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Low reprogramming efficiency and reduced pluripotency have
been the two major obstacles in induced pluripotent stem (iPS) cell
research. An effective and quick method to assess the pluripotency
levels of iPS cells at early stages would significantly increase the
success rate of iPS cell generation and promote its applications. We
have identified a conserved imprinted region of the mouse genome,
the Dlki-Dio3 region, which was activated in fully pluripotent
mouse stem cells but repressed in partially pluripotent cells. The
degree of activation of this region was positively correlated with the
pluripotency levels of stem cells. A mammalian conserved cluster
of microRNAs encoded by this region exhibited significant expres-
sion differences between full and partial pluripotent stem cells.
Several microRNAs from this cluster potentially target compo-
nents of the polycomb repressive complex 2 (PRC2) and may form
a feedback regulatory loop resulting in the expression of all genes
and non-coding RNAs encoded by this region in full pluripotent
stem cells. No other genomic regions were found to exhibit such
clear expression changes between cell lines with different pluripo-
tency levels; therefore, the DIki-Dio3 region may serve as a marker
to identify fully pluripotent iPS or embryonic stem cells from
partial pluripotent cells. These findings also provide a step forward
toward understanding the operating mechanisms during repro-
gramming to produce iPS cells and can potentially promote the
application of iPS cells in regenerative medicine and cancer
therapy.

It is well known that embryonic stem (ES)* cells have two
defining properties: self-renewal and pluripotency (1, 2).
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Induced pluripotent stem (iPS) cells from mice have develop-
mental potential identical to ES cells; recent studies confirmed
that both have the ability to support full term development by
tetraploid complementation (3). However, the success rate for
obtaining iPS cells with full pluripotency is extremely low as
compared with ES cells, which severely hinders basic iPS cell
research and the use of this technology in regenerative medi-
cine and other clinical applications.

Differences between ES and iPS cells in gene expression and
differentiation ability have been identified (4, 5). Several reports
indicated that iPS and ES cells express the same surface protein
markers and are equally able to generate teratomas yet that they
differ in their developmental potentials (6—8). As extensive
chromatin remodeling and genome-wide epigenetic modifica-
tions occur during the reprogramming process, it is possible
that the obtained iPS cells vary in their degrees of pluripotency
due to different levels of reprogramming. Therefore, a fast and
effective method to assess the extent of reprogramming and
thereby predict the pluripotency of iPS cells would greatly
improve iPS cell selection and applications.

The iPS process dramatically changes cell fate via a few tran-
scription factors (6) and has sparked intense interest in molec-
ular and cellular biology. However, its underlying mechanisms
are still poorly understood. Multiple studies have aimed to
identify the core molecular circuitry controlling cell pluripo-
tency and self-renewal and identified several signaling path-
ways downstream of the key reprogramming factors (9-13).
How these signaling networks invoked by the induced tran-
scription factors convert cell fate still remains obscure.

By comparing gene and small RNA expression patterns in iPS
cells with different degrees of pluripotency, we identified an
imprinted genomic region, the DIlkI-Dio3 region, which was
actively expressed in fully pluripotent stem cells but was
repressed in the cells with partial pluripotency. The significant
and consistent expression difference at this imprinted genomic
region may serve as a marker to assess the pluripotency extent
of cells. A large cluster of microRNAs (miRNAs) encoded by
this imprinted region potentially form a feedback loop by reg-
ulating polycomb repressive complex 2 (PRC2) formation and
are predicted to be involved in broad developmental regulatory
processes, suggesting their master roles in gene expression reg-
ulatory networks. Protein-coding genes within the DIlkI-Dio3
region are highly conserved across species, whereas the miRNA
cluster is conserved only in mammals. This indicated that it
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TABLE 1
Summary of ES and iPS cell lines

v indicates positive result from assay, and X indicates negative result of assay. T'TF, tail tip fibroblasts; NSC, neural stem cells.

Pluripotent Nuclear Genetic Immunohistochemist Teratoma Chimera formation Tetraploid
stel?; :e]l donor background (Oct4, Nanog, SSEA—B’ Karyotype EB g mation (germline transmission) Compleml;ntation Reference

IP36D-3 MEF B6 X D2 F1 N Normal N V (X) X (3)
1P20D-3 MEF B6 X D2 F1 \ Normal N N () X 3)
ESC2 Fertilized egg B6 X D2 F1 v Normal N V() V Present work
R1 Fertilized egg  129X1/Sv] X 12951 F1 v Normal v V() \ (16)
1P14D-1 MEF B6 X D2 F1 N Normal N v () v (3)
IP14D-6 MEF B6 X D2 F1 Y Normal v V() v (3)
IP14D-101  MEF B6 X 12952 F1 N Normal v N Q{) v (3)
1P26DT-115 TTF B6 X 12952 F1 v Normal v V) v Present work
IP14DN-5  NSC B6 X D2 F1 N Normal N N v () \ Present work
IP14DN-7  NSC B6 X D2 F1 R Normal V V() \ Present work

might have evolved early during selection for mechanisms that
regulate stem properties, including those in human.

EXPERIMENTAL PROCEDURES

Generation of iPS Cell Lines and iPS Mice—Five iPS cell lines
and their derived iPS mice used in this study were reported
previously (3). Three other new iPS cell lines derived from adult
tail tip fibroblasts and neural stem cells were induced by the
“four Yamanaka factors” as previous described (3). iPS mice
were produced by injecting 10—15 iPS cells into tetraploid blas-
tocysts following the same procedure reported before (3). Two ES
cell lines (ESC2 and R1) were also included. All pluripotent stem
cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 15% fetal bovine serum, 1,000 units of leukemia
inhibitory factor (LIF), and 1X non-essential amino acids. All
experiments requiring animal handling were conducted in accord-
ance with Beijing animal protection laws.

Microarray Hybridization and Identification of Differentially
Expressed Genes—Microarray hybridization data of all cell lines
were obtained using identical procedures as described before
(3). The microarray data were processed by R packages and
BioConductor. The raw hybridization signals were normalized
using the robust multichip average method and transformed to
log 2 values. Differentially expressed genes were selected using
Student’s ¢ test with multiple testing correction by false discov-
ery rate cut off < 0.05. Expression heat maps of genes and small
RNAs within the imprinted region were drawn using the heat-
map.2 package of R.

Deep Sequencing Data Analysis, miRNA Identification, and
miRNA Target Prediction— After removing adaptor sequences,
the resulting Solexa sequencing data were mapped back to the
mouse genome using BLAST; only sequences with perfect
genomic matches were kept for future analysis. Known mouse
miRNAs were downloaded from the miRBase (release 14) and
mapped to the mouse genome using BLAST. Sequence reads over-
lapping with the genomic loci of known miRNAs with no more
than 3 nucleotides of variation in length were identified. The
3’-untranslated region sequences of mouse genes were down-
loaded from the Ensemble database (NCBIM37). Genes whose
3’-untranslated region sequences contained at least two perfect
complementary sequences to the 5’ 2— 8-nucleotide seed region of
a miRNA were selected as putative miRNA targets.

Gene Ontology and Pathway Analysis of Putative miRNA
Targets—The enrichment of gene ontology terms among puta-
tive miRNA targets was analyzed using the GOEAST software
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with default parameters (14). Pathway analysis was performed
using the DAVID Bioinformatics Resources with the BioCarta
pathway database (15).

RESULTS

Mouse Stem Cells of Various Origins Exhibit Different Levels
of Pluripotency—Previously we reported the production of live
mice from iPS cells of different genetic backgrounds using the
four Yamanaka factors (3, 6). In this study, in addition to the
previously reported iPS cell lines, mouse embryonic fibroblasts
(MEF), neural stem cells, and adult tail tip fibroblasts were col-
lected from two mouse strains (B6 X D2 F1 and B6 X 129S2 F1).
After transfection to introduce the four Yamanaka factors, the
pluripotency of these iPS cells was assessed. Two ES cells lines
(the R1 ES cells (16) and the ESC2 from the B6 X D2 F1 genetic
background) were used as positive controls for pluripotency.
All the iPS cell lines predominantly formed normal, diploid
nuclei with 40 chromosomes, expressed pluripotency marker
genes with expected patterns, and were able to form embryoid
bodies in vitro. All lines generated teratomas with three germ
layers in vivo and contributed to the generation of chimeric
mice after injection into diploid blastocysts. However, two of
the iPS cell lines could not produce full term mice through
tetraploid complementation, and one of these lines even failed
to support germline transmission in chimeras. These results
indicated that the iPS cell lines varied in their pluripotency.
Those with the ability to generate tetraploid blastocyst-
complementated embryos (4n-iPS cells) exhibited full pluripo-
tency equivalent to ES cells, whereas the two lines that were
only able to produce diploid chimeric mice (2n-iPS cells) were
classified as partially pluripotent. The pluripotency levels of all
cell lines generated are summarized in Table 1.

Deep Sequencing Reveals MicroRNA Expression Differences
between Full and Partial Pluripotent Stem Cells—To investi-
gate whether miRNAs might contribute to the pluripotency
differences among cell lines, we collected samples of RNA
with size selection for 18 —30 nucleotides from the 10 cell
lines in Table 1. After Illumina library production for small
RNA sequencing, the libraries were subjected to deep
sequencing and quantitation using an Illumina genome ana-
lyzer. A total of 5-10 million small RNA reads were obtained
from each sample, and read analysis indicated that the sam-
ples included 401-431 known miRNAs and an additional
77-97 miRNA star sequences).
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FIGURE 1. miRNA expression patterns distinguish 2n-iPS cell lines from ES and 4n-iPS cell lines. A, clustering analysis of miRNA read counts in the 10
studied cell lines. B, scatter plot of miRNA expression in ES and 4n-iPS cell lines. C, scatter plot of miRNA expression in ES and 2n-iPS cell lines. D, scatter plot of
miRNA expression in 4n-iPS and 2n-iPS cell lines. Normalized read counts (reads per million) were averaged within each cell line group (ES, 4n-iPS, and 2n-iPS)

and log 2-transformed prior to drawing the plot.

Hierarchical clustering analysis revealed that the miRNA
expression patterns of the partially pluripotent stem cell lines
(two 2n-iPS cell lines) differed significantly from those of the
full pluripotent stem cell lines (two ES and six 4n-iPS cell lines),
whereas those of the fully pluripotent stem cell lines were highly
related (Fig. 14). By examining the miRNA expression differ-
ences, we identified a group of miRNAs with significantly lower
abundances in the partially pluripotent stem cells as compared
with the fully pluripotent cells (Fig. 1, B-D). The normalized
sequence counts for these miRNAs were almost all below 100
(and some close to zero) out of a total of 5-10 million reads in
the two partially pluripotent stem cell lines but showed at least
10-fold (many over 100-fold) greater abundance in all eight
fully pluripotent stem cell lines. To the contrary, little expres-
sion variance was observed for these miRNAs among the fully
pluripotent stem cell lines (supplemental Table 1).

Expression Levels from the Imprinted DIk1-Dio3 Region Are
Correlated with the Extent of Cell Pluripotency—Interestingly,
almost all of the miRNAs with reduced abundance in 2n-iPS
cells are encoded by an imprinted genomic region (Fig. 1, red
circles). This region of about 836 kb is located on the long arm of
mouse chromosome 12 and includes the genes DIk and Dio3 at
either end. It encodes five protein-coding genes, DIkI, Rtl1,
1110006E14Rik, B830012L14Rik, and Dio3; three long non-
coding RNA genes, Meg3, Rian, and Mirg; one C/D box small
nucleolar RNA gene cluster; and a cluster of 47 miRNAs (Fig.
2A). Protein-coding genes in this region were conserved during
evolution (17), but other genes and the miRNA clusters within
this region only arose in and are conserved among mammals
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(Fig. 2B). Previous studies showed that the expression of genes
and miRNAs from this imprinted region is restricted to mouse
embryos and adult brains (18, 19), but the functions of these
genes and miRNAs are largely unknown.

Except for 12 miRNAs that were almost undetectable in all
cell lines, the remaining 35 DIkI-Dio3 miRNAs all had compa-
rable medium to high expression in the ES and 4n-iPS cells but
were expressed at very low or undetectable levels in the 2n-iPS
cells, whereas miR-342 and miR-345, which are encoded
upstream of the imprinted region, had similar expression in all
cell lines (supplemental Table 1). Besides miRNAs, a large num-
ber of small RNAs were also identified by sequencing and might
resemble endogenous small interfering RNAs (Fig. 2). The
expression levels of these small RNAs were also reduced in the
partially pluripotent stem cell lines, similar to what was
observed for miRNAs (Fig. 3B). Transcriptome analysis for 6 of
the 10 cell lines using Affymetrix mouse genome 430 2.0
microarrays revealed that except for B830012LI14Rik, the
expression levels of other genes encoded by the DlkI-Dio3
region were all significantly lower in the 2n-iPS cell lines as
compared with ES and 4n-iPS cell lines, whereas genes outside
of this region had no expression differences (Fig. 3C).

Slight Expression Differences Are Observed between Partially
Pluripotent Stem Cells Lines—The two 2n-iPS cell lines used
in this study exhibited different levels of pluripotency. The
IP20D-3 cells were germline-transmittable, whereas the
IP36D-3 cells were not. Although the DIkI-Dio3 region
encoded miRNAs all had significantly lower expression in the
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FIGURE 3. Hierarchical clustering of expression levels of miRNAs (A), other small RNAs (B), and protein-coding genes (C) encoded by the DIk1-Dio3
region. Neighboring genes surrounding the DIk1-Dio3 region were also included in panel C. Log 2-transformed expression values detected either by deep
sequencing or by microarray were used. Clusters were drawn using the hclust package of R.

two 2n-iPS cell lines, their expression levels in the IP20D-3 cells
were consistently higher than those in the IP36D-3 cells (Fig. 4).

Predicted Feedback miRNA Expression Regulatory Loop
via Polycomb Silencing Complex 2—Microarray transcript
profiling identified 1,639 and 3,467 genes with higher
expression and 3,467 genes with lower expression levels in
the ES and 4n-iPS cells compared to the 2n-iPS cells. As
miRNAs and their target mRNAs usually exhibit reverse cor-
related expression patterns, the genes with reduced abun-
dance in the ES and 4n-iPS cell lines may contain target

recognition sites for the miRNAs that showed higher abun-
dance. By searching these mRNAs for 3'-untranslated regions
containing at least two perfect complementary binding sites to
the 5" 2—8-nucleotide seed regions of the DIlkI-Dio3 region-
encoded miRNAs, 717 putative targets were identified for
miRNAs with at least 50 clone counts in at least one ES or 4n iPS
cellline. Gene ontology enrichment analysis revealed that genes
related to multiple aspects of growth, differentiation, metabo-
lism, and other developmental processes were significantly
enriched among the putative miRNA target genes, indicating

FIGURE 2. Expression and conservation analysis of the DIk 1-Dio3 imprinted region. A, expression difference of the DIk1-Dio3 imprinted region between
4n-competent (ES and 4n-iPS) cell lines and 4n-incompetent (2n-iPS) cell lines. The protein-coding genes and long non-coding RNAs with higher expression in
the 4n-competent cell lines are shown as green rectangles, the unaltered genes are shown as gray rectangles, and the non-detected genes are shown as empty
boxes. Hairpin-shaped symbols represent miRNAs, and the darkness of the symbols represents the magnitude of expression difference between 4n-competent
and 4n-incompetent cell lines. Pentagons represent other small RNAs, and the degree of color saturation represents the magnitude of expression difference
between 4n-competent and 4n-incompetent cell lines. Genes, miRNAs, and other small RNAs (sRNA) encoded by the DIk1-Dio3 imprinting region were
activated in the 4n-competent cell lines but repressed in the 4n-incompetent cell lines. B, conservation analysis of the DIk 1-Dio3 region and neighboring genes.
Conserved miRNAs are shown as red diamonds, non-conserved miRNAs are shown as pink diamonds, and other genes are shown as green boxes. Black numbers
represent the IDs of conserved miRNAs, and blue numbers represent the IDs of non-conserved miRNAs.
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line-competent and germline-incompetent 2n-iPS cell lines (IP20D-3 versus IP36D-3) are shown in blue and red,

respectively.

that activated miRNA expression may repress genes related to
cell development.

Pathway analysis revealed that three components of the
polycomb repressive complex 2 (PRC2), namely HDAC2,
RBAP48, and EED, were among the putative miRNA targets
(supplemental Table 2). PRC2 induces gene silencing by tri-
methylating lysine 27 on histone 3 (3meH3K27) (20). Prior to
the onset of PRC2-induced methylation, the action of his-
tone deacetylase HDAC2 is required to remove the active
acetylation marks on histone 3 (21). Our results indicated
that in ES and 4n-iPS cells, the expression of the DIk1-Dio3
region-encoded miRNAs was correlated with reduced
HDAC2, RBAP48, and EED expression, which may prevent
PRC2 formation. As the imprinting of the Dlk1-Dio3 region
is regulated by methylation, the decreased PRC2 formation
in ES and 4n-iPS cells might result in the maintenance of
histone acetylation and failure to methylate the Dlk1-Dio3
region, which would be consistent with the increased gene
and miRNA expression levels observed (Fig. 5).

DISCUSSION

The production of healthy cells with full pluripotency is
essential for stem cell research and its application in regenera-
tive medicine. However, the low efficiency of iPS cell generation
and the reduced pluripotency of these cells have long been
obstacles. Therefore, fast and effective methods to adjust the
pluripotent properties of cells will greatly accelerate the explo-
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ration of reprogramming mecha-
nisms and the use of iPS cells in
regenerative medicine.

Here, we identified an imprinted
genomic region in mouse that was
actively expressed in fully pluripotent
stem cell lines, such as ES and 4n-iPS
cells, but was repressed in partially
pluripotent cells as represented by
two 2n-iPS cell lines. Protein-cod-
ing genes, a large cluster of miRNAs,
and other small RNAs derived from
this DIki-Dio3 imprinted region
consistently exhibited significant
expression repression or depletion
in the 2n-iPS cells as compared with
the ES and 4n-iPS cells. Regardless
of the genetic background and ori-
gin of the ES and iPS cell lines, the
expression differences between the
fully and partially pluripotent stem

l LLlamtes. cells were consistently observed.
a8 528§ &R Furthermore, although genes and
A= - A - R . . .

.ﬂé @ % e % 099 % miRNAs from this region had low
s A A - A A i i -i
ZEEEEEEEEE overall expression in the 2n-iP§ cell
E é = é é E é é é € lines, their expression was slightly

higher in the germline-transmitta-
ble 2n-iPS cells than in those with-
out germline transmission ability.
These results indicated that the
degree of activation of the DIkI-
Dio3 imprinted region is positively correlated with the pluripo-
tency levels of stem cells. The coordinated expression changes
of protein-coding genes and miRNAs encoded by this region,
measured in independent assays, supports the conclusion that
this region is affected by some regulatory mechanism that may
be responsible for or respond to the pluripotency status of a cell.

Our analysis revealed that the miRNA cluster encoded by the
DlkI-Dio3 region only presented in mammalian genomes and is
highly conserved among mammals, indicating its specific and
crucial role in regulating mammalian development. We expect
that this miRNA cluster should have conserved functions in
human and other mammals. As some other genes within the
DlkI-Dio3 region are also conserved in non-mammal species, it
is very likely that the pluripotency-correlated expression of the
entire DIkI-Dio3 region is indeed a functional reflection of the
miRNA cluster.

After extensively screening the gene and small RNA expres-
sion data used in this study, we were not able to identify any
other genomic region exhibiting similar or opposite expression
patterns as that of the DIkI-Dio3 imprinted region. These data
indicated that the DIkI-Dio3 region might be the only long
genomic locus that exhibits a clear on-and-off switch in cells
with full versus partial pluripotency; thus, the expression state
of this region is a strong candidate for a marker of the quality of
iPS and stem cells from other sources. Fully pluripotent human
stem cells are very difficult to obtain via the iPS technique, so
identification of such a marker site may greatly accelerate the
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FIGURE 5. A working model for miRNA regulation of PRC2 complex. A, PRC2 induces gene silencing by
methylating histone 3 at the Lys-27 sites. B, in partially pluripotent cells, the DIk1-Dio3 region is methylated by
PRC2 and the expression of the DIk1-Dio3 region encoded miRNA cluster is repressed. In fully pluripotent cells,
the DIk1-Dio3 region is activated and the miRNA cluster is expressed. Consequently, transcripts encoding
HDAC2, RBAP48, and EED are repressed by miRNAs, and methylation at the DIk7-Dio3 region is blocked, result-
ing in a feedback loop to further increase miRNA and mRNA expression from this region.

selection process for good iPS or ES cells and pave the way for
their application in regenerative medicine.

The putative targets of miRNAs from the DI/kI-Dio3 region
include three genes in the PRC2 silencing complex. These genes
are all expressed at lower levels in the ES and 4n-iPS cells as
compared with the 2n-iPS cells, perhaps as a result of higher
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miRNA expression in the ES and
4n-iPS cells. We hypothesize that
the repression of PRC2 complex
formation contributes to the lack
of methylation and silencing of the
DlkI-Dio3 region, resulting in the
activated expression of its encoded
genes as observed in our results. The
activated miRNAs may act in a feed-
back loop to further prevent the for-
mation of PRC2 and maintain the
active state of the D/kI-Dio3 region.
A recent study showed that PRC2 is
not necessary for stem cell pluripo-
tency maintenance (22). Therefore,
down-regulation of PRC2 in the ES
and 4n-iPS cell lines should not
affect their pluripotency. Many
studies have been conducted to
investigate the function of the DIkI-
Dio3 imprinted region, but no clear
conclusions have been made. Here,
we propose that some miRNAs
from this region regulate cell pluri-
potency via gene silencing path-
ways. It is likely that the activated
miRNA clusters are involved in the
regulation of many developmentally
related biological processes as re-
vealed by gene ontology enrichment
analysis.

The connection of the DIkI-Dio3
region miRNAs with PRC2 also sug-
gests potential applications of these
miRNAs in cancer therapy. As one
of the PRC2 components, the his-
tone methyltransferase Ezh2 is fre-
quently observed to be overex-
pressed in various types of cancers
(23). Modulating the formation of
PRC2 by manipulating the DIkI-
Dio3 region miRNAs might serve as
an approach to prevent the uncon-
trolled proliferation of some types
of cancer cells.

The discovery of iPS technology
demonstrated that the developmen-
tal status of cells can be reverted
by the activity of a few transcrip-
tion factors, but its underlying
mechanisms remain unknown.
We hypothesize that changes in

the methylation status of an imprinted genomic region
might be involved in the pluripotency regulation of cells,
providing a testable model toward understanding the mech-
anism of iPS cell formation.

Scientists have long attempted to identify key components
that regulate complex traits but with very little success in pro-
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tein-coding genes. Our results indicated that cell pluripotency
levels might be in partially controlled by a group of miRNAs,
suggesting the possibility of miRNAs as master regulators of
gene expression networks. The synergetic effects of multiple
miRNAs toward the same outcome revealed by our model also
furthered our understanding of miRNA function mechanisms
and shed light on future studies on the coordinated effects of
miRNAs.
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