Gene expression profiling of somatic and
pluripotent cells reveals novel pathways
involved in reprogramming
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ABSTRACT. We investigated gene expression in embryonic stem (ES)
cells, induced pluripotent stem (iPS) cells, and fibroblasts. Microarray
expression data sets obtained from the Gene Expression Omnibus were
analyzed using the Partek software. Human genes from ES cells, iPS cells,
and fibroblasts were ranked from low to high according to their expression
levels. The gene expression mode in iPS cells was much more like the
mode in ES cells, and the expression levels of fibroblast genes fluctuated
more dramatically than those of iPS and ES cells. The number of genes with
significantly different expression was lower in the iPS and ES cells. Several
genes with the expression levels that were significantly different between
ES and iPS cells were found, including LEFTY2, DLK1, and NLRP2. Four
genes belonged to the low expression category in fibroblasts with the high
expression category occurring in ES cells, i.e., HESRG, PROM1, NTS, and
LRRN1. Analyzing the expression of these genes is helpful to elucidate the
mechanisms of cell fate regulation and efficiently obtain iPS cells.
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INTRODUCTION

Cellular states are plastic. Pluripotent embryonic stem (ES) cells can differentiate into
diverse cell types that make up organisms (Artyomov et al., 2010). There has long been a desire
to reverse this process, i.e., reprogram a differentiated cell so that it has pluripotent potential.
Recently, this has been achieved by overexpressing specific transcription factors in differentiated
cells (Yamanaka, 2007). Induced pluripotent stem (iPS) cells can be obtained from fibroblasts
upon ectopic expression of OCT4, SOX2, KLF4, and c-MYC (Takahashi and Yamanaka, 2006).
This method does not use embryonic materials and promises the development of patient-specific
regenerative medicine. However, reprogramming efficiencies are only 0.0001-29%. Most reports
show that successful induction of the pluripotent state is rare even if all required factors are present
(Pang et al., 2011; Huang et al., 2011). The regulatory mechanisms that make reprogramming
possible and determine its efficiency are poorly understood.

Most cells in an organism have the same DNA. Nevertheless, different cell types express
different proteins and carry out different functions. Gene expression intensity is a distinct feature
of the cell state (Artyomov et al., 2010). iPS cells hold great promise for the study and therapy of
human diseases because they are very like ES cells in their ability to self-renew and give rise to all
three germ layers (Sridharan et al., 2009). The similarity between these two cell types is reflected
in their gene expression.

In the present study, we investigated the gene expression levels in human ES cells, iPS
cells, and fibroblasts. Moreover, we compared the gene expression patterns in ES cells, iPS cells,
partially reprogrammed (piPS) cells, and mouse embryonic fibroblasts (MEFs). By investigating
gene expression in different cells we sought to shed light on the mechanisms that regulate cell fate.

MATERIAL AND METHODS

To compare the gene expression intensities in different cell types, we selected microarray
expression data sets obtained from the Gene Expression Omnibus database with the following
ID numbers: GSE9865, GSE12390, GSE26100, GSE14012, and GSE28688 (Lowry et al., 2008;
Maherali et al., 2008; Sridharan et al., 2009; Koche et al., 2011; Mah et al., 2011). These data sets
were from fibroblasts, iPS cells, and ES cells in humans and mice.

Each expression data set was loaded into the Partek data analysis software and treated
with the GC-RMA package, followed by quantile normalization and median polishing. Intensities for
each probe set were averaged across replicates and extracted. RefSeq transcripts were assigned
intensity scores by averaging the intensities of associated probe sets. Human genes from ES cells,
iPS cells, and fibroblasts were ranked from low to high according to their expression levels. We
defined the first 1450 genes as having high expression intensities (about 5% of the total genome),
and the last 1450 genes as having low expression intensities.

RESULTS
Human gene expression comparisons

Probing the non-infected cells, we obtained accurate expression data sets of 29,034 genes
from ES cells, iPS cells, and fibroblasts. Genes were ranked from low to high according to their

Genetics and Molecular Research 14 (4): 12085-12092 (2015) ©FUNPEC-RP www.funpecrp.com.br



Gene expression and cell fate regulation

12087

expression levels in the iPS cells (Figure 1). We then compared the gene expression intensities
in other cell types and determined the similarities and differences. Gene expression intensities
showed similar trends in all cell types. However, it was obvious that the gene expression mode
in iPS cells was much more like that in ES cells than in fibroblasts. The gene expression levels
fluctuated more dramatically in the fibroblasts than in the iPS and ES cells. The similarities and
differences of gene expression in the three cell types were further investigated, as shown in Figure
2. We counted the number of genes whose expression changed 2-fold or more in the different cell
types. A total of 271, 3580, and 3671 genes showed significant expression changes (larger than
2-fold) between the ES and iPS cells, the ES cells and fibroblasts, and the iPS cells and fibroblasts,
accounting for 2.55, 24.09, and 23.63%, respectively.
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Figure 1. Human gene expression levels. The genes are arranged according to their expression levels in the induced

pluripotent stem (iPS) cells using the original data (a) and the log2 values of the data (b).
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Figure 2. Human genes with significant differences in expression levels.
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Murine gene expression comparisons

Probing non-infected cells, we obtained accurate expression data sets for 15,085 genes
from ES cells, iPS cells, piPS cells, and MEFs. Genes were ranked from low to high according
to their expression levels in iPS cells (Figure 3). By comparing expression changes at the three
stages, our analysis provided insight into the gene expression patterns in the different cell types.
Figure 4 shows the number of genes whose expression changed 2-fold or more in the different
murine cell types. A total of 503, 2203, 3675, 2190, 3199, and 2331 genes showed significant
expression changes (larger than 2-fold) between the ES and iPS cells, the ES and piPS cells, the
ES and MEF cells, the iPS and piPS cells, the iPS and MEF cells, and the piPS and MEF cells,
accounting for 8.26, 28.64, 45.37, 27.63, 41.9, and 32.3%, respectively.
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Figure 3. Murine gene expression levels. The genes are arranged according to their expression levels in the induced
pluripotent stem (iPS) cells using the original data (a) and the log2 values of the data (b).

4000

3500

3000

2500

2000

1500

1000

O —1 — —1 _—

E3 B3 ES iPE | iPS | piP3
vs vE vE veE vs veE
iP3 | piP3 | MEF | piPS | MEF MEF
B<1/2 738 | 2117 | 3163 [ 1978 | 3121 | 2842
B32 fold| 503 | 2203 | 3675 [ 2190 | 3199 | 2331
o<1/2 W2 fold

Figure 4. Murine genes with significant differences in expression levels.
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Majority of genes showed stable expression patterns in various cell states

Most genes belonging to the high or low expression categories overlapped in all cells.
The overlap was greatest in the ES and iPS cells. There were 773 genes belonging to the high
expression category in all cells. The number of genes highly expressed in ES and iPS cells, ES
cells and fibroblasts, and iPS cells and fibroblasts was 1263, 840, and 824, respectively. The
largest difference at the high expression level was about 4-fold. Many highly expressed genes were
housekeeping genes, which are indispensable to living organisms, such as those that encode the
ribosomal proteins. Similarly, there were 1107 genes belonging to the low expression category in
all cells. The number of genes slightly expressed in ES and iPS cells, ES cells and fibroblasts, and
iPS cells and fibroblasts was 1319, 1176, and 1174, respectively. The largest difference at the low
expression level was about 1.5-fold.

Genes with significantly different expression intensities in diverse cell types

Generally, there were no genes belonging to opposing expression categories in the ES
and iPS cells. Thus, these two types of cells showed similar expression patterns. Nevertheless,
there were genes that had significantly different expression between ES and iPS cells, including
LEFTY2, DLK1, and NLRP2. LEFTY2 belonged to the high expression category in ES cells, but
did not belong to the high expression category in iPS cells. DLK1 and NLRP2 belonged to the
high expression category in the iPS cells, but did not belong to the high expression category in the
ES cells. No genes belonged to the high expression category in fibroblasts, or simultaneously to
the low expression category in ES and iPS cells. Only a few genes, such as HOTAIR, showed a
slightly higher expression in fibroblasts compared with ES or iPS cells. A total of four genes, i.e.,
HESRG, PROM1, NTS, and LRRN1, belonged to the low expression category in fibroblasts but
they belonged to the high expression category in ES and iPS cells.

DISCUSSION

In the present study, we investigated the gene expression levels in human ES cells, iPS
cells, and fibroblasts. Through analyzing gene expression at high and low levels, we obtained
different results for gene expression between the three cell types. Moreover, we compared the
gene expression patterns in ES cells, iPS cells, piPS cells, and MEFs.

The gene expression mode in iPS cells was much more like the mode in ES cells, and
gene expression levels in the fibroblasts fluctuated more dramatically than in the iPS and ES cells.
Moreover, the number of genes with significantly different expression was smaller in the iPS and ES
cells compared with the other cells types. This indicates that iPS cells might be used to replace ES
cells on many occasions. Owing to their ability to self-renew, proliferate, and differentiate, ES cells
are widely recognized as a precious source of pluripotent cells (Stojkovic et al., 2004). Nevertheless,
the problem of immune rejection following transplantation and the controversy surrounding the
use of human embryos inhibit their application (Ghosh et al., 2010). The direct reprogramming
of somatic cells to iPS cells was first reported by Takahashi and Yamanaka, who converted adult
mouse fibroblasts to iPS cells by ectopic expression of a group of transcription factors. Since
then, many groups have shown that both human and mouse somatic cells can be reprogrammed
by overexpression of a few transcription factors to what appears to be an embryonic state, i.e.,
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iPS cells (Chin et al., 2009; Ghosh et al., 2010). It seems that iPS cells offer a non-controversial
alternative source for ES cells. We think that the similarities in gene expression patterns between
ES and iPS cells can explain this phenomenon.

Although similar gene expression profiles between ES and iPS cells were found in our
research, the number of gene expression differences between the two cellular populations might
account for incomplete reprogramming. Therefore, it was important to define the differences
between ES and iPS cells. Several genes with significantly different expression between ES
and iPS cells were found, including LEFTY2, DLK1, and NLRP2. Genes relevant to tumor
development, such as DLK1 and NLRP2, are worthy of attention. DLK1 plays a significant role
in liver cancer tumorigenesis. NLRP2 is related to many kinds of tumor. They were both highly
expressed in iPS cells but showed comparatively low expression in ES cells. This result is
consistent with the former studies that showed that the reprogramming process is somewhat
similar to tumor development (Halazonetis et al., 2008; Kawamura et al., 2009; Marién et al.,
2009; Utikal et al., 2009; Edel et al., 2010; Jasencakova and Groth, 2010; Menendez et al.,
2010; Gupta et al., 2011). LEFTY expression has been recognized as a stemness marker owing
to its enrichment both in undifferentiated ES cells and in blastocysts. LEFTY1 knockdown in
mouse ES cells showed enhanced phosphorylation of Smad2 and increased differentiation
potential (Kim et al., 2014). Thus, the lower expression of LEFTY1 in iPS cells might result in
partial reprogramming.

No genes belonged to the high expression category in fibroblasts, or simultaneously
to the low expression category in ES and iPS cells. That is to say, cells with pluripotent ability
tend to have higher gene expression levels than differentiated cells. This may reflect the fact
that the genes in pluripotent cells are less stable (Sedighi and Sengupta, 2007; Orford and
Scadden, 2008; Hanna et al., 2009; Yamanaka, 2009; Fisher and Fisher, 2011; Pasi et al., 2011;
Blasco et al., 2011). Four genes, i.e., HESRG, PROM1, NTS, and LRRN1, belonged to the low
expression category in fibroblasts but the high expression category in ES cells. HESRG, also
known as ESRG (embryonic stem cell-related gene), is expressed specifically in undifferentiated
human ES cells (Li et al., 2013). PROM1, also called CD133, is a pentaspan membrane protein,
exhibiting self-renewal and differentiation (Gopisetty et al., 2012). NTS is related to the nervous
system, and LRRN1 is relevant to brain formation, and might play a role in signal transduction
(Tang et al.,, 2012). Partially reprogrammed cells, expressing markers of the intermediate
reprogramming stage, have failed to transcriptionally activate pluripotency regulators. They can
be converted to a pluripotent state with some specific small molecules that affect chromatin
modifications or modulate signal transduction (Sridharan et al., 2009). Thus, overexpression
of these genes is significant to pluripotency. In other words, their overexpression is specific to
embryo development. Analyzing their expression intensities in different types of cells is helpful to
the investigation of the function of each cell stage.

CONCLUSION

The majority of genes showed similar expression patterns in all cells, especially in iPS
and ES cells. However, some distinct differences among various cell types were noticed. Such
differences usually occur when the genes are relevant to specific cell types. Analyzing the
expression of these genes is helpful for elucidating the mechanisms of cell fate regulation and
efficiently obtaining iPS cells.
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