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Abstract
Very small embryonic-like cells (VSELs), found in murine bone marrow and other adult tissues,
are small, non-hematopoietic cells expressing markers of pluripotent embryonic and primordial
germ cells. A similar cell type in humans has begun to be characterized, though with a slightly
different phenotype and surface markers. Consistent with expression of pluripotency genes,
murine VSELs differentiate into cell types from three germ layer lineages in vitro, though
pluripotency has yet to be shown at the single cell level or in vivo. VSELs appear to be quiescent
under steady state conditions, apparently due to partially erased imprinting and overexpression of
cell cycle inhibitory genes. In vivo, VSELs can enter the cell cycle under stress conditions, but
which factors regulate quiescence versus proliferation and self-renewal versus differentiation are
as yet unknown, and in vitro conditions that induce proliferation and self renewal have yet to be
defined. Future experiments are needed to address whether a VSEL niche actively regulates
quiescence in vivo or quiescence is cell autonomous under steady state conditions. Insights into
these mechanisms may help to address whether or not VSELs could play a role in regenerative
medicine in the future.
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Introduction
Mammalian tissues that undergo constant turnover (such as the blood and epithelia of the
skin, lung, and intestine) are maintained through stem cells, which are characterized by the
ability to self-renew and differentiate. Self-renewal can occur when cells divide
symmetrically to produce two stem cells or asymmetrically, in which case they give rise to
an identical stem cell and a more differentiated, tissue-specific cell type. Adult stem cells are
either uni- or multipotent. Examples of multipotent stem cells include hematopoietic stem
cells (HSCs) residing in the bone marrow, which give rise to all blood cell types (Worton et
al. 1969); mesenchymal stem cells (MSCs), which give rise to bone, cartilage, and adipose
cells (Prockop 1997); neural stem cells in the brain, which give rise to neurons and glia
(Reynolds and Weiss 1992); and broncho-alveolar stem cells in the lung, which give rise to
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alveolar epithelial cells as well as epithelial cells of the bronchus (Kim et al. 2005).
Spermatogonial stem cells are an example of unipotent stem cells.

The view that adult stem cells are restricted to contribute to cell lineages within one
particular tissue type has been challenged by several reports describing stem cells from one
tissue giving rise to cell types of another, a phenomenon termed “plasticity.” Different
subsets of bone marrow cells, for example, have been reported to give rise to lung epithelial
cells, hepatocytes, neurons, and/or skins in vitro or in vivo. An absence of proper controls,
low image quality, lack of evidence to rule out fusion, poor proof of differentiation, and/or
insufficient specificity of molecular markers render many of these studies inconclusive;
however, a few studies do provide definitive evidence of bone marrow derived cells giving
rise to lung epithelial cells (reviewed in Kassmer and Krause 2010). Overall, these findings
could be explained by multiple scenarios, such as by transdifferentiation of a committed cell
type in the bone marrow into an epithelial or neuronal cell type. Recently, our group has
demonstrated that hematopoietic cell types do not transdifferentiate to give rise to lung
epithelial cells, and that all bone marrow derived lung epithelial cells arise from non-
hematopoietic cell types (Kassmer et al. 2012). Instead, this finding could be explained by
the differentiation of mesenchymal stromal cells into epithelial cells, the presence of a rare
population of lung stem cells in the marrow, or by the presence of a primitive, pluripotent
cell type in the adult bone marrow.

Pluripotency, defined as the ability to give rise to cell types from the three primary germ
layer lineages (meso-, ecto-, and endoderm) is an inherent property of embryonic stem cells
(ESCs), which are derived from the inner cell mass of the blastocyst of murine embryos and
can be maintained in vitro (Tremml et al. 2008) as cell lines that retain the ability to generate
all cells of the body, including the germ line. An alternative source for pluripotent stem cells
can be found in the epiblast stage of the embryo. When isolated from a mouse embryo, these
‘epiblast stem cells’ (EpiSCs) share features with human embryonic stem cells, which are
isolated from the epiblast stage of the human embryo (Brons et al. 2007; Tesar et al. 2007).
Murine EpiSC can be manipulated in culture to exhibit a more primitive phenotype, similar
to murine ESC (Bao et al. 2009). Also, primordial germ cells (PGCs), the embryonic
precursor cells that give rise to cells of the germline, express pluripotency markers and can
be isolated and cultured as pluripotent cell lines (Labosky et al. 1994a; Matsui et al. 1992).
Genes that are required for pluripotency and are expressed in pluripotent cells include Oct4
and Nanog. Other genes involved in maintaining pluripotency include cMyc, Lin28, Klf4,
Rex1 and Dppa2.

The concept of adult stem cells with pluripotent characteristics is highly controversial.
Several reports demonstrate expression of pluripotency genes such as Oct4 in adult stem cell
populations (summarized in Lengner et al. 2007), however. It can therefore be hypothesized
that demonstrations of apparent developmental plasticity of lineage-committed adult stem
cell types may be related to the presence of rare, pluripotent cells residing in adult tissues. In
2006, a population of small cells expressing pluripotency genes, including Oct4 and Nanog,
was first identified in the bone marrow of mice (Kucia et al. 2006), and have since been
demonstrated to reside in all adult tissues studied (Zuba-Surma et al. 2008b). In vitro, these
very small embryonic-like cells (VSELs) can give rise to the three germ layer lineages
(Kucia 2006). Yet, self-renewal has not yet been demonstrated for VSELs, thus it is not yet
appropriate to use the term “stem cell” in association with VSELs.

Here, we provide an overview of the known biology of VSELs, including their isolation,
gene expression profile, and evidence for pluripotent differentiation potential, as well as a
critical analysis of published findings. Human VSELs have been less thoroughly
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characterized than murine VSELs, and thus we focus mostly on data obtained for murine
VSELs.

Very small embryonic-like cells: Definition
In murine bone marrow, VSELs are defined as Lineage-negative, Sca-1-positive and CD45-
negative cells of small size (less than 6 micrometers in diameter) (Kucia et al. 2006). VSELs
have a high nuclear-to-cytoplasmic ratio, and high expression of pluripotency core factors.
All of these criteria, described below in detail, need to be fulfilled in order for a cohort to be
termed a “VSEL” population. Therefore, we are not discussing a number of publications that
used the term VSELs in appropriately (Bhartiya et al.; Danova-Alt et al. 2012; Sovalat et al.
2011), namely because the cell populations studied in those publications do not fulfill all of
the above criteria and thus the term VSELs is not appropriate.

Isolation of VSELs by flow cytometric cell sorting
The VSEL population comprises roughly 0.03% of total bone marrow cells, depending on
the mouse strain and the age of the mouse. The isolation strategy has been published in
detail elsewhere (Zuba-Surma and Ratajczak 2010), but we briefly cover it here for clarity.
To obtain a pure population of VSELs by flow cytometry, it is important to make sure that
very small events, including those of cells of less than 3 micrometers in diameter, can be
resolved in the forward and side scatter. Size beads need to be used to create a gate that
includes events between 2–10 micrometers in diameter (Figure 1A and B) when comparing
the VSEL population with hematopoietic stem and progenitor cells, which fall into the larger
range. Only lineage marker (CD45R/B220, Gr-1, CD11b, Ter119, TCRαβ, TCRγδ)-negative
cells that are also positive for Sca-1 are included in a second gate (Figure 1D). It is
important to include the Sca-1-dim cells, as this population contains most of the VSELs. In a
third gate, only cells that are truly negative for CD45 are included, omitting CD45-dim cells
(Figure 1C). Due to the rarity of the target population, slow sorting speeds (less than 18,000
events per second) are also important for obtaining high purity.

Expression of core pluripotency factors
VSELs express very high levels of pluripotent stem cell marker genes, such as Oct4, Nanog,
Rex-1, Dppa3, and the telomerase protein Rif1. RNA expression levels of these genes can be
as much as twofold higher in VSELs than in murine ESCs, and about 200-fold higher than in
Lin− CD45+ Sca-1+ cells (Kucia et al. 2006). (In a later paper, the same group reported that
VSELs express Oct4 and Nanog at 50% and 20% of the level of murine ESCs, indicating
that either populations isolated were not 100% pure or that the expression levels in VSELs
can vary (Shin et al. 2012)). By immunofluorescence, expression of Oct4 and Nanog protein
was confirmed, as well as expression of the embryonic surface molecule SSEA-1 (Kucia et
al. 2006). We have since confirmed expression of Oct4, Nanog, Sox2, Rex1, and Dppa3 at
the mRNA level, and Oct4 and Nanog at the protein level in our laboratory. These findings
suggest that VSELs are pluripotent.

Microscopic characterization and analysis of cell migration in vitro
Transmission electron microscopy confirmed that VSELs contain a high nuclear-to-
cytoplasmic ratio and revealed that their nuclei contain decondensed euchromatin, indicative
of the primitive nature of these cells (Kucia et al. 2006). VSELs express CXCR4, c-met, and
LIF-R. In migration assays, VSELs respond robustly to stromal cell-derived factor-1
(SDF-1), hepatocyte growth factor (HGF), and leukemia inhibitory factor (LIF) (Kucia et al.
2006). In mice, VSELs can be mobilized into peripheral blood in response to granulocyte
colony-stimulating factor (G-CSF) treatment; in a model of toxic liver or skeletal muscle
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damage induced by injection of carbon tetrachloride or cardiotoxin, respectively (Kucia et
al. 2008b); as well as after myocardial infarction (Zuba-Surma et al. 2008a) or after
exposure to intermittent hypoxia (Gharib et al.).

In vitro differentiation and pluripotency
VSELs can undergo multi-lineage differentiation into cells from all three germ layers in
vitro, and thereby fulfill the criteria for pluripotency. Specifically, when GFP-positive
VSELs were co-cultured with non-GFP bone marrow cells in cardiac-, neural- and
pancreatic differentiation media, GFP-positive cells differentiated into the respective
cardiomyocytes, neuronal cells (including glial cells), and pancreatic cells (Kucia et al.
2006). Changes in the expression of mRNA for markers of myocardium, neural cells, and
pancreatic cells were upregulated in the differentiation cultures. GFP-negative controls,
however, were not shown in the paper, leaving the possibility that the GFP signal detected in
cells staining positive for differentiated cell markers (labeled by red fluorescence) is due to
autofluorescence rather than differentiation. Since mRNA expression levels were not
analyzed specifically for GFP+ cells, it remains unknown to what extent VSELs
differentiated into neurons, pancreatic cells, and myotubes in this study.

Presence of VSELs in adult tissues and organs
VSEL populations sorted by flow cytometry frequently contain debris and dead cells. In
contrast, image stream technology allows visual exclusion of dead cells from analysis based
on bright field morphology. In addition, nucleated cells can be identified using DNA dyes
making it possible to specifically analyze only nucleated events, and cells can be fixed and
stained for Oct4. VSELs, identified as Lin− CD45− Sca-1+ Oct4+ cells, have been identified
by image stream technology in several adult murine organs, including brain, heart, skeletal
muscle, pancreas, lungs, testis, kidneys, spleen thymus, and liver, with pancreas and brain
containing the highest percentages of VSELs (Zuba-Surma et al. 2008b). Even though the
cells for these experiments were harvested from organs after whole-body vascular perfusion,
it cannot be excluded that detection of VSELs in adult organs was due to the presence of
mobilized VSELs in the blood. For example, the efficiency of removing blood from the
brain strongly depends on the cardiac perfusion technique and the site of saline injection
(right versus left ventricle). Even after perfusion, most organs still contain residual blood
cells. Therefore, the presence of extravascular VSELs in adult tissues needs to be confirmed
by microscopy of tissue sections stained for Sca-1, Oct4, and CD45; however, this has not
been feasible due to the extremely low frequency and small size of VSELs. Strikingly, these
experiments also showed that VSELs comprise a heterogeneous population. In the spleen,
41% of VSELs stained for nuclear Oct4, while only 11% of VSELs in the brain were Oct4-
positive. Bone marrow-derived VSELs contain 29% Oct4-positive cells. In addition, the size
of VSELs differs between organs. The smallest VSELs are found in the bone marrow
(average size 3.6 micrometers), whereas the largest VSELs are in the liver (8.4
micrometers). It will be important to document variations in expression of functionally
important genes, such as Nanog, between different VSEL sub-populations. Most
importantly, as we will discuss later, VSEL heterogeneity needs to be assessed on a
functional level. The apparent difference in size of VSELs from different organs and the
differences in the percentage of Oct4-positive cells suggests that VSEL-populations from
different organs may differ in their phenotype, possibly because they reside in different
niches. Functional testing (differentiation assays) will be needed to establish whether or not
VSEL populations from different adult organs are functionally similar.

A 2009 study reported that the neonatal retina contains VSELs that express high levels of
Oct4 and Nanog (Liu et al. 2009), consistent with the notion that VSELs are present in
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organs other than the bone marrow. VSELs isolated from neonatal retina expressed Pax6
and Otx2 genes, which are important for establishing the early eye field, at much higher
levels than murine ESCs or VSELs from the bone marrow, and even at higher levels than
retinal cells that are not VSELs. This suggests that the niche might influence differentiation
of VSELs. By immunofluorescence, Oct4-positive cells were found in the retina in the
ganglion cell layer, suggesting that this area may be the niche for VSELs in this organ.
These cells were non-proliferative, consistent with the finding that bone marrow-derived
VSELs are quiescent. The size of Oct4-positive cells in the retina was not assessed,
however, so it is not clear whether all of these cells were VSELs or there is another
population of Oct4-positive cells. Furthermore, not all of the Oct4 staining appeared to be
nuclear, and confocal microscopy was not used, making definitive analysis of these findings
difficult.

Another study reported the presence of small, Sca-1+ CD45− cells of round morphology in
the adult murine kidney. These cells lacked markers of hematopoietic cells, and were
distinct from MSCs or epithelial cells (Dekel et al. 2006). Amongst these cells, Sca-1-dim
cells were smaller and nonadherent, whereas Sca-1-bright cells were larger, adhered to
plastic, and proliferated in serum-containing media. In our hands, VSELs are contained
within the Sca-1-dim fraction of bone marrow cells, suggesting that the Sca-1-dim cells in
this study represent VSELs that reside in the kidney. Expression of pluripotency marker
genes and differentiation assays would need to be performed to be certain that Sca-1-dim
cells from the kidney are truly VSELs.

Ratajczak et al. proposed the hypothesis that VSELs seed organs and tissues during early
development, and that this explains their presence in adult organs (Ratajczak et al. 2007).
Future experiments need to clarify if this process is truly occurring and, if so, whether those
VSELs become resident in the tissue after seeding or they can actively migrate throughout
the body in the adult. The fact that VSELs can mobilize into peripheral blood as well as their
migratory phenotype in vitro together suggest that VSELs are highly motile cells that travel
throughout the body at all times. This issue needs thorough experimental evaluation.

Global gene expression analysis: Comparison to ESCs
Global gene expression was analyzed in VSELs and compared to ESCs and HSCs (Shin et
al. 2012). cDNA libraries were produced from 20 freshly isolated VSELs, 20 hematopoietic
progenitor cells, and 20 murine ESCs and expression assessed using microarrays. Global
gene expression analysis was performed, and the VSEL transcriptome clustered tightly with
that of ESCs, but was distant from HSCs. Consistent with their quiescent status, VSELs
expressed low levels of genes involved in protein turnover and growth factor or mitogen
signaling, while expressing high levels of cell-cycle checkpoint genes. Of note, VSELs from
only one sort were assessed using the microarray after prescreening 3 VSEL sorts for the
batch with the best enrichment for Oct4 and Stella expression. This suggests that not all
VSEL sorts give precisely the same enrichment for ESC-like cells.

VSELs also express genes characteristic of EpiSCs, such as Gbx2, Fgf5, and Nodal, at much
higher levels than murine ESCs. In contrast, a gene specific for the inner cell mass (Rex-1)
is expressed at lower levels in VSELs, suggesting a relationship between VSELs and
epiblast-derived cells (Shin et al. 2010b).

Expression of PGC-specific genes, hypothesis of developmental origin
Early in embryonic development, PGCs become specified in the proximal epiblast and
migrate into extra-embryonic tissues, where instructive signals regulate their differentiation.

Kassmer and Krause Page 5

Mol Reprod Dev. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Subsequently, they re-enter the embryo and migrate to the genital ridges, where they
ultimately give rise to gametes.

Pluripotency core factors, such as Oct4, Nanog, and Sox-2, are decreased during
differentiation of somatic cells, but continue to be expressed in PGCs. The specification of
PGCs is tightly regulated by expression of genes such as Vasa, Blimp1, Stella, Prdm14,
Nanos3, and Fragilis (Saga 2008). Based on quantitative PCR, all of these genes are more
highly expressed in VSELs than murine ESCs, suggesting a close relationship of VSELs to
PGCs. VSELs also express high levels of Dppa2, Dppa4, and Vasa, which are characteristic
of late migratory PGC. As PGCs were not used as a positive control for direct comparison in
this study, it is not clear how the expression level of germline-specific genes in VSELs
compares to expression levels in PGCs. Nevertheless, these data support the hypothesis that
VSELs are developmentally related to PGCs, and possibly are derived from the same cell
population during development. Instead of migrating to the genital ridges as do PGCs,
however, VSELs become distributed in adult tissues. Related to this hypothesis, fetal
porcine skin has been reported to contain PGC-like cells that are similar to murine VSELs
(Linher et al. 2009).

Imprinting and quiescence
Genomic imprinting at specific loci leads to the differential gene expression that is
dependent upon the parent of origin, resulting in monoallelic expression. Amongst the
imprinted genes, there are growth-promoting and growth-inhibitory genes, the proper
balance of which is key for normal cell growth, proliferation, and development. In contrast
to the genomic imprints that are maintained in somatic cells throughout the body, VSELs
exhibit modified methylation of imprinted genes, leading to low expression of growth-
promoting imprinted genes and high expression of growth-inhibitory genes (Shin et al.
2009). Specifically, VSELs show erased methylation of the H19 and Rasgrf1 loci, whereas
Kcnq1 and IGF2R are hypermethylated. As a result, VSELs express low levels of the
growth-promoting genes IGF2 and Rasgrf1, while upregulating the growth-inhibitory genes
H19, p57KIP, and IGF2R. The ratio of expression of H19-to-IGF2, which is 400 in VSELs
and 1 in ESCs, may be responsible for the low VSEL proliferation in vitro, and may be a
mechanism to prevent VSELs from uncontrolled proliferation, thus underlying their
quiescent state in adult tissues (Shin et al. 2010a; Shin et al. 2009). A direct functional
relationship between the imprinting status and quiescence in VSELs has not been proven,
however. Of note, induced pluripotent stem cells (iPSCs) as well as embryonic germ cells
(EGCs) erase parent-of-origin-specific imprinting of H19, Kcnq1, CDKn1c, and IGF2 over
time in culture, while remaining pluripotent and self-renewing (Sun et al.; Surani et al.
2008). In fact, no correlation between imprinting of the IGF2R gene and germline
competence was found for EGCs (Labosky et al. 1994b). This suggests that erased
imprinting is compatible with proliferation and pluripotency, as long as the correct ratio of
growth-promoting and growth-inhibitory genes is maintained. In VSELs, quiescence is
likely to be caused by high expression of the cell cycle inhibitor p57KIP, as well as high
expression of the transcription factor E2F2 (Shin et al. 2012), which represses cell cycle
genes to establish the G0 state. Knockdown experiments would help to address whether or
not the high expression of p57KIP is functionally related to VSEL quiescence. For instance,
TGF-beta can induce expression of p57KIP in HSCs, inducing cell cycle arrest, while
knockdown of p57KIP blocks this cytostatic effect on hematopoietic cells (Scandura et al.
2004). VSELs express high levels of TGF-beta (Shin et al. 2012), suggesting a possible link
to their high expression of p57KIP and quiescence.

Despite their propensity to exist in quiescence, VSELs can proliferate in vivo. VSEL
numbers increase in vivo in murine bone marrow upon treatment with 5-FU (Taichman et al.
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2010). In another study, 12% of VSELs were reported to incorporate BrdU and their
numbers increased after total body irradiation with 1000 – 1500 cGy in mice (Ratajczak et
al. 2011b). Together, these experiments suggest that in vivo, certain extracellular signals can
induce cell cycle entry in VSELs, a process that probably occurs primarily under stress
conditions.

We have no been able to obtain VSEL proliferation in culture, despite extensive efforts
using a variety of different conditions and various different combinations of mitogens and
growth factors (Table 3). Of note, TGF-beta inhibitory antibody did not allow the cells to
overcome quiescence in culture (Table 3), suggesting that other, as-yet-unknown factors are
needed to induce cell cycle entry in culture.

Interestingly, it has been reported that in co-culture with C2C12 cells, 5–10% of VSELs
form spheres consisting of cells that express Oct4, Nanog, and SSEA-1 (Kucia et al. 2008a),
suggesting that quiescence can be overcome under certain conditions. But, VSEL
proliferation was not proven to occur in these experiments. Also, expression of Oct4 was
gradually lost in the VSEL-derived spheres, suggesting that under these conditions, VSELs
start to differentiate; in fact, these VSEL spheres gradually acquire somatic imprinting
methylation patterns on a number of genes, including IGF2 and H19 (Shin et al. 2009).
Thus, the methylation status of imprinted genes in VSELs can be modified upon exposure to
extracellular stimuli.

In vivo pluripotency
In vitro, VSELs have several phenotypic features that are characteristic of pluripotent stem
cells, including expression of pluripotency core factors such as Oct4, an undifferentiated
morphology, and the ability to differentiate along the three germ layer lineages. More
stringent criteria for pluripotency were defined for murine ESCs and later for murine iPSCs,
however. By these criteria, a stem cell can only be classified as pluripotent if it is able
contribute to formation of chimeric embryos when injected into a blastocyst. Contribution to
the germline is particularly critical to fully establish pluripotency of murine ESCs and
iPSCs. For human iPSCs, pluripotency is assessed by testing formation of teratomas after
injection into mice. Unlike murine ESCs and iPSCs, VSELs do not participate in the
formation of chimeras when injected into blastocysts (Ratajczak et al. 2012), and they do not
form teratomas. Thus, VSELs do not fulfill all functional criteria for pluripotency.

EpiSCs, which are derived in culture from primary epiblasts and expanded in the presence of
Activin-A and fibroblast growth factor 2 (FGF-2), also do not contribute to chimeras (Brons
et al. 2007). After exposure to LIF and induction of STAT3 signaling, EpiSCs are
reprogrammed to ESC-like cells, which are then able to contribute to the germline in
chimeras (Bao et al. 2009). Similarly, PGCs do not participate in the formation of chimeric
embryos when injected into blastocysts, but when reprogrammed in vitro by exposure to
LIF, FGF-2, and stem cell factor (SCF), PGCs acquire the ability to self renew and become
very similar to ESCs. These EGCs contribute to chimeras when injected into blastocysts,
and exhibit germline transmission (Labosky et al. 1994b).

Could exposure to certain, thus far unknown, extracellular signals allow VSELs to overcome
the quiescent status and “reprogram” them to full pluripotency? Identifying the nature of
these signals requires further investigation. These signals are likely going to be different
than those for EpiSCs and EGCs since, in our hands, VSELs do not grow in culture in the
presence of Activin-A, FGF-2 with or without LIF, or in the presence of LIF, FGF-2, and
SCF (Table 3). Different signals may be required to overcome the inherent quiescent status
of VSELs, regulate self-renewal, and induce “reprogramming” to an ESC-like state. If it
should become possible to expand VSELs in culture as a pluripotent cell type, which still
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lacks the potential to form teratomas, this cell type would hold great promise for clinical
applications, not only for safety reasons but also for the lack of ethical considerations and
for the potential of obtaining autologous cells from the blood of patients.

In vivo differentiation of VSELs into tissue specific cell types
Differentiation of VSELs into tissue-specific cell types has been demonstrated by
transplantation of purified VSELs into recipient mice and subsequent detection based on
expression of donor-specific and tissue-specific markers. In one study, mesenchymal
differentiation of VSELs was assessed. VSELs were isolated from mice expressing GFP
under control of the ubiquitous beta-actin promoter, incorporated into gelatin sponge
implants, and transplanted under the skin of immunodeficient mice (Taichman et al. 2010).
Sponges containing VSELs showed the formation of mineralized tissue, whereas sponges
containing HSCs did not. GFP expression co-localized with expression of the osteoblastic
marker Runx-2 or with expression of PPARγ in the VSEL sponges that contained ossicles.
Confocal microscopy was not performed and negative controls were not shown, however, so
it is possible that signal overlap in this case is due to autofluorescence. Furthermore, fusion
of GFP-positive VSELs with recipient-derived cells migrating into the sponge, such as
MSCs or osteoblasts, was not ruled out. Still, differentiation of VSELs into mesenchymal
lineages under these conditions is not surprising, since there may be a close relationship
between bone marrow-derived VSELs and bone marrow-derived MSCs, which like VSELs
are CD45− Lin−.

Differentiation of VSELs into cardiomyocytes was assessed in mice after transplantation of
GFP-positive VSELs into recipients after myocardial infarction (Zuba-Surma et al. 2011a).
GFP-positive cells were found in the infarcted area that co-expressed α-sarcomeric actin, but
fusion of VSELs with α-sarcomeric actin-positive cells was not ruled out.

No study to date has addressed differentiation of VSELs into ectodermal tissue in vivo. In
our studies to date, VSELs have not given rise to Keratin-14-positive cells in the skin after
intravascular transplantation followed by full-thickness skin injury, using a expression of
H2B–GFP from the keratin-14 promoter as a reporter (Kassmer et al, unpublished
observations). Bone marrow cells have been previously shown to give rise to epithelial cells
in the skin under similar conditions (Borue et al. 2004). It is possible that VSELs are not
capable of giving rise to epithelial cells, and that instead, another cell type exists in the bone
marrow that is capable of differentiating into skin epithelial cells. For example, skin
epithelial cells can be derived from platelet-derived growth factor receptor (PDGFR)-
positive bone marrow cells with a stromal cell-like phenotype (Tamai et al. 2011). Stringent
lineage tracing experiments using a VSEL-specific promoter will be required to definitively
confirm whether VSELs give rise to any tissue specific cell type in vivo under normal,
unmanipulated conditions.

Hematopoietic potential
Freshly isolated VSELs do not contain hematopoietic potential. No hematopoietic
engraftment occurs from VSELs after intravenous transplantation into lethally irradiated
recipients, either with or without co-transplantation of whole bone marrow (Kucia et al.
2006; Ratajczak et al. 2011b). If VSELs are injected into lethally irradiated mice without
supporting cells, the mice die, confirming lack of hematopoietic engraftment by VSELs
(Ratajczak et al. 2011b). In vitro, VSELs do not form hematopoietic colonies in
methylcellulose assays after 5 days. When cultured on OP9 stromal cells for 5 days prior to
being switched to methylcellulose, however, VSELs do form a small number of
hematopoietic colonies that increase over time as VSELs are passaged in methylcellulose for
a total of 15 days. When injected into recipient mice, VSELs primed over OP9 stromal cells
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and subsequently cultured in methylcellulose provide hematopoietic engraftment in lethally
irradiated recipient mice (Ratajczak et al. 2011b). It is possible that a small number of
hematopoietic stem cells were co-purified with VSELs, and expanded in cytokine-
containing methylcellulose, thus giving rise to hematopoietic colonies and providing
engraftment after transplantation. When VSELs are isolated by fluorescence-activated cell
sorting, contamination from abundant hematopoietic cell types cannot be completely
excluded. The purity of the sorted VSEL population is generally between 94–97%. Thus it is
possible that, in small numbers, primitive HSCs may have provided engraftment when co-
transplanted with VSELs into lethally irradiated recipients, despite their inability to generate
colonies in methylcellulose after short periods of culture. Therefore, stringent lineage tracing
experiments using a VSEL-specific promoter will be helpful to more definitively address the
question of whether or not VSELs give rise to any hematopoietic cell types in vivo.

Loss of VSELs with aging, potential role of insulin-like growth factor
signaling

The number of VSELs in the bone marrow declines dramatically with age. In mice over 3
years old, the number of VSELs in the bone marrow was reduced 17 times compared to
young mice (2 months old) from the same strain (Kucia et al. 2006; Zuba-Surma et al.
2009). VSELs from older mice had a reduced ability to form spheres over C2C12 cells
(Zuba-Surma et al. 2009) as well as reduced expression of pluripotency factors and
decreased pluripotency (Kucia et al. 2006). Likewise, the number of VSELs was greatly
reduced in adult retina compared to neonatal retina, and expression of embryonic marker
genes such as Oct4 and Nanog was drastically reduced (Liu et al. 2009). It would be
interesting to assess if all neonatal organs contain higher numbers of VSELs expressing high
levels of pluripotency markers, and how these are different from VSELs in adult animals.

In another study, the number of VSELs was assessed in different mouse models with
extended or shortened lifespan. Long-lived Laron dwarf mice, which are small due to
deficiency of growth hormone (GH), have higher numbers of circulating VSELs compared
to age-matched wildtype littermates (Ratajczak et al. 2011a). In line with these findings,
short-lived transgenic mice overexpressing bovine growth hormone (BGH) display a
reduced number of VSELs (Kucia et al. 2012). It has been hypothesized that exposure to
insulin-like growth factor 1 (IGF-1) leads to depletion of VSELs, since levels of IGF-1 are
low in Laron dwarf mice, while high in BGH mice. Supporting this hypothesis, GH or IGF-1
treatment reduces the number of VSELs in Laron Dwarf or wildtype mice, and increased
methylation of the H19-IGF2 imprinted locus was detected in aged mice, BGH mice, and
Laron Dwarf mice treated with IGF-1 (Kucia et al. 2012). The epigenetic changes correlated
with increased expression of IGF-2, H19, and RasGrf1, a small GTP exchange factor
involved in signaling downstream from the IGF-receptor. Differences in expression of Oct4
levels between VSELs from Laron Dwarf, BGH, or wildtype mice were not assessed,
although it was observed that the Oct4 promoter was hypermethylated in VSELs from old
BGH mice, versus being hypomethylated in VSELs from old Laron Dwarf mice (Ratajczak
et al. 2011a). This suggested that VSELs in BGH-overexpressing mice lose their pluripotent
character, although this was not assessed functionally.

Although these data strongly suggest a role for IGF and signaling from the IGF-receptor in
VSEL-depletion during aging, this causative link has not yet been fully established.
Differences in the level of growth hormone and IGF-1 could potentially have other
physiologic and molecular effects in young and aging mice, which may indirectly affect the
numbers of VSELs. Such changes may include differences in the levels of oxidative stress or
expression of sirtuins, which are mitochondrial molecules that may inhibit cellular aging. It
is also not clear if exposure to IGF would cause VSELs to die, differentiate, or divide and

Kassmer and Krause Page 9

Mol Reprod Dev. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



then differentiate. Injections of IGF-1 into wildtype mice followed by assessment of cell
cycle status in VSELs, analysis of pluripotency and expression of pluripotency markers, as
well as analysis of signaling pathways downstream of the IGF-receptor could help to address
these questions. An ideal experiment would be removal of the IGF-1-receptor gene
specifically in VSELs using a floxed allele and an inducible Cre-recombinase.

VSELs in humans
VSELs have been identified in human umbilical cord blood as CXCR4+ CD34+ CD133+

Lin− CD45− cells enriched for Oct4 and SSEA-4 (Kucia et al. 2007; Zuba-Surma et al.
2011b). VSELs have also been isolated from umbilical cord blood as CD45-GlyA-CD13+

ALDHlow cells (Ratajczak et al. 2011c). The fact that umbilical cord blood-derived VSELs
express only fivefold higher levels of Oct4 than corresponding CD45-positive hematopoietic
stem cells suggests that these VSELs might not be equivalent to murine bone marrow-
derived VSELs.

Danova-Alt et al. (2012) isolated a cell population of CXCR4+ CD45− Lin− cells from
umbilical cord blood that they perhaps incorrectly termed “VSELs.” The authors reported
that this population does not express genes of pluripotent cells. But, the cells were not
selected by size, which is key for VSEL isolation, and they were CD133-negative, again
inconsistent with these cells being human VSELs.

In another study, VSELs were purified from normal human bone marrow and peripheral
blood (Sovalat et al. 2011). Small (2–6 micrometers) CD45− Lin− CD133+ CD34+ CXCR4+

cells were isolated, which expressed SSEA-4, Oct4, and Nanog by immunofluorescence and
PCR. Immunofluorescence images showed somewhat questionable expression of Oct4 and
Nanog in the nucleus, however, because the staining only partially overlapped with the
DAPI signal. Confocal microscopy would have clarified this, and negative controls should
have been shown. Additionally, no positive control (ESCs) was included for expression of
Oct4 and Nanog by PCR, and expression of Oct4 was only 4–6-fold higher than in
unpurified bone marrow or peripheral blood cells.

In humans, as in mice, VSELs are motile cells. VSELs have been detected in peripheral
blood after myocardial infarction (Abdel-Latif et al. 2010; Wojakowski et al. 2010a), skin
burn injury (Drukala et al. 2012), G-CSF treatment (Havens et al. 2012) stroke (Paczkowska
et al. 2009; Wojakowski et al. 2010b), and in patients with Crohn’s disease (Marlicz et al.
2012).

Other studies identifying VSEL-like or Oct4-positive cells in adult tissues
Multiple studies have reported expression of pluripotency genes such as Oct4 in stem cells
from multiple adult tissues, most frequently in the bone marrow (D’Ippolito et al. 2004;
Jiang et al. 2002; Kuroda et al. 2010; Sauerzweig et al. 2009; Tsai et al. 2012; Wei and
Shen), but also in the lung (Kajstura et al.), hair follicles (Yu et al. 2006), testes (Conrad et
al. 2008; Huang et al. 2009), and others (summarized in Lengner et al. 2007). It seems likely
that some of these studies are describing cell populations that are similar to or contain
VSELs, while others are not. Together, these studies suggest that besides VSELs, other
Oct4-positive cell populations exist in the adult body, or that expression of Oct4 can be
induced by certain culture conditions. Below, we discuss some of the cell populations
described in these studies as well as their possible relationship to VSELs.

One group describes the appearance of dividing pluripotent cells from murine bone marrow
cells after several weeks of culture in the presence of LIF, epidermal growth factor (EGF),
and platelet-derived growth factor (PDGF) (Jiang et al. 2002). The resulting clonogenic cells
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were termed multipotent adult progenitor cells (MAPCs). Oct4 is expressed at 1000-fold
lower levels in murine MAPCs than in murine ESCs. MAPCs can give rise to endothelium,
neuroectoderm, and endoderm at the single cell level, and to contribute to most somatic
tissues when injected into blastocysts. In contrast to VSELs, which are small and round,
these cells have a fibroblast-like morphology and proliferate and self-renew in culture. We
found that VSELs do not proliferate in culture under MAPC culture conditions (table 3), and
thus a direct relationship of MAPC to VSELs seems unlikely. VSELs can attach to and
migrate beneath bone marrow-derived stromal cells (Kucia et al. 2005), and it has been
suggested that populations of MAPC could be contaminated with tiny VSELs attached to
these stromal/fibroblast-like cells, explaining their pluripotency (Zuba-Surma et al. 2009).
MAPC-clones, on the other hand, were derived by seeding 10 cells per well, and the
expanded culture was found to contain only 1 retroviral insert, demonstrating that it was
derived from a single cell (Jiang et al. 2002). Therefore, MAPCs and VSELs are likely
separate and phenotypically different bone marrow cell populations exhibiting pluripotency.

SSEA-1+ Lin− CD45− CD31− cells were identified in murine bone marrow, which express
low levels of Sca-1 (Anjos-Afonso and Bonnet 2007). This population was found to
decrease with age. Expression of Oct4 and Nanog was detected. SSEA-1-positive cells were
found to give rise to the three germ layer lineages in differentiation assays. SSEA-1-positive
cells isolated from passage-1 MSC cultures were able to expand in MAPC culture
conditions. Clones were derived in culture, and one clone was selected for further study
based on its expression of pluripotency factors, and was shown to give rise to the three germ
layer lineages in vitro. The fact that other clones did not show the same pluripotency
suggests that the starting cell population of SSEA-1-positive cells was heterogeneous or that
this clone of cells changed over time in culture. In our hands, VSELs isolated from
passage-1 MSC cultures did not grow in MAPC medium (Table 3). One likely explanation
could be that the SSEA-1-positive fraction contains another cell population that differs from
VSELs, and is able to grow under these conditions and subsequently displays a pluripotent
phenotype. This population might be identical to the previously described MAPC
population. Interestingly, SSEA-1-positive, non-hematopoietic cells were located by
immunofluorescence in the endochondral bone region close to CD45+ CD11b+ Ter119+

CD31+ cells, supporting the idea that VSELs and SSEA-1-positive MSC might occupy a
similar niche near the endosteum.

One study reports pluripotent cells isolated from cultures of human skin fibroblasts, human
MSCs, or naïve human bone marrow cells by their ability to survive after in vitro exposure
to trypsin for 16 hours (Kuroda et al. 2010). Surviving cells were suspended in
methylcellulose medium, where they formed clusters that stained positive for Oct4, Nanog,
SSEA-1, Sox2, and alkaline phosphatase (ALP). These cells were termed “Muse” cells, for
multilineage stress enduring. The conclusions from this study are problematic. Expression of
pluripotency markers was not assessed by PCR, and negative controls for
immunofluorescence were not shown. Cells from clusters were shown to differentiate into
the three germ layer lineages in vitro, but cell morphology and negative controls were not
shown. SSEA-3+ CD105+ Muse cells were sorted directly from bone marrow (0.04%).
Expression of Oct4, Sox2, and Nanog was detected in freshly sorted cells by PCR, and
expression levels were lower than in ESCs. Of the sorted cells, 1.2% (0.003% of total bone
marrow MNC) formed ALP+ Muse cell clusters. Expression of endodermal, ectodermal, and
mesodermal genes was detected by PCR after differentiation. It seems possible that the
SSEA-3+ CD105+ population from human bone marrow may contain VSELs. Yet, VSELs
do not grow under the conditions used (data not shown). Since it was not definitively proven
in the described study that cells remained pluripotent in culture and retained expression of
pluripotency markers, no conclusions can yet be made regarding the nature of the “Muse”
cell population.

Kassmer and Krause Page 11

Mol Reprod Dev. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A recent study reports expression of Oct4 and Nanog in early passage, bone marrow-derived
MSC or in MSCs cultured long-term under hypoxic conditions (Tsai et al. 2012). Expression
of these two transcription factors maintained self-renewal in the MSC as well as the
undifferentiated state, and differentiation potential was achieved by regulating Dnmt1.
Knockdown of Oct4 and Nanog decreased proliferation and enhanced spontaneous
differentiation in early passage or hypoxic-cultured MSCs. Interestingly, knockdown of p21
increased expression of Oct4 and Nanog in MSCs.

None of these studies examined expression of Oct4 or Nanog in freshly isolated bone
marrow cells, however. It is therefore possible that Oct4 expression was induced by the
culture conditions, and would thus not be an indication of VSELs in these cultures.

The role of Oct4 in adult stem cells is unknown
While Oct4 has been used as a ‘marker’ of VSELs and other potential pluripotent cell
populations in the adult, it may not be required for maintaining this pluripotency. Lengner et
al (2007) reported that Oct4 is not required for somatic stem cell self-renewal (Lengner et al.
2007). Cre-recombinase-dependent removal of the Oct4 gene in adult tissues did not have
any effect on intestinal epithelial architecture, MSC proliferation, HSC formation, liver
regeneration, brain morphology, proliferation of cells in the hair follicle, or wound healing.
Thus, it was concluded that Oct4 does not play a role in adult stem cell function. Yet, these
data do not address whether or not VSELs are critical for certain forms of tissue repair. In
addition, it is unlikely that rare Oct4-positive VSELs would significantly participate in tissue
regeneration under the conditions tested. The contribution of VSELs to tissue repair is
highly dependent upon the injury and the availability of local tissue stem cells for repair.
Thus, potentially perturbing VSEL function by removing Oct4 would not be expected to
cause obvious defects in tissue architecture. Furthermore, the promoters used in this study
for inducing Cre-recombinase expression might not be activated in VSELs. The
investigators also reported that Oct4 is not expressed in adult tissues, as GFP- positive cells
could not be detected in mice expressing GFP under the control of the Oct4 promoter.
However, VSELs are rare, small cells with a large nucleus and a very narrow ring of
cytoplasm, so they might be missed even if they had some GFP. We have found that
cytoplasmic GFP, whether expressed from a ubiquitous promoter or the Oct4-promoter,
cannot be detected in VSELs, even with the use of an antibody (Kassmer, unpublished
observations). Thus, a histone-fused nuclear GFP may be required in order to detect
expression of the transgene in VSELs, Therefore, the results presented in this study do not
exclude the presence of rare Oct4-positive cells or a possible function for VSELs in adult
tissues.

Remaining questions and future directions
The most fundamental question regarding the biology of VSELs concerns their functional
role in vivo. The presence of a pluripotent, quiescent cell in adult tissues raises the
possibility that these cells may participate in tissue repair in response to damage, and/or that
they may serve as a reservoir or precursor to lineage-restricted adult stem cells. Lineage
tracing experiments using VSEL-specific promoters may address these issues. The available
evidence regarding the pluripotency of VSELs suggests that these cells may be able to
differentiate into cells from the three different germ layer lineages, not only in vitro but also
in vivo. But experimental evidence to confirm this hypothesis is lacking, as ectodermal
differentiation has not yet been demonstrated in vivo.

Most importantly, the cell population defined as VSELs shows considerable heterogeneity.
As described above, only 11–41% of VSELs (depending on the organ of origin) express
Oct4 (Zuba-Surma et al. 2008b), and gene expression analysis of libraries from 20 VSELs
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revealed three different types of libraries: ESC-like, Epiblast-like, and Oct4-enriched (Shin
et al. 2012). Thus, it is possible that there are different subpopulations of VSELs with
different potentials, and it is likely that only a subset or possibly none of them are capable of
giving rise to cells from the three germ layers on a single-cell level. This can only be tested
if one single VSEL is challenged to give rise to cells from the three germ layers within the
same experiment in vivo (e.g. by single cell transplantation); however, this process would
require cell proliferation, and it is not yet known whether VSELs are able to undergo
proliferation without losing their differentiation potential.

Based on the evidence for expression of germline specific genes in VSELs, it would be
interesting to investigate whether or not VSELs have germline potential and are able to give
rise to gametes in vivo. As described above, gene expression analysis suggests that VSELs
contain a sub-population that is highly enriched for germline-specific genes such as Stella
and Prdm14 (Shin et al. 2012). Presumably, this sub-population is more closely related to
PGCs than other VSEL sub-populations, and it would be informative to investigate whether
VSELs or a subpopulation of VSELs may be able to give rise to germ cells in vitro or in
vivo. Testing this ability would be interesting with respect to the presumptive developmental
origin of VSELs from PGCs.

It is not yet known if VSELs in adult tissues reside in a specific niche, and if so, which cell
types form this niche, and how does this niche might differ from tissue to tissue. Using
collagenase digestion of bone fragments, 200-fold higher numbers of VSELs can be
obtained from the bone marrow (Taichman et al. 2010), although it has not yet been assessed
if VSELs from the subendosteal niche are functionally equivalent to VSELs from the central
bone marrow and whether or not they express equal levels of Oct4. A nuclear-localized
fluorescent reporter for a VSEL-specific promoter (e.g. Stella H2B–GFP or Oct4-H2B–
GFP) would help to microscopically identify the location of VSELs in bone marrow and
other tissues.

The quiescent phenotype of VSELs and the apparent block in cell cycle that cannot be easily
overcome in culture by exposure to growth factors requires further investigation. Quiescence
in vivo could either be due to exposure to inhibitory factors, the absence of stimulatory
factors, or both. In vivo, VSELs enter the cell cycle after exposure to irradiation or 5-FU,
suggesting that at least in the bone marrow, stress-induced signals can induce proliferation
of VSELs. Whether this proliferation is true self-renewal or it involves differentiation and
ultimately leads to loss of VSELs was not assessed. The nature of factors able to induce
proliferation and self-renewal of VSELs is difficult to assess experimentally. Tissue culture
experiments in the presence of absence of stromal cells, stress conditions, and various
combinations of growth factors and cytokines may help identify soluble factors or
requirement for cell-cell contact between VSELs and niche cells. For instance, PGCs can be
induced to self renew and form pluripotent cell lines in culture in the presence of stromal
cells expressing a membrane bound form of SCF, whereas the soluble form of SCF is
ineffective (Matsui et al. 1992). Similar conditions may apply for self-renewal of VSELs.

Another important field of investigation is the developmental origin of the VSEL-
populations. Due to the methylation pattern of imprinted genes as well as gene expression, it
has been hypothesized that VSELs are developmentally related to PGCs, and that a sub-
population of EpiSCs gives rise to VSELs during development. Lineage tracing experiments
using inducible, PGC-specific promoters will be necessary to provide conclusive evidence
for the developmental origin of VSELs. This will help to clarify their developmental
relationship to PGCs and EpiSCs. Since both these cell types can be induced to form self-
renewing, pluripotent cell lines in vitro, global analysis of gene expression as well as
epigenetic marks in direct comparison to PGCs, EpiSCs, and their cell culture derivatives
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may increase our understanding of the mechanisms that govern quiescence, self-renewal and
pluripotency in VSELs.

In future studies, efforts need to concentrate on defining VSEL-subsets and assessing their
gene expression signature as well as their function in vitro and in vivo. Defining conditions
and mechanisms regulating quiescence versus proliferation and self renewal versus
differentiation in VSELs will be important towards developing cell culture techniques that
may allow expansion of VSELs for regenerative medicine. Understanding the
developmental origin of VSELs and their function in vivo will provide important insight
related to this goal.
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Abbreviations

EGC embryonic germ cell

EpiSC epiblast stem cell

ESC embryonic stem cell

G-CSF granulocyte colony stimulating factor

HSC hematopoietic stem cell

IGF insulin-like growth factor

LIF leukemia inhibitory factor

MSC mesenchymal stem cell

PGC primordial germ cell

SCF stem cell factor

VSEL very small embryonic-like cell
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Figure 1. Murine pluripotent stem cells can be derived from different developmental stages
At Day 3.5 of embryonic development (Day 3.5 post coitum, p.c.), embryonic stem cells can
be isolated from the inner cell mass of the blastocyst. At the epiblast stage on Day 5.5,
epiblast stem cells (EpiSCs) or primordial germ cells (PGCs) can be isolated from the
embryo and propagated in different culture conditions. For derivation of embryonic germ
cell lines (EGCs), primordial germ cells (PGCs) are isolated from the base of the allantois of
Day-8.5 embryos or from the genital ridges of Day-10.5 embryos (not shown). Very small
embryonic like cells (VSELs) are present in all adult tissues, including bone marrow, liver,
heart, kidney, brain, and lung. VSELs are also present in the fetal liver (not shown).
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Figure 2. Isolation strategy for murine very small embryonic like cells from bone marrow
A: Flow cytometry size-beads (1, 2, 4, 6, 8, and 10µm) are used to calibrate the forward
scatter (FSC) and gate on events between 2 and 10 µm in diameter. B: The same gate is then
applied to whole bone marrow. C: From this gate (R1), expression of lineage markers (Lin =
CD45R/B220, Gr-1, CD11b, Ter119, TCRαβ, TCRγδ) and Sca-1 are displayed; events
negative for Lin and positive for Sca-1 are gated (R2). D: From the events included in R2,
expression of CD45 is displayed. CD45-negative events are VSELs, whereas CD45-positive
events are hematopoietic stem and progenitor cells.
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Table 3

Conditions tested for Culture of VSEL’s

Culture Condition Result

SCF, LIF, bFGF, BMP4, SDF1, Forskolin, RA on fibronectin and laminin Larger cells, Vasa positive, no proliferation

LIF, Activin A, bFGF, SCF, EGF on fibronectin and laminin Negative

PDGFbb, LIF, EGF, Dexamethasone1 Negative

PDGFbb, LIF, EGF, Dexamethasone + anti TGFbeta1 Negative

PDGFbb, LIF, EGF, Dexamethasone, IGF21 Negative

PDGFbb, LIF, EGF, Dexamethasone, Activin A1 Negative

PDGFbb, LIF, EGF, Dexamethasone, IGF2, Activin A1 Negative

PDGFbb, LIF, EGF, Dexamethasone, IGF2, Activin A, IL-6, bFGF1 Negative

IGF2, IL-6, Activin A, PDGFbb2 Negative

IGF2, IGF1, Activin A, PDGFbb2 Negative

IGF2, IGF1, LIF, PDGFbb2 Negative

IGF2, IGF1, LIF, PDGFbb, Activin A, LIF, EGF, FGF2 Negative

IGF1,b FGF, EGF3 Negative

IGF1, bFGF, EGF, LIF3 Negative

bFGF, EGF, LIF3 Negative

bFGF, Activin A3 Negative

Transwell over C2C12 cell, serum free Spheres affer 3 weeks – Oct4 not detected by PCR

Negative = No Proliferation, cells gradually lost. Culture medium: DMEM/F12 + B27+N2 supplements. Density: 1000 cells/100µl/well.

1
2–10% knockout serum replacement. Tested both fibronectin or uncoated plastic, hyopxia and normoxia

2
tested both laminin or fibronectin

3
Tested both hypoxia or normoxia, hydrogel or laminin.
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