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Abstract
Two essential aspects of mammalian development are the progressive specialization of cells
toward different lineages, and the maintenance of progenitor cells that will give rise to the
differentiated components of each tissue and also contribute new cells as older cells die or become
injured. The transition from totipotentiality to pluripotentiality, to multipotentiality, to
monopotentiality, and then to differentiation is a continuous process during development. The
ontological relationship between these different stages is not well understood. We report for the
first time an ontological survey of expression of 45 putative “stemness” and “pluripotency” genes
in rhesus monkey oocytes and preimplantation stage embryos, and comparison to the expression in
the inner cell mass, trophoblast stem cells, and a rhesus monkey (ORMES6) embryonic stem cell
line. Our results reveal that some of these genes are not highly expressed in all totipotent or
pluripotent cell types. Some are predominantly maternal mRNAs present in oocytes and embryos
before transcriptional activation, and diminishing before the blastocyst stage. Others are well
expressed in morulae or early blastocysts, but are poorly expressed in later blastocysts or ICMs.
Also, some of the genes employed to induce pluripotent stem cells from somatic cells (iPS genes)
appear unlikely to play major roles as stemness or pluripotency genes in normal embryos.

Keywords
stem cell; cell lineage; embryo; trophoblast

1. Introduction
The progressive specialization of cells toward diverse cell lineages is an essential aspect of
metazoan development. Equally essential is the maintenance of progenitor cells that will
give rise to the differentiated components of each tissue and also contribute new cells as
older cells die or become injured. There is a continuum in the transition from totipotentiality
to pluripotentiality, to multipotentiality, to monopotentiality, and then to differentiation. The
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precise ontological relationship between these different stages is only partly understood, but
it has become clear that this order of events is not strictly correlated with the chronology of
the individual. Gametes are united to form a totipotent zygote. The zygote then passes
through cleavage divisions that yield either totipotent blastomeres or lineage-restricted
blastomeres, depending on the role of localized determinants. In mammals, blastomeres give
rise to the blastocyst stage embryo containing an inner cell mass, which is an early
progenitor of both embryonic and extraembryonic cells, and the trophectoderm, the earliest
form of trophoblasts that contributes to placenta formation. Inner cell mass cells have been
successfully transformed to pluripotent embryonic stem cell lines in vitro in several species,
including mouse, human, and monkey (Brook and Gardner, 1997; Evans and Kaufman,
1981; Ilic et al., 2009; Magin et al., 1992; Pau and Wolf, 2004; Thomson et al., 1998;
Trounson, 2002). Trophoblast stem cells have been derived from blastocysts for mouse and
monkey (Oda et al., 2009; Rielland et al., 2008; Tanaka et al., 1998; Vandevoort et al.,
2007b). Additionally, pluripotent cells have been derived from early germ lineage cells
isolated from fetal mice and humans (Durcova-Hills et al., 2001; Matsui et al., 1992), and
germ lineage cells can also give rise to teratomas and embryonal carcinoma stem cells,
which display pluripotency. Within the adult organism, many tissues harbor mono-potent,
multi-potent, or pluripotent stem cells, which can be isolated and induced to give rise to one
or more range of different cell types in vitro, as embryoid bodies, or as teratomas (Eguizabal
et al., 2009; Wu et al., 2009). Thus, early ontogeny may witness a rapid transition to highly
restricted fates in certain (e.g., extraembryonic) lineages, whereas adult tissues retain a
variety of stem cells, some with very broad potentiality. This diversity of ontogenetic
pathways leading to the establishment and maintenance of stem cells of different potencies
precludes a simplistic explanation of the molecular and cellular mechanisms that establish
stemness and pluripotentiality, and indeed suggest that molecular mechanisms that establish
and maintain stem cells may operate within and be dependent upon the unique historical
context for each stage, lineage and tissue.

There is great interest in developing technologies to enhance the ability to isolate and
propagate stem cells. Monopotent stem cells could be employed for gene therapy, and
multipotent or pluripotent cells could in theory be differentiated to a myriad of derivatives
for effecting repair of damaged or degenerating tissues, all of which could lead to new
treatments for a wide range of disease and injuries. Efforts to enhance the success of stem
cell technologies have stressed the identification of genes that may be able to convert cells to
a pluripotent or stem cell state. Molecular comparisons across stem cell types or between
stem cells and oocytes have been employed to derive lists of putative “stemness” genes
(Assou et al., 2009). More recently, small groups of genes were co-transfected into
fibroblasts and other differentiated cell types to induce pluripotency at a low efficiency
(Huangfu et al., 2008; Kim et al., 2008). The exact array of genes that can accomplish this
“induced pluripotency” state appears to be expanding, and indeed it may be that many
different combinations of genes may be able to convert somatic cells to pluripotency
(Nakagawa et al., 2008; Takahashi and Yamanaka, 2006; Yu et al., 2007). Such exciting
results lend a strong applied angle to complement the basic interest in understanding the
molecular mechanisms that establish and maintain stem cells, and that limit their
potentialities.

Understanding of early ontogenetic events that generate stem cell lineages facilitates both
basic and applied aspects of stem cell biology. Studies that compare gene expression
patterns solely between established stem cell lines or between stem cell lines and oocytes
may fail to discriminate between stemness genes and genes that define other aspects of stem
cells, such as cell cycle drivers, or may disregard unique molecular signatures that are
responsible for the unique properties of oocytes or early embryos, such as meiotic arrest or
reductional cleavage divisions. With regard to induced pluripotency, it is still unclear what
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role “pluripotency genes” play during normal development, or to what degree their normal
functions are operating out of context to yield fortuitous effects on chromatin structure to
enable stem cell characteristics to emerge. Ontogenetic data would be helpful in resolving
these areas of uncertainty by providing a more clear understanding of developmental
transitions that accompany the establishment of pluripotent stem cells in the embryo.

Comparisons that encompass oocytes, preimplantation stage embryos, early inner cell mass
cells, trophoblast stem cells, and established embryonic stem cells, should thus enhance our
understanding of early stemness and pluripotency and reveal the precise temporal and
ontological relationships between developmental stages and the activation/repression of
individual genes. Due to a range of legal and ethical constraints, a non-human primate
model offers the best choice for understanding early stem cell lineages in the human. In this
study, we have undertaken an ontological survey of expression of a large number of putative
“stemness” and “pluripotency” genes in rhesus monkey oocytes and preimplantation stage
embryos, and compared that expression to expression in the inner cell mass, trophoblast
stem cells, and rhesus monkey (ORMES6) embryonic stem cell line. Our results reveal the
relationship between stemness and pluripotency genes and the developmental transitions
from oocyte to embryo, to embryo to pluripotent stem cells and trophoblast stem cells in the
rhesus monkey.

2. Results
The overall objective of this study was to understand how the expression of a range of
stemness genes relates to specific stages in the ontogenetic establishment of pluripotent
lineages and their conversion to established cell lines (Fig. 1). We focused our attention on
following the progression (Fig. 2, Table S2) of genes during preimplantation development,
during the conversion from inner cell mass (ICM) first to early outgrowths (EOs), and then
to established embryonic stem cells (ESCs); from embryo to trophoblast stem (TSC) cell
lines; during the conversion from non-differentiated (ND) to early differentiated (ED)
ORMES6 ESCs in vitro and the differences between TSC and established ESCs. These
comparisons were chosen in order to evaluate the relationship of the different genes to
specific cell states in the ontogenetic series.

We examined the patterns of expression of 45 genes, including genes involved in inducing
pluripotent cells (iPSC) (Fig. 3), maintaining pluripotency, self-renewal, growth regulation
(Fig. 4), ecto-, meso- and endoderm markers (Fig. 5), and early differentiation markers (Fig.
6), as well as trophoblast markers (Fig. 7). The genes were selected based on their perceived
functions in stem cells, as described in other published articles (Table. 1). Expression of
gene mRNAs was examined in oocytes, preimplantation embryos, inner cell mass (ICMs),
early outgrowths from ICMs (EO), rhesus monkey embryonic stem cell lines (ORMES6),
trophoblast stem cells (TSC), and mouse embryonic fibroblast (used as feeder cells for the
ESCs) (Tables 1, and S1). Because there are many genes that are expressed in stem cells, we
included in this study ones that are most widely studied and most broadly believed to define
stemness across species. Our overall goal was to determine whether genes believed to be
determinants of pluripotency and stemness are expressed at all pluripotent stages, or whether
their expression is subject to developmental control or effects of the in vitro environment. Of
the 45 genes examined, we detected the mRNA expression of 25 in our sample set of rhesus
monkey oocytes and preimplantation embryos, and 29 in our stem cell sample set using the
QADB method (Zheng et al., 2004b) as described in Methods. QADB is a quantitative
method comprised of a procedure for quantitative amplification of cDNA populations whilst
preserving individual sequence representation, followed by dot blotting, radiolabeled probe
hybridization, and quantitative analysis of hybridization signals. With a large sample
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collection representing diverse stages and conditions, QADB yields detailed expression
profiles for detected transcripts.

The mRNAs detected in stem cells but not in oocytes or embryos were ASCL2, BMP4,
LIN28, NES, GSC, NODAL and SOX17 (Figures. 3A, 4A, 5A and 7A); (note: the FZD7
mRNA was only marginally detectable in oocytes and embryos). Genes detected in oocytes
or embryos but not detected in stem cells were FBOX15 (predominantly maternal; Fig. 4A)
KLF4 (transiently elevated in morulae and early blastocysts; Fig. 3A), and T (variably
increased in hatched blastocysts; Fig. 5A).

2.1. Changes related to conversion from ICM to early outgrowths and ESC lines
The ICM is the progenitor of ESCs lines. Once blastocysts are placed in culture, the
trophoblast cells attach to the dish, and the ICM is removed from the immediate influence of
the trophoblast, growing as a group of cells under the influence of exogenous factors added
to the culture medium and feeder cells. To evaluate the effects of this transition on various
pluripotency and stemness genes, we compared gene expression firstly between ICM and
early outgrowths and secondly between ICM and non-differentiated (ND) ORMES6 ESC
lines (Figs. 1 and 2). We hypothesized that, because ESCs are derived from ICMs, early
stemness genes should be expressed in both cell types, but that some genes may be up
regulated as a result of cellular adjustments to the in vitro environment, and thus not reflect
stemness per se.

About one third of the genes examined (11 of 29 mRNAs detected in stem cell blots)
displayed higher expression in the ICM as compared to the early outgrowths (EOs), and thus
are downregulated during this initial transition to culture (Figs. 3–7B; Table S2). Four of
these (CDH1, FZD7, SOX17, and POU5F1) promote maintenance of pluripotency. Two
other genes that had higher expression in ICM compared to EO (GRB2 and NES; Fig. 5B)
are described as stem cell markers at later stages. The GRB2 mRNA was expressed in
blastocysts and this expression continued in the ICM cells. Interestingly, three keratin
mRNAs (KRT7, KRT8, KRT18) reported as markers of early differentiation were also
elevated in the ICM (Fig. 6B). Two genes (GSC and DPPA4) displayed increased expression
in the EOs compared to ICM (Table S2). The GSC mRNA was undetected in oocytes and
embryos (Fig. 5A) but the DPPA4 mRNA was upregulated during development to the
blastocyst stage (Fig. 4A).

Comparing EOs to established ESC lines, ORMES6 (Fig. 2, Table S2), 13 of the mRNAs
were more abundantly expressed in ORMES6 than EO. These included three pluripotency
genes (POU5F1, MYC, LIN28, Figs. 1 and 3B, Table S2) commonly associated with stem
cells, and five genes associated with maintenance, proliferation and self-renewal (CDH1,
FZD7, ID1, SALL4 and SOX17),. Four of these genes (POU5F1, CDH1, FZD7, SOX17)
were transiently downregulated during initial outgrowth, but then increased again as the cell
line became established. Amongst lineage markers, GRB2 was diminished going from ICM
to EO and then partially recovered transitioning to ESC, whilst the GSC mRNA was
transiently elevated during this period (Fig. 5B, Table S2). The DPPA4 mRNA was reduced
in ORMES6 compared to EOs, and thus its modest elevation in EOs was also a transient
event (Fig. 4B, Table S2). The ASCL2 mRNA was below the level of detection in oocytes
and embryos, was expressed in the ICM, reduced going from ICM to EO, and then tended to
be increased again (p=0.06) to a higher level in ORMES6 ESCs over EOs (Fig. 7B, Table
S2). A slight but statistically significant decrease was seen comparing ICM and ESC. All
three of the keratin mRNAs were significantly diminished in ORMES6 ESCs compared to
ICMs, and also in EOs compared to ICMs. The KRT18 mRNA was expressed more highly
in ORMES6 ESCs than the other two keratins (Figs. 1 and 6B, Table S2). The overall trend
for keratins was a dramatic reduction going from ICM to EO, and then slight to modest
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rebound in expression with ESC establishment, with all three remaining significantly lower
in established ESCs compared to ICMs. The CDX2 mRNA was reduced in ND ORMES6
ESCs compared to ICM, (Table S2) and tended to be reduced compared to EO as well,
though expression was variable in EOs. Overall, nine genes were upregulated during the
conversion from ICM to established ORMES6 ESC (Figs. 1, 3B, 4B, 5B, Table S2). Other
genes tended to be increased in ORMES6, but this increase was more variable and did not
reach statistical significance (e.g., NANOG, AFP, Figs. 1, 3B, 4B, 7B; Table S2).

2.2. Changes related to early differentiation of ESCs
The key characteristic of ESCs is their self-renewing ability to proliferate for an indefinite
period of time. We hypothesized that as ESCs proceed down a path toward differentiation,
they will express genes that are markers of differentiation and decrease expression of self-
renewal and proliferation markers. We therefore compared cultures ORMES6 cells having
signs of early differentiation with undifferentiated cell cultures. Early differentiation of the
ORMES6 line was associated with reductions in the expression of 11 mRNAs. Five of these
are associated with proliferation and self-renewal (CDH1, CTNNB1, FZD7, SOX17 and
SALL4, Figs. 1 and 4B, Table S2), two were iPS genes (MYC, POU5F1, Fig. 1 and 3B) and
two were lineage markers (LEFTY1 and GSC, Fig. 5B Table S2). The KLF2 and NANOG
mRNA appeared to be decreased in early-differentiated cells, but this was statistically
significant. The higher expression of GSC mRNA in EOs compared to ICMs may reflect
some level of early cellular differentiation associated with the outgrowths. Seven mRNAs
had increased expression in early-differentiated ORMES6 ESCs (LIN28, SOX2, ID1, NES,
GDF, KRT8 and CDX2, Figs 3–7, Table S2).

2.3. Differences between ESCs and TSCs
Stem cells derived from the two earliest embryonic lineages (inner cell mass and
trophoblast) would be expected to display unique characteristics, whilst sharing in common
at least those genes associated with proliferation and self renewal. Two iPS and four
mRNAs associated with pluripotency, self-renewal and growth (LIN28, POU5F1, CTNNB1,
FZD7, SALL4 and SOX17) were diminished in expression in TSCs compared to ORMES6
ESCs (Figs. 3B, 4B, Table S2). Two lineage markers (LEFTY, GRB2) were downregulated
in TSC compared to ICMs (Fig. 5B, Table S2). The trophoblast marker CDX2 was
upregulated in TSCs compared to ND ESCs, whilst EOMES was downregulated (Fig. 7B,
Table S2).

2.4. Developmental profile of pluripotent inducing genes-relationship between iPS genes
and ontogeny

The ability to convert somatic cells to an induced pluripotency stem state using a small
number of transfected gene constructs (Takahashi and Yamanaka, 2006; Yu et al., 2007)
raises important questions about the potential roles of these genes during normal
development. Some of these genes (e.g., NANOG, POU5F1, Figs. 1 and 3B) are well known
to control establishment of early pluripotent lineages (Mitsui et al., 2003), while others (e.g.,
KLF4, SOX2, MYC, LIN28) are not established in such roles, but instead may be exerting
fortuitous effects in this new cellular context. To evaluate possible roles during normal
development, we examined the expression of seven “iPS genes” within the ontogenetic
series from oocyte to embryo, and then stem cells (Fig. 3, Table S2).

The LIN28 mRNA was not detected in oocytes and embryos (Fig. 3A). The NANOG mRNA
expression appeared more abundant than POU5F1 mRNA expression, and the two genes
had similar expression patterns throughout development. The KLF2 mRNA was expressed
predominantly as a maternal mRNA, which decreased significantly in abundance after
maturation (P < 0.05), followed by low expression through the blastocyst stage (Fig. 3A).
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The KLF4 mRNA was transiently elevated at the morula and early blastocyst stages. The
MYC and SOX2 mRNAs were both expressed at low levels throughout preimplantation
development, though the SOX2 mRNA was transiently elevated at the morula stage. The
expression of all of these iPS mRNAs was rather low in hatched blastocysts (Figs. 1 and
3A). Thus, only POU5F1 and NANOG displayed long-term patterns of expression in the
early embryo, while the SOX2 and KLF4 displayed transient increases, and the other genes
displayed only low or undetected expression (Fig. 3A).

In our stem cell samples, six out of seven iPS mRNAs analyzed were detected; the KLF4
mRNA was not detected (Figs. 1 and 3B). The NANOG and POU5F1 mRNAs appeared
most abundant with strongest hybridization signals, whereas the KLF2, MYC and SOX2
mRNAs (in ascending order) displayed weaker expression. As expected, hybridization
signals for these genes were generally weak in the feeder cell samples (Figs. 1 and 3B).

The trophectoderm and inner cell mass comprise two divergent lineages in the early embryo,
each with their own stem cells. The early outgrowth is an initial step during stem cell
culture, and ICMs are precursors of ESCs. As potential stem cell markers, we expected that
iPS gene expression would be highest in undifferentiated cells. We also hypothesized that
iPS gene expression would show lower expression in the committed TS cells than in
pluripotent cells. We compared the mRNA expression patterns of iPS genes in ICMs and
early outgrowth ICMs (EO, Figs. 1 and 2). Of six mRNAs detected in stem cell cultures,
only POU5F1 mRNA had a higher hybridization signal in ICMs when compared to the early
outgrowth (P < 0.01). The LIN28, MYC, KLF2, NANOG, and SOX2 mRNAs were not
statistically different (Table S2; Fig. 3B). Progression from EO cells to established ESC (ND
ORMES6), The MYC, POU5F1, and LIN28 mRNAs increased significantly in expression;
the apparent increase in KLF2 and NANOG mRNA expression did not rise to significance.
During the overall transition from ICM to established ESC (ND ORMES6) most of the iPS
genes with exception of SOX2 mRNA had higher expression in ND ESCs than ICMs.
During the transition from ND to ED ESCs, the LIN28 and SOX2 mRNAs were elevated in
ED ESCs, and the MYC and POU5F1 mRNAS were reduced (Fig. 3B; Table S2). Overall,
these data for the stem cell sample set indicate that most of the iPS gene mRNAs are
expressed poorly in the ICM and undifferentiated ES cells, as they were in the early embryo.
However, NANOG, POU5F1, KLF2, MYC, and LIN28 appear to be upregulated as ESC
lines are established in culture in comparison to the ICM and EOs (Figs. 1 and 3; Tables 2
and S2).

3. Discussion
By examining the ontogenetic changes in stemness and pluripotency genes during
embryogenesis and the transitions from ICM to early outgrowth, an established ESC line
and early differentiating ESCs, we have gained insight into how these genes relate to these
developmental transitions in the rhesus monkey. First it is clear that some of these genes are
not highly expressed in all totipotent or pluripotent cell types, contrary to their previous
assignment as “stemness” or “pluripotency” genes. Some are predominantly maternal
mRNAs present in oocytes and embryos before transcriptional activation but diminish
before the blastocyst stage. Others are well expressed in morulae or early blastocysts but are
poorly expressed in later blastocysts or ICMs. We failed to detect LIN28 mRNA in rhesus
monkey oocytes and embryos. A study by Assou et al. (Assou et al., 2009) reported LIN28
mRNA expression in human oocytes and ESCs. Additionally, Lin28 mRNA was reported on
a mouse array for oocytes (Zeng et al., 2004), and it can be detected on rhesus monkey MII
oocyte arrays at a comparatively low level (Lee et al., 2008). These results indicate that,
although these genes are increasingly expressed and may maintain pluripotency or stemness
at later stages or in cultured cell lines, their expression in the oocyte and early embryo may
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be limited and they may not be required for early totipotency. Thus, their role as stemness
genes in these stages requires further testing.

Second, we find that over a third of the mRNAs detected were downregulated during the
initial transition to culture from ICM to early outgrowth. Many of the genes examined are
upregulated as ESC lines are established. A frequent pattern observed was elevated
expression in the ICM, downregulation in early outgrowths, and then elevated expression
once again as ESCs are established (e.g., POU5F1, CDH1, SOX17, EOMES, FZD7,
ASCL2). This pattern of expression may reflect either an adaptive response to the culture
environment or an initial loss of pluripotency by some of the cells as outgrowths, followed
by ongoing selection for a sub-population of cells that have entered a highly proliferative
state. The increased expression of GSC mRNA in EOs is consistent with some portion of
cellular differentiation during this initial culture period. Our results coincide with those of
Reijo Pera et al (Reijo Pera et al., 2009) in human ESC, which compared global gene
expression between individual ICM clusters and human embryonic stem cells and found that
these two cell types are significantly different in regards to gene expression, with fewer than
one half of all genes expressed in both cell types.

As expected, early differentiation in ESCs was marked by downregulation of mRNAs
associated with cell proliferation and self-renewal, including CDH1, CTNNB1, FZD7,
SALL4 and SOX17. This was accompanied by upregulation of some mRNAs encoding
lineage or differentiation markers, including CDX2, KRT8.

The divergence of ESC and TSC lineages was marked by downregulation in TSC of
mRNAs more characteristic of somatic lineages (GRB2, LEFTY1, LIN28, POU5F1), and a
divergence in keratin expression, with KRT7 and KRT8 expressed more highly in TSCs.
Similarly, the SOX2 mRNA, which is expressed in a variety of specific progenitor cells and
tumors (Gangemi et al., 2009; Graham et al., 2003; Phi et al., 2008; Taranova et al., 2006)
was expressed highly in TSCs, again correlating with a more restricted cell fate. These
results thus confirm that some genes associated with pluripotent stem cells (e.g., LIN28,
SOX2) correlate more with proliferative state than with pluripotency.

Some of the genes employed to induce pluripotent stem cells from somatic cells (iPS genes)
appear unlikely to play a role as stemness or pluripotency genes in normal embryos. For
example, the LIN28 mRNA was not detected in oocytes or embryos by this method (a
comparatively low, positive signal was obtained on microarrays; (VandeVoort et al., 2009;
Zheng et al., 2009), the KLF4 mRNA was expressed transiently at the morula stage and not
detected in stem cell samples, the KLF2 mRNA was expressed predominantly as a maternal
mRNA, and the MYC mRNA expression was very low in oocytes and embryos but
upregulated in established ESC lines. POU5F1, NANOG, and to a lesser degree SOX2
mRNAs displayed the most consistent expression across developmental stages, however the
SOX2 mRNA was upregulated in TSCs as compared to pluripotent ESCs. Thus, these
mRNAs do not follow a simple expression pattern of consistent high expression in totipotent
or pluripotent cells. Their expression even in stem cells is clearly developmentally regulated,
and their requirement for establishing or maintaining pluripotency may be stage- and cell
type-dependent. We propose that when introduced into differentiated cells to create iPS
cells, some of these genes may act to induce pluripotency through mechanisms that are
outside of their normal functions and outside of normal ontogenetic processes, by activating
downstream target genes that promote cell proliferation. The forced re-entry into the cell
cycle may provide an opportunity for genes like NANOG and POU5F1 to reactivate other
genes leading finally to a pluripotent state.
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The expression of mRNAs that regulate pluripotency and self-renewal (POU5F1, NANOG,
SOX2 and CDX2) has not been described for nonhuman primate oocytes and early cleavage
stage embryos. The expression of POU5F1 mRNA has been reported in oocytes and
preimplantation embryos in several species, including rabbit, (Kobolak et al., 2009) mouse
(Monti and Redi, 2009) and human (Monk et al., 2008). Interestingly, the pattern of
POU5F1 expression found in human oocytes and embryos (Monk et al., 2008) is similar to
our results in the rhesus monkey. Patterns of increasing gene expression as human
preimplantation embryos developing in vitro for NANOG, CDX2 and SOX2 (Kimber et al.,
2008) were also similar to those found in this study; however, earlier expression was
sometimes noted for the rhesus monkey. The interactions among these factors, especially
during the transition from maternal to embryonic gene expression is not well understood and
may be critical for later processes that guide cell fate decisions morulae and blastocysts.

The relative quantities of the mRNA for these critical transcription factors are described here
for the first time throughout primate embryo development, stem cell maintenance and early
ESC differentiation. Stem cell pluripotency and initiation of differentiation are regulated by
the relative levels of many interacting transcription factors (Cauffman et al., 2005; Loh et
al., 2006; Pan et al., 2006). POU5F1 (a.k.a. OCT4) has been reported in human oocytes and
embryos (Cauffman et al., 2005) and the later stages of rhesus embryo development (Harvey
et al., 2009). However, only demonstrating the presence of a protein through
immunostaining does not provide information on the subtle changes that appear to control
the determination of which lineage, ICM or TE, that is selected during early embryo
development. Although it has been speculated that NANOG expression precedes POU5F1 in
the inner cell mass of rhesus embryos (Harvey et al., 2009), our data clearly show
expression of these two genes throughout oocyte maturation and early embryo development
and that NANOG is expressed at a much higher level that POU5F1; similarly, SOX2 and
CDX2 are expressed throughout this time period. CDX2 interactions with POU5F1 appear
essential for trophectoderm differentiation in mouse embryos (Niwa et al., 2005). CDX2 is
observed in rhesus blastocysts (Douglas et al., 2009), but our study is the first to quantify the
mRNA level of CDX2 in morulae and later blastocysts, embryonic stages in which
differentiation is occurring, as well as during early differentiation of ESCs. Our data support
the hypothesis that CDX2 is involved in differentiation in primate as well as murine early
embyo development. The relative levels of POU5F1 and CDX2 may be critical in
controlling early ESC differentiation and the size of the ICM, a factor that is associated with
improved implantation rates and embryo survival in human infertility clinics.

Trophoblasts are a group of ectodermal epithelial tissues, so the expression of KRT7, 8 and
18 in the TSC is not surprising. Trophoblast cells express keratins, and differences in keratin
expression patterns are seen for different types of trophoblasts (Muhlhauser et al., 1995).
Increases in keratins KRT7, 8 and 18 were associated with the extravillous trophoblast
compared to the villous trophoblast (Ahenkorah et al., 2009). Because most studies on
human and macaque trohpoblast cells are performed on cells isolated from term placentae
(Douglas and King, 1989, 1990) it is difficult to determine the relative significance of the
expression of these particular keratins in TSC that are derived directly from the
trophectoderm of blastocysts. It is possible that TSC express KRT7, 8 and 18 until
differentiation into specific types of trophoblasts, some of which may require
downregulation.

The expression in TSC of the trophoblast markers CDX2 and EOMES IS in agreement with
the previous study on these cells and also confirm the finding that POU5F1 (OCT4) is
expressed at very low levels (Vandevoort et al., 2007b). The expression of POU5F1, SOX2
and NANOG are associated with pluripotency and self-renewal (Table S2). High expression
levels of SOX2 and NANOG in TSC have not been reported, but are exhibited in this study at
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levels similar to all undifferentiated ESC cell lines; this seems to indicate that these genes
are also important in maintaining the stemness of TSC.

Summary
Comparative data between oocyte, blastocysts, ICM, ESC and TSC demonstrate how
pluripotency genes are expressed during development. Some of these genes are not highly
expressed in all totipotent or pluripotent cell types, some are predominantly maternal
mRNAs present in oocytes and embryos before transcriptional activation but decline in
expression before the blastocyst stage, and others are well expressed in morulae or early
blastocysts but are poorly expressed in later blastocysts or ICMs. Also, some of the genes
employed to induce pluripotent stem cells from somatic cells (iPS genes) may have limited
roles as stemness or pluripotency genes in normal embryos. Further studies to understand
the regulation and functions of these genes in normal embryos should enhance our
understanding of how stemness and pluripotency are established normally, and may reveal
genes that allow more efficient conversion to stemness in cultured somatic cells.

4. Experimental procedures
4.1. Oocytes and embryos

The studies undertaken here employed the Primate Embryo Gene Expression Resource
(PREGER) (www.preger.org) (Mtango and Latham, 2008; Zheng et al., 2004b). The
resource contains a collection of reverse transcribed and polymerase chain reaction (RT-
PCR)-amplified cDNA libraries corresponding to more than 170 samples of rhesus monkey
oocytes and preimplantation stage embryos. The isolation and culture of the oocytes and
embryos during the construction of the PREGER sample set has been described in detail
(Zheng et al., 2004b). Oocytes contained in the PREGER sample set were obtained from
monkeys treated with follicle stimulating hormone (FSH) only, or FSH followed by human
chorionic gonadaotropin (hCG), and matured either in vitro or in vivo, respectively.
Embryos were obtained from these three categories of oocytes, and also by natural
conception (morula/blastocysts) as described (Zheng et al., 2004b). Between 3 and 13
samples of one to four oocytes or embryos were obtained for each stage. The embryos
included in the PREGER sample set were all high quality and healthy in appearance.
Samples of eight-cell and morula-stage embryos treated with the RNA polymerase II
inhibitor α-amanitin from the pronucleate stage onward in HECM9 culture medium were
included to evaluate transcriptional dependence of mRNA expression. Details concerning
the array, diversity, and origin of samples, and the sensitivity and quantitative reliability of
the quantitative amplification and dot blotting method have been described (Latham, 2006;
Zheng et al., 2004a) and in other references available at our web site (www.preger.org). All
procedures employed to obtain oocytes and embryos were conducted according to NIH
guidelines and approved by an institutional review committee.

4.2. Rhesus trophoblast and embryonic stem cells (ESCs)
Trophoblast stem cells were derived from in vitro produced rhesus embryos as previously
described (VandeVoort et al., 2007a; Vandevoort et al., 2007b). Briefly, oocytes were
obtained by ultrasound guided follicular aspiration from rhesus monkeys that had received
exogenous gonadotropins for ovarian hyperstimulation (VandeVoort and Tarantal, 2001).
Oocytes were fertilized and resulting embryos were cultured in vitro to the expanded or
“hatched” blastocyst stage of development (VandeVoort et al., 2003). Blastocysts with
remaining zonae were treated with 0.5% Pronase or acid Tyrode’s for removal. Blastocysts
were placed on mitomycin C (Sigma-Aldrich, St. Louis, MO) treated rhesus embryonic
fibroblast feeder layers and cultured in DMEM/F12 (Invitrogen, Carlsbad, CA) at 37°C in
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5%CO2/5%O2 and fresh medium was provided 3 times weekly during trophoblast
outgrowth and for maintenance of trophoblast stem cell line cultures.

The rhesus monkey (Macaca mulatta) ESCs Oregon Rhesus Macaque Embryonic Stem
(ORMES6) line (Oregon National Primate Research Center, Beaverton, OR) were cultured
in a Dulbecco modified Eagle medium (DMEM/F12, Cat No. 11320-033; Invitrogen)
supplemented with 15% fetal bovine serum (Hyclone, Logan, UT), 1% minimum essential
medium (MEM) non-essential amino acids (Sigma), 1mM L-glutamine, 0.1mM 2-
Mercaptoethanol (Sigma), and 1% Penicillin/Streptomycin (Invitrogen) in 60mm cell culture
dishes (Mitalipov et al., 2006). The ORMES6 cell lines were cultured on mitotically
inactivated mouse embryonic fibroblast (MEF) feeder cells and incubated at 37°C in 5%CO2
and 5%O2 (Mitalipov et al., 2006). Media changes were performed daily, and ORMES6
ESCs were passaged every 3–4 days. ORMES6 cell lines are sampled weekly for stem cell
marker staining to confirm that differentiation has not occurred. At the time of passage, an
additional number of colony pieces are cut and lifted from the plate at the same time as those
needed for passage. 2 – 3 colony pieces are transferred to each well of an 8-well slide that
already contains mitotically inactivated mouse feeder cells. The stem cells are allowed to
grow for 3 days with daily medium changes and then are fixed for 15 minutes with 4%
Paraformaldehyde. The fixed slides are stored in DPBS at 4°C until staining. The slides are
stained with the following antibodies: Oct3/4, SSEA-4 and SSEA1 (Santa Cruz
Biotechnology, sc-5279, sc-21704 and sc-21702) and TRA-1-60 and TRA-1-81 (Millipore,
MAB4630 and MAB4381). The secondary antibodies used for staining were Cy3-
conjugated goat-anti-mouse IgG and IgM (Jackson Immunoresearch, 115-165-146 and
115-165-075).

To maintain ongoing, undifferentiated cultures of ORMES6, the ESCs colonies must be
carefully observed and only those colonies that continue to show typical ESCs cell
morphology are manually selected and passaged. Typical primate ESCs morphology
includes cells with prominent nucleoli and a high nucleus to cytoplasm ratio as previously
described (Thomson et al., 1995). The loss of this morphology in the cells around the edge
of a colony also coincides with the positive staining for SSEA1, an indicator of
differentiation. Therefore, the early differentiation (ED) ESCs were obtained by using
colonies with perimeter cells that had begun to exhibit a loss of the typical ESC morphology
within the past 2 days.

4.3. PREGER oocyte and embryo sample set
The PREGER sample collection was created using a well-established method for reverse
transcription (RT) and exponential cDNA amplification that maintains the quantitative
representation of the original mRNA population (Brady and Iscove, 1993; Iscove et al.,
2002). The cells are lysed in a modified RT buffer, followed by oligo dt annealing and
processing through the RT step. This approach avoids RNA loss normally associated with
RNA purification. After amplification, aliquots of each sample library are spotted onto
filters by dot blotting as described (Quantitative Amplification and Dot Blotting, QADB). It
should be noted that, because the entire mRNA population is uniformly amplified during the
RT-PCR procedure, the amount of input mRNA within the range of one to four embryos
does not affect the quantitative representation of sequences within the amplified cDNA
population. Once the dot blots are prepared, they are hybridized to mRNA-specific probes
and the hybridization results analyzed.

All procedures involving animals were performed in accordance with the National Institutes
of Health (NIH) Guide for the Care and Use Laboratory Animals and under the approval of
the University of California, Davis, Animal Care and Use Committee. Rhesus monkey
(Macaca mulatta) embryos were obtained by in vitro fertilization protocols that have been
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described in detail (VandeVoort and Tarantal, 2001). Embryos were cultured for 5–7 days to
either the expanded or the “hatched” blastocyst stage of development (VandeVoort et al.,
2003).

4.4. Complementary DNA probes and hybridization
Complementary DNA probes were obtained by PCR which was performed in 100µl
reactions containing 4µl of plasmid DNA product (cDNA clones obtained from Open
Biosystems Huntsville, AL), 10 × PCR Buffer containing 15mM MgCl2 (Roche,
Indianapolis, IN); 10mM dNTPs (Roche Diagnostics); 10 µM for each of the forward and
reverse primers (Table S1); and 5 U/µl TaqDNA polymerase (Roche Diagnostics).
Reactions were run on a Techne PCR machine (Burlington, NJ) at 94° for 5 min to denature;
followed by 35 cycles of 94°C for 1 min; annealing at 55–60°C, for 1 min; 72°C for 2 min;
final extension 5 min at 72°C and hold samples at 4°C. PCR products were resolved on 1%
agarose gels (Denville Scientific, Metuchen, NJ) at 100 Volts for 1 h. Excised PCR product
was purified using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA) according
to the manufacturer’s protocol. Purified PCR products were then used for probe labeling.
Data were expressed as the mean (± standard error of the mean, SEM) cpm bound value for
each stage/condition of oocytes and embryos included in the analysis. Significance of
differences was evaluated using the t-test (P < 0.05 considered significant).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic summary of different groups of genes analyzed.
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Figure 2.
Summary of ontogenic comparison during transition from embryos to stem cell. The figure
shows comparison in transition between A. Inner cell mass (ICMs) and early outgrowth
(EO); B. Early outgrowth and undifferentiated ORMES6; C. undifferentiated ORMES6 and
early differentiated ORMES6; D. ICMS and trophoblast stem cells (TSC); E.
undifferentiated ORMES6 and TSC.
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Figure 3.
Temporal expression patterns of genes involved in inducing pluripotency in rhesus monkey
oocytes, embryos and different stem cell lines.
A. Monkey graph show the relative levels of expression for GV and MII stage oocytes and
pronucleate through hatched blastocyst-stage embryos produced by in vitro fertilization of
oocytes from human chorionic gonadotropin (hCG)-stimulated females and then cultured in
vitro in HECM9. GV, germinal vesicle stage oocyte; MII, metaphase II stage oocyte; PN,
pronucleate 1-cell stage embryo; 2C, 2-cell stage embryo; 8C, 8-cell stage embryo; 8–16C
aAm, 8- to 16-cell stage cultured in α-amanitin; EB, early blastocyst; XB, expanded
blastocyst; HB, hatched blastocyst. Statistically significant differences in gene expression
corresponding to some of the major increases or decreases in expression are denoted by the
brackets for comparisons between stages at the ends of the brackets. Letters a–d indicate P
<0.05, 0.01, 0.001 and 0.0001, respectively. N/D indicates not detected. Expression data for
the mRNAs encoding the indicated proteins are expressed as the mean cpm bound and the
SE is indicated..
B. Expression patterns of stem cell transition. ICM, Inner Cell Mass; EO, early outgrowth;
ND, non differentiated ORMES 6 (Oregon Rhesus Macaque Embryonic Stem); ED, Early
differentiation; Feeder cells from mouse fibroblast. Data are presented as the mean cpm
bound and the SE is indicated. Statistically significant differences in gene expression
corresponding to some of the major increases or decreases in expression are denoted by the
brackets for comparisons between stages at the ends of the brackets. Letters a–d indicate P
<0.05, 0.01, 0.001 and 0.0001, respectively. N/D indicates not detected. The lines drawn
between graphs shows how the mRNA levels were reduced or increased between embryos
and the transition to stem cells.

Mtango et al. Page 17

Gene Expr Patterns. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Temporal expression patterns of mRNAs encoding genes involved in maintaining
pluripotency, self-renewal, growth regulation in rhesus monkey oocytes, embryos and a
transition to stem cells. Data are presented as in Fig. 3.
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Figure 5.
Temporal expression patterns of mRNAs encoding ecto-, meso- and endoderm markers in
rhesus monkey oocytes, embryos and a transition to stem cells. Data are presented as in Fig.
3.
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Figure 6.
Temporal expression patterns of mRNAs involved in early differentiation markers in rhesus
monkey oocytes, embryos and a transition to stem cells. Data are presented as in Fig. 3.
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Figure 7.
Temporal expression patterns of trophoblast markers mRNAs in rhesus monkey oocytes,
embryos and a transition to stem cells. Data are presented as in Fig. 3.
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Table 1

Genes analyzed and their functions.

CATEGORY GENE FUNCTION AND REFERENCE

iPS genes KLF2 Transcriptional activator or repressor depending on the promoter context and/or
cooperation with other transcription factors. Involved in the differentiation of
epithelial cells. iPS inducing factor (Ghaleb et al., 2005; Park et al., 2008; Takahashi
et al., 2006; Takahashi and Yamanaka, 2006; Yoon et al., 2005).

KLF4

LIN28 Acts as a 'translational enhancer', driving specific mRNAs to polysomes and thus
increasing the efficiency of protein synthesis. Its association with the translational
machinery and target mRNAs results in an increased number of initiation events per
molecule of mRNA and, indirectly, in stabilizing the mRNAs. iPS inducing factor.
(Takahashi and Yamanaka, 2006; Viswanathan et al., 2008; Viswanathan et al., 2009;
West et al., 2009; Wu and Belasco, 2005; Yu and Thomson, 2008; Yu et al., 2007)

MYC Encodes a DNA-binding factor that can activate and repress transcription. It regulates
expression of numerous target genes that control key cellular functions, including cell
growth and cell cycle progression. Involved in the induction of iPS cells.

NANOG Transcription regulator involved in inner cell mass and embryonic stem (ES) cells
proliferation and self-renewal. Imposes pluripotency on ES cells and prevents their
differentiation towards extraembryonic endoderm and trophectoderm lineages. iPS
inducing factor (Mitsui et al., 2003; Takahashi et al., 2006; Takahashi and Yamanaka,
2006; Wernig et al., 2007).

POU5F1 Critical for early embryogenesis and for embryonic stem cell pluripotency. iPS
inducing factor.(Niwa, 2000; Stadtfeld et al., 2008; Takahashi et al., 2006; Takahashi
and Yamanaka, 2006)

SOX2 Involved in the regulation of embryonic development and in the determination of cell
fate. Critical for early embryogenesis and for embryonic stem cell pluripotency
(Mitsui et al., 2003; Takahashi et al., 2006; Takahashi and Yamanaka, 2006).

Pluripotency maintenance,
growth regulatorsand self-
renewal

DPPA4
Play a role in maintaining cell pluripotentiality (Bortvin et al., 2003; Chakravarthy et
al., 2008; Madan et al., 2009).

ID1 May play a role in cell growth, senescence; Negatively regulates cell differentiation.
(Caldon et al., 2008) Alani et al., 2001)

ID2

SALL4 Transcription factor that plays a diverse role in regulating stem cell pluripotency
during early embryonic development through integration of transcriptional and
epigenetic controls. Sakaki-Yumoto et al., 2006; Tsubooka et al., 2009, Lu et al.,
2009; Yang et al., 2008; Lim et al., 2008

SOX17 Critical for early embryogenesis and for embryonic stem cell pluripotency (Qu et al.,
2008; Wei et al., 2008; Séguin et al., 2008

CTNNB1 Involved in the regulation of cell adhesion and in signal transduction through the Wnt
pathway (Cajánek et al., 2009; Hierholzer and Kemler 2009)

FBXO15 Regulate the abundance of proteins that promote and inhibit cell cycle progression at
the transition between G1 and S phases. Indespensable for ES cell self-renewal,
development, and fertility. (Okita et al., 2007; Tokuzawa et al., 2003).

CDH1 Involved in the compartmentalization, proliferation, survival, and differentiation of
cells. Regulates stem cells self-renewal.

FDZ7

Receptor for Wnt proteins. They are coupled to the beta-catenin canonical signaling
pathway. May be involved in transduction and intercellular transmission of polarity
information during tissue morphogenesis and/or in differentiated tissues

GATA2 Promotes proliferation at the expense of differentiation (Stainier, 2002).

GDF3 Regulators of cell growth and differentiation in both embryonic and adult tissues.

KIT Receptor for stem cell factor (mast cell growth factor).

LIF Is a pleiotropic cytokine with roles in several different system. It is used in mouse ES
to maintain the stem cells in an undifferentiated state. It is not required in hES and
rat. (Brenin et al., 1997; Buehr et al., 2003; Daheron et al., 2004; Iannaccone et al.,
1994).
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CATEGORY GENE FUNCTION AND REFERENCE

ZFP42/REX1 Involved in self-renewal property of ES cells (Masui et al., 2008; Sharov et al., 2008;
Zhang et al., 2006).

Ectoderm marker LIMK1 Protein kinase, which regulates actin filament dynamics. May be involved in brain
development.

NES Play a role in the trafficking and distribution of intermediate filament proteins and
potentially other cellular factors to daughter cells during progenitor cell division It is
expressed predominantly in stem cells of the central nervous system in the neural
tube (Kleeberger et al., 2007; Zulewski et al., 2001).

BMP4 Induces cartilage and bone formation. Also act in mesoderm induction, tooth
development, limb formation and fracture repair. It induces the differentiation of
human ES cells to trophoblast. In mouse, it maintains self-renewal with leukemia
inhibitory factor (LIF). In Monkey induces differentiation into the primitive
endoderm lineage (Schulz et al., 2008; Xu et al., 2002).

Mesoderm marker GSC Play a role in spatial programming within discrete embryonic fields or lineage
compartments during organogenesis (Steinbeisser et al., 1995; Tada et al., 2005).

NODAL Essential for mesoderm formation and axial patterning during embryonic
development (Pfendler et al., 2005).

T(BRACHYURY Involved in the transcriptional regulation of genes required for mesoderm formation
and differentiation (Vidricaire et al., 1994).

TCF3 Play major roles in determining tissue-specific cell fate during embryogenesis, like
muscle or early B-cell differentiation (Merrill et al., 2004).

Endoderm marker FOXA1 Transcription activator for a number of liver genes such as AFP, albumin, tyrosine
aminotransferase, PEPCK, etc Review by (Stainier, 2002).

GRB2 Required during embyrogenesis for the differentiation of endodermal cells and
formation of the epiblast (Hamazaki et al., 2006).

HEY2 Required for embryonic cardiovascular development, and are also implicated in
neurogenesis and somitogenesis (Fischer et al., 2004).

LEFTY1 Required for left-right axis determination (Meno et al., 1998).

LEFTY2

PAX6 Required for the differentiation of pancreatic islet alpha cells (Mansouri et al., 1999;
St-Onge et al., 1997).

PDX1 DNA binding protein. Function as regulators of gene transcription. Required for the
differentiation of pancreatic islet alpha cells, development of eye, nose and nervous
system.

ZIC3 Functions as a transcription factor in the earliest stages of the left-right (LR) body
axis formation. Mutation of ZIC3 cause x-link abnormalities. (Gebbia et al., 1997).

Early differentiation marker KRT7 Plays a role in maintaining cellular structural integrity and also functions in signal
transduction and cellular differentiation. Stem cell markers (Cauffman et al., 2009;
Maurer et al., 2008).KRT8

KRT18

Trophoblast markers

AFP

Ensure specific transport and the modulation of the activities of a number of ligands
which are essential for the differentiation of embryonic organs and fetal development.
It is expressed in trophoblastic cells during early pregnancy (Duc-Goiran et al.,
2006).

ASCL2/HASH1

Involved in the determination of the neuronal precursors in the peripheral nervous
system and the central nervous system. Expressed in extravillus trophoblast, which is
paternally imprinted (van Wijk et al., 2001a).

BMP4 See above.

CDX2

Necessary for trophoblastic development, vasculogenesis in the yolk sac mesoderm,
allantoic growth, and chorioallantoic fusion (Niwa et al., 2005; Strumpf et al., 2005;
Tolkunova et al., 2006).

CGB
Stimulates the ovaries to synthesize the steroids that are essential for the maintenance
of pregnancy. Is a trophoblast marker (Bonduelle et al., 1988).
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CATEGORY GENE FUNCTION AND REFERENCE

EOMES Essential during trophoblast development and gastrulation (Russ et al., 2000).

HAND1
Plays an essential role in early trophoblast differentiation; Review by Cross (Cross,
2005) and in cardiac morphogenesis (Thattaliyath et al., 2002).

HLA-G Involved in the presentation of foreign antigens to the immune system. It is expressed
in fetal-derived placental cells (van Wijk et al., 2001b).
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