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Recent advances in human pluripotent stem cell (hPSC) research have uncovered different subpopulations
within stem cell cultures and have captured a range of pluripotent states that hold distinct molecular and
functional properties. At the two ends of the pluripotency spectrum are naïve and primed hPSC, whereby naïve
hPSC grown in stringent conditions recapitulate features of the preimplantation human embryo, and the conventionally grown primed hPSC align closer to the early postimplantation embryo. Investigating these cell types
will help to define the mechanisms that control early development and should provide new insights into stem
cell properties such as cell identity, differentiation and reprogramming. Monitoring cell surface marker expression provides a valuable approach to resolve complex cell populations, to directly compare between cell
types, and to isolate viable cells for functional experiments. This review discusses the discovery and applications
of cell surface markers to study human pluripotent cell types with a particular focus on the transitions between
naïve and primed states. Highlighted areas for future study include the potential functions for the identified cell
surface proteins in pluripotency, the production of new high-quality monoclonal antibodies to naïve-specific
protein epitopes and the use of cell surface markers to characterise subpopulations within pluripotent states.

1. Cell surface markers to investigate cell phenotype and function
Identifying and isolating specific cell types at single cell resolution is
a major challenge across many areas of biology. This long-standing
challenge is still relevant today as we gain an appreciation of the heterogeneity within cell populations and as we seek new ways to untangle
this complexity. Cell surface markers that are recognised by antibodies
have been at the forefront of cell phenotyping for many years [1,2].
This approach can help to resolve complex cell populations and importantly can also isolate viable target cell types for downstream
functional studies.
Although applicable to all cell types, cell surface marker phenotyping has been used particularly effectively to classify cells within the
haematopoietic lineage. The early adoption in this system of using
antibodies for cell surface marker phenotyping was facilitated by the

establishment of the ‘Cluster of Differentiation’ (CD) nomenclature in
1982 [3]. The nomenclature resulted from the evaluation of cell surface
epitopes that are recognised by monoclonal antibodies, and the development of a framework into which additional markers can be added as
they are discovered. This international initiative provided standardisation and reagent validation, and this effort has been instrumental in
enabling an accurate description of cell phenotypes [4]. The CD nomenclature contains a broad spectrum of plasma membrane-localised
epitopes including receptors, ligands and modifications, and, in addition, there are other widely used cell surface markers that are not
currently designated as CD antigens. Cell surface marker expression
changes depending on cell type and stage of differentiation, and antibodies that detect these markers are used widely in research, and for
the diagnosis, monitoring and treatment of disease. Identifying informative markers and suitable antibodies remains challenging and is a
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bottleneck in many areas of biology.
Antibodies that detect cell surface markers are analysed predominantly by flow and mass cytometry, imaging and biochemical
methods, thereby providing a quantitative and multi-parameter measurement of cell phenotype. When antibody-labelled cells are combined
with flow cytometry-based cell sorting or separation using magnetic
beads then target cell types can be isolated with high purity and sensitivity, or unwanted cells can be depleted from a population. Cell
surface markers, therefore, provide a direct and objective approach for
identifying and enriching target cell types.

analysis showed that several alternative cell surface markers are transcriptionally expressed preferentially in the NCAM-positive population,
including several genes within the non-canonical Wnt pathway such as
Syndecans 2 and 4, and other genes such as Integrins 1, 3 and 5. These
cell surface proteins might be useful additional markers of pluripotent
founder cells and it will be important to test whether they are expressed
and informative. In addition, the capture of pluripotent founder cells
raises interesting questions about the potential overlap between the
NCAM-positive cells and the GCTM-2/CD9-high cells. The two subpopulations share certain features such as high colony forming capability, localisation to the colony boundaries and the expression of
endoderm-associated genes, and an important next step is to see if they
represent similar or distinct fractions. Taken together, these studies
highlight how flow cytometry-based sorting for cell surface marker
expression allows the fractionation of hPSC cultures into subsets of cells
that hold different functional and molecular properties.

2. Assessing human pluripotent stem cell heterogeneity using cell
surface markers
Pluripotency is a property that describes the ability of a cell to
differentiate into any of the tissue types present throughout development and into adulthood [5]. Human pluripotent stem cells (hPSC) are
derived from early stage embryos [6] or are reprogrammed from somatic cells through the overexpression of OCT4, SOX2, KLF4 and cMYC or similar transcription factors [7,8]. The ability to specialise into
all cell types endows hPSC with exciting promise for applications in
regenerative medicine and to study disease. To achieve this, characterising the pluripotent cell types and tracking the changes in their
cell state during differentiation and reprogramming requires accurate
and robust methods. Monitoring cell surface marker expression using
antibodies is one such method that has been applied successfully to
hPSC to provide a standardised measure of cell status when comparing
between culture conditions [9], for optimising protocols that promote
targeted differentiation including the isolation of target cell types
[10–12], and in aiding the discovery of the molecular mechanisms that
underpin pluripotency and reprogramming [13].
Several valuable and well-used cell surface markers were identified
in undifferentiated human embryonic stem and carcinoma cells and
provide an accurate readout of cell state. Commonly used cell surface
markers include the globoseries glycolipid antigens SSEA3 and SSEA4
[14,15] and keratan sulphate related antigens TRA-1-60, TRA-1-81 and
GCTM-2 [16–18]. As hPSC exit the undifferentiated state and initiate
differentiation, there is a switch in glycolipid synthesis from globoseries
to lactoseries and ganglioseries structures [19], which results in the loss
of these cell surface antigens. Antibodies that measure this panel of
epitopes have been instrumental to quantitatively compare between
different cell lines and conditions [9], including hPSC derived from
embryos and reprogrammed from somatic cells. These markers are also
used to purify hPSC to relative uniformity [20,21] and to eliminate
residual undifferentiated cells from differentiated cell populations as a
strategy to improve the safety of hPSC-based therapies [22,23].
Combinations of cell surface markers and antibodies can fractionate
hPSC cultures into discrete cell subpopulations that have distinct molecular and functional properties. Cells marked by the reduced expression of the cell surface markers GCTM-2 and CD9 have initiated the
early stages of cell differentiation [24–26]. In contrast, cells that express high GCTM-2 and CD9 transcribe high levels of pluripotency
genes and yield teratomas following in vivo transplantation. Interestingly, a very recent study reported a population of cells (comprising
~15% of the total), termed pluripotent founder cells, that are identified
by cell surface NCAM (CD325) expression [27]. The study provides
evidence that these cells are responsible for sustaining hPSC cultures.
The majority of NCAM-positive cells express SSEA3 and TRA-1-60, and
the cells have higher colony initiating capability compared to NCAMnegative cells. This effect was also observed when the hPSC were first
pre-sorted for SSEA3-high expression: the NCAM-positive subpopulation still showed a higher efficiency of forming colonies. NCAM
knockdown had no effect on colony initiating capability, demonstrating
that NCAM is an informative marker but apparently not functional in
this context. Several other cell surface markers were initially tested but
did not define a discrete population of hPSC. Notably, subsequent

3. Investigating the expanding range of human pluripotent states
Several years ago, defined culture conditions were identified that
can hold mouse pluripotent stem cells in two different states that are
termed naïve and primed [28–30]. The two states are functionally and
molecularly distinct and reflect their discrete developmental identities
[31,32]. It was clear from this work that all hPSC lines at the time
closely resembled the primed state of mouse pluripotent stem cells [33].
As mouse naïve pluripotent stem cells were reported to have certain
advantages over their primed counterparts, this observation galvanised
the search for conditions that could support the growth of an equivalent
human cell type. The advantages described include high single cell
cloning efficiency, a more uniform cell population, and the ability to
produce high-efficiency chimeric animals indicating that naïve cells
may represent an unbiased pluripotent cell [28,29,34]. The idea that
alternative states of human pluripotency could exist was also supported
by single cell transcriptional data that profiled human embryos at different stages throughout early development and implantation [35,36].
The data show that cells have distinct gene expression patterns at each
of the collected stages and that transcriptional states exist in early
human development that differ from all hPSC lines that were available
at the time [35–37].
In the short period of time since then, several cell culture conditions
have been reported that can sustain different states of human pluripotency. These new cell types include naïve hPSC grown in conditions
such as t2iLGö, PXGL and 5iLA(F) that recapitulate features of the
preimplantation human embryo, and that are distinct from the existing
primed or conventional hPSC that align closer to the early postimplantation embryo [38–41]. Other studies using alternative, less
stringent conditions such as NHSM, RSeT™ and 3iL have proposed cell
types that might fall somewhere within a range of developmental states
and these cells have overall transcriptional profiles that are more similar to primed hPSC [42–49]. Naïve hPSC grow in domed colonies
rather than as flat monolayers, and have molecular properties such as
global hypomethylation, reactivation of X-chromosomes in female cell
lines and the induction of preimplantation transcriptional programmes
[39,50–54]. Naïve hPSC, therefore, provide a much sought after cell
model for studying pluripotency in preimplantation human development. Some of the other anticipated properties based on expectations
from mouse, such as the ability to form blastocyst chimeras, have not so
far been borne out by the data and will need to be tested further [55].
Several reports have shown that the differentiation capacity of hPSC
depends on their starting cell state, which has important implications
for producing tissues that are required for regenerative medicine and
disease modelling [56–58]. For example, a recent article described that
several, but not all, features of naïve hPSC are induced in primed hPSC
in response to reducing the lipid concentration of the culture media
[57]. This shift in pluripotent cell phenotype provides a starting cell
type that can generate neural cells at a higher efficiency compared to
2
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5iLA(F);
5iLA(F);
5iLA(F);
5iLA(F);
5iLA(F);

t2iLGö [65]
RSeT; NHSM
RSeT; NHSM
RSeT; NHSM
RSeT; NHSM

[72]
[72]
[72]
[72]

primed hPSC in conventional growth conditions [57]. In addition, a
recent report described the generation of human ‘expanded potential
stem cells’' that showed some capacity for embryonic and extraembryonic cell differentiation [59]. Different growth conditions can
therefore stabilise alternative states of human pluripotency, with naïve
and primed hPSC at the two ends of the spectrum.

To help resolve pluripotent cell types, several molecular criteria
have been put forward to try and benchmark the properties of hPSC
against expectations drawn from the primate embryo [37,55,60]. The
measurement of cell surface markers can provide an additional, robust
and simple approach to compare directly between cell types [61,62].
Cell surface markers also have valuable roles in isolating viable target
cell types from within a highly heterogeneous cell population that is a
common feature when converting cells into a naïve state of pluripotency. Although naïve hPSC can be obtained directly from human
preimplantation embryos, more often these cells are generated by reprogramming primed hPSC or somatic cells to a naïve state by exposing
them to conditions that induce their cell state conversion. The advantages of reprogramming to a naïve state over embryo derivation
include the ability to perform functional studies, the availability of
greater cell numbers, and avoiding the restrictions associated with
human embryo research. However, as with most reprogramming systems, reprogramming efficiency is low, the process takes a long time
(up to 30 days in some reports) and produces a high level of cell heterogeneity particularly in the intermediate stages of reprogramming. As
a result, we lack accurate characterisation, and a molecular understanding of the changes that occur during hPSC state transitions is still
relatively unknown [63–67].
Several recent reports have described suitable cell surface markers
and have begun to use these markers to track and study nascent naïve
hPSC as they are formed during cell reprogramming. These studies have
identified cell surface markers using different approaches, including by
analysing expression levels in naïve and primed hPSC, as well as incorporating data from different stages of early human development and
comparison with other mammalian species (reviewed in Refs. [61,62]).
A common method to assess these differences is based on transcriptional datasets. These data can be analysed by unsupervised clustering
of naïve and primed hPSC transcriptomes together with different stages
of development to identify informative markers of pluripotent cell
types. One of the potential pitfalls of using transcriptional methods is
due to the frequent discordance between transcript and protein levels as
a result of post-translational processing [68]. Interestingly, a recent
study in mouse pluripotent stem cells showed that naïve cells have a
stronger correlation between transcript and protein levels compared to
primed cells [69]. This indicates that a number of potential new markers of naïve and primed pluripotency may be missed when using
transcript information only.
Another approach identified cell surface markers using commercially available antibody libraries that contain several hundred antibodies recognising cell surface epitopes [64]. The use of a direct antibody-based approach has a number of benefits over other screening
methods including the measurement of protein expression rather than
transcript levels. Antibodies can also detect modified antigens such as
glycoproteins that cannot be examined transcriptionally, as well as the
direct compatibility with technologies such as flow cytometry. A
downside to using antibody screens is the reliance on commercially
available and high-quality reagents. Future studies could incorporate
protein expression datasets to identify additional cell surface markers
that can distinguish between naïve and primed hPSC.
Through these various methods, recent studies have identified a
number of cell surface antigens (or proteins predicted to localise at the
plasma membrane) including many that are yet to be fully

Potential role in cell adhesion and interactions
Orphan receptor
Calcium-dependent cell adhesion protein
PCDH1
ADGRG2
CDH3
Protocadherin-1
Adhesion G-protein coupled receptor G2
Cadherin-3
PCDH1
ADGRG2
CDH3

NLGN4X
Neuroligin-4, X-linked
NLGN4X

CD90

4. Cell surface markers for studying human naïve and primed
pluripotent states

E8; RSeT, NHSM [65]
KSR + FGF2; E8 [72]
KSR + FGF2; E8 [72]
KSR + FGF2; E8 [72]
KSR + FGF2; E8 [72]

5iLA(F); t2iLGö [64]
KSR + FGF2; RSeT [64]

Glycoprotein; potential roles in cell adhesion and
communication
Carboxylesterase/lipase; potential role in cell-cell interactions
THY1

Transfers carbohydrate epitopes onto glycoproteins

Galactosyl-galactosylxylosyl-protein 3-beta-glucuronosyltransferase 1
Thy-1 membrane glycoprotein
CD57

B3GAT1

Sialoglycoprotein;
potential signal transducer
Signal transducer CD24
CD24

CD24

Unknown
N/A
SSEA4

N/A (glycoprotein)

KSR + FGF2; RSeT [64]

5iLA(F) [51]
5iLA(F); t2iLGö [64,65]
5iLA(F); t2iLGö [64,65]
RSeT [64]
NHSM [70]
PXGL [71]
5iLA(F); t2iLGö [64]

5iLA(F); t2iLGö [64,65]

KSR + FGF2 [64]
E8; RSeT; NHSM [65]
KSR + FGF2 [51,64]
E8; RSeT, NHSM [65]
KSR + FGF2 [64]
E8 [65,71]
NutriStem XF [70]
Unknown
N/A
SSEA3

N/A (glycoprotein)

Low surface antigen expression
High surface antigen expression

Protein name
Surface antigen

Table 1
A summary of primed-specific cell surface markers in hPSC.

Gene symbol

Protein function

Cell culture conditions and references

J. Goodwin, et al.
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characterised. Here, we discuss what is known about the current cohort
of cell surface markers.

Three other cell surface markers and monoclonal antibodies were
identified that are uniformly expressed in primed hPSC (>80%) and
have reduced levels in 5iLA(F) naïve hPSC with reactivity to
~30%–80% cells, depending on the cell line [72]. The proteins are
PCDH1, ADGRG2 (also known as GPR64) and CDH3, and they have
functions in other cell types that are associated with cell adhesion and
communication. The expression dynamics of these three markers during
naïve hPSC reprogramming is not known.
Other reported cell surface proteins that are higher in primed
compared to naïve hPSC (maintained in t2iLGö) include the NOTCH
family of receptors and the NOTCH ligand JAGGED2 [64]. Although the
receptors are present, the NOTCH signalling pathway is thought to be
inactive in primed hPSC, and is then activated upon receiving differentiation cues and is required for multi-lineage cell differentiation [73].
One possibility is that the NOTCH pathway is poised for activation in
primed hPSC to ensure effective cell differentiation, but that this role is
not required in naïve hPSC as they lack features of lineage-priming. Of
note, this developmental stage-specific expression pattern is similar to
mouse pluripotent stem cells where Notch receptors are expressed in
primed cells but to a lesser extent in embryonic stem cells [74]. The
utility of NOTCH receptors and their antibodies as informative cell
surface markers to distinguish between naïve and primed hPSC is currently untested.

4.1. Primed-specific cell surface markers
Several cell surface markers are detected at higher levels in primed
compared to naïve hPSC (Table 1). Surprisingly, given the long standing
association with human pluripotent cells, SSEA3 and SSEA4 fall into
this category. Both markers are uniformly high in primed hPSC but, in
contrast, SSEA3 expression is low in 5iLA(F) and t2iLGö naïve hPSC
[64,65]. Cells induced by less stringent formulations such as NHSM and
RSeT™ cells retain high SSEA3 signal [65]. Expanded potential stem
cells express SSEA4, TRA-1-60 and TRA-1-80 [59]. Interestingly, SSEA4
is typically heterogeneously expressed in established naïve cultures
[51,64,65]. Cells within the SSEA4-low fraction express the highest
levels of naïve-associated genes, whereas the SSEA4-positive population
has a transcriptional state somewhere intermediate between naïve and
primed hPSC [51]. The reduction in SSEA3 and SSEA4 levels could
perhaps indicate that there is less glycolipid synthesis in naïve compared to primed hPSC.
A second primed-specific marker is CD24. CD24 expression is higher
in primed compared to naïve hPSC that are maintained in t2iLGö,
PXGL, 5iLA(F), NHSM and RSeT™ conditions [64,65,70,71]. In reprogramming experiments, CD24 marks quite a broad population of cells,
and can be helpful when used in combination with a naïve hPSC marker
to discriminate cells that are at an advanced stage of reprogramming
[64,70,71]. CD24 is a sialoglycoprotein that is expressed on mature
immune cells and modulates growth and differentiation signals to these
cells. Whether CD24 is functional in primed hPSC or during the early
stages of reprogramming is currently unknown.
An antibody screen found that CD57 expression is high in primed
cells and low in t2iLGö and 5iLA(F) cultured naïve hPSC [64]. Cells that
are propagated in RSeT™ media retain CD57 expression, suggesting that
the reduction of CD57 signal defines a narrower range of cells as
compared to CD24 expression [64]. CD57, therefore, provides a helpful
readout to distinguish cell types when used in combination with naïve
hPSC markers. CD57, encoded by B3GAT1, is a member of the glucuronyltransferase family and transfers carbohydrate epitopes onto
glycoproteins. No function for CD57 in primed pluripotency has been
reported.
A fourth cell surface protein is CD90 (encoded by THY1), which is
involved in cell adhesion and cell communication in numerous cell
types, particularly in cells of the immune and nervous systems. CD90
expression is high in primed hPSC and is reduced rapidly at the onset of
reprogramming towards a naïve state [64]. THY1 is a predicted FGF
signalling target gene and so the switch in culture conditions from FGFactivation to FGF-inhibition at the start of reprogramming is likely to
trigger the rapid downregulation in CD90 expression. Consequently,
CD90 is less useful as an individual marker as it probably reads out
signalling responses rather than as an accurate indicator of cell state
change.
Another informative cell surface marker is NLGN4X, which is a
member of the type-B carboxylesterase/lipase protein family and is
implicated in mediating cell-cell interactions. A monoclonal antibody
raised against this protein was reactive to ~95% primed hPSC and
~30–40% naïve hPSC cultured in 5iLA(F) and t2iLGö conditions
[65,72]. As the NLGN4X signal is higher in primed compared to naïve
hPSC when measured by flow cytometry, this antibody can be used to
help discriminate between the two cell types [65]. Interestingly, human
somatic cells that were reprogrammed in NHSM conditions were
NLGN4X-low, but retained expression of the primed markers CD24,
SSEA4 and F11R [65]. The precise timing of NLGN4X expression
changes during reprogramming is unknown, although this observation
suggests that NLGN4X is downregulated fairly early on and occurs before the other changes that mark the entry of cells into naïve pluripotency.

4.2. Naïve-specific cell surface markers
The discovery of cell surface markers that are expressed by naïve
hPSC enables the positive identification of naïve hPSC and for isolating
these cells after their reprogramming. Several cell surface markers that
are expressed in naïve hPSC have been reported (Table 2), and are used
most effectively in combination with primed markers such as CD24,
CD57 or SSEA4.
CD75 is a surface-localised carbohydrate antigen generated by sialytransferases [75]. A monoclonal antibody against CD75 shows strong
and uniform reactivity to naïve hPSC (cultured in t2iLGö, PXGL and
5iLA(F)) and little reactivity to primed hPSC [64,71]. Cells generated
using RSeT™ media lack CD75 expression [64]. In line with this fairly
stringent expression pattern, CD75 becomes detectable only at a late
stage in primed to naïve hPSC reprogramming. Characterisation of cells
that are flow-sorted during reprogramming into CD75 positive or negative fractions showed that the induction of CD75 marks the cell
subpopulation with the highest expression levels of naïve-associated
genes and with the highest naïve colony initiating capability [64].
CD75 is detected in most cell types of the human blastocyst, suggesting
that CD75 expression at this stage of development is not restricted to
the pluripotent epiblast cells [64]. CD75 was once described as encoding the cell surface sialytransferase ST6GAL1 [76], and several gene
databases still contain this outdated information, however a later study
showed that CD75 is not a sialytransferase but instead is a glycoprotein
[75]. Although unable to infer CD75 expression from transcriptional
information alone, there is evidence that sialytransferases might be
more active in naïve hPSC and in preimplantation embryos. For example, the sialytransferase ST6GAL1 is highly expressed in human
morula and blastocyst embryos [71] and the ST6GAL1 gene forms a 3D
chromatin interaction with a distal super-enhancer in naïve hPSC [77].
Interestingly, the super-enhancer contains many SVA-LTR5Hs repeats
that are activated preferentially in naïve hPSC, and the forced repression of these repeats causes a reduction in ST6GAL1 expression [77].
The control of sialytransferase expression and potentially their glycoprotein products including CD75 are, therefore, integrated within the
regulatory pathways of naïve hPSC.
A second informative cell surface marker is CD130, which is expressed in t2iLGö, PXGL, 5iLA(F) and 3iL naïve hPSC, but not in primed
cells or in RSeT-cultured cells [44,64,71]. CD130 expression is induced
fairly early in primed to naïve hPSC reprogramming, and marks a broad
population of cells of which only a subset of cells is also CD75 positive
4
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Table 2
A summary of naïve-specific cell surface markers in hPSC.
Surface
antigen

Protein name

CD75

N/A

N/A (glycoprotein)

Unknown

CD130

Interleukin-6 receptor
subunit beta

IL6ST

Cytokine signal transduction

CD77

N/A

N/A (glycoprotein)

Unknown

CD7

T-cell antigen CD7

CD7

Potential signal transducer

F11R

Junctional adhesion
molecule A
Sushi domaincontaining protein 2
CD320 antigen

F11R

Required for tight junction formation

SUSD2

Potential roles in cell adhesion,
migration and signal transduction.
Transcobalamin receptor mediating
Vitamin B12 uptake

SUSD2
CD320

Gene symbol

CD320

Protein function

Cell culture conditions and references
High surface antigen
expression

Low surface antigen expression

5iLA(F); t2iLGö
PXGL [71]
3iL [44]
5iLA(F); t2iLGö
PXGL [71]
2iL/I/F [49]
5iLA(F); t2iLGö
PXGL [71]
5iLA(F); t2iLGö
PXGL [71]
5iLA(F); t2iLGö
PXGL [71]

KSR + FGF2; RSeT [64]
E8 [71]
mTeSR1 [44]
KSR + FGF2; RSeT [64]
E8 [71]
mTeSR1 [49]
KSR + FGF2; RSeT [64]
E8 [71]
KSR + FGF2; RSeT [64]
E8 [71]
E8; RSeT, NHSM [65] (detected, but with lower
signal compared to 5iLA(F) and t2iLGö cells)
E8 [71]

5iLA(F) [64]

KSR + FGF2 [64]

[64]
[64]
[64]
[64]
[65]

reactivated after treatment with the DNA demethylating agent 5-Aza-2′deoxycytidine [80]. Naïve hPSC are DNA hypomethylated and have a
global DNA methylation landscape that is distinct from the human
blastocyst including the loss of methylation at some imprint control
regions [51]. It is possible that CD7 expression is repressed by DNA
methylation in the blastocyst, and this repression is eroded in naïve
hPSC leading to the activation of CD7 expression. If true, then CD7
expression could provide a useful biomarker to identify conditions that
maintain a more faithful DNA methylation landscape. This profile
would be indicated by cells that maintain CD7 suppression while expressing other naïve hPSC markers.
F11R (also known as JAM1, JAM-A or CD321) is a transmembrane
protein that is localised to tight junctions in a range of cell types. Flow
cytometry using a monoclonal antibody showed that F11R is expressed
in naïve (t2iLGö and 5iLA(F)) and primed hPSC, with a higher signal in
naïve hPSC [65,72]. This difference in signal can be used to identify
nascent naïve hPSC from within a mixed population of reprogramming
cell types [65]. Specifically, the cells that have the highest F11R
fluorescent signal intensity, in combination with low expression of the
primed marker SSEA3 and the positive expression of the shared pluripotency marker EpCAM, define a small subpopulation of cells that are
at an early stage of reprogramming (~2–5% of live cells). F11R protein
is localised to sites of cell contact in the inner cell mass and trophectoderm of human blastocysts [81]. Given the essential role for
F11R in maintaining tight junctions, it would be interesting to know if
there are any differences in the assembly or integrity of tight junctions
in naïve versus primed hPSC.
Identified using transcriptional profiling, SUSD2 is a transmembrane protein that is expressed strongly and uniformly on the cell surface of naïve hPSC (t2iLGö and PXGL) and with little expression in
primed hPSC [71]. SUSD2 transcripts and protein are detected in epiblast cells of the human blastocyst, and gene expression analysis of
cynomolgus primate embryos shows that SUSD2 transcripts are high in
preimplantation epiblast cells and absent in postimplantation epiblast
cells, thereby validating the developmental regulation of SUSD2 expression [71]. An antibody that detects SUSD2 can be used to monitor
the emergence of nascent naïve hPSC during somatic cell or primed
hPSC reprogramming to a naïve state, including in live cultures [82].
This facilitates the establishment of naïve cultures and also the identification of conditions that promote the stabilisation of naïve pluripotency. Interestingly, the proportion of SUSD2+/CD24– cells is high
and variable (~10–60%) during the reprogramming of different cell
lines, and the majority of the cells that first activate SUSD2 still express
the primed marker CD24 [71]. It would be interesting to fractionate

[64]. As a consequence, CD130 is most informative when used in
combination with other cell surface markers. CD130 is expressed in the
inner cell mass of human blastocysts [64], and this expression is sustained when the embryo is treated with 5iLAF to hold the cells in a
preimplantation state [78]. CD130 (encoded by IL6ST) functions as a
subunit of cytokine receptor complexes and transduces signals including leukaemia inhibitory factor (LIF), interleukin 6 (IL6), ciliary
neurotrophic factor (CNTF) and oncostatin M (OSM). Interactions between the cytokine receptor and ligand leads to the activation of JAK
proteins and downstream pathways such as STAT3, PI3K and RAS.
Treating 3iL cells with a JAK inhibitor leads to a reduction in colony
size and number, and a downregulation in the expression of predicted
STAT3 target genes such as the pluripotency factor KLF4 [44]. These
observations provide important evidence for a functional role of cytokine signalling in naïve hPSC and a detailed characterisation of these
pathways would be valuable to understand the signalling requirements
and downstream effectors of these cell types.
CD77 is a neutral glycolipid (globotriaosylceramide) that is expressed on the surface of naïve hPSC (t2iLGö, PXGL, 5iLA(F) and 2iL/I/
F) but not in primed hPSC or RSeT-cultured cells [49,64,71]. A
monoclonal antibody that detects CD77 generates a broad range in
fluorescent intensity signal when naïve cultures are examined by flow
cytometry. CD77 helps to identify the nascent naïve hPSC during reprogramming, but is not essential as the CD77 antibody can be omitted
if other naïve-specific markers are used [64]. The CD77 molecule is
generated by the linkage of galactose to lactosylceramide catalysed by
the enzyme A4GALT. Interestingly, CD77 expression is actively regulated on the cell surface of B lymphoma cells in response to several
mitogens [79], raising the possibility that the broad range of expression
in naïve hPSC could be in response to the stimulation state of individual
cells. It would be interesting to test if there are differences between
CD77 high and low cell subpopulations.
Another cell surface protein that was identified in an antibody
screen is CD7, which is a transmembrane protein that is a member of
the immunoglobulin superfamily. CD7 is expressed in t2iLGö, PXGL,
5iLA(F) naïve hPSC, but not in primed or in RSeT™ cells [64,71]. An
interesting observation is that CD7 is expressed in multiple naïve hPSC
lines and in different conditions, but CD7 transcripts and protein are not
detectable in human blastocysts [64]. This molecule is therefore induced upon the stabilisation of naïve hPSC that are generated either
directly from the embryo or by cell reprogramming. One possible explanation for this difference could be due to the loss of appropriate
epigenetic repression at the CD7 locus in naïve hPSC. In other cell types,
CD7 expression is suppressed by DNA methylation and CD7 is
5
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Fig. 1. Applying cell surface markers to study human pluripotent states. Overview of the progress with applying cell surface markers and their antibodies to
demarcate human pluripotent states. Studies using transcriptional profiling and flow cytometry-based antibody screens have identified informative cell surface
markers. A direct proteomic measurement of plasma membrane localised proteins has not yet been reported for naïve hPSC, but this dataset would be valuable for
unbiased marker discovery. The central part of the figure summarises the current set of cell surface markers that define naïve and primed hPSC. Applying the cell
surface markers enables the monitoring and prospective isolation of target cell types, for instance during cell reprogramming.

5. Current applications of the cell surface markers

these different cell populations and to characterise their properties. At a
molecular level, SUSD2 contains several domains including Somatomedin B (SMB), an Adhesion associated domain in MUC4 and other
Proteins (AMOP), a Von Willebrand factor (vWF), and a Sushi domain
[83]. Proteins that have related domains have roles associated with cell
adhesion, migration and signal transduction, and in colon cancer cell
lines SUSD2 expression has been implicated in growth inhibition and
cell cycle arrest [84]. Whether SUSD2 has a function in naïve hPSC
reprogramming is currently unknown.
CD320 is expressed on the cell surface of 5i/L/FA-cultured naïve but
not primed hPSC [64,71], and the protein and transcripts are present in
the epiblast cells of the human blastocyst [40,64]. The expression dynamics of CD320 in naïve hPSC reprogramming has not been reported,
but this is a promising marker for future studies. CD320 is a transcobalamin receptor that mediates the uptake of vitamin B12.
Several other potential cell surface markers with a higher signal in
naïve compared to primed hPSC were identified in an antibody screen,
including CD66, CD32, CD107b and CD229 [64]. However, this set of
markers has not yet been validated partly due to the lack of suitable
antibodies and partly because they were ranked lower in priority for
follow up studies as some of the markers are not transcriptionally expressed in human blastocysts. Two other studies have used transcriptional profiling of naïve and primed hPSC to identify genes that can
define the different pluripotent states [85]. Messmer and colleagues
compared their gene list to published datasets of preimplantation embryos from mouse, cynomolgus monkey and human, revealing several
conserved pathways between species and identifying a number of genes
encoding cell surface markers that might serve as useful markers to
discriminate between naïve and primed states [86]. This set of genes
includes ALPP, ALPPL2 and HYAL4, which are expressed transcriptionally at higher levels in naïve compared to primed hPSC. A next
step will be to determine if these predicted cell surface markers show
similar state-specific protein expression profiles using antibodies. In a
second study, Bernardo and colleagues performed an interspecies
comparison between mouse, bovine and porcine datasets to identify
genes that can discriminate between naïve and primed pluripotent
states [85]. They showed that the cell surface protein Gjb5 is a consistent marker of pluripotent stem cells and preimplantation epiblast
cells in all three species. However, GJB5 is lowly expressed in naïve
hPSC and is not expressed in human preimplantation epiblast cells,
suggesting that GJB5 regulation is not conserved in human development. Nevertheless, these interspecies comparisons will be informative
to identify conserved criteria that predict pluripotent cell identity.

The cell surface markers described above have been used primarily
to compare between cells that are cultured under different conditions,
thereby providing an informative benchmarking to categorise current
and future cell types (Fig. 1). Naïve hPSC cultured in stringent conditions express CD75, CD77, CD130, SUSD2 and F11R-high, and lack
expression of primed markers including SSEA3, SSEA4, NLGN4X and
CD24. The markers have also been used to identify and isolate specific
cell types such as nascent naïve hPSC out of a mixed population during
somatic or primed cell reprogramming under different conditions. This
approach provides an unambiguous and quantitative readout of cell
state change. The isolated cells can be re-plated to establish purified
naïve cell cultures, or interrogated using molecular and functional assays to define the pathways that control pluripotent states. Through
these experiments, we are beginning to learn about the transcriptional
dynamics that occurs during naïve hPSC reprogramming and also the
differences between the cells that are reprogrammed successfully versus
those that are refractory [64]. This information could help to define
new molecular waypoints and to develop improved conditions that
promote greater reprogramming efficiencies. One emerging picture is
that different markers could provide particular advantages, for instance
SUSD2 can be used as a live read out in cell culture, but other combinations of markers, particularly CD75+/CD130+/CD7+/CD24– identify a stringent population of reprogrammed cells. One of the most
exciting uses of the markers is that they can be used to track specific
populations of cells over time of reprogramming. Interestingly, different cell lines [71] and different reprogramming methods [64–66]
generate nascent naïve hPSC with distinct kinetics and efficiencies. The
reasons for these differences are poorly understood, but studying these
processes could shed light on the trajectories that cells take during reprogramming and this information might lead to improved reprogramming efficiencies.
6. Conclusions and future directions
The application of cell surface marker phenotyping to resolve
complex cell populations is a valuable technique to study the processes
that control cell differentiation and reprogramming. There are several
open questions for potential future study within this area. First, we
know little about whether the cell surface markers identified in naïve
hPSC are functional and also the potential mechanisms through which
they might contribute. Loss of function studies using blocking
6
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antibodies or genetic perturbation should be a priority for future work.
Beyond individual marker discovery, the identification of all proteins
on the surface of naïve hPSC would be very valuable for investigating
the pathways that control properties such as cell interactions, communication and signalling. Second, the current panel of cell surface
markers could be exploited to perform large-scale screens, for instance
to identify factors that are associated with the reprogramming or
maintenance of naïve cultures. There are several advantages to this
approach over using reporter lines, most obviously in circumventing the
need to genetically alter cell lines, and the readout could be through
high content flow cytometry or imaging. Third, it is clear from current
data that naïve hPSC cultures are not uniform in their expression of all
cell surface markers. It will be interesting to explore whether there are
distinct subpopulations of cells within naïve cultures that can be fractionated using the identified surface markers. There might be functional
heterogeneity or population hierarchies, similar to models that have
been proposed in primed hPSC cultures. One initial way forward would
be to test whether the NCAM-positive boundary cells that have been
reported to exist in LIF/2i-cultured naïve hPSC hold particular characteristics or properties [27]. Similar open questions about cell heterogeneity also apply to cell populations that arise during the transitions between primed and naïve states, and single cell studies will be
required to resolve these important topics. Fourth, one of the current
limitations is the narrow range of suitable monoclonal antibodies that
detect epitopes on naïve hPSC. The generation of additional, highquality antibodies perhaps using a similar approach to that recently
described in primed hPSC [72] would be a valuable advance. Over the
next few years, the development of new reagents and the careful investigation of cell phenotype will enable the detailed characterisation
of human pluripotent states. These advances will open up several exciting areas as naïve hPSC provide a unique cell model in which to test
the mechanisms that underpin human developmental and stem cell
biology.

[9]

[10]

[11]

[12]
[13]
[14]
[15]

[16]

Author contribution

[17]

J.G., A.L.L. and P.J.R.-G.; writing - original draft, review and
editing.

[18]
[19]

Acknowledgments
[20]

We thank Amanda Collier for helpful comments on the manuscript.
Work in our laboratories is supported by the UK Biotechnology and
Biological Sciences Research Council to P.J.R.-G. (BBS/E/B/000C0422)
and by project grants from the National Health and Medical Research
Council, Australia to A.L.L. (APP1104560, APP1085302).

[21]
[22]

References

[23]

[1] K. Artzt, P. Dubois, D. Bennett, H. Condamine, C. Babinet, F. Jacob, Surface antigens common to mouse cleavage embryos and primitive teratocarcinoma cells in
culture, Proc. Natl. Acad. Sci. U.S.A. 70 (1973) 2988–2992.
[2] E.A. Boyse, L.J. Old, Some aspects of normal and abnormal cell surface genetics,
Annu. Rev. Genet. 3 (1969) 269–290, https://doi.org/10.1146/annurev.ge.03.
120169.001413.
[3] H. Zola, Medical applications of leukocyte surface molecules-the CD molecules,
Mol. Med. 12 (2006) 312–316.
[4] H. Zola, B. Swart, A. Banham, S. Barry, A. Beare, A. Bensussan, L. Boumsell,
C.D. Buckley, H.-J. Bühring, G. Clark, P. Engel, D. Fox, B.-Q. Jin, P.J. Macardle,
F. Malavasi, D. Mason, H. Stockinger, X. Yang, CD molecules 2006-human cell
differentiation molecules, J. Immunol. Methods 319 (2007) 1–5.
[5] K.C. Davidson, E.A. Mason, M.F. Pera, The pluripotent state in mouse and human,
Development 142 (2015) 3090–3099.
[6] J.A. Thomson, J. Itskovitz-Eldor, S.S. Shapiro, M.A. Waknitz, J.J. Swiergiel,
V.S. Marshall, J.M. Jones, Embryonic stem cell lines derived from human blastocysts, Science 282 (1998) 1145–1147.
[7] K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda,
S. Yamanaka, Induction of pluripotent stem cells from adult human fibroblasts by
defined factors, Cell 131 (2007) 861–872, https://doi.org/10.1016/j.cell.2007.11.
019.
[8] J. Yu, M.A. Vodyanik, K. Smuga-Otto, J. Antosiewicz-Bourget, J.L. Frane, S. Tian,

[24]
[25]
[26]
[27]

[28]
[29]

7

J. Nie, G.A. Jonsdottir, V. Ruotti, R. Stewart, I.I. Slukvin, J.A. Thomson, Induced
pluripotent stem cell lines derived from human somatic cells, Science 318 (2007)
1917–1920.
International Stem Cell Initiative, O. Adewumi, B. Aflatoonian, L. Ahrlund-Richter,
M. Amit, P.W. Andrews, G. Beighton, P.A. Bello, N. Benvenisty, L.S. Berry, S. Bevan,
B. Blum, J. Brooking, K.G. Chen, A.B.H. Choo, G.A. Churchill, M. Corbel,
I. Damjanov, J.S. Draper, P. Dvorak, K. Emanuelsson, R.A. Fleck, A. Ford,
K. Gertow, M. Gertsenstein, P.J. Gokhale, R.S. Hamilton, A. Hampl, L.E. Healy,
O. Hovatta, J. Hyllner, M.P. Imreh, J. Itskovitz-Eldor, J. Jackson, J.L. Johnson,
M. Jones, K. Kee, B.L. King, B.B. Knowles, M. Lako, F. Lebrin, B.S. Mallon,
D. Manning, Y. Mayshar, R.D.G. McKay, A.E. Michalska, M. Mikkola,
M. Mileikovsky, S.L. Minger, H.D. Moore, C.L. Mummery, A. Nagy, N. Nakatsuji,
C.M. O'Brien, S.K.W. Oh, C. Olsson, T. Otonkoski, K.-Y. Park, R. Passier, H. Patel,
M. Patel, R. Pedersen, M.F. Pera, M.S. Piekarczyk, R.A.R. Pera, B.E. Reubinoff,
A.J. Robins, J. Rossant, P. Rugg-Gunn, T.C. Schulz, H. Semb, E.S. Sherrer,
H. Siemen, G.N. Stacey, M. Stojkovic, H. Suemori, J. Szatkiewicz, T. Turetsky,
T. Tuuri, S. van den Brink, K. Vintersten, S. Vuoristo, D. Ward, T.A. Weaver,
L.A. Young, W. Zhang, Characterization of human embryonic stem cell lines by the
international stem cell initiative, Nat. Biotechnol. 25 (2007) 803–816.
E.M. Chan, S. Ratanasirintrawoot, I.-H. Park, P.D. Manos, Y.-H. Loh, H. Huo,
J.D. Miller, O. Hartung, J. Rho, T.A. Ince, G.Q. Daley, T.M. Schlaeger, Live cell
imaging distinguishes bona fide human iPS cells from partially reprogrammed cells,
Nat. Biotechnol. 27 (2009) 1033–1037.
M. Drukker, C. Tang, R. Ardehali, Y. Rinkevich, J. Seita, A.S. Lee, A.R. Mosley,
I.L. Weissman, Y. Soen, Isolation of primitive endoderm, mesoderm, vascular endothelial and trophoblast progenitors from human pluripotent stem cells, Nat.
Biotechnol. 30 (2012) 531–542.
J. Pruszak, K.-C. Sonntag, M.H. Aung, R. Sanchez-Pernaute, O. Isacson, Markers and
methods for cell sorting of human embryonic stem cell-derived neural cell populations, Stem Cells 25 (2007) 2257–2268.
H. Qin, A. Diaz, L. Blouin, R.J. Lebbink, W. Patena, P. Tanbun, E.M. LeProust,
M.T. McManus, J.S. Song, M. Ramalho-Santos, Systematic identification of barriers
to human iPSC generation, Cell 158 (2014) 449–461.
L.H. Shevinsky, B.B. Knowles, I. Damjanov, D. Solter, Monoclonal antibody to
murine embryos defines a stage-specific embryonic antigen expressed on mouse
embryos and human teratocarcinoma cells, Cell 30 (1982) 697–705.
R. Kannagi, N.A. Cochran, F. Ishigami, S. Hakomori, P.W. Andrews, B.B. Knowles,
D. Solter, Stage-specific embryonic antigens (SSEA-3 and -4) are epitopes of a unique globo-series ganglioside isolated from human teratocarcinoma cells, EMBO J. 2
(1983) 2355–2361.
P.W. Andrews, G. Banting, I. Damjanov, D. Arnaud, P. Avner, Three monoclonal
antibodies defining distinct differentiation antigens associated with different high
molecular weight polypeptides on the surface of human embryonal carcinoma cells,
Hybridoma 3 (1984) 347–361.
G. Badcock, C. Pigott, J. Goepel, P.W. Andrews, The human embryonal carcinoma
marker antigen TRA-1-60 is a sialylated keratan sulfate proteoglycan, Cancer Res.
59 (1999) 4715–4719.
S. Cooper, M.F. Pera, W. Bennett, J.T. Finch, A novel keratan sulphate proteoglycan
from a human embryonal carcinoma cell line, Biochem. J. 286 (3) (1992) 959–966.
B.A. Fenderson, P.W. Andrews, E. Nudelman, H. Clausen, S. Hakomori, Glycolipid
core structure switching from globo- to lacto- and ganglio-series during retinoic
acid-induced differentiation of TERA-2-derived human embryonal carcinoma cells,
Dev. Biol. 122 (1987) 21–34.
T. Enver, S. Soneji, C. Joshi, J. Brown, F. Iborra, T. Orntoft, T. Thykjaer, E. Maltby,
K. Smith, R. Abu Dawud, M. Jones, M. Matin, P. Gokhale, J. Draper, P.W. Andrews,
Cellular differentiation hierarchies in normal and culture-adapted human embryonic stem cells, Hum. Mol. Genet. 14 (2005) 3129–3140.
P.J. Rugg-Gunn, A.C. Ferguson-Smith, R.A. Pedersen, Epigenetic status of human
embryonic stem cells, Nat. Genet. 37 (2005) 585–587.
C. Tang, A.S. Lee, J.-P. Volkmer, D. Sahoo, D. Nag, A.R. Mosley, M.A. Inlay,
R. Ardehali, S.L. Chavez, R.R. Pera, B. Behr, J.C. Wu, I.L. Weissman, M. Drukker, An
antibody against SSEA-5 glycan on human pluripotent stem cells enables removal of
teratoma-forming cells, Nat. Biotechnol. 29 (2011) 829–834.
A.B. Choo, H.L. Tan, S.N. Ang, W.J. Fong, A. Chin, J. Lo, L. Zheng, H. Hentze,
R.J. Philp, S.K.W. Oh, M. Yap, Selection against undifferentiated human embryonic
stem cells by a cytotoxic antibody recognizing podocalyxin-like protein-1, Stem
Cells 26 (2008) 1454–1463.
S.R. Hough, A.L. Laslett, S.B. Grimmond, G. Kolle, M.F. Pera, A continuum of cell
states spans pluripotency and lineage commitment in human embryonic stem cells,
PLoS One 4 (2009) e7708.
A.L. Laslett, S. Grimmond, B. Gardiner, L. Stamp, A. Lin, S.M. Hawes, S. Wormald,
D. Nikolic-Paterson, D. Haylock, M.F. Pera, Transcriptional analysis of early lineage
commitment in human embryonic stem cells, BMC Dev. Biol. 7 (2007) 12.
S.R. Hough, M. Thornton, E. Mason, J.C. Mar, C.A. Wells, M.F. Pera, Single-cell gene
expression profiles define self-renewing, pluripotent, and lineage primed states of
human pluripotent stem cells, Stem Cell Reports 2 (2014) 881–895.
M. Nakanishi, R.R. Mitchell, Y.D. Benoit, L. Orlando, J.C. Reid, K. Shimada,
K.C. Davidson, Z. Shapovalova, T.J. Collins, A. Nagy, M. Bhatia, Human pluripotency is initiated and preserved by a unique subset of founder cells, Cell 177
(2019) 910–924 e22.
Q.-L. Ying, J. Wray, J. Nichols, L. Batlle-Morera, B. Doble, J. Woodgett, P. Cohen,
A. Smith, The ground state of embryonic stem cell self-renewal, Nature 453 (2008)
519–523.
P.J. Tesar, J.G. Chenoweth, F.A. Brook, T.J. Davies, E.P. Evans, D.L. Mack,
R.L. Gardner, R.D.G. McKay, New cell lines from mouse epiblast share defining
features with human embryonic stem cells, Nature 448 (2007) 196–199.

Experimental Cell Research 387 (2020) 111749

J. Goodwin, et al.
[30] I.G.M. Brons, L.E. Smithers, M.W.B. Trotter, P. Rugg-Gunn, B. Sun, S.M. Chuva de
Sousa Lopes, S.K. Howlett, A. Clarkson, L. Ahrlund-Richter, R.A. Pedersen,
L. Vallier, Derivation of pluripotent epiblast stem cells from mammalian embryos,
Nature 448 (2007) 191–195.
[31] J. Nichols, A. Smith, Naive and primed pluripotent states, Cell Stem Cell 4 (2009)
487–492, https://doi.org/10.1016/j.stem.2009.05.015.
[32] L. Weinberger, M. Ayyash, N. Novershtern, J.H. Hanna, Dynamic stem cell states:
naive to primed pluripotency in rodents and humans, Nat. Rev. Mol. Cell Biol. 17
(2016) 155–169.
[33] J. Rossant, P.P.L. Tam, New insights into early human development: lessons for
stem cell derivation and differentiation, Cell Stem Cell 20 (2017) 18–28.
[34] G. Guo, J. Yang, J. Nichols, J.S. Hall, I. Eyres, W. Mansfield, A. Smith, Klf4 reverts
developmentally programmed restriction of ground state pluripotency,
Development 136 (2009) 1063–1069.
[35] L. Yan, M. Yang, H. Guo, L. Yang, J. Wu, R. Li, P. Liu, Y. Lian, X. Zheng, J. Yan,
J. Huang, M. Li, X. Wu, L. Wen, K. Lao, R. Li, J. Qiao, F. Tang, Single-cell RNA-Seq
profiling of human preimplantation embryos and embryonic stem cells, Nat. Struct.
Mol. Biol. 20 (2013) 1131–1139.
[36] S. Petropoulos, D. Edsgärd, B. Reinius, Q. Deng, S.P. Panula, S. Codeluppi, A. Plaza
Reyes, S. Linnarsson, R. Sandberg, F. Lanner, Single-cell RNA-seq reveals lineage
and X chromosome dynamics in human preimplantation embryos, Cell 165 (2016)
1012–1026.
[37] K. Huang, T. Maruyama, G. Fan, The naive state of human pluripotent stem cells: a
synthesis of stem cell and preimplantation embryo transcriptome analyses, Cell
Stem Cell 15 (2014) 410–415, https://doi.org/10.1016/j.stem.2014.09.014.
[38] T.W. Theunissen, B.E. Powell, H. Wang, M. Mitalipova, D.A. Faddah, J. Reddy,
Z.P. Fan, D. Maetzel, K. Ganz, L. Shi, T. Lungjangwa, S. Imsoonthornruksa,
Y. Stelzer, S. Rangarajan, A. D'Alessio, J. Zhang, Q. Gao, M.M. Dawlaty, R.A. Young,
N.S. Gray, R. Jaenisch, Systematic identification of culture conditions for induction
and maintenance of naive human pluripotency, Cell Stem Cell 15 (2014) 524–526.
[39] Y. Takashima, G. Guo, R. Loos, J. Nichols, G. Ficz, F. Krueger, D. Oxley, F. Santos,
J. Clarke, W. Mansfield, W. Reik, P. Bertone, A. Smith, Resetting transcription factor
control circuitry toward ground-state pluripotency in human, Cell 158 (2014)
1254–1269.
[40] G.G. Stirparo, T. Boroviak, G. Guo, J. Nichols, A. Smith, P. Bertone, Integrated
analysis of single-cell embryo data yields a unified transcriptome signature for the
human pre-implantation epiblast, Development 145 (2018), https://doi.org/10.
1242/dev.158501.
[41] G. Guo, F. von Meyenn, M. Rostovskaya, J. Clarke, S. Dietmann, D. Baker, A.
Sahakyan, S. Myers, P. Bertone, W. Reik, K. Plath, A. Smith, Epigenetic Resetting of
Human Pluripotency, (n.d.). doi:10.1101/146712.
[42] O. Gafni, L. Weinberger, A.A. Mansour, Y.S. Manor, E. Chomsky, D. Ben-Yosef,
Y. Kalma, S. Viukov, I. Maza, A. Zviran, Y. Rais, Z. Shipony, Z. Mukamel,
V. Krupalnik, M. Zerbib, S. Geula, I. Caspi, D. Schneir, T. Shwartz, S. Gilad,
D. Amann-Zalcenstein, S. Benjamin, I. Amit, A. Tanay, R. Massarwa,
N. Novershtern, J.H. Hanna, Derivation of novel human ground state naive pluripotent stem cells, Nature 504 (2013) 282–286.
[43] J. Hanna, A.W. Cheng, K. Saha, J. Kim, C.J. Lengner, F. Soldner, J.P. Cassady,
J. Muffat, B.W. Carey, R. Jaenisch, Human embryonic stem cells with biological and
epigenetic characteristics similar to those of mouse ESCs, Proc. Natl. Acad. Sci.
U.S.A. 107 (2010) 9222–9227.
[44] Y.-S. Chan, J. Göke, J.-H. Ng, X. Lu, K.A.U. Gonzales, C.-P. Tan, W.-Q. Tng, Z.Z. Hong, Y.-S. Lim, H.-H. Ng, Induction of a human pluripotent state with distinct
regulatory circuitry that resembles preimplantation epiblast, Cell Stem Cell 13
(2013) 663–675.
[45] C.B. Ware, A.M. Nelson, B. Mecham, J. Hesson, W. Zhou, E.C. Jonlin, A.J. JimenezCaliani, X. Deng, C. Cavanaugh, S. Cook, P.J. Tesar, J. Okada, L. Margaretha,
H. Sperber, M. Choi, C.A. Blau, P.M. Treuting, R.D. Hawkins, V. Cirulli, H. RuoholaBaker, Derivation of naive human embryonic stem cells, Proc. Natl. Acad. Sci.
U.S.A. 111 (2014) 4484–4489.
[46] H. Chen, I. Aksoy, F. Gonnot, P. Osteil, M. Aubry, C. Hamela, C. Rognard,
A. Hochard, S. Voisin, E. Fontaine, M. Mure, M. Afanassieff, E. Cleroux, S. Guibert,
J. Chen, C. Vallot, H. Acloque, C. Genthon, C. Donnadieu, J. De Vos, D. Sanlaville,
J.-F. Guérin, M. Weber, L.W. Stanton, C. Rougeulle, B. Pain, P.-Y. Bourillot,
P. Savatier, Reinforcement of STAT3 activity reprogrammes human embryonic stem
cells to naive-like pluripotency, Nat. Commun. 6 (2015) 7095.
[47] G. Duggal, S. Warrier, S. Ghimire, D. Broekaert, M. Van der Jeught, S. Lierman,
T. Deroo, L. Peelman, A. Van Soom, R. Cornelissen, B. Menten, P. Mestdagh,
J. Vandesompele, M. Roost, R.C. Slieker, B.T. Heijmans, D. Deforce, P. De Sutter,
S.C. De Sousa Lopes, B. Heindryckx, Alternative routes to induce naïve pluripotency
in human embryonic stem cells, Stem Cells 33 (2015) 2686–2698.
[48] H. Qin, M. Hejna, Y. Liu, M. Percharde, M. Wossidlo, L. Blouin, J. DurruthyDurruthy, P. Wong, Z. Qi, J. Yu, L.S. Qi, V. Sebastiano, J.S. Song, M. RamalhoSantos, YAP induces human naive pluripotency, Cell Rep. 14 (2016) 2301–2312.
[49] S.L. Battle, N. Doni Jayavelu, R.N. Azad, J. Hesson, F.N. Ahmed, E.G. Overbey,
J.A. Zoller, J. Mathieu, H. Ruohola-Baker, C.B. Ware, R.D. Hawkins, Enhancer
chromatin and 3D genome architecture changes from naive to primed human embryonic stem cell states, Stem Cell Reports 12 (2019) 1129–1144.
[50] T.W. Theunissen, B.E. Powell, H. Wang, M. Mitalipova, D.A. Faddah, J. Reddy,
Z.P. Fan, D. Maetzel, K. Ganz, L. Shi, T. Lungjangwa, S. Imsoonthornruksa,
Y. Stelzer, S. Rangarajan, A. D'Alessio, J. Zhang, Q. Gao, M.M. Dawlaty, R.A. Young,
N.S. Gray, R. Jaenisch, Systematic identification of culture conditions for induction
and maintenance of naive human pluripotency, Cell Stem Cell 15 (2014) 471–487.
[51] W.A. Pastor, D. Chen, W. Liu, R. Kim, A. Sahakyan, A. Lukianchikov, K. Plath,
S.E. Jacobsen, A.T. Clark, Naive human pluripotent cells feature a methylation
landscape devoid of blastocyst or germline memory, Cell Stem Cell 18 (2016)

323–329.
[52] W.A. Pastor, W. Liu, D. Chen, J. Ho, R. Kim, T.J. Hunt, A. Lukianchikov, X. Liu,
J.M. Polo, S.E. Jacobsen, A.T. Clark, TFAP2C regulates transcription in human naive
pluripotency by opening enhancers, Nat. Cell Biol. 20 (2018) 553–564.
[53] C. Vallot, C. Patrat, A.J. Collier, C. Huret, M. Casanova, T.M. Liyakat Ali,
M. Tosolini, N. Frydman, E. Heard, P.J. Rugg-Gunn, C. Rougeulle, XACT noncoding
RNA competes with XIST in the control of X chromosome activity during human
early development, Cell Stem Cell 20 (2017) 102–111.
[54] A. Sahakyan, R. Kim, C. Chronis, S. Sabri, G. Bonora, T.W. Theunissen, E. Kuoy,
J. Langerman, A.T. Clark, R. Jaenisch, K. Plath, Human naive pluripotent stem cells
model X chromosome dampening and X inactivation, Cell Stem Cell 20 (2017)
87–101.
[55] T.W. Theunissen, M. Friedli, Y. He, E. Planet, R.C. O'Neil, S. Markoulaki, J. Pontis,
H. Wang, A. Iouranova, M. Imbeault, J. Duc, M.A. Cohen, K.J. Wert, R. Castanon,
Z. Zhang, Y. Huang, J.R. Nery, J. Drotar, T. Lungjangwa, D. Trono, J.R. Ecker,
R. Jaenisch, Molecular criteria for defining the naive human pluripotent state, Cell
Stem Cell 19 (2016) 502–515.
[56] J.-H. Lee, S. Laronde, T.J. Collins, Z. Shapovalova, B. Tanasijevic, J.D. McNicol,
A. Fiebig-Comyn, Y.D. Benoit, J.B. Lee, R.R. Mitchell, M. Bhatia, Lineage-specific
differentiation is influenced by state of human pluripotency, Cell Rep. 19 (2017)
20–35.
[57] D. Cornacchia, C. Zhang, B. Zimmer, S.Y. Chung, Y. Fan, M.A. Soliman, J. Tchieu,
S.M. Chambers, H. Shah, D. Paull, C. Konrad, M. Vincendeau, S.A. Noggle,
G. Manfredi, L.W.S. Finley, J.R. Cross, D. Betel, L. Studer, Lipid deprivation induces
a stable, naive-to-primed intermediate state of pluripotency in human PSCs, Cell
Stem Cell 25 (2019) 120–136.e10.
[58] M. Rostovskaya, G.G. Stirparo, A. Smith, Capacitation of human naïve pluripotent
stem cells for multi-lineage differentiation, Development 146 (2019), https://doi.
org/10.1242/dev.172916.
[59] X. Gao, M. Nowak-Imialek, X. Chen, D. Chen, D. Herrmann, D. Ruan, A.C.H. Chen,
M.A. Eckersley-Maslin, S. Ahmad, Y.L. Lee, T. Kobayashi, D. Ryan, J. Zhong, J. Zhu,
J. Wu, G. Lan, S. Petkov, J. Yang, L. Antunes, L.S. Campos, B. Fu, S. Wang, Y. Yong,
X. Wang, S.-G. Xue, L. Ge, Z. Liu, Y. Huang, T. Nie, P. Li, D. Wu, D. Pei, Y. Zhang,
L. Lu, F. Yang, S.J. Kimber, W. Reik, X. Zou, Z. Shang, L. Lai, A. Surani, P.P.L. Tam,
A. Ahmed, W.S.B. Yeung, S.A. Teichmann, H. Niemann, P. Liu, Establishment of
porcine and human expanded potential stem cells, Nat. Cell Biol. 21 (2019)
687–699.
[60] T. Boroviak, J. Nichols, Primate embryogenesis predicts the hallmarks of human
naïve pluripotency, Development 144 (2017) 175–186.
[61] O. Trusler, Z. Huang, J. Goodwin, A.L. Laslett, Cell surface markers for the identification and study of human naive pluripotent stem cells, Stem Cell Res. 26 (2018)
36–43.
[62] A.J. Collier, P.J. Rugg-Gunn, Identifying human naïve pluripotent stem cells evaluating state-specific reporter lines and cell-surface markers, Bioessays 40
(2018) e1700239.
[63] Y. Wang, C. Zhao, Z. Hou, Y. Yang, Y. Bi, H. Wang, Y. Zhang, S. Gao, Unique molecular events during reprogramming of human somatic cells to induced pluripotent
stem cells (iPSCs) at naïve state, eLife 7 (2018), https://doi.org/10.7554/elife.
29518.
[64] A.J. Collier, S.P. Panula, J.P. Schell, P. Chovanec, A. Plaza Reyes, S. Petropoulos,
A.E. Corcoran, R. Walker, I. Douagi, F. Lanner, P.J. Rugg-Gunn, Comprehensive cell
surface protein profiling identifies specific markers of human naive and primed
pluripotent states, Cell Stem Cell 20 (2017) 874–890 e7.
[65] X. Liu, C.M. Nefzger, F.J. Rossello, J. Chen, A.S. Knaupp, J. Firas, E. Ford,
J. Pflueger, J.M. Paynter, H.S. Chy, C.M. O'Brien, C. Huang, K. Mishra, M. HodgsonGarms, N. Jansz, S.M. Williams, M.E. Blewitt, S.K. Nilsson, R.B. Schittenhelm,
A.L. Laslett, R. Lister, J.M. Polo, Comprehensive characterization of distinct states
of human naive pluripotency generated by reprogramming, Nat. Methods 14 (2017)
1055–1062.
[66] S. Kilens, D. Meistermann, D. Moreno, C. Chariau, A. Gaignerie, A. Reignier,
Y. Lelièvre, M. Casanova, C. Vallot, S. Nedellec, L. Flippe, J. Firmin, J. Song,
E. Charpentier, J. Lammers, A. Donnart, N. Marec, W. Deb, A. Bihouée, C. Le
Caignec, C. Pecqueur, R. Redon, P. Barrière, J. Bourdon, V. Pasque, M. Soumillon,
T.S. Mikkelsen, C. Rougeulle, T. Fréour, L. David, Milieu Intérieur Consortium,
Parallel derivation of isogenic human primed and naive induced pluripotent stem
cells, Nat. Commun. 9 (2018) 360.
[67] S. Warrier, M. Van der Jeught, G. Duggal, L. Tilleman, E. Sutherland, J. Taelman,
M. Popovic, S. Lierman, S. Chuva De Sousa Lopes, A. Van Soom, L. Peelman, F. Van
Nieuwerburgh, D.I.M. De Coninck, B. Menten, P. Mestdagh, J. Van de Sompele,
D. Deforce, P. De Sutter, B. Heindryckx, Direct comparison of distinct naive pluripotent states in human embryonic stem cells, Nat. Commun. 8 (2017) 15055.
[68] Y. Liu, A. Beyer, R. Aebersold, On the dependency of cellular protein levels on
mRNA abundance, Cell 165 (2016) 535–550.
[69] P. Yang, S.J. Humphrey, S. Cinghu, R. Pathania, A.J. Oldfield, D. Kumar, D. Perera,
J.Y.H. Yang, D.E. James, M. Mann, R. Jothi, Multi-omic profiling reveals dynamics
of the phased progression of pluripotency, Cell Syst 8 (2019) 427–445 e10.
[70] N. Shakiba, C.A. White, Y.Y. Lipsitz, A. Yachie-Kinoshita, P.D. Tonge,
S.M.I. Hussein, M.C. Puri, J. Elbaz, J. Morrissey-Scoot, M. Li, J. Munoz,
M. Benevento, I.M. Rogers, J.H. Hanna, A.J.R. Heck, B. Wollscheid, A. Nagy,
P.W. Zandstra, CD24 tracks divergent pluripotent states in mouse and human cells,
Nat. Commun. 6 (2015) 7329.
[71] N. Bredenkamp, G.G. Stirparo, J. Nichols, A. Smith, G. Guo, The cell-surface marker
sushi containing domain 2 facilitates establishment of human naive pluripotent
stem cells, Stem Cell Reports 12 (2019) 1212–1222.
[72] C.M. O'Brien, H.S. Chy, Q. Zhou, S. Blumenfeld, J.W. Lambshead, X. Liu, J. Kie,
B.D. Capaldo, T.-L. Chung, T.E. Adams, T. Phan, J.D. Bentley, W.J. McKinstry,

8

Experimental Cell Research 387 (2020) 111749

J. Goodwin, et al.

[73]

[74]

[75]
[76]
[77]

[78]

[79]

K. Oliva, P.J. McMurrick, Y.-C. Wang, F.J. Rossello, G.J. Lindeman, D. Chen,
T. Jarde, A.T. Clark, H.E. Abud, J.E. Visvader, C.M. Nefzger, J.M. Polo, J.F. Loring,
A.L. Laslett, New monoclonal antibodies to defined cell surface proteins on human
pluripotent stem cells, Stem Cells 35 (2017) 626–640.
X. Yu, J. Zou, Z. Ye, H. Hammond, G. Chen, A. Tokunaga, P. Mali, Y.-M. Li, C. Civin,
N. Gaiano, L. Cheng, Notch signaling activation in human embryonic stem cells is
required for embryonic, but not trophoblastic, lineage commitment, Cell Stem Cell
2 (2008) 461–471, https://doi.org/10.1016/j.stem.2008.03.001.
P.J. Rugg-Gunn, B.J. Cox, F. Lanner, P. Sharma, V. Ignatchenko, A.C.H. McDonald,
J. Garner, A.O. Gramolini, J. Rossant, T. Kislinger, Cell-surface proteomics identifies lineage-specific markers of embryo-derived stem cells, Dev. Cell 22 (2012)
887–901.
S. Munro, B.J. Bast, K.J. Colley, T.F. Tedder, The B lymphocyte surface antigen
CD75 is not an alpha-2,6-sialyltransferase but is a carbohydrate antigen, the production of which requires the enzyme, Cell 68 (1992) 1003.
I. Stamenkovic, D. Sgroi, A. Aruffo, M.S. Sy, T. Anderson, The B lymphocyte adhesion molecule CD22 interacts with leukocyte common antigen CD45RO on T cells
and alpha 2-6 sialyltransferase, CD75, on B cells, Cell 66 (1991) 1133–1144.
J. Pontis, E. Planet, S. Offner, P. Turelli, J. Duc, A. Coudray, T.W. Theunissen,
R. Jaenisch, D. Trono, Hominoid-specific transposable elements and KZFPs facilitate human embryonic genome activation and control transcription in naive human
ESCs, Cell Stem Cell 24 (2019) 724–735.e5.
M.N. Shahbazi, A. Scialdone, N. Skorupska, A. Weberling, G. Recher, M. Zhu,
A. Jedrusik, L.G. Devito, L. Noli, I.C. Macaulay, C. Buecker, Y. Khalaf, D. Ilic,
T. Voet, J.C. Marioni, M. Zernicka-Goetz, Pluripotent state transitions coordinate
morphogenesis in mouse and human embryos, Nature 552 (2017) 239–243.
T. Zhang, A.A. de Waard, M. Wuhrer, R.M. Spaapen, The role of glycosphingolipids

in immune cell functions, Front. Immunol. 10 (2019) 90.
[80] S. Röhrs, M. Scherr, J. Romani, M. Zaborski, H.G. Drexler, H. Quentmeier, CD7 in
acute myeloid leukemia: correlation with loss of wild-type CEBPA, consequence of
epigenetic regulation, J. Hematol. Oncol. 3 (2010) 15.
[81] M.R. Ghassemifar, J.J. Eckert, F.D. Houghton, H.M. Picton, H.J. Leese,
T.P. Fleming, Gene expression regulating epithelial intercellular junction biogenesis
during human blastocyst development in vitro, Mol. Hum. Reprod. 9 (2003)
245–252.
[82] N. Bredenkamp, J. Yang, J. Clarke, G.G. Stirparo, F. von Meyenn, D. Baker,
R. Drummond, D. Li, C. Wu, M. Rostovskaya, A. Smith, G. Guo, Efficient RNAmediated reprogramming of human somatic cells to naïve pluripotency facilitated
by tankyrase inhibition, Dev. Biol. (2019) 275.
[83] A.P. Watson, R.L. Evans, K.A. Egland, Multiple functions of sushi domain containing
2 (SUSD2) in breast tumorigenesis, Mol. Cancer Res. 11 (2013) 74–85.
[84] W. Pan, Y. Cheng, H. Zhang, B. Liu, X. Mo, T. Li, L. Li, X. Cheng, L. Zhang, J. Ji,
P. Wang, W. Han, CSBF/C10orf99, a novel potential cytokine, inhibits colon cancer
cell growth through inducing G1 arrest, Sci. Rep. 4 (2014) 6812.
[85] A.S. Bernardo, A. Jouneau, H. Marks, P. Kensche, J. Kobolak, K. Freude, V. Hall,
A. Feher, Z. Polgar, C. Sartori, I. Bock, C. Louet, T. Faial, H.H.D. Kerstens,
C. Bouissou, G. Parsonage, K. Mashayekhi, J.C. Smith, G. Lazzari, P. Hyttel,
H.G. Stunnenberg, M. Huynen, R.A. Pedersen, A. Dinnyes, Mammalian embryo
comparison identifies novel pluripotency genes associated with the naïve or primed
state, Biol. Open. 7 (2018), https://doi.org/10.1242/bio.033282.
[86] T. Messmer, F. von Meyenn, A. Savino, F. Santos, H. Mohammed, A.T.L. Lun,
J.C. Marioni, W. Reik, Transcriptional heterogeneity in naive and primed human
pluripotent stem cells at single-cell resolution, Cell Rep. 26 (2019) 815–824 e4.

9

