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Abstract

Embryonic stem cells (ESCs), due to their intrinsic capability to generate somatic cells of all three
germ layers, are the potential sources of neural cells for cell replacement therapies. However, the
empirical differentiation protocols and the lack of mechanistic understanding of the neural
differentiation of ESCs has limited the utility of ESCs as a developmental model or as a cell
source for neural cell population for replacement therapies. Coculturing ESCs with stromal cells is
one of the extensively used methods to induce neural differentiation. Despite several studies
attempting to identify neural inducing factors in stromal cell induced neural differentiation, self-
regulatory effects of ESCs in the neural differentiation process remains unexplored. For the first
time, we elucidate the self-regulatory role of mESCs on their neural cell differentiation by
supplementing conditioned media from differentiating mESCs to the mESCs-PA6 cocultures and
quantitatively evaluating the change in neural differentiation. Moreover, we use statistical tools to
analyze the expressions of various growth and trophic factors and distinguish the factors produced
primarily by PAG6 cells versus mESCs in coculture. We observed that addition of the medium
containing mESCs-secreted factors to the single mESCs colony cocultured with PAG cells
significantly enhanced the neural differentiation of mMESCs compared to the medium extracted
from the stromal cells only. Hierarchical clustering of gene expression data from PA6 and
cocultured mESCs segregated two group of factors that are produced by the stromal cells and
differentiating mESCs. Identifying the major soluble factors that drive and regulate the neural
differentiation process in mESCs-PA6 coculture niche will help understand the molecular
mechanisms of neural development. Moreover, it can be the first step toward developing novel
protocols to differentiate stem cells with mESCs derived factors supplementation without using
feeder cells with greater efficiency compared to existing approaches.
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INTRODUCTION

Embryonic stem cells (ESCs) provide a potential cell source for neural tissue repair and cell
replacement therapies due to their infinite self-renewal, expansion, and multi-lineage
differentiation potential.12 In addition, ESCs enable /n vitro modeling of embryonic
organogenesis to help understand normal brain development and neural cell diseases.34
There are several methods to derive neural cells from ESCs. ESCs may be cultured as
compact, three-dimensional (3D) aggregates known as embryoid bodies and differentiated
using specific chemicals such as retinoic acid.® However, differentiation of ESCs with the
embryoid body culture is not exclusive to neural cells and mesodermal and endodermal cells
also occur.8 ESCs cultured as a monolayer in defined media supplemented with specific
growth factors also undergo neural differentiation but with a relatively low efficiency.
Subsequent growth of differentiated cells followed by dissociation and re-plating on
adherent surfaces is required to derive neuronal cells.”8 Alternatively, neural differentiation
can result from co-culturing of ESCs with certain stromal cells.®19 ESCs grow in clumps
over the stromal cells layer and undergo differentiation without any additional
differentiation-inducing agents or re-plating of differentiated cells. This method mimics
intercellular signaling during embryonic neurogenesis and effectively results in
dopaminergic neuronal differentiation of ESCs by soluble and surface-bound factors
collectively referred to as “stromal cell derived inducing activity (SDIA)”.2 However, a
major limitation of this method is the use of animal feeder cells to induce differentiation.
Moreover, the underlying mechanism of differentiating ESCs is poorly understood. Hayashi
et al. showed that conditioned medium of PA6 stromal cells induced moderate levels of
dopaminergic neuronal differentiation of mouse ESCs.1! Swistowska et al. reported that
conditioned medium of PAG cells induced dopaminergic differentiation in neuronal
precursors isolated from a human embryonic carcinoma cell line as well as neural stem cells
derived from different human ESC lines.12 Vazin et al. observed that fixing or mitotically
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inactivating PA6 cells minimally affects the neural inducing effect of the stromal cells but
significantly decreases differentiation to dopaminergic neurons.13 Stromal cell-derived
factors such as SHH, FGF8, and Wntba were suggested to play a major role in SDIA-
mediated neural differentiation of ESCs.12:14

Despite extensive use of the stromal PA6 cells-ESCs co-culture method, self-regulatory
effects of ESCs in the neural differentiation process remains unexplored. Metabolites of
ESCs contain soluble factors such as morphogens and activins that can directly influence
differentiation of ESCs.1%:16 This is supported by our previous study that standalone mESC
colonies in co-culture with a monolayer of PA6 cells show disproportionately greater neural
differentiation by increase in the mESC colony size.1% We hypothesize that in addition to
SDIA, soluble factors secreted by differentiating mESCs additionally regulate the neural
differentiation phenotype. Here, we conduct a comprehensive study to test this hypothesis
through addition of mediua containing PA6-secreted factors only and both PA6 cells- and
mESCs-secreted factors to the mESCs-PAG6 cells co-cultures, and quantitative evaluation of
neural differentiation of mESCs using protein and gene expression analyses. Considering
that quantification of differentiation of randomly-seeded ESCs in the co-culture system is
difficult and subjective, we use a non-contact cell microprinting technology to localize a
defined number of mMESCs over a layer of supporting stromal cells and allow the mESCs to
form a single colony of defined size.1917 This approach enables convenient imaging and
quantification of protein expression of differentiated cells.

Our data indicate that addition of the medium containing mESCs-secreted factors to the co-
culture of a single mESCs colony on PAG6 cells significantly enhances neural differentiation
of mESCs compared to the effect of the medium extracted from the stromal cells only. To
elucidate the self-regulatory role of mESCs on their neural cell differentiation, we use
statistical tools to analyze the expression of various growth and trophic factors in PA6 and
mESCs. We identify two group of factors that are produced by the stromal cells only or
primarily by the differentiating mESCs. Understanding molecular mechanisms of neural
differentiation of ESCs in co-culture with stromal cells including identification of major
soluble factors that drive and regulate this process will advance the development of ESCs-
based /in vitro model systems and cell replacement therapy strategies for neurodegenerative
diseases, and may result in novel protocols to differentiate stem cells without using feeder
cells but with greater efficiency compared to existing approaches.18

MATERIALS AND METHODS

Cell maintenance

Mouse embryonic stem cells, mESCs, (EB5, Riken) were cultured in a maintenance medium
in flasks coated with a 0.1% gelatin solution (Sigma) for 1 hour. The maintenance medium
consisted of Glasgow Minimum Essential Medium (GMEM, Life Technologies)
supplemented with 10% knockout serum replacement (KSR, Life Technologies), 2 mM
glutaMAX (Life Technologies), 1% fetal bovine serum, FBS (Sigma), 0.1 mM non-essential
amino acids (NEAA, Life Technologies), 1 mM sodium pyruvate (Life Technologies), 0.1
mM 2-mercaptoethanol (Life Technologies), and 2000 units/ml leukemia inhibitory factor
(Millipore). The cells were kept in a humidified incubator at 37°C and 5% CO,. The stromal
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PAG cells (Riken), derived from newborn mouse calvaria, were cultured on gelatin-coated
flasks in a medium consisting of aMEM (Life Technologies), 10% FBS (Sigma), and 1%
antibiotic-antimycotic (Life Technologies). All experiments were conducted within the first
ten passages of both cell types.

Feeder layer preparation for differentiation experiments

For preparation of a confluent stromal feeder layer, 4x104 and 4x103 PAG cells were seeded
into a gelatin-coated 35 mm Petri dish and per well of a 96-well plate, respectively. The
selected density was to ensure that after two days, PA6 cells spread well on the culture
surface, display a normal morphology, and form a confluent layer. At this point, the cells
were mitotically arrested using 10 pg/ml mitomycin-c (Sigma) for 2 hrs. The mitomycin-c
solution was removed and cells were washed three times with PBS. The mitotically
inactivated PAG6 cells were incubated overnight at 37°C and 5% CO in a standard medium
(SM) containing GMEM, 10% KSR, 2 mM glutaMAX, 0.1 mM NEAA, 1 mM sodium
pyruvate, and 0.1 mM 2-mercaptoethanol.

Printing of mMESC colonies using an agueous two-phase system technology

Two aqueous polymer solutions were prepared by dissolving polyethylene glycol (PEG, M:
35 kDa) (Sigma) and dextran (DEX, M,,: 500 kDa) (Pharmacosmos) in the SM at the
concentrations of 5.0% (w/v) and 12.8% (w/v), respectively.1® mESCs were suspended in an
equal volume of the SM and the DEX phase solution to yield a cell density of 10 cells/pl.
This also reduced the polymer concentration to 6.4% (w/v). The suspension was transferred
into wells of a 384-well plate (source plate). A liquid handler (SRT Bravo, Agilent) was used
to load 50 nl of the suspension into hydrophobic slot pins (VP Scientific). The pins were
then slowly lowered into a 35 mm Petri dish or a 96-well plate containing a monolayer of
mitotically-inactivated PAG cells immersed in the PEG phase solution. Pins were kept in the
close vicinity of the PAG layer to allow the aqueous DEX phase containing 500 mESCs
autonomously dispense from each pin and form a drop on the monolayer of the PAG cells.
mMESCs remained confined in the DEX phase drop and adhered to the PAG cells layer.
Polymeric solutions were replaced with the SM after 3 hrs of incubation. Printed mESCs
proliferated to form an individual colony and differentiated over time. Colonies were
cultured for 8 days in the SM and for an additional 6 days in the SM containing 1X N2 (Life
Technologies). Media exchange was performed on days 4 and 6, and then every day until
day 14.

Collection and supplementation of conditioned media

Mitotically-inactivated PA6 cells were kept in the SM in 35 mm Petri dishes to allow factors
secreted by the PA cells accumulate. This culture was used as the source of stromal cells
conditioned medium (SCM). In parallel, nine colonies of MESCs were generated on a layer
of mitotically-inactivated PA6 cells and kept in the SM to allow soluble factors produced by
the PA6 and mESCs accumulate. The resulting culture was used as the source for co-culture
conditioned medium (CCM). Every day, 1 ml of the SCM and CCM was recovered from
each Petri dish. The depleted medium that comprised one third of the total medium volume
in each dish was replaced with fresh SM. The SCM and CCM were each separately
supplemented to a single colony of mESCs on mitotically-inactivated PA6 cells in each well
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of a 96-well plate daily. The culture medium in each well was completely replaced with 100
ul of either SCM or CCM. In parallel, a negative control group, i.e., co-culture of a colony of
mMESCs on PAG cells in a 96 well plate, received 100 pl of the SM. Media renewal in Petri
dishes that were the sources for SCM and CCM was performed on days 4 and 6, and then
every day until day 14.

Immunofluorescence and image analysis

Cells were fixed in 3.7% formaldehyde (Fisher Scientific) for 15 min followed by 3 washes
with PBS, each for 5 min. The samples were blocked with a 5% donkey serum solution
(Sigma) in PBS (Sigma) for one hour to prevent nonspecific binding. The samples were then
incubated with a primary antibody solution at 4°C overnight. The primary antibody for TuJ
was a rabbit monoclonal class Il B-tubulin antibody (1:2000) (Biolegend). For Nestin, an
affinity purified Nestin chicken antibody was used (1:200) (Neuromics). For glial fibrillary
acidic protein (GFAP), an affinity purified chicken IgY (1:2000) (Neuromics) was used.
Secondary antibodies to visualize protein expression were raised in donkey and
fluorescently conjugated with Aminomethylcoumarin (AMCA) (1:100), Rhodamine red
(1:100), and Alexa Fluor 488 (1:800) (Jackson ImmunoResearch). Sections of each
immunostained mMESC colony were imaged at 10X and merged (Adobe Photoshop CS) to
generate a panorama of the entire colony. The exposure time for imaging of each protein was
kept fixed. After subtracting the background signal from images using the “subtract
background” tool in ImageJ (NIH), the expression of each protein was quantified by (i)
measuring the net fluorescence intensity in each image and (ii) using adaptive thresholding
in ImageJ. The adaptive thresholding technique involved conversion of images to black and
white by calculating a threshold for each pixel based on its surrounding pixels. The resulting
white pixels count corresponded to protein expression.

Quantitative real-time PCR (g-PCR) analysis

Cells were lysed using a solution of TRK lysis buffer (Omega Biotek) and mercaptoethanol
(Sigma) at a 1:50 (v/v) ratio. The samples were homogenized by loading into homogenizer
mini columns (Omega Biotek). RNA was isolated using a commercial kit (Omega Biotek).
A RNase-free DNase kit was then used per the manufacturer’s instructions to remove DNase
(Omega Biotek). The purity and concentration of RNA was determined using OD 260/280
spectrophotometry (Synergy H1M, Biotek instruments). cDNA was synthesized from 1 g
of total RNA using random hexamer primers according to the manufacturer’s instructions
and a transcriptor reverse transcriptase cDNA synthesis kit (Roche). Reverse transcription
reactions were incubated at 25°C for 10 min, at 55°C for 30 min, and at 85°C for 5 min.
Resulting products were kept at 4°C.

g-PCR was performed on the resulting cDNA in a Roche LightCycler 480 Il instrument
using a SYBR Green Master Mix (Roche). Briefly, 50 ng of cDNA was combined with
forward and reverse primers, and the SYBR green Master Mix was diluted to a final volume
of 15 pl according to the manufacturer’s instructions. The reactions were pre-incubated at
95°C for 5 min followed by 45 cycles of amplification, i.e., at 95°C for 10 sec, at 60°C for
10 sec, and at 72°C for 10 sec. Melting curve analysis was conducted post-amplification at
temperatures of 95°C for 5 sec and at 65°C for 1 min followed by continuous fluorescence
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reading at 97°C. Each sample was run in duplicates. Specific primer sequences for all the 25
genes in this study are listed in Table S1. Expression levels of mMRNA for different marker
genes were calculated relative to GAPDH and B-actin using the AAC; method. Fold change
in MRNA expression was determined as 2-AACt.19,20

Statistical analysis

All experiments were performed in triplicates for g-PCR and in duplicates for
immunostaining. Statistical significance of protein expression levels was assessed using one-
way ANOVA followed by Fisher’s LSD post hoc test in Minitab 16 software. Statistical
significance of gene expression levels was assessed in Minitab using two-sample #test
performed on the -AAC; (i.e., the logs relative expression levels) values from days 4, 6, and 8
of cultures. Agglomerative hierarchical cluster analysis with the complete linkage method
was also performed on the -AAC; values on days 4, 6, and 8. This analysis helped segregate
the factors expressed dominantly in stromal cells or differentiating mESCs. Agglomerative
hierarchical cluster analysis was performed using the R statistical programming language.

RESULTS AND DISCUSSION

Microprinting of mMESC to generate isolated colonies

The aqueous two-phase system technology is a non-contact cell microprinting approach that
uses biocompatible polymeric aqueous solutions to maintain viability and functionality of
cells.10.17.20 mESCs microprinted onto a confluent layer of PA6 cells remained partitioned
within the DEX phase drop due to an ultralow interfacial tension between the aqueous PEG
and DEX phases.19:21 mESCs adhered to the stromal layer within 3 hrs of incubation (Fig
1a-b).1921 The layer of mitotically inactive PAG cells remained intact and viable during the
2-week culture period while mESCs rapidly proliferated and formed individual colonies (Fig
1c). A density of 500 cells per drop resulted in uniformly-sized colonies of 2.0£0.3mm in
average diameter on day 8 of culture, irrespective of type of culture vessel. In addition to
proliferation, differentiating mESCs migrated outward from the colonies,?2:23 contributing
to the measured size. Physical and biochemical interactions between mESCs and stromal
cells were sufficient to induce neural cell differentiation, without a need for non-physiologic
chemicals.24:25 Close examination of cultures showed thick neurite bundles and processes
extending out from colonies (Fig 1d). A single colony was printed in a well of the 96-well
plate and nine colonies with a center to center spacing of 9 mm were printed in a Petri dish.

Soluble factors effect on neural differentiation of mMESCs

Despite the use of similar co-cultures, a single colony of mESCs in a well of a 96-well plate
showed significantly lower neural differentiation compared to each of the nine isolated
colonies in a Petri dish. We confirmed this through quantification of neural cell markers TuJ,
Nestin, and GFAP (Fig 2a—c). The small diameter of a single colony (2.0+£0.3 mm)
compared to wells of 96-well plates (6.85 mm) excludes the possibility of limited space as
the cause of poor neural differentiation and neurites extensions in microwells. Therefore, we
hypothesized that differences in the total number of PA6 cells and/or mESCs between the
two culture platforms and resulting difference in concentrations of cell-secreted soluble
factors cause this effect. Previous studies have shown that soluble factors produced by PA6
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cells induce neural differentiation of mESCs.? However, the role of mESCs-derived soluble
factors is unknown. To test the hypothesis, we harvested conditioned media from a culture of
PAG cells only in a Petri dish (SCM) and from the co-culture of nine colonies of mMESCs on a
layer of PAG cells in a Petri dish (CCM), and investigated effects of these media on neural
differentiation of a single colony of mESCs in co-culture with PAG cells in 96-well plates.
All cultures used mitotically-inactivated PA6 cells. This design is schematically shown in
Fig 3. We maintained the cultures for two weeks with daily complete renewal with fresh
SCM and CCM, and immunostained the mESCs on days 8 and 14 for protein expression
analysis of specific neural cell markers.

Addition of both SCM and CCM enhanced TuJ expression of differentiated mESCs by 2.0
and 3.3 folds, respectively (Fig 4a—e). Importantly, CCM addition enhanced TuJ expression
of a single colony in the microwell to the level of nine colonies in co-culture with PAG cells
(cf. Fig 4e and 2a), suggesting that the added soluble factors of stromal and differentiating
stem cells synergistically amplify the neural cell marker expression. Similar results were
observed with the neural stem cell marker, Nestin. Both SCM and CCM significantly
enhanced Nestin expression and caused a 1.7-fold and 2.6-fold increase in the protein levels,
respectively (Fig 4f—j). The use of CCM with the single colony in a microwell increased
Nestin expression to that of each of the nine colonies in co-culture with PA6 cells (cf. Fig 4j
and 2b). The expression of a specific marker of astrocytes, GFAP, also showed enhanced
protein expression by both conditioned media (Fig 4k—0). SCM and CCM addition to the
single mESC colony in a microwell increased GFAP expression by 2.1 and 2.7 folds,
respectively. Interestingly, both SCM and CCM elevated GFAP levels greater than that in the
nine isolated colonies (cf. Fig 40 and 2c), indicating the important role of soluble factors
produced by PAG cells and differentiating stem cells on amplifying astrocytic differentiation.
These results were also confirmed using total fluorescence signal measurements of
immunostained samples (Fig S1).

Gene expression profiling of growth factors that mediate neural differentiation of mMESCs

Our protein expression study indicates that soluble factors of stromal cells significantly
enhance neural cell differentiation of mESCs, and that endogenous soluble factors of mESCs
further amplify this phenotype. The main goal of this study was to discriminate between
contributions of factors in SCM and CCM. Our preliminary study showed that ELISA assays
were not sufficiently sensitive to detect all the soluble factors in the SCM and CCM;
therefore, we evaluated gene level activities of 23 soluble factors (Table S1) in the cultures
from which SCM and CCM were derived. These factors were selected for their known roles
in ESCs differentiation and based on a thorough literature survey. For example,
neurotrophins such as NT3 and NT5 enhance survival and neural differentiation of
ESCs,26:27 ciliary neurotrophic factor (CNTF) and sonic hedgehog (SHH) promote stem
cells survival and differentiation into specific neural cell lineages,12:14:28 and basic fibroblast
growth factor-2 (FGF2) promotes generation of neural stem cells.2930 We performed gPCR
analysis with samples retrieved from mitotically-inactive PA6 cells only in a Petri dish, from
co-cultures of nine isolated colonies of mMESCs with PA6 cells in a Petri dish, and from a
single colony of mESCs in co-culture with PAG cells in a 96-well plate as control. Based on
our previous work that showed the onset of neural differentiation of mESCs in this co-
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culture system was day 4, we harvested samples on days 4, 6, and 8 of cultures. Fold change
in mRNA expression levels for different genes was calculated relative to the single colony in
a 96-well plate, using the AAC; method.

Our gPCR data showed that IGF2 and SFRP1 had an impressive 19- and 17-fold greater
expression in PAG cells on day 4 (Fig 5a). These factors also had larger expression in the co-
culture group but only by 2.8 folds for IGF2 and 8.9 folds for SFRP1 (Fig 5b). Multiple
factors with significant gene expression in PAG cells on day 4 included IGF1, ALDHAL,
TGF B1, TGF B2, TGF B3, CXCL12, FGF2, NGF, and WNT9A, all with greater than at
least two folds. These factors also showed higher than 2-fold expression in the co-culture
group on day 4; however, their expression levels always remained lower than that in the PA6
group (cf. Fig 5a and 5b). Considering that there are about the same number of PA6 cells in
both cultures, these data indicates that PA6 cells produce the resulting growth factors.

Close scrutiny of Fig 5a shows that the expression levels of IGF1, IGF2, ALDHAL, TGF B1,
TGF B2, TGF B3, and WNT9A in the PA6 group significantly decreased with time from day
4 to day 8. This result implies that PA6 cells-derived factors have a dominant role in survival
of stem cells and guiding them toward a neural lineage. This is consistent with previous
observations by Parmar et al. that stromal cell derived inducing activity was confined to a
period before the expression of Sox1, which peaked on day 7 in their study. Therefore, PA6
cells primarily induce neural commitment of stem cells and have a limited role during the
later phase of neuronal differentiation of neural precursor cells.31:32 Considering the crucial
roles of IGFs, TGF B, and Wnt signaling in maintaining ESCs in a proliferative state and
driving cell fate determination, PA6 cells-secreted factors support these activities. We note
that despite reduced expression levels, these factors also support differentiation of ESCs to
specific neural cells. For example, IGF1 regulates differentiation and maturation of neurons
from neural stem and progenitor cells during embryonic development via PI3K/Akt
pathway.32 IGF2 is a component of SDIA crucial for dopaminergic neuron differentiation of
human ESC-derived progenitors.23 Similarly, TGF-p signaling regulates asymmetric cell
division of neural stem cells with differentiation of one daughter cell into neuronal or glial
cell and maintaining the neural stem cell population via the second daughter cell.34
Collectively, our data suggest reduced activities of this set of PA6 cells-derived factors with
the culture time, consistent with a previous report.32 On the other hand, SFRP1, CXCL12,
NGF, and FGF2 are a few PAG cells-derived factors that maintain their high fold change
until day 8. Several of these factors are established as components of SDIA in past studies.
For example, Vazin et al. found that PA6 cells expressed high levels of CXCL12, IGF2 and
SFRP1.23:35 Their results implicated potential roles of IGF2 in maintaining survival of
differentiating stem cells and CXCL12 in inducing dopaminergic differentiation. Schwartz et
al also found CXCL12 and SFRP1 as major dopaminergic neuron-inducing components in
stromal cell derived media.38 Our data are consistent with the reduced fold change of IGFs
and increased fold change for CXCL12 from day 4 to 8 in our study.

Remaining factors including CNTF, WNT5A, VEGF A, VEGF B, VEGF C, NT3, NT5,
PAX1, GDNF, BDNF, FGF8, and SHH have negligible gene expression in PA6 cells but
significant fold change in the co-culture group. The expression of these factors persisted, and
in some cases increased, during the measurement window. These data strongly suggest that

Integr Biol (Camb). Author manuscript; available in PMC 2018 May 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Hierarchical

Page 9

the factors are produced by differentiating mESCs in the co-culture group. In past studies,
neurotrophins such as BDNF, NT3, NT5, and GDNF were found to play vital roles in
nervous system development by regulating proliferation, differentiation, and maturity of
neural cells.26 NT3 was also shown to enhance neuronal precursor cell migration and
proliferation, neurites outgrowth, and regulate neuronal specification.28:27 CNTF promoted
differentiation of ESCs into astrocytes as well as survival of matured neurons.28:37 Persistent
and increasing gene expression of these factors in differentiating mESCs is consistent with
their roles in development of specific neural cells that takes place during the second week of
co-culture of mESCs and PAG6 cells.38:3% In summary, the fold change data in Fig 5a-b
suggests that a group of 12 factors self-regulate neural cell differentiation of mESCs in this
co-culture system.

To make a more direct, statistical comparison of gene expression of these factors between
the PA6 and co-culture groups, we averaged the temporal fold change data for each gene in
each group and subjected the results to a two-sample #test (Fig 5¢). This analysis showed
that the expression levels of all genes except for TGF 1, TGF B2, and IGF1 were
statistically different between the PA6 and co-culture groups. Factors such as IGF2, FGF2,
SFRP, ALDHAL, and CXCL12 showed significantly higher average fold change in PA6
cells, whereas factors including BDNF, GDNF, CNTF, NT3, NT5, and VEGFs showed
higher average fold change in co-culture group. This analysis again emphasizes the presence
of two cohorts of factors distinctly expressed by PA6 and differentiating mESCs.

clustering identification of mMESCs-contributing factors

To substantiate the validity of our gene expression analysis and data interpretation, we
applied an agglomerative hierarchical cluster analysis to the data on all three days of
analysis. On each day, only genes that exceeded the expression level of the control group by
two folds or more in at least one group were included for the cluster analysis. A
representative heatmap from day 8 data is shown in Fig 6. Hierarchical clustering segregated
the genes into two distinct clusters on each day (Fig 6 for day 8 and Fig S2 for days 4 and
6). Examination of the results shows that the genes that are highly expressed in PA6 cells or
differentiating mESCs in the co-culture group segregate into two clusters. The bottom
cluster represents the collection of genes that are expressed in high levels in the co-culture
group and with low or negligible expression in PA6 cells. This cluster consists of 12 factors
that include neurotrophins such as BDNF, GDNF, CNTF, NT3, and NT5, VEGFs, WNTs,
and transcription factors SHH and PAX1. All these factors are known to have definitive roles
in induction, maintenance, or proliferation of differentiating neural lineage cells. For
example, VEGFs have shown direct neurogenic, neuroprotective, proliferative, and anti-
apoptotic effects on neural progenitor cells. VEGFA deficiency led to degeneration of
cerebral cortex,%0-42 whereas VEGFC stimulation of embryonic NPCs resulted in cellular
proliferation.4344 Qur results show that the VEGF family factors are primarily active in
differentiating mESCs in the co-culture group at a moderate, few fold change level. The
transcription factor PAX1 maintains the neural progenitor pool and promotes cellular
proliferation.4546
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The top cluster represents the genes expressed by PA6 cells in both groups. The expression
levels of each gene in the two groups are comparable, although those in the PA6 group
always show slightly higher expression indicated by the darker shade of red in the heatmap.
This cluster includes IGFs, TGFs, ALDHA1, NGF, FGF2, CXCL12, and SFRP1. Expression
of SFRP1 and ALDH1A1 was maximum on day 6 in the PA6 group with 28- and 12-fold
change, respectively. ALDHAZ1 is a critical mediator of retinoic acid synthesis /n vivo and
suggested to promote neural patterning during embryonic brain development.4” Presence of
high levels of ALDH1A1 in PAG cells implies that neural fate regulation of mMESCs by PA6-
derived media is partly due to the endogenous retinoic acid. SFRP1, on the other hand, is a
soluble modulator of Wnt signaling and previously known as a dominant neuron-inducing
factor in PA6 conditioned media.35:36

To further validate that the factors segregated to the bottom cluster of the heatmap are indeed
expressed by the differentiating mESCs, and not by the PAG cells potentially over-stimulated
by mESCs under the co-culture condition, we physically isolated mESC colonies from the
culture vessel under a microscope on day 6. After lysing cells of the manually harvested
colonies, extracting mRNA, and performing gPCR analysis, we subjected the data to
agglomerative hierarchical clustering. The result is shown in Supplementary Fig S3. The
major conclusion emerging from this analysis is that separating mESCs colonies and PA6
cells prior to performing qPCR still results in the segregation of two factors into two clusters
identical to those generated on day 6 without cell separation (Supplementary Fig S2b). It is
noteworthy from supplementary Fig S3 that factors in the bottom cluster show significantly
lower expression in mESCs compared to PAG cells, whereas the expression levels of these
factors in both PAG and co-culture groups are similar (Fig 2b). Again, this indicates that the
factors in this cluster are primarily produced by PAG cells in co-culture group as well.

In summary, our comprehensive gene expression and statistical analysis of growth factors
and transcription factors from PAG6 cells culture and PA6-mES cells co-culture helped
identify and segregate factors that each cell type produces to induce or regulate neural
differentiation of MESCs. Moreover, identifying differences in the temporal expression of
these factors helped estimate their regulatory roles at different stages of differentiation. For
the first time, we identified self-regulatory factors from differentiating mESCs that augment
neural differentiation in this co-culture niche. Our data are consistent with studies that report
self-regulatory roles of stem cells in their fate determination. For example, neural stem cells
conditioned media induced nestin positive cells from mESCs,*8 and secreted mitogens in
media derived from an embryoid body culture showed wound repair and tissue remodeling
effects.® Nevertheless, our study identified a large number of these factors and that self-
regulate and enhance of neural differentiation of stem cells. Further studies are required to
establish the presence of stem cell derived factors at a protein level and to determine their
concentration profiles in the co-culture conditioned medium. This study and its future
extensions is expected to lead to the formulation of media compositions to maximize the
yield of neural cells.

Integr Biol (Camb). Author manuscript; available in PMC 2018 May 22.
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CONCLUSION

We establish that mESCs in co-culture with stromal cells produce self-regulatory factors that
significantly augment their neural differentiation. This effect is beyond the previously-
known stromal cell derived inducing activity (SDIA) effect of the stromal cells on
differentiation of ESCs in this co-culture system. Our hierarchical clustering analysis
segregates the collection of the secretory factors into two clusters and identifies secretory
molecules of mMESCs that self-regulate their neural differentiation. This study establishes a
foundation for future investigations of combining factors derived from ES and PAG6 cells as a
potential strategy to formulate efficient neural differentiation protocols and eliminate the
physical presence of stromal PA6 cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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INSIGHT, INNOVATION, INTEGRATION

Mechanistic understanding of neural differentiation of embryonic stem cells (ESCs) will
facilitate the use of ESCs as a developmental model and deriving specific neural cells for
cell replacement therapies. Using a cell microprinting technology, we create standalone
colonies of ESCs in co-culture with a stromal cell to differentiate ESCs to neural
lineages. For the first time, we show that ESCs produce self-regulatory factors that
significantly augment their neural differentiation. We use hierarchical clustering of gene
expression data to identify major soluble factors that regulate the neural differentiation
process in ESCs-stromal cells co-culture. This study lays a foundation toward developing
novel protocols to differentiate stem cells with greater efficiency using ESCs-derived
factors and without using feeder cells.
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Medium

)

PA6 cells

Figurel.
Agueous two-phase system (ATPS)-mediated microprinting of mESCs to generate a single

stem cells colony. (@) MESCs (blue) suspended in the aqueous DEX phase are aspirated
using a slot pin from a microwell. The pin is immersed into the aqueous PEG phase and
lowered close to the PAG cells (green). The content of the pin dispenses onto the layer of
PAG cells in the aqueous PEG phase within a well of a 96-well plate or a Petri dish, forming
a DEX phase drop containing mESCs. Stem cells attach to the PA6 cells and proliferate to
form a colony. (b) Phase image of mESCs within a DEX phase drop on PA6 cells immersed
in the aqueous PEG phase. (c) mESCs proliferate and form a single colony; the image shows
a colony on day 8 of co-culture. (d) Magnified view from panel (c) shows that neurite
processes emerge from differentiating mESCs in the colony; the underlying PA6 cells
remain completely intact during the two-week co-culture.
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Figure2.
Quantified protein expression of differentiated MESCs from immunostaining for (a) TuJ, (b)

Nestin, and (c) GFAP. Each panel compares differentiation from a single mESC colony in
co-culture with feeder PAG cells in a microwell and each of nine isolated colonies of mESCs
in co-culture with feeder PAG cells in a Petri dish. *p<0.01. N=20.
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Figure 3.
Schematic representation of the experimental protocol. (A) Addition of stromal cells derived

medium (SCM) from a Petri dish to a culture of a single colony of mMESCs on PAG6 cells in a
well of 96-well plates moderately increases neural differentiation. (B) Addition of co-culture
derived medium (CCM) from a Petri dish to a culture of a single colony of mMESCs on PA6
cells in a well of 96-well plates Significantly enhances neural differentiation.
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Figure 4.
(a—c) TuJ-stained colonies of MESCs in co-culture with PAG cells in a microwell under

treatment with SM, SCM, and CCM, respectively. (d) Magnified view of neurite processes
from the panel (c) image. (e) Quantified neurites pixel density is computed from TuJ* mESC
colonies. Data represent day 8 co-cultures. (f-h) Nestin staining of a single mESC colony in
co-culture with PA6 cells in a microwell under treatment with SM, SCM, and CCM,
respectively. (i) Magnified view of the boxed portion of the panel (h) image. (j) Pixel density
computed from Nestin* mESC colonies under different treatment conditions. Data represent
day 8 cultures. (k-m) GFAP staining of a single mESC colony in co-culture with PAG cells
in a microwell under treatment with SM, SCM, and CCM, respectively. (n) Magnified view
of the boxed portion of the panel (m) image. (0) Pixel density computed from GFAP* mESC
colonies under different treatment conditions. Data represent day 14 cultures. Scale bar is
500 pm. *p<0.01. The number of replicates for each treatment was N=20.
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Figure5.
Fold change of mMRNA levels of factors in (a) PAG cells only and (b) co-culture of mESC

colonies and PAG cells in a Petri dish. (c) Average fold change over three days of
measurements for each factor. * represents p < 0.05, # represents o < 0.01. The number of
replicates was N=3.
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important in neural differentiation of stem cells. Data represent day 8 cultures.
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