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Abstract

Genetic background is known to play a role in the ability to derive pluripotent, embryonic
stem cells (ESC), a trait referred to as permissiveness. Previously we have demonstrated that
induced pluripotent stem cells (iPSC) can be readily derived from non-permissive mouse strains
by addition of serum-based media supplemented with GSK3B and MEK inhibitors, termed
2iS media, three days into reprogramming. Here we describe the derivation of second type of
iPSC colony from non-permissive mouse strains that can be stably maintained independently
of 2iS media. The resulting cells display transcriptional heterogeneity similar to that observed
in ESC from permissive genetic backgrounds derived in conventional serum containing media
supplemented with leukemia inhibitor factor. However, unlike previous studies that report
exclusive subpopulations, we observe both exclusive and simultaneous expression of naive
and primed cell surface markers. Herein, we explore shifts in pluripotency in the presence

of 2iS and characterize heterogenous subpopulations to determine their pluripotent state and
role in heterogenous iPSCs derived from the non-permissive NOD/ShiLtJ strain. We conclude
that heterogeneity is a naturally occurring, necessary quality of stem cells that allows for

the maintenance of pluripotency. This study further demonstrates the efficacy of the 2iS
reprogramming technique. It is also the first study to derive stable ESC-like stem cells from
the non-permissive NOD/ShiLtJ and WSB/EiJ strains, enabling easier and broader research
possibilities into pluripotency for these and similar non-permissive mouse strains and species.
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Introduction

Embryonic stem cells (ESC) are proliferative, pluripotent cells with the ability to
differentiate into all cell types of the adult organism. Murine embryonic stem cell colonies
were previously thought to be a homogenous population of transcriptionally naive cells.
However, transcriptional and proteomic heterogeneity in stem cell populations is now

well established. Indeed, at the single cell level, conventional mouse ESC derived in

serum containing media supplemented with leukemia inhibitory factor (LIF) homogenously
express Oct4and Sox2 (Zhang et al.), but are heterogeneous for a number of other
pluripotency factors including Nanog, Zfp42 (RexI), Brachyury (7), and Dppa3 (stella)
(Chambers et al., 2007; Hayashi et al., 2008; Singh et al., 2007; Suzuki et al., 20063,

b; Tanaka, 2009; Toyooka et al., 2008; Vieyra et al., 2009). In contrast, ESCs derived in
serum-free LIF conditions supplemented with glycogen synthetase kinase 3 beta (GSK3B)
and mitogen-activated protein kinase (MEK) inhibitors, commonly referred to as 2i/LIF
conditions are transcriptionally homogenous. However, culture with just one of either of
these inhibitors results in transcriptionally distinct pluripotent states (Wray et al., 2010).
This suggests a more nuanced view of pluripotency in which multiple /n vitro pluripotent
states with distinct transcriptional characteristics are possible (Hackett et al., 2017). Indeed,
research has demonstrated the existence of a number of distinct pluripotent /7 vitro ESC
states (Hackett and Surani, 2014)(Wu and lzpisua Belmonte, 2015).

A study by Hackett et. al. found that /n7 vitro murine ESC pluripotency exists along a
developmental continuum with distinct states resembling the inner cell mass (ICM) stage of
the 3.5 days post coitum (dpc) blastocyst and varying intermediate states of pluripotency up
to the primed epiblast lineage (Hackett et al., 2017). The existence of multiple pluripotent
states along a developmental continuum may also be a naturally occurring characteristic of
early development. 177 vivo, ICM cells of the pre-implantation blastocyst cycle between
primitive endoderm and primitive ectoderm states until cell state specification at the
implantation blastocyst stage (Abranches et al., 2013). Both ESC and epiblast stem cells
(EpiSC) can be derived from pre-implantation ICM cells when grown in culture conditions
that do not restrict either developmental state (Najm et al., 2011). Post-implantation epiblast
cells of the egg cylinder stage at 5.0 dpc have also been found to be transcriptionally
heterogeneous before re-establishing a state of transcriptional homogeneity at 6.0 dpc (Han
et al., 2010). Cell state heterogeneity is likely a reoccurring, transient, but a required
developmental trait. Single cell heterogeneity may also be an important quality of stem cell
populations that allow the capacity to differentiate, while maintaining a pluripotent cell state
until subsequent differentiation signals (Galvin-Burgess et al., 2013; Graf and Stadtfeld,
2008; Smith, 2001).

Genetic background and exogenic inhibitors in /in vitro culture of ESC contributes more to
transcriptional variation in pluripotency states than other factors such as serum (Hackett et
al., 2017). This is consistent with our previous findings that genetic background influences
the ability to derive induced pluripotent stem cells from select strains of mice (Garbutt

et al., 2018). Such mice are also non-permissive for embryonic stem cell derivation. The
earliest developmental stage of pluripotency captured /n vitro for these genetic backgrounds
is the EpiSC stage derived from the developmentally primed post-implantation epiblast
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(Brons et al., 2007; Tesar et al., 2007). In non-mouse species, such as humans, ESC

derived from the inner cell mass of the blastocyst are morphologically, functionally, and
epigenetically distinct from mouse ESC and are more similar to the developmentally primed
post-implantation mouse EpiSC state (Boyer et al., 2005; Brons et al., 2007; Silva et

al., 2008; Tesar et al., 2007; Thomson et al., 1998). Mouse EpiSC are characterized by
flattened colony formation, high nuclear-to-cytoplasmic ratio, and increased propensity for
differentiation. They can readily contribute to all three germ layers in teratoma assays but
have somewhat limited pluripotency potential to contribute to the germline in chimeras.
They are also intolerant to passage as single cells. On the other hand, ESC are characterized
by three-dimensional dome shaped colony formation, pluripotency potential to contribute to
chimera formation, including the germline, and tolerance to single cell passaging (Brons et
al., 2007; Guo et al., 2009; Tesar et al., 2007).

GSK3B and MEK inhibitors collectively referred to as 2i, have been used to derive ESC
from non-permissive mouse strains and other species (Buehr et al., 2008; Hanna et al.,
2009; Nichols et al., 2009). 2i has also been used to complete the reprogramming process in
partially reprogrammed cells (Silva et al., 2008). However, it is typically used in serum-free
conditions referred to as 2i/LIF conditions (Hackett and Surani, 2014). The use of 2i in
serum-free conditions early during the reprogramming process results in fibroblast cell
death, as MEK is crucial for fibroblast viability (Feng et al., 2009; Roux and Blenis,

2004; Silva et al., 2008). Consequently, 2i is only used in fibroblast-derived iPSC after
reprogramming to maintain cells in an ESC-like cell state.

Previously, we showed that homogenous ESC-like iPSC can be derived from the non-
permissive NOD/ShiLtJ and WSB/EiJ mouse strains by continual use of serum-based 2i
media (2iS) in culture (Garbutt et al., 2018). Here we expand upon our previous findings

to derive a second type of iPSC colony from non-permissive mouse strains. We show that
culture with 2iS for the first seven days during reprogramming facilitates derivation of

2i independent iPSC colonies from non-permissive strains that heterogeneously express

the ESC cell surface marker platelet/endothelial cell adhesion molecule 1 (PECAM1)

and the proposed EpiSC cell surface marker CD40 antigen at the single cell level.

These colonies represent an additional pluripotent state from a non-permissive background
that can be stably maintained in the absence of continual inhibitor culture. These iPSC
model transcriptionally heterogeneous pluripotent state of conventionally derived serum/LIF
iPSC and ultimately the transcriptionally heterogeneous state of the pre-implantation
blastocyst. Contrary to previous reports that heterogeneous populations consist of distinct
subpopulations (Chambers et al., 2007; Hayashi et al., 2008; Singh et al., 2007; Suzuki et
al., 20063, b; Tanaka, 2009; Toyooka et al., 2008; Vieyra et al., 2009), we observe exclusive
and simultaneous expression of naive and primed cell surface markers in heterogeneous
iPSC colonies. To our knowledge only one other group has documented similarly naive and
EpiSC-like primed cell state transitions in mouse iPSCs (Shakiba et al., 2015). Herein,

we characterize these subpopulations to determine their pluripotent state and role in
heterogeneous iPSC derived from the NOD/ShilLtJ strain.
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Results

Short Culture in 2iS (Short 2iS) reprograms cells to an early heterogeneous ESC-like state

Embryonic stem cell-like iPSC derived from non-permissive strains are metastable and

are often dependent on their culture conditions to maintain an ESC-like identity. Indeed,
ESC-like iPSC can be derived from the non-permissive NOD background by continual
ectopic expression of Mycand K/f4 (Hanna et al., 2009). Ectopic Mycand K/f4 expression
could be replaced with GSK3B and MEK inhibition after initial reprogramming to maintain
cells in an ESC-like state; but the loss of either ectopic expression or 2i inhibition resulted
in the loss of ESC-like cell identity and a reversal to the EpiSC-like state. In contrast,
another study found that culture early during reprogramming with the histone deacetylase
inhibitor VPA was successful for the derivation of stable iPSC from the non-permissive
NOD background (Liu et al., 2011). This suggests that there is a critical time window during
early reprogramming that can impact the success and quality of iPSC derivation.

Previously, we showed that 2i can be used early during the reprogramming of fibroblasts if
used in combination with serum/LIF conditions, collectively referred to as 2iS (Garbutt et
al., 2018). Here, culture in 2iS for only the first seven days of reprogramming facilitated the
derivation of stable iPSC from non-permissive strains. We added 2iS three days after viral
infection of fibroblasts and maintained infected cells in 2iS media for only the first seven
days of reprogramming before switching to standard serum/LIF media (Fig. 1A).

Colonies from the non-permissive NOD/ShiLtJ and WSB/EiJ strains emerged on the 51 day
after 2iS addition and were three-dimensional in morphology (Fig. 1B and E). By the 71" day
after 2iS addition, there were humerous three-dimensional colonies from both backgrounds.
Within one day of removing 2iS media (after 7 days in 2iS), we observed a loss of stability
and a deconstruction of morphology for many colonies (Fig. 1C, D, F, and G). Overall,
WSBV/EIJ colonies appeared to retain colony morphology better than NOD/ShiLtJ after 2iS
removal.

Following 2iS removal, four and eight iPSC colonies were derived from the NOD/ShiLtJ
and WSB/EiJ backgrounds, respectively. This is a notably lower level of iPSC derivation
efficiency compared to that observed with iPSC derivation from permissive mouse strains
or non-permissive mouse strains maintained in 2iS culture (Garbutt et. al. 2017). At this
stage we also observed intolerance to trypsin (Fig. 1H) and passaged the colonies as cell
clumps manually or by using collagenase type IV. Intolerance to passage as single cells
using trypsin is a characteristic of the EpiSC state (Brons et al., 2007; Tesar et al., 2007).
The cells were also maintained on a mouse embryonic fibroblast (MEF) feeder layer. Of
the surviving colonies, we observed a collection of both flat and round colonies that,

when either colony morphology was selected and expanded, gave rise to both flat and
round colonies (Fig. 11-L). We observed a gradual transition with increased passage from
a population consisting of both flat and round colonies to a population of mostly round
three-dimensional colonies on a MEF feeder layer (Fig. 1M and N). This is consistent with
the idea that iPSC colonies become more competent with increased culture (Golipour et al.,
2012). It is also consistent with the finding that ESC can be derived from post-implantation
epiblasts following extended culture on feeder cells and in serum-based LIF media (Bao
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et al., 2009). Altogether this suggests that non-permissive iPSC may transition through

an EpiSC-like state to acquire ESC-like pluripotency. For the WSB/EiJ background, this
transition occurred around passage eight, while for the NOD/ShiLtJ background, it occurred
a passage ten.

Colonies from both NOD/ShiLtJ and WSB/EiJ were intolerant to growth on a feeder-free
gelatin layer at all stages regardless of increased passage and transitioned to flattened
colony morphology, characterized by finger-like projections that were indicative of early
differentiation (Fig. 10 and P). This morphology was exacerbated to a more spindle-like
appearance when the colonies were passaged with trypsin to a gelatin layer (Fig. 1Q).

The three-dimensional dome shaped morphology of NOD/ShiLtJ and WSB/EiJ on MEFs
suggests that they may share similarities to the ESC state. Prolonged growth on a feeder-free
layer of gelatin is known to predispose ESC to differentiation. iPSC from non-permissive
strains show signs of early differentiation within just a day of passage onto gelatin, which
suggests that they may be more prone to differentiation than permissive iPSC or true ESC on
a gelatin layer.

2iS maintains a metastable homogenous state

To identify cell state, we utilized two documented cell surface markers for the ESC and
EpiSC states, PECAML1 and CDA40, respectively (Rugg-Gunn et al., 2012). We grew ESCs
and EpiSCs from the NOD background (Fig. 2A and B) and confirmed the ability of these
markers to denote ESCs and EpiSCs (Fig. 2C and D). NOD/ShiLtJ and WSB/EiJ iPSC that
were cultured in 2iS for only the first seven days (Fig. 2E) labeled heterogeneously for
PECAM1 and CD40 (Fig. 2F and G).

The GSK3B and MEK inhibitors have been reported to maintain a metastable ESC-like state
in non-permissive strains. As such, we investigated if a return to 2iS culture can facilitate

a more homogenous ESC-like cell state in these iPSC. Previous studies indicated that
epigenetic differences among iPSC is reduced at passage 16 or greater (Polo et al., 2010),
and increased passage is associated with increased competency and pluripotent stability
(Golipour et al., 2012). However, chromosomal abnormalities are also found in higher
passaged stem cells (Sugawara et al., 2006; Ueda et al., 1995). Given the premise that higher
passaged cells are more established and epigenetically stable, we passaged NOD/ShiLtJ and
WSBJ/EIJ iPSC for 16 passages in serum/LiF media and then cultured them in 2iS media

for eight passages (Fig. 2E). The cells were karyotyped and colonies with chromosomal
abnormalities were excluded from subsequent analysis. When these iPSC colonies were
again cultured in 2iS, they labeled homogenously for PECAM1 (Fig. 2H and I).

Considering the observed metastability of these iPSC, we sought to investigate the stability
of our previously derived NOD/ShiLtJ and WSB/EiJ iPSC that were continually maintained
in 2iS media (called iPSC.2iS) (Garbutt et al., 2018). We cultured iPSC.2iS cells for 16
passages in 2iS media, and then cultured them for eight passages in serum/LIF media
without out the GSK3B and MEK inhibitors (Fig. 2J). Anecdotal research suggests that
maintenance in 2i media may exacerbate the likelihood of chromosomal abnormality

with prolonged passage (Czechanski et al., 2014; Hackett and Surani, 2014). To mitigate
this, the cells were again karyotyped prior to analysis to remove those lines with
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chromosome abnormalities. Similarly, colonies that were continuously cultured in 2iS
labeled homogenously for PECAML1 (Fig. 2K and L), but labeled heterogeneously for
PECAML1 and CD40 if they were removed and cultured without 2iS (Fig. 2M and N).

Interestingly, ESC derived from the 129S1/SvimJ strain and maintained in serum/LIF media
also labeled heterogeneously for PECAM1 and CD40 (Fig. 3A). We surmise that NOD/
ShiLtJ and WSB/EiJ cells derived in 2iS for seven days are similar to the heterogeneous
state of conventionally derived ESC in serum/LIF conditions. Heterogeneous expression

is not uncommon in true ESC. Embryonic stem cells derived in serum conditions have
been found to be heterogeneous for a number of pluripotency factors (Chambers et al.,
2007; Hayashi et al., 2008; Singh et al., 2007; Suzuki et al., 2006a, b; Tanaka, 2009;
Toyooka et al., 2008; Vieyra et al., 2009) and have been known to fluctuate between

ESC and EpiSC states in culture. Heterogeneity also occurs /n vivo in the inner cell mass
cells of the 3.5 dpc pre-implantation blastocyst stage (Chazaud et al., 2006), the same

cell population from which ESC are derived. This heterogeneity is thought to resolve by
the 4.5 dpc implantation stage after separation of the primitive endoderm and primitive
endoderm (Boroviak et al., 2014). Early heterogeneity is hypothesized to be necessary

to impart the ability to respond to differentiation signals while still maintaining a state

of undifferentiated pluripotency (Galvin-Burgess et al., 2013; Graf and Stadtfeld, 2008;
Smith, 2001). The addition of GSK3B and MEK inhibitors has been found to promote a
homogenous transcriptional state and maintain conventional serum/LIF derived ESC in a
state of transcriptionally homogenous pluripotency (Hanna et al., 2009; Leitch et al., 2013;
Marks et al., 2012; Yamaji et al., 2013; Ying et al., 2008); heterogeneous 129S1/SvimJ ESC
derived in serum/LIF conditions transitioned to homogenous PECAML1 expression when
grown in 2iS conditions (Fig. 3B). However, reprogramming of permissive strains seem to
bypass this early developmental time point as iPSC derived and maintained in serum/LIF
conditions from both the 129S1/SvimJ and C57BL/6J strains label homogenously for
PECAML1 expression (Fig. 3C and D). PECAML1 continued to be homogenously expressed
in 129S1/SvimJ iPSC regardless of maintenance in serum/LIF or 2iS conditions (Fig. 3E).

The addition of GSK3B and MEK inhibitors support single cell homogeneity despite
simultaneous serum conditions and is consistent with the idea that that GSK3B and

MEK inhibitors stabilize pluripotency by counteracting the differentiation signals found in
standard serum-based culture conditions (Hackett and Surani, 2014). The heterogenous state
that iPSC from nonpermissive backgrounds revert to, in the absence of 2iS, is similar to the
heterogenous state of ESC derived from permissive genetic backgrounds. This suggests that
2iS reprogramming facilitates the derivation of iPSC from non-permissive backgrounds that
in the absence of 2iS culture resemble the ESC state of permissive backgrounds.

Present culture in 2iS influences pluripotent state more than history of 2iS culture

To investigate the transcriptional differences between single cells from homogenous and
heterogenous cell populations, we randomly captured and analyzed single cells from the four
NOD iPSC 2iS culture conditions: (1) iPSCs derived with continual 2iS culture, hereafter
referred to as the A/ways 2iS group; (2) iPSC from the A/ways population that were
removed from 2iS culture after 16 passages, hereafter referred to as the Early 2iS group; (3)
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iPSC that were derived and cultured in 2iS for only the first seven days, hereafter referred to
as the Never2iS group; and (4) iPSC from the NVevergroup that were later cultured in 2iS,
hereafter referred to as the Late 2iS group (Fig. 4A). Despite differences in the timing of 2iS
culture, iPSC from the A/waysand Late 2iS groups labeled homogenously from PECAML.
Similarly, despite differences in the timing of 2iS removal, iPSC colonies from the Ear/y and
Never 2iS groups labeled heterogeneously for PECAM1 and CD40. Cells from each group
were captured and analyzed using the C1 Fluidigm Single-Cell Fluidics system. A total of
39 single cells (13 single cells from the A/ways group, 12 single cells from the Late group,
11 single cells from the £arly group, 11 single cells from the Mevergroup) were analyzed
using the Fluidigm Singular Analysis Toolset for R.

Cells from the heterogenous populations (£arfy and Never 2iS groups) clustered with
cells from the homogenous populations (A/waysand Late 2iS groups clustered together
(Fig. 4B). This suggests a transcriptional difference between cells from homogeneous
populations maintained in 2iS and cells from heterogeneous populations not maintained
in 2iS. Surprisingly a number of cells from the heterogenous populations formed a third
distinct cluster.

This cluster of heterogeneous cells was defined by an increase in expression of a subset

of 33 genes, 13 of which could be mapped to known genes (Fig. 4C). Of the 13 mapped
genes, three, Cthrcl, Rnul-4, and Rn7sk, have relevancy to documented functions in ESCs.
The small nuclear RNA Rnul-4functions as part of the spliceosome and plays a role in
pre-mRNA processing during lineage differentiation of stem cells (Jeffries et al., 2010;
O’Reilly et al., 2013). In addition to its spliceosome activity it regulates the expression

of a number of target genes, including those affecting proliferation, through transcriptional
elongation (O’Reilly et al., 2013). Cthrc1 encodes a WNT cofactor protein that selectively
activates the WNT/PCP pathway by stabilizing ligand-receptor interactions (Yamamoto et
al., 2008) and is also a downstream target of BMP2 (Kimura et al., 2008), which is critical
for preventing neuronal differentiation and the maintenance of an ESC identity (Pera et

al., 2004; Ying et al., 2003). The majority (85%) of ESC related genes are transcribed by
RNA polymerase Il and RNA polymerase Il is paused at 39% of those genes (Min et al.,
2011). RN7SK, a non-coding sSnRNA, represses transcription of lineage specific genes with
bivalent or active chromatin marks through the regulation of transcriptional RNA Pol Il
pausing, thereby regulating transcriptional poising. RN7SK mediated transcriptional pausing
of lineage specific genes in ESCs occurs at a higher frequency in serum conditions than

in serum free 2i/LIF conditions (Castelo-Branco et al., 2013). Altogether, the increased
expression of these genes suggests that cells in this cluster may exhibit ESC properties

of self-renewal and pluripotency, but may be more transcriptionally primed to respond to
differentiation.

If the gene group defining this cluster is removed, all cells from the heterogenous
populations (Early and Never 2iS) cluster together and separately from cells isolated from
the homogenous populations (A/ways and Never 2iS) (Fig. 4D). Notably, this suggests
that present culture in 2iS is more influential than individual variation in the timing of
2iS culture. For example, the two homogenous populations (A/waysand Never 2iS) were
introduced to 2iS at different times. The A/ways population was continually cultured in
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2iS, whereas 2iS was only recently introduced to the Late population. Similarly, cells

that had only received 2iS for the first seven days (Never) clustered with cells that were
recently removed from 2iS media (£arly). This is likely due to the ability of 2iS to foster a
homogeneous phenotype.

The gene expression associated with heterogenous cells was indicative of their removal from
2iS conditions, and included an increased expression of Crabpl, S100A6, Tmem237, Leftyl,
Plac8, Maghob, Spink3, and Prelid2. CRABP1 mediates the non-canonical activation of

the ERK1/2 differentiation pathway (Collins and Watt, 2008; Persaud et al., 2013), which

is downregulated in 2iS conditions. The GSK3B inhibitor in 2iS media decreases the
degradation of beta-catenin by GSK3B. Cells not presently maintained in 2iS media may
have lower levels of beta-catenin and consequently WNT signaling as evidenced by the
increased expression of SI00A6, which participates in ubiquitin-mediated degradation of
beta-catenin (Ning et al., 2012) and the increased expression of FABP5, which is negatively
regulated by WNT/beta-catenin signaling (Collins and Watt, 2008). While WNT signaling

in these cells may be reduced compared to cells maintained in 2iS, it is not ablated as
evidenced by the increase in expression of the 7mem237 gene that positively regulates WNT
signaling (Huang et al., 2011) In support of this, we also see an increased expression of
Leftyl. Activation of canonical WNT signaling leads to activation of NODAL signaling

and consequently LEFTY1 in human ESCs, of which non-permissive iPSC are arguably
similar (Besser, 2004). In the absence of 2i, BMP and NODAL signaling may regulate

ESC heterogeneity (Galvin-Burgess et al., 2013). This is consistent with our observation

that Lefty1 has a higher expression in the heterogeneous population of cells, not presently
maintained in 2iS. In heterogeneous ESC populations, higher Lefty1 expression is associated
with the subpopulation of cells that express lower levels of the pluripotency gene Nanog
(Galvin-Burgess et al., 2013). LEFTY1 is also part of the TGFB super family and plays an
important role in both human and mouse ESC maintenance (Besser, 2004; Park, 2011).

We also observed increased expression of genes that explain the qualities of these cells in
culture. For example, intolerance of iPSCs derived from non-permissive strains that are not
presently maintained in 2iS media to trypsin may be explained by an increased expression of
the Spink1 gene that produces a serine protease inhibitor with anti-trypsin activity (Huhtala
et al., 1982). Magohb, which is upregulated in serum conditions (Zhao et al., 1998), also

has increased expression in cells not presently maintained in 2iS, suggesting that 2iS may be
influential in overcoming conflicting signals found in serum conditions.

Among cells from the homogenous populations we see increased expression of genes that
reflect 2i activity. For example, these cells were associated with increased expression of
Dusp1, which negatively regulates the ERK1/2 and MAPK differentiation pathways (Geetha
etal., 2011; Patterson et al., 2009). This is consistent with the inhibition of the ERK1/2

and MAPK differentiation pathways by the MEK inhibitor. We also observe an increase in
Manba expression. MANBA becomes activated in response to overexpression of the STAT2
pathway and has a GSK3B inhibitor-like effect on cells (Cinelli et al., 2008; Wang et al.,
2010). This supports the inhibition of GSK3B by the CHIR inhibitor in 2iS and leads

to an increase WNT signaling. //9is also highly expressed in these cells. It is activated

in part by TGFB and results in the activation of the STAT3 pathway that is involved in
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ESC self- renewal (Bauer et al., 1998; Chen and Wang, 2014). Most convincingly, cells
presently maintained in 2iS highly express the 77cp2/1 gene, which is hypothesized to be

at the intersection of LIF and 2i mediated self-renewal. It is important for maintaining

ESC identity and is a common target of the LIF/STAT3 pathway. It can reprogram post-
implantation EpiSCs to naive pluripotent ESCs and its forced expression can even replace
LIF or either of the 2i inhibitors to derive and maintain an ESC identity (Martello et al.,
2012; Ye et al., 2013). A summary of genes up/down regulated in 2iS media in light of their
function within the predicted stem cell maintenance pathway is shown in Figure 4E.

Altogether, these results suggest that the iPSC from both the homogenous and heterogenous
iPSC populations exist in varying states of pluripotency as indicated by differences in gene
expression. It also indicates the influence that 2i conditions have on regulating iPSC and
pluripotency gene expression in general. Despite differences in when 2iS was first added

in vitro (Always or Late), cells that are presently maintained in 2iS conditions and that

label homogenously for PECAML cluster together. Similarly, despite differences in initial

2i removal /n vitro (Early or Never 2iS), cells that are not currently maintained in 2iS
conditions and label heterogeneously for PECAM1 and CD40 cluster together. Furthermore,
genes associated with each cluster pattern are indicative of the role of 2i on shaping gene
expression and pluripotency state.

Subpopulation characterization shows PECAM1 positive cells predominate

Next, we investigated the frequency of each subpopulation by sorting cells from the
heterogeneous NOD/ShiLtJ population derived from shortened 2iS culture and the
heterogeneous NOD/ShiLtJ population that was removed from 2iS after passage 16. The
cells sorted into three categories; cells that solely expressed PECAM1, cells that solely
expressed CD40, and cells that dually express both PECAM1 and CD40.

Multiple flow sorting runs were performed (Fig. 5A and B). Cells that solely expressed
PECAM1 comprised 66-82% of live flow sorted cells, while cells that solely expressed
CDA40 comprised 3-4% of live flow sorted cells. Co-expression of both markers occurred in
1-3% of live flow sorted cells. Within flow sorting experiments there was little difference
between the frequencies of subpopulations between the two heterogeneous samples,
indicating similarity between the two heterogeneous samples and their subpopulations
despite differences in the timing of 2iS culture (Fig. 5A and B).

CD40+ and dual expressing cells occur at a much lower frequency than PECAM1+ cells,
which suggests that single CD40+ cells from heterogenous populations likely eluded random
single cell capture. To investigate the state of the randomly captured single cells from the
previous single cell experiment, flow sorted subpopulations of PECAM1+, CD40+, and dual
expressing cells were RNA sequenced and compared using unbiased hierarchal clustering to
the 47 randomly captured single cells.

The two populations of sorted CD40+ cells cluster together to form a separate cluster
(Fig. 5C). The sorted PECAMZ1+ and dual expressing cells cluster together indicating
more similarity between the two subpopulations than to the CD40+ subpopulation. All
47 single cells cluster together with the sorted PECAM1+ cells and the dual expressing

Mamm Genome. Author manuscript; available in PMC 2022 May 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Garbutt et al.

Page 10

cells, confirming that no CD40+ single cells were randomly captured. Because of the close
similarity between PECAM1+ cells and the dual expressing cells we cannot determine if any
dual expressing single cells were randomly captured.

Transcriptional characterization of subpopulations reveals distinct identities

The cell surface marker PECAML1 has been reproducibly shown to indicate ESC-like
pluripotency and the CD40 cell surface marker has been proposed to indicate an EpiSC-like
cell identity (Rugg-Gunn et al., 2012). However, cell state is more complex and dynamic
than any single marker classification. For this reason, we aimed to better characterize the
RNAseq transcriptome profiles of each subpopulation by comparing them to both ESC and
EpiSC.

PCA analysis revealed that iPSC from different source populations that labeled positive for
PECAM1 were more similar to each other than to iPSC that labeled positive for CD40 from
the same source population (Fig. 6A). Similarly, CD40 positive cells from different source
populations are more similar to each other than to PECAML positive cells from the same
source population. PECAML1 positive iPSC and dual expressing iPSC that label positive for
both markers separate with ESC, whereas iPSC that label positive for CD40 separate with
EpiSC along principle component one.

PECAM1+ iPSC and dual expressing iPSC, when compared to ESC, had fewer
differentially expressed genes than when compared to EpiSC (Fig. 6B), indicating that both
subpopulations were transcriptionally closer to the ESC state than to the EpiSC state. In
contrast, CD40+ iPSC had roughly an equal number of differentially expressed genes when
compared to the ESC and EpiSC states, indicating that these cells were equally dissimilar to
both cell states, and may represent an alternative cell identity.

Next, we compared PECAM1+ cells to CD40+ cells to identify each subpopulation’s unique
gene profile through the identification of differentially expressed genes. The predicted
functional classes of these genes was assessed using Ingenuity Pathways Analysis (Prasanth
et al.). Relative to CD40+ cells, PECAM1+ cells had an increased number of genes related
to pluripotency, maintaining stem cells, and ESC self-renewal (Table 1). Among those
genes were the PECAM1 marker gene and genes that have been shown to be directly
up-regulated in 2i/LIF conditions including Pradm14and 7c¢/I (Hackett and Surani, 2014).
Overexpression of Prdm14, even in standard serum conditions, has been documented to
convert heterogeneous subpopulations with low expression of the pluripotency marker RexI
to transcriptionally homogeneous populations (Grabole et al., 2013). Relative to CD40+
cells, PECAM1+ cells also had increased number of genes related to DNA methylation,
including BAmt, which has been shown to lead to increased DNA methylation in the mouse
blastocyst (Zhang et al., 2015). Genes implicated in the development of the blastocyst and
embryo implantation were also found predominantly in PECAML1 cells, in addition to genes
that regulate cell number.

CD40+ cells relative to PECAM1+ cells had a number of genes that have been functionally
documented to increase cell differentiation, including CD40 (Table 2). A number of genes
that have been shown to increase cell proliferation and decrease cell death were also
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predominately found in CD40+ cells. This suggests that while CD40+ stem cells may be
predisposed to differentiation; they may also express mitigating genes that prevent cell
death.

Cells that have dual expression of the PECAM1 and CD40 cell surface markers were
compared to cells that express either of the two markers. Only a few genes were unique

to dual expressing cells were observed. Relative to cells expressing either marker solely,
dual expressing cells had decreased expression of ArpZand Cavl. Interestingly, loss of
NRP1 or CAV1 has been associated with cell quiescence (Cao et al., 2010; Cerezo et al.,
2009). Subpopulations of adult stem cells have been known to exist in quiescent states

(Li and Clevers, 2010). Quiescence, while not critical for stem cells, is important for
maintaining balance in stem cell populations (Orford and Scadden, 2008). This data suggest
the possibility that dual expressing cells may play a role in cell quiescence of heterogenous
populations.

We predict that stem cell colonies need all three subpopulations to maintain equilibrium

in the absence of 2iS. PECAM1 expressing cells are critical for producing pluripotency
factors. CD40 positive cells are important for producing factors that prevent cell death. Dual
expressing cells exist in a quiescent state that, while expressing PECAM1, may fluctuate
between either the PECAM1 or CD40 positive state to maintain colony balance. If cells from
either the PECAML1 positive subpopulation or the CD40 positive subpopulation are grown
separately in culture, we see a re-emergence of the heterogeneous phenotype among single
cells (Fig. 6C and D). This indicates that cell heterogeneity is not a result of contamination
between different cultures, but rather a cell autonomous phenotype dependent on both the
background genotype and culture environment.

FOXO1 and MYC are significantly different between PECAM1 and CD40 positive cells

Transcription factors are essential to stem cell transcriptional regulation, self-renewal,

and pluripotency. For this reason, we assessed the binding activity of 16 common stem

cell transcription factors in the PECAM1 positive, CD40 positive, and dual expressing
subpopulations (Fig. 7A). Nuclear proteins were isolated from each sample and hybridized
to the DNA probes corresponding to the specific transcription-factor binding sites. The
number of bound transcription-factor-DNA complexes per sample was then quantified as
an estimate of individual transcription factor binding activity. Consistent with previous
findings, there is little difference in transcription factor binding activity between replicas

of PECAM1+ and CD40+ positive cells taken from two different heterogeneous source
populations with two different courses of 2iS culture (Fig. 7B and C). However, differences
exist in transcription factor binding activity based on the source population for dual
expressing cells. Dual expressing cells from the source population, that were removed from
2iS after 16 passages, had a higher level of transcription factor activity for all 16 tested stem
cell transcription factors than dual expressing cells from the source population that were
removed from 2iS only seven days after reprogramming (Fig. 7D).

There is a significant difference in FOXO1 transcription factor binding activity between
PECAML1 and CD40 positive cells (Fig. 7A). FOXOL1 is essential to the maintenance of ESC
pluripotency in humans and mice (Zhang et al., 2011). Loss of FOXO1 activity has been
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documented to result in a loss of alkaline phosphatase activity, suppression of pluripotency
gene expression, and up-regulation of developmental genes such as the mesoderm specific
brachyury.

There is also a significant difference in MY C transcription factor binding activity between
PECAML1 and CD40 positive cells and between PECAML1 positive cells and dual expressing
cells (Fig. 7A). In addition to being a core pluripotency factor often used in reprogramming,
MY C plays an important role in preventing differentiation signals and maintaining an overall
active transcriptional state for self-renewal and proliferation (Polo et al., 2012; Rahl et al.,
2010; Sridharan et al., 2009). While Myc is dispensable to the reprogramming cocktail, its
removal results in decreased reprogramming efficiency (Nakagawa et al., 2008; Wernig et
al., 2008). MYC activity has been shown to create an open chromatin structure that allows
for the binding of other critical pluripotency factors (Kim et al., 2008; Soufi et al., 2012).
Higher transcription-factor binding activity of FOXO1 and MY C in PECAML1 positive cells
is consistent with the transcriptome data indicating higher expression of pluripotency and
self-renewal genes in PECAM positive expressing cells compared to CD40 positive cells.

Discussion

Previously we showed that culture in the presence of 2iS promotes the derivation of ESC-
like iPSC from non-permissive backgrounds if used early during the reprogramming process
and continually throughout colony maintenance (Garbutt et. al. 2017). This study expands
upon that finding by showing that even truncated culture of 2iS for only the first seven

days of reprogramming prior to colony selection and expansion is successful in deriving
iPSC colonies from non-permissive strains, albeit at a reduced efficiency compared to
continual 2iS culture. The ability to derive iPSC from non-permissive backgrounds using
2iS for seven days speaks to the importance of using the GSK3B and MEK inhibitors early
during the reprogramming process. However, it may be prudent to use continual 2iS culture
throughout colony derivation and expansion to derive more iPSC from non-permissive
backgrounds and increase reprogramming efficiency. These iPSC can then be transitioned
between homogenous or heterogenous states as desired by culturing the cells in or out of 2iS
media.

For iPSC derived from non-permissive genetic backgrounds culture in 2iS-free conditions
promotes a heterogenous cell state characterized by intolerance to passage as single cells
and heterogeneous expression of the ESC cell surface marker PECAM1 and the EpiSC
cell surface maker CD40. Transcriptional heterogeneity is posited to be is a natural, even
necessary occurrence of the developing embryo that confers the ability to differentiate

but remain pluripotent (Galvin-Burgess et al., 2013; Smith, 2001). ESC maintained in
serum/LIF conditions are transcriptionally heterogeneous (Chambers et al., 2007; Hayashi et
al., 2008; Singh et al., 2007; Suzuki et al., 2006a, b; Tanaka, 2009; Toyooka et al., 2008;
Vieyra et al., 2009); whereas ESC derived and maintained in serum-free 2i/LIF conditions
are transcriptionally homogenous (Wray et al., 2010). Heterogeneous subpopulations of
ESC are functionally distinct from EpiSC, indicating that they represent different levels of
pluripotency as opposed to different cellular states (Tesar et al., 2007). This is consistent
with our findings that CD40 positive cells are transcriptionally equally distant from ESC
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as they are to EpiSC as judged by the number of differentially expressed genes in

each comparison. We conclude CD40 expression is an indication of different features

of pluripotency.. Individual cells found in our heterogeneous populations are likely not
fluctuating between ESC and EpiSC states, but rather between differing levels of cellular
naivety. (Fig. 8). When these subpopulations are separated and allowed to grow in culture,
they reestablish heterogeneity, which is consistent with previous findings (Chambers et al.,
2007; Galvin-Burgess et al., 2013; Hayashi et al., 2008), and suggests that heterogeneity at
the single cell level is needed to maintain colony equilibrium in the absence of 2iS media.

The transcriptionally homogenous state may be artificial as ESC maintained in serum-free
2i/LIF conditions closely resemble cells of diapause embryos (Abranches et al., 2014;
Murayama et al., 2015; Papatsenko et al., 2015; Russell et al., 2015; Sugimoto et al., 2015).
All'iPSC in this study were cultured in serum regardless of inhibitor use. For this reason,
we believe that the observed heterogeneity is not the result of serum, but the result of

the absence of 2iS. These findings are consistent with the finding by Hackett et. al. 2017
that genetic background and exogenic inhibitors contribute more to transcriptional variation
than serum (Hackett et al., 2017). The GSK3B and MEK inhibitors regulate homogeneity
by down-regulating differentiation signals and selectively eliminating primed cells from
heterogeneous populations (Hackett and Surani, 2014; Silva et al., 2008; Ying et al., 2008).
Thus, we can conclude that in 2iS media, CD40 positive cell are selected against, placing
2iS at the helm of maintaining transcriptional homogeneity.

Our research shows that early culture with 2iS during reprogramming, regardless if only for
the first seven days or continually, allows for the derivation of iPSC that can be removed
from 2iS culture and maintained in a transcriptionally heterogeneous ESC-like state. They
can be readily transitioned into a transcriptionally homogenous state by the addition of 2iS
media. To our knowledge this is the first study to document the derivation of stem cells from
non-permissive strains that can survive without continual addition of inhibitors.

Materials and methods

iPSC derivation

Primary mouse fibroblasts at passage three were seeded at a density of 1 x 10° cells onto a
0.1% gelatin coated six-well plate and allowed to expand in MEF expansion media for 24
hours in a 37°C, 5% CO, incubator. A total of 6x10° fibroblasts (1x10° cells per well on a
six well plate) were reprogrammed for each strain. Fibroblasts were reprogrammed using the
STEMCCA Cre-Excisable Constitutive Polycistronic (OKSM) Lentivirus Reprogramming
Kit (Millipore) as per manufacturer’s instructions.

Upon initial iPSC emergence, individual iPSC colonies were selected and expanded,
as previously described (Garbutt et al., 2018). Individual iPSC colonies were derived
from a single reprogrammed and expanded cell, representing biological replicates from
the same reprogramming experiment. This was further confirmed by karyotyping each
expanded colony to reveal colony sex (XY vs. XX) as well as chromosomal normality.
Reprogramming was repeated three times, and in both cases the same observations
were made. To prevent inherent differences caused by comparing samples from two
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different reprogramming experiments, individually derived and confirmed iPSC colonies,
representing biological replicates from the same reprogramming experiment were assessed
and reported upon for this study.

ESC/LIF media: ESC/LIF media was comprised of 100% DMEM GlutaMax (Life
Technologies), 1% Penicillin / Streptomycin Solution (100X) (Life Technologies), 15% ES
Qualified Fetal Bovine Serum (Atlanta Biologicals), beta-mercaptoethanol (1000x) (Life
Technologies), 1% Non-essential Amino Acid (NEAA) solution (100x) (Life Technologies),
LIF (20 million units/Iml) (Millipore).

2iS media: 2iS media was comprised of ESC/LIF media supplemented with 3 pm of
GSK3B inhibitor CHIR99201 and 1 um of MEK inhibitor PD0325901.

NOD ESC media: NOD/ShiLtJ ESC for immunofluorescence labeling were provided

by Jacob Hanna’s lab (Hanna et al., 2009) and were grown in NOD ESC media:

50% DMEM/F12 (Life Technologies), 50% Neurobasal (Life Technologies), 50mM b-
mercaptoethanol (1000x) (Life Technologies), 12.5 ug/ml insulin, 100 ug/ml apo-transferrin,
0.02 ug/ml progesterone (Sigma), 16 ug/ml putrescine (Sigma), 10 ug LIF (Peprotech), 3
um Chir99021 (StemGent), 1 um PD0325901 (StemGent), 1% Penicillin / Streptomycin
Solution (100X) (Life Technologies), 1% L-glutamine (Life Technologies), 1% Non-
essential Amino Acid (NEAA) solution (100x) (Life Technologies), 1% B27 supplement,
sodium selenite (Sigma), BSA fraction V (Life Technologies).

NOD EpiSC media: NOD EpiSC were provided by Ludovic Vallier’s lab and were grown
in chemically defined media as previously published (Brons et al., 2007).

Culture conditions

Culture of permissive strains: ESC and iPSC from 129S1/SvimJ and iPSC from
C57BL/6J were maintained in standard ESC/LIF media. Cells were passaged using 0.05%
Trypsin-EDTA (1X) with phenol red every two to three days.

Continual 2iS conditions: One day after the reprogramming virus was added, the media
was removed and fresh ESC/LIF media was added to the wells. Three days after virus
addition, the ESC/LIF media was removed and 2iS media was added. Cells grown under
these conditions were selected, expanded, and continually maintained in 2iS media for at
least 16 passages.

2iS removed conditions: iPSC cells that were continually maintained in 2iS media for at
least 16 passages were removed from 2iS media and maintained in standard ESC/LIF media
for an additional eight passages.

Shortened 2iS conditions: One day after the reprogramming virus was added, the
media was removed and fresh ESC/LIF media was added to the wells. Three days after
virus addition, the ESC/LIF media was removed and 2iS media was added. 2iS was added
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each day for only seven days. After seven days, 2iS media was removed and cells were
maintained in standard ESC/LIF media throughout colony selection and expansion for a total
of at least 16 passages.

2iS returned conditions.—iPSC cells that were maintained in ESC/LIF media for 16
passages were removed from ESC/LIF media and maintained in 2iS media for an additional
eight passages.

ESC and EpiSC samples

Mouse embryonic fibroblasts from 129S1/SvimJ, C57BL/6J, NOD/ShilLtJ, and WSB/EiJ for
iPSC derivation were derived and maintained as previously described (Garbutt et al., 2018).
NOD/ShiLtJ, WSB/EiJ, and 129S1/SvimJ ESC used for RNA sequencing were provided by
Dr. Laura Reinholdt. The cells were maintained in ESC/LIF serum conditions with sodium
pyruvate and supplemented with GSK3B and MEK inhibitors. The NOD/ShiLtJ EpiSC used
for RNA sequencing was supplied by Ludovic Vallier (Brons et al., 2007). The 129 EpiSC
(FT129/4: 129/Sv background) used for RNA sequencing was provided by Alice Jouneau
(Jouneau et al., 2012). Both EpiSCs were maintained as a previously described above (Brons
et al., 2007; Jouneau et al., 2012).

MEF depletion

Cells grown on a feeder free layer were MEF depleted as previously described (Garbutt et
al., 2018). Cells that were grown on a supportive feeder layer were MEF depleted according
to a modified protocol (Chenoweth and Tesar, 2010). Spent medium was aspirated from the
six-well tissue culture dishes and replaced with 1 ml of 1mg/ml collagenase type IV. The
cells were incubated at 37°C for 12 — 22 minutes. After a gentle tap, the majority of the stem
cells will detach from the feeder layer within this incubation period. Detached cells were
gently pipetted and transferred to a 15 ml conical tube. The six-well plate was washed gently
with ESC/LIF media two times to remove any remaining cells. Media from these washes
were also added to the same 15 ml conical tube. These steps were repeated for each well

of the same sample and passage and combined into one 15 ml conical tube to increase the
number of recovered stem cells. The cells were pelleted at 200 rcf for 15 — 30 sec. This
centrifugation speed separates the denser stem cells from any remaining fibroblast cells.

The stem cells will collect at the bottom of the tube and residual fibroblasts will remain in
the media. The supernatant was pipetted (not aspirated) and discarded and the pellet was
re-suspended in 5 ml of media and spun again. This step was repeated two times for a total
of three spins. After the 3' spin, the supernatant was gently removed through pipetting. The
pellet should now contain only the denser stem cells.

iPSC visualization and immunofluorescence labeling

Brightfield images of iPSC were visualized on a traditional inverted microscope.
Immunofluorescent antibody labeling was performed as previously reported (Garbutt et.

al. 2017). Primary antibodies were as follows: PECAM1 monoclonal primary antibody
(BD Biosciences 553370) at 1:400 and CD40 polyclonal primary antibody (R&D Systems
AF440) diluted to 1:500. Secondary antibodies were as follows: polyclonal antibody Alexa
Flour 488-labeled donkey anti-rat 1gG, Jackson Antibodies 712-545- 153 for PECAML1 and
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Alexa Flour 546-labeled donkey anti-goat IgG, Life Tech A11056 for CD40). Secondary
antibodies were used at a concentration of 1:400. Cells were visualized using a Lieca DM
5500B fluorescence microscope.

Single cell capture

Single cells were imaged and captured using the Fluidigm® C1TM system and C1
integrated fluidic circuits (IFCs). Prior to capture, cells were MEF depleted as previously
described and labeled for viability using the LIVE/DEAD Viability/Cytotoxicity Kit (Life
Technologies). Cells with a compromised membrane labeled positive for the red-fluorescent
ethidium homodimer- 1. Cells with an intact membrane at the time of capture labeled
positive the green-fluorescent calcein AM. Fluorescent images of captured cells were used
to determine which cells were alive at the time of capture. Dead cells are known to have a
transcriptionally different profile as they begin to express genes associated with apoptosis.
A total of 47 live NOD/ShiLtJ cells were sequenced: 13 cells from the population that had
continually received 2iS (Always); 12 cells from the population that received 2iS after 16
passages (Late); 11 cell from the population that was removed from 2iS after 16 passages
(Early); and 11 cells from the population that had received 2iS only during the first seven
days of reprogramming (Never).

Flow cytometry

MEF depleted pelleted cells were re-suspended in 2 ml (1 ml per cm? of surface area)

of Accutase. The cells were incubated in a 15 ml tube containing Accutase at 37°C for
seven minutes. Following incubation, the cells were pipetted to facilitate final dissociation
and were checked under the microscope for a single cell suspension. ESC/LIF media was
added to tube and the cells were pelleted. The cells were re-suspended (washed) in 5 ml of
PBS, pelleted, and re-suspended in 1 ml of fresh PBS containing 3% FBS. The monoclonal
conjugated CD40 antibody (PE rat anti-mouse CD40; BD Biosciences) was used at a
concentration of 1:50. The monoclonal conjugated PECAM1 (CD31) antibody (APC rat
anti-mouse CD31; BD Biosciences) was used at concentration of 1:50. Antibody dilutions
were made in PBS containing 3% FBS. These two antibodies were added to the cells, gently
flicked to mix, and incubated in the dark on ice for 30 minutes. At 15 minutes the sample
was gently flicked again to mix and continued to incubate for the remaining 15 minutes. All
subsequent steps were performed in a darkened room. Following incubation, the cells were
pelleted, washed with 500 ul PBS, and re-suspended in 500 ul of PBS containing 1 ug/ml of
DAPI. DAPI labels cells whose membranes are not intact (/.¢. dead cells) and was included
to identify and exclude dead cells from further analysis and collection. The cells were sorted
at the NCSU College of Veterinary Medicine Flow Cytometry and Cell Sorting Laboratory
using the Dako Cytomation Inc. MoFlo (Modular Flow Cytometer). Flow sorted data was
analyzed using the FCS Express version 5 for flow cytometry software.

Culture of flow sorted cells

Following flow sorting, the cells were pelleted, and flow-sorting media was removed. The
cells were re-suspended in standard ESC/LIF media and approximately 5,000 cells from
CDA40 positive sorted cells and PECAML1 positive sorted cells were plated in separate
wells of six-well plates containing a coverslip and coated with an inactivated feeder layer.
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The media was changed the following day and the cells were allowed to grow as usual
until the emergence of colonies large enough to withstand immunofluorescence labeling
(approximately 3 — 4 days).

RNA sequencing

Single cells: Single cells were randomly captured, and cDNA amplified using the
Fluidigm® C1TM system and C1 IFCs. cDNA libraries were generated using the
NexteraXT library prep kit and the Fluidigm® C1TM system and C1 IFCs. Microfluidic
technology performs reverse transcription, cDNA amplification, and library preparation in
nanoliter volumes. Single cell capture and library prep were performed at the Texas A&M
Institute for Genome Sciences & Society facility. Shallow single cell mMRNA sequencing of
50,000 reads per cell is sufficient for unbiased cell type classification of single cells captured
using microfluidics from a heterogeneous source population. Here we exceed that minimum
by generating 2 million reads per cell, which has also been found to provide sensitive but
accurate coverage.

Flow sorted cells: Flow sorted cells were pelleted, washed with PBS, and flash frozen in
liquid nitrogen as cell pellets. RNA was extracted from the cell pellets using the Promega
Maxwell 16 LEV simplyRNA cells kit. cDNA, Library prep, and RNA sequencing was
performed by the Texas A&M Institute for Genome Sciences & Society facility. Extracted
RNA was run on a bioanalyzer to confirm sample integrity. cDNA libraries were created
using the TruSeg Stranded mRNA library prep kit from Illumina. Samples were pooled

and run on a 150 x 150 high output NextSeq, generating 800 million paired end reads
(approximately 32 million reads/sample).

RNAseq Analysis

Single cell data analysis: Trimmomatic was used to remove sequencing adapters. Each
strain was aligned to their reference genome available online from the UNC system Genetics
website (cshio.unc.edu). Following alignment, alignment positions were transformed into
C57BL/6J coordinate space using the Pylapels program. FPKM values were generated using
the cufflink software and analyzed using the Fluidigm Singular Analysis Toolset 3.0 package
for R (www.fluidigm.com). Outliers were identified from each of the four 2iS culture
conditions based on the identifyOutliers function in the Singular Analysis toolset package.
This function considers a set of genes detected in at least half of the samples and samples
with a median expression value below the 15th percentile for those genes were considered
outliers and were removed. Two outliers were identified and removed from each of the

four 2iS culture conditions leaving a total of 39 remaining cells for subsequent analysis.
Hierarchical clustering of the top 200 genes, identified according to one-way ANOVA
p-values, across the 39 single cells was performed using the Fluidigm Singular package that
clusters genes based on Pearson correlation and samples based on the Euclidean method. For
genes and sample clusters the complete linkage method is used to find similar clusters.

ESC controls, EpiSC controls, and flow sorted sample data analysis: 150 base-
pair reads for each sample were generated using Illumina NextSeq 2500 instrument on 8
sequencing lanes. A total of 453 million reads were checked for any adapter sequences and
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to trim any low-quality bases using Trimmomatic resulting in approximately 285 million
filtered reads (63%) out of which a total of 229 million filtered reads (approximately

80%) mapped to the GRcm38/mm10 assembly. Read mapping was performed using TopHat
version 2.1.1. HTSeq was used to generate raw read counts per gene using intersection-
nonempty parameter to account for ambiguous read mappings. Differential gene expression
tests were then performed used DESeq?2 following recommended guidelines. Plots were
generated using R programming language. The resulting gene expression values were
uploaded to the Ingenuity Pathways Analysis (Prasanth et al.) program (QIAGEN, Venlo,
Netherlands; www.ingenuity.com Application Build 261899, Content Version 18030641) for
gene function and biological pathway analysis. Additionally, the compare feature of IPA
was used to identify the number of unique and overlapping differentially expressed genes
between the PECAML1 positive iPSC and ESC, CD40 positive iPSC and EpiSC, and dual
expressing iPSC and ESC and EpiSC.

Embryonic stem cells from the 129S1/SvimJ, NOD/ShiLtJ, and WSB/EiJ backgrounds were
used as replicates to predict the general ESC transcriptome to compare to flow sorted iPSC
populations. Likewise, epiblast stem cells from the 129 and NOD backgrounds were used

as replicates to predict the general EpiSC transcriptome to compare to flow sorted iPSC
subpopulations.

Similarly, labeled flow sorted cells from the two heterogeneous source populations were
used as replicates to compare to the differently labeled flow sorted cells and to compare to
the general ESC and EpiSC profiles. For example, flow sorted CD40+ cells from the source
population that had been maintained in 2iS media for only the first seven days and flow
sorted CD40+ cells from the source population that had been removed from 2iS media after
continual culture in 2iS for >16 passages were used as replicates.

Our premise for using these samples as replicates is that they have the same phenotype
(positive labeling for a specific marker), and they are both not currently maintained in 2iS
media. Based on our single cell data we saw no difference between cells under similar
culture conditions, /.e. current presence in or out of 2iS media. Furthermore, we were
investigating the difference between subgroups (CD40+ cells vs. PECAM1+ cells), and not
the difference between culture conditions.

To identify the unique profile of dual expressing cells, dual expressing cells were compared
simultaneously to both CD40+ cells and PECAM1+ cells using the additive function (Dual
vs. PECAML1 + CD40) in DeSeq2. The reason for this is because dual expressing cells
express both markers and individual one to one comparison of the transcriptome may

yield differentially expressed genes characteristic of the opposing label. For example, Dual-
expressing cells compared to PECAM1+ cells may yield differentially expressed genes

that are also characteristic of the CD40+ profile because dual-expressing cells also express
CDA40+. Thus, both PECAM1+ and tCD40+ profiles were considered when identifying a
unique profile of dual-expressing cells.
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Gene datasets and functional association analysis

Gene datasets identified by DeSeq2 sample comparisons were imported into the Ingenuity
Pathway Analysis Program to detect functional classifications and associations. The p-value
listed for each functional group is a measure of the likelihood that the association between
the genes in our dataset and a given function is due to random chance. The p-value is
calculated by considering the total number of genes in our dataset involved with a given
function and the total number of genes that are known based on the literature to be
associated with that function. The p-value was generated using the Fisher exact test and
was corrected using the Benjamini-Hochberg method.

IPA uses a z score to generate predictions about the activation state of a given function

by first considering the documented activation state in the literature for a given gene and
then by considering the observed differential up/down regulation of the gene in the provided
data set. Considering that there may be conflicting reports for a given gene activity in the
literature, the weight of the findings for each gene is tabulated. A prediction of a biological
function is given the label, “bias” when the gene regulation (up/down) in the data set and the
regulation of the gene in the literature are skewed. If there is an unequal amount of up/down
regulated genes in a dataset there is a higher probability that the prediction will be biased
because the algorithm takes into account how the gene is being regulated in the data. In

our data, we compare PECAM1+ to CD40+ cells. Genes with increased expression in this
data set have increased expression in PECAM1+ cells, whereas genes in this dataset with
decreased expression have increased expression in CD40+ cells. Our predictions have a bias
label because the individual gene lists were imported separately into IPA, so as to define a
unique transcriptional profile from each strain.

Transcription factor profiling

Whole cell lyses from flash frozen flow-sorted samples were processed by Signosis to
isolate nuclear proteins. Transcription factor DNA-binding activity was assessed by Signosis
using their Stem Cell TF Activation Profiling Plate Array | FA-1003 for 16 common

stem cell transcription factors: EGR1, OCT4, FOXD3, FOXO, NANOG, SOX2, SOX18,
ETS, GLI, KLF4, MEF2, MYC, RUNX1, PAX6, TCF/LEF and GATA. Biotin-labeled
transcription factor probes that bind to the consensus sequence of specific transcription
factor DNA-binding sites were incubated with the nuclear protein extracts of each sample to
allow for the formation of a transcription factor-DNA binding complex. A filter plate was
then used to retain bound probes and remove free DNA probes. The number of bound probe
complexes, representing transcription factor binding activity within the sample, were then
quantified by hybridizing the probe to a corresponding well on a 96 well hybridization plate.
Probes were detected with streptavidin-HPR and luminescence was reported as relative light
units (RLUSs) on a microplate luminometer.
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Fig. 1.

Vz?riation in iPSC colony morphology is determined by culture conditions. A 2iS was added
three days after the lentivirus and maintained for only the first seven days. Colonies were
selected and expanded for 16 passages in standard media. B, E NOD/ShiLtJ and WSB/EiJ
iPSC colonies before 2iS removal. C, F NOD/ShiLtJ and WSB/EiJ iPSC colonies after

2iS removal show a loss of colony stability. D, G WSB/EiJ colonies retain morphology
better than NOD/ShiLtJ colonies with the loss of 2iS. H Colonies passaged as single cells
differentiated and died. I-L Colonies passaged as cell clumps gave rise to both flat colonies
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and round colonies within the same population when maintained on a mitotically inactive
MEF feeder layers. M, N Fewer flattened colonies persisted with each passage, giving rise
to a population of mostly three-dimensional dome shaped colonies on a MEF feeder layer
for both NOD/ShiLtJ at passage 10 and WSB/EIJ at passage 8. O, P iPSC colonies from
NOD/ShiLtJ and WSB/EiJ were intolerant to growth on a feeder-free gelatin layer even
when passaged as cell clumps. Colonies became flattened and began to differentiate. Q The
phenotype was exacerbated to a spindle like appearance when trypsin was used. Scale bars
200 pm.
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Fig. 2.

C(?II surface marker expression in under different culture conditions. A, B Control NOD/
ShiLtJ ESC and NOD/EiJ EpiSC grown in serum-free media on a mitotically inactive

MEF feeder layer. NOD/ShiLtJ ESC form three-dimensional dome shaped colonies and
NOD/ShiLtJ EpiSC formed broad, flattened colonies. C NOD/ShiLtJ ESC label positive for
the ESC surface marker PECAML and do not label for the EpiSC surface marker CD40.

D NOD/ShiLtJ EpiSC label positive for the EpiSC surface marker CD40 and do not label
for the PECAM1 embryonic stem cell surface marker. E NOD/ShiLtJ and WSB/EiJ iPSC
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derived with shortened 2iS culture and returned to 2iS culture after 16 passages. F,G In 2iS
free conditions, these cells label heterogeneously for both PECAM1 and CD40. H,I When
these colonies are grown in 2iS media again after 16 passages they label homogenously
for PECAML expression. J NOD/ShiLtJ and WSB/EiJ iPSC.2iS colonies that were derived
and maintained in 2iS for 16 passages, were then removed from 2iS culture. K,L In 2iS
conditions cells label homogenously for PECAM1. M,N In 2iS free conditions the cells
transition to a heterogenous expression pf PECAM1 and CDA40.
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Fig. 3.

C(?ntrol iPSC cell surface marker expression under different culture conditions. A 129S1/
SvimJ ESC derived in serum/LIF conditions label heterogeneously for PECAML1 and
CDA40. B 2iS transitions colonies from heterogeneous to homogenous PECAM1 expression.
C,D iPSC derived in serum/LIF conditions from permissive C57BL/6J and 129S1/SvimJ
strains label homogenously for the PCEAML. E iPSC from 129S1/SvimJ continue to label
homogenously for PECAML1 after being grown in 2iS conditions for eight passages.
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Fig. 4.

Analysis of single cells from each 2iS culture condition A To investigate single cell
differences we randomly captured cells from iPSC colonies cultured in each 2iS condition:
cells from the A/way, group were continually cultured in 2iS for 16 passages, cells from
the Late group were cultured in 2iS after 16 passages, cells from the Early group were
cultured in 2iS media for 16 passages and was then cultured in serum/LIF conditions
lacking 2i, cells from the Aevergroup were cultured in 2iS for only the first seven days
prior to colony selection and expansion. It is important to note that NOD iPSCs cannot
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be derived without some form 2i culture. The Nevergroups represents the closest that we
can get at deriving iPSCs without continual supplemental conditions. B Single cells from
the two homogenous populations cluster together regardless of when 2iS was added (/..
Always/Late). The two heterogenous populations also cluster together (i.e. Never/Early).
However, a subset of heterogenous cells cluster apart from all the other iPSC samples. The
gene group characterizing this cluster is highlighted in yellow. C This is a heatmap of the
large highlighted cluster in panel B, that separate a subset of heterogenous samples. D If we
remove this subset separating the two heterogenous samples, single cells separate according
to current culture in/out of 2iS media, regardless of individual variations in the timing of
2iS addition. E Predicted gene activity of LIF pathways when cells are grown in 2iS. Genes
with increased expression in 2iS conditions are indicated in green. Genes with increased
expression in 2iS free standard conditions are indicated in red. Genes with increased
expression in 2iS media function to further activate the core pluripotency network indicated
in blue. TCFP2I1 is a target of the LIF signaling pathway and activates NANOG expression.
Homogenous NANOG expression is a key characteristic of populations maintained in 2i
media. A side effect of IL9 activation is the activation of the STAT3 pathway, which

is central to the core network. MANBA is activated by STAT overexpression and may
function like a GSK3p inhibitor. Additionally, in 2iS conditions we see a down-regulation
of the ERK differentiation pathway by Duspl. In contrast, in standard 2iS free conditions
CRABP1 may activate the ERK differentiation pathway. WNT signaling is decreased as
evidenced by the increased expression of FABP5, which is negatively regulated, by beta-
catenin and S100A6, which degrades beta-catenin. Decreased WNT signaling may lead to
decreased MYC expression, which is supported by the increased expression of PLACS that
is negatively regulated by MYC. However, WNT signaling is not ablated as evidenced by
LEFTY1 expression, which is upregulated by WNT and TMEM237 and CTHRC1, which
activate WNT signaling
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Fig. 5.
Flow cytometry of cells grown under different conditions. A The occurrence of each

subpopulation in heterogeneous iPSC populations is about the same regardless of the
historical length of 2iS exposure. The majority of live cells are PECAML1 positive. B
Repeat of flow sorting experiment. The majority of live cells are positive for PECAML.
There are slightly less dual expressing cells in this second sort. C Flow sorted CD40+
cells cluster separately (highlighted in yellow) from flow sorted PECAM+ cells and flow

sorted dual expressing cells. The PECAM1+ cells and dual expressing cells cluster together
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with captured single cells. The separate cluster of flow sorted CD40+ cells indicate that no
CDO40+ cells were captured in our signal cells analysis.
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Fig. 6.
Differential gene expression in cells grown under different condition. A PCA plot of

subpopulation relationships. PECAM1+ cells from both the flow sorted heterogeneous
populations cluster together separately from flow sorted CD40+ or dual expressing cells
from the same source population. There is less variance between PECAM1+ cells and dual
expressing cells than between either and CD40+ cells. B There are fewer differentially
expressed genes between PECAM1+ cells and the ESC state than PECAM1+ cells and the
EpiSC state. The same is true for flow-sorted dual expressing cells. However, CD40+ cells

Mamm Genome. Author manuscript; available in PMC 2022 May 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Garbutt et al.

Page 36

are equally dissimilar to both the ESC state and the EpiSC state as judged by a roughly equal
number of differentially expressed genes in each comparison. C1-C4 Culture of PECAM1+
cells flow sorted cells separately yields a re-emergence of all three subpopulations. C1-C2
single channel images of each marker. C3 Merged image of both markers. C1-C3 scale bar
200 um. C4 enlarged region of C3 panel, scale bar 30 um. D1-D4 Culture of CD40+ flow
sorted cells separately yields a re-emergence of all three subpopulations. These images are
representative of the population three to four days after separate growth. The cells have not
been passaged.
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Fig. 7.
Transcription factor activity in cells expressing different markers. A FOXO1 production

is significantly higher in PECAMZ1+ cells than in CD40+ cells. MYC production is
significantly higher in PECAMZ1+ cell than in CD40+ cells. It is also significantly higher
in PECAM1+ cells than in dual expressing cells. B, C There appears to be little difference
in the level of each stem cell transcription factor between PECAM1 and CD40+ cells. D
Dual expressing cells from the 2iS culture group have higher production of all stem cell
transcription factors than cells not maintained in 2iS.
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Fig. 8.

Pluripotency potential of stem cells used in this study. At the top of the hill are cells

with the most potential. These are transcriptionally homogeneous iPSC colonies. The 2i
inhibitors foster a transcriptionally homogeneous PECAML1 positive state, with the exception
of iPSC derived from permissive strains such as the 129S1/SvimJ strain that can achieve
transcriptional homogeneity in the absence of 2i. ESC from permissive strains and iPSC
from non-permissive strains not maintained in 2iS conditions exist at an intermediate level
of pluripotency that is both pluripotent and poised for differentiation. This intermediate
stage is defined by heterogeneous PECAML1 and CD40 expression. EpiSC are the most
poised for differentiation and have the least pluripotency potential of the stem cells studied
here. They are the last state of stem cell identity before terminal differentiation. Although
CDA40 is expressed in EpiSC, it is not unique to the EpiSC state as intermediate ESC also
express CD40. A complete loss of pluripotency occurs when cells terminally differentiate.
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Function  Genes

Quantity of Cells: p-value 0.000355: Predicted to be increased (bias)

Affect Myolg, Vwf, Mlana, Jamz, Kat6b

Increase Myc, Rasgrpl, Sohlh2, Dmrtc2, Cngb1l, Essrb, Pla2g5, Tex19.1, Ribpl, Tcll, Zap70, Hormad2, Cardll, Ctcfl, Zp3, Hnfla, Spn,
Mybl2, KIf4, Mapt, KIkl, Fgf4, Sox2, Nrobl, Daz1, Tnn, Bhmt, Zfp42, Foxn4

Decrease Uspl7Ib, Piwil2, Dlgap3, Itgal, Ubash3a, Sox15, Cd3e, Gstp2, Nefh, Aire, Pecaml, Inpp5d, Spic, Tet2

Generation of Cells: p-value 3.72E-08: Predicted to be increased (bias)

kbp6
Decreased  Cd3e, KIk1, Nefh, Pecaml, Adapl

Piwil2, Tiel, Tex19.1, Rfx2, Dmrtc2, Sohlh2, Tdrd12

Increased Myc, Rasgrpl, XlIr3c, D1Pasl, Zap70, Itgal, Ctcfl, Zp3, Ace, Hnfla, KIf4, Ubaly, Tbx3, Ephx2, Dnmt3l, Mapt, Fgf4, Sox2,
F

Affected Zfp42, Cabp4, Tet2, Tex14, Hormadl, KIf17, Prss42, Morcl, Dcdc2a, Tnn, Stra8, Tex11, Ak7, Dazl, Nlrp14, Inpp5d, NrOb1,
Vwf, Hsf2bp, Trpm 1, Aire, Piwill, Mcf2, Mov10I1, Smclb, Spn, Zbth32, Card11, Hormad2, Aurkc, Hydin, Prdm14, Dlgap3,

Maintenance of Stem Cells: p-value 0.000124: No prediction by IPA
Affects Pramel7, Tcll, Prdm1, Prdm14, Esrrb, Tbx3, Fgf4, KIf4, Sox2

Pluripotency of cells: p-value 0.00026: Predicted to be increased (bias)
Increases Myec, Tcll, HIkf4, Fgf4, Sox2, Fbxol5, Zfp42

Development of the Blastocyst: p-value 0.00026: No prediction by IPA
Affect Zfp42, Hormad1, Fgf4, Hnfla, Ubtfl1, Spic, Mybl2, Bhmt, Zp3

Implantation of the Embryo: p-value 0.0384: No Prediction by IPA
Increases  Ooep

Affects Prdm14, Nr5a2, Zscan4c, Ubtfl1

DNA Methylation: p-value 0.00737: No prediction by IPA
Increases Bhmt, Myc, Dnmt3lI
Decreases  Tcll

Affects Movloll, Ctcfl

Mamm Genome. Author manuscript; available in PMC 2022 May 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Garbutt et al.

Page 40

Table 2

Functional classifications and genes differentially expressed in flow sorted CD40+ cells

Function

Genes

Increases

Decreases

Affects

Differentiation: p-value 6.25E-33: Predicted to be increased (bias)

Proxl, Hs6st2, Enpp2, Nefm, Lrrc8c, Pde5a, Tgfb3, Cclll, Nsgl, Efnb2, Slpr3, Ednra, Ar, Cd40, Fgf5, Itgh8, Fos, Cnrl, Binl, Scx,
Plat, Sparcll, Plekhol, Rorc, Sparc, 111 8, Col4al, Ebfl, Sema6a, Adcy6, Ifngr2, Isgl 5, Fgf8, Col25al, SI 00a4, Pgr, Sicl a2, Erbb4,
Foxa2, Meoxl, Kctdl I, Adoral, Itga2, Bcl2, Ghr, Mmd, Serpinfl, Cavl, Has2, Pdgfra, Angptl, Zeb2, MapkI2, Igfbp5, Nkx6-I,
Cysltrl, Cd274, Hoxb2, Jun, Nuakl, Bgn, Ptn, Camk4, Dab2, Dbnl, Pam, Camklg, Ltbr, Wnt5a, Mmp9, Lgalsl, Edn3, Enl, Fbn2,
LoxI2, Nfia, Efna5, Apln, Pcsk9, F2r, Sicla3, Cdhll, Hoxbl, Pdlim7, Sox5, Rgs2, Irsl, Gab2, Shh, Rorl, Frzb, Tmemll9, WIs,
Gdpd2, Sh3pxd2b, 1gf2, SoxI7, Ebf2, Rspo3, Sshp2, Pkdcc, Tox, Eomes, Tpbg, Amot

Gdfll, Wnt3, Thx2, Otx2, Meisl, Hmga2, Mfap2, Chrd, St8sia2, Mafb, Pax3, Sox9, Etsl, Vim, Zhx2, Dkkl, Hoxa9, Nog, DII3,
Abcg2, Dcx, Rgs4, Atf3, Tgfblil, App, Hdac7, Cntn2, Sema3a, Pthir, Gsn, Twist2, Cd44, Ubash3b, Cd24a, Cxcll0, Nrcam, Irf2,
DusplO, Six2, St8sia4, Sema3f, IlI7rd, Lfng, Zfp52I, Lbh, Robo2, Cyp26al

Rnasel, Aplnr, Gpm6a, Shc4, Herc6, Lrrk2, Ssbp3, Cadps2, Fzd8, Semadc, Gpc3, Lztsl, Nrep, Dok5, Pmp22, Cdh2, Fabp7,
Psmb8, Dkk2, Fst, Hoxb3, Hoxc8, Ctnna2, Mrc2, Bmpl, Pcsk2, Nrpl, Col6al, Gasl, Creb5, Lpp, Ptpn9, Tagln, Hivep2, 1115ra,
Stk39, Itpkb, Onecut2, Fzd2, Nes, MixI|

Increase

Decreases

Affects

Proliferation: p-value: 4.26E-20: Predicted to be increased (bias)

Serpinhl, Hs6st2, Enpp2, Capn2, Fat4, Tpm2, Tbx2, Otx2, Meisl, Hmga2, Gbp2, Foxp2, Nedd9, Pde5a, Pls3, Chrd, Tgfb3, Cclll,
Stk39, Nsgl, IlI5ra, Efnb2, Nnat, Calcrl, Slpr3, Pbx3, Ednra, Ar, Pax3, Fgf5, Alx4, Fos, Cnrl, Ptpn9, T, Fosb, Scx, Plat, Plekhol,
Esml, Tnfaip6, Gasl, Sox9, Etsl, Stégall, Ephal, Pim2, 1118, Ebfl, KIf6, Sema6a, Vim, Isgl5, Fgf8, Car3, Hoxa9, Sl00a4, Abcg2,
Pgr, Sicla2, Erbb4, Itga2, Bcl2, Ghr, Ccnd2, Has2, Pdgfra, App, Angptl, Sic8al, Hoxb3, Etvl, Mapkl 2, Igfbp5, Nkx6-I, Pthlr,
Cysltrl, Jun, Cd44, Ptn, Cdkl4, Camk4, Sh3kbpl, Ltbr, Wnt5a, Mmp9, Hsdllb2, Lgalsl, Cd24a, Dclkl, Edn3, Nrcam, 1rf2, Cdh2,
Nfia, DusplO, Apln, Six2, Dok5, Erapl, Gria3, Nrep, F2r, Setbpl, Sicla3, Cdhll, Lztsl, Hoxbl, Sema4c, Rgs2, Antxrl, Irsl, Gab2,
Shh, Rorl, 181001I10I0Rik, Ash4, Tmemll9, Zfp52l, Collal, Ssbp3, Zfp703, WIs, Zfp503, 1gf2, Shc4, Rabl3, Apinr, Tox, Eomes,
Amot

Unc5c, Proxl, Gdfl I, Wnt3, Srgn, St8sia2, Cd40, Tagln, Itgh8, Binl, Dachl, Peal 5a, Sparcll, Cnnl, Taxl bp3, Rorc, MyI9,

Sparc, Nrpl, Col4al, Pcsk2, Adcy6, Nog, Igfbp4, Rprm, Dcx, Setd7, Rgs4, Foxa2, Atf3, Kctdl |, Pex2, Tgfblil, Gal, Serpinfl,
Cavl, Col4a2, Hdac7, Zeb2, Adamtsl, Rgl3, Sema3a, Emp3, Fst, Gsn, Cd274, Bgn, Emilinl, Dab2, Cxcll0, Fbn2, Efna5, Pmp22,
St8sia4, Sema3f, Il17rd, Gpc3, Frzb, Cedc8, Cerl, Soxl|7, Eif4e3, Rnasel, Gbp7

FbxI7, Gpm6a, Robo2, Lrrk2, Dchsl, Gpre5c, Fzd8, Sox5, Kenj5, Pxdn, Cacnalg, LoxI2, Cldnl, Fabp7, Lrp2, Dbnl, Nuakl, Twist2,
Cntn2, Adoral, Pcdhl, Bmpl, Dkkl, MamI3, Col6al, Ms4a4d, Ndnf, Vcaml, Mafb, Cav2, Nefm, Psme2, Add2, Zyx

Decreases

Increases

Affects

Cell Death: p-value 1.05E-18. Predicted to be decreased

Zyx, Serpinhl, Gdfll, Eya4, Wnt3, Fat4, Aphlb, Otx2, Nefm, Meisl, St8sia2, Scg5, 11I5ra, Mafb, Efnb2, Calcrl, Slpr3, Pbx3, Ednra,
Pax3, Fgf5, Alx4, Ptpn9, T, Scx, Plat, Dachl, Peal5a, Plekhol, Ndnf, Foxbl, Rorc, Sox9, Ptprt, Stégall, Edil3, Pim2, Sparc, Col6al,
Nrpl, Col4al, Ebfl, KIf6, Sema6a, Adcy6, Ifngr2, Cdh6, Fgf8, Car3, Hoxa9, Col25al, Igfbp4, SI00a4, Abcg2, Pgr, Sicla2, Erbb4,
Rgs4, Foxa2, Parva, Adoral, Itga2, Bcl2, Ghr, Pde4b, Gal, Serpinfl, Cavl, Has2, Pdgfra, Gpm6b, Angptl, Zeb2, Slc8al, Pthir, Fst,
Gsn, Twist2, Nuakl, Bgn, Cd44, Lrp2, Wnt5a, Hsdllb2, Psmb8, Irf2, Anxa5, Cdh2, DusplO, Apln, Gria3, St8sia4, Slcla3, Cdhll,
Lztsl, Actcl, Sema3f, Pdlim7, Gpc3, Sox5, Irsl, Gab2, Shh, Atpla2, Rorl, I8I001IOI0Rik, Cadps2, Collal, Sepnl, 1gf2, Lrrk2, Astnl,
Tox3, Adgrl2, Tox, Eomes, Itprip, Amot

Peg3, Unc5c, Gulpl, Capn2, Srgn, Nedd9, Pde5a, Gpr37, Chrd, Tgfb3, Cclll, Itpkb, Ifit2, Nnat, Ar, Cd40, Fos, Cnrl, Binl, Fosb,
Vcaml, Arap3, Etsl, Pcdhgce3, 1118, Isgl5, Dkkl, Bmpl, Tgfbi, Nog, Rprm, Atf3, Ifihl, Tgfblil, Ccnd2, Col4a2, App, Adamtsl,
Mapkl2, 1gfbp5, Sema3a, Emp3, Cd274, Jun, Sall2, Ptn, Stra6, Camk4, Cacnalh, Dab2, Cacnb2, Sh3kbpl, Ltbr, Mmp9, Lgalsl,
Cd24a, CxcllO, Enl, Cacnalg, Pmp22, Pcsk9, F2r, I1I7rd, LhxI, Antxrl, Frzb, Ccdc8, Isml, Pcdhgc4, Pcdhgce5, Gpme6a, Rnasel,
Antxr2

Shc4, SoxI7, Car4, Hoxbl, Snph, Efna5, LoxI2, Fbn2, Nrcam, Lspl, Ctnna2, Zhx2, Vim, Pcsk2, Gasl, Msda4d, Fzd2, Nes, Thx2,
Psme2, Add2
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