express a
unique set of microRNAs. Dev Biol. 2004; 270(2):488-98. https://doi.org/10.1016/j.ydbio.2004.02.019
PMID: 15183728

Bibikova M, Chudin E, Wu B, Zhou L, Garcia EW, Liu Y, et al. Human embryonic stem cells have a
unique epigenetic signature. Genome Res. 2006; 16(9):1075-83. https://doi.org/10.1101/gr.5319906
PMID: 16899657

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction of pluripotent stem
cells from adult human fibroblasts by defined factors. Cell. 2007; 131(5):861-72. https://doi.org/10.
1016/j.cell.2007.11.019 PMID: 18035408

Yu J, Vodyanik MA, Smuga-Otto K, Antosiewicz-Bourget J, Frane JL, Tian S, et al. Induced pluripotent
stem cell lines derived from human somatic cells. Science. 2007; 318(5858):1917—-20. https://doi.org/
10.1126/science.1151526 PMID: 18029452

Young RA. Control of the embryonic stem cell state. Cell. 2011; 144(6):940-54. https://doi.org/10.1016/
j.cell.2011.01.032 PMID: 21414485

Osafune K, Caron L, Borowiak M, Martinez RJ, Fitz-Gerald CS, Sato Y, et al. Marked differences in dif-
ferentiation propensity among human embryonic stem cell lines. Nat Biotechnol. 2008; 26(3):313-5.
https://doi.org/10.1038/nbt1383 PMID: 18278034

Bock C, Kiskinis E, Verstappen G, Gu H, Boulting G, Smith ZD, et al. Reference Maps of human ES and
iPS cell variation enable high-throughput characterization of pluripotent cell lines. Cell. 2011; 144
(3):439-52. https://doi.org/10.1016/j.cell.2010.12.032 PMID: 21295703

Jiang W, Zhang D, Bursac N, Zhang Y. WNT3 is a biomarker capable of predicting the definitive endo-
derm differentiation potential of hRESCs. Stem Cell Reports. 2013; 1(1):46-52. https://doi.org/10.1016/j.
stemcr.2013.03.003 PMID: 24052941

Kim H, Lee G, Ganat Y, Papapetrou EP, Lipchina I, Socci ND, et al. miR-371-3 expression predicts neu-
ral differentiation propensity in human pluripotent stem cells. Cell Stem Cell. 2011; 8(6):695-706.
https://doi.org/10.1016/j.stem.2011.04.002 PMID: 21624813

Cahan P, Daley GQ. Origins and implications of pluripotent stem cell variability and heterogeneity. Nat
Rev Mol Cell Biol. 2013; 14(6):357-68. https://doi.org/10.1038/nrm3584 PMID: 23673969

Brandenberger R, Wei H, Zhang S, Lei S, Murage J, Fisk GJ, et al. Transcriptome characterization elu-
cidates signaling networks that control human ES cell growth and differentiation. Nat Biotechnol. 2004;
22(6):707—16. https://doi.org/10.1038/nbt971 PMID: 15146197

PLOS ONE | https://doi.org/10.1371/journal.pone.0192625 February 14,2018 16/19


https://doi.org/10.1038/nbt1318
http://www.ncbi.nlm.nih.gov/pubmed/17572666
https://doi.org/10.1002/jcp.20978
http://www.ncbi.nlm.nih.gov/pubmed/17195167
https://doi.org/10.1242/dev.066209
http://www.ncbi.nlm.nih.gov/pubmed/21903672
https://doi.org/10.1016/j.cell.2005.08.020
https://doi.org/10.1016/j.cell.2005.08.020
http://www.ncbi.nlm.nih.gov/pubmed/16153702
https://doi.org/10.1634/stemcells.2006-0426
http://www.ncbi.nlm.nih.gov/pubmed/17068183
https://doi.org/10.1016/j.cell.2006.02.043
https://doi.org/10.1016/j.cell.2006.02.043
http://www.ncbi.nlm.nih.gov/pubmed/16630818
https://doi.org/10.1634/stemcells.2007-1002
http://www.ncbi.nlm.nih.gov/pubmed/18388306
https://doi.org/10.1182/blood-2007-03-082586
http://www.ncbi.nlm.nih.gov/pubmed/17761519
https://doi.org/10.1016/j.devcel.2013.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23541921
https://doi.org/10.1634/stemcells.2005-0034
http://www.ncbi.nlm.nih.gov/pubmed/16002782
https://doi.org/10.1016/j.ydbio.2004.02.019
http://www.ncbi.nlm.nih.gov/pubmed/15183728
https://doi.org/10.1101/gr.5319906
http://www.ncbi.nlm.nih.gov/pubmed/16899657
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18035408
https://doi.org/10.1126/science.1151526
https://doi.org/10.1126/science.1151526
http://www.ncbi.nlm.nih.gov/pubmed/18029452
https://doi.org/10.1016/j.cell.2011.01.032
https://doi.org/10.1016/j.cell.2011.01.032
http://www.ncbi.nlm.nih.gov/pubmed/21414485
https://doi.org/10.1038/nbt1383
http://www.ncbi.nlm.nih.gov/pubmed/18278034
https://doi.org/10.1016/j.cell.2010.12.032
http://www.ncbi.nlm.nih.gov/pubmed/21295703
https://doi.org/10.1016/j.stemcr.2013.03.003
https://doi.org/10.1016/j.stemcr.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/24052941
https://doi.org/10.1016/j.stem.2011.04.002
http://www.ncbi.nlm.nih.gov/pubmed/21624813
https://doi.org/10.1038/nrm3584
http://www.ncbi.nlm.nih.gov/pubmed/23673969
https://doi.org/10.1038/nbt971
http://www.ncbi.nlm.nih.gov/pubmed/15146197
https://doi.org/10.1371/journal.pone.0192625

@° PLOS | ONE

Gene expression variability of hES cell lines

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Sato N, Sanjuan IM, Heke M, Uchida M, Naef F, Brivanlou AH. Molecular signature of human embryonic
stem cells and its comparison with the mouse. Dev Biol. 2003; 260(2):404—13. PMID: 12921741

Rao RR, Stice SL. Gene expression profiling of embryonic stem cells leads to greater understanding of
pluripotency and early developmental events. Biol Reprod. 2004; 71(6):1772-8. https://doi.org/10.
1095/biolreprod.104.030395 PMID: 15140800

Richards M, Tan SP, Tan JH, Chan WK, Bongso A. The transcriptome profile of human embryonic stem
cells as defined by SAGE. Stem Cells. 2004; 22(1):51-64. https://doi.org/10.1634/stemcells.22-1-51
PMID: 14688391

Pertea M, Kim D, Pertea GM, Leek JT, Salzberg SL. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and Ballgown. Nat Protoc. 2016; 11(9):1650-67. https://doi.org/10.
1038/nprot.2016.095 PMID: 27560171

Liao Y, Smyth GK, Shi W. featureCounts: an efficient general purpose program for assigning sequence
reads to genomic features. Bioinformatics. 2014; 30(7):923-30. https://doi.org/10.1093/bioinformatics/
btt656 PMID: 24227677

Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics. 2010; 26(1):139—40. https://doi.org/10.1093/
bioinformatics/btp616 PMID: 19910308

Lun AT, Chen Y, Smyth GK. It's DE-licious: A Recipe for Differential Expression Analyses of RNA-seq
Experiments Using Quasi-Likelihood Methods in edgeR. Methods Mol Biol. 2016; 1418:391-416.
https://doi.org/10.1007/978-1-4939-3578-9_19 PMID: 27008025

Law CW, Alhamdoosh M, Su S, Smyth GK, Ritchie ME. RNA-seq analysis is easy as 1-2-3 with limma,
Glimma and edgeR. F1000Res. 2016; 5:1408. https://doi.org/10.12688/f1000research.9005.1 PMID:
27441086

Mi H, Muruganujan A, Casagrande JT, Thomas PD. Large-scale gene function analysis with the PAN-
THER classification system. Nat Protoc. 2013; 8(8):1551-66. https://doi.org/10.1038/nprot.2013.092
PMID: 23868073

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer L. Highly efficient neural
conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat Biotechnol. 2009; 27
(8):275-80. https://doi.org/10.1038/nbt. 1529 PMID: 19252484

Lian X, Hsiao C, Wilson G, Zhu K, Hazeltine LB, Azarin SM, et al. Robust cardiomyocyte differentiation
from human pluripotent stem cells via temporal modulation of canonical Wnt signaling. Proc Natl Acad
SciU S A. 2012; 109(27):E1848-57. https://doi.org/10.1073/pnas. 1200250109 PMID: 22645348

Burridge PW, Matsa E, Shukla P, Lin ZC, Churko JM, Ebert AD, et al. Chemically defined generation of
human cardiomyocytes. Nature methods. 2014; 11(8):855-60. https://doi.org/10.1038/nmeth.2999
PMID: 24930130

Allegrucci C, Young LE. Differences between human embryonic stem cell lines. Hum Reprod Update.
2007; 13(2):103—-20. https://doi.org/10.1093/humupd/dmi041 PMID: 16936306

Li B, Dewey CN. RSEM: accurate transcript quantification from RNA-Seq data with or without a refer-
ence genome. BMC Bioinformatics. 2011; 12:323. https://doi.org/10.1186/1471-2105-12-323 PMID:
21816040

Wang H, Ge G, Uchida Y, Luu B, Ahn S. Gli3 is required for maintenance and fate specification of corti-
cal progenitors. J Neurosci. 2011; 31(17):6440-8. https://doi.org/10.1523/JNEUROSCI.4892-10.2011
PMID: 21525285

Fotaki V, Yu T, Zaki PA, Mason JO, Price DJ. Abnormal positioning of diencephalic cell types in neocor-
tical tissue in the dorsal telencephalon of mice lacking functional Gli3. J Neurosci. 2006; 26(36):9282—
92. https://doi.org/10.1523/JNEUROSCI.2673-06.2006 PMID: 16957084

Hoch RV, Rubenstein JL, Pleasure S. Genes and signaling events that establish regional patterning of
the mammalian forebrain. Semin Cell Dev Biol. 2009; 20(4):378-86. https://doi.org/10.1016/j.semcdb.
2009.02.005 PMID: 19560042

Ware SM, Harutyunyan KG, Belmont JW. Zic3 is critical for early embryonic patterning during gastrula-
tion. Dev Dyn. 2006; 235(3):776-85. https://doi.org/10.1002/dvdy.20668 PMID: 16397896

Hupe M, Li MX, Kneitz S, Davydova D, Yokota C, Kele-Olovsson J, et al. Gene expression profiles of brain
endothelial cells during embryonic development at bulk and single-cell levels. Sci Signal. 2017; 10(487).

Marchal L, Luxardi G, Thome V, Kodjabachian L. BMP inhibition initiates neural induction via FGF sig-
naling and Zic genes. Proc Natl Acad Sci U S A. 2009; 106(41):17437—-42. https://doi.org/10.1073/pnas.
0906352106 PMID: 19805078

Acampora D, Mazan S, Lallemand Y, Avantaggiato V, Maury M, Simeone A, et al. Forebrain and mid-
brain regions are deleted in Otx2-/- mutants due to a defective anterior neuroectoderm specification dur-
ing gastrulation. Development. 1995; 121(10):3279-90. PMID: 7588062

PLOS ONE | https://doi.org/10.1371/journal.pone.0192625 February 14,2018 17/19


http://www.ncbi.nlm.nih.gov/pubmed/12921741
https://doi.org/10.1095/biolreprod.104.030395
https://doi.org/10.1095/biolreprod.104.030395
http://www.ncbi.nlm.nih.gov/pubmed/15140800
https://doi.org/10.1634/stemcells.22-1-51
http://www.ncbi.nlm.nih.gov/pubmed/14688391
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1038/nprot.2016.095
http://www.ncbi.nlm.nih.gov/pubmed/27560171
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
https://doi.org/10.1093/bioinformatics/btp616
https://doi.org/10.1093/bioinformatics/btp616
http://www.ncbi.nlm.nih.gov/pubmed/19910308
https://doi.org/10.1007/978-1-4939-3578-9_19
http://www.ncbi.nlm.nih.gov/pubmed/27008025
https://doi.org/10.12688/f1000research.9005.1
http://www.ncbi.nlm.nih.gov/pubmed/27441086
https://doi.org/10.1038/nprot.2013.092
http://www.ncbi.nlm.nih.gov/pubmed/23868073
https://doi.org/10.1038/nbt.1529
http://www.ncbi.nlm.nih.gov/pubmed/19252484
https://doi.org/10.1073/pnas.1200250109
http://www.ncbi.nlm.nih.gov/pubmed/22645348
https://doi.org/10.1038/nmeth.2999
http://www.ncbi.nlm.nih.gov/pubmed/24930130
https://doi.org/10.1093/humupd/dml041
http://www.ncbi.nlm.nih.gov/pubmed/16936306
https://doi.org/10.1186/1471-2105-12-323
http://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1523/JNEUROSCI.4892-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525285
https://doi.org/10.1523/JNEUROSCI.2673-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16957084
https://doi.org/10.1016/j.semcdb.2009.02.005
https://doi.org/10.1016/j.semcdb.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19560042
https://doi.org/10.1002/dvdy.20668
http://www.ncbi.nlm.nih.gov/pubmed/16397896
https://doi.org/10.1073/pnas.0906352106
https://doi.org/10.1073/pnas.0906352106
http://www.ncbi.nlm.nih.gov/pubmed/19805078
http://www.ncbi.nlm.nih.gov/pubmed/7588062
https://doi.org/10.1371/journal.pone.0192625

@° PLOS | ONE

Gene expression variability of hES cell lines

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Ashkenazi-Hoffnung L, Lebenthal Y, Wyatt AW, Ragge NK, Dateki S, Fukami M, et al. A novel loss-of-
function mutation in OTX2 in a patient with anophthalmia and isolated growth hormone deficiency. Hum
Genet. 2010; 127(6):721-9. https://doi.org/10.1007/s00439-010-0820-9 PMID: 20396904

Beby F, Lamonerie T. The homeobox gene Otx2 in development and disease. Exp Eye Res. 2013;
111:9-16. https://doi.org/10.1016/j.exer.2013.03.007 PMID: 23523800

Ferguson KL, Callaghan SM, O’'Hare MJ, Park DS, Slack RS. The Rb-CDK4/6 signaling pathway is criti-
cal in neural precursor cell cycle regulation. J Biol Chem. 2000; 275(43):33593-600. https://doi.org/10.
1074/jbc.M004879200 PMID: 10915795

Cunningham JJ, Roussel MF. Cyclin-dependent kinase inhibitors in the development of the central ner-
vous system. Cell Growth Differ. 2001; 12(8):387—-96. PMID: 11504704

Lim S, Kaldis P. Loss of Cdk2 and Cdk4 induces a switch from proliferation to differentiation in neural
stem cells. Stem Cells. 2012; 30(7):1509-20. https://doi.org/10.1002/stem.1114 PMID: 22532528

Peng G, Westerfield M. Lhx5 promotes forebrain development and activates transcription of secreted
Wnt antagonists. Development. 2006; 133(16):3191-200. https://doi.org/10.1242/dev.02485 PMID:
16854974

Kageyama R, Ohtsuka T, Kobayashi T. Roles of Hes genes in neural development. Dev Growth Differ.
2008; 50 Suppl 1:597-103.

Zhang HM, Liu T, Liu CJ, Song S, Zhang X, Liu W, et al. AnimalTFDB 2.0: a resource for expression,
prediction and functional study of animal transcription factors. Nucleic Acids Res. 2015; 43(Database
issue):D76-81. https://doi.org/10.1093/nar/gku887 PMID: 25262351

Cole MF, Johnstone SE, Newman JJ, Kagey MH, Young RA. Tcf3 is an integral component of the core
regulatory circuitry of embryonic stem cells. Genes Dev. 2008; 22(6):746-55. https://doi.org/10.1101/
gad.1642408 PMID: 18347094

Kraus P, SV, Yu HB, Xing X, Lim SL, Adler T, et al. Pleiotropic functions for transcription factor
zscan10. PLoS One. 2014; 9(8):e104568. https://doi.org/10.1371/journal.pone.0104568 PMID:
25111779

Iseki H, Nakachi Y, Hishida T, Yamashita-Sugahara Y, Hirasaki M, Ueda A, et al. Combined Overex-
pression of JARID2, PRDM14, ESRRB, and SALL4A Dramatically Improves Efficiency and Kinetics of
Reprogramming to Induced Pluripotent Stem Cells. Stem Cells. 2016; 34(2):322-33. https://doi.org/10.
1002/stem.2243 PMID: 26523946

Tsubooka N, Ichisaka T, Okita K, Takahashi K, Nakagawa M, Yamanaka S. Roles of Sall4 in the gener-
ation of pluripotent stem cells from blastocysts and fibroblasts. Genes Cells. 2009; 14(6):683-94.
https://doi.org/10.1111/j.1365-2443.2009.01301.x PMID: 19476507

Shah SN, Kerr C, Cope L, Zambidis E, Liu C, Hillion J, et al. HMGA1 reprograms somatic cells into plu-
ripotent stem cells by inducing stem cell transcriptional networks. PLoS One. 2012; 7(11):e48533.
https://doi.org/10.1371/journal.pone.0048533 PMID: 23166588

Lim LS, Loh YH, Zhang W, Li Y, Chen X, Wang Y, et al. Zic3 is required for maintenance of pluripotency
in embryonic stem cells. Mol Biol Cell. 2007; 18(4):1348-58. https://doi.org/10.1091/mbc.E06-07-0624
PMID: 17267691

Weber FA, Bartolomei G, Hottiger MO, Cinelli P. Artd1/Parp1 regulates reprogramming by transcrip-
tional regulation of Fgf4 via Sox2 ADP-ribosylation. Stem Cells. 2013; 31(11):2364—73. https://doi.org/
10.1002/stem.1507 PMID: 23939864

Rho JY, Yu K, Han JS, Chae JI, Koo DB, Yoon HS, et al. Transcriptional profiling of the developmentally
important signalling pathways in human embryonic stem cells. Hum Reprod. 2006; 21(2):405—12.
https://doi.org/10.1093/humrep/dei328 PMID: 16239319

Skottman H, Mikkola M, Lundin K, Olsson C, Stromberg AM, Tuuri T, et al. Gene expression signatures
of seven individual human embryonic stem cell lines. Stem Cells. 2005; 23(9):1343-56. https://doi.org/
10.1634/stemcells.2004-0341 PMID: 16081666

Wang Z, Oron E, Nelson B, Razis S, lvanova N. Distinct lineage specification roles for NANOG, OCT4,
and SOX2 in human embryonic stem cells. Cell Stem Cell. 2012; 10(4):440-54. https://doi.org/10.1016/
j.stem.2012.02.016 PMID: 22482508

Bertero A, Madrigal P, Galli A, Hubner NC, Moreno |, Burks D, et al. Activin/nodal signaling and
NANOG orchestrate human embryonic stem cell fate decisions by controlling the H3K4me3 chromatin
mark. Genes Dev. 2015; 29(7):702—17. https://doi.org/10.1101/gad.255984.114 PMID: 25805847

Yanes O, Clark J, Wong DM, Patti GJ, Sanchez-Ruiz A, Benton HP, et al. Metabolic oxidation regulates
embryonic stem cell differentiation. Nat Chem Biol. 2010; 6(6):411-7. https://doi.org/10.1038/
nchembio.364 PMID: 20436487

Ito K, Suda T. Metabolic requirements for the maintenance of self-renewing stem cells. Nat Rev Mol
Cell Biol. 2014; 15(4):243-56. https://doi.org/10.1038/nrm3772 PMID: 24651542

PLOS ONE | https://doi.org/10.1371/journal.pone.0192625 February 14,2018 18/19


https://doi.org/10.1007/s00439-010-0820-9
http://www.ncbi.nlm.nih.gov/pubmed/20396904
https://doi.org/10.1016/j.exer.2013.03.007
http://www.ncbi.nlm.nih.gov/pubmed/23523800
https://doi.org/10.1074/jbc.M004879200
https://doi.org/10.1074/jbc.M004879200
http://www.ncbi.nlm.nih.gov/pubmed/10915795
http://www.ncbi.nlm.nih.gov/pubmed/11504704
https://doi.org/10.1002/stem.1114
http://www.ncbi.nlm.nih.gov/pubmed/22532528
https://doi.org/10.1242/dev.02485
http://www.ncbi.nlm.nih.gov/pubmed/16854974
https://doi.org/10.1093/nar/gku887
http://www.ncbi.nlm.nih.gov/pubmed/25262351
https://doi.org/10.1101/gad.1642408
https://doi.org/10.1101/gad.1642408
http://www.ncbi.nlm.nih.gov/pubmed/18347094
https://doi.org/10.1371/journal.pone.0104568
http://www.ncbi.nlm.nih.gov/pubmed/25111779
https://doi.org/10.1002/stem.2243
https://doi.org/10.1002/stem.2243
http://www.ncbi.nlm.nih.gov/pubmed/26523946
https://doi.org/10.1111/j.1365-2443.2009.01301.x
http://www.ncbi.nlm.nih.gov/pubmed/19476507
https://doi.org/10.1371/journal.pone.0048533
http://www.ncbi.nlm.nih.gov/pubmed/23166588
https://doi.org/10.1091/mbc.E06-07-0624
http://www.ncbi.nlm.nih.gov/pubmed/17267691
https://doi.org/10.1002/stem.1507
https://doi.org/10.1002/stem.1507
http://www.ncbi.nlm.nih.gov/pubmed/23939864
https://doi.org/10.1093/humrep/dei328
http://www.ncbi.nlm.nih.gov/pubmed/16239319
https://doi.org/10.1634/stemcells.2004-0341
https://doi.org/10.1634/stemcells.2004-0341
http://www.ncbi.nlm.nih.gov/pubmed/16081666
https://doi.org/10.1016/j.stem.2012.02.016
https://doi.org/10.1016/j.stem.2012.02.016
http://www.ncbi.nlm.nih.gov/pubmed/22482508
https://doi.org/10.1101/gad.255984.114
http://www.ncbi.nlm.nih.gov/pubmed/25805847
https://doi.org/10.1038/nchembio.364
https://doi.org/10.1038/nchembio.364
http://www.ncbi.nlm.nih.gov/pubmed/20436487
https://doi.org/10.1038/nrm3772
http://www.ncbi.nlm.nih.gov/pubmed/24651542
https://doi.org/10.1371/journal.pone.0192625

@° PLOS | ONE

Gene expression variability of hES cell lines

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Moussaieff A, Rouleau M, Kitsberg D, Cohen M, Levy G, Barasch D, et al. Glycolysis-mediated changes
in acetyl-CoA and histone acetylation control the early differentiation of embryonic stem cells. Cell
Metab. 2015; 21(3):392—402. https://doi.org/10.1016/j.cmet.2015.02.002 PMID: 25738455

Shyh-Chang N, Daley GQ. Metabolic switches linked to pluripotency and embryonic stem cell differenti-
ation. Cell Metab. 2015; 21(3):349-50. https://doi.org/10.1016/j.cmet.2015.02.011 PMID: 25738450

Watabe T, Miyazono K. Roles of TGF-beta family signaling in stem cell renewal and differentiation. Cell
Res. 2009; 19(1):103—15. https://doi.org/10.1038/cr.2008.323 PMID: 19114993

Pera MF, Tam PP. Extrinsic regulation of pluripotent stem cells. Nature. 2010; 465(7299):713-20.
https://doi.org/10.1038/nature09228 PMID: 20535200

Niwa H. Wnt: what's needed to maintain pluripotency? Nat Cell Biol. 2011; 13(9):1024-6. https://doi.
org/10.1038/ncb2333 PMID: 21892143

Chen YG, Li Z, Wang XF. Where PI3K/Akt meets Smads: the crosstalk determines human embryonic
stem cell fate. Cell Stem Cell. 2012; 10(3):231-2. https://doi.org/10.1016/j.stem.2012.02.008 PMID:
22385648

Sui L, Mfopou JK, Geens M, Sermon K, Bouwens L. FGF signaling via MAPK is required early and
improves Activin A-induced definitive endoderm formation from human embryonic stem cells. Biochem
Biophys Res Commun. 2012; 426(3):380-5. https://doi.org/10.1016/j.bbrc.2012.08.098 PMID:
22960178

Schroter C, Rue P, Mackenzie JP, Martinez Arias A. FGF/MAPK signaling sets the switching threshold
of a bistable circuit controlling cell fate decisions in embryonic stem cells. Development. 2015; 142
(24):4205-16. https://doi.org/10.1242/dev.127530 PMID: 26511924

Dalton S. Signaling networks in human pluripotent stem cells. Curr Opin Cell Biol. 2013; 25(2):241-6.
https://doi.org/10.1016/j.ceb.2012.09.005 PMID: 23092754

Davidson KC, Adams AM, Goodson JM, McDonald CE, Potter JC, Berndt JD, et al. Wnt/beta-catenin
signaling promotes differentiation, not self-renewal, of human embryonic stem cells and is repressed by
Oct4. Proc Natl Acad Sci U S A. 2012; 109(12):4485-90. https://doi.org/10.1073/pnas. 1118777109
PMID: 22392999

Thomson M, Liu SJ, Zou LN, Smith Z, Meissner A, Ramanathan S. Pluripotency factors in embryonic
stem cells regulate differentiation into germ layers. Cell. 2011; 145(6):875-89. https://doi.org/10.1016/j.
cell.2011.05.017 PMID: 21663792

Teo AK, Arnold SJ, Trotter MW, Brown S, Ang LT, Chng Z, et al. Pluripotency factors regulate definitive
endoderm specification through eomesodermin. Genes Dev. 2011; 25(3):238-50. https://doi.org/10.
1101/gad.607311 PMID: 21245162

Greber B, Lehrach H, Adjaye J. Control of early fate decisions in human ES cells by distinct states of
TGFbeta pathway activity. Stem Cells Dev. 2008; 17(6):1065-77. https://doi.org/10.1089/scd.2008.
0035 PMID: 18393632

Rao J, Greber B. Concise Review: Signaling Control of Early Fate Decisions Around the Human Plurip-
otent Stem Cell State. Stem Cells. 2017; 35(2):277-83. https://doi.org/10.1002/stem.2527 PMID:
27758015

Yu P, Pan G, Yu J, Thomson JA. FGF2 sustains NANOG and switches the outcome of BMP4-induced
human embryonic stem cell differentiation. Cell Stem Cell. 2011; 8(3):326—34. https://doi.org/10.1016/j.
stem.2011.01.001 PMID: 21362572

Ware CB, Nelson AM, Mecham B, Hesson J, Zhou W, Jonlin EC, et al. Derivation of naive human
embryonic stem cells. Proc Natl Acad Sci U S A. 2014; 111(12):4484-9. https://doi.org/10.1073/pnas.
1319738111 PMID: 24623855

Guo G, von Meyenn F, Santos F, Chen Y, Reik W, Bertone P, et al. Naive Pluripotent Stem Cells
Derived Directly from Isolated Cells of the Human Inner Cell Mass. Stem Cell Reports. 2016; 6(4):437—
46. https://doi.org/10.1016/j.stemcr.2016.02.005 PMID: 26947977

Wang J, Singh M, Sun C, Besser D, Prigione A, lvics Z, et al. Isolation and cultivation of naive-like
human pluripotent stem cells based on HERVH expression. Nat Protoc. 2016; 11(2):327—46. https:/
doi.org/10.1038/nprot.2016.016 PMID: 26797457

Ward E, Twaroski K, Tolar J. Feeder-Free Derivation of Naive Human Pluripotent Stem Cells. Stem
Cells Dev. 2017; 26(15):1087-9. https://doi.org/10.1089/scd.2017.0067 PMID: 28537496

PLOS ONE | https://doi.org/10.1371/journal.pone.0192625 February 14,2018 19/19


https://doi.org/10.1016/j.cmet.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25738455
https://doi.org/10.1016/j.cmet.2015.02.011
http://www.ncbi.nlm.nih.gov/pubmed/25738450
https://doi.org/10.1038/cr.2008.323
http://www.ncbi.nlm.nih.gov/pubmed/19114993
https://doi.org/10.1038/nature09228
http://www.ncbi.nlm.nih.gov/pubmed/20535200
https://doi.org/10.1038/ncb2333
https://doi.org/10.1038/ncb2333
http://www.ncbi.nlm.nih.gov/pubmed/21892143
https://doi.org/10.1016/j.stem.2012.02.008
http://www.ncbi.nlm.nih.gov/pubmed/22385648
https://doi.org/10.1016/j.bbrc.2012.08.098
http://www.ncbi.nlm.nih.gov/pubmed/22960178
https://doi.org/10.1242/dev.127530
http://www.ncbi.nlm.nih.gov/pubmed/26511924
https://doi.org/10.1016/j.ceb.2012.09.005
http://www.ncbi.nlm.nih.gov/pubmed/23092754
https://doi.org/10.1073/pnas.1118777109
http://www.ncbi.nlm.nih.gov/pubmed/22392999
https://doi.org/10.1016/j.cell.2011.05.017
https://doi.org/10.1016/j.cell.2011.05.017
http://www.ncbi.nlm.nih.gov/pubmed/21663792
https://doi.org/10.1101/gad.607311
https://doi.org/10.1101/gad.607311
http://www.ncbi.nlm.nih.gov/pubmed/21245162
https://doi.org/10.1089/scd.2008.0035
https://doi.org/10.1089/scd.2008.0035
http://www.ncbi.nlm.nih.gov/pubmed/18393632
https://doi.org/10.1002/stem.2527
http://www.ncbi.nlm.nih.gov/pubmed/27758015
https://doi.org/10.1016/j.stem.2011.01.001
https://doi.org/10.1016/j.stem.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21362572
https://doi.org/10.1073/pnas.1319738111
https://doi.org/10.1073/pnas.1319738111
http://www.ncbi.nlm.nih.gov/pubmed/24623855
https://doi.org/10.1016/j.stemcr.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26947977
https://doi.org/10.1038/nprot.2016.016
https://doi.org/10.1038/nprot.2016.016
http://www.ncbi.nlm.nih.gov/pubmed/26797457
https://doi.org/10.1089/scd.2017.0067
http://www.ncbi.nlm.nih.gov/pubmed/28537496
https://doi.org/10.1371/journal.pone.0192625

