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Cell therapies represent a promising approach to slow down the progression of currently

untreatable neurodegenerative diseases (e.g., Alzheimer’s and Parkinson’s disease or

amyotrophic lateral sclerosis), as well as to support the reconstruction of functional

neural circuits after spinal cord injuries. In such therapies, the grafted cells could either

functionally integrate into the damaged tissue, partially replacing dead or damaged cells,

modulate inflammatory reaction, reduce tissue damage, or support neuronal survival by

secretion of cytokines, growth, and trophic factors. Comprehensive characterization of

cells and their proliferative potential, differentiation status, and population purity before

transplantation is crucial to preventing safety risks, e.g., a tumorous growth due to the

proliferation of undifferentiated stem cells. We characterized changes in the proteome

and secretome of human neural stem cells (NSCs) during their spontaneous (EGF/FGF2

withdrawal) differentiation and differentiation with trophic support by BDNF/GDNF

supplementation. We used LC-MS/MS in SWATH-MS mode for global cellular proteome

profiling and quantified almost three thousand cellular proteins. Our analysis identified

substantial protein differences in the early stages of NSC differentiation with more than

a third of all the proteins regulated (including known neuronal and NSC multipotency

markers) and revealed that the BDNF/GDNF support affected more the later stages

of the NSC differentiation. Among the pathways identified as activated during both

spontaneous and BDNF/GDNF differentiation were the HIF-1 signaling pathway, Wnt

signaling pathway, and VEGF signaling pathway. Our follow-up secretome analysis using

Luminex multiplex immunoassay revealed significant changes in the secretion of VEGF

and IL-6 during NSC differentiation. Our results further demonstrated an increased

expression of neuropilin-1 as well as catenin β-1, both known to participate in the

regulation of VEGF signaling, and showed that VEGF-A isoform 121 (VEGF121), in

particular, induces proliferation and supports survival of differentiating cells.
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FIGURE 4 | Protein co-expression network. (A) The dendrogram shows the hierarchical clustering of proteins into co-expression modules (shown as color-coded

blocks). The heatmaps below show the correlation of protein expression with the particular phenotypic trait (red—positive correlation, blue—negative correlation).

(B) Correlation of module eigengenes with phenotypic traits. (C) Heatmap of brown module protein abundance, together with module eigengene expression in

individual samples and secreted IL-6 levels. (D) Heatmap of green module protein abundance, together with module eigengene expression in individual samples and

secreted VEGF levels.
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Next, we used R package clusterProfiler to analyze whether
proteins positively correlated with particular phenotypic traits
within a given module correspond to known markers of
selected cell types and lineages. We found that proteins with
expression upregulated at day 7 within green and brownmodules
and downregulated at day 28 within the brown module best
correspond to the “Embryonic pre-frontal cortex, Normal,
Neural progenitor cell” type, while proteins upregulated at
day 28 within blue and brown modules best correspond to the
“Embryonic prefrontal cortex, Normal, Astrocyte” cell type.
This finding is surprising, given that only limited signs of
differentiation into glial cells were observed in H9 NSCs in our
other experiments.

Identification of Proteins With a Similar
Temporal Expression Pattern
Next, we used soft clustering of proteins into groups with
similar temporal expression profiles implemented in Mfuzz R
package to further explore regulation of protein expression
in time. By clustering separately proteins quantified in S or
BG differentiation, we obtained 28 clusters for each condition
(Supplementary Table 1G, Supplementary Figure 3).

Among these clusters, clusters 7, 14, 15, 17, 20, and
23 showed an increase in protein abundance over time
in the S differentiation and clusters 2, 5, 7, 12, 14, and
27 in BG differentiation. In total, 126 proteins were
assigned to these BG differentiation clusters, respectively,
100 proteins to S differentiation clusters. Among them
are represented proteins involved in brain/nervous system
development including synaptotagmin-1 (Figure 5A), neuronal
membrane glycoprotein M6-a, serine/threonine-protein kinase
DCLK1, dihydropyrimidinase-related protein 2, MAP2 (BG
differentiation only) (Figure 5D), or DCX (S differentiation
only); axon guidance/axonogenesis proteins like neural cell
adhesion molecule 1 or microtubule-associated protein 6;
proteins involved in apoptosis-like macrophage migration
inhibitory factor, cathepsin D, or caspase-3 (BG differentiation
only); transport proteins like sideroflexin-3, alpha-centractin,
cytoplasmic dynein 1 heavy chain 1, or endoplasmic reticulum-
Golgi intermediate compartment protein 1; and proteins
involved in Wnt signaling like catenin β-1 (S differentiation
only) or protein wnt less homolog (BG differentiation only).

Another group of clusters, 9, 18, 19, 22, and 24 in S
differentiation (60 proteins) and clusters 8, 18, 20, 21, and
24 in BG differentiation (69 proteins) showed a decrease
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FIGURE 5 | Selected examples of the Mfuzz clustering results. (A,D) representing Mfuzz clusters showing an increase in protein abundance over the S (A) and BG

(D) differentiation with representative proteins for these clusters: NCAM1, SYT1, and MAP2. (B,E) representing Mfuzz clusters showing a decrease in protein
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in protein abundance over time. Proteins decreasing over
the differentiation time course included proteins involved in
mRNA processing/splicing, including far upstream element-
binding protein 2 (Figure 5E) or U6 snRNA-associated Sm-
like protein LSm3, and regulation of translation like SAP
domain-containing ribonucleoprotein and apoptotic signaling
(Wnt signaling) like Na(+)/H(+) exchange regulatory cofactor
NHE-RF1 (Figure 5B).

Clusters with maximum protein abundance at day 7; clusters
2, 6, 8, 11, and 27 in S differentiation (72 proteins); and clusters
11, 13, 17, 23, and 26 (44 proteins) in BG differentiation overlap
with the green module in WGCNA analysis (32 proteins in
S differentiation and 21 proteins in BG differentiation). These
proteins are again mainly involved in regulation of mRNA
binding or cell cycle and interestingly DNA repair (e.g., DNA
replication licensing factor MCM2, protein DEK, DNA ligase 3)
(Figures 5C,F).

Functional Annotation of Differentially
Expressed Proteins Using KEGG and GO
Lists of proteins quantified by SWATH-MS and detected as
significantly differentially expressed between particular time
points or differentiation protocols were subjected to functional
analysis using Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways and Gene Ontology (GO) biological processes.

Analysis of KEGG pathways revealed downregulation of
spliceosome and ribosome biogenesis in eukaryotes at day
28 of both differentiations, compared to day 0. Interestingly,
these processes were upregulated at day 14, compared to
both days 0 and 28. We also observed the downregulation of
DNA replication in the case of BG differentiation, compared
to both days 0 and 14, whereas it was upregulated in S
differentiation at day 28, compared to day 0. On the other
hand, global metabolism (e.g., glycolysis or fatty acid metabolism
pathways), RNA degradation, regulation of actin cytoskeleton,
axon guidance, protein processing in endoplasmic reticulum,
protein export, synaptic vesicle cycle, and HIF-1 signaling
pathway were upregulated at both days 14 and 28, and the
VEGF signaling pathway was upregulated at day 28 of both
differentiations, compared to day 0 (Figure 6A). A complete list
of identified KEGG pathways is in Supplementary Table 1H.

Our GO analysis of biological processes supported results
from the KEGG pathways and Mfuzz clustering analysis.
Similarly to KEGG results, processes of RNA splicing, mRNA
metabolic process, chromosome segregation, andDNAmetabolic
process were upregulated at the day 14 but downregulated at
day 28, compared to day 0 (Figure 6B). Mitotic cytokinesis
was downregulated at both days 14 and 28, compared to day
0. In contrast, at days 14 and 28, lipid metabolic process,
regulation of cytoskeleton organization, response to oxidative
stress, regulation of synaptic vesicle transport, Wnt signaling
pathway, VEGF receptor signaling pathway, regulation of
neuron death, gliogenesis, and neurogenesis were upregulated
(Figure 6C). A complete list of identified GO biological processes
is in Supplementary Table 1I.

Validation of SWATH-MS Protein
Quantification by Immunoblotting for
Selected Markers of NSCs and of Neural
Differentiation
To validate quantitative SWATH-MS data (Figure 7A) and to
confirm the differentiation state of cells during S and BG
differentiation, levels of selected proteins were analyzed by
immunoblotting. Specifically, markers of NSCs (NES and SOX2),
neuronal progenitor cells (NPCs)/neurons (TUBB3), or glial
cells (S100B and GFAP), and markers of cellular proliferation
proteins Ki-67 and proliferating cell nuclear antigen (PCNA)
were monitored during the time course of both differentiation
protocols at days 0, 7, 14, 21, and 28. Abundances of markers
of proliferating cells (Ki-67 and PCNA) as well as markers of
NSCs (NES and SOX2) were decreasing over time in both S
and BG differentiations (Figure 7B), similarly to SWATH-MS
data. On the other hand, the expression of TUBB3, a marker of
NPCs and neurons, was increasing from day 7. Ongoing neuronal
differentiation was further supported by increased expression of
synaptosomal-associated protein 25 (SNAP-25) from day 14 of
both differentiations (Figure 7B), which is in agreement with
upregulation of synapse organization identified by GO analyses
(Figure 6C) at day 28 of both differentiations. Typical markers
of glial cell lineages, including GFAP, S100B, and OLIG1, were
not among proteins quantified by SWATH-MS, confirming our
observation from immunofluorescence (Figure 1B; no signal
was detected for GFAP and OLIG1, data not shown) and RT-
qPCR analyses (Figure 1C) of limited differentiation potential
of H9 NSCs into glial cells. For this reason, we aimed to
confirm or rule out the expression of GFAP and S100B by
immunoblotting. While levels of S100B were detectable and
growing over time, expression of a marker of astrocytes,
GFAP, was detectable only in BG differentiation from day 14
(Figure 7B, Supplementary Figure 4). Based on these results,
both differentiations led to differentiation into NPCs or neurons,
while some cells were still expressing NSC markers.

Role of the VEGF Pathway in Cellular
Proliferation, Differentiation, and Survival
of NSCs During in vitro Culture
As the secretome analysis showed an increase in VEGF secretion
with ongoing cell differentiation, we decided to focus on a
deeper analysis of the role of the VEGF pathway in the
survival, proliferation, and differentiation of H9 NSCs. The
VEGF antibody used in the xMAPmultiplex assay detects VEGF-
A isoforms 121 (VEGF121) and 165 (VEGF165), but binding
to other VEGF proteins was not verified by the manufacturer.
Thus, we attempted to analyze VEGF-A production by NSCs
and differentiating cells also by immunoblotting, which should
allow distinguishing isoforms based on their molecular weight.
However, post-translational modifications (N-glycosylation and
dimerization via disulfide bonds) together with many possible
isoforms of VEGF-A (Woolard et al., 2009) may affect
proper identification of VEGF121 and VEGF165. Therefore, we
employed recombinant proteins VEGF121 and VEGF165, which
were detected at expected molecular weights, showing that the
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FIGURE 6 | Functional analysis of SWATH-MS data. (A) KEGG diagram of VEGF pathway regulation and changes in abundance of pathway members identified in our

experiments. Heat shock protein beta-1 (HSPB1), serine/threonine-protein phosphatase 2B catalytic subunit alpha isoform (PPP3CA), GTPase KRas (KRAS),

mitogen-activated protein kinase 1 (MAPK1), and Ras-related C3 botulinum toxin substrate 1 (RAC1) were upregulated, whereas mitogen-activated protein kinase 14

(MAPK14) was downregulated at day 28 of BG differentiation in comparison to day 0. (B) Selected biological processes (GO) upregulated at day 14 and

downregulated at day 28 of both differentiations. Log2 fold change comparison between day 0 and day 14 or 28 of S and BG differentiation with fold change ≥ 2 and

p ≤ 0.05. (C) Upregulation and downregulation of selected terms in biological processes of the GO section in differentiated cells. Log2 fold change comparison

between day 0 and day 28 of S and BG differentiation for selected GO biological processes with fold change ≥ 2 and p ≤ 0.05. Differentially expressed proteins were

identified with Limma R package, and KEGG/GO annotations were mapped with R package EGSEA.

VEGF121 antibody is not specific for VEGF121 only. VEGF121
protein (likely N-glycosylated according to a slight mass shift
in comparison to recombinant VEGF121) was detected in all
samples with the highest expression at days 7 and 14 (Figure 8B).
Surprisingly, VEGF121 expression in cells was decreased at
days 21 and 28, even though it was still higher than at day
0, suggesting that either cellular and secreted VEGF121 levels
do not directly correspond, or other VEGF-A isoforms were
quantified together during secretome analysis. Moreover, we did

not detect any expression of VEGF165 at any time point of both
types of differentiation.

Increased expression of neuropilin-1, known as a receptor for
VEGF-A in neurons (Tillo et al., 2015), was observed from day
14 in SWATH-MS data as well as on immunoblot in both types
of differentiation (Figures 8A,B).

Increased abundance of catenin β-1 from day 7 of both
differentiations (Figure 8B) confirmed results from SWATH-
MS quantification (Figure 8A) and is in agreement with the
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upregulation of the Wnt signaling pathway (Figure 6C), which
may also be involved in VEGF expression regulation. Activation
of the HIF-1 signaling pathway was supported by the presence
of hypoxia-inducible factor 1-α (HIF1-α) at both differentiations.
However, abundance of HIF1-α was decreased at days 21 and 28
of both differentiations, suggesting its role mainly in early stages
of NSC differentiation (Figure 8B).

To analyze the effect of VEGF-A isoforms 121 and 165 on
neural cells directly, we cultivated NSCs in the proliferation
medium with EGF and FGF2 or in the medium for S
differentiation with supplementation of VEGF121 and/or
VEGF165. Cell proliferation potential was analyzed by
monitoring of cell confluency using time-lapse live cell
microscopy for 8 days in vitro. At the experiment end point, cell
viability was analyzed by staining for damaged and dead cells.

Cell confluency analysis revealed that in a condition of S
differentiation, VEGF121 itself or in combination with VEGF165
significantly induced cellular proliferation (∼1.5-fold change

based on area under the growth curve), compared to control and
VEGF165 (Figures 8C,D). VEGF165 supplementation alone had
no significant effect (Figures 8C,D). On the contrary, we did not
observe any beneficial effect of VEGF121 and/or VEGF165 on
NSC proliferation in the presence of EGF/FGF2.

To assess the effect of VEGF121 and VEGF165 on cell
viability, we stained cells with SYTOX Green dye, which enters
the cells with compromised plasma membrane integrity and
labels cell nuclei. To obtain total cell counts, vital dye Hoechst
33342 was used to counterstain all nuclei. VEGF121 itself or
in combination with VEGF165 significantly suppressed cell
death/damage in the condition of S differentiation (48.31 ±

10.23% and 47.52 ± 12.23%, respectively, compared to 71.83 ±

10.66% SYTOX Green-positive cells in control) (Figure 8E). In
contrast, VEGF165 itself did not affect cellular viability (70.14 ±
9.91% SYTOX Green-positive cells). We did not find any benefit
of VEGF121 and/or VEGF165 to cell survival in the case of
NSC cultivation in the medium with EGF/FGF2. These results
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FIGURE 8 | Influence of the VEGF pathway on growth and survival of NSCs in culture. (A) SWATH-MS results show an increase of protein abundances of neuropilin-1

and catenin β-1 during S and BG differentiation. Symbols denote significant difference (p < 0.05, moderated t-statistic from limma) of a given group vs. day 0 (#), or

day 7 (†) of the same differentiation protocol. (B) Expression of catenin β-1, HIF1-α, neuropilin-1, and VEGF121 during both differentiations detected by

immunoblotting. rVEGF121 and rVEGF165—recombinant proteins. Symbol + denotes mix of proliferating and differentiated NSCs used as a positive control. (C) Cell

growth is depicted as a change in confluence (acquired and analyzed on an IncuCyte incubator microscope) in time. Data from 3 independent experiments with 6

wells in each experimental condition are shown. Full lines indicate a smooth average over 6 wells for a given condition, dotted lines data from individual wells. (D) The

area under the growth curve was calculated independently for each well and is displayed as mean (dot) and confidence interval (line) for each of the three experiments.

Statistical significance was calculated by fitting a linear mixed model of VEGF and EGF/FGF2 supplementation within each experiment and is denoted with *** (Tukey

adjusted p < 0.001) in the given pairwise comparison. (E) Cell damage, as indicated by SYTOX Green positivity. After 8 days of cultivation, cells were treated with vital
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pairwise comparison and denoted with *** (p < 0.001). (F) SWATH-MS results show an increase of protein abundance of caspase-3 at day 7 in both differentiation
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during S and BG differentiation confirmed its increase at days 7 and 14 in comparison to day 0. Immunoblots shown in (B,G) are representative images from two

biological replicates. Corresponding loading controls (GAPDH and ATPα) are shown in Figure 7B.
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show that VEGF121 can induce cellular proliferation and reduce
cell damage or death of human NSCs in the absence of other
growth factors, whereas VEGF165 has no such effect, at least in
in vitro conditions.

Increased abundance of activated caspase-3 (marker of
apoptosis) was identified in SWATH-MS data (Figure 8F)
and validated by immunoblotting in both differentiation
protocols from day 7 but more pronounced in S differentiation
(Figure 8G). This result suggests that trophic support (BDNF
and GDNF) is important for cellular viability after the change
of environment, i.e., withdrawal of growth factors from the
proliferation medium and VEGF secretion by differentiating cells
might act as an additional pro-survival stimulus, counteracting
activation of programmed cell death.

DISCUSSION

In the present study, we differentiated human H9 NSCs by
withdrawal of growth factors (EGF/FGF2) to simulate dramatic
change of the microenvironment after cell grafting or with
neurotrophic support of BDNF/GDNF, which were previously
shown to support survival of transplanted cells (Wang et al.,
2011; Rosenblum et al., 2015). Immunocytochemistry and gene
expression analyses revealed that both S and BG differentiations
led mainly to cells of neuronal lineage, with only very limited
differentiation into cells expressing glial markers, which was
further confirmed by immunoblotting. These results are in
agreement with data from Bohaciakova et al. who observed a very
low expression of GFAP in H9 ESC-derived NSC differentiated
to astrocytes for up to 6 weeks (Bohaciakova et al., 2019). We did
not identify significant changes in expression of selected neuronal
markers between S and BG differentiation.

We then focused on temporal changes in the cellular proteome
during both differentiations. SWATH-MS analysis proved that
global changes in the cellular proteome occur at the very early
stage of both differentiation protocols likely as a response
to a dramatic change of the microenvironment. Interestingly,
hierarchical clustering of samples based on protein abundances
suggested divergence in protein expression profiles at the later
stages of S and BG differentiation. The number of significantly
differentially expressed proteins at the same time point between
the two protocols was low but mildly growing over time.

Proteomic and transcriptomic data are not fully comparable,
because the expression of a specific protein may be regulated
differentially at the mRNA and protein levels. A study of gene
expression control in mouse fibroblasts revealed that abundances
of cellular proteins are mostly regulated at the translational
level, as the average protein has about five times longer half-
life than the average mRNA and its translation rate is in general
∼70 times higher than the transcription rate (Schwanhäusser
et al., 2011). This biological phenomenon was further confirmed
in studies comparing the transcriptome and proteome of
differentiating human ESCs during the formation of embryoid
bodies (Fathi et al., 2009) and during neural differentiation of
human ESCs (Fathi et al., 2014). In our experiments, we noted
a discrepancy in expression of NSC markers NES and SOX2

as assayed by RT-qPCR vs. protein-based methods. According
to our results from immunocytochemistry, SWATH-MS, and
immunoblotting, both NES and SOX2 were clearly detectable
at high levels in NSCs, and although their expression had
a decreasing trend, it persisted at all stages of both S and
BG differentiations. Whereas, results of RT-qPCR, SWATH-
MS, and immunoblotting reflect an expression in the whole
population, immunocytochemistry revealed that some strongly
NES- or SOX2-positive cells remain in culture till day 28, but
there are also many cells completely negative for these proteins.
On the contrary, most NSCs have a uniform NES- or SOX2-
positive staining pattern. Although NES is broadly used as a
marker of NSCs, it also affects the proliferation and cell death of
NPCs or axonogenesis in immature neurons [reviewed in (Bott
and Winckler, 2020)]. Therefore, its presence during the whole
differentiation is biologically relevant. The discrepancies between
our transcriptomic and proteomic data may be further accented
by different kinds of data normalization for each method. Global
normalization was used for SWATH-MS data, and we observed
that majority of quantified proteins changed its abundance
during differentiation, mainly between days 0 and 7, including
proteins of metabolic pathways. Zheng et al. previously reported
transition from glycolysis in NPCs to oxidative phosphorylation
in differentiating cells during neuronal differentiation of human
NPCs (Zheng et al., 2016). This makes selection of housekeeping
genes for RT-qPCR experiments challenging, as highly expressed
cytoskeletal or metabolic genes are usually employed and both
of these classes can change during cell differentiation. In the
end, we selected two housekeeping genes, GAPDH (enzyme of
glycolysis) and ATP5F1B (subunit of ATP synthase—oxidative
phosphorylation), as our RT-qPCR normalizers. Based on
observed large differences in the cell proteome profile between
days 0 and 7 together with the abovementioned published switch
in metabolic pathways, it is possible that normalization based
only on two selected genes influences the apparent expression of
NES and SOX2, especially when comparing day 0 (NSC stage)
to later stages with differentiating cells. On the other hand,
for comparisons among day 7–day 28, we see an overall good
agreement of proteomic and transcriptomic data.

The secretome of transplanted cells plays an important
role in autocrine and paracrine signaling within the recipient
tissue microenvironment. Even though several recent studies
were focused on the secretome of NSCs, one may assume
that the secretome will be significantly affected by cell origin
and cultivation conditions; thus, results obtained by secretome
analysis of Olig2-transduced human NSCs (Kim et al., 2014)
or human NSCs derived from glioblastoma (Okawa et al.,
2017) might not be fully transferable to other NSCs. Therefore,
we analyzed the secretome of H9 NSCs during S and BG
differentiation. Most of the 28 analyzed secreted growth factors,
cytokines and chemokines, were detected at levels close to the
lower limit of detection. However, consistently for all factors,
the highest concentrations were secreted by proliferating NSCs.
Eminent downregulation of secretion was detectable at the
beginning of both differentiations (day 7), likely associated
with abrupt microenvironment change after growth factor
withdrawal. It is possible that levels of factors secreted by NSCs
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may be overestimated in our experiments due to the lower
cell numbers in culture at the start of the differentiation (NSC
condition) and subsequent normalization to the cellular protein
concentrations. However, this normalization should not affect
trends in differentiating cells. We detected increasing secretion
of IL-6 and VEGF in both differentiations, but again there was
growing difference between protocols over time, with cells grown
in BG differentiation protocol secreting significantly more IL-6
and VEGF at day 28. IL-6 is known to stimulate proliferation
and thus self-renewal of NSCs in murine brain (Storer et al.,
2018). Another study provided evidence that murine NSCs do
not express a functional receptor for IL-6 and do not secrete IL-
6 at the detectable level. However, treatment of these NSCs with
fusion protein consisting of IL-6 and its receptor resulted in NSC
differentiation into neurons and astrocytes (Islam et al., 2008).
Nevertheless, Oh et al. showed that IL-6 secreted by astrocytes
stimulates differentiation of NPCs to neurons in rat brain (Oh
et al., 2010). Secretion of IL-6 by human NSCs transduced with
Olig2 suggests that IL-6 may also play a role in differentiation
into oligodendrocytes (Kim et al., 2014). Interestingly, secreted
IL-6 induces VEGF expression (Cohen et al., 1996). The effect of
VEGF on NSCs will be discussed in detail below.

KEGG, GO, and Mfuzz analyses confirmed high similarity
between S and BG differentiation and revealed downregulation
of mRNA splicing and mitotic cytokinesis during both
differentiations as expected for differentiating cells. On the
other hand, neurogenesis, gliogenesis, synaptic vesicle cycle, Wnt
pathway, fatty acid metabolism, and regulation of cytoskeleton
organization were upregulated during both differentiations,
and such processes may correspond to changes in cellular
morphology and metabolism of differentiated cells (NPCs and
neurons). The discrepancy in expression of proliferation markers
Ki-67 and PCNA that we observed at the early stage of NSC
differentiation is likely caused by additional functions of these
proteins. Ki-67 plays roles in the regulation of the cell cycle,
perichromosomal layer assembly during mitosis, or maintenance
and localization of heterochromatin [reviewed in Sun and
Kaufman (2018)]. PCNA plays essential roles in DNA replication
and repair (Essers et al., 2005). This is in agreement with our
results from Mfuzz clustering, which revealed that proteins
with the highest abundance at day 7 of both differentiations
are connected to DNA repair processes. Indeed, published
results of gene expression analyses of abovementioned processes
and pathways during NSC/NPC differentiation support our
data, e.g., inhibition of proliferation, downregulation of
RNA transcription, and activation of the Wnt pathway in
differentiating cells (Gurok et al., 2004; Cai et al., 2006).
Although several proteomic studies of neural differentiation
from ESCs or NSCs exist, these studies were mainly focused
on identification of novel differentiation markers [reviewed in
Melo-Braga et al. (2015)]. Fathi et al. analyzed proteome changes
during neural differentiation of human ESCs and observed an
increased expression of proteins connected to transport (of
vesicles, proteins, and neurotransmitters), redox homeostasis,
and glycolysis in differentiated cells, whereas proteins connected
to mRNA processing were decreased (Fathi et al., 2014). A study
of proteome and phosphoproteome during differentiation of

immortalized human NSCs showed downregulation of proteins
involved in cell cycle and proliferation, while proteins involved
in gliogenesis, neurogenesis, synaptogenesis, and Wnt signaling
pathway were upregulated (Song et al., 2019). Wang et al.
analyzed phosphoproteome during rat NSC differentiation and
identified changes of phosphorylation status of 20 proteins
participating in Wnt signaling (canonical and non-canonical
pathways) and confirmed the Wnt signaling pathway as a key
regulator of NSC differentiation (Wang S. et al., 2016). All these
data agree with our results from KEGG and GO analyses.

Among the pathways identified as activated during both
S and BG differentiations in our SWATH-MS data were
the HIF-1 signaling pathway, Wnt signaling pathway, and
VEGF signaling pathway. HIF1-α activates gene expression in
response to hypoxia including gene for VEGF (Forsythe et al.,
1996). However, our cultivations were performed in normoxic
conditions, suggesting that the HIF1-α signaling pathway
plays another role(s) in NSC differentiation. Recently, HIF1-
α was shown to regulate neurogenesis by blocking premature
differentiation of NSCs to neurons (Večera et al., 2020). Our
immunoblotting results show decrease of HIF1-α abundance
during both differentiations, which may correspond to increase
in neuronal differentiation. Interestingly, expression of both
HIF1-α and VEGFmay be regulated by IL-6 via signal transducer
and activator of transcription 3 (STAT3) (Loeffler et al., 2005; Xu
et al., 2005). Moreover, activation of the Wnt signaling pathway
in glioblastoma under normoxic conditions leads to an activation
of the VEGF signaling pathway via HIF1-α signaling (Vallée et al.,
2018). We observed a positive correlation between secretion of
IL-6 and VEGF, as well as between abundance of catenin β-
1 and VEGF secretion during both S and BG differentiations.
Therefore, one can assume that these three signaling pathways—
HIF-1, Wnt, and VEGF—play important and coordinated roles
in NSC differentiation in vitro, which are independent on
oxygen level.

As secretome analysis revealed elevated secretion of VEGF-
A during both differentiation protocols, we wanted to know
which VEGF-A isoform is secreted. Using immunoblotting,
we detected increased abundance of VEGF121 during both
NSC differentiations compared to NSCs. However, the highest
expression of VEGF121 in cells was at the early stage of
differentiations, whereas VEGF-A secretion was highest at the
end of the differentiations. Surprisingly, we did not detect
any protein expression of VEGF165, although this is the most
expressed isoform in rat NSCs (Schänzer et al., 2004). We also
detected increased abundance of VEGF-A receptor neuropilin-1
during both differentiations. Neuropilin-1 was initially identified
as a receptor for VEGF165 (Soker et al., 1998) but later was
shown to bind also VEGF189, but not VEGF121 in mouse
neurons in vivo (Tillo et al., 2015). However, neuropilin-1 binds
VEGF121 in human endothelial cells in vitro (Pan et al., 2007).
Although expression of neuropilin-1 is induced by VEGF165 in
rat NSCs (Maurer et al., 2003), our results suggest that increased
abundance of neuropilin-1 during both differentiations may not
be connected to VEGF165 expression and secretion in H9 NSCs.

VEGF165 is the most studied VEGF-A isoform. It was
shown that VEGF165 stimulates proliferation of chicken retinal
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progenitor cells and inhibits their differentiation to retinal
ganglion cells both in vitro and in vivo (Hashimoto et al., 2006),
suppresses apoptosis and induces proliferation of rat NSCs in
both the presence or absence of EGF/FGF2 in vitro (Schänzer
et al., 2004), and supports survival of rat neurons in vitro (Hao
and Rockwell, 2013).Moreover, supplementationwith exogenous
VEGF165 or transplantation of genetically engineered cells
expressing VEGF165 provides neuroprotection and decreases
histopathological changes in a rat model of brain ischemia
(Manoonkitiwongsa et al., 2004; Yao et al., 2016), alleviates
neuronal death in rat models of Huntington’s (Ellison et al., 2013)
and Parkinson’s (Yasuhara et al., 2005) disease, and prolongs
the lifespan of a mouse model of amyotrophic lateral sclerosis
(Wang Y. et al., 2016). In contrast, we did not observe any effect
of VEGF165 supplementation on proliferation and survival of
NSCs, independently on the presence or absence of EGF/FGF2.
This might be caused by a different regulation or sensitivity of
the VEGF-A pathway in H9 NSCs or possibly by a too high
dose of VEGF165 in our experiment. Several studies showed
that VEGF165-induced proliferation and apoptosis inhibition are
dose-dependent, i.e., higher concentration of VEGF165 (up to
100 ng/mL) has higher impact (Schänzer et al., 2004; Hashimoto
et al., 2006), while other studies provided evidence that higher
doses of VEGF165 (100 ng/mL and more) have lower or even
opposite effects andmay be neurotoxic (Manoonkitiwongsa et al.,
2004; Yasuhara et al., 2005; Ellison et al., 2013).

We found that VEGF121 supplementation induced
proliferation and enhanced the survival of H9 NSCs in the
absence of other growth factors but had no additional effect in
the presence of EGF/FGF2. Herrera et al. showed that VEGF-A
expression is decreased in the spinal cord injury region for up
to 1 month, but VEGF165 supplementation has no effect on
neuronal survival. However, antibody inhibition of all VEGF-A
isoforms led to an even lower number of surviving neurons,
suggesting that other VEGF-A isoform(s) than VEGF165 may
play a neuroprotective role (Herrera et al., 2009). Indeed,
rat NSCs transfected with VEGF121 gene survived, migrated
after transplantation to ischemic brain, and improved the
Neurological Severity Scale score earlier when compared to
control NSCs (Zhu et al., 2005). Furthermore, secreted VEGF121
is highly diffusible as it lacks the heparin-binding domain,
VEGF165 contains one heparin-binding domain and thus is
partially diffusible and partially bound to extracellular matrix,
and VEGF189 with its two heparin-binding domains is tightly
bound to the extracellular matrix (Park et al., 1993). Thus,
VEGF121 secreted by transplanted cells or infused during
medical treatment could possibly affect a larger region of
tissue than the other two isoforms, which could be beneficial
for therapy.

Based on the results of VEGF121 supplementation and
increased abundance of VEGF121 during both differentiations, it
is possible that VEGF121 is secreted during NSC differentiations
to support survival of neuronal cells. In fact, we observed
increased activation of caspase-3 (apoptotic marker) at the
early stage of NSC differentiation, which can be assigned to a
change of the microenvironment, but activation of Caspase-3

was decreased at a later stage of both differentiations, which may
correlate with increased secretion of VEGF-A.

CONCLUDING REMARKS

Previous studies showed that cell lines of the same cell type
may differ in their gene expression and differentiation potential,
thus making generalization of results complicated [reviewed in
Melo-Braga et al. (2015)]. Although our results in global are
supported by previously published data, we observed preferential
differentiation of H9 NSCs into neurons, which is not typical
for NSCs in general. This represents a limitation of the H9
NSC line as a model of true multipotent NSCs. However, NSCs
derived from H9 ESCs are broadly used for both in vitro and in
vivo (cell transplantations to animal models) studies related to
CNS pathologies, including autism spectrum disorders (Nguyen
et al., 2018), brain ischemia (Green et al., 2018), glioblastoma
(Balbous et al., 2014), neuroblastoma (Carr-Wilkinson et al.,
2018), or Parkinson’s disease (Iacovitti et al., 2007). Moreover,
protocol for isolation of the clinical grade NSCs from H9 ESCs
was recently established (Bohaciakova et al., 2019). Thus, we
believe that our comprehensive proteome and secretome analyses
provide additional information applicable in future H9 NSC
studies. In potential clinical settings, commitment into NPCs and
neural lineage could be beneficial. In a pro-inflammatory, pro-
glial microenvironment in spinal cord injury, leading to glial scar
formation (Bradbury and Burnside, 2019), neurally committed
cells might be a better option for supporting restoration
of neuronal connections. A case study of tumorigenesis via
glioneuronal tumor formation after NSC transplantation in
human (Amariglio et al., 2009) shows yet another risk of
multipotent stem cell transplantation, which could be potentially
diminished by use of only neurally committed cells.

Overall, our results show large-scale proteome changes in
human H9 NSCs differentiating in vitro, consistent with the
program of committed neural differentiation. Key pathways
identified as regulated during this process were VEGF, Wnt, and
HIF-1 signaling pathways. We proved that VEGF121 induces
proliferation and support survival of differentiating cells, which
is accompanied by the increased expression of the VEGF-A
receptor neuropilin-1, by the increased expression of regulators
of VEGF expression IL-6 and catenin β-1 (and also HIF1-α in
the early stages of NSC differentiation), and by the fluctuating
levels of the apoptotic marker caspase-3. H9 NSCs on their
own secreted increasing levels of IL-6 and VEGF-A over the
differentiation time course. This secretory phenotype could be
potentially beneficial as part of neuroprotective and modulatory
effect of transplanted cells in cell-based therapies.
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PV received the funding. All authors have seen and approved
the manuscript.

FUNDING

This research was supported by the Czech Ministry of Education,
Youth and Sports projects InterCOST (LTC18079) under CellFit
COST Action (CA16119), National Sustainability Programme I
(LO1609), Operational Programme Research, Development and
Education (CZ.02.1.01/0.0/0.0/16_019/0000785), and Charles
University project GA UK (1767518).

ACKNOWLEDGMENTS

We would like to thank our colleagues from the Laboratory
of Applied Proteome Analyses, Hana Kovarova, Ph.D., for her
support and advice for study design, and Michaela Mullerova
for help with cell cultures. We also thank our colleagues from
the Laboratory of Cell Regeneration and Plasticity, Stefan Juhas,
Ph.D., for providing pig brain samples, Zdenka Ellederova, Ph.D.,
for providing selected antibodies used in this study, and prof. Jan
Motlik, Ph.D., for his continuous support and obtaining the NSP
I funding.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fncel.
2020.612560/full#supplementary-material

REFERENCES

Abati, E., Bresolin, N., Comi, G., and Corti, S. (2019). Advances, challenges, and
perspectives in translational stem cell therapy for amyotrophic lateral sclerosis.
Mol. Neurobiol. 56, 6703–6715. doi: 10.1007/s12035-019-1554-x

Ahuja, C. S., Mothe, A., Khazaei, M., Badhiwala, J. H., Gilbert, E. A., van der
Kooy, D., et al. (2020). The leading edge: emerging neuroprotective and
neuroregenerative cell-based therapies for spinal cord injury. Stem Cells Transl.

Med. 9, 1509–1530. doi: 10.1002/sctm.19-0135
Alhamdoosh, M., Ng, M., Wilson, N. J., Sheridan, J. M., Huynh, H., Wilson, M.

J., et al. (2017). Combining multiple tools outperforms individual methods in
gene set enrichment analyses. Bioinformatics 33, 414–424. doi: 10.1101/042580

Amariglio, N., Hirshberg, A., Scheithauer, B. W., Cohen, Y., Loewenthal, R.,
Trakhtenbrot, L., et al. (2009). Donor-derived brain tumor following neural
stem cell transplantation in an ataxia telangiectasia patient. PLoS Med.
6:e1000029. doi: 10.1371/journal.pmed.1000029

Balbous, A., Cortes, U., Guilloteau, K., Villalva, C., Flamant, S., Gaillard, A., et al.
(2014). A mesenchymal glioma stem cell profile is related to clinical outcome.
Oncogenesis 3:e91. doi: 10.1038/oncsis.2014.5

Bohaciakova, D., Hruska-Plochan, M., Tsunemoto, R., Gifford, W. D., Driscoll,
S. P., Glenn, T. D., et al. (2019). A scalable solution for isolating human
multipotent clinical-grade neural stem cells from ES precursors. Stem Cell Res.

Ther. 10:83. doi: 10.1186/s13287-019-1163-7
Bolte, S., and Cordelières, F. P. (2006). A guided tour into subcellular

colocalization analysis in light microscopy. J. Microsc. 224 (Pt 3), 213–232.
doi: 10.1111/j.1365-2818.2006.01706.x

Bott, C. J., and Winckler, B. (2020). Intermediate filaments in developing neurons:
beyond structure. Cytoskeleton 77, 110–128. doi: 10.1002/cm.21597

Bradbury, E. J., and Burnside, E. R. (2019). Moving beyond the glial scar for spinal
cord repair. Nat. Commun. 10:3879. doi: 10.1038/s41467-019-11707-7

Cai, Y., Wu, P., Ozen, M., Yu, Y., Wang, J., Ittmann, M., et al. (2006). Gene
expression profiling and analysis of signaling pathways involved in priming
and differentiation of human neural stem cells. Neuroscience 138, 133–148.
doi: 10.1016/j.neuroscience.2005.11.041

Carmeliet, P., Ferreira, V., Breier, G., Pollefeyt, S., Kieckens, L., Gertsenstein, M.,
et al. (1996). Abnormal blood vessel development and lethality in embryos
lacking a single VEGF allele. Nature 380, 435–439. doi: 10.1038/380435a0

Carr-Wilkinson, J., Prathalingam, N., Pal, D., Moad, M., Lee, N., Sundaresh, A.,
et al. (2018). Differentiation of human embryonic stem cells to sympathetic
neurons: a potential model for understanding neuroblastoma pathogenesis.
Stem Cells Int. 2018:e4391641. doi: 10.1155/2018/4391641

Choi, M., Chang, C.-Y., Clough, T., Broudy, D., Killeen, T., MacLean, B., et al.
(2014). MSstats: an R package for statistical analysis of quantitative mass

spectrometry-based proteomic experiments. Bioinformatics 30, 2524–2526.
doi: 10.1093/bioinformatics/btu305

Cohen, T., Nahari, D., Cerem, L.W., Neufeld, G., and Levi, B. Z. (1996). Interleukin
6 induces the expression of vascular endothelial growth factor. J. Biol. Chem.
271, 736–741. doi: 10.1074/jbc.271.2.736

Cuascut, F. X., and Hutton, G. J. (2019). Stem cell-based therapies
for multiple sclerosis: current perspectives. Biomedicines 7:26.
doi: 10.3390/biomedicines7020026

de Gioia, R., Biella, F., Citterio, G., Rizzo, F., Abati, E., Nizzardo, M., et al. (2020).
Neural stem cell transplantation for neurodegenerative diseases. Int. J. Mol. Sci.
21:3103. doi: 10.3390/ijms21093103

Díaz, M. L. (2019). Regenerative medicine: could Parkinson’s be the first
neurodegenerative disease to be cured? Future Sci. OA 5:FSO418.
doi: 10.2144/fsoa-2019-0035

Einstein, O., Fainstein, N., Vaknin, I., Mizrachi-Kol, R., Reihartz, E.,
Grigoriadis, N., et al. (2007). Neural precursors attenuate autoimmune
encephalomyelitis by peripheral immunosuppression. Ann. Neurol. 61,
209–218. doi: 10.1002/ana.21033

Ellison, S. M., Trabalza, A., Tisato, V., Pazarentzos, E., Lee, S., Papadaki, V.,
et al. (2013). Dose-dependent neuroprotection of VEGF165 in Huntington’s
disease striatum. Mol. Ther. J. Am. Soc. Gene Ther. 21, 1862–1875.
doi: 10.1038/mt.2013.132

Essers, J., Theil, A. F., Baldeyron, C., Cappellen, W. A., van, Houtsmuller, A. B.,
Kanaar, R., et al. (2005). Nuclear dynamics of PCNA in DNA replication and
repair.Mol. Cell Biol. 25, 9350–9359. doi: 10.1128/MCB.25.21.9350-9359.2005

Fathi, A., Hatami, M., Vakilian, H., Han, C.-L., Chen, Y.-J., Baharvand, H., et al.
(2014). Quantitative proteomics analysis highlights the role of redox hemostasis
and energy metabolism in human embryonic stem cell differentiation to neural
cells. J. Proteomics 101, 1–16. doi: 10.1016/j.jprot.2014.02.002

Fathi, A., Pakzad, M., Taei, A., Brink, T. C., Pirhaji, L., Ruiz, G., et al.
(2009). Comparative proteome and transcriptome analyses of embryonic stem
cells during embryoid body-based differentiation. Proteomics 9, 4859–4870.
doi: 10.1002/pmic.200900003

Ferrara, N., Carver-Moore, K., Chen, H., Dowd, M., Lu, L., O’Shea, K. S., et al.
(1996). Heterozygous embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 380, 439–442. doi: 10.1038/380439a0

Fischer, I., Dulin, J. N., and Lane, M. A. (2020). Transplanting neural progenitor
cells to restore connectivity after spinal cord injury. Nat. Rev. Neurosci. 21,
366–383. doi: 10.1038/s41583-020-0314-2

Forsythe, J. A., Jiang, B. H., Iyer, N. V., Agani, F., Leung, S. W., Koos, R.
D., et al. (1996). Activation of vascular endothelial growth factor gene
transcription by hypoxia-inducible factor 1. Mol. Cell Biol. 16, 4604–4613.
doi: 10.1128/MCB.16.9.4604

Frontiers in Cellular Neuroscience | www.frontiersin.org 18 January 2021 | Volume 14 | Article 612560

https://www.frontiersin.org/articles/10.3389/fncel.2020.612560/full#supplementary-material
https://doi.org/10.1007/s12035-019-1554-x
https://doi.org/10.1002/sctm.19-0135
https://doi.org/10.1101/042580
https://doi.org/10.1371/journal.pmed.1000029
https://doi.org/10.1038/oncsis.2014.5
https://doi.org/10.1186/s13287-019-1163-7
https://doi.org/10.1111/j.1365-2818.2006.01706.x
https://doi.org/10.1002/cm.21597
https://doi.org/10.1038/s41467-019-11707-7
https://doi.org/10.1016/j.neuroscience.2005.11.041
https://doi.org/10.1038/380435a0
https://doi.org/10.1155/2018/4391641
https://doi.org/10.1093/bioinformatics/btu305
https://doi.org/10.1074/jbc.271.2.736
https://doi.org/10.3390/biomedicines7020026
https://doi.org/10.3390/ijms21093103
https://doi.org/10.2144/fsoa-2019-0035
https://doi.org/10.1002/ana.21033
https://doi.org/10.1038/mt.2013.132
https://doi.org/10.1128/MCB.25.21.9350-9359.2005
https://doi.org/10.1016/j.jprot.2014.02.002
https://doi.org/10.1002/pmic.200900003
https://doi.org/10.1038/380439a0
https://doi.org/10.1038/s41583-020-0314-2
https://doi.org/10.1128/MCB.16.9.4604
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles
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Červenka et al. Proteomics/Secretomics of NSC Differentiation

Schwanhäusser, B., Busse, D., Li, N., Dittmar, G., Schuchhardt, J., Wolf, J., et al.
(2011). Global quantification of mammalian gene expression control. Nature
473, 337–342. doi: 10.1038/nature10098

Shoemaker, L. D., and Kornblum, H. I. (2016). Neural stem cells (NSCs) and
proteomics.Mol. Cell Proteomics 15, 344–354. doi: 10.1074/mcp.O115.052704

Skalnikova, H., Halada, P., Vodicka, P., Motlik, J., Rehulka, P., Hørning, O., et al.
(2007). A proteomic approach to studying the differentiation of neural stem
cells. Proteomics 7, 1825–1838. doi: 10.1002/pmic.200600867

Skalnikova, H., Motlik, J., Gadher, S. J., and Kovarova, H. (2011). Mapping of the
secretome of primary isolates of mammalian cells, stem cells and derived cell
lines. Proteomics 11, 691–708. doi: 10.1002/pmic.201000402

Skalnikova, H., Vodicka, P., Pelech, S., Motlik, J., Gadher, S. J., and Kovarova,
H. (2008). Protein signaling pathways in differentiation of neural stem cells.
Proteomics 8, 4547–4559. doi: 10.1002/pmic.200800096

Smyth, G., Hu, Y., Ritchie, M., Silver, J., Wettenhall, J., McCarthy, D., et al.
(2020). limma: Linear Models for Microarray Data [Internet]. Bioconductor

version: Release (3.10). Available online at: https://bioconductor.org/packages/
limma/(accessed February 13, 2020).

Soker, S., Takashima, S., Miao, H. Q., Neufeld, G., and Klagsbrun, M. (1998).
Neuropilin-1 is expressed by endothelial and tumor cells as an isoform-
specific receptor for vascular endothelial growth factor. Cell 92, 735–745.
doi: 10.1016/S0092-8674(00)81402-6

Song, Y., Subramanian, K., Berberich, M. J., Rodriguez, S., Latorre, I. J., Luria,
C. M., et al. (2019). A dynamic view of the proteomic landscape during
differentiation of ReNcell VM cells, an immortalized human neural progenitor
line. Sci. Data 6:190016. doi: 10.1038/sdata.2019.16

Storer, M. A., Gallagher, D., Fatt, M. P., Simonetta, J. V., Kaplan, D. R., and Miller,
F. D. (2018). Interleukin-6 regulates adult neural stem cell numbers during
normal and abnormal post-natal development. Stem Cell Rep.10, 1464–1480.
doi: 10.1016/j.stemcr.2018.03.008

Suda, S., Nito, C., Yokobori, S., Sakamoto, Y., Nakajima, M., Sowa, K., et al. (2020).
Recent advances in cell-based therapies for ischemic stroke. Int. J. Mol. Sci.
21:6781. doi: 10.3390/ijms21186718

Sun, X., and Kaufman, P. D. (2018). Ki-67: more than a proliferation marker.
Chromosoma 127, 175–186. doi: 10.1007/s00412-018-0659-8

Tillo, M., Erskine, L., Cariboni, A., Fantin, A., Joyce, A., Denti, L., et al.
(2015). VEGF189 binds NRP1 and is sufficient for VEGF/NRP1-dependent
neuronal patterning in the developing brain. Development 142, 314–319.
doi: 10.1242/dev.115998

Tischer, E., Mitchell, R., Hartman, T., Silva, M., Gospodarowicz, D., Fiddes, J. C.,
et al. (1991). The human gene for vascular endothelial growth factor. Multiple
protein forms are encoded through alternative exon splicing. J. Biol. Chem. 266,
11947–11954.

Tyleckova, J., Valekova, I., Zizkova, M., Rakocyova, M., Marsala, S., Marsala, M.,
et al. (2016). Surface N-glycoproteome patterns reveal key proteins of neuronal
differentiation. J. Proteomics 132, 13–20. doi: 10.1016/j.jprot.2015.11.008

Valekova, I., Skalnikova, H. K., Jarkovska, K., Motlik, J., and Kovarova, H. (2015).
Multiplex immunoassays for quantification of cytokines, growth factors, and
other proteins in stem cell communication. Methods Mol. Biol. 1212, 39–63.
doi: 10.1007/7651_2014_94

Vallée, A., Guillevin, R., and Vallée, J.-N. (2018). Vasculogenesis and angiogenesis
initiation under normoxic conditions through Wnt/β-catenin pathway in
gliomas. Rev. Neurosci. 29, 71–91. doi: 10.1515/revneuro-2017-0032
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