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Abstract We analyzed both RNA profile to reveal gene expression changes and glycan
profile to identify structural changes in glycans between four parental somatic cell (SC) lines
and nine hiPSC lines that were originally established. The sum of these information by a
combination of standard statistical techniques and a network approach showed significant
differences in expression between the iPSCs and SCs. Subsequent network analysis of the
gene expression and glycan signatures revealed glycan transfer network associated with
known epitopes for differentiation. The present study is the first to uncover the relationships
between gene expression patterns and cell surface changes in hiPSCs, and reinforces the
importance of the cell surface to identify established iPSCs from SCs.
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1

Introduction

Human iPS cells (hiPSCs) attract great attention for the application to drug
screening and analysis of the mechanisms of diseases, and even as the next
generation materials for regenerative medicine. Genetic reprogramming to a
pluripotent state of human somatic cells was first achieved by ectopic expression of
four factors (Sox2, Oct4, Klf4 and c-Myc) using retrovirus [1]. Subsequently, this
method was applied to various human cells using different combination of defined
factors [2, 3]. However, transcription factor-induced acquisition of replication
competence and pluripotency raises the question as to how exogenous factors
induce changes in the inner and outer cellular states [4-6].
Here, we analyzed both RNA profile to reveal gene expression changes and
glycan profile to identify structural changes in glycans between four parental
somatic cell (SC) lines and nine hiPSC lines that were originally established. The
sum of these information by a combination of standard statistical techniques and a
network approach showed significant differences in expression between the iPSCs
and SCs. Subsequent network analysis of the gene expression and glycan signatures
revealed glycan transfer network associated with known epitopes for differentiation.
These results shed new light on the potential linkages between the inner and outer
cellular states for acquisition of replication competence and pluripotency in hiPSCs.

2

Materials and Methods

2.1

Cell experiments

Cell experiment was performed as described [7, 8]. Somatic cell pellets were
harvested by scraping. The hiPSCs were incubated at 37ºC in a solution that
contained 1 mg/ml collagenase IV (Invitrogen, Carlsbad, CA), 1 mM CaCl2, 20%
KNOCKOUTTM Serum Replacement (KSR), and 10% ACCUMAX (Innovative
Cell Technologies, Inc., San Diego, CA). When the edges of the colonies started to
dissociate from the bottom of the dish, the collagenase solution was removed and
the cells were washed with medium. Colonies were then picked up and collected.

2.2

Gene expression analysis

Changes in mRNA levels were monitored using an Agilent Whole Human
Genome Microarray chip (G4112F). This array covers 41,000 well-characterized
human genes and transcripts. After background correction using a Normal plus
Exponential convolution model, which adjusts the foreground to the background,
we used an offset to dampen the variation of the log-ratios for intensities close to
zero.

2.3

Network Analysis

We calculated the graph consistency probability [9], which reflects the
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consistency of a given network structure with the expression data of the constituent
genes monitored in the present study, for each of the 146 network structures
constructed using the previous ChIP-on-Chip data of four factors [10] and the gene
classification scheme of the Molecular Signatures Database (MSigDB) [11]. The
statistical significance level of the thresholds was set at 0.05.

2.4

Glycan analysis

We analyzed cell surface glycans using a lectin microarray [12]. Briefly, 43
lectins were spotted at a concentration of 0.5 mg/ml in triplicate onto
epoxysilane-coated glass slides. Cell membrane fractions labeled with Cy3 NHS
ester were then incubated with the lectin microarray, and fluorescence images were
acquired using an evanescent-field activated fluorescence scanner SC profiler. The
fluorescence signal for each spot was quantified with background value correction,
and the lectin signals were defined by the average of triplicate spots.

3
3.1

Results and Discussion
Gene expression signature of hiPSCs descended from different
parent SCs

To determine the gene expression signatures of hiPSCs, a detailed genome-wide
expression analysis was performed to compare iPSCs and their parental SCs from
amniotic mesodermal (AM), placental artery endotherial (PAE), uterine
endometrium (UtE), and MRC-5 (MRC) cell sources. In total, 51 cell samples of 13
cell lines (39 hiPSCs samples of 9 hiPSC lines [7, 8]) were studied in the present
study, so as to statically compare the hiPSCs and parental SCs. Unsupervised
hierarchical clustering of the gene expression data across the four hiPSC lines (AM,
PAE, UtE, MRC) and their corresponding parental SCs revealed interesting patterns
of gene expression heatmap (Fig. 1A). First, the hiPSCs were clearly
distinguishable from their respective parental SCs. Second, the four hiPSC lines had
gene expression profiles that were linked to those of their parental SCs, while the
hiPSCs from different passages clustered more closely with each other than with the
hiPSCs from the corresponding parental SCs (Fig. 1A). In support of these findings,
a Pearson correlation analysis demonstrated that the gene expression profiles of
hiPSCs from different passages were more closely related to each other than to the
hiPSCs from the same parental SCs, (Fisher’s z-transformation comparison of
correlations) (data not shown).
Analyses of the differences in gene expression between the four hiPSC lines and
the parental SC lines revealed that 8,287 (out of 16,483) genes in the AM cells,
7,249 genes in the MRC cells, 7,465 genes in the PAE cells, and 6,314 genes in the
UtE cells showed significant differences between the hiPSC lines and the
corresponding parental lines, as determined using the Student’s t-test (for a false
discovery rate [FDR] < 5% and requiring a ≥2.0 -fold change in expression between
the cells). In total, 2,502 genes were categorized into a gene expression signature
common to the above four gene sets with expression differences (Fig. 1B). In this
expression signature, 62% of the genes (1549 genes) were upregulated and 38%
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(953 genes) downregulated in the hiPSCs compared to the parental SCs.

Figure 1 Gene Expression Signature. A: Heat map and hierarchical clustering for
all cells and genes. Cell types are indicated by the bars, and the following
abbreviations are used for the source of cell types of the human somatic cells (SCs)
and induced pluripotent stem cells (hiPSCs): AM, amniotic membrane cell; PAE,
placental artery cell; UtE, uterine endometrium cell; MRC, MRC-5 cell. B: Heat
map of 2,502 genes in the hiPSCs and parental cells. Cell types are indicated by the
bars.

3.2

Significant correlation between reprogramming and glycan
biosynthesis based on network analysis

To elucidate the nature of the expression signature of the hiPSCs, we
incorporated information on gene binding and function into a network analysis
approach. To prepare the network analysis, we identified in the expression signature
146 regulatory networks of 313 genes, which were classified with their functions
using the gene sets defined previously [11] (see also Methods), among 519 genes
that were identified as being bound by four factors in ChIP-on-chip experiments
[10]. We then analyzed the 146 reference networks, which were regarded as being
directly induced by the four factors (OCT3/4, SOX2, KLF4, c-MYC), to define the
network signature of the hiPSC, according to the two following thresholds: 1) the
enrichment probability of the genes in the expression signature for each network;
and 2) the consistency of the network structure in relation to the gene expression
profile [9]. Thus, we defined as the network signature 28 networks of 76 genes that
fulfilled these conditions (Fig. 2A).
As expected, the network signature almost completely covered the pathways
that were previously implicated in the reprogramming of hiPSC pluripotency (Figs.
2A and B). For example, the relationship between reprogramming for pluripotency
and signal transduction was emphasized for the TGF-β [13], Wnt [14], and MAPK
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pathways [15]. In addition, pathways related to cell-cell interactions were
implicated. Although the molecular mechanisms underlying the cell-cell
interactions in the inner cellular states are less understood, several studies have
reported the importance of cellular communication through the extracellular matrix
with respect to changes in the cellular states, such as those that occur during
development and differentiation [16]. Furthermore, relationships to cancer-related
pathways were identified, which is consistent with the fact that the four factors
induce various cancer cells [17]; this finding may be useful in the prevention of
cancer induction by hiPSCs. Although several pathways in the network signature
remain to be characterized, the network signature provides clues as to the molecular
mechanisms underlying reprogramming for hiPSC pluripotency and self-renewal.

Figure 2 Network signature. A: List of network signatures. The pathways with
significant probabilities are classified into the following categories: 2nd-7th row,
signal transduction; 8th-12th, cell-cell interactions; 13th and 14th, glycan biosynthesis;
15th-21st, cancer; and otherwise, unclassified pathways. B: Schematic presentation of
networks. The four induced factors are described in the center, and the binding genes,
which are grouped according to the classification scheme described in A, are
connected by thin lines.
Interestingly, two regulatory networks related to the glycome for linkage of the
inner and outer cellular states appeared in the network signature (Fig. 2A). In
general, glycan biosynthesis is a multi-step process that requires a variety of
enzymes, i.e., glycosyltransferases and enzymes involved in cytosolic sugar
metabolism, and in many cases, glycan biosynthesis follows a glycan-specific linear
pathway. As most glycosyltransferases are regulated at the transcription level, an
assessment of the transcriptional profile of glycan biosynthesis genes is warranted.
In the two pathways, we found three genes (ST6GAL1, B3GNT3, and GCNT2)
related to glycan transfer and two genes (EXT1 and HS6ST2) related to heparan
sulfate biosynthesis that were included in the expression signature. These findings
are consistent with recent studies that have revealed associations between N-glycan
and the maintenance of embryonic stem cell (ESC) pluripotency [18] and between
heparan sulfate and the reprogramming of ESCs [19]. Therefore, the identified
genes in the above two pathways are candidates for the maintenance of the outer
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cellular state of iPSCs.

3.3

Unique glycan signatures of hiPSCs distinct from parent SCs

In addition to the expression and network signatures of the inner cell state, we
examined the differences in the outer cellular states of the hiPSCs and parental SCs
using a lectin array, which detects glycan structures on cell surface proteins based
on glycan-lectin interactions [12]. In this analysis, the hiPSCs were clearly distinct
from their parental SCs, and the dendrogram of the lectin microarray generated by
unsupervised hierarchical clustering showed a clear separation between the hiPSCs
and the parental SCs (Fig. 3A). Although the binding relationships between lectins
and glycans and the relationships between the changes in glycan structures and the
corresponding glycosyltransferases are redundant [20], we summarized the
lectin-glycan-glycosyltransferase relationships using KEGG GLYCAN [21] and
manual curation of previous papers. We found strong correlations between the gene
expression profiles of the glycosyltransferases and the corresponding lectin
fluorescence intensities (data not shown). This result indicates that
glycosyltransferases are coordinately expressed with reprogramming, which the
result that the hiPSCs bear glycan structures that are distinct from those of their
parental SCs, reflecting reprogramming of the inner cellular state.

Figure 3 Glycan signature. A:Heat map and hierarchical clustering of lectins. The
hiPSCs and parental SCs are discriminated. B: Correspondence between lectin gene
expression patterns and glycan signatures. The lectin-glycosyltransferase
relationships are described, together with their reactions. The lectins were selected
under the condition that the corresponding glycosyltransferases were found in the
expression signature.
Based on the Student’s t-test (FDR <0.01) analysis, 28 of the 43 lectins in the
lectin microarray showed significant differences between the hiPSCs and parental
SCs (data not shown). We assigned 16 lectins to the glycan signature, which
interacted with the 12 glycosyltransferases, which were related to the six patterns of
glycan reactions, based on correspondence with the expression signature (Fig. 3B).

3.4

Molecular candidates for linkages between the inner and outer
cellular states

Potential Linkages Between the Inner and Outer States of iPS cells

387

Based on the correspondences between the expression and network signatures
and between the expression and glycan signatures, we identified a total of 14
glycosyltransferases, owing to the appearance of ST6GAL1 in both sets of
correspondences. These glycosyltransferases are potential candidates for the linkage
between the inner and outer cellular states in hiPSCs. Interestingly, these
glycosyltransferases may be related to the biosynthesis of a glycolipid that is
characteristic of hiPSCs. Indeed, allocation of the above glycosyltransferases to the
pathways of “Glycan Biosynthesis and Metabolism” in KEGG GLYCAN revealed
that the glycosyltransferases identified in the present study are important in
glycolipid biosynthetic pathway. We identified B3GALT5 in the biosynthetic
pathway for the carbohydrate chains of the globo-series glycosphingolipids that
carry the well-known SSEA-3 and SSEA -4 epitopes for ESCs and iPSCs, [22 ,23],
and although FUT2 is not directly involved in the synthesis of these glycans, it was
found in the neighboring pathway that leads to the type IV H antigen. Furthermore,
B3GALT1 and GCNT2, in addition to B3GALT5 and FUT2, were found in the
extensive biosynthetic pathway of the carbohydrate chains of the lacto- and
neolacto-series glycosphingolipids that carry SSEA-1, which is intensively
expressed in ESCs but is absent in cells that have differentiated from ESCs [24]. In
addition, members of the GALNT family, responsible for the O-glycan biosynthetic
pathway of sialyl-T antigen, which is the most abundant glycan in several
carcinoma cell lines, and ST6GAL1 were only found in the N-glycan biosynthetic
pathway, which is involved in the generation of cell-surface carbohydrate
determinants and the differentiation antigens HB-6, CDw75, and CD76 [25]. These
analyses identify the glycosyltransferases that are directly and indirectly related to
known glycan epitopes, thereby indicating the key molecules and the marker
epitopes involved in reprogramming.
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