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Abstract

3. Abstract

During lifetime, the human organism is exposed to a progressive decline in organ function
and regeneration considered as the ageing process. Several age-associated diseases such
as cardiovascular- and neurodegenerative diseases or cancer are described along with their
cellular pathologies. Although tissue regeneration substantially relies on the functionality
of endogenous adult stem cell populations found in various organs including the heart, a
complex interaction with systemic factors carried by the blood is evident. Thus, young
blood or blood products are increasingly recognized as potential therapeutic agents to
target age-associated malignancies. In this regard, prominent studies in the murine model
gained attention by rejuvenating old mice with blood or blood products from young mice.
However, the transition of these promising results to the human system remains
challenging. Here, adequate cellular models need to be established to study the effects of
human blood plasma on the regeneration of human tissues and particularly the heart.

Facing this challenge, this thesis describes the age-specific effects of human blood plasma
and blood serum on a human cardiac stem cell (hCSC)-based model for heart regeneration
in terms of proliferation, migration, senescence, and global gene expression. Here, the
identification of a novel multipotent hCSC population from the heart auricle of patients
undergoing routine cardiac surgery enabled the establishment of a cellular model to study
human cardiac regeneration. These cells can easily be isolated and expanded in culture and
express common markers for cardiac stem cell populations. Moreover, hCSCs showed
neural crest-specific stem cell markers and high transcriptional similarities with a known
neural crest-derived stem cell population. Their differentiation capacities into mesodermal
as well as neuro-ectodermal derivates further suggest a potential relation to the neural
crest. Treatment of hCSCs with human plasma and serum greatly induced their
proliferation with no significant differences regarding age and sex of the plasma donors. In
contrast, age-dependent effects were detectable in the serum-mediated protection against
senescence with serum from old (> 60 years) female donors showing the highest rate of
protection compared to male or young female donors. Further, the migrative capacities of
hCSCs in terms of migration distance and velocity were significantly increased after serum
treatment. A global transcriptomic analysis of serum-treated hCSCs revealed an age-

dependent increase of differential gene expression in hCSCs treated with young sera
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Abstract

compared to untreated cells and the upregulation of genes associated to the p38 mitogen-
activated protein kinase (p38-MAPK)-pathway. Pharmacological inhibition of p38-MAPK
significantly reduced the beneficial effects of human blood serum in terms of decreased
proliferation and migration as well as increased senescence. Next to its beneficial effects
on the successfully established cellular model system for cardiac ageing and regeneration,
human serum was applied to ex vivo cultured mouse hippocampal slices as an experimental
model for neurodegenerative diseases. Here, human blood plasma as well as human serum
albumin (HSA) as the most abundant plasma protein revealed significant neuroprotective
effects against kainic acid (KA)-mediated neuronal cell death compared to untreated
hippocampal slice cultures.

In summary, the here presented results show the identification of a novel hCSC population
and its developmental relation to the neural crest as well as its successful application as a
screening system for human blood plasma-mediated regenerative responses. On functional
level, p38-MAPK was identified as crucial mediator of the blood-plasma-based induction of
hCSC-proliferation and -migration as well as protection of hCSCs against senescence. Future
studies will carefully investigate the regulatory mechanisms upstream and downstream of
p38-MAPK signaling in serum-treated hCSCs and might enable the identification of the
responsible plasma components. Finally, this work provides valuable insights into the
beneficial effects of human blood plasma on the regenerative function of adult human
cardiac stem cells and builds a basis for the potential clinical use of human blood plasma as

well as cardiac stem cells in regenerative medicine.
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Zusammenfassung

4. Zusammenfassung

Der menschliche Organismus ist wahrend seiner Lebenszeit einem kontinuierlichen
Alterungsprozess mit einem Abbau von Organfunktionen ausgesetzt. Zahlreiche
Krankheiten wie etwa kardiovaskulare oder neurodegenerative Erkrankungen sowie ihre
zellulare Pathologie wurden bisher mit dem Alterungsprozess assoziiert. Obwohl die
Regeneration von Gewebe zu einem groBen Teil auf der Funktionalitdt endogener adulter
Stammzellpopulationen beruht, welche unter anderem im Herzen gefunden wurden, ist
eine komplexe Interaktion mit systemischen, Uber das Blut transportierten Faktoren
unbestreitbar. In diesem Zusammenhang haben prominente Studien im murinen
Modellsystem fiir Aufmerksamkeit gesorgt, indem alte Mause und ihre Organe durch die
Gabe von Blut oder Blutprodukten junger Miuse verjiingt wurden. Eine Ubertragung dieser
vielversprechenden Ergebnisse vom murinen auf das humane System bleibt jedoch
weiterhin eine Herausforderung und es bedarf der Entwicklung addaquater Modellsysteme,
um die Effekte von humanem Blutplasma auf regenerative Prozesse in humanen Zellen und
Geweben, insbesondere dem Herzen, zu studieren.

Im Kontext dieser Fragestellungen beschreibt die vorliegende Arbeit die Etablierung eines
auf humanen kardialen Stammzellen (human cardiac stem cells, hCSC) basierenden
Modellsystems fir Herzregeneration sowie die altersspezifischen Effekte von Blutplasma
und Blutserum auf hCSCs bezlglich Proliferation, Migration, Seneszenz und Genexpression.
Hierbei ermdglichte die Identifizierung einer neuen multipotenten hCSC Population aus
dem Herzohrgewebe kardiochirurgischer Patienten die Entwicklung eines zelluldaren
Modellsystems zur Untersuchung kardialer Regeneration. Diese Stammzellen kénnen sehr
effizient isoliert und in vitro expandiert werden und exprimieren lbliche Marker kardialer
Stammzellpopulationen. Zudem wurde gezeigt, dass hCSCs zusatzlich
neuralleistenspezifische Marker exprimieren und ihr globales Genexpressionsprofil dem
bekannter Neuralleistenstammzellpopulationen dhnelte. In diesem Zusammenhang weist
die Differenzierungskapazitat von hCSCs in Zellen sowohl mesodermaler als auch neuro-
ektodermaler Herkunft auf einen potenziellen entwicklungsbiologischen Ursprung in der
Neuralleiste hin.

Die Behandlung mit humanem Blutplasma und Serum induzierte die Proliferation von

hCSCs deutlich, wobei keine signifikanten Unterschiede zwischen den unterschiedlichen
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Altersgruppen und Geschlechtern der Plasmaspender detektierbar waren. Im Gegensatz
hierzu waren altersabhangige Effekte in dem Schutz vor Seneszenz durch humanes Serum
sichtbar, wobei Serum alter (> 60 Jahre) Spenderinnen verglichen mit mannlichen Spendern
oder jungen Spenderinnen (< 20 Jahre) den besten Schutz vor Seneszenz vermittelte. Des
Weiteren konnte beobachtet werden, dass sowohl die Migrationsdistanz als auch die
Migrationsgeschwindigkeit von hCSCs nach der Behandlung mit Serum signifikant erhoht
waren. Die Analyse des Transkriptoms von serumbehandelten hCSCs im Vergleich zu
unbehandelten Zellen lielR einen Anstieg in der differentiellen Genexpression von hCSCs
welche mit den Seren junger mannlicher Spender behandelt wurden erkennen. Hier wurde
zudem eine Uberexpression bestimmter Gene in Verbindung mit dem p38 mitogen-
activated protein kinase (p38-MAPK) -Signalweg gezeigt. Die pharmakologische Inhibition
von p38-MAPK in serumbehandelten hCSCs blockierte die vorteilhaften Effekte von
Blutserum und fihrte in weiteren in vitro Untersuchungen zu einer signifikant reduzierten
Proliferation und Migration sowie zu einem Anstieg der zelluldaren Seneszenz.

Neben der erfolgreichen Etablierung von hCSCs als Modellsystem fiir kardiales Altern und
kardiale Regeneration wurden in dieser Arbeit die Effekte von Blutplasma auf murine
hippokampale Schnittkulturen als Modelsystem fiir neurodegenerative Krankheiten
untersucht. Hier zeigten sowohl humanes Blutplasma als auch das abundanteste
Plasmaprotein Albumin (human serum albumin, HSA) deutliche protektive Effekte gegen
neuronalen Zelltod durch Kainsdure (kainic acid, KA).

Zusammenfassend beinhalten die hier prasentierten Ergebnisse sowohl die Identifizierung
einer neuen Population kardialer Stammzellen als auch die erfolgreiche Anwendung dieser
hCSCs als Untersuchungssystem fir blutplasmainduzierte regenerative Prozesse. Auf
funktioneller Ebene wurde p38-MAPK als wichtiger Signalweg innerhalb der serum-
vermittelten Proliferation und Migration und des Schutzes vor Seneszenz beschrieben.
Basierend auf der vorliegenden Arbeit kénnen zukiinftige weitere Forschungen die
vorgeschaltete und nachgeschaltete Regulation des p38-MAPK-Signalwegs in
serumbehandelten hCSCs untersuchen und so moglicherweise die hier aktiven
Plasmakomponenten identifizieren. AbschlieBend liefert diese Arbeit einen wertvollen
Beitrag zur Aufklarung plasma-induzierter Effekte auf die Funktion kardialer Stammzellen
und damit eine vielversprechende Basis fur zukilinftige potenzielle Anwendungen von

sowohl Blutplasma als auch kardialen Stammzellen in der regenerativen Medizin.
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5. Introduction

5.1.The ageing human body

5.1.1. Ageing as a risk factor for multiple diseases

Ageing is a process, which can be defined as time-dependent functional decline of tissues
and organisms. To date, multiple age-associated malignancies are described such as
cardiovascular- or neurodegenerative diseases and cancer. As one example, the incidence
of cervical cancer worldwide increased from two cases per 100,000 women and year at age
20 to 38 cases at age 54 (Arbyn et al. 2020). In the years 2000 — 2010, the age-specific
incidences of all cancer types in both sexes had a maximum level in the group of ages 80 —
84 years (Thakkar et al. 2014). The group of 75+ years was also projected to be the group
with the highest incidence rates of all cancer types in 2035 (Smittenaar et al. 2016). Age
was further considered to be one of the major risk factors for Parkinson’s disease (PD)
(Balestrino and Schapira 2020) with a prevalence of 1903 cases in the group of age 80+
(Pringsheim et al. 2014). Moreover, it was shown that incidence rates for dementia in
people older than 60 years double every 10 years (Prince et al. 2013). Moreover, in 2020,
83 % of patients with Alzheimer’s disease (AD) were 75 years or older (Alzheimer's-
Association 2020). An evaluation demonstrated, the prevalence of cardiovascular diseases
(CVD) in the UK to be highest in the group of 75+ years old people with 31 % — 34 % while
in the group of 16 — 44 years, the prevalence was only 2 % (Bhatnagar et al. 2016). In the
Netherlands, a study showed that the prevalence of CVD gradually increased from the age
of 50 along with the amount of different manifestations of CVD (van der Ende et al. 2017).
Although age as a direct causality of these pathologies has not yet been proven, it clearly
remains as the highest risk factor (Niccoli and Partridge 2012, Franceschi et al. 2018). In
general, a time-dependent accumulation of cellular damage could be observed in all ageing
tissues (Kirkwood 2005, Vijg and Campisi 2008, Gems and Partridge 2013). However, the
cell biological and molecular mechanisms behind these processes are far from being

completely understood.
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5.1.2. Cellular hallmarks of ageing

In 2013, Lépez-Otin and colleagues determined the ageing phenotype by categorizing nine
hallmarks of ageing (Lépez-Otin et al. 2013). One hallmark of cellular ageing is the stable
arrest of the cell cycle, called senescence, which results in decreased proliferative
capacities (Hayflick and Moorhead 1961). During ageing, cells increasingly undergo
senescence with morphological and metabolic changes (Collado et al. 2007, Kuilman et al.
2010). Senescent cells are characterized by the high abundance of the enzyme beta-
galactosidase (B-Gal), detectable at conditions of pH 6 while the normal activity of
lysosomal B-Gal is only detectable at pH 4 (Kurz et al. 2000). In 1995, Dimri and colleagues
detected increasing accumulation of B-Gal activity at pH 6 in the dermis and epidermis of
human skin samples from donors of different ages (Dimri et al. 1995). Since B-Gal at pH 6
could only be detected in senescent cells and not in immortalized cell populations or
proliferating cells, Dimri termed this phenomenon senescence-associated B-Gal (SA-B-Gal)
(Dimri et al. 1995, Debacq-Chainiaux et al. 2009). In the following years, more studies
validated this age-associated activation of SA-B-Gal, establishing SA-B-Gal as a prominent
biomarker of cellular senescence. For instance, chondrocytes from articular cartilage of
osteoarthritis patients exhibited significantly elevated levels of SA-B-Gal activity when
compared to healthy tissue (Price et al. 2002). Further, in atherosclerosis patients, vascular
smooth muscle cells in atherosclerotic plagues showed increased SA-B-Gal activity
compared to normal vessels from the same patients (Matthews et al. 2006). Increased
activity of SA-B-Gal in human liver tissue was also associated with progressive hepatitis C
and hepatocellular carcinomas but also with advanced age of healthy people(Paradis et al.
2001). In vitro experiments with serially passaged human umbilical vein endothelial cells
(HUVEC) and rabbit aortic smooth muscle cells likewise demonstrated high levels of SA-B-
Gal activity in late passage cultures compared to early passages (van der Loo et al. 1998).

Next to senescence, stem cell exhaustion is a further hallmark of ageing and can be
observed in various tissues with age-associated decline in their regenerative potential. As
one example, hematopoietic stem cells (HSCs) of old mice possessed less proliferative
potential than HSCs of young mice, leading to diminished hematopoiesis and thus
decreased production of immune cells (Rossi et al. 2007, Shaw et al. 2010). This decline in
proliferation was reported to be accompanied by overexpression of p16'N**2 a marker of

cellular senescence (Janzen et al. 2006). Decreased functional capacities of neuronal
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progenitors in the ageing mouse forebrain were accompanied with reduced proliferation
of progenitor cells in the subventricular zone and neurogenesis in the olfactory bulb and
potentially caused by increased expression of p16'Nk42 (Molofsky et al. 2006). Although
bone fracture healing was shown to be not decreased in healthy elderly patients (Wollstein
etal. 2020), the risk for osteoporosis-associated fractures increased with age (Compston et
al. 2019). Moreover, osteoporosis was partially caused by inhibited differentiation of
mesenchymal stem cells (MSCs) and progenitor cells into osteoblasts (Feng and McDonald
2011). In other studies, satellite cells of the skeletal muscle showed decreased proliferative
capacities upon injury which was a consequence of diminished Delta/Notch-signaling
(Carlson et al. 2008, Conboy and Rando 2012). Moreover, with increasing age, satellite cells
were reported to lose their ability to switch from a quiescent state to an activated state
following p16'Nk42 gverexpression (Sousa-Victor et al. 2014). Finally, as the leading cause of
death worldwide (Nowbar et al. 2019), cardiovascular diseases were shown to be
accompanied by a reduced regenerative potential of quiescent cardiac stem cells and
decreased cardiomyocyte-proliferation (Laflamme and Murry 2011, Aguilar-Sanchez et al.
2018). In 2007, Sharpless and DePinho introduced a ‘stem-cell hypothesis’ for age-
associated conditions postulating that anti-cancer mechanisms such as telomere
shortening lead to aged stem cells with reduced regenerative function and consequently
to an overall ageing of the body (Sharpless and DePinho 2007). This hypothesis points out
that stem cell-based regeneration relies on a fragile equilibrium between proliferation
and/or differentiation on the one side and protection from cancer on the other side. Thus,
targeting single genes or pathways in order to oppose the ageing process harbors great

risks for unwanted side-effects.

5.1.3. The potential of young blood and blood plasma for treating for
systemic ageing

In the last years ageing research has become a growing field and multiple scientific
attempts were proposed to target the ageing process and thus to increase health span.
Since ageing can be considered as a systemic process with dynamically changing factors, a
potential treatment should address multiple pathways and their regulation. Blood and its
liquid part blood plasma act as transport organ, connecting all tissues of the body by

carrying nutrients and metabolites as well as signaling molecules. Blood plasma consists to
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90 % of water, 8 % of proteins, 0.9 % of salts and 1.1 % of organic substances. Proteins
found in plasma mainly comprise albumins, globulins and coagulation proteins but also
cytokines and hormones (Krebs 1950, Anderson and Anderson 2002, Elghblawi 2018,
Mathew et al. 2020). These interactive and omnipresent characteristics of the blood
underline its importance in systemic ageing and degeneration. Ageing research gained
momentum with the first heterochronic parabiosis experiments resulted in remarkably
systemic responses of old mice to blood of young mice (Conboy et al. 2005). Heterochronic
parabiosis is a surgical technique where two animals (mice) are manipulated to share the
same circulatory system, leading to systemic administration of young blood and blood
borne factors to an old animal and vice versa. In 2005, Conboy and colleagues performed
heterochronic parabiosis experiments in mice and detected significantly enhanced
regeneration of muscle tissue after injuryin old animals that shared a blood circulation with
young partners (Conboy et al. 2005). Next to increased regenerative capacities of old
muscle tissue, this study further revealed increased proliferation of hepatocytes in aged
mice undergoing heterochronic parabiosis compared to isochronic parabionts (Conboy et
al. 2005). The Wyss-Coray group detected beneficial effects of young blood on the aging
hippocampus of old parabionts on molecular, structural and cognitive level (Villeda et al.
2014). A rejuvenating effect of young blood on pancreas tissue of aged mice could be
shown in heterochronic parabiosis experiments measuring increased proliferation of -
cells (Salpeter et al. 2013). However, critics repeatedly referred to the artificial
characteristics of the experimental system parabiosis, since next to blood borne factors
which are shared in both animals also physiological differences between old and young
mice could influence the experimental outcome. For instance, young mice have a
significantly lower blood pressure (Loffredo et al. 2013). Further, the old heterochronic
parabiont benefits from the younger organs like lungs, liver and kidney in terms of more
efficient removal of metabolites and improved blood oxygenation (Conboy et al. 2015).

Proceeding from the promising results in heterochronic parabiosis experiments with mice,
further studies focused the question to which extend these data could be reproduced in
the human system. In this regard, Castellano and coworkers applied human umbilical cord
blood plasma to aged mice and detected enhanced synaptic plasticity, leading to improved
cognitive function. Moreover, comparisons of human umbilical cord plasma with plasma of

young and old adult people via protein microarrays revealed the tissue inhibitor of
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metalloproteinases 2 (TIMP2) to be enriched in umbilical cord plasma. Additional depletion
experiments suggested a direct connection of TIMP2 abundance with the beneficial effects
of cord plasma (Castellano et al. 2017). Recently, the first clinical trials were conducted
investigating the effects of blood or plasma from young administered to old participants.
Edgren and colleagues performed a retrospective cohort study using data from the
Scandinavian Donations and Transfusions database assessing a potential association
between donor age and sex and the recipient’s survival rate of red blood cell transfusions.
Here, data of 968 264 patients did not show a connection between donor age and sex and
the survival rates of the recipients (Edgren et al. 2017). Further, the Wyss-Coray group
performed a phase | clinical study, testing safety, tolerability, and feasibility of fresh frozen
plasma (FFP) from young donors (age 18 - 30) infused to 18 patients with Alzheimer’s
disease (Sha et al. 2019). This study aimed to translate the promising results in mice to the
human system and showed the general safety and general feasibility of the procedure.
Moreover, a clinical study with the blood plasma-derived product GRF6019, a plasma
fraction of about 400 proteins, is already finished but peer-reviewed results are only
available regarding safety and tolerability (Hannestad et al. 2020) while detailed readout
of the respective manifestations of AD within these patients has not yet been published.
Although the idea of young blood as a source of diverse beneficial factors that ameliorate
the phenotypic manifestations of ageing is tempting, a recent review by Hofmann
reminded that a transition of these promising results from the murine to the human system

was so far not successful (Hofmann 2018).

5.1.4. Blood-borne anti-ageing and pro-ageing factors

In the following years, studies dealing with the ‘rejuvenating agent’ young blood focused
on specific factors such as cytokines, chemokines or micro ribonucleic acids (miRNAs).
Proteomic analyses of old and young blood and plasma have revealed a range of factors
that increase or decline with age. Chiao and colleagues have identified matrix
metalloproteinase 9 (MMP9) and monocyte chemotactic protein 1 (MCP1) as plasma
proteins showing elevated levels in aged mice. Moreover, this increase in MMP9 and MCP1
protein-levels in plasma correlated with a cardiac ageing phenotype. The authors therefore
concluded that MMP9 and MCP1 could serve as new biomarkers for cardiac ageing (Chiao

et al. 2011). A later study showed likewise elevated MCP1 plasma levels in aged and
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progeroid mice compared to young individuals. This effect was slightly but not significantly
increased in male mice, indicating sex-specific differences of the ageing process.
Interestingly, MCP1 plasma levels were also higher in frail patients with aortic stenosis
compared to non-frail patients (Yousefzadeh et al. 2018). Another factor which is
potentially contributing to the ageing phenotype is the chemokine Eotaxin 1, or C-C motif
chemokine 11 (CCL11), which was identified in parabiosis experiments with mice. Here,
increasing plasma levels of Eotaxin 1 correlated with decreased neurogenesis and impaired
learning and memory in old mice (Villeda et al. 2011). Moreover, Eotaxin 1 was also
measured in fresh frozen plasma as well as erythrocyte concentrate (EC) of human
transfusion donors with increasing levels in aged donors (Hoefer et al. 2017). In different
heterochronic parabiosis studies, Loffredo and coworkers measured plasma levels of the
growth differentiation factor 11 (GDF11) which declined with age (Loffredo et al. 2013).
Using heterochronic parabiosis, the symptoms of age-related cardiac hypertrophy could be
reversed in old mice. This effect was also achieved by only intraperitoneal injection of
GDF11, leading to the description of GDF11 as a circulating rejuvenating factor (Loffredo et
al. 2013). Contrary results were published in 2015 by Egerman and colleagues who
detected increased levels of GDF11 in sera of old rats and humans which inhibited skeletal
muscle regeneration in rats. The authors discussed these contradicting results to the
Loffredo-study with non-specificity of the used GDF11 antibodies shown by cross reactivity
with myostatin (GDF8) (Egerman et al. 2015). Later, the Loffredo-group responded with
additional results showing that both, GDF11 and GDF8 decline with age in mice, rats,
horses, and sheep and claimed that the increased signal detected by Egerman and
colleagues was caused by cross-reactivity of the GDF11 antibody with immunoglobulin, a
highly abundant protein in blood which is known to increase with age (Poggioli et al. 2016).
These partially contradicting data underline the high interest in potential active
components of ‘rejuvenating’ blood and blood products while the discussion has not yet
come to a consensus. Moreover, to understand potential anti-ageing effects of young
human blood and plasma on a cellular and molecular level, suitable human cellular model
systems are necessary. Here, particularly adult human stem cell populations are

increasingly noticed as promising cellular model systems.
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5.2.Stem cells

5.2.1. From totipotent to pluripotent stem cells

The highly diverse variety of specialized cell types in the adult organism is derived from the
same totipotent stem cell, the zygote. The main characteristics of a stem cell are its ability
for self-renewal by symmetric cell divisions and the differentiation into specialized cell
types by asymmetric or symmetric cell divisions. Symmetric cell divisions result in the
formation of two daughter cells that keep the stem cell-state of the parental stem cell or
two differentiating daughter cells while asymmetric cell divisions produce one stem cell
and one differentiating cell (He et al. 2009). During embryogenesis and consecutive cell
divisions, the so-called developmental potential of the stem cells decreases from
totipotency to pluripotency and later multipotency while the determination of each cell to
a specific tissue or function increases (Rajagopal and Stanger 2016). In this context, the
totipotent zygote is able to give rise to all cell types of the developing organism as well as
extraembryonic tissue (e.g. placenta) while pluripotent cells are able to differentiate into
cell types of the three germ layers ectoderm, mesoderm and endoderm as well as germ
cells. Pluripotent stem cells can only be found in the inner cell mass of the blastocyst during
the early stages of embryogenesis as embryonic stem cells (ESCs) (Evans and Kaufman
1981, Martin 1981, Thomson et al. 1998). Since 2006, it is possible to reprogram terminally
differentiated cells to a pluripotent state in vitro (Takahashi and Yamanaka 2006). Here, the
induction of the four pluripotency-associated transcription factors cMyc, Kruppel-like
factor 4 (KIf4), octamer-binding transcription factor 4 (Oct4) and sex determining region Y-
box 2 (Sox2) generated induced pluripotent stem cells (iPSCs). These iPSCs exhibited all
hallmarks of embryonic stem cells like differentiation capacity into cell types of all three
germ layers as well as germ cells and contributed to a developing embryo (Takahashi and
Yamanaka 2006, Takahashi et al. 2007). However, later studies have shown that iPSCs
remained an epigenetic memory of their cell type of origin (Kim et al. 2010, Vaskova et al.
2013) and showed overall high mutation rates (Gore et al. 2011). In further attempts of
iPSC-transplantation in mice in order to regenerate injured tissues it was revealed that the
induced pluripotency was associated with low genetic stability and thus lead to the
formation of tumors in the recipient organisms (Arnhold et al. 2004, Amariglio et al. 2009).

These properties of iPSCs hampered their transfer to clinical applications. Compared to
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pluripotent stem cells, the term multipotency defines a closer restriction of stem cells to
differentiate into derivates of one or two germ layers, particularly into cell types of the

tissue of origin (Toma et al. 2001).

5.2.2. Adult stem cells

In the adult human organism, populations of multipotent human stem cells (ASCs) are
located in various tissues and organs with prominent examples like mesenchymal stem cells
and hematopoietic stem cellsin the bone marrow (Becker et al. 1963, Pittenger et al. 1999),
neural stem cells (NSCs) in the hippocampus and the subventricular zone (SVZ) of the brain
(Johansson et al. 1999) and mesenchymal stem cells in the adipose tissue (Adipose-derived
stem cells, ADSCs) (Zuk et al. 2002). ASC populations are key players in endogenous repair
mechanisms and are therefore discussed as highly promising tools for regenerative
medicine (Conrad and Huss 2005, Gurusamy et al. 2018, Prentice 2019). Here, the biggest
advantages of ASCs in comparison with pluripotent stem cells like ESCs or iPSCs are their
genetic stability and a decreased potential for tumor formation. Further, ASCs enable the
possibility of autologous transplantations without immunosuppression of the recipient.
Moreover, ethical issues that need to be considered when working with ESCs are avoided
(Mezey et al. 2003, Meza-Zepeda et al. 2008), since ASCs can be taken from adult patients
after informed consent. However, the greatest restriction of ASCs in clinical applications
lies within their limited differentiation potential and thus decreased regenerative capacity
when compared with pluripotent stem cells. Nevertheless, ASCs are subject of highly

successful treatments in clinical use (Ghodsizad et al. 2013, Steinberg et al. 2016).

5.2.3. The neural crest and neural crest-derived stem cells

Among the ASCs, a subpopulation of cells exhibits an extraordinary broad potential for
differentiation into distinct cell types. These cells are derived from the neural crest, a
transient structure of the vertebrate embryo and thus termed neural crest-derived stem
cells (NCSCs) (His 1868, Jiang et al. 2002, d'Aquino et al. 2011). During embryogenesis, stem
cells migrate out from the neural crest into various parts of the developing body where
they give rise to different organs and tissues or remain as quiescent stem cells in an
undifferentiated state. The various populations of NCSCs can be discriminated according to

their region of origin. For example NCSCs from the cranial neural crest could be found in
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diverse tissues of the head and neck region like the skin and hair follicles (Toma et al. 2001,
Hunt et al. 2008), the periodontal ligament (Techawattanawisal et al. 2007), dental pulp
(Waddington et al. 2009) and palatum (Widera et al. 2009, Zeuner et al. 2018), as well as
the olfactory epithelium or the respiratory epithelium of the nose (Viktorov et al. 2007,
Barraud et al. 2010, Hauser et al. 2012). Derivates of the cardiac neural crest are important
in the formation of the cardiac outflow tract (Sieber-Blum 2004) and undifferentiated
NCSCs could be found in the ventricles and atrial appendages of the adult mammalian heart
(El-Helou et al. 2005, Tomita et al. 2005, El-Helou et al. 2008, Hoving et al. 2020b). Other
tissues shown to harbor NCSC-populations included the bone marrow (Nagoshi et al. 2011),
sciatic nerve (Morrison et al. 1999), dorsal root ganglia (Li et al. 2007) and the carotid body
(Pearse et al. 1973, Pardal et al. 2007).

5.2.4. Examples of neural crest-derived stem cell populations

As two examples of niches of adult neural crest-derived stem cells, the inferior turbinate as
well as the middle turbinate of the human nose were shown to harbor multipotent stem
cell populations which could be easily isolated from the respiratory epithelium of surgical
waste during routine surgery. Inferior turbinate stem cells (ITSCs) were first characterized
in 2012 as a neural crest-derived stem cell population expressing a wide range of stem cell-
and NCSC-markers (Hauser et al. 2012). Further, in vitro differentiation assays
demonstrated an extraordinary broad differentiation capacity into cell types with neuro-
ectodermal as well as mesodermal phenotype. ITSCs efficiently differentiated into
functional glutamatergic neurons expressing the neuronal marker B-Ill-Tubulin at a rate of
70 % (Miller et al. 2015). A differentiation of ITSCs into oligodendrocytes was
demonstrated by Ruiz and coworkers following the inhibition of the nuclear factor (NF)-kB
subunit c-Rel (Ruiz-Perera et al. 2020). In vivo, ITSC-derived dopaminergic neurons
efficiently integrated into the rat brain improving the functional outcome of Parkinson's
disease symptoms (Miiller et al. 2015). Moreover, ITSCs responded to biochemical stimuli
or the presence of specific nanopores on substrate surface with differentiation into the
osteogenic lineage (Greiner et al. 2019). In addition, ITSCs were introduced as model
system for rhinosinusitis, the common cold, to study pharmacological treatments (Muller
et al. 2016). Likewise to ITSCs, NCSCs located in the middle turbinate (middle turbinate

stem cells, MTSCs) expressed the NCSC-markers Nestin, S100 and p75 neurotrophin
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receptor (p75NTR) and exhibited a differentiation capacity into the ectodermal as well as
mesodermal lineage (Schiirmann et al. 2018). Moreover, high amounts of tissue material
could easily be removed during routine nasal biopsies without severely affecting the
respiration and olfactory sensing (Scheithauer 2010, Dayal et al. 2016). Here, total
turbinectomies of the inferior turbinate may be associated to empty nose syndrome inrare
cases (Scheithauer 2010) and the air conditioning capacity of the nasal cavity may be
significantly impaired compared to total middle turbinectomy (Dayal et al. 2016). These
outcomes presented the middle turbinate and MTSCs as promising NCSC source for

potential clinical applications.

5.3.Cardiac stem cells as cellular model systems for age-associated

degeneration of the heart

5.3.1. Heart regeneration

Despite the existence of resident cardiac stem cell populations, the regenerative capacities
of the aging human heart are limited and cardiovascular diseases are the leading cause of
death worldwide (Bhatnagar et al. 2016, Nowbar et al. 2019, WHO 2021). In ischemic heart
disease (IHD) as the most common cardiovascular disease, plagues within the coronary
arteries can lead to myocardial infarcts (MI) with a blockage of oxygen and nutrient supply
for the myocardial tissue. The resulting irreversible loss of cardiomyocytes as the
contracting entities of the heart structure is substituted by scar tissue with fibroblasts,
leading to decreased cardiac function (Reinecke et al. 2008). This repair process is
mediated by intra- and intercellular signaling and its effectiveness determines the further
progression into heart failure (HF) (Molenaar et al. 2021). Although mortality directly after
MI decreased by 28 % in the last years, the 5-year-incidence of heart failure following Ml
increased by 25 %, underlining the poor regenerative capacities of cardiac tissue especially
in elderly patients (Velagaleti et al. 2008, Ezekowitz et al. 2009). During fetal development,
proliferating cardiomyocytes could be detected in the growing heart (Laflamme and Murry
2011). However, the proliferative capacities of cells in the adult human heart were
described to be generally low with a yearly turnover of 0.5 % — 1 % (Bergmann et al. 2009,

Bergmann et al. 2015).
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5.3.2. Adult cardiac stem cell populations

Although the adult heart was long time considered as a terminally differentiated organ with
low regenerative potential, rare populations of adult stem cells have been found in the
murine heart (Beltrami et al. 2003, Koninckx et al. 2013) and later also in the human heart
(Bearzi et al. 2007). These cardiac stem cell populations were found to be multipotent,
giving rise to cardiac endothelium and myocardium, although the in vivo contribution to
regenerative processes is still under debate (Breckwoldt et al. 2016, He et al. 2020). Initially,
most cardiac stem cell (CSC) populations were identified based on their expression of the
stem cell factor receptor kinase cKit (Beltrami et al. 2003, Urbanek et al. 2006, Bearzi et al.
2007, Tallini et al. 2009, Zaruba et al. 2010). However, cKit expression was also identified
in non-cardiac cells like interstitial Cajal cells and HSCs (Escribano et al. 1998, Morita et al.
2003, Rusu et al. 2014, llie et al. 2015), making its suitability as unique marker for cardiac
stem cells unlikely (Sultana et al. 2015). In later studies, the pool of genes and proteins
defining CSCs has been extended to a range of other stem cell markers. The transcription
factor Insulin gene enhancer protein 1 (Isl1) has been detected in mouse embryonic stem
cells that were able to differentiate into cardiomyocytes, smooth muscle cells and
endothelial cells (Cai et al. 2003, Moretti et al. 2006). Stem cell antigen-1 (Scal)* cells were
found in the murine heart that may contributed to endogenous repair mechanisms
(Matsuura et al. 2004) and further expressed the endothelial cell marker cluster of
differentiation 31 (CD31) (Oh et al. 2003). Populations of human cardiac stem cells and
cardiac progenitor cells were described to express Scal and cluster of differentiation 105
(CD105), while the expression of cKit was only scarce (Smits et al. 2009). Other human
cardiac stem cell populations were isolated based on their ability to form spheres
(cardiosphere-derived cells, CDC) (Barile et al. 2013) or by the expression of aldehyde
dehydrogenase (Koninckx et al. 2013). However, the developmental origin of these adult

human cardiac stem cell populations was not investigated so far.

5.3.3. Isolation of a novel population of NC-derived human cardiac stem cell
population
To establish a cellular model system for cardiac regeneration, this thesis presents the

identification of an adult NC-derived cardiac stem cell population in the human heart

(human cardiac stem cells, hCSCs). The human heart auricle (left atrial appendage, LAA)
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(Figure 1 A) was obtained from aged patients undergoing cardiac surgery. The routinely
amputation of the LAA during surgery aims to minimize the risk for the formation of blood
clots which could lead to stroke (Endo et al. 2017). Here, a large amount of tissue (Figure 1

B) could be used for the subsequent isolation of cells via explant culture (Figure 1 C).
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Figure 1: Successful Isolation of CD105*/CD31*/Scal* cells from the human heart auricle. A) The human heart auricle (left
atrial appendage, LAA) is routinely removed during cardiac surgery. B) Large amounts of tissue are available after LAA
amputation. C) After eight days of culture, cells migrate out of the tissue clumps. D) Clonally grown cells spontaneously
form spheres. E) Isolated cells express the cardiac stem cell marker Scal but not cKit. F) Isolated cells are double positive
for the previous described markers of adult human cardiac stem cells CD105 and CD31. Modified from (Héving et al. 2020a)

These cells showed the ability for self-renewal by forming secondary spheres out of clonally
grown populations with a clonal efficiency of 22.7 % (Figure 1 D), an important hallmark of
stem cells (He et al. 2009). To further characterize the marker profile of the isolated cell
population, flow cytometry revealed a purity of 87 % to 95.6 % of Scal* cells and 92.5 % of
cells double positive for CD105 and CD31 (H6ving et al. 2020a, Hoving et al. 2020b) (Figure
1E, F). The marker Scal, CD105 and CD31 were likewise described for human cardiac stem
cell populations in previous studies (Smits et al. 2009).

Further, the description of hCSCs was extended from known CSC markers to marker
proteins that are known to be expressed in other adult stem cell populations. Next to the
CSC markers Scal, CD31 and CD105, hCSCs expressed common markers of NCSCs, like Slug,
Nestin, S100 and p75NTR (Figure 2), suggesting a developmental relation to the NC. Since
the developmental origin of adult human stem cells cannot be investigated by lineage
tracing studies, the sites of malformations and other defects resulting from mutations in

NC-associated genes can give valuable insights in this matter.
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Figure 2: hCSCs express typical markers for NCSCs. A) In vitro cultured hCSCs express the NCSC marker protein Slug. B) In
vitro cultured hCSCs express the NCSC marker protein S100. C) In vitro cultured hCSCs express the NCSC marker protein
Nestin. D) In vitro cultured hCSCs express the NCSC marker protein p75. Modified from (Héving et al. 2020b)

5.3.4. The neural crest and neural crest-derived stem cells in cardiac

development

NCSCs positive for Nestin, an intermediar filament associated with proper self-renewal of
stem cells (Park et al. 2010, Kaltschmidt et al. 2012), were already described to be present
in the murine heart (El-Helou et al. 2005, Tomita et al. 2005). In particular, the group of El-
Helou and coworkers detected a Nestin* stem cell populationin the rat heart, while Tomita
and colleagues transferred these findings to the mouse heart and could show that Nestin*
NCSCs were capable to differentiate into cardiomyocytes in vivo (Tomita et al. 2005, El-
Helou et al. 2008). During embryonic development, cells from the cardiac neural crest
contribute to the second heart field, which later develops the cardiac outflow tract and the
right ventricle (Morikawa and Cserjesi 2008, Keyte and Hutson 2012). Here, cardiac neural
crest cells were described to contribute to the myocardium by myocardialization
(Poelmann et al. 1998, Gittenberger-de Groot et al. 2005). In further developmental steps,
cardiac neural crest cells were expected to disappear from myocardial tissues undergoing
apoptosis. However, in the hearts of adult mice and zebrafish, populations of neural crest-
derived stem cells were recently described (El-Helou et al. 2008, Hatzistergos et al. 2015,
Leinonen et al. 2016, Meus et al. 2017, Tang et al. 2019). However, in the various stem cell
populations isolated from the adult human heart, no potential relation to the neural crest
was investigated so far. Notably, a high number of neural crest-related genes was found to
be expressed in hCSCs and mutations in these genes were shown to result in craniofacial
malformations as well as cardiac defects (Hoving et al. 2020b). Malignancies resulting from
mutations in NC-associated genes can give valuable insights into human NC-development
andits role in organ formation. The Baraitser-Winter syndrome was suggested to be caused
by a mutation in the B-actin gene (ACTB), presented by defects in the development of the

brain and the structure of the eye but also leading to hearing loss and cardiac
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malformations (Cuvertino et al. 2017). Meanwhile, mutations in the gene for Gap junction
alpha-1 protein or connexin 43 (GJA1, Cx43) lead to occludential dysplasia shown as digital
and craniofacial malformations next to cardiac abnormalities (Paznekas et al. 2003, Debeer
et al. 2005). Mutations in the NOTCH1 gene caused not only the Alagille syndrome but also
the autosomal dominant form of Adams-Oliver syndrome with partial absence of skull
bones and congenital heart defects in 23 % of the patients (Southgate et al. 2015, Masek
and Andersson 2017). Hirschsprung’s disease is a neurological disorder in the hindgut with
5 % of the patients exhibiting congenital heart diseases and is shown to be caused by a
mutation of the ret proto-oncogene (RET) (Robertson et al. 1997, Tuo et al. 2014). Twist
was described as a popular marker for neural crest-derived stem cells and mutations in the
TWIST-gene caused Saethre-Chotzen syndrome with craniofacial malformations and
congenital heart malformations (Kress et al. 2006, Pelc and Mikulewicz 2018). Another
consequence of improper neural crest development could be Kabuki syndrome with
craniofacial dymorphism, mild-to-moderate intellectual disability and congenital heart
defects in 70 % of the patients following mutation of the Histone-lysine N-
methyltransferase 2D (KMT2D) gene (Digilio et al. 2017, Adam et al. 2019, Shpargel et al.
2020). Moreover, congenital heart diseases which were described to have direct links to
mis-regulated cardiac neural crest development are CHARGE syndrome (Pauli et al. 2017),
DiGeorge syndrome (Wurdak et al. 2005) and Alagille syndrome (McDaniell et al. 2006,
Humphreys et al. 2012). While adult cardiac stem cells with neural crest origin were already
described in animal models such as the murine or the zebrafish system, the existence of
NC-derived human cardiac stem cells has not been shown so far (El-Helou et al. 2008,
Hatzistergos et al. 2015, Tang et al. 2019). However, a broad range of other human NCSC
populations was extensively described in recent years (Viktorov et al. 2007, Hauser et al.
2012, Schiirmann et al. 2018), confirming that NCSC populations also exist in the adult
human system in many niches. In addition, the wide range of different human cardiac
malignancies linked to improper neural crest development suggests the presence of NC-

derived human cardiac stem cells in the adult organism.

5.3.5. Identification of NCSC-hallmarks in hCSCs

Regarding their NCSC-like marker profile, hCSCs were subjected to a range of

differentiation assays to investigate a putative NC-specific differentiation potential. The
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capability of differentiation into mesodermal as well as ectodermal derivates is one
hallmark of NCSCs. By application of a defined protocol for myocardial differentiation of
CD105*/CD31*%/Scal* adult cardiac stem cells (Smits et al. 2009) (Figure 3 A), hCSCs
successfully differentiated into aActinin* cardiomyocytes while no expression of aActinin
was visible in the undifferentiated cells (Figure 3 B,C) (Hoving et al. 2020a). Moreover,
coculture experiments of green fluorescent protein (GFP)-marked hCSCs and primary
neonatal mouse cardiomyocytes were performed to assess the presence of beating hCSC-
derived cardiomyocytes (Figure 3 A). After 11 days of coculture, the first GFP* beating hCSC-
derived cardiomyocytes were observable, confirming successful differentiation of hCSCs
into the cardiomyogenic lineage (Figure 3 D) (Hoving et al. 2020b). These results further
demonstrated that hCSCs were able to integrate into a cardiomyogenic environment in
vitro and to give rise to functional beating cardiomyocytes like bona fide cardiac stem cells.
With regard to the literature, assessing the cardiomyogenic potential of adult human
(cardiac) stem cells is a complex task (Messina et al. 2004, Bearzi et al. 2007, Oldershaw et
al. 2019). Until today, research in stem cell-based cardiac regeneration is mostly focused
on pluripotent stem cells, mainly iPSCs, since these have been shown to differentiate much
more robustly into functional cardiomyocytes in vitro (Zwi-Dantsis et al. 2013, Duelen and

Sampaolesi 2017, Lin et al. 2017, Friedman et al. 2018, Kempf and Zweigerdt 2018).
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applied to differentiate hCSCs into mature cardiomyocytes. B) Undifferentiated hCSCs did not express the cardiomyocyte-
protein aActinin. C) Application of biochemical cues led to the differentiation of hCSCs into aActinin+ cells with a high
efficiency of 94 % positive cells. However, spontaneous beating could not be detected. D) Coculture of lentiviral transduced
GFP+ hCSCs with primary neonatal mouse cardiomyocytes induced hCSC differentiation into functional beating
cardiomyocytes. Beating cells are indicated by arrowheads. Modified from (Héving et al. 2020a, Héving et al. 2020b)

In addition, the ability of hCSCs to undergo differentiation into ectodermal derivates like

neurons was tested by the application of a defined medium for glutamatergic neuronal
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differentiation of adult human stem cells (Muller et al. 2015). Notably,
immunocytochemistry  revealed 1%  Neurofilament*/B-lll-Tubulin* and 2%
Synaptophysin*/vesicular glutamate transporter (VGlut)* neuron-shaped cells (Figure 4 A)
(Hoving et al. 2020b). The capability to give rise to cardiomyocytes as well as to neuron-like
cells demonstrated an extended differentiation potential of hCSCs into mesodermal and
ectodermal cell types. Moreover, hCSCs likewise differentiated into the adipogenic lineage,
indicated by positive Oil Red O staining as well as into the osteogenic lineage, depicted by
Alizarin Red-stained calcium deposits (Figure 4 B, C), with both differentiations serving as
additional examples of mesodermal differentiation. However, a direct comparison with
ITSCs, another NCSC population, also showed differences in the differentiation potential of
both stem cell populations. ITSCs exhibited a remarkably high ability to differentiate into
the neuronal lineage of 70 % (Mdller et al. 2015, Ruiz-Perera et al. 2018, Ruiz-Perera et al.
2020), which was significantly higher than in hCSCs. These data suggested that niche-
specific differences between distinct NCSC populations existed that could not be explained
by a comparison of only cell surface maker expression. In this context, lancu and coworkers
proposed that the sole description of cell surface markers could not be sufficient to
distinguish cardiac and non-cardiac cell populations but that it preferably needs an
extended marker profile with a combination of cell surface markers and global gene

expression (lancu et al. 2015).
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Figure 4: hCSCs differentiate into neuroectodermal and mesodermal phenotypes. A) Upon application of a defined
medium, hCSCs differentiated into neuron-like cells with an efficiency of 1 % 6-lll-Tubulin+/Neurofilament+ cells and 2 %
vGlut+/Synaptophysin+ cells. B) hCSCs are capable of adipogenic differentiation indicated by Oil Red O staining. C) hCSCs
undergo osteogenic differentiation. Calcium deposits are stained by Alizarin Red (arrow head). Modified from (Héving et
al. 2020b)

5.3.6. Direct comparison of the global gene expression profiles of hCSCs and

ITSCs

To further investigate the context between hCSC differentiation capacity and a possible
niche-specific expression profile, RNA sequencing (RNA-Seq) of hCSCs and ITSCs from four

distinct donors each was performed. RNA-Seq provides quantitative expression data from
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thousands of genes within one sample and is thus a powerful tool to compare the
expression profiles of biomarkers and their principal signaling pathways within distinct
(stem) cell populations. Next to transcriptomic differences between stem cell populations
from different sources, RNA-Seq also allows to detect shared gene expression and
pathways and with this a more detailed classification of distinct populations (Gunnarsson
etal. 2016). A bioinformatic comparison of RNA-Seq data of hCSCs and ITSCs revealed 4367
genes to be significantly differentially expressed between hCSCs and ITSCs (p < 0.05) (Figure
5 A). To reduce this data dimensionality, gene ontology (GO)-term enrichment was
performed and revealed that the most significantly enriched GO-terms were clearly linked
to the tissues of origin, namely the olfactory epithelium and the heart (Hoving et al. 2020b).

1.9 x 107), ‘blood vessel

1

In detail, the terms ‘blood vessel development’ (p
morphogenesis’ (p = 3 x 10¢) or ‘heart development’ (p = 1.5 x 10->) were highly enriched
in hCSCs and described an expression profile necessary for cardiovascular development
(Figure 5 B). In contrast, the terms ‘detection of chemical stimulus involved in sensory
perception’ (p = 1.5 x 10%), ‘sensory perception of chemical stimulus’ (p = 1.7 x 103) and
‘detection of chemical stimulus involved in sensory perception of smell/taste’ (p = 4.9 x 10
3and p = 5.1 x 103) were enriched among the genes upregulated in ITSCs (Figure 5 C)
(Hoving et al. 2020b).
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Figure 5: Comparison of the global gene expression profiles of hCSCs and ITSCs. A) Volcano plot depicts 4367 genes to be
significantly differentially expressed (p < 0.05) between hCSCs and ITSCs (green points). B) Top 10 most significantly
enriched GO-terms of genes upregulated in hCSCs compared to ITSCs. C) Top 10 most significantly enriched GO-terms of
genes upregulated in ITSCs compared to hCSCs. Modified from (Héving et al. 2020b)
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In other studies comparing different stem cell populations based on RNA-Seq data, Taskiran
and colleagues compared human dermal fibroblasts and bone marrow-derived MSCs
identifying diverse homeobox genes to be differentially expressed (Taskiran and
Karaosmanoglu 2019). Homeobox genes and paired box (PAX) genes act as regulators of
morphogenesis and cell differentiation (Mark et al. 1997). Similarly, within this analysis, the
genes PAX9 and PAX3 were found to be among the highly upregulated genes in ITSCs
compared to hCSCs (Figure 5 A). PAX3 has been associated to proper cranial neural crest
development, a subpopulation of neural crest cells particularly giving rise to cells of the
head and neck region like bone and cartilage or pigment cells (Tremblay et al. 1995, Bhatt
et al. 2013, Boudjadi et al. 2018). Meanwhile, PAX9 was shown to be important in the
initiation of tooth development (Bonczek et al. 2017, Wong et al. 2018). In a study of Jansen
and colleagues, MSC populations from different sources were compared using microarray
technology, showing that the global transcriptome reflects the functional status of these
populations. The authors therefore concluded that assessing the transcriptomic profile of
a stem cell population is a suitable tool to describe its identity (Jansen et al. 2010). In
summary, a side-by-side comparison of hCSCs and ITSCs depicted similarities in terms of
NCSC marker expression while RNA-Seq and differentiation assays also showed differences
reflecting the particular niches and tissues of origin (Hoving et al. 2020b). Considering the
here described differences and similarities between hCSCs and ITSCs, a transcriptome-
based comparison of hCSCs and ITSCs to other known adult human stem cell populations

was performed.

5.3.7. Comparison of hCSCs and ITSCs with known adult human stem cell

populations

Transcriptome data of adipose-derived mesenchymal stem cells (AdMSCs) (NCBI GEO-
accession number GSE142831), cardiosphere-derived cells (Harvey et al. 2017) and cluster
of differentiation 34 (CD34)* hematopoietic stem cells (Sinnakannu et al. 2020) were
accessed to conduct a comparison of distinct adult human stem cells populations. A
principal component analysis (PCA) revealed all cell populations to form single clusters with
HSCs being the most separated cluster (Figure 6 A). Moreover, a hierarchical clustered

heatmap showing the 200 genes with the highest variance among samples clearly depicted
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HSCs as a population with high differential gene expression compared to hCSCs, ITSCs, CDCs
and AdMSCs (Figure 6 B).
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Figure 6: Global gene expression profiling reveals similarities between hCSCs, ITSCs, AAMSCs and CDCs and differences to
HSCs. A) Principal component analysis shows distinct clusters of the single stem cell populations with smaller differences
between AAMSCs (green), ITSCs (pink), hCSCs (orange) and CSCs (turquoise) and greater differences to HSCs (purple). B)
Hierarchical clustered heatmap of the 200 genes with the highest variance among all samples CDC: cardiosphere-derived
cells, hCSC: human cardiac stem cells, HSC: hematopoietic stem cells, ITSC: Inferior turbinate stem cells, AMSC: Adipose -
derived Mesenchymal stem cells. Modified from (Héving et al. 2020b)

Interestingly, the transcriptomic profiles of AdMSCs and HSCs seemed to be highly different
although both cell populations originally arise from the mesoderm. These results may hint
to a shared transcriptomic regulation of adherent cell populations from different niches
while HSCs as non-adherent population represent a more distinct type of adult human stem
cells. This theory was underlined by the high amount of 16,129 differentially expressed
genes between hCSCs and ITSCs compared to HSCs (Figure 7 A), while only 4,367 genes
were differentially expressed between hCSCs and ITSCs (Figure 5 A). Accordingly, a
functional enrichment analysis of differentially expressed genes between HSCs compared
to hCSCs and ITSCs showed an overexpression of adherent stem cell-associated terms in
hCSCs and ITSCs. The most significantly upregulated Kyoto Encyclopedia of Genes (KEGG)-
pathways in hCSCs and ITSCs when compared to HSCs were 'Focal adhesion’ (q = 3.5 x 10
’) and 'ECM-receptor interaction’ (g = 7.4 x 10°®) (Figure 7 B), describing the adherent
character of hCSCs and ITSCs as a prominent hallmark in both populations. The
corresponding GO-terms comprised stem cell- and tissue repair-associated terms like
‘tissue morphogenesis’ (q = 1 x 101°), "vasculature development’ (q = 2.1 x 10-1°), 'blood
vessel development’ (g = 2 x 1028) and ’embryonic morphogenesis’ (q = 4.5 x 10-%°) (Figure
7 C), while in HSCs the GO-terms ‘Immune response-regulating cell surface receptor
signaling pathway’ (g = 9.1 x 10-), 'immune effector process’ (q = 1.5 x 10"4) and "regulation

of immune response’ (q = 1.8 x 104) were significantly upregulated (Figure 7 D). The
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differential gene expression between hCSCs and ITSCs compared to HSCs thus may
reflected their diverging developmental potentials. Regarding the hematopoietic fate of
HSCs, these results clearly underlined their immune response-related character. Likewise,
previous studies showed an upregulated signaling in immune-regulatory pathways in HSCs

(Terskikh et al. 2003, Solaimani Kartalaei et al. 2015, Li et al. 2018).
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Figure 7: Differential gene expression between hCSCs and ITSCs compared to HSCs. A) Volcano plot depicts 16129 genes
to be significantly differentially expressed (p < 0.05) between hCSCs and ITSCs compared to HSCs (green points). B) Top 10
most significantly enriched KEGG pathways of genes upregulated in ITSCs and HCSCs compared to HSCs. C) Top 10 most
significantly enriched GO-terms of genes upregulated in ITSCs and hCSCs compared to HSCs. D) Top 10 most significantly
enriched GO-terms of genes upregulated in HSCs compared to ITSCs and hCSCs. Modified from (Héving et al. 2020b)

5.3.8. Cardiac stem cell-based approaches for the treatment of a damaged

heart

Cardiac stem cells are expected to contribute to endogenous repair mechanisms. However,
the overall regenerative capacities of the adult human heart and especially the ageing heart
are poor (Breckwoldt et al. 2016). Moreover, direct transplantations of stem cells to a
failing heart showed only low success in terms of integration of the stem cells to the

recipient’s cardiac tissue and thereby regeneration of heart functionality. This limitation
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was at least partially caused by a washout due to constant contraction of the cardiac muscle
with high pressure and the overall hostile environment of the scar tissue (Zhang et al. 2001,
Dow et al. 2005, Qiao et al. 2009). In this regard, the idea of targeting the endogenous
regenerative capacities of the human heart as well as cardiomyocyte proliferation is subject
of numerous studies aiming to avoid a stem cell transplantation into cardiac tissue
(Breckwoldt et al. 2016). In this matter, populations of adult cardiac stem cells could be the
ideal model system to study diverse components that potentially influence regenerative
activities. Blood serum of young individuals has already shown to increase regeneration of
aged and injured tissues in the murine system (Scudellari 2015). Here, the discussion about
the active component of young blood serum has not yet come to a consensus, partially
caused by discrepancies in the proteomic methods used so far. Further, a translation of
these promising results to the human system remains challenging (Hofmann 2018).
Therefore, different approaches are necessary to identify potential pathways by these
means ultimately also the potentially responsible blood born factors, which are up- or

downregulated during the human ageing process and in the respective model systems.

5.4.Treatment with human blood plasma and serum impacts hCSC

proliferation, senescence and migration

5.4.1. Induction of hCSC-proliferation by human blood plasma and serum

Since the viability and activity of a cell population can directly be measured by its
proliferation rate and the amount of senescent cells (Hayflick and Moorhead 1961), the
analysis of human blood plasma and blood serum-mediated effects on hCSC-proliferation
and senescence could serve to understand its functionality in regenerative processes
(Figure 8 A). Here, exposure of hCSCs to human blood plasma led to the formation of a
semi-solid 3D matrix consisting of polymerized fibrin, which was likewise described in
plasma-treated ITSCs (Greiner et al. 2011). Blood plasma-treatment significantly increased

the proliferation rate of hCSCs 2-fold to 3-fold (Figure 8 B, C).
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Figure 8: Human blood plasma and blood serum enhance hCSC proliferation. A) After seeding and attachment of the cells
to the culture surface, a starvation period was applied to withdraw FCS from the cells. In the treatment period, human
serum or human plasma were applied for additional five days before the proliferative response of the cells was examined.
B) The application of both, serum and plasma lead to an increase in cell proliferation. C) While serum and plasma both
significantly increased hCSC proliferation compared to untreated cells, no difference was detectable between both
treatments. D) Blood serum from young female, young male and old female significantly increases the proliferation of
hCSCs. E) The induction of hCSC proliferation between the single plasma donors is highly heterogenous. yf: young female,
ym: young male, of: old female, om: old male. (Mann-Whitney two-tailed, * p < 0.05 was considered significant, not
significant (n.s.) p > 0.05) Modified from (Héving et al. 2020a)

However, the stiffness of the matrix complicated an adequate exchange of the medium.
Therefore, blood serum as the liquid part of human blood was applied, resulting in equal
proliferation rates of hCSCs compared to hCSCs cultured in plasma (Figure 8 B, C). With no
significant difference between the proliferation enhancing effects of human plasma and
serum, the number of putative active components of human plasma could successfully be
delimited to the serum-borne components. Aiming to transfer the previously described
age-dependent beneficial effects of young blood plasma and serum from the murine
system to primary human stem cells, human serum was classified according to the donor’s
sex and age in young (18 - 20 years) and old (> 60 years) samples and applied to hCSCs.
Here, again a strongly increased proliferation was detectable, independent of the donors
age and sex (Figure 8 D). Moreover, the degree of blood serum-induced proliferation was
highly heterogeneous among the distinct plasma donors (Figure 8 E), underlining the

necessity of a careful comparison of individual plasma samples. These results were in line
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with previous studies demonstrating the efficient promotion of cell proliferation by human
serum, plasma and platelet-rich plasma, although age-dependent effects have not been
shown so far (Shetty et al. 2007, Berchtold et al. 2008, Lipinski et al. 2010, Greiner et al.
2011, Walenda et al. 2011, Witzeneder et al. 2013, Peters et al. 2015, Shen et al. 2015,
Haustead et al. 2016, Stegeman and Weake 2017, Pandey et al. 2019). However, in this

regard the proliferation of human cardiac stem cells was not yet investigated.

5.4.2. Human blood serum protects hCSCs against senescence

In addition to proliferation, senescence is another hallmark of a stem cells viability and
therefore their regenerative capacity. Notably, treatment of hCSCs with human blood
serum significantly decreased the percentage of senescent cells (Figure 9 A, B).
Measurements of SA-B-Gal activity in serum-treated hCSCs compared to untreated cells
revealed high protective capacities of human serum against cellular senescence in hCSCs in
all donor groups (Figure 9 C). Interestingly, in terms of senescence, a significantly lower
protection of blood serum from old female donors was detectable compared to male and
young female plasma donors (Figure 9 C). Likewise, Lu and coworkers have shown an age-
dependent effect of young blood plasma in rodents with significant reversion of senescence
in aged hepatic tissue (Liu et al. 2018). This moderate age-dependent difference in
senescence of serum-treated hCSCs, which was not observable in terms of proliferation
shows the high complexity of the cellular ageing process and the necessity to use multiple

assays for assessing the effects of human serum on adult stem cell populations and its

underlying regulatory mechanisms.
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Figure 9: Blood serum protects hCSCs against senescence. A) hCSCs in serum-free medium show a high amount of
senescent cells indicated by activity of SA-8-Gal (blue staining). B) Application of human serum decreased the amount of
senescent hCSCs. C) Blood serum from young female, young male, old female and old male donors significantly protect
hCSCs from senescence. The protective effects of serum from old female donors is significantly higher compared to young
female and young male donors. yf: young female, ym: young male, of: old female, om: old male. (Mann-Whitney two-
tailed, * p < 0.05 was considered significant) Modified from (Héving et al. 2020a)

35



Introduction

5.4.3. Human blood serum induces hCSC-migration behavior

Next to proliferation, the ability of a stem cell to migrate to the side of injury is crucial for
the regenerative capacities of a tissue and the whole organism. Recent studies suggested
an association between age and a stem cells capability to migrate. (Sliogeryte and Gavara
2019, Danielyan et al. 2020). In recent years, various stimuli have been identified that
induce or inhibit migratory behavior in diverse cell populations. Next to mechanical factors
such as sheer stress or matrix stiffness (Raab et al. 2012, Yuan et al. 2012, Saxena et al.
2018), a range of chemokines, cytokines and growth factors is involved in the regulation of
stem cell migration behavior. The response of MSCs to the stromal-derived factor-1 (SDF-
1) via the CXC chemokine receptor 4 (CXCR4) seems to be dose-dependent and both induce
or inhibit MSC migration (Liu et al. 2011). In a rat model, MSCs overexpressing CXCR4
showed a significantly increased engraftment into infarcted myocardium (Cheng et al.
2008). Treatment of murine cardiac stem cells with the basic fibroblast growth factor
(bFGF) increased the migratory behavior in vitro and in vivo, possibly by activating the
Phosphoinositide 3-kinase/Protein kinase B (PI3K/Akt) pathway (Ling et al. 2018). Further,
rat MSCs responded to transforming growth factor beta 1 (TGF-B1) treatment with
increased CXCR4-dependent migration (Zhang et al. 2016). Recently, Dubon and colleagues
showed that p38 mitogen-activated protein kinase (p38-MAPK) mediated the migrative
response of murine MSC-like ST2-cells to TGF- B1 (Dubon et al. 2018). P38-MAPK was also
shown to be crucial for human umbilical cord blood-derived MSC migration (Ryu et al.
2010). Interestingly, SDF-1, bFGF and TGF-B1 are all transported by blood serum and can
be measured in human serum samples (Wakefield et al. 1995, Dobrzycka et al. 2013,

Marques et al. 2017), indicating a systemic influence on stem cell migration.
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Figure 10: human serum induces hCSC migration. A) hCSCs cultured in serum-free medium remained viable and showed
modest cell migration, indicated by the blue track. B) Application of human serum increased migration of hCSCs. C) The
distance of hCSC migration significantly increased after the application of blood serum. D) The velocity of hCSC migration
significantly increased after application of blood serum. Modlified from (Héving, Schmitz et al. under review)
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To investigate the effects of serum on the migrative capabilities of hCSCs, a microfluidic-
based migration assay was performed. Therefore, the mammalian suspension cells (MaSC)
platform, a recently developed microfluidic-based culture system (Schmitz et al. 2020), was
used to directly track the migration paths of cultured hCSCs on single cell level. Notably, a
direct comparison of hCSC-migration activity in medium supplemented with human blood
serum and serum-free medium revealed a strong increase in hCSC migration after serum
treatment (Figure 10 A, B). The quantitative evaluation of the resulting data revealed a
significantly enhanced migration distance of serum-treated hCSCs compared to untreated
cells (Figure 10 C). Likewise, migration velocity of hCSCs was significantly elevated in human
serum compared to serum-free medium (Figure 10 D). In accordance to these data, also
human articular chondrocytes and MSCs showed increased migration as response to 5 %,
10 % and 20 % serum, although these studies focused on the effect of fetal bovine serum
as cell culture additive (Mishima and Lotz 2008). Contrasting results were observed by
Kondo and colleagues in human fetal skin fibroblasts and fetal lung fibroblasts which
showed diminished migration upon culture in human blood serum (Kondo et al. 1989,
Kondo et al. 2000). These studies suggest the effects of human serum on cell migration to
be highly dependent on the target cell type, underlining the importance of an investigation

in cardiac stem cells.

5.4.4. Identification of genes and pathways affect by serum-treatment of

hCSCs using global gene expression analysis

To analyze the underlying molecular networks in the response of hCSCs to human serum,
RNA-Seq of hCSCs treated with three different sera of young males, three different sera
from old male donors and an untreated control was performed (H6ving et al. 2020a). Here,
a high differential gene expression was observable between hCSCs treated with young
serum compared to untreated cells with 1366 genes being upregulated and 1708 genes
being downregulated (Figure 11 A). In contrast, application of old serum only induced the
upregulation of 20 genes while 79 genes were downregulated compared to the untreated
control (Figure 11 B). These data demonstrate the high impact of young serum on the global
gene expression of hCSCs, potentially influencing intracellular signaling for regenerative
responses. Likewise, a general decline in gene expression is observable in several ageing

tissues (Berchtold et al. 2008, Lipinski et al. 2010, Peters et al. 2015, Haustead et al. 2016,
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Stegeman and Weake 2017). For instance, human brain ageing lead to decreased
expression of genes associated with autophagy (Lipinski et al. 2010). Moreover, differential
gene expression of genes associated with proliferation and migration were shown to be
present in aged skin samples (Haustead et al. 2016). However, in contrast to the observable
differences in global gene expression between hCSCs treated with old and young serum,
significant differences in hCSC proliferation were not detected, suggesting that human
serum activated senescence- and proliferation-associated pathways independent of the

donor’s age.
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Figure 11: Differential gene expression of hCSCs treated with serum from old or from young donors compared to untreated
cells. A) Application of serum from young donors induced the upregulation of 1366 genes (red points) compared to
untreated cells while 1708 genes were downregulated (green points). B) Application of serum from old donors induced the
upregulation of 20 genes (red points) compared to untreated cells while 79 genes were downregulated (green points).
Modified from (Héving et al. 2020a)

Interestingly, the gene expression of the previous discussed pro-ageing chemokine MCP1
was significantly reduced in hCSCs exposed to young serum compared to untreated cells
but not in cells treated with old serum. Likewise, MCP1 levels in white adipose tissue of old
mice were reduced after heterochronic parabiosis and also in in vitro cultured cells upon
exposure to young serum (Ghosh et al. 2019). Though, other age-associated factors like
Eotaxin and GDF11 were not differentially expressed (Hoving et al. 2020a). However, the
proinflammatory cytokine interleukin 24 (IL24) was significantly upregulated with a
log2fold change of +8.8 in cells treated with young serum compared to untreated cells

(Hoving et al. 2020a). To further analyze the high number of genes which were shown to
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be differentially expressed in serum-treated hCSCs, additional summarizing methods are

required.

5.4.5. Identification of p38-MAPK as a mediator of serum-induced

proliferation, migration and protection against senescence in hCSCs

Global gene expression data of hCSCs treated with sera from old and young donors were
analyzed by generating a heatmap (Figure 12). This allowed the identification of distinct
clusters of genes, which were either up- or downregulated in the respective treatment
groups, showing clear differences between treatments with old and young sera along the

whole transcriptome.
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Figure 12: Heatmap of differentially expressed genes in hCSCs treated with serum from old donors and young donors. Two
clusters are marked for further analyses. Cluster 1 depicts genes downregulated in untreated cells, modestly upregulated
in hCSC treated with serum from old donors and highly upregulated with serum from young donors. Modified from (Héving
et al. 2020a)

To further reduce the data dimensionality, GO-term enrichment and KEGG-pathway
analysis of a cluster of genes highly upregulated in hCSCs treated with young serum and
modestly upregulated after treatment with old serum compared to untreated cells were
performed (Figure 12Figure 12, Cluster 1) (Figure 13). Here, the ‘p38-MAPK-pathway’
(P05918) was the most enriched GO-term, followed by ‘oxidative stress response’ (P00046)
(Figure 13 A). The KEGG pathway analysis within this cluster revealed the pathway
‘glutathione metabolism’ (hsa00480) to be upregulated (Figure 13 B). These results suggest
an antioxidative effect of blood serum on hCSCs. Oxidative stress triggered by intracellular
reactive oxygen species (ROS) is one of the major drivers of cellular ageing and senescence

(Lépez-Otin et al. 2013).
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Figure 13: GO-term enrichment and KEGG-pathway analysis of genes in Cluster 1. A) Significantly enriched GO-terms from
Cluster 1 (see Figure 12). B) Significantly enriched KEGG-pathways from Cluster 1 (see Figure 12). Modified from (Héving
et al. 2020a)

In the cluster of genes upregulated in hCSCs treated with young serum but not differentially
expressed in cells cultured in serum from old donors (Figure 12, Cluster 2), the GO-terms
‘purine metabolism’ (P02769) and ‘pentose phosphate pathway’ (P02762) were among the
most significantly enriched terms (Figure 14 A). These terms are associated with
deoxyribonucleic acid (DNA)- and protein-synthesis and crucial for the proliferation of a
cell, in accordance with the enhanced serum-mediated proliferation of hCSCs in vitro.
Moreover, within this cluster the GO-term ‘p38-MAPK-pathway’ (P05918) was again
significantly enriched with 5.5-fold enrichment as well as the KEGG-pathway ‘MAPK-
signaling pathway’ (hsa04010) (Figure 14 B).
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Figure 14: GO-term enrichment and KEGG-pathway analysis of genes in Cluster 2. A) Significantly enriched GO-terms from
Cluster 2 (see Figure 12). B) Significantly enriched KEGG-pathways from Cluster 2 (see Figure 12). Modified from (H6ving
et al. 2020a)

In summary, the enrichment of GO-terms and KEGG-pathways associated to p38-MAPK-
signaling along with DNA- and protein-synthesis GO-terms in hCSCs treated with young
serum strongly suggested a crucial role of p38-MAPK in the serum-induced proliferation of

hCSCs. To gain more functional data in this issue, p38-MAPK-inhibitors were applied to
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hCSCs treated with human serum. Here, p38-MAPK inhibition strongly reduced the
beneficial effects of human blood serum on hCSCs. The proliferation after simultaneous
application of the p38-MAPK-inhibitors and serum was significantly decreased compared
to hCSCs cultured in serum only (Figure 15 A). Likewise, the activity of SA-B-Gal was
significantly increased in cells treated with serum and p38-MAPK-inhibitor compared to
serum or plasma only (Figure 15 B), showing a greatly diminished protection from
senescence by human blood serum or plasma. Moreover, the serum-mediated increase in
hCSC-migration was reversed after inhibition of p38-MAPK. The quantitative evaluation of
the covered tracks documented a significant effect of the p38-MAPK-inhibitor on serum-
induced hCSC-migration with significantly decreased distance in cells treated with human
serum and p38-MAPK-inhibitor compared to cells cultured in 10 % serum only (Figure 15
C). Next to migration distance, also the velocity of migrating cells was significantly reduced
by p38-MAPK-inhibition compared to the migration speed of serum-treated hCSCs (Figure
15 D), strongly suggesting a participation of p38-MAPK-signalling in the human blood

serum-mediated migration of hCSCs.
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Figure 15: Inhibition of p38-MAPK partially reverses the beneficial effects of human serum on hCSCs. A) Inhibition of p38-
MAPK in serum-treated hCSCs with the inhibitor SB239063 significantly reduced proliferation in comparison with serum
treatment only. B) Inhibition of p38-MAPK in serum-treated hCSCs with the inhibitor SB239063 significantly increased
senescence in comparison with serum treatment only. C) The distance of cell migration significantly increased after
application of blood serum. This effect was completely inhibited by the additional application of SB239063. D) The velocity
of cell migration significantly increased after application of blood serum. This effect was completely inhibited by the
additional application of SB239063. (Mann-Whitney two-tailed, * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001
was considered significant) Modified from (H6ving et al. 2020a), (Héving, Schmitz et al. under review)

These data recapitulate the results of the global gene expression analysis, showing a
regulatory role of p38-MAPK-signaling in the proliferation, senescence and migration of
hCSCs in response to human blood plasma and blood serum. The participation of p38-
MAPK-signaling in the regulation of cell proliferation and senescence is well described in
several studies. However, dependent on the cell-type, it seemed to have inhibitory as well
as enhancing effects (Saika et al. 2004, Zarubin and Han 2005, Chen et al. 2009).

Upregulated MAPK-signaling was observed in proliferating aged human skin samples
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(Haustead et al. 2016). Interestingly, the upregulation of IL24 in hCSCs treated with young
blood serum is in line with a previous report by Tian and colleagues with IL24 as inducer of
p38-MAPK activation (Tian et al. 2014). However, the regulation of cell proliferation is a
highly complex mechanism in which other relevant pathways could interact with p38-
MAPK-signaling in response to human blood serum. In this context, proliferation of hepatic
stem cells was described to be co-regulated by p38-MAPK and NF-kB (Yao et al. 2004). In
human breast cancer cells, increased proliferation and migration induced by p38-MAPK
upregulation were also partially co-regulated by NF-kB and could be reversed by the
application of the inhibitor SB203580 or small interfering RNAs (siRNAs) (Chen et al. 2009,
Huth et al. 2017). Moreover, p38-MAPK was active in TGF-B1-treated murine MSC-like ST2-
cells, resulting in increased migration (Dubon et al. 2018). Also, HUVEC-migration as
response to SDF-1 stimulation has been associated with p38-MAPK (Ryu et al. 2010).
Further, other groups reported p38-MAPK-dependent migration of mouse neural stem cells
(Hamanoue et al. 2016). Moreover, a connection between human serum treatment and
p38-MAPK activation resulting in increased migration was also demonstrated in human
keratinocytes (Henry et al. 2003). These data strongly indicate a crucial role of p38-MAPK
in cell proliferation, senescence and migration while the addressed cell type or tissue
should be considered carefully. Moreover, the here demonstrated connection between
p38-MAPK signaling and human serum-induced hCSC-migration along with increased
proliferation and decreased senescence might enable new therapeutic approaches to

enhance endogenous regeneration processes in heart failure patients.

5.5.Neuroprotective effects of human blood plasma and plasma

components

5.5.1. Age-associated neurodegenerative diseases and oxidative stress

In contrast to the heart as a terminally differentiated organ upon birth, the mammalian
brain constantly develops throughout life (Otsuki and Brand 2020). Nevertheless, the
ageing process has a high impact on neuronal regeneration and functionality and is
considered as the major risk factor for neurodegenerative diseases like Alzheimer’s disease,
Parkinson’s disease, amyotrophic lateral sclerosis (ALS) and vascular dementia (Checkoway

et al. 2011). A major driver of brain ageing and especially neurodegenerative diseases is
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oxidative stress resulting from the accumulation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) (Baierle et al. 2015). ROS, like superoxide radicals (02*),
hydrogen peroxide (H,0), hydroxyl radicals (¢OH) or singlet oxygen (10,), are a by-product
of the oxygen metabolism but they are also involved in intracellular signaling in healthy
cells as second messengers and participate in several processes like protein
phosphorylation, immunity and differentiation (Burton and Jauniaux 2011, Bardaweel et
al. 2018). However, with increasing age, ROS accumulates and the antioxidant capacities of
a cell or a tissue are overwhelmed leading to damage of membranes and the DNA repair
system (Kim et al. 2015). Therefore, oxidative stress is closely associated to ageing and age-
related diseases (Liguori et al. 2018). In neurodegenerative diseases such as Alzheimer’s
disease, Parkinson’s disease or cerebral ischemia, ROS can be generated through excess
release of excitatory neurotransmitters such as glutamate. Here, the excitation leads to
neuronal damage with excess calcium influx and subsequently to the generation of ROS
and RNS (Doble 1999, Jellinger and Stadelmann 2000). Kainic acid (KA) (2-carboxy-4-
isopropenyl-pyrrolidin-3-ylacetic acid) is a nondegradable structural analog to glutamate
and therefore acts as a neurotoxic drug which binds to the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) and KA receptors in the brain (Wang et al. 2005). The
neurotoxicity of KA is considered to be with 30-fold higher than glutamate (Bleakman and
Lodge 1998), leading to an increase of intracellular ROS followed by neuronal death (Sun et
al. 1992, Cheng and Sun 1994, Candelario-Jalil et al. 2001). Systemic administration of KA
to rats led to cell death of AMPA and KA receptor-equipped pyramidal neurons in the Cornu
Ammonis 1 and Cornu Ammonis 3 (CA1, CA3) regions of the hippocampus, while granule
cells of the dentate gyrus (DG) were resistant (Grooms et al. 2000). Moreover, excitatory
stress and the resulting intracellular ROS are considered as important drivers of
neurological ageing (Michaelis 1998, Albers and Beal 2000), leading to KA-induced
hippocampal damage in rodents as prominent model for human ageing and
neurodegenerative disorders (Michaelis 1998, Weiss and Sensi 2000, Milatovic et al. 2002).
Regarding the treatment of neurodegenerative diseases, impressive results were obtained
by the application of young blood plasma or blood serum to aging mice (Wyss-Coray 2016).
For instance, Villeda and coworkers detected increased cognitive capacities and improved
synaptic plasticity in the hippocampus of aged mice undergoing heterochronic parabiosis

(Villeda et al. 2014). Likewise, Castellano and colleagues improved cognitive function in
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aged mice by applying human umbilical cord plasma (Castellano et al. 2017). In this matter,
more research regarding the underlying molecular mechanisms of hippocampal

rejuvenation is necessary.

5.5.2. Mouse hippocampal slice cultures as model system for

neurodegenerative diseases

Mouse organotypic brain slices are ex vivo cultured tissue compartments of specific regions
of the brain. Culturing hippocampal slices in an air-liquid-interface has been shown to
maintain synaptic and chemical signaling, supporting the functional analysis of the nervous
tissue (Gahwiler 1988, Fridmacher et al. 2003, De Simoni and Yu 2006). Interestingly,
Galimberti and colleagues were able to culture viable slices for up to 20 weeks, revealing
the neuronal maturation and ageing process to be conducted even ex vivo (Galimberti et
al. 2006). Neuronal death in brain slices can be visualized by the measurement of propidium
iodide (PI) fluorescence which is taken up only by cells with irreversibly damaged
membranes or dead cells (Crowley et al. 2016). Thus, hippocampal brain slices are
particularly suitable to study the effects of specific compounds such as blood plasma on

nervous tissue.

5.5.3. Human blood plasma has neuroprotective effects on hippocampal

slice cultures

In the present thesis, the application of human plasma led to significant protection against
the neurotoxic effects of KA in CA1, CA3 and DG (Figure 16 A). In detail, the application of
KA significantly increased cell death in CA1, CA3 and DG compared to untreated slices as
control (Figure 16 B). Further, the application of blood plasma resulted in a slight increase
of cell death, which was not significant compared to the untreated control. Importantly,
simultaneous treatment with plasma and KA revealed a decrease in neuronal cell death
compared to KA alone, which was significant in CA3 and the DG region but not in the CAl
region (Figure 16 B). The slightly increased cell death in hippocampi treated with blood
plasma on the one hand and the significant neuroprotective effects of plasma on the other
hand indicate multiple plasma components to be active on both processes. A reduction of
the diverse components possibly could reduce the neurotoxic effect and enhance the

neuroprotective effect.
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Figure 16: Human blood plasma and human serum albumin possess neuroprotective effects on ex vivo cultured mouse
hippocampal brain slices. A) Pl signal in mouse hippocampal slices depicts treatment-dependent neuronal death in the
CA1, CA3 and DG regions. Representative images of hippocampi treated KA, BP, BP+KA, HSA and HSA+KA are depicted. B)
Human blood plasma has significant neuroprotective properties in the CA1, CA3 and DG regions (Mann-Whitney Test, *p
< 0.05 was considered significant). C) Human serum albumin has significant neuroprotective properties in the CA1, CA3
and DG regions (Mann-Whitney Test, *p < 0.05 was considered significant).

5.5.4. Human serum albumin has neuroprotective effects on hippocampal

slice cultures

Human serum albumin (HSA) as the most abundant protein in blood plasma possesses
antioxidant capacities (Roche et al. 2008). Moreover, the antioxidant activity of blood
plasma was shown to mediate neuroprotection in ischemia and neurological impairments
in stroke (Leinonen et al. 2000). The application of HSA to KA-treated hippocampal slices
resulted in similar neuroprotective effects like blood plasma in CA1, CA3 and DG (Figure 16
C). Here, the treatment with KA alone again highly induced neuronal cell death in the CA1,
CA3 and DG regions. Further, HSA treatment did not lead to additional cell death in the CA1
and DG regions compared to untreated hippocampi. Likewise, the treatment with HSA
inhibited the neurotoxic effect of KA significantly in the CA3 and DG regions (Figure 16 C).
These results indicate a central role of HSA in the neuroprotective effect of human blood
plasma on mouse hippocampal slice cultures. Further experiments might deal with the
method of action in the plasma- and HSA-mediated neuroprotection, which might rely on
the already known antioxidative capacities of plasma and HSA. In a rage of studies, HSA and
other plasma products have already been described as neuroprotective agents, which was
mainly regarding the restauration of hemodynamic properties after severe blood loss

(Imam et al. 2015, Halaweish et al. 2016). However, in vitro assays further revealed direct
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neuroprotective activities of Albumin and blood plasma. For instance, the antioxidant
activity of bovine serum albumin was linked to reduced DNA damage and apoptosis in rat
cortical neurons in vitro (Baltanas et al. 2009). Importantly, HSA presents sulfhydryl groups
(thiols) which act as scavengers of ROS and RNS such as superoxide hydroxyl and
peroxynitrite radicals (Evans 2002). Hence, the antioxidant effects of HSA on the different
hippocampal cell types need to be investigated carefully in order to enlighten a potential
effect on age-associated neuronal degeneration. In this regard, organotypic slice cultures
were introduced as appropriate screening system for the effects of blood plasma and

plasma components on neuronal tissues.
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6. Summary and Outlook

Within this thesis, human blood serum was analyzed as potential treatment agent for age-
associated degeneration using a novel neural crest-derived human cardiac stem cell
population from the human heart. Applied to hCSCs as cellular model, human blood serum
induced regenerative responses by increasing proliferation, migration and gene expression
and decreasing senescence. The results of this work enable the future use of hCSCs as a
screening system to identify specific plasma components responsible for increased
proliferation and migration or protection from senescence in prospective research (Figure
17). In this regard, the regulatory mechanisms upstream and downstream of p38-MAPK

signaling in serum-treated hCSCs should be carefully investigated.
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Figure 17: Outlook - Potential applications of human cardiac stem cells as cell-based regenerative treatment of a failing
heart or as model to study blood plasma-mediated effects.
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In addition, the use of hCSCs as screening system probably enables the testing of human
blood serum from various donors regarding specific regenerative hCSC-responses for
selecting extraordinary effective plasma samples (Figure 17). The potential transfusion of
these selected plasmas or sera to patients undergoing cardiac surgery might support the
rehabilitation of the patient. From a cell biological point of view, this thesis describes for
the first time a potential developmental relation of hCSCs to the neural crest. The
identification and successful in vitro expansion of hCSCs may also facilitate potential stem
cell-based treatments of a failing human heart. Here, next to the potential direct
implantation of hCSCs into the patient, another treatment strategy might be the
pretreatment of hCSCs with blood plasma or blood serum from selected donors to trigger
regenerative responses ahead of the reimplantation into the patient. In this regard, more
investigations regarding the cardiogenic differentiation of hCSCs, for example into
endothelial cells, will be needed. Moreover, the potential method of administration needs
to be carefully developed in further studies. In summary, the results of this work
demonstrate the beneficial effects of human blood plasma on NC-derived adult human
cardiac stem cells in terms of proliferation, migration, and protection against senescence,

emphasizing the potential clinical use of human blood plasma as therapeutic agent.
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Abstract: During aging, senescent cells accumulate in various tissues accompanied by decreased
regenerative capacities of quiescent stem cells, resulting in deteriorated organ function and overall
degeneration. In this regard, the adult human heart with a generally low regenerative potential
is of extreme interest as a target for rejuvenating strategies with blood borne factors that might
be able to activate endogenous stem cell populations. Here, we investigated for the first time the
effects of human blood plasma and serum on adult human cardiac stem cells (hCSCs) and showed
significantly increased proliferation capacities and metabolism accompanied by a significant decrease
of senescent cells, demonstrating a beneficial serum-mediated effect that seemed to be independent of
age and sex. However, RNA-seq analysis of serum-treated hCSCs revealed profound effects on gene
expression depending on the age and sex of the plasma donor. We further successfully identified key
pathways that are affected by serum treatment with p38-MAPK playing a regulatory role in protection
from senescence and in the promotion of proliferation in a serum-dependent manner. Inhibition of
p38-MAPK resulted in a decline of these serum-mediated beneficial effects on hCSCs in terms of
decreased proliferation and accelerated senescence. In summary, we provide new insights in the
regulatory networks behind serum-mediated protective effects on adult human cardiac stem cells.

Keywords: blood serum; heart stem cells; p38-MAPK; RNAseq

1. Introduction

Cardiovascular diseases are the major cause of death worldwide and are accompanied by decreased
proliferation capacities of resident cardiomyocytes and endothelial cells and a reduced regenerative
potential of quiescent cardiac stem cells (CSCs) [1,2]. In addition to cardiovascular diseases, an overall
decline in tissue regenerative potential during human ageing is considered a crucial factor for the onset
of other age-related diseases such as Alzheimer’s disease, diabetes, chronic obstructive pulmonary
disease and atherosclerosis [3]. Within the natural ageing process, regenerative capacities of endogenous
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stem cell pools decline. This phenomenon is accompanied by the accumulation of senescent cells in
various tissues, responsible for deteriorated organ function [4]. Thus, rejuvenating treatment strategies
are needed to increase the endogenous regenerative capacities of adult stem cells. Since the loss of
regenerative capacities can be detected in nearly all organs of the human body, the question arises
of whether this decline is organ-specific. However, with increasing age, patients are often affected
by multiple degenerative diseases, which points in the direction that these are maybe triggered by
systemic factors. In this regard, several studies have demonstrated a rejuvenating effect of young
blood and blood plasma on various adult stem cell populations, while the discussion about the active
component of rejuvenating blood plasma or serum and the underlying molecular mechanisms has
not yet come to a consensus. As one example, Conboy and colleagues described for the first time the
rejuvenation of muscle satellite cells in aged mice that underwent heterochronic parabiosis through
reactivation of Notch signaling [5]. Further, in the same experiments the authors also showed enhanced
proliferation of hepatocytes, which was due to reduced levels of the chromatin remodeling factor Brm
in old heterochronic parabionts [5]. On that topic, emerging evidence on the existence of rejuvenating
or pro-aging blood borne factors was provided in the following years, mainly focusing on heterochronic
parabiosis experiments. For instance, the Wyss-Coray group investigated the impact of young blood to
the aging brain, especially the hippocampus, and demonstrated beneficial effects on the molecular,
structural, functional and even cognitive level [6]. Importantly, they were also the first to show that
human umbilical cord plasma is able to revitalize hippocampal function in aged mice and hypothesized
the protein TIMP2 to be a crucial player in this process [7].

The results of these studies suggest more than one molecular mechanism is activated by young
blood serum and responsible for these rejuvenating effects that may act organ or tissue-specifically.
However, the translation from mice to the human system seems to be complicated, as publications
of convincing results are extremely rare [8]. However, the first clinical trials are currently aiming
to treat neurodegenerative diseases with either young plasma transfusions or age-related plasma
fractions, so-called chronokines [9]. Next to neurodegeneration, a decline in cardiac function is another
significant risk factor during human ageing. Although the adult heart was long ago considered a
terminally differentiated organ with low regenerative potential, rare populations of mouse and human
cardiac stem cells (CSCs) were found that may contribute to endogenous repair mechanisms [10-12].
Most of these CSCs were defined by the expression of the stem cell factor receptor kinase cKit [10,13-16].
However, a range of other cell surface markers has also been reported. For instance, a population of
mouse embryonic Isl1* stem cells was shown to give rise to cardiomyocytes, endothelial cells and
smooth muscle cells [17]; additionally, mouse Scal*/CD31"/cKit™ cardiac stem cells were described to
exhibit regenerative capacities [18]. In the human system, Smits and colleagues described the isolation
of a Scal*/CD105*/CD31* population that differentiates to cardiomyocytes in vitro [12]. Interestingly,
a high cardiomyocyte proliferation has been reported during fetal development, in contrast to decreased
proliferation capacity in adult hearts [1,19]. Thus, targeting the proliferation potential of adult stem
cells seems to be a crucial step to enhancing endogenous repair mechanisms. It is well known that blood
plasma or serum is a powerful additive in cell culture to enhance proliferation [20-23]. Here, most
studies focused on the in vitro expansion of human mesenchymal stem cells (MSCs) or hematopoietic
stem cells (HSCs) prior to transplantation, highlighting the multiple advantages of human plasma or
serum compared with fetal calf serum (FCS) in terms of safety and clinical applicability. However,
the effect of human blood plasma on adult human cardiac stem cells and the respective underlying
mechanisms still remain unknown.

In the present study, we isolated a Nestin*/S100" cell population from the human heart auricle
that expresses common cardiac progenitor markers such as CD105, CD31 and Scal. These cells
are able to form cardiospheres after clonal growth and differentiate into cardiomyocyte-like cells
in vitro. Moreover, we demonstrate that human blood plasma and blood serum significantly increase
proliferation and metabolic activity of human cardiac stem cells. Further, we provide RNA-seq data to
investigate the global transcriptome of blood-serum-treated human stem cells and thereby analyze the
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highly complex regulatory networks that enhance stem cell proliferation. Here, we could successfully
identify key pathways that are affected by serum treatment with p38-MAPK and play a regulatory role
in protection from senescence and in the promotion of proliferation.

2. Materials and Methods

2.1. Isolation and Cultivation of Adult Human Cardiac Stem Cells from Heart Auricles

Human heart auricles of left atrial appendages were removed from patients undergoing routine
heart surgery after informed and written consent according to local and international guidelines
(Declaration of Helsinki). Isolation of human cardiac stem cells (hCSCs) and further experimental
procedures were ethically approved by the ethics commission of the medical faculty of the Ruhr
University Bochum (approval reference number eP-2016-148). After surgical removal, biopsies were
cut into small pieces and washed in PBS (Sigma Aldrich, St-Louis, MO, USA). For initial expansion,
the tissue clumps were seeded in gelatin B-coated 10 cm Petri dishes (Sarstedt AG and Co., Niirmbrecht,
Germany) with human cardiac stem cell medium (hCSC medium) consisting of DMEM/F-12 medium
(Sigma Aldrich), basic fibroblast growth factor (bFGF, 5 ng/mL; Peprotech, Hamburg, Germany),
epidermal growth factor (EGF, 10 ng/mL; Peprotech) and 10% fetal calf serum (VWR, Radnor, PA, USA).
After reaching confluence, tissue clumps were removed and passaging was performed by treatment
with trypsin-EDTA (Sigma Aldrich). For further cultivation, cells were again seeded in gelatin B-coated
T-25 cell culture flasks (Sarstedt AG and Co.) in hCSC medium. For clonal analysis, cells were seeded
in a 96-well plate (Sarstedt AG and Co.) at a density of 1 cell per well. Single cell dilution was verified
by microscopy and medium was changed every two to three days. Sphere forming capacity was tested
in low-adhesion culture flasks (Greiner Bio-One, Kremsmiinster, Austria) with stem cell medium [24].
In the case of this study, cells from a 77-year old female individual were used.

2.2. Immunohistochemistry and Immunocytochemistry

Cryosections of the heart auricle tissue or cultivated cells were fixed for 20 min using 4%
paraformaldehyde (PFA), washed and permeabilized in PBS with TritonX-100 (tissue: 0.2%, cells: 0.02%,
Applichem, Darmstadt, Germany) and supplemented with 5% goat serum for 30 min. The applied
primary antibodies were diluted in PBS as followed: mouse anti-Nestin 1:200 (Millipore, Burlington, MA,
USA), rabbit anti-S100B 1:500 (Dako, Glostrup, Denmark), rabbit anti-c-actinin (Cell-Signaling, Danvers,
MA, USA), mouse anti Connexin 43 (Millipore). They were applied for 1 h (cells) or for 2 h (sections),
both at room temperature (RT). After three washing steps, secondary fluorochrome-conjugated
antibodies (Alexa 555 anti-mouse or Alexa 488 anti-rabbit, Invitrogen, Life Technologies GmbH,
Carlsbad, CA, USA) were applied for 1 h at RT with a dilution ratio of 1:300. Nuclear staining was
realized by incubation with 4,6-diamidin-2-phenylindol (DAPI) (1 ug/mL, Applichem) in PBS for
15 min at RT. Finally, the samples were mounted with Mowiol (self-made). Imaging was performed
using a confocal laser scanning microscope (CLSM 780, Carl Zeiss, Oberkochen, Germany) and image
processing was executed with Image] and CorelDRAW [25] (open source and Corel Corporation).

2.3. Flow Cytometry

Cultivated hCSCs were harvested by centrifugation after treatment with trypsin and subsequently
stained with PE-coupled anti-CD105, anti-CD117, anti-Scal or anti-CD31 antibody (Miltenyi Biotec,
Bergisch Gladbach, Germany) according to manufacturer’s guidelines. For isotype controls, hCSCs were
stained with PE-coupled IgG1 control antibody or APC-coupled IgG1 control antibody. Analysis was
done using Gallios Flow Cytometer (Beckmann Coulter Inc., Brea, CA, USA), while Kaluza Acquisition
Software (Beckmann Coulter Inc.) was used for subsequent data acquisition and statistical analysis.
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2.4. Cardiac Differentiation of hCSCs

Cardiac differentiation of the isolated cells was induced following the protocol described by Smits
and colleagues [12]. Briefly, cells were seeded with a density of 10° cells per 6-well in hCSC medium.
After 24 h, differentiation was induced with a cardiac differentiation medium consisting of a 1:1-mixture
of IMDM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and Ham’s F12 nutrient mixture
with GlutaMAX-I (Gibco), containing 10% horse serum (Dianova, Hamburg, Germany), 1x MEM
nonessential amino acids (Bio Whittaker, Lonza, Basel, Switzerland) and 1x insulin-transferrin-selenium
(Gibco). Then, 5 uM 5-azacytidine was added in three consecutive days and differentiation medium
was refreshed at day 4. Six days after the start of the differentiation, ascorbic acid (Sigma Aldrich)
was added every two days and 1 ng/mL transforming growth factor 3 (TGF-{3) (Peprotech, Hamburg,
Germany) was added twice weekly. Medium was refreshed every two to three days. After 28 days,
the protein expression was analyzed by immunocytochemical staining for x-actinin as described above.
As undifferentiated control, cells were cultured in hCSC medium.

2.5. Blood Plasma

Blood plasma samples were collected from routine blood donation service from healthy individual
donors. For further comparisons, plasma donors older than 60 years were declared “old,” and donors
younger than 20 years were declared “young”. For the isolation of serum from fresh frozen plasma
(FFP), 20% CaCl, was added in a ratio of 1:50 and incubated at 4 °C overnight. After centrifugation at
1920 RCF for 20 min, blood serum was harvested from the supernatant. In all assays, blood plasma or
serum from three different donors was used as biological replicates within the treatment groups.

2.6. p38-MAPK Inhibition

The following p38-MAPK inhibitors were used: BMS-582949 (InvivoChem, Libertyville, IL, USA)
and SB239063 (Medchemexpress, Sollentuna, Sweden). BMS-582949 binds to the p38a and induces
a less accessible conformation of the activation loop. We further selected SB239063 since it is highly
selective (>220-fold selectivity over ERK and JNK1). Inhibitor stock solutions were dissolved in DMSO
at a concentration of 10 mM and aliquots were stored at —80 °C. For p38-MAPK inhibition, inhibitors
were diluted to 50 uM in the respective assays. DMSO served as control.

2.7. Proliferation Assay

For examination of cell proliferation, a determined cell count was seeded in either 6-well TC-plates
(Sarstedt AG and Co.) or TC25 cell culture flasks (Sarstedt AG and Co.). The cells were starved for 48 h
in serum-free medium containing DMEM-F12 (Sigma-Aldrich), 200 mM L-glutamine (Sigma-Aldrich),
10 mg/mL penicillin/streptomycin (Sigma-Aldrich), 10 ng/mL EGF (Peprotech) and 5 ng/mL FGF-2
(Peprotech) and then treated with 10% of individual blood serum and p38 inhibitors. Medium, blood
serum and p38 inhibitors were renewed every two days. The cells were detached using trypsin
(Sigma-Aldrich) and cell count was carried out using a Neubauer chamber.

2.8. Orangu Cell Viability Assay

A cell viability assay using the Orangu Cell Counting Solution (Cell Guidance Systems, Cambridge,
UK) was performed with hCSCs in a 96-well TC-Plate (Sarstedt AG and Co.) in hCSC medium. One
thousand cells per treatment and a calibration line of 250, 500, 750, 1000, 1500, 2000, 2500 and 3000 cells
were seeded. The cells were treated with 10% blood plasma for two days. For evaluation, the cells
were incubated with 10 pL. Orangu solution for two hours in the dark. Absorbance at 450 nm was
measured using a GloMax microplate reader (Promega, Madison, WI, USA).
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2.9. Senescence-Associated -Galactosidase Assay

Activity of Senescence-associated (3-Galactosidase was measured according to Debacq-Chainiaux
and colleagues [26]. Briefly, cells were washed in PBS (Sigma-Aldrich) and fixed with 4%
paraformaldehyde (Sigma-Aldrich) before addition of the staining solution containing 1 mg/mL
X-Gal (Carl Roth, Karlsruhe, Germany). Incubation for 18 h at 37°C led to final staining, which could
be visualized by phase contrast microscopy.

2.10. RNA Isolation and Sequencing

RNA was isolated from cell pellets using the TRI Reagent Protocol for Suspension Cells
(Sigma-Aldrich, Darmstadt, Germany) according to the manufacturer’s guidelines. The amount
of isolated RNA was determined using a NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA).
For storage the samples were kept at —80 °C. Library preparation and sequencing on Illumina Hiseq4000
platform was carried out by Novogene (Beijing, China). After alignment to the reference genome
GRCh38 with TopHat v2.0.9, gene expression quantification was performed with HTseq v0.6.1. Raw
data are accessible at NCBI Gene Expression Omnibus. Differential gene expression was analyzed using
DESeq2 R package (2_1.6.3) and correlation was calculated with the cor.test function. The database
DAVID was used for the calculation of overexpressed Gene Ontology (GO)-Terms and pathway
analyses [27]. GO terms of differentially expressed genes were determined using the PANTHER
classification system [28-30] and analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment was performed using KOBAS 3.0 [31,32].

2.11. ELISA

To measure the protein-contents in terms of MCP1, GDF11 and eotaxin of the plasmas used,
the following Kits were used according to manufacturer’s guidelines: Human MCP-1 (CCL2) mini ABTS
ELISA Development Kit (Peprotech), Human Eotaxin (CCL11) Standard ABTS ELISA Development
Kit (Peprotech) and Human Growth Differentiation Factor 11 GDF11 ELISA Kit (Novatein Biosciences,
Woburn, MA, USA).

3. Results

3.1. Identification of Nestin*/S100B* Cells in the Human Heart Auricle Tissue

Tolocalize putative adult cardiac stem cell populations within their endogenous niche, human heart
auricles (LAA = left atrial appendage) (Figure 1A) were obtained during routine heart surgery. Within
this heart auricle tissue, a typical morphology of three main layers was observable: the myocardium is
cardiac muscle tissue, mainly cardiomyocytes that are surrounded by the epicardium on the outer
surface and the endocardium on the inner surface of the heart (Figure 1B). Inmunohistochemistry
revealed the presence of cells positive for the neural-crest markers S100B and Nestin in the adult
myocardium and not in the endocardium or epicardium (Figure 1C).

3.2. Successfully ilsolated Putative Human Cardiac Stem Cells from Heart Auricle Tissue Show High Clonal
Efficiency and Capability for Cardiosphere Formation

To analyze the stem cell-marker expressing cells found in the adult human myocardium in more
detail, we modified an established protocol for the isolation of human cardiomyocyte progenitor
cells [12]. Explant culture resulted in the isolation of cell migrating out of tissue pieces that spontaneously
formed cardiospheres. To investigate their stemness characteristics, the clonal growth of putative hCSCs
was analyzed. Here, putative hCSCs revealed a clonal efficiency of 22.7%. Importantly, clonally grown
cells maintained their ability to form cardiospheres under suspension culture conditions (Figure 1D).
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3.3. Isolated Cells Express Known Marker Proteins of Cardiac Stem and Progenitor Cells

Characterizing putative hCSCs in more detail, we further observed a high amount of 87% to 95.6%
of Scal+ cells isolated from two distinct hCSC donors but no expression of c-kit using flow cytometry
(Figure 1E-G). Multiple staining followed by flow cytometric measurement showed 92.56% of cells
being double positive for CD105 and CD31 (Figure 1G), which has also been shown by Smits and
colleagues [12].

[Human heart auricle, Quickstain

cardiospheres ‘
®
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{ i onor 1

Figure 1. Isolation and characterization of adult human cardiac stem cells (hCSCs). (A) Human heart
auricles were removed during routine heart surgery. (B) Heart auricle tissue consists of the three main
layers: endocardium, myocardium and epicardium. (C) Nestin* and S100* cells can be found in the
myocardium of the human heart auricle. (D) Isolated cells spontaneously form cardiospheres and
possess the ability for self-renewal with a clonal efficiency of 22.7%. (E) Cultured cells express the
cardiac stem cell marker Scal. (F) Cultured cells do not express the stem cell marker cKit. (G) Double
staining shows that cultured cells coexpress the cardiac stem cell markers CD31 and CD105. (H) After
cardiac differentiation with biochemical cues, 94% of cells express the cardiomyocyte protein o-actinin.
(I) After differentiation with biochemical cues, the gap junction protein Connexin43 is expressed at the
surface of a-actinin* cells, indicated by arrowheads.

3.4. HCSCs Are Able to Give Rise to Cardiomyocytes In Vitro

To investigate the cardiogenic differentiation potential of the hCSC population, we exposed the cells
to TGFp and ascorbic acid, as published by Smits and colleagues [12]. A high proportion(94%)of x-actinin™
cells were detected by immunocytochemistry, indicating a successful cardiac differentiation, whereas no
a-actinin was observable in undifferentiated control cells (Figure 1H). Additionally, these cells showed the
expression of the gap junction protein Connexin 43, visible as punctual structures (Figure 1I).
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3.5. Blood Plasma and Blood Serum Strongly Enhance Proliferation-Inducing Effects of Blood Plasma on Adult
Human Cardiac Stem Cells

To investigate potential proliferation-inducing effects of blood plasma on hCSCs, we exposed the
cells to heparin-treated human blood plasma or human blood serum, which was applied to decrease
the number of putative active plasma components (Figure 2A). Control cells cultured in starvation
medium showed enlarged and flattened cell morphology, as would be expected of bona fide senescent
cells. (Figure 2B, control). In contrast, exposure of hCSCs to human blood plasma or serum resulted
in a smaller cell morphology (Figure 2B) next to strongly and significantly increased proliferation
(Figure 2C). Notably, no difference was detectable between plasma and serum in the enhancing effects
on the proliferation of hCSCs (Figure 2C).
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Figure 2. Application of human blood serum and human blood plasma on adult human cardiac stem
cells led to increased cell proliferation. (A) Primary cultures of human stem cells from the adult heart
auricle where exposed to blood serum, blood plasma or starvation medium. (B) Microscopy images
of treated cells demonstrated a proliferation inducing effect of blood serum and plasma compared to
untreated cells. (C) Serum and plasma significantly increased the proliferation of hCSCs in a similar
manner. Mann-Whitney two-tailed, * p < 0.05 was considered significant, not significant (n.s.) p > 0.05.

3.6. Age and Sex of Blood Serum Donors Do Not Affect Beneficial Effects on Proliferation and Metabolism
of hCSCs

Since several studies have suggested an age-dependent effect of blood plasma on stem cell
behavior in the murine system [5,33], we applied serum from young (18-20 years) and old (>60 years)
female and male donors to hCSCs (Figure 3A). We again observed a strongly increased proliferation of
hCSCs treated with human blood serum independent to serum donor age or sex (Figure 3B). Exposure
of blood serum from young and old female and male donors further resulted in significantly increased
metabolism of hCSCs compared to control, but only modest variations between the serum-treated
samples (Figure 3C).

3.7. Exposure of hCSCs to Blood Serum from Young Female or Male Donors Results in Significantly Enhanced
Protection against Senescence Compared to Serum from Old Female Individuals

We next assessed the ability of blood serum from donors of different ages and sexes to protect
hCSCs from starvation-mediated senescence by applying a senescence associated (3-galactosidase
(SA-B-Gal) activity assay. In comparison to control cells undergoing starvation, blood serum from
young female or male donors (18-20 years) and old female or male donors (>60 years) led to significantly
and strongly decreased senescence of hCSCs (Figure 3D and Figure S1B). Notably, we observed a
significantly enhanced protection against senescence in hCSCs exposed to serum from young female
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or male individuals compared to serum from old female donors (Figure 3D), suggesting a moderate
yet significant age-dependent difference in blood-serum-mediated protection against senescence.
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Figure 3. Application of different serum and plasma samples on adult human cardiac stem cells.
(A) hCSCs were exposed to blood serum and blood plasma from old (>60 years) and young (<20 years)
male and female donors or starvation medium. (B) Treatment with sera from young female, young
male and old female donors significantly increased the proliferation of hCSCs. (C) Orangu cell viability
assay to measure the metabolism of hCSCs showed increased metabolism after serum treatment but no
sex or age dependency. (D) SA-B-Galactosidase assay showed a decrease of senescent cells after plasma
treatment compared to untreated cells. Mann-Whitney two-tailed, * p < 0.05 was considered significant.

3.8. Young Blood Serum Enhances Differential Global Gene Expression of hCSCs

With regard to beneficial effects of blood serum on proliferation of hCSCs and the age-dependent
differences observed in protection of hCSCs against senescence, we investigated the effects of blood
serum from old and young male donors on global gene expression of hCSCs using RNAseq (Figure 4A).
Here, we focused on the examination of potential age-dependent effects of human blood serum on
the transcriptome level, since potential differences in the effects of blood serum related to the sex of
the donor have not been reported so far. However, the literature frequently describes a rejuvenation

phenomenon in the murine system when applying young blood/serum to older individuals.
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Figure 4. RNAseq showed increased differential gene expression in an age-dependent manner. (A) hCSCs
where exposed to blood serum and blood plasma from old (>60 years) and young (<20 years) male
donors or starvation medium followed by RNAseq. (B) Volcano plot of differential expressed genes in
hCSCs treated with young serum vs. control. (C) Volcano plot of differential expressed genes in hCSCs
treated with old serum vs. control. Red: upregulated; green: downregulated genes. A detailed list is
provided in Supplementary Table S1. (D) Venn diagram of upregulated genes in the old and young
treatment groups. (E) Venn diagram of downregulated genes in the old and young treatment groups.

9 of 20
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(F) Gene expression levels (in fragments per kilobase million, FPKM) of selected marker genes for
cardiac stem cells (CD105, Nestin) and genes that are upregulated during cardiac differentiation
(Nkx-2.5, MEF2C, TroponinT, BMHC, cardiac actin). Expressions of CD105 and Nestin are not affected
by serum treatment, and cardiac differentiation genes were not expressed either in the control or in the
serum-treated samples.

Differential gene expression analysis between untreated and serum-treated hCSCs revealed a
remarkably increased differential gene expression after application of young serum compared to
control (Figure 4B) in comparison to old serum compared to control (Figure 4C). In particular, hCSCs
treated with young serum showed upregulation of 1366 genes and downregulation of 1708 genes
(Figure 4B), while hCSCs treated with serum from old donors differentially upregulated only 20 genes
and downregulated 79 genes (Figure 4C). Both treatment groups showed an overlap of 20 upregulated
genes (Figure 4D) and 78 downregulated genes (Figure 4E). Importantly, the gene expression levels of
the stem cell marker Nestin and the cardiac stem cell marker CD105 remained unaffected after serum
treatment. Moreover, genes that were commonly upregulated during cardiac differentiation were not
expressed in serum-treated cells (Figure 4F), indicating that hCSCs keep their stem cell-like identity
and do not differentiate upon serum treatment. Interestingly, treatment with young serum resulted in a
significant reduction of MCP1 expression with a -1.3 fold change compared to untreated cells, whereas
eotaxin and GDF11 were not differentially expressed (Supplementary Table S1). Further, IL.24 could
be found among the most significantly enriched transcripts after treatment with young serum with a
log2fold change of +8.8 (Supplementary Table S1). The cytokines GDF11, MCP-1 and eotaxin were
frequently discussed in rejuvenation experiments with old mice [34-39]. We therefore assessed the
respective protein concentrations in old and young plasma samples via ELISA assays (Figure S1C).
Neither increases in chemokine and cytokine levels of GDF11, MCP-1 and eotaxin nor increases in
proliferation and senescence could be detected when comparing old and young plasma samples.

3.9. Global Gene Expression Profiling Indicates Age-Dependent Clusters of Blood-Serum-Treated Adult
Stem Cells

Using hierarchical clustering of gene expression levels, we generated a heatmap separating the
groups of untreated hCSCs and hCSCs treated with either young or old blood serum into distinct
clusters. Even though the Pearson correlation analysis showed only marginal differences between
the treatment groups (Figure S2), cluster analysis of differentially expressed genes resulted in clear
differences along the whole transcriptome (Figure 5, Figures S3 and 54).

3.10. Gene Ontology (GO) Term Analysis Reveals Downregulation of Attachment-Associated Genes
and Upregulation of Proliferation-Associated GO Terms, Including p38-MAPK

Analysis of GO Term enrichment showed beneficial effects on cell cycle and proliferation which was
underlined by enrichment of the p38 MAPK pathway (P05918) as the most enriched GO-Term in samples
treated with either young or old blood serum (Figure 6). In addition, the term oxidative stress response
(P00046) followed as the second most enriched. Interestingly, the application of a KEGG-pathway analysis
within this cluster also demonstrated amongst others, the upregulation of the KEGG-pathway glutathione
metabolism (hsa00480), further highlighting a possible antioxidative effect of blood serum on hCSCs.
In addition, analysis of the genes upregulated only in cells treated with young serum showed GO terms
associated with DNA and protein-synthesis-like purine metabolism (P02769) or the pentose phosphate
pathway (P02762), leading to enhanced proliferation (Figure 5). The p38 MAPK pathway (P05918) was
also in this cluster among the significantly enriched GO terms with a 5.5-fold enrichment and in the KEGG
pathways (hsa04010) (Figure 6). Interestingly, the application of GO terms and KEGG-pathway enrichment
on a cluster of genes downregulated in cells treated with young serum but upregulated in cells treated
with old serum led to the significant enrichment of the GO terms integrin signaling pathway (P00034)
and cadherin signaling pathway (P00012) and the KEGG-pathways ECM-receptor interaction (hsa04512),
adherens junction (hsa04520), focal adhesion (hsa04510) and tight junction (hsa04530), possibly indicating
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degenerated exchange with the extracellular matrix (ECM) or neighboring cells or altered intercellular
communication—one of the nine hallmarks of aging that were defined in 2013 [4] (Figure S4). Moreover,
within this cluster we found the KEGG-pathways arrythmogenic right ventricular cardiomyopathy
(hsa05412), hypertrophic cardiomyopathy (hsa05410) and dilated cardiomyopathy (hsa05414), which may
indicate an age-dependent protective effect of young blood serum on hCSCs (Figure S4). In summary, GO
enrichment analysis revealed the upregulation of various pathways, with p38-MAPK pathway being the
most enriched GO term in genes that are highly upregulated after treatment with young serum and not
regulated in the old serum group (see Figure 6). Further, p38-MAPK is also in third position (after general
metabolism-associated GO terms) of the most enriched GO terms in genes that are highly upregulated
after treatment with young serum and downregulated after treatment with old serum (Figure 5).
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Figure 5. Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term
enrichment of genes highly upregulated in hCSCs treated with young serum and downregulated in
hCSCs treated with old serum and in the control (cluster marked with black box).
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Figure 6. Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term
enrichment of genes highly upregulated in hCSCs treated with young serum, slightly upregulated in
hCSCs treated with old serum and downregulated in the control (cluster marked with black box).

3.11. Beneficial Effects of Blood Plasma on Proliferation and Protection of hCSCs Against Senescence Are
Partially Mediated by p38 MAPK-Signaling

With regards to the up-regulation of genes associated to p38 MAPK pathway in hCSCs exposed
to young serum, we were encouraged to assess its functional role in the before observed effects
(Figures 2 and 3). Therefore, we applied two inhibitors of p38 MAPK (BMS-582949 and SB239063) in
senescence- and proliferation assays (Figure 7A). Notably, simultaneous exposure of hCSCs to blood
plasma and the p38 MAPK inhibitors BMS-582949 and SB239063 led to a strongly decreased proliferation
compared to blood plasma or serum-treated hCSCs (Figure 7B,D). Accordingly, we observed a strongly
elevated increase in senescence of blood plasma or serum-treated hCSCs after application of the p38
MAPK inhibitors in comparison to hCSCs solely exposed to blood plasma or serum (Figure 7C,E).
These results are in line with the upregulation of p38 associated KEGG-pathways and GO terms in
hCSCs treated with serum from young male donors (Figures 5 and 6) and emphasize the regulatory
role of p38 MAPK in terms of blood-serum-mediated proliferation and protection against senescence.
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Figure 7. In vitro inhibition of p38-MAPK reversed the beneficial effect of blood plasma on proliferation
and survival of hCSCs. (A) hCSCs where exposed to blood plasma and serum and p38 inhibitors
BMS-582949 and SB239063. (B) Inhibition of p38 with BMS582949 led to significantly decreased
proliferation compared to plasma and serum treatment alone. (C) Inhibition of p38 with BMS582949
led to significantly elevated SA-f3-Gal activity compared to plasma treatment alone. (D) Inhibition
of p38 with SB239063 led to significantly decreased proliferation compared to serum treatment alone.
(E) Inhibition of p38 with SB239063 led to significantly elevated SA- 3-Gal activity compared to serum

treatment alone. Mann-Whitney two-tailed, * p < 0.05; ** p < 0.005; *** p < 0.0005; **** p < 0.0001 was
considered significant, not significant (n.s.) p > 0.05.

4. Discussion

Ageing is characterized by a decline of homeostatic and regenerative capacities, at least partly
caused by the exhaustion of endogenous stem cell functions [4], the accumulation of intracellular
ROS and cells undergoing senescence in various tissues and organs. Prominent studies in the murine
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system suggest that circulating factors play a critical role within this process [5-7]. For instance,
experiments with heterochronic parabiosis in mice resulted in elevated proliferation of muscle satellite
cells, liver, skin, neuronal stem cells and pancreatic 3-cells [5,33,40,41]. More rejuvenation strategies
targeting the cardiovascular system of aging mice have been recently reviewed by Cesselli et al. [42].
Besides, other studies provided indirect evidence by transplanting islet-cells from young or old mice
into hyperglycemic recipients resulting in similar replication rates of both old and young donor
cells [43]. However, a rejuvenation of aged human cells or organs by the application of a young
systemic milieu could not be shown so far [8]. In the present study, we compare the effects of human
blood plasma and serum of young and old donors on adult cardiac stem cells from the human heart
auricle. Although the adult heart was long ago considered a terminally differentiated organ with low
regenerative potential, rare populations of mouse and human cardiac stem cells (CSCs) were found
that may contribute to endogenous repair mechanisms [10-12]. Although identification and isolation
of adult CSCs often utilize the expression of the cell-surface marker c-kit [10,15,16], expression was also
reported in non-cardiac cells [44—-46] and its relevance as a cardiac stem cell marker is controversially
discussed. For instance, Sultana and co-workers showed that c-kitt cells in the mouse heart are
endothelial cells and not cardiac stem cells [47], and c-kit-negative stem cell populations have already
been described in the human heart [11]. Interestingly, Tomita et al. reported that Nestin* NCSCs in the
mouse heart give rise to cardiomyocytes in vivo [48]. Accordingly, we show here that the myocardium
of the adult human heart auricle contains a population of Nestin*/5100B* cardiac stem cells positive
for Scal and CD105 but lacking c-kit-expression. Next to c-kit, the surface antigens Scal and CD105
are commonly used markers for human cardiac stem and progenitor cells [12]. In contrast to most
studies showing co-expression of Scal, c-kit and CD105 in human CSCs [12], we observed the presence
of Scal and CD105 in human cardiac stem cells despite the lack of c-kit. Isolated hCSCs were able
to grow clonally while maintaining their capability of sphere formation and differentiated efficiently
into «-actinin* cardiomyocyte-like cells. Although the application of human blood serum, blood
plasma or platelet-rich plasma on stem cell cultures has already been shown to effectively promote cell
proliferation [21,22,49-53], the cardiovascular system and especially cardiac stem cells have not been
investigated so far. Within this study we likewise could demonstrate an overall enhancing effect of
human blood serum on adult human cardiac stem cells, while no age dependency could be detected
in terms of proliferation and metabolic activity. In line with these results, other studies focusing on
data analysis of red blood cell transfusions in terms of donor age and sex and the survival rates of the
transfusion-recipients have not shown an age or sex-related effect [54]. Importantly, we could not detect
significant changes in the gene expression levels of CD105 and Nestin upon serum-treatment, nor the
expression of cardiac differentiation genes in any of the samples. These results demonstrate that hCSCs
keep their stem cell-like features and do not differentiate spontaneously during exposure to blood
serum. Accordingly, other adult stem cell populations were also reported to keep their characteristic
gene expression and stemness characteristics when cultivated in human blood plasma [22,55].

To investigate the underlying molecular mechanisms driven by the application of blood serum,
we performed RNAseq and compared the global transcriptome of hCSCs treated with either old (donor
age >60 years) or young (donor age <20 years) male blood serum. This state-of-the-art technique
allowed us to analyze the highly complex regulatory networks that drive proliferation of human
cardiac stem cells. Here, we focused on the examination of potential age-dependent effects, since
sex-specific differences were not detectable on proliferation or senescence of serum-treated hCSCs.
In line with these findings, potential differences in the effects of blood serum related to the sex of
the donor have not been reported so far. However, the literature frequently describes a rejuvenation
phenomenon in the murine system when applying young blood/serum to old individuals [5-7].
Our present observations show that the application of young blood serum leads to an increased number
of up or downregulated genes compared to the treatment with old blood serum. To the best of our
knowledge, comparable transcriptomic data of human cells after exposure to serum or plasma do
not exist. However, a general decline in global gene expression of aging tissues has been reported in
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several studies [56-60], which is line with our present findings. In detail, the pattern of differentially
expressed genes seems to be dependent on tissue type. For instance, Lipinski and colleagues showed
that genes associated with autophagy are downregulated in the human brain during aging [59]. Other
groups showed differential gene expression of migration and proliferation-associated genes in male
skin samples with advanced age [60]. We likewise could show increased differential gene expression
in hCSCs upon the treatment with young blood serum compared to the application of old blood
serum. However, this seems to have no further beneficial influence on the effects on cell proliferation
and viability compared to the application of old serum. We therefore suggest that both old and
young serum trigger activation of pathways leading to enhanced proliferation and protection against
senescence. Here, our analysis identified p3SMAPK as a crucial pathway for regulating proliferation
and senescence in a blood-serum-dependent manner, as discussed in detail below. In accordance
to our observations, human blood serum, blood plasma or platelet-rich plasma were reported to be
beneficial for proliferation of stem cells, despite the age of the plasma donors [21,22,56-60]. The highly
elevated global gene expression levels after treatment of hCSCs with young blood serum compared
to old serum further suggest that the application of young serum may result in cellular effects other
than proliferation or protection against senescence. Considering this discrepancy in our observation,
a more detailed transcriptomic analysis was necessary to understand age-related blood borne effects
on cultured cells. A detailed analysis of upregulated genes after serum treatment showed significant
overrepresentation of cell cycle and proliferation-enhancing GO terms, which is in line with the
observed beneficial effects of blood serum on proliferation of hCSCs. Moreover, we could observe the
upregulation of integrin signaling and cadherin signaling, which is also connected to proliferation
in several instances [61]. In addition, a range of studies also suggest circulating pro-ageing factors
with the pro-inflammatory chemokine MCP1 as one of the most popular candidates. Level of MCP1
increases with age in mice and humans and is even discussed as a biomarker for cardiac aging [34,36].
Accordingly, we could show via RNAseq that MCP1 was significantly downregulated in cells treated
with young blood serum. Further, Ghosh and coworkers recently showed that levels of MCP1 in white
adipose tissue in old mice were decreased upon heterochronic parabiosis with young mice and even in
cell culture after conditioning with young serum [62]. In contrast to this, we detected no significant
differences in the protein concentration of MCP1 between old and young plasma samples. Next to
MCP1, other factors like GDF11 or eotaxin (CCL11) are also discussed as age-dependent blood borne
cytokines [35,37-39]. These chemokines and cytokines were measured in moderate yet significantly
higher abundances in young plasma samples compared to old plasma samples. However, our data
did not show a differential expression of the corresponding genes in serum-treated hCSCs. These
differences between protein concentrations in the plasma samples and gene expression levels in the
treated cells may be partially explained by the only modest changes of protein contents that are not
sufficient to trigger differential gene expression.

Notably, analysis of the global gene expression profile of hCSCs treated with young or old
blood serum showed the upregulation and enrichment of genes in the p38-MAPK-associated GO
term P05918 and KEGG-pathway hsa04010. In general, p38-MAPK signaling is understood as an
inhibitor of proliferation [63] but it has also been described to enhance proliferation in a range of
cell types [64,65], suggesting that the role of p38-MAPK in proliferation and senescence is strongly
cell-specific. For example, in male human skin samples, MAPK signaling is upregulated along
with cell proliferation in aged (>70 years) patients [60]. Further, in human breast cancer cells, p38
MAPK upregulation is associated with increased proliferation and can be inhibited by the use of
the p38 inhibitor SB203580 or p38a-siRNA [64,66]. In line with these observations, inhibition of p38
significantly reversed the beneficial effects of blood serum in terms of proliferation and protection
from senescence in the present study. Interestingly, we also detected the cytokine 1L24 to be highly
upregulated in hCSCs after treatment with young blood serum. IL24 was reported to induce p38 MAPK
activation [67], suggesting a role in the upstream regulation of p38 in hCSCs in a blood-serum-dependent
manner. However, other relevant signaling pathways may interact with p38 MAPK in controlling
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blood-serum-mediated proliferation of hCSCs. For instance, other MAPKSs, such as ERK, were described
to co-regulate proliferation of stem cells together with p38 MAPK in response to stimuli such as hypoxia
or proliferation-inducing drugs [68,69]. In particular, treatment of periodontal ligament stem cells
with inhibitors against p38 MAPK or ERK resulted in reduced hypoxia-mediated proliferation [69].
Likewise, signaling via p38 MAPK and NF-kB was described to co-regulate proliferation of hepatic
stem cells [70] and also has an essential role in the regulation of myocardial adaption to ischemia [71].
Accordingly, our present data reveal a relevant role of p38 MAPK in regulating proliferation of adult
human cardiac stem cells. Regarding the reversion of the senescent phenotype after blood plasma
treatment, Liu and colleagues likewise showed that young blood plasma reverses age-dependent
senescence in hepatic tissues of rodents. This effect was not reported in application of old plasma [72].
Other studies also describe similar effects with young blood on various organs in heterochronic
parabiotic mice [5,35,62,73,74]. However, our results show a more general protective effect of human
blood plasma against senescence which is independent of age and sex. These contrasting results also
demonstrate the difficulties in the transition from the murine to the human system and the highly
complex regulation of the ageing process. Here, next to the investigation of age-dependent effects
upon usage of human blood plasma or serum, the cell types or tissues that are addressed should also
be taken into account carefully—possibly with the examination of p38-MAPK as a crucial regulator.

In summary, we demonstrate within this study the beneficial effects of blood serum on the
proliferation and metabolism of adult human cardiac stem cells, which are accompanied by a
decrease of senescent cells. By the application of RNAseq we were able to describe the changes
in the global gene expression profiles of serum-treated hCSCs and thus successfully identified the
age-dependent enhancement of p38-MAPK signaling as one of the underlying pathways that promote
the blood-serum-mediated proliferation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/6/1472/s1.
Figure S1: (A) Application of different individual serum samples in a proliferation assay. (B) Application of different
individual plasma samples in a senescence assay with adult human cardiac stem cells. (C) ELISA-measurements of
the plasma content of the chemokines and cytokines eotaxin 1. GDF11 and MCP-1, Figure S2: Pearson Correlation
of global gene expression profiles of hCSCs treated with either young or old serum and of the starvation control,
Figure S3: Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term enrichment of
genes downregulated in hCSCs treated with young serum and old serum and strongly upregulated in the control,
Figure S4: Heatmap of differentially expressed genes with KEGG-pathway analysis and GO-term enrichment of
genes strongly downregulated in hCSCs treated with young serum and upregulated in hCSCs treated with old
serum, Table S1: List of differentially expressed genes that are shown in Figure 3B,C.
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Simple Summary: The regeneration of nearly all organs of the human body mainly depends on
the functionality of adult stem cell populations that reside in their respective niches and can be
activated upon injuries or other damages. These stem cell populations greatly differ in their expression
profile of molecular markers, which greatly influences their potential use in regenerative medicine.
Neural crest-derived stem cells are a prominent subpopulation of adult stem cells and are known
for their high regenerative potential. Within this study, we compared two adult human stem cell
populations, namely neural crest-derived inferior turbinate stem cells from the nasal cavity and
human cardiac stem cells from the heart, using global gene expression profiling. Here, we found
differences that correspond to the tissue sources of origin but also similarities in the expression of
markers that are associated with the neural crest. Further classifying nasal stem cells and cardiac stem
cells in a broader context, we identified clear similarities between both populations and other adherent
stem cell populations compared to non-adherent progenitor cells of the blood system. The analyses
provided here might help to understand the differences and similarities between different adult
human stem cell populations.

Abstract: For the identification of a stem cell population, the comparison of transcriptome data
enables the simultaneous analysis of tens of thousands of molecular markers and thus enables the
precise distinction of even closely related populations. Here, we utilized global gene expression
profiling to compare two adult human stem cell populations, namely neural crest-derived inferior
turbinate stem cells (ITSCs) of the nasal cavity and human cardiac stem cells (hCSCs) from the heart
auricle. We detected high similarities between the transcriptomes of both stem cell populations,
particularly including a range of neural crest-associated genes. However, global gene expression
likewise reflected differences between the stem cell populations with regard to their niches of origin.
In a broader analysis, we further identified clear similarities between ITSCs, hCSCs and other adherent
stem cell populations compared to non-adherent hematopoietic progenitor cells. In summary, our
observations reveal high similarities between adult human cardiac stem cells and neural crest-derived
stem cells from the nasal cavity, which include a shared relation to the neural crest. The analyses
provided here may help to understand underlying molecular regulators determining differences
between adult human stem cell populations.
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1. Introduction

Adult human stem cell (ASC) populations harbour a great potential for applications in regenerative
medicine [1,2], emphasizing the importance of their identification, characterization and classification.
In recent years, ASCs were described in nearly all tissues and organs of the human body [3-9].
However, these populations showed strong differences in their potential to differentiate into specialized
cell types. Although most of these differences in differentiation potential were linked to developmental
origin and the tissue of origin of the respective stem cell population, some tissues harbour multiple
stem cell populations with highly different potentials. For instance, populations of skeletal stem
cells could be found in the bone marrow next to hematopoietic stem cells and mesenchymal
stem cells [10,11]. Moreover, mesenchymal stem cells with different functionalities were found
in diverse tissues [12,13]. For instance, Maleki and coworkers showed that spermatogonial stem
cells and Wharton's jelly-mesenchymal stem cells are all able to differentiate into the osteogenic
lineage [13]. However, Riekstina and colleagues showed that adult mesenchymal stem cell populations,
derived from bone marrow, adipose tissue, dermis and the heart, express different combinations of
stem cell markers in vitro [12]. With regard to these differences, defining adult stem cell populations
still remains challenging. On a technical level, analysis of cell surface proteins accompanied by
laborious differentiation assays were commonly applied to characterize human stem cells pools [13-16].
Although this method led to the identification of a large number of cell populations, the classification
of stem cell pools by marker proteins was mostly limited to the number of available fluorochromes or
filters that could be used simultaneously. Addressing this challenge, the analysis of RNA sequencing
(RNA-Seq) data is a widely used and powerful tool allowing the simultaneous comparison and
quantification of hundreds of biomarkers and underlying signaling pathways contributing to the
varying stem cell phenotypes. RNA-Seq also enables the determination of expression profiles and
pathways conserved between stem cell populations from different sources, thus allowing a more
precise characterization and classification.

In the present study, we used RNA-Seq to characterize and compare a very recently identified
Nestin™/CD105" adult human cardiac stem cell population (hCSCs) [17] with neural crest-derived stem
cells from the inferior turbinate of the human nose (inferior turbinate stem cells, ITSCs) [8]. Although the
human heart was initially considered as a terminal differentiation organ, several populations of adult
cardiac stem cells were shown to reside within the human heart. These cardiac stem cells were
shown to differentiate into cardiomyocytes as well as into smooth muscle cells and endothelial
cells in vitro [18-20]. We very recently extended these findings by identifying a Nestin*/CD105*
adult hCSC population that could be isolated from the left atrial appendage (LAA) and that gave
rise to cardiomyocytes in vitro [17]. Nevertheless, the in vivo contribution of CSCs to tissue repair
remains elusive, partly because of the heterogeneity of the cardiac stem cell populations identified
so far. The broad diversity of cardiac stem cells in terms of the described markers and properties
suggests the existence of a wide range of different adult cardiac stem cell populations [21-23]. From a
developmental point of view, the formation of the human heart is a complex process that is still not
fully understood. A primary heart tube is formed out of the cardiogenic plates from the anterior
splanchnic mesoderm after the third week of embryogenesis [24]. After a rightward looping process,
the septation process follows. Here, primitive chambers are subdivided to form the cardiac atria
and ventricles [24]. During septation of the outflow tract of the ventricle, the aortic orifice gets in
contact with the left ventricle while the pulmonary orifice remains situated above the right ventricle.
During this process, cardiac neural crest cells enter the outflow tract as condensed mesenchyme between
the aortic and pulmonary orifice [24-26]. The neural crest is a transient embryonic structure that was
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initially described by Wilhelm His in the development of the chick embryo as the intermediate chord
appearing between the neural chord and the future ectoderm [27]. During embryonic development,
neural crest stem cells migrate and give rise to a broad range of tissues including the heart, where neural
crest cells populate the myocardium and contribute to myocardialization, although most of these
cells disappear in later stages upon apoptosis [24,26]. However, neural crest-derived populations of
cardiac stem cells have recently been described in the adult hearts of mice and zebrafishes [28-32].
In particular, El-Helou and colleagues demonstrated the presence of NCSCs in the adult rat heart
via expression of Nestin [31], a characteristic NCSC-marker associated with proper self-renewal of
stem cells [33,34], while Tomita and coworkers could show that Nestint NCSCs in the mouse heart
give rise to cardiomyocytes in vivo [35]. Furthermore, human congenital heart diseases like DiGeorge
Syndrome, CHARGE Syndrome and Alagille Syndrome were linked to defective cardiac neural crest
function [36-38], suggesting a possible contribution of neural crest-derived cardiac stem cells to normal
cardiac regeneration. However, neural crest-derived stem cell populations in the human heart have
not been identified so far.

Within this study, we directly compared Nestin®/CD105% adult hCSCs to neural crest-derived
ITSCs from the human nasal cavity using global gene expression profiling. Next to other NCSC-pools,
ITSCs were reported to be positive for Nestin, S100 and p75 on the protein level and showed the
ability to give rise to ectodermal as well as mesodermal cell types in vitro and in vivo [8,39-42].
Likewise, we detected the expression of the proteins Nestin, 5100 and p75 in cultured hCSCs,
suggesting a potential relation of hCSCs to the neural crest. Our comparison of both stem cell
populations using bioinformatic tools led to the identification of 4367 differentially expressed genes
(DEGs), while respective identified GO-terms of differential gene expression were associated with
the tissues of origin, namely the heart and the olfactory or respiratory epithelium of the nose.
Interestingly, a broad range of neural crest-associated genes was found to be expressed in both stem
cell populations. We further compared the global gene expression profiles of hCSCs and ITSCs with
published RNA-Seq data of adipose-derived mesenchymal stem cells (AdMSCs), CD34" hematopoietic
stem cells (HSCs) [43] and cardiosphere-derived cells (CDCs) [44]. In comparison to hematopoietic
stem cells, stem cell-associated GO-terms like ’tissue morphogenesis’, ‘vasculature development’ or
‘embryonic development” were upregulated in hCSCs and ITSCs, which may hint to a shared regulation
of their stem cell properties. In addition, our findings may help to understand the underlying molecular
kinetics determining the differences between various adult human stem cell populations.

2. Materials and Methods

2.1. Cell Isolation and Cultivation

Human cardiac stem cells were isolated and cultivated as previously described [17] according
to local and international guidelines (declaration of Helsinki) after informed and written consent.
Isolation and further experimental procedures were ethically approved by the ethics commission of
the Ruhr-University Bochum (Faculty of Medicine, located in Bad Oeynhausen) (approval reference
number eP-2016-148).

Human inferior turbinate stem cells were isolated and cultivated after informed written consent
according to local and international guidelines (declaration of Helsinki) as previously described [8,45].
Isolation and further experimental procedures were ethically approved by the ethics commission of
the Arztekammer Westfalen-Lippe and the medical faculty of the Westfalische Wilhelms-Universitat
(Miinster, Germany) (approval reference number 2012-15-fS).

2.2. Lentiviral Transduction of hCSCs

HCSCs were transduced by lentivirus with the cFUG-W plasmid. Lentivirus production
was carried out in HEK293 cells with packaging plasmid A8.91, VSV-G envelope plasmid and
cFUG-W transfer vector by calcium-phosphate precipitation. A8.91 and VSV-G were gifts from David
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Baltimore [46]. Supernatant was harvested 48 h after transfection and lentivirus was concentrated by
ultracentrifugation (50,000x g, 4 °C, 2 h).

2.3. Coculture of GFP-hCSCs and Primary Mouse Cardiomyocytes

Primary mouse cardiomyocytes were isolated from newborn mice according to Streejt and
colleagues [47]. Prior to coculture, mouse cardiomyocytes were treated with 10 pg/mL Mitomycin C
(Sigma Aldrich) according to the manufacturer’s instructions. Coculture with hCSCs was carried out
in DMEM-F12 with 5% horse serum (Dianova).

2.4. Immunohistochemistry and Immunocytochemistry

Cultivated cells were fixed for 20 min using 4% paraformaldehyde (PFA), washed and
permeabilized in PBS with 0.02% TritonX-100 (Sigma Aldrich) and supplemented with 5% goat
serum for 30 min. The applied primary antibodies were diluted in PBS as followed: rabbit anti-Nestin
1:200 (Millipore), mouse anti-S100B 1:500 (Sigma Aldrich), rabbit anti-Slug 1:100 (Cell-Signaling
Technology), rabbit anti-p75 1:500 (Cell-Signaling Technology), mouse anti-B-IlI-tubulin 1:100
(Promega), rabbit anti-neurofilament-L 1:50 (Cell-Signaling Technology), anti-vGlut (Millipore) and
anti-Synaptophysin (Millipore). They were applied for 1 h (cells) at room temperature. After three
washing steps, secondary fluorochrome-conjugated antibodies (Alexa 555 anti-mouse or Alexa
488 anti-rabbit, Invitrogen, Life Technologies GmbH) were applied for 1 h at RT with a dilution ratio of
1:300. Nuclear staining was realized by incubation with 4,6-Diamidin-2-phenylindol (DAPI) (1 pg/mL,
Applichem) in PBS for 15 min at RT. Finally, the samples were mounted with Mowiol (self-made).
Imaging was performed using a confocal laser scanning microscope (CLSM 780, Carl Zeiss) and image
processing was executed with Image] and CorelDRAW [48] (open source and Corel Corporation).

2.5. Induced Neuronal Differentiation

Neuronal differentiation in the isolated cells was induced following the protocol described
by Miiller and colleagues [39]. Briefly, cells were seeded with a density of 2 x 10° cells per
6-well in hCSC-medium. After 48 h, neural differentiation was induced with a neuronal induction
medium containing 1 pM dexamethasone (Sigma Aldrich), 2 uM insulin (Sigma Aldrich), 500 uM
3-isobutyl-1-methylxanthine (Sigma Aldrich) and 200 pM indomethacin (Sigma Aldrich). Cells were
fed every 2-3 days by removing half of the medium and adding the same amount of fresh prewarmed
medium. After 7 days of culture, maturation of the cells was induced by adding retinoic acid (0.5 mM)
(Sigma Aldrich) and N2-supplement (1x) (Gibco) over 2 days. Afterwards, retinoic acid was removed
while N2 was applied until neuronal maturation at day 28. As undifferentiated control, cells were
cultured in hCSC-medium as described above. After 28 days, the protein expression was analyzed by
immunocytochemical staining.

2.6. Osteogenic Differentiation of hCSCs

The osteogenic differentiation of hCSCs was induced by biochemical cues according to Greiner
and coworkers [45]. Briefly, cells were seeded in hCSC-medium at a density of 3 x 103 cells/cm?.
After 48 h the medium was switched to an osteogenic induction medium supplemented with 100 nM
dexamethasone (Sigma Aldrich), 0.05 mM L-ascorbic acid-2-phosphate (Sigma Aldrich) and 10 mM
B-glycerophosphate (Sigma Aldrich). The medium was changed every 2-3 days. After 21 days,
differentiated cells were processed for RNA-Isolation as described below. For undifferentiated controls,
cells were cultured in hCSC-medium as described above.

2.7. Adipogenic Differentiation of hCSCs

For adipogenic differentiation, hCSCs were cultivated in DMEM (Sigma Aldrich) containing 10%
FCS (Sigma Aldrich) and plated at a density of 4 X 103 cells /em?. After 48 h, 1 uM dexamethasone
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(Sigma Aldrich), 2 pM insulin (Sigma Aldrich), 500 uM 3-isobuthyl-1-methylxanthine (Sigma Aldrich)
and 200 pM indomethacin (Sigma Aldrich) were added to the medium and cultivated for 72 h.
Afterwards, the medium was switched and cells were cultivated for 4 days in DMEM containing 10%
FCS and 2 pM insulin (Sigma Aldrich) to induce adipogenic differentiation. These two media were
alternatingly used and changed every 4 days for 3 weeks. As undifferentiated control, cells were
cultured in hCSC-medium as described above.

2.8. Quantitative PCR

The RNA isolation was performed using the NucleoSpin RNA Kit (Macherey Nagel, Bethlehem,
PA, USA) according to the manufacturer’s guidelines. The quality and concentration of the
obtained RNA was quantified by a spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA). For cDNA synthesis, the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was
applied in accordance with the manufacturer’s guidelines. qPCR was carried out using Perfecta
SYBR green Supermix (quantaBio, Beverly, MA, USA) following the manufacturer’s instructions with
primers for PPARG (fwd: GGATGCAAGGGTITCTTCCG, rev: AACAGCTTCTCCTTCTCGGC),
ON (fwd: AAACATGGCAAGGTGTGTGA, rev: TGCATGGTCCGATGTAGTC) and GAPDH
(fwd: CATGAGAAGTATGACAACAGCCT, rev: AGTCCTTCCACGATACCAAAGT).

2.9. RNA-Seq and Bioinformatic Analysis

RNA of cultured cells was isolated with the NucleoSpin RNA Kit (Macherey Nagel, Diiren,
Germany) and stabilized with RNAstable (Biomatrica, San Diego, CA, USA) for transport at
room temperature. RNA was sequenced by Novogene (Beijing, China) using the Illumina
Hiseq4000 platform with a paired end 150 bp strategy. RNA-Seq raw data are accessible
at NCBI Gene Expression Omnibus with the accession number GSE129547. More data were
downloaded from the NCBI Sequence Read Archive (SRA) with the accession numbers GSE140385
(CD34* hematopoietic stem cells [43]), GSE142831 (adipose-derived mesenchymal stem cells)
and GSE81827 (cardiosphere-derived cells [44]). Here, we took care to select datasets of paired
end sequencing runs from the Illumina platform to minimize technical variability between
the groups. From these studies, we selected the datasets of the control groups, to use only
expression data of untreated cells. First, all data were processed in the same way: FastqQC
(Version 0.11.19) was used for a first quality control of the raw data. Subsequently, trimming of
low-quality bases and adapter clipping was performed with Trimmomatic-0.38 [49] with the
following settings: PE; -phred33; ILLUMINACLIP:TruSeq3-PE.fa:2:30:10; LEADING:6; TRAILING:6;
SLIDINGWINDOW:4:15; MINLEN:36. Clean reads were aligned to the Homo sapiens reference
genome sequence (GRCh38) using STAR 2.7.3a [50] with the following parameters: runThreadN 8§;
limitBAMsortRAM 32000000000; —outBAMsortingThreadN 8; —outSAMtype BAM SortedByCoordinate;
—outFilterMismatchNoverLmax 0.05; —outFilterMatchNminOverLread 0.8. FeatureCounts (version
2.0.0) was used to quantify the read number after mapping [51] with the following parameters:
-T 4; -t gene; -g gene_id; -a Homo_sapiens.GRCh38.78.gtf. Differential gene expression analysis
between two groups was performed using the DESeq2 R package [52]. Here, a publicly available
script from Stephen Turner was used with slight modifications (https://gist.github.com/stephenturner/
£60c1934405¢127f09a6). GO-term enrichment and KEGG pathways analysis were performed using the
gage package in R [53]. Here, a publicly available script from Stephen Turner was used with slight
modifications (https://www.r-bloggers.com/2015/12/tutorial-rna-seq-differential-expression-pathway-
analysis-with-sailfish-deseq2-gage-and-pathview/). The corresponding scripts are provided in the
supplementary materials. Visualization of significantly enriched terms was performed using Graph
Pad Prism 8.
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3. Results

3.1. hCSCs Show a NCSC-Like Expression Pattern and Differentiate into Mesodermal and Ectodermal
Derivates

For an initial comparison of hCSCs and ITSCs, we aimed to compare the marker expressions of
hCSCs and ITSCs on the protein level in vitro. In a previous publication, we already showed that
ITSCs express the neural crest-related stem cell markers Slug, 5100, Nestin and p75 [8]. To investigate,
whether hCSCs share this marker expression profile, we performed immunocytochemical stainings of
cultured hCSCs and observed the presence of Slug, S100, Nestin and a slight expression of p75 proteins
(Figure 1A). Notably, Slug protein seemed to be localized in the nuclear compartment, indicating
its activity as a transcription factor (Figure 1A). In addition to the NCSC-like marker expression,
we investigated the differentiation capacity of hCSCs in comparison to ITSCs. As already shown
in a broad range of studies, ITSCs are able to differentiate very efficiently into mesodermal as well
as ectodermal derivates like neurons, osteoblasts and adipocytes [8,39,40,54]. We applied these
established protocols to hCSCs and detected 1-2% neuron-shaped cells positive for the neuronal
markers Neurofilament, 3-III-Tubulin, Synaptophysin and VGlut (Figure 1B). After directed osteogenic
differentiation of hCSCs, osteonectin expression was significantly upregulated (Mann Whitney Test,
p < 0.05) compared to an undifferentiated control (Figure 1C). HCSCs likewise successfully underwent
adipogenic differentiation resulting in the significant upregulation (Mann Whitney Test, p < 0.05) of
PPARG mRNA (Figure 1D) compared to undifferentiated controls. To investigate the differentiation
of hCSCs into cardiomyocytes within a cardiomyogenic environment, we performed coculture
experiments with primary neonatal beating mouse cardiomyocytes and lentiviral transduced GFP*
hCSCs. After 11 days of coculture, we detected GFP* beating human cardiomyocytes next to
mouse cardiomyocytes (Figure 1E, arrowheads). These observations confirmed the functionality
of hCSC-derived cardiomyocytes. Notably, we already could show that hCSCs express common
cardiomyocyte markers like x-actinin and Connexin43 after differentiation with biochemical cues [17].
In summary, hCSCs and ITSCs shared high similarities in the presence of marker proteins,
whereas differentiation capabilities differed in dependence on the respective niche of the stem
cell population (Figure S1).

3.2. Differential Gene Expression Between hCSCs and ITSCs Reflects the Particular Niches of Origin

We next extended our comparison of hCSCs and ITSCs from marker protein expression and
differentiation capacities to global gene expression profiles by performing RNA-Seq of hCSCs from
4 distinct donors as well as of ITSCs from 4 different donors. A principal component analysis (PCA)
showed that hCSCs and ITSCs formed distinct clusters, with PC1 explaining 49.6% of the total variance.
Further, the gene expression patterns of the single hCSC donors seemed to be more heterogeneous
than within ITSCs, visible by the distribution along the PC2 axis explaining 21.3% of the variance
(Figure 2A). To investigate these differences in more detail, we visualized the DEGs between both
groups in a volcano plot (Figure 2B). In total, 4367 genes were significantly differentially expressed
(p < 0.05) with 2074 significantly upregulated in hCSCs (p < 0.05) and 2,293 significantly upregulated
in ITSCs (p < 0.05). Interestingly, we found the genes for the transcription factors PAX3 and PAX9 to be
significantly overexpressed in ITSCs (PAX3 p ~ 7.9 x 10738; PAX9 p x 9.1 x 10~%7). We next reduced data
dimensionality by applying a KEGG pathway analysis. Here, five KEGG pathways were significantly
(g < 0.05) upregulated in hCSCs compared to ITSCs while only the KEGG pathway hsa04740 “olfactory
transduction’” was significantly (g ~ 1.1 x 107#) upregulated in ITSCs compared to hCSCs (Figure 2C).
This may reflect the origin of the examined cell populations, however the enrichment of only six
significantly up- or down regulated KEGG pathways could also demonstrate that this analysis was not
appropriate to visualize the differences between hCSCs and ITSCs. We therefore analyzed the GO-term
enrichment of biological processes. Among the top ten of the most significantly enriched GO-terms
of genes upregulated in hCSCs, we found terms associated with cardiovascular development like
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"blood vessel development’ (p ~ 1.9 x 1077), ‘blood vessel morphogenesis’ (p ~ 3 x 107°) and "heart
development’ (p = 1.5 X 1079) (Figure 2D). Furthermore, the top ten of the most significantly enriched
GO-terms of genes upregulated in ITSCs comprised terms like "detection of chemical stimulus involved
in sensory perception’ (p ~ 1.5 x 107), ’sensory perception of chemical stimulus’ (p ~ 1.7 x 10~) and
“detection of chemical stimulus involved in sensory perception of smell/taste’ (p ~ 4.9 x 10~ and
p ~ 5.1 x 10%) (Figure 2D). Since hCSCs were derived from the left atrial appendage of the human
heart and ITSCs were located in the inferior turbinate of the nose, these GO-terms were clearly linked
to the tissue of origin of the examined stem cell populations. Remarkably, general stem cell-associated
GO-terms of biological processes were not enriched when comparing global gene expression profiles
of hCSCs and ITSCs, leading to the assumption that both cell populations did not differ significantly in
their stem cell marker expression profiles. Further, we detected several markers for neural crest-derived
stem cells [55] that were expressed in both stem cells populations (Table 1).
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Figure 1. In vitro characterization of human cardiac stem cells (hCSCs): (A) Immunocytochemical
stainings of cultured hCSCs showed the expression of the NCSC markers Slug, 5100,
Nestin and p75. (B) Directed differentiation of hCSCs generated Neurofilament*/B-II-Tubulin* and
Synaptophysin*/VGlut* neuron-like cells. (C) Application of an osteogenic differentiation medium
resulted in the upregulation of Osteonectin mRNA (Mann Whitney Test, * p < 0.05). (D) Application of
an adipogenic differentiation protocol resulted in the upregulation of PPARG mRNA (Mann Whitney
Test, * p < 0.05). (E) GFP* hCSCs differentiate into beating cardiomyocytes (arrowheads) upon coculture
with primary mouse cardiomyocytes.

To further elucidate a potential contribution of neural crest-derived cells to adult cardiac structures
and cardiac functionality, we carefully reviewed literature reporting mutations in known neural
crest-associated genes expressed in ITSC and in hCSCs (Table 1). Interestingly, a wide range
of the resulting defects is represented by craniofacial abnormalities as well as congenital cardiac
defects such as Baraitser—Winter syndrome, oculodentodigital dysplasia, Pallister-Hall syndromes
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(PHS), Alagille syndrome, Autosomal dominant form of Adams-Oliver syndrome, Hajdu Cheney

Syndrome (HCS), Hirschsprung’s disease,
and Kabuki syndrome.
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Figure 2. Differential gene expression between hCSCs and inferior turbinate stem cells (ITSCs).
(A) Principal component analysis shows that hCSCs and ITSCs build separate clusters. (B) The volcano
plot shows 4367 significantly DEGs (green dots). (C) KEGG pathway analysis reveals six pathways to
be significantly (p < 0.05) up- or downregulated between hCSCs and ITSCs. (D) Top ten of the most
significantly enriched GO-terms referring to biological processes.
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Table 1. Diseases related to mutations in neural crest-associated genes expressed in hCSCs and ITSCs.

The read counts represent the mean of four replicates of hCSCs and ITSCs respectively. The mean read

count among all samples and genes was 957.

Gene Gene-ID Name Defects Mean Read Ref.
Counts
defects in the development of the
brain, eyes (colomba), and other facial
. . structures. Other defects may present . .
ACTB ENSG00000075624 Baraitser-Winter as short stature, ear anormalities with hCSC: 186,465; [56]
syndrome heari . . ITSC: 201,934.5
earing loss, cardiac malformations,
polydactyly, renal malformations,
neurologic disorders.
mutations of the CTNNB1 gene are
frequent (40-60% of cases) in hCSC:
CTNNB1 ENSG00000168036 Increased tumorigenicity —endometrioid endometrial carcinoma  19,904.75; [57,58]
(EEC) but have also been detected ina  ITSC: 20,509.5
broad range of other cancer types.
Recessive micrognathia, temporomandibular
EDNI  ENSG00000078401 Auriculocondylar joint and condyle anomalies, hCSC: 147175, 50
svndrome microstomia, prominent cheeks, and ITSC: 34.5
4 question-mark ears (QMEs).
upregulated in several cancer types
including intestinal tumors,
Increased hepatocellular carcinomas, gastric hCSC: 5757.25;
Fzb7 ENSG00000155760 tumorigeneicity cancer and breast cancer and is ITSC: 3631 (601
important for progression, invasion
and metastasis.
digital malformations, craniofacial
.. anomalies, occasionally deafness and . .
GJA1 ENSG00000152661 Oculodgntodlgﬁal dysplasia of the ears, abnormal hCSC: 40,788.5; [61,62]
Dysplasia o . ITSC: 6454
dentition, rarely cardiac
abnormalities.
CLI3 ENSG00000106571 Gre}ilgl ! dactvl polydactyly, minor craniofacial hCSC: 1482.75; [163,64]
E(?’le‘sspo YSYRAACYY  abnormalities. ITSC: 1591.25 >
Pallister-Hall syndromes hypothalamic hamart.omaf
(PHS) polydactyly, dysplastic nails, rarely [65]
congenital heart defects.
. mental and growth retardation, ) .
MSX1 ENSG00000163132 ZV(I)llel;(I;Ir:eschhorn craniofacial malformations, seizures, ?é%.lz%%25, [66,67]
Y tooth agenesis. ’
Witkop syndrome tooth agenesis, nail dysplasia. [66,68]
Cl\llgfrtl:yndromlc orofacial cleft lip and/or cleft palate. [66]
human nestin regulates cell
Development of the . s o hCSC: 7872;
NES ENSG00000132688 heart and brain proliferation in the heart and brain in ITSC: 17.177.5 [69]
a transgene mouse model.
intrahepatic bile duct paucity and
cholestasis, cardiac malformations,
. ophthalmological abnormalities, hCSC: 6108.25;
NOTCHI  ENSG00000148400 - Alagille syndrome skeletal anomalies, characteristic ITSC: 2544.75 (70,711
facial appearance, and renal and
pancreatic abnormalities.
Aortic valve disease valve calcification. [72]
terminal transverse limb
malformations, an absence of skin, a
Autosomal dominant partial absence of skull bones.
form of Adams-Oliver Occasionally vascular anomalies, [73,74]

syndrome

pulmonary or portal hypertension,
retinal hypervascularization,
congenital heart defects in 23% of the
patients.
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Table 1. Cont.
Gene Gene-ID Name Defects Mean Read Ref.
Counts
. hCSC: 27,494.5;
NOTCH2 ENSG00000134250 Alagille syndrome See above. ITSC: 11,911.25 [75]
rare disease characterized by
acroosteolysis, severe osteoporosis,
Haidu Chene short stature, craniofacial defects
) Y occasionally with cleft palate, [76,77]
Syndrome (HCS) . .
wormian bones, neurological
symptoms, sometimes cardiovascular
defects.
heterochromia, pigmentation hCSC: 1:
PAX3 ENSG00000135903 Waardenburg syndrome  anomalies, varying degrees of e [78]
ITSC: 3587.5
deafness.
defects in the formation of the iris hCSC: 44.75;
PAX6 ENSG00000007372  Aniridia (absence or hypoplasia), cornea, lens, ITSC: : 1 5 ’ [79]
fovea, and optic nerve T
RET ENSGo0000165731 Medullary thyroid intermediate risk hCSC: 5; [80]
carcinoma ITSC: 82
loss of neurons in the hindgut,
Hirschsprung’s disease congenital heart diseases (CHDs) are [81,82]
reported in 5% of the patients.
. mutations in the tumor suppressors hCSC: 5217.25; )
SMAD2  ENSG00000175387 Colorectal carcinoma Smad?. ITSC: 5108 [83,84]
defects in the connective tissue cause
. aortic aneurysms and arterial
Loeys-Dietz syndrome tortuosity, hypertelorism, and (851
bifid/broad uvula or cleft palate.
tumor growth and invasiveness in
Increased lung cancer, breast cancer progression, hCSC: 3667;
SNAL2 ENSG00000019549 tumorigeneicity upregulated in colorectal carcinoma ITSC: 8666.75 [86-69]
and may other cancer types.
upregulation in breast cancer cells, . .
SNAI1 ENSG00000124216 Increa.sed .. ovarian cancer, and may other cancer hCSC: 636.5; (88,90,
tumorigeneicity types ITSC: 642.5 91]
craniofacial malformations, mild limb
Saethre-Chotzen deformities, occasionally hearing loss, hCSC: 4361.75;
TWIST — ENSG00000122691 syndrome renal abnormalities and congenital ITSC: 8154.75 (92,931
heart malformations.
craniofacial dysmorphism, minor
skeletal anomalies, persistence of fetal
fingertip pads, mild-to-moderate hCSC: 7974 5;
KMT2D  ENSGO00000167548 Kabuki intellectual disability, and postnatal : o [94-96]

growth deficiency. Congenital heart
defects in 70% of patients with
mutations in the KMT2D gene.

ITSC: 6808.75

3.3. hCSCs and ITSCs Share Higher Similarities in Gene Expression Profiles with AdAMSCs and CDCs than

with HSCs

A comparison of two human stem cell populations from the adult heart (hCSCs) and the adult
inferior turbinate of the nose (ITSCs) in terms of gene or protein expression as well as differentiation
capacities showed differences that clearly reflected the niches or tissues of origin but no germ
layer-associated differences. Therefore, we were interested in a comparison of hCSCs and ITSCs with
other adult stem cell populations that were isolated and characterized independently in other labs.
To compare more adult human stem cell populations on a global gene expression level, we accessed
published RNA-Seq data of known human stem cell pools. Here, we took care to select datasets of paired
end sequencing runs from the Illumina platform to minimize technical variability between the groups.
In detail, we accessed expression data of cardiosphere-derived cells (CDC) [44], CD34+ hematopoietic
stem cells (HSC) [43] and adipose-derived mesenchymal stem cells (AdMSC) (NCBI GEO-accession



Biology 2020, 9, 435 11 0f 22

number GSE142831). From these studies, we selected the datasets of the control groups, to use only
expression data of untreated cells. First, all data were processed in the same way: Trimming of
raw reads was performed with Trimmomatic-0.38 [49] to clip adapter sequences and low-quality
bases. Subsequently, clean reads were mapped to the reference genome sequence GRCh38 using
STAR-2.7.3a [50] and read counts were quantified with featureCounts [51]. The resulting data were
further analyzed with the DESeq2 pipeline. Principal component analysis (PCA) revealed that all
cell populations formed individual clusters along the PC1 and PC2 axes. The greatest differences
existed between HSCs and all of the other stem cell populations, as PC1 explains 72.3% of the variance.
However, PC2 also distributed the stem cell populations with 9.3% of the variance (Figure 3A).
Interestingly, on the PC2 axis, adipose-derived MSCs and ITSCs were closer to each other than
to hCSCs.
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Figure 3. Comparison of global gene expression profiles of adult stem cell populations from different
sources. (A) Principal component analysis reveals that all cell populations cluster independently.
(B) The sample distance matrix reveals great differences between hematopoietic stem cells (HSCs) and
other adult stem cell populations.

We could further confirm that the global transcriptome of cardiosphere-derived cells sequenced by
Harvey and colleagues [44] shows higher similarity to, and is closer to hCSCs than to any of the other
adult stem cell population. These observations indicate a shared heart stem cell-specific expression
profile of hCSCs and CDCs and may allow the conclusion that minor differences visible on the PC2
axis were related to the niches of the stem cell populations. The large differences between HSCs and
the other examined stem cell populations were also visible in a sample distance matrix (Figure 3B)
and a hierarchical clustered heatmap of the 200 genes with the highest variance among all samples
(Figure 4). Here, all cell populations clustered individually, but CS were more distinct from ITSCs,
hCSCs and AAMSCs while HSCs showed the greatest differences to the other populations. A detailed
list of all 200 genes is provided in Table S1.

3.4. hCSCs and ITSCs Overexpress Stem-Cell Associated Genes When Compared with HSCs

Based on the observation that hCSCs and ITSCs shared highly similar global gene expression
patterns with AdMSCs and CDCs but not with HSCs, we decided to compare the transcriptomic
profiles of hCSCs and ITSCs with HSCs in more detail. We therefore examined differential gene
expression between the datasets of hCSCs and ITSCs compared to HSCs. A volcano plot demonstrated
the significant upregulation of 7154 (p < 0.05) genes in hCSCs and ITSCs compared to HSCs while
8975 genes were significantly downregulated (p < 0.05) in this comparison (Figure 5A). We further
conducted a KEGG pathway analysis. Here, we calculated overrepresented KEGG pathways and
plotted the ten most significantly enriched pathways (q < 0.05). Here, the upregulated KEGG pathways
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with the highest significance were ‘Focal adhesion’ (q ~ 3.5 x 1077) and "ECM-receptor interaction’
(q ~ 7.4 x 107°) (Figure 5B). Both pathways describe the adherent character of hCSCs and ITSCs
either to a cell culture surface or, when grown as spheres, to other cells. Interestingly, the KEGG
pathway MAPK was significantly enriched in genes that were upregulated in hCSCs and ITSCs
compared to HSCs (Figure 5B). We further performed GO-term enrichment of DEGs in hCSCs and
ITSCs in comparison to HSCs. The GO-terms corresponding to biological processes revealed high
enrichment in stem cell- and tissue repair-associated terms like "tissue morphogenesis’ (q ~ 1 x 10719,
"vasculature development’ (q ~ 2.1 x 1071%), ‘blood vessel development’ (q ~ 2 X 107!8) and "embryonic
morphogenesis’ (q ~ 4.5 X 1071°) (Figure 5C). In contrast, the GO-terms 'Immune response-regulating
cell surface receptor signaling pathway’ (q ~ 9.1 x 107°), “immune effector process’ (q ~ 1.5 x 10#) and
‘regulation of immune response’ (q ~ 1.8 X 107%) were significantly downregulated in hCSCs and ITSCs
compared to HSCs (Figure 5D). These data demonstrates that hCSCs and ITSCs share a transcriptional
profile that is associated with stem cell properties like tissue morphogenesis, vasculature development
and embryonic morphogenesis, while HSCs highly overexpress genes that are related to immune
response mechanisms.
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Figure 4. Hierarchically clustered heatmap of the 200 genes with the highest variance among all samples.
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Figure 5. Comparison of ITSCs and hCSCs with HSCs by differential gene expression analysis.
(A) Volcano plot shows 16,129 genes to be significantly (g < 0.05) differentially expressed (green dots)
in hCSCs and ITSCs compared to HSCs. (B) Top ten of the most significantly upregulated KEGG
pathways in hCSCs and ITSCs (g < 0.05). (C) Top ten of the most significantly enriched GO-terms in
hCSCs and ITSCs (g < 0.05). (D) Top ten of the most significantly enriched GO-terms in HSCs (g < 0.05).

4. Discussion

The present study describes the side-by-side comparison of two different adult human stem cell
populations from the left atrial appendage of the heart and from the inferior turbinate of the nose,
based on in silico and in vitro data. We detected stem cell marker proteins like Nestin, p75 and 5100 in
both stem cell populations, while global gene expression data revealed significant differences between
the populations reflecting the particular niches of origin.

Most studies investigating cardiac stem cells focus on their potential to differentiate into cardiogenic
cell types like cardiomyocytes, endothelial cells and smooth muscle cells [18,19,44,97], mainly with
regard to a potential use in regenerative medicine. In general, the description of these cell populations
focuses on the expression of cell surface markers like c-kit or Scal—commonly accepted markers
of cardiac stem cells. We very recently isolated a population of Scal*/cKit™ cardiac stem cells
from the adult human heart (hCSCs), which were able to give rise to x-actinin/Connexin43-positive
cardiomyocytes after directed differentiation in vitro [17]. In accordance with our previous findings,
hCSCs successfully differentiated into beating cardiomyocytes after exposure to a cardiomyogenic
environment in the present study. Next to differentiation into cardiomyocytes, we already observed the
presence of the intermediate filament Nestin in distinct spots in heart auricle tissue on protein level [17].
Within this study, we further extended these findings by the detection of Nestin also in cultured
hCSCs. In the murine system, Nestin* stem cells can be derived from the adult heart that give rise to
neurons [31,35,98], however a neurogenic differentiation potential in human adult cardiac stem cells has
not been shown so far. Here, we observed a small proportion of 1% Neurofilament™/B-III-Tubulin* and
2% Synaptophysin®/VGlut™* cells with neuron-like shape that were derived from human cardiac stem
cells upon application of a defined medium. We likewise detected a shared marker expression profile
of undifferentiated hCSCs with ITSCs, a known neural-crest derived adult stem cell population [8].
In addition to Nestin, the neural crest stem cell markers p75, Slug and 5100 were also present in both
cell populations on protein level.

The neural crest was initially described by Wilhelm His in the development of the chick
embryo as the intermediate chord appearing between the neural chord and the future ectoderm [27].
After neurulation, neural crest cells migrate to a broad range of target tissues within the developing
organism and give rise to various cell populations—cells of mesodermal and ectodermal type [33].
In addition, neural crest-derived cells also persist as adult stem cell populations within the adult
body [8,9,99-101]. Mutations in neural crest-related genes result in severe developmental defects
that are often presented in symptoms like malformations of craniofacial tissues, but also cardiac
defects. Here, we provide a list of syndromes and diseases that are caused by mutations of neural
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crest associated genes which are expressed in ITSCs as well as in hCSCs. Notably, ten of these defects
result in craniofacial malformations and also inherited heart defects (Baraitser-Winter syndrome [56],
oculodentodigital dysplasia [61,62], Pallister-Hall syndromes (PHS) [65], Alagille syndrome [75],
Autosomal dominant form of Adams-Oliver syndrome [73,74], Hajdu Cheney Syndrome [76,77],
Hirschsprung’s disease [81,82], Loeys—Dietz syndrome [85], Saethre-Chotzen syndrome [92,93],
and Kabuki syndrome [94-96]). Although a range of stem cell populations was described to be
present in the human heart [6,102,103], a potential relation of these human cardiac stem cell populations
to the neural crest has not been described so far. Accordingly, a potential developmental relation of
cardiac stem cells to the neural crest has already been suggested in mice and rats [28,29,31,32,104].
In particular, El-Helou and colleagues demonstrated the presence of NCSCs in the adult rat heart
via expression of Nestin [31], a characteristic NCSC-marker associated with proper self-renewal of
stem cells [33,34], while Tomita and coworkers showed that Nestin* NCSCs in the mouse heart give
rise to cardiomyocytes in vivo [35]. Notably, similar to neural crest-derived stem cell populations
residing within the head and neck region [8,9,39,105,106], hCSCs exhibited an extended differentiation
capability by giving rise to cardiomyocytes, but also other mesodermal and ectodermal cell types.
However, we also observed differences in the differentiation potential of both stem cell populations
particularly regarding the extraordinary high differentiation capability of ITSCs into the neuronal
lineage (70%) [39-41], which is only minor in hCSCs (1-2%). We suggest these differences to depend
on the niches of the stem cell populations, which is in line with the GO-term enrichment analysis of
DEGs in hCSCs and ITSCs.

As already postulated by Iancu and colleagues, not only the presence of single cell surface
markers but rather an extensive marker profile, consisting of a combination of specific cell surface
markers and global gene expression, are required to distinguish distinct cardiac and non-cardiac
stem cell populations [107]. In this regard, we performed RNA-Seq to compare global transcriptional
profiles of hCSCs with ITSCs. In a previous study, we showed a large difference in global gene
expression between ITSCs and human embryonic stem cells using microarrays [8]. Here, RNA-Seq
allowed us to detect 4367 genes that were significantly differentially expressed between hCSCs and
ITSCs. Although both cell populations formed distinct clusters in a principal component analysis,
the most significantly enriched GO-terms only comprised a description of the particular tissues of
origin. Interestingly, GO-terms that are linked to certain germ layers of origin are not enriched among
the DEGs, leading to the conclusion that hCSCs and ITSCs may share a joint developmental origin.
To the best of our knowledge, analyses of RNA-Seq data comparing different stem cell populations
from different laboratories are rare. Jansen and colleagues compared different mesenchymal stem cell
populations side-by-side in a microarray experiment and could show that the functional status of cell
populations can indeed be monitored by the transcriptomic profile [108]. However, the usability of
global transcriptome data for identification of a cell population and its functional status also implies
the limitation that not every mRNA is translated into a functional protein. Using next-generation
sequencing, Taskiran and coworkers compared human bone marrow mesenchymal stem cells and
dermal fibroblasts and identified several homeobox genes to be differentially expressed [109]. Paired box
(PAX) genes are suggested to contain homeobox genes. We likewise detected the PAX genes PAX3
and PAX9 to be differentially expressed between hCSCs and ITSCs. PAX3 is known as key player in
cranial neural crest development and is associated with neural crest-related diseases like Waardenburg
syndrome [110], while PAX9 initiates tooth development [15,111-113].

In addition to the side-by-side analysis of hCSCs and ITSCs, we compared here for the first time
the global gene expression profiles of five adult human stem cell populations from diverse niches.
The principal component analysis provided here demonstrates that hCSCs, ITSCs, AAMSCs and
CDCs share much more similarities with each other than with HSCs. Interestingly, adipose-derived
MSCs and ITSCs were closer to each other than to hCSCs on the PC2 axis, suggesting the observed
variances resulted from biological differences between the different stem cell populations rather
than from the use of different library preparation protocols or sequencing platforms. The MSC
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population in this study is derived from the adipose tissue while HSCs are isolated from the
bone marrow. However, during development, both stem cell populations have their origin in the
mesoderm. Remarkably, although HSCs and MSCs share their developmental origin in the mesoderm,
their transcriptomic profiles show great differences in our analysis. Likewise, regarding differences
between HSCs and MSCs, 16,129 genes were found to be differentially expressed between hCSCs
and ITSCs compared to HSCs while a direct comparison of hCSCs and ITSCs revealed only
4367 DEGs. GO-term analysis demonstrated the enrichment of stem cell-associated terms like
‘tissue morphogenesis’, ‘vasculature development’, ‘blood vessel development’ and ‘embryonic
morphogenesis’, while terms like ‘immune response-regulating cell surface receptor signaling pathway’,
‘immune effector process’ and ‘regulation of immune response’ were significantly downregulated in
hCSCs and ITSCs compared to HSCs. This may indicate a similar regulation of stem cell-associated
transcripts in hCSCs and ITSCs. Furthermore, our data reflect the diverging developmental potentials
of HSCs and other more tissue-bound stem cell populations. The upregulation of immune-regulatory
pathways and GO-terms is a known characteristic of hematopoietic stem- and progenitor cells and
reflects the hematopoietic fate of these cells [114-116]. The terms “extracellular matrix organization” and
‘morphogenesis of an epithelium’ upregulated in hCSCs and ITSCs compared to HSCs underline the
adherent character of non-HSC populations. This linkage is further emphasized by the upregulation
of the terms "focal adhesion” and "ECM-receptor interaction” as most significantly upregulated
KEGG-pathways in hCSCs and ITSCs. Interestingly, also the term "MAPK signaling pathway” was
among these upregulated KEGG pathways. We already identified p38 MAPK as a crucial pathway
mediating proliferation of blood serum-treated hCSCs [17]. The dimensionality of data that can be
gained by RNA-Seq of cell populations is very large due to the high number of expressed genes. In our
analysis, we detected 16,129 DEGs. This exceeds the number of proteins, which can be analyzed in
comparative methods such as 2D gel or LC/MS analysis with 500-5000 proteins per sample [117-119].
However, single cell RNA-Seq (scRNA-Seq) might increase the amount of information that can be
gained from such analyses. This would especially be useful for the examination of subtypes within
a population [120]. In the context of the present study, we aimed to investigate the differences
between distinct stem cell populations and therefore applied bulk RNA-Seq, which is a more robust
and cost-effective method. Furthermore, the analysis of RNA is limited since not every expressed
mRNA is related to a functional protein. The present study faces this challenge by providing both
RNA-Seq data as well as a selection of stem cells markers on the protein level, accompanied by
functional differentiation assays. In addition, future studies comparing the proteomes of adult stem
cell populations may allow the transfer of our observations on the global transcriptome level to the
functional protein level.

5. Conclusions

In summary, we provide a direct comparison of Nestin*/CD105" adult hCSCs and neural
crest-derived ITSCs from the human nasal cavity regarding the presence of molecular marker proteins,
their differentiation capacities as well as their global transcriptomes. We show that transcriptional
differences between hCSCs and ITSCs depend on their particular niches, which is also reflected on
a functional level regarding their differentiation potentials. However, a potential difference in their
developmental origins could not be found based on RNA-Seq data, while a broad range of neural
crest-associated genes was found to be expressed in both stem cell populations, suggesting the neural
crest as a developmental origin of hCSCs. We further extended these findings by the comparison of
hCSCs and ITSCs with other known adult stem cell populations, identifying HSCs as a population
with less stem cell-associated but more immune regulatory properties. The analyses provided here
might help to understand the global transcriptional differences between different adult human stem
cells populations, although our observations are limited to the mRNA level.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-7737/9/12/435/s1,
Figure S1: Molecular characterization of ITSCs. (A) Cultured ITSCs express the neural crest stem cell markers
5100 and Nestin. (B) Neurogenic differentiation potential of ITSCs, Table S1: Corresponding gene identities to the
heatmap in Figure 4.
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Simple Summary: Adult human stem cells possess the ability to contribute to endogenous regener-
ation processes of injured tissue by migration to the specific locations. For stem cell-based clinical
applications it is highly important to gain knowledge about the migration behavior of adult human
stem cells and the underlying molecular mechanisms of this ability. Human blood serum has al-
ready shown to have beneficial effects on other regenerative capacities of adult human stem cells.
Within this study we tested the effect of human blood serum on the migration behavior of stem cells
from the human heart. We used a microfluidic cultivation device, which allowed us to monitor the
living cells and their movement behavior in real time. After addition of human blood serum, the
heart stem cells increased their speed of movement and covered distance. Further, we observed that
this effect can be diminished by inhibition of a specific kinase p38-MAPK. Thus, our data suggest
beneficial effects of human blood serum on adult human heart stem cells in dependence on p38-
MAPK. Our study contributes to a deeper understanding of the dynamics of stem cell migration
and introduces a new system to monitor stem cell movement in real time.

Abstract: Migratory capabilities of adult human stem cells are vital for assuring endogenous tissue
regeneration and stem cell-based clinical applications. Although human blood serum was already
shown to be beneficial for cell migration and proliferation, little is known about its impact on the
migratory behavior of cardiac stem cells and underlying signaling pathways. Within this study, we
investigated the effects of human blood serum on primary human cardiac stem cells (hCSCs) from
the adult heart auricle. On technical level, we took advantage of a microfluidic cultivation platform,
which allowed us to characterize cell morphologies and track migration of single hCSCs via live cell
imaging over a period of up to 48 h. Our findings show a significantly increased migration distance
and speed of hCSCs after treatment with human serum compared to control. Exposure of blood
serum-stimulated hCSCs to the p38 mitogen-activated protein kinase (p38-MAPK)-inhibitor
SB239063 resulted in significantly decreased migration.

In summary, we demonstrate human blood serum as a strong inducer of adult human cardiac stem
cell migration in dependence on p38-MAPK-signalling. Our findings further emphasize the great
potential of microfluidic cultivation devices for assessing spatio-temporal migration dynamics of
adult human stem cells on single cell level.

Keywords: cardiac stem cells; single-cell analysis; p38-MAPK; cell morphology; stem cell migration;
microfluidics; human blood serum.
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1. Introduction

Adult human stem cells (ASCs) can be found in various tissues of the human body
where they remain as quiescent cells in their respective niches and -upon activation- con-
tribute to tissue renewal and regeneration [1]. To reach the exact locations of damaged
tissue, ASCs often exhibit a migratory behavior, referred to as homing [2]. The underlying
mechanisms of this process are well described: migration requires a deformation of the
cell shape, which is achieved by reorganization of the actin cytoskeleton. Here, a highly
orchestrated cascade of actin polymerization drives the formation of protrusions and the
adhesion to a substrate or extracellular matrix (ECM) at the leading zone of cell movement
[3].

In recent years, various stimuli have been identified that induce or inhibit migratory
behavior in diverse cell populations. Next to mechanical factors like sheer stress, matrix
stiffness or mechanical strain [4-7], a range of chemokines, cytokines and growth factors
is involved in the regulation of stem cell migration behavior [8].

The application of human blood plasma and serum is a therapeutic approach chosen
in cases of impaired wound healing [9], coagulopathy [10], and liver cirrhosis [11]. More-
over, the use of convalescent plasma is currently under discussion as treatment option in
the COVID-19 pandemic [12,13]. In vitro cultivation of adult human stem cells with human
blood plasma or serum has demonstrated increased proliferation and viability [14-17].
Mishima and coworkers have shown increased migration of human articular chondro-
cytes and MSCs in response to 5 %, 10 % and 20 % fetal bovine serum (FBS) [18]. Human
keratinocytes were demonstrated to respond to human serum treatment with increased
migration in dependence on activation of p38 mitogen-activated protein kinase (p38-
MAPK) [19]. In contrast, human serum inhibited the migration of human fetal skin fibro-
blasts and fetal lung fibroblasts [20,21]. These data demonstrate that the effect of human
serum on cell migration strongly depends on the cell type. In this context, the influence of
human blood serum on the migration behavior of adult human stem cells is only poorly
described. In the present study, we assessed potential effects of blood serum on migration
of adult human cardiac stem cells.

Adult human cardiac stem cells (hCSCs) were first described in 2007 as multipotent
population residing from the adult human myocardium [22]. However, their in vivo con-
tribution to cardiac regeneration remains unclear and is highly discussed [23]. Therefore,
investigations that describe the migratory behavior of adult human cardiac stem cells
could be an important contribution to the current knowledge of cardiac stem cell behav-
ior. Very recently, we identified a human cardiac stem cell population that is derived from
the left atrial appendage of the adult heart [14,24]. These cells express common cardiac
stem cell markers like Scal but also markers that are associated to the neural crest. Like-
wise, their differentiation potential extends the cardiogenic lineage to a differentiation
capacity into the adipogenic, neurogenic and osteogenic derivates. We therefore con-
cluded these cells to be a novel neural crest-derived cell population isolated from the adult
heart. Best to our knowledge, little is known about homing and migration of adult cardiac
stem cells. However, we already could show that human blood plasma and serum have
beneficial effects on hCSC viability in terms of inducing cell proliferation and protection
from senescence. Moreover, we showed p38-MAPK pathway to be highly important in
this process [14]. The p38-MAPK pathway has been described as an important player in
the regulation of migration in various cell types [25-29]. Recently, Dubon and colleagues
showed that p38-MAPK mediated the migrative response of murine MSC-like ST2-cells
to TGF- 1 [25]. P38-MAPK was also shown to be crucial for human umbilical cord blood-
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derived MSC migration [26]. Within this study, we aimed to investigate the effects of hu- 94

man blood serum on hCSC migration and a potential role of p38-MAPK within this pro- 95

cess. 9%

On technical level, experiments assessing cell migration are mainly carried out to 97

date as scratch wound assays or compartmentalization of the cultivation wells with 98

transwell inserts [8]. These assays are often limited to an end-point determination of entire 99
populations concerning migration distance or direction and do not allow any insights into 100
single-cell behavior. Further, standard cell culture dishes or flasks only operate in batch- 101
mode, thus cells experience changing environmental conditions during the experiment. 102
Facing this challenge, a range of microfluidic approaches has been developed [30-32]. In 103
comparison to classic assays, microfluidic concepts feature several benefits for cultivating 104
and analyzing stem cell migration. Most prominent in the field of microfluidics is the uti- 105
lization of polydimethylsiloxane (PDMS)-based devices, which facilitate the application 106
of microscopic live cell imaging because of their optical transparency and ease of use 107
[33,34]. When compartmented, single-cell growth and motility is restricted to selected po- 108
sitions on the microfluidic device so that time-lapse microscopy results in a high spatio- 109
temporal resolution of cellular behavior [35]. Decreasing the experimental scale from mil- 110
liliter to nanoliter furthermore reduces the needed volume of a sample and the reagent 111
consumption, making microfluidic approaches especially beneficial in case of expensive 112
reagents or rare samples like patient cells [36]. Since most microfluidic devices are oper- 113
ated in perfusion-mode, they come with a high level of environmental control resulting in 114
constant cultivation conditions or even allow dynamic changes between different condi- 115
tions [37]. Based on their design, most devices enable a vast degree of parallelization and 116
thus a high experimental throughput [38]. Different approaches aiming at scaling down 117
conventional scratch or compartmentalization assays to microscale by either inserting a 118
wound into a pre-grown monolayer or sparing distinct areas from being confluently over- 119
grown can be found in literature [39,40]. Additionally, microfluidic setups with defined 120
experimental compartments e.g., growth chambers or migration channels, where -con- 121
trary to monolayers- single cells are applied to study cellular migration, have been re- 122
ported. However, spatio-temporal tracking of single cells was limited to experimental pe- 123
riods below 12 h [7,41-43]. 124
Within this study, single-cell behavior of primary adult human cardiac stem cells 125
(hCSCs) inside a previously introduced microfluidic cultivation device [44] was tracked 126
and analyzed for up to 120 h under controlled environmental conditions. We here provide 127
an overview of different cell morphologies during migration, cell division or cell death. 128
We further traced the migration distance and speed of hCSCs in dependence on human 129
blood serum for up to 48 h. After application of human blood serum, the distance as well 130
as the migration speed of hCSCs was significantly increased compared to untreated cells. 131
Moreover, we demonstrated a p38-dependent activation of migratory behavior upon se- 132
rum treatment. The here presented method offers the possibility to directly track the re- 133
sponse of primary adult human stem cells in terms of their spatio-temporal migration dy- 134
namics and morphology upon treatment with different stimuli. 135
136



Biology 2021, 10, x FOR PEER REVIEW 4 of 15

2. Materials and Methods 137
2.1. Isolation and cultivation of human cardiac stem cells 138

Adult human cardiac stem cells (hCSCs) were derived from left atrial appendages 139
that were isolated during routine heart surgery according tolocal and international guide- 140
lines (declaration of Helsinki) after informed and written consent. Isolation and further 141
experimental procedures were ethically approved by the ethics commission of the Ruhr- 142
University Bochum (Faculty of Medicine, located in Bad Oeynhausen) (approval reference 143
number eP-2016-148). Isolation and cultivation of hCSCs was carried out as described be- 144
fore [14,24]. After precultivation and expansion of hCSCs in a T25 cell culture flask (Sar- 145
stedt AG and Co., Niirmbrecht, Germany), cells were detached using Trypsin-EDTA 146
(Sigma Aldrich, St.-Louis, MO, USA) and a suspension of approx. 106 cells/mL was pre- 147
pared for loading onto a microfluidic cultivation device. After successful seeding of 148
hCSCs in the cultivation chambers, cells were allowed to attach to the surface for 24 hin 149
hCSC-medium containing DMEM/F12 (Sigma Aldrich) supplemented with 10 % fetal calf 150
serum (VWR, Radnor, PA, USA), 10 mg/mL penicillin/streptomycin (Sigma Aldrich), 151
200 mM L-glutamine (Sigma-Aldrich), 5 ng/mL basic fibroblast growth factor (bFGF) 152
(Peprotech, Hamburg, Germany) and 10 ng/mL epidermal growth factor (EGF) (Pepro- 153
tech) (Fig. 1). In the starvation period, the medium was switched to starvation-medium 154
consisting of DMEM/F12 (Sigma Aldrich) supplemented with 10 mg/mL penicillin/strep- 155
tomycin (Sigma Aldrich), 200 mM L-glutamine (Sigma-Aldrich), 5 ng/mL basic fibroblast 156
growth factor (bFGF) (Peprotech, Hamburg, Germany) and 10 ng/mL epidermal growth 157
factor (EGF) (Peprotech) for 24 h. In the treatment phase, starvation medium was supple- 158
mented with either 10 % human blood serum or 10 % human serum and 50 uM p38- 159
MAPK-inhibitor SB239063 (Medchemexpress, Sollentuna, Sweden) in accordance to our 160
previous study [14]. Blood plasma was collected from routine blood donation service from 161
healthy individual donors. For the isolation of serum from fresh frozen plasma (FFP), 20% 162
CaClz was added in a ratio of 1:50 and incubated at 4 °C overnight. After centrifugationat 163

1920 RCF for 20 min, blood serum was harvested from the supernatant. 164
165
day 0 1 2 5
| | | >

attachment starvation treatment 166

Figure 1: Consecutive cultivation conditions of hCSCs in the microfluidic cultivation device. 167
168

2.2. Microfluidics 169

The applied microfluidic PDMS-glass cultivation device was fabricated in a multiple- 170
step procedure as described before [44]. Using photolithographic techniques, a silicon wa- 171
fer was fabricated in clean room facilities. In a following soft lithography step, PDMS base 172
and curing agent (SYLGARD 184 Silicone Elastomer, Dow Corning Corporation, USA) 173
were mixed in a 10:1 ratio and PDMS chips were molded from the wafer. After an inter- 174
mediate cleaning step, the PDMS chip and a glass substrate were surface-activated via 175
oxygen plasma and covalently bonded to each other. Microfluidic cultivation of single 176
hCSC cells was performed on an automated inverted microscope (Nikon Eclipse Ti2, Ni- 177
kon Instruments, Germany) for multiple days. To assure steady cultivation conditionsa 178
microscope incubator system (Cage incubator, OKO Touch, Okolab S.R.L,, Italy) and ad- 179
ditional CO2 incubation chamber (H201-K-FRAME GS35-M, Okolab S.R.L.) were applied, 180
guaranteeing a constant cultivation temperature of 37 °C and an atmosphere of 5 % COz. 181
Time-lapse images of relevant positions were taken periodically to monitor cellular mor- 182
phology and migration behavior via phase-contrast microscopy, applying a 40x objective 183
(NIS Elements AR 5.20.01 Software, Nikon Instruments). 184
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By manually flushing the microfluidic cultivation device with cell suspension, hCSCs 185
were seeded into the respective cultivation chambers until loading was sufficient. Subse- 186
quently, single-use syringes containing cultivation medium were connected via PTFE tub- 187
ing to the microfluidic chip and medium supply with a constant flow rate of 2 uL/min was 188
established by the use of low-pressure syringe pumps (neMESYS, CETONI, Germany). 189

190

2.3. Data analysis 191

Following up microfluidic single-cell cultivation, microscope images were exported 192
as 8-bit TIFF images and processed with Image]J/Fiji software to create videos [45]. The 193
manual tracking plugin was used to visualize the migration paths of the cells and the 194
corresponding data were statistically analyzed with Prism software (GraphPad Software, 195

San Diego, CA, USA). 196
3. Results 197
3.1. Successful cultivation of human cardiac stem cells in a microfluidic cultivation device 198

To access the ability of hCSCs to survive and proliferate in a microfluidic cultivation 199
device, the already established MaSC platform [44] was adapted to the cultivation and 200
analysis of single adult cardiac stem cells. 201

The applied device consists of four parallel-arranged independent cultivation arrays 202
(Fig. 2A) which simultaneously enable four different experiments. For seeding hCSCsinto 203
the device, we prepared a solution of approx. 10° cells/mL in hCSC-medium. Cell suspen- 204
sion was flushed into each array through the outlet by means of a 1 mL single-use syringe 205
and cells were seeded into the respective cultivation chambers by manually moving the 206
solution back and forth through the adjacent supply channels (Fig. 2B). Since there isno 207
flow inside the chambers, single cells entered the chambers randomly. Following success- 208
ful loading, pumping periphery was connected to the devices’ inlets and the flow-through 209
was collected in a waste tube, which then was connected to the arrays’ outlets. Due to a 210
constant perfusion of the microfluidic device with a flow rate of 2 pL/min, seeded cells 211
were continuously supplied with fresh hCSC-medium guaranteeing consistent cultivation 212
conditions. Mass transport inside the chambers with a dimension of 200 x 200 um (200 x 213
350 um) and a height of 8 pum is almost exclusively diffusive. Flow inside the chamber is 214
additionally restricted by the difference in height between the cultivation chambers and 215
the supply channel (Fig. 2C). Therefore, hCSC cells were not exposed to any shear stress 216
inside the cultivation chambers. Positions of cell containing chambers were marked in the 217
software and the microscope was programmed to record images of each positionin a pre- 218
set interval (Fig. 2 D). Here, we detected a high number of cells attached to the PDMS- 219
surface, which were migrating and proliferating (Fig. 2 E) (supplemental video S1). 220

221
222
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Figure 2: Chip design and working principle of the experimental setting. A) Microfluidic cultiva-
tion device consisting of four cultivation arrays for the analysis of hCSC cells. B) Schematic figure
of one cultivation array. Each array includes four parallel supply channels with 30 cultivation
chambers between two of them, resulting in a total number of 60 chambers per array. C) Three
exemplary cultivation chambers with an area of 200 x 200 um and a height of 8 um. The adjacent
supply channels with a width of 200 pm are twice as high. Mass transport from supply channel
into the cultivation chambers is almost exclusively diffusive. D) Experimental setup showing the
syringe pump for steady medium supply, the microfluidic cultivation device mounted onto an
inverted microscope, and the computer-assisted automated live cell imaging. E) Time-lapse image
sequence illustrating cellular behavior of single hCSC cells.

3.2. Migrating hCSCs exhibit diverse morphologies and migration patterns

During cultivation in the microfluidic device and accompanying image acquisition
of single cells, we were able to observe various morphologies and migration behavior such
as a mesenchymal-like shape (Fig. 3 A) or ameboid-like migration along the walls of the
cultivation chambers (Fig. 3 B). Further, some migrating cells also exhibited a flattened
morphology with pseudopodia or lamellipodia in the leading zone (Fig. 3 C). These dif-
ferent morphologies were presented alternately by the same individual cells, making the
underlying mechanisms and signaling pathways highly interesting for future studies. We
further detected temporary cell-cell-contacts between neighboring cells by the formation
of stretches reaching out to the other cells and the subsequent withdraw of these stretches
(Fig. 3 D) (supplemental video S2). Especially in the attachment phase and for cells ex-
posed to serum in the treatment phase, we could detect events of cytokinesis where a cell
first exhibited a sphere-like morphology followed by the formation of a cleavage furrow
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and the stretching of the two daughter cells to a flattened shape with leading zone lamel- 247
lipodia migrating away from each other (Fig. 3 E) (supplemental video S3). Events of cell 248
death were visible in each treatment group but especially in the group of cells treated with 249
serum-free medium. Dying cells formed a rounded shape with disheveled margins result- 250
ing in lysis or release of the cytoplasm (Fig. 3 F) (supplemental video S4). Although we 251
could not analyze these morphologies and events in a quantitative manner, we here sum- 252
marize exemplary images and schemes of these different events and morphologies to pre- 253
sent for the first time an overview of the different morphologies of adult human cardiac = 254
stem cells during in vitro cultivation. 255

256
A Mesenchymal migration mode Amebiod migration mode

sopm ' h--

= S) ==
50 S0pm_ 50 um

D Temporary cell-cell-contact

el
e

Y
Cell death

- B
50 ym 50 pm

Figure 3: Examples of different morphologies, behavior and rare events occurring during cultiva- 258
tion of hCSCs in a microfluidic chip. A) Mesenchymal migration mode. B) Ameboid-like migration 259
behavior of hCSCs attached to the chamber’s walls. C) Lamellipodia visible in the leading zone of 260

C Mlgratlon with visible lamellipodia

E Cell division

=

257

migrating cells (yellow arrowheads). D) Neighboring cells form temporary cell-cell-contacts. E) 261
hCSCs undergo mitosis while forming a sphere-shaped morphology followed by a flattened mor- 262
phology of the daughter cells migrating away from each other. F) Cell death of hCSCs is repre- 263
sented by a sphere-like structure where cytoplasm is leaking. Green arrows indicate the direction 264
of cell migration. 265
3.3. Human blood serum enhances the migration distance and speed of hCSCs 266

We next applied a starvation phase of 24 h by switching the syringe connected to the 267
arrays’ inlets from FCS-containing hCSC-medium to serum-free medium. Here, hCSCs 268
remained viable and attached to the surface. In the following treatment period, the sy- 269
ringes with the medium of one array were switched to medium containing 10 % human 270
blood serum. In vitro cultivation of adult human stem cells with human blood plasma or 271
serum has demonstrated increased proliferation and viability [14-17]. To investigate a po- 272
tential effect of human serum on hCSC migration, we here tracked the covered path of 273
single cells that were cultivated under exposure to blood serum or to control medium in 274
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our microfluidic device. We captured images of marked positions every 15 min and ana- 275
lyzed these data using the manual tracking plugin of ImageJ [45]. HCSCs showed migra- 276
tion behavior in the cultivation chambers under each cultivation condition, although the 277
migration activity of serum treated hCSCs was highly increased (Fig. 4 A, B) (supple- 278
mental video S5). The resulting data allowed us to statistically compare the migration dis- 279
tance and velocity of the two treatment groups. The covered track of serum-treated hCSCs 280
was significantly longer than of hCSCs treated with serum-free medium (Fig. 4 C). Fur- 281
ther, serum treatment significantly increased the velocity of migrating hCSCs compared 282
to untreated hCSCs (Fig. 4 D). These results encouraged us to functionally analyze puta- 283
tive underlying pathways involved in the blood serum-mediated increase of hCSC-migra- 284
tion. 285

286
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Figure 4: Human blood serum enhances migration behavior of hCSCs. A) Exemplary images of 288
hCSCs cultivated without serum directly after medium switch, after 19:45 h and after 40:45 h. The 289
blue line indicates the migration path. B) Exemplary images of hCSCs cultivated with human 290
blood serum directly after medium switch, after 19:45 h and after 40:30 h. The blue line indicates 291
the migration path. C) Migration distance of hCSCs is significantly increased by the application of 292
human serum. D) Migration velocity of hCSCs is significantly increased by the application of hu- 293
man serum. 294
3.4. Inhibition of p38-MAPK leads to decreased migration of blood-serum stimulated hCSCs 295

We recently described a blood serum-mediated effect on hCSC proliferation and se- 296
nescence which is party mediated by p38-signaling [14]. These data motivated us totesta 297
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possible influence of p38-MAPK on the blood serum mediated migration of hCSCs. We
therefore performed a microfluidic experiment where p38-MAPK-inhibitor SB239063 was
applied to hCSCs along with human blood serum. Cells cultivated in serum-free medium
exhibited a moderate migration track (Fig. 5 A), while the application of human serum led
to increased migration (Fig. 5 B). Interestingly, cells cultivated in the presence of human
blood serum and the p38-MAPK-inhibitor showed almost no migration accompanied by
a mesenchymal-like morphology (Fig. 5 C) (supplemental video S6). Quantitative assess-
ment of the covered tracks showed a significant increase in the migrated distance of se-
rum-treated hCSCs compared to untreated cells. This effect was reversed after co-admis-
sion of the p38-MAPK-inhibitor SB239063, which resulted in a significantly decreased mi-
gration distance of hCSCs compared to their serum-treated counterparts (Fig. 5 D). We
likewise observed the strong increase in migration velocity of serum-treated hCSCs (com-
pared to untreated cells) to be significantly reduced by additional inhibition of p38-MAPK
(Fig. 5 E).

control >

O serum @

[ .
()
Ex
5 Q
Fadli—
o <=
n S
+
D 307 *kkk *kkk E 197 kK k kK%
— u 5 L]
E £
= 207 g = 1.0- -
P . u g ] -
3 =
E gt *g ]
g 10+ ° T 2 0.5+ ° "an
a8, g &,
0 T T T 0.0 T T T
Control Serum Serum+Inhibitor Control Serum Serum+Inhibitor

Figure 5: Increased migration behavior of hCSCs after application of human blood serum is de-
pendent on p38-MAPK signaling. A) Exemplary images of hCSCs cultivated without serum di-
rectly after medium switch, after 23:20 h and after 47:20 h. The blue line indicates the migration
path. B) Exemplary images of hCSCs cultivated with human blood serum directly after medium
switch, after 23:20 h and after 47:20 h. The blue line indicates the migration path. C) Exemplary
images of hCSCs cultivated with human blood serum and p38-MAPK-inhibitor SB239063 directly
after medium switch, after 23:20 h and after 47:20 h. The blue line indicates the migration path. D)
Migration distance of hCSCs is significantly increased by the application of human serum. This
effect is reversed by the inhibition of p38. E) Migration velocity of hCSCs is significantly increased
by the application of human serum. This effect is reversed by inhibition of p38.
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4. Discussion 324

The present study describes the beneficial effects of human blood serum on human 325
cardiac stem cell migration by implementing a microfluidic single cell cultivation tool. We 326
particularly observed a significant increase of hCSC migration distance and speed upon 327
exposure to human blood serum. On mechanistic level, we demonstrated the beneficial 328
effects of human serum to be reversable by inhibition of p38-MAPK signaling. 329

During cultivation in the microfluidic device, we observed a range of different mor- 330
phologies like mesenchymal or ameboid-like cell shapes. HCSCs also presented fan-like 331
lamellipodia at the leading edges. These observations are in line with a range of studies 332
describing the mechanisms of actin polymerization leading to protrusions and integrin 333
attachment to the cultivation surface [3]. Accordingly, we recently detected an upregula- 334
tion of genes associated to the KEGG pathways ‘focal adhesion” and “ECM-receptor inter- 335
action’ in untreated hCSCs compared to non-adherent human hematopoietic stem cells 336
[24]. Within this study, single hCSCs demonstrated a high plasticity by switching between 337
the different morphologies during cultivation. This mode switching was also observed in 338
human fibroblasts and discussed to be associated with the speed or directionality of mi- 339
grating cells and may be dependent on external cues such as the composition of the extra- 340
cellular matrix (ECM) or soluble signaling factors [46-48]. However, in absence of chang- 341
ing external cues, also internal cues were discussed to be responsible for migration mode 342
switching [46]. Our established microfluidic platform further allowed us to observe dis- 343
tinct events like cell division and cell death. Dying cells showed disheveled margins with 344
blebs around the surface. These blebs are commonly observed in apoptotic cells before 345
tying off apoptotic bodies as a result of ROCKI1 cleavage and actomyosin contraction lead- 346
ing to delamination of the plasma membrane from the cytoskeleton membrane [30,49,50]. 347

Next to a detailed description of the diverse morphologies of hCSCs during cultiva- 348
tion, we investigated the migration behavior in dependence on human blood serum. Re- 349
cently, we described increased proliferation and decreased senescence of human serum- 350
treated hCSCs [14]. Here, we extended these findings by showing a significantly increased 351
migration distance and velocity of hCSCs after application of human serum. In accordance 352
to our data, a serum-dependent migration was also reported in human articular chondro- 353
cytes and MSCs cultivated in 5 %, 10 % and 20 % fetal bovine serum [18]. In contrast, mi- 354
gration of human fetal skin fibroblasts and fetal lung fibroblasts was demonstrated to be 355
inhibited after application of human blood serum [20,21]. These contradicting data 356
strongly indicate a cell type-dependent response to human serum treatment. In this re- 357
gard, we demonstrate for the first time the beneficial effects of human serum on the mi- 358
gration of adult human cardiac stem cells in the present study. 359

To gain functional insights into the increase in cell migration distance and velocity in 360
human serum treated hCSCs, we applied the p38-MAPK-inhibitor SB239063 together with 361
serum in our microfluidic cultivation system. Here, p38-inhibition led to a reversal of se- 362
rum-induced migration, strongly indicating a participation of p38-signaling in this pro- 363
cess. In accordance with our observations, the p38-MAPK pathway has been shown to be 364
important for migration in a range other cell types. For instance, Dubon and coworkers 365
showed increased migration of murine MSC-like ST2-cells as response to TGF- 1-treat- 366
ment that was mediated by p38-MAPK [25]. Further, human umbilical cord blood-derived 367
MSCs migration was reported to be directed by p38-MAPK [26]. Hamanoue and col- 368
leagues described a p38-dependent migration of mouse neural stem cells [27]. Other 369
groups reported p38-activation in highly proliferating and migrating MDA-MB-231 breast 370
cancer cells [28] or p38-induced alterations in actin architecture and corresponding migra- 371
tion of human umbilical vein endothelial cells (HUVECs) [29]. Further, human serum 372
treatment led to increased migration of human keratinocytes which was accompanied 373
with p38-MAPK activation [19]. Interestingly, a global gene expression analysis of blood 374
serum-treated hCSCs showed the KEGG pathway ‘focal adhesion’ being significantly en- 375
riched along with ‘"M APK signaling pathway’. Further, the GO-terms ‘p38 MAPK-path- 376
way’ and ‘Integrin Signaling pathway” were found to be enriched in serum treated hCSCs 377
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compared to untreated hCSCs [14]. These data strongly indicate a central role of p38- 378
MAPK signaling in serum-dependent hCSC-migration and may enable new potential 379
therapeutic approaches to enhance cardiac regeneration in heart failure patients. 380

In comparison to the most prominently employed in vitro cell migration assays 381
namely scratch wound assays or compartmentalization of the cultivation wells i.e., with 382
transwell inserts [8], the microfluidic approach presented in this study comes with multi- 383
ple benefits. Common end-point determination of migrated cells, leaving the meantime 384
dynamics in migration direction or morphology undetected, are replaced by highly time 385
resolved analysis, due to the application of live cell imaging [37]. Owing to the chamber- 386
based design of our device, not only population averages can be investigated but also 387
single-cell behavior is accessible for several days thus extending previously reported ex- 388
perimental durations of max. 12 h [7,41]. Especially in case of cellular response to certain 389
stimuli like human serum the presented method proved to provide valuable insights into 390
single-cell decisions which would have stayed masked using typical average end-point 391
measurements. Therefore, heterogeneity within a cell population that has often been de- 392
scribed in primary adult stem cells before [51-53] becomes approachable. Additionally, 393
steady perfusion of the microfluidic cultivation device guarantees full environmental con- 394
trol and makes single-cell analysis under changing cultivation conditions possible. 395

5. Conclusions 396

In summary, this study demonstrates a beneficial effect of human blood serum on 397
the migration behavior of an adult human cardiac stem cell in a p38-MAPK-dependent 398
manner. We further provide a microfluidic-based cultivation method facilitating the 399
measurement of primary human stem cell migration. Next to an overview of different 400
morphologies of hCSCs during in vitro migration, we show that human serum signifi- 401
cantly enhances hCSC migration distance and speed. Application of a specific inhibitor of 402
p38-MAPK completely reversed this effect, strongly suggesting that the activation of 403
hCSC migration by human serum is mediated by p38-signaling. The here presented 404
method offers the possibility to directly track the response of primary adult human stem 405
cells in terms of their spatio-temporal migration dynamics and morphology upon treat- 406
ment with different stimuli. In addition, our data give valuable insights into the role of 407
blood serum on cardiac stem cell migration and the underlying molecular networks. 408

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Video S1: 409
successful cultivation of hCSCs in a microfluidic chip, Video S2: temporary cell-cell-contacts be- 410
tween adjacent cells, Video S3: cytokinesis, Video S4: cell death, Video S5: human serum increases 411
hCSC migration behavior, Video S6: p38-MAPK-inhibitor reverses blood serum-mediated hCSC- 412
migration. 413
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Abstract

Due to their extraordinarily broad differentiation potential and persistence during adulthood, adult neural crest-derived stem
cells (NCSCs) are highly promising candidates for clinical applications, particularly when facing the challenging treatment
of neurodegenerative diseases or complex craniofacial injuries. Successful application of human NCSCs in regenerative
medicine and pharmaceutical research mainly relies on the availability of sufficient amounts of tissue for cell isolation pro-
cedures. Facing this challenge, we here describe for the first time a novel population of NCSCs within the middle turbinate
of the human nasal cavity. From a surgical point of view, high amounts of tissue are routinely and easily removed during
nasal biopsies. Investigating the presence of putative stem cells in obtained middle turbinate tissue by immunohistochemistry,
we observed Nestin/p75N™*+/S100*/a smooth muscle actin (aSMA)~ cells, which we successfully isolated and cultivated
in vitro. Cultivated middle turbinate stem cells (MTSCs) kept their expression of neural crest and stemness markers Nestin,
p75 MR and S100 and showed the capability of sphere formation and clonal growth, indicating their stem cell character.
Application of directed in vitro differentiation assays resulted in successful differentiation of MTSCs into osteogenic and
neuronal cell types. Regarding the high amount of tissue obtained during surgery as well as their broad differentiation capa-
bility, MTSCs seem to be a highly promising novel neural crest stem cell population for applications in cell replacement
therapy and pharmacological research.

Keywords NCSCs - Human - Nasal cavity - Middle turbinate - Neural crest - Adult stem cells

Introduction

In the adult human body, the renewal of organs as well as the
repair of tissue upon injury relies on adult stem cells (ASCs)
[1], which are located within distinct niches controlling
proliferation and differentiation behavior [2, 3]. Among the
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broad range of adult human stem cells, neural crest-derived
stem cells (NCSCs) remain as highly promising candidates
for clinical applications in terms of their extraordinarily
broad differentiation potential [4-7]. Identified by Wilhelm
His in 1868 as the “Zwischenstrang” (intermediate chord)
in the developing chicken embryo, the neural crest is a tran-
sient cell population located between the neural tube and the
future ectoderm [8, 9]. Following neurulation, neural crest
cells migrate towards different parts of the body, where they
contribute to tissue development but also reside as dormant
stem cells during adulthood [4, 10, 11]. Emphasizing their
therapeutic potential, Tabakow and coworkers described the
autologous transplantation of cranial NCSCs in a patient
with a transected spinal cord to result in functional regenera-
tion of supraspinal connections, including partial recovery of
voluntary movement of the lower extremities [12]. Common
sources of cranial NCSCs particularly include the skin [4,
10], dental pulp [13] and the nasal cavity. Here, olfactory
ensheathing cells (OECs) located in the olfactory bulb or the
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lamina propria of olfactory mucosa of the middle and supe-
rior turbinate are a commonly known NCSC-population.
Although restricted in terms of their accessibility [14] and
complexity of surgery [15], OECs were reported to recover
animal models of spinal cord injury and Parkinson’s disease
[16, 17] and even a transected spinal cord in a patient [12].
Next to OECs residing in the olfactory bulb and superior
turbinates, we reported the presence of a novel population
of nasal NCSCs in inferior turbinate tissue in 2012 [11].
Inferior turbinate stem cells (ITSCs) showed a broad dif-
ferentiation potential in vitro, namely into mesodermal and
ectodermal cell types [7, 11, 18, 19]. In vivo, transplantation
of ITSCs into Parkinsonian rats led to functional recovery
of the Parkinson’s disease phenotype [7]. Next to poten-
tial clinical applications, ITSCs were successfully used as
a model system for pharmacological research in terms of
treating inflammatory diseases of the upper respiratory tract
[20]. Although these findings emphasize the suitability of
adult human NCSCs isolated from the nasal cavity for clini-
cal applications, gaining sufficient amounts of tissue remains
as a crucial step for clinical applications.

Facing this challenge, here we describe for the first time
a novel population of NCSCs within the middle turbinate
of the human nasal cavity. From a surgical point of view,
middle turbinate tissue can be obtained easily and without
severe side-effects for the patients. In addition, high amounts
of tissue are routinely removed and can be used directly for
NCSC-isolation. We observed the presence of Nestin™/
p75N™R+/S100"/aSMA ™ cells within middle turbinate tissue,
which we successfully isolated and cultivated in vitro. Culti-
vated middle turbinate stem cells (MTSCs) kept their expres-
sion of neural crest and stemness markers Nestin, p75NTR,
S100 and showed the capability of sphere formation and
clonal growth. Their multipotent differentiation capability
was proven by the application of directed in vitro differentia-
tion assays. Due to availability of considerable amounts of
middle turbinate tissue through nasal surgery as well as their
broad differentiation potential, MTSCs appear as a promis-
ing novel neural crest stem cell population for applications
in pharmacological research and cell replacement therapy.

Materials and Methods
Cell Isolation and Cultivation

Middle turbinate tissue was obtained from patients during
routine nasal surgery at Klinikum Bielefeld Mitte (Biele-
feld, Germany) after informed written consent according to
local and international guidelines (Bezirksregierung Det-
mold/Miinster). After surgical removal, biopsies were cut
into small pieces, treated with Collagenase (0.375 U/ ml in
PBS, NB4, SERVA Electrophoresis GmbH) for at least 1 h

@ Springer

at 37 °C and were finally mechanically dissociated. After-
wards cells were centrifuged at 300 x g for 10 min and the
pellet was resuspended in stem cell medium consisting of
DMEM/F-12 medium (Sigma—Aldrich) containing Peni-
cillin, Streptomycin, Amphotericin B (Sigma—Aldrich), a
basic fibroblast growth factor (bFGF, 40 ng / ml, Peprotech),
an epidermal growth factor (EGF 20 ng / ml; Peprotech)
and B27 supplement (Gibco, Life Technologies). For ini-
tial expansion, the suspension was seeded in surface treated
T-25 cell culture flasks (Sarstedt AG & Co.) with stem
cell medium containing 10% human blood plasma. After
reaching confluence, the cells were released from the blood
plasma matrix by treatment with Collagenase for 1 h at 37 °C
and cultivated in stem cell medium supplemented with hepa-
rin (2 pg / ml, Sigma—Aldrich) in T-25 low adhesion cell
culture flasks (Sarstedt) at 37 °C and 5% CO, in a humidified
incubator. For further cultivation, cells were again seeded in
surface treated T-25 cell culture flasks (Sarstedt AG & Co.)
in stem cell medium containing 10% human blood plasma.
The medium was changed all two to three days, passaging
was performed by treatment with collagenase.

Human mesenchymal stem cells (hMSCs) were isolated
from lipoaspirates obtained from suitable donors during
adipose tissue augmentationat Klinikum Bielefeld Mitte
(Bielefeld, Germany) after informed written consent accord-
ing to local and international guidelines (Bezirksregierung
Detmold/Miinster). Briefly, lipoaspirates were treated with
Collagenase (0.375 U / ml in PBS, NB4, SERVA Electro-
phoresis GmbH) for 30 min at 37 °C followed by centrifuga-
tion for 10 min at 300 x g. After discarding the supernatant,
pelleted cells were seeded at a density of 20,000 cell / cm?
in DMEM containing 10% FCS (Sigma-Aldrich) and culti-
vated at 37 °C and 5% CO,. Purity of the isolated hMSCs-
populations was validated by expression of characteristic
MSC-markers (data not shown).

Immunohistochemistry
and Immunocytochemistry

Cryosections of the middle turbinate tissue or cultivated
cells were fixed for 20 min using 4% paraformaldehyde
(PFA), washed and permeabilized in PBS with TritonX-100
(tissue: 0.2%, cells: 0.02%, Applichem) and supplemented
with 5% goat serum for 30 min. The applied primary anti-
bodies were diluted in PBS as followed: mouse anti-Nestin
1:200 (Millipore), rabbit anti-S100B 1:100 (Dako), rabbit
anti-p75 1:500 (Cell-Signaling Technology), mouse anti-
aSMA 1:50 (Sigma—Aldrich), mouse anti-B-III-tubulin
1:100 (Promega) and rabbit neurofilament-L 1:50 (Cell-
Signaling Technology). They were applied for 1 h (cells)
or for 2 h (sections), both at RT. After three washing steps,
secondary fluorochrome-conjugated antibodies (Alexa 555
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anti-mouse or Alexa 488 anti-rabbit, Invitrogen, Life Tech-
nologies GmbH) were applied for 1 h at RT with a dilution
ratio of 1:300. Nuclear staining was realized by incubation
with 4,6-Diamidin-2-phenylindol (DAPI) (1 ug/ml) in PBS
for 15 min at RT. Finally, the samples were mounted with
mowiol. Imaging was performed using a confocal laser scan-
ning microscope (CLSM 780, Carl Zeiss) and image pro-
cessing was executed with imagej (open source).

Reverse Transcriptase PCR

The RNA isolation was performed utilizing the innuPREP
RNA Mini Kit (Analytic Jena AG) according to the manu-
facturer’s guidelines. The quality and concentration of the
obtained RNA was quantified by a nanophotometer (Implen
GmbH). For cDNA synthesis, the M-MuLV RT DNA-Pol-
ymerase (Bio-Budget Technologies GmbH) was applied
in accordance to the manufacturer’s guidelines. PCR was
executed with the 5 x Hot-Start Taq PCR-Mastermix (Bio-
Budget Technologies GmbH) according to manufacturer’s
guidelines with primers for Nestin (fw: CAGCGTTGG
AACAGAGGTTG, rev: GCTGGCACAGGTGTCTCA
AG), p75N™R (fw: TGAGTGCTGCAAAGCCTGCAA, rev:
TCTCATCCTGGTAGTAGCCGT), SNAIL (fw: CCCAAT
CGGAAGCCTAACTA, rev: GGACAGAGTCCCAGATGA
GC), S100 (fw: GGGAGACAAGCACAAGCTGAAGA,
rev: TCAAAGAACTCGTGGCAGGCAGTA), CD105 (fw:
CGGGTCTCAAGACCAGGAAG, rev: GGGGCCTGGGGT
ACTCA), CD106 (fw: GGACCACATCTACGCTGACAA,
rev: CTCCAGAGGGCCACTCAAAT), CD90 (fw: TGA
GGACACAGACCAGAGGAA, rev: TGTTTGAGATGT
TGTGCGGG), CD45 (fw: TCTAATGAAAGAGTGAGA
GTGGACG, rev: AACCAATTCTGGTGTCTGCCT) and
GAPDH (fw: CTGCACCACCAACTGCTTAG, rev: GTC
TTCTGGGTGGCAGTGAT).

Real-Time PCR

For qPCR (quantitative real-time polymerase chain reaction)
myBudged 5x EvaGreen QPCR-Mix (Biobudged Technolo-
gies GmbH, Krefeld, Germany) was applied according to
manufactures guidelines after RNA isolation and cDNA syn-
thesis as described above. All reactions were done as tech-
nical triplicates, primer sequences for were GCAGAAGCT
CTCGATGGACA (CD13 fw), CAGATCTGCTGCCCTGTT
GA (CD13 rev), CCGTGCAAATCCCACAACAC (CD29
fw), TTGTCAGTCCCTGGCATGAA (CD29 rev), CTT
TGCACCAAGTGTCGAGTG (CD73 fw), TCTGGAACC
CATCTCCACCA (CD73 rev), TGAGGACACAGACCA
GAGGAA (CD90 fw) and TGTTTGAGATGTTGTGCGGG
(CD90 rev). The MIC gqPCR cycler (Bio Molecular Systems,
San Francisco, USA) was used for product detection. Glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH, fw: CTG

CACCACCAACTGCTTAG, rev: GTCTTCTGGGTGGCA
GTGAT) expression was utilized for normalisation of cycle
threshold values. GraphPad Prism (GraphPad Software, La
Jolla, USA) was used for graphics and statistical analysis.

Flow Cytometry

Cultivated MTSCs were harvested by centrifugation after
treatment with Collagenase and subsequently stained with
PE-coupled anti-CD271 antibody (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) according to manufacturer’s
guidelines. hMSCs were dissociated likewise and labeled
with PE-coupled anti-CD105 PE-coupled antibody (Milte-
nyi Biotec). For isotype controls, MTSCs and hMSCs were
stained with PE-coupled IgG1 control antibody. Analysis
was done using Gallios Flow Cytometer (Beckmann Coulter
Inc., Brea, CA, United States), while Kaluza Acquisition
Software (Beckmann Coulter Inc.) served for subsequent
data acquisition and statistical analysis.

Clonal Density Assay

To ascertain the capability of self-renewal of isolated cells,
cultivation under standard culture conditions in a limited
dilution assay was performed. Briefly, the cell suspension
was diluted to 1 cell / 100 pl in stem cell medium containing
10% human blood plasma and seeded into U-bottom 96-well
plates. After two hours, the wells were microscopically
inspected for the presence of single cells using an Olympus
CKX41 microscope (Olympus Deutschland GmbH). The
clonal growth of cells was observed once a week for 21 days.

Differentiation Into Osteoblasts

The osteogenic differentiation of MTSCs was induced
by biochemical cues according to Greiner and cowork-
ers [18]. Briefly, cells were seeded in DMEM containing
10% FCS (Sigma—Aldrich) at a density of 3x 10° cells /
cm?. After 48 h the medium was switched to an osteogenic
induction medium supplemented with 100 nM dexametha-
sone (Sigma—Aldrich), 0.05 mM L-ascorbic acid-2-phos-
phate (Sigma—Aldrich) and 10 mM p-glycerophosphate
(Sigma—Aldrich). The medium was changed every two to
three days. After 21 days differentiated cells were processed
for the detection of ALP activity and the Alizarin red S
staining as described below.

ALP Detection with Alizarin Red Staining
For the detection of alkaline phosphatase (ALP) activity,
differentiated cells were briefly fixed for 2 min with 4% PFA,

washed with ddH,O and incubated with a 1:1:2 mixture of
Water, Naphthol AS-MX phosphate alkaline solution (Sigma
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Aldrich) and fast red violet Ib staining solution (0.7 mg/ml in
ddH,0, Sigma Aldrich) for 5 min at RT, washed again with
ddH,0 and mounted with mowiol.

For detection of calcium deposits maturated cells were
fixed for 20 min with 4% PFA and briefly washed with PBS
followed by a thorough washing with ddH,O. Subsequently,
a staining solution of 1% Alizarin red S (Waldeck) in ddH,O
with a pH of 4.3 was applied for 5 min at RT followed by
rinsing with ddH,O.

Induced Neuronal Differentiation

Neuronal differentiation in the isolated cells was induced
following the protocol described by Miiller and colleagues
[7]. Briefly, cells were seeded with a density of 5 X 10*
cells per 12-well in DMEM (Sigma—Aldrich) contain-
ing 10% FCS (Sigma-Aldrich). After 48 h, neural differ-
entiation was induced with a neuronal induction medium
containing 1 pM dexamethasone (Sigma—Aldrich), 2 uM
insulin (Sigma-Aldrich), 500 puM 3-isobutyl-1-methyl-
xanthine (Sigma—Aldrich) and 200 pM indomethacin
(Sigma—Aldrich). The medium was changed every two to
three days. After 28 days, the protein expression was ana-
lyzed by immunocytochemical staining as described above.

Adipogenic Differentiation of MSCs

For adipogenic differentiation, MSCs were culti-
vated in DMEM (Sigma-Aldrich) containing 10% FCS
(Sigma—Aldrich) and plated at a density of 4 X 103 cells /
cm?. After 48 h, 1 um dexamethasone (Sigma—Aldrich),
2 uM insulin (Sigma-Aldrich), 500 uM 3-isobuthyl-1-meth-
ylxanthine (Sigma—Aldrich) and 200 uM indomethacin
(Sigma—Aldrich) were added to the medium and cultivated
for 72 h. Afterwards the medium was switched and cells
were cultivated for 4 days in DMEM containing 10% FCS
and 2 uM insulin (Sigma—Aldrich) to induce adipogenic
differentiation. These two media were alternatingly used
and changed every 4 days for 3 weeks. Subsequently cells
were fixed in 4% PFA for 10 min and stained with Oil red O
(Sigma—Aldrich).

Results

Identification of a Cell Population Expressing
Distinct Neural Crest-Derived Stem Cell Markers
in Middle Turbinate Tissue

To investigate the potential presence of a stem cell popu-
lation in middle turbinate tissue (Fig. 1a), concha nasalis
mediae were obtained from patients during routine nasal
surgery. Notably, tissue pieces of up to 4 cm length were
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gained routinely and without severely affecting respiration
and olfactory sensing. Using immunohistochemical stain-
ings, we observed cells co-expressing the characteristic
NCSC-markers Nestin and p75N™® as well as Nestin and
S100B in the lamina propria of human middle turbinate tis-
sue (Fig. 1b, c arrows). On the contrary, cells positive for the
OEC-maker a-smooth muscle actin (a-SMA, 2') (Fig. 14,
e arrowheads) were found to be solely located adjacent to
those expressing p75N™® and S100B (Fig. 1d, e, arrows).
Since we found no a-SMA*/p75NTR+/S100B* cell in the
examined areas of middle turbinate tissue, we proposed the
presence of a novel NCSC-population clearly distinguish-
able from olfactory escheating cells also located within in
the concha nasalis mediae.

Successful Isolation of Sphere-Forming Putative
Stem Cells from Middle Turbinate tissue

Since cells positive for the NCSC-markers Nestin, p75N R
and S100B were detectable in the middle turbinate, we
applied an established protocol for NCSC-isolation [11].
Mechanical disintegration and enzymatic digestion of the
tissue followed by exposure to a serum-free culture medium
comprising FGF and EGF resulted in formation of neuro-
spheres (Fig. 2a), a common characteristic of NCSCs. We
successfully isolated putative middle turbinate stem cells
(MTSCs) from eleven donors, six of them being male and
five female with an age variing from 13 to 74 years. All
isolated cell populations showed the potential to form neu-
rospheres under serum free-conditions in a gender and age
independend manner. Subsequently to this initial isolation
step, we were able to efficiently expand the cells in a human
blood plasma-derived 3D fibrin matrix. Blood plasma-cul-
tivated MTSCs showed a long-shaped morphology accom-
panied by an increased proliferative behavior (Fig. 2b, data
not shown).

Isolated Middle Turbinate Stem Cells Express
Characterisitc Neural Crest and Stemness Markers

Analyzing the expression pattern of the isolated sphere-
forming cells, we investigated markers characterstic for
neural crest stem cells by RT-PCR. Here, MTSCs showed
expression of the NCSC marker Nestin as well as the neural
crest markers p75N X, S100B and Snail (Fig. 2c). In con-
trast, real-time PCR revealed strongly reduced expression
levels of the MSC-marker CD90 in comparison to human
MSC:s (Fig. 2¢), which we isolated from lipoaspirates and
characterized in terms of expression profile and differentia-
tion capability (Fig. S1). The observed reduction in CD90
expression in comparison to hMSCs distinguishes the here
discovered stem cell population from CD90* olfactory
ectomesenchymal stem cells (OE-MSCs) [21].
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a
middle turbinate

S100B /

Fig. 1 Middle turbinate tissue contains cells coexressing markers
characteristic for neural crest-derived stem cell. Schematic view
of the middle turbinate located in the nasal cavity. Large amount of
middle turbinate tissue extracted during routine surgical procedure
a. Immunohistochemical staining revealed the presence of cells co-

Immunocytochemical analysis further validated expres-
sion of the NCSCs markers on protein level. In particular,
MTSCs cultivated as neurospheres or in an adherent man-
ner were positive for Nestin and S100B as well as Nestin

expressing Nestin and p75N'R b as well as Nestin and S100B ¢ within
the lamina propria of middle turbinate tissue. Further immunohisto-
chemical analysis detected no co-expression of p75N® d or S100B e
with aSMA in cells residing in the middle turbinate

and p75N™® (Fig. 2d, e). In summary, these findings indicate
the successful isolation of Nestin™/S100*/p75NR+ NCSCs,
which we initially observed to be present within human mid-
dle turbinate tissue.
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Fig.2 Successfully isolation of sphere-forming Nestin*/S100*/p7
5NTR+ neural crest-derived stem cells from the middle turbinate.
Isolated middle turbinate stem cells (MTSCs) were able to form neu-
rospheres under serum-free conditions (a) and could be efficiently
expanded in a human blood plasma-derived fibrin matrix (b). RT-
PCR showed characteristic expression of the NCSC-markers Nestin,

MTSCs Reveal an Extraordinary High Clonal
Efficiency and Capability to Differentiate
into Mesodermal and Ectodermal Derivates

Investigating the stemness characteristics of MTSCs, a limited
dilution assay was applied to analyze the ability of MTSCs
to grow in a clonal manner. Here, single seeded MTSCs effi-
ciently gave rise to daughter cells with an extraordinary high
clonal efficiency of >75% (Fig. 3a). Further determining their
capability to differentiate, MTSCs were exposed to biochemi-
cal cues described to induce a differentiation of NSCs into
osteogenic derivates [18]. In contrast to cells solely exposed
to FCS-containing medium, MTSCs gave rise to early osteo-
genic cell types marked by an enhanced activity of the alka-
line phosphatase (ALP) within the first week after induction
(Fig. 3b). Further differentiation and in-vitro maturation of
MTSC-derived osteogenic cells was validated by the detection
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SNAIL, S100B and p75N™®, but strongly reduced level of the CD90
in comparison to hMSCs (c). Immunocytochemical stainings exhib-
ited co-expression of Nestin/p75N™® (d) and Nestin/S100B (e) in the
isolated MTSCs cultivated as neurospheres or under adherent condi-
tions (**<0.01, unpaired t-test; one-tailed, confidence interval: 95%)

of alizarin red S-stained calcium deposits after three weeks
of culture (Fig. 3c). Next to differentiation into the mesoder-
mal lineage, we applied a neuronal induction medium [7] for
directed differentiation of MTSCs into neuron-like cell types.
After 28 days of directed differentiation, cells co-expressing
the neuronal markers f—III tubulin and neurofilament-L were
observable, indicating a successful differentiation of MTSCs
into neuron-like cells (Fig. 3d). Given the successful differen-
tiation into derivates of two different germ layers, our findings
indicate MTSCs to be a multipotent stem cell population

Discussion

The present study describes for the first time the identifi-
cation of a novel population of human adult neural crest-
derived stem cells in the middle turbinate of the human
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Osteogenic
differentiation

Neuronal
differentiation

Fig.3 Cultivated MTSCs Show an Extraordinary High Clonal Effi-
ciency and Capability to Differentiate Into Mesodermal and Ectoder-
mal derivates. MTSCs were able to grow clonally with an efficiency
of >75% in a limited dilution assay a. In contrast to MTSCs culti-
vated solely in FCS-containing medium, exposure of MTSCs to a
directed osteogenic differentiation medium led to activation of alka-

nasal cavity. Nestin™/S100*/p75N ™+ NCSCs residing within
human middle turbinate tissue were successfully isolated
and cultivated in vitro, where they revealed a broad differ-
entiation potential and high clonal efficiency.

Middle turbinates located above the middle meatus
mainly function as a diffusor to enable a better smelling
with the olfactory mucosa mainly located in the supperior
turbinate [22]. Within the human nasal cavity, olfactory
ensheathing cells (OECs) are known to be located in the
middle and to a greater extend in the superior turbinate as
well as within the olfactory bulb [6, 15, 17, 23]. Empha-
sizing the potential of adult nasal stem cells in clinical
applications, transplantation of OECs was described to
result in functional recovery of animal models of spinal
cord injury and Parkinson’s disease [16, 17, 23]. In 2014,
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line phosphatase (ALP) after one week b and formation of Alizarin
red S-positive calcium apatite deposits after three weeks c. Cultiva-
tion of MTSCs following a neurogenic differentiation protocol for
three weeks led to the presence of MTSC-derived neuron-like cells
types co-expressing f—III tubulin and neurofilament-L d

Tabakow and colleagues even described the functional
regeneration of a transected spinal cord in a patient after
autologous OB-OEC-transplantation. In particular, the
authors observed partial recovery of sensation and vol-
untary movements of the lower extremities as well as
improved trunk stability in the patient, without occur-
rence of persistent unilateral anosmia [12]. Investigating
the developmental origin of OECs in detail, Barraud and
colleagues applied genetic lineage tracing in mice to show
that OECs do not arise from the olfactory epithelium, but
from the neural crest [24]. Next to expression of character-
istic NCSC-markers like Nestin [25] p75~™® [23] and S100
[15], OECs were shown to express a-SMA in vivo [26].
In contrast, Nestin™/S100%/p75NTR+ NCSCs identified in
the present study within middle turbinate tissue lacked
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co-expression of a-SMA, clearly distinguishing this novel
NCSC-population from OECs.

Next to OECs, olfactory ectomesenchymal stem cells
(OE-MSCs) were identified within the lamina propria of the
human olfactory mucosa of the human nasal cavity [21].
Transplantation of OE-MSCs into mice with chemically
induced hippocampal lesion restored neuroplasticity by dif-
ferentiation into neurons and stimulating endogenous neu-
rogenesis in vivo [27]. Closely related to bone marrow stem
cells, OE-MSCs were shown to express markers character-
istic for the bone marrow niche like CD90 [21]. Although
sharing a similar developmental potential with OE-MSCs
in terms of differentiation into neuronal and osteogenic sub-
types, MTSCs revealed strongly reduced expression levels of
CD90 in comparison to human MSCs in vitro. Our findings
therefore suggest MTSCs and OE-MSC:s to be different stem
cell populations residing in a similar but not identical niche.

Next to NCSC populations residing within the olfactory
epithelium of the middle and superior turbinates, stem cells
isolated from the inferior turbinate likewise reveal a neural
crest origin accompanied by an extraordinary broad dif-
ferentiation potential in vitro [11] Greiner, 2011 #18} [19]
and in vivo [7]. Unfortunately, a total turbinectomy of the
inferior turbinate impairs the air conditioning capacity of
the nasal cavity significantly compared to the total middle
turbinectomy [28], and may in rare cases also result in an
empty nose syndrome [29]. Although not severely impairing
the air conditioning capacity, OECs mainly derived from
the superior turbinate or olfactory bulb are sometimes more
restricted in terms of complexity of surgery [15] and acces-
sibility [14]. In contrast to these both tissue sources mid-
dle turbinate tissue applied in the present study is routinely
obtained in high amounts during nasal surgery indicated
due to turbinate hyperplasia without severely affecting res-
piration and olfactory sensing [28, 29]. Notably, such high
amounts of middle turbinate tissue can be directly used for
isolation of large numbers of MTSCs. Given the necessity
to expand adult stem cells after their isolation in vitro to
gain sufficient amounts of cells for transplantation into the
patient, initial isolation of large quantities of MTSCs empha-
sizes the potential suitability of this novel stem cell popula-
tion for clinical applications. In addition to these benefits of
the here identified NCSC-source, MTSCs were successfully
cultivated within a 3D-fibrin matrix derived from human
blood plasma. Being the key player in the coagulation cas-
cade of proteins during wound healing, fibrin is broadly used
in clinical sealant [30] or adhesive for skin transplantation
[31] and was already shown to be beneficial for graft sur-
vival [32]. Accordingly, fibrin matrices were described to
be suitable for cultivating hMSC [33] and NCSCs [18] as
well as differentiating adipose-derived stem cells [34]. Using
the 3D-culture technique applied in the present study, we
recently described the expansion of NCSCs from the inferior
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turbinate in a completely closable and clinically accredited
cultivation system based on fluoroethylenepropylene bags.
Here, NCSCs kept their highly proliferative character, while
maintaining their capability to differentiate into mesodermal
and ectodermal cell types [35]. Accordingly, our findings
suggest a similar potential expansion system for MTSCs.
Since the here described successful cultivation of MTSCs
still exhibited high clonal efficiency and a broad differential
potential. Especially the differential potential into the neu-
ronal lineage supports the neural crest origin.

In summary, we describe here for the first time a new
source of human adult neural crest-derived stem cells
within the nasal cavity. Given the high amounts of routinely
obtained middle turbinate tissue combined with a broad
differentiation potential and high clonal efficiency, MTSCs
seem to be an ideal candidate for applications in pharmaco-
logical research and regenerative medicine. Here, MTSCs
may be applied for treating complex injuries after severe
accidents or tumor therapy.
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Simple Summary: Cancer is the leading cause of death in the industrialized world. In particular,
so-called cancer stem cells (CSCs) play a crucial role in disease progression, as they are known to
contribute to tumor growth and metastasis. Thus, CSCs are heavily investigated in a broad range of
cancers. Nevertheless, global transcriptomic profiling of CSC populations derived from different
tumor types is rare. We established three CSC populations from tumors in the uterus, brain, lung,
and prostate and assessed their global transcriptomes using nanopore full-length cDNA sequenc-
ing, a new technique to assess insights into global gene profile. We observed common expression
in all CSCs for distinct genes encoding proteins for organelles, such as ribosomes, mitochondria,
and proteasomes. Additionally, we detected high expressions of inflammation- and immunity-re-
lated genes. Conclusively, we observed high similarities between all CSCs independent of their tu-
mor of origin, which may build the basis for identifying novel therapeutic strategies targeting CSCs.

Cancers 2021, 13, 1136. https://doi.org/10.3390/cancers13051136
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Abstract: Cancer stem cells (CSCs) are crucial mediators of tumor growth, metastasis, therapy re-
sistance, and recurrence in a broad variety of human cancers. Although their biology is increasingly
investigated within the distinct types of cancer, direct comparisons of CSCs from different tumor
types allowing comprehensive mechanistic insights are rarely assessed. In the present study, we
isolated CSCs from endometrioid carcinomas, glioblastoma multiforme as well as adenocarcinomas
of lung and prostate and assessed their global transcriptomes using full-length cDNA nanopore
sequencing. Despite the expression of common CSC markers, principal component analysis showed
a distinct separation of the CSC populations into three clusters independent of the specific type of
tumor. However, GO-term and KEGG pathway enrichment analysis revealed upregulated genes
related to ribosomal biosynthesis, the mitochondrion, oxidative phosphorylation, and glycolytic
pathways, as well as the proteasome, suggesting a great extent of metabolic flexibility in CSCs. In-
terestingly, the GO term “NF-kB binding” was likewise found to be elevated in all investigated CSC
populations. In summary, we here provide evidence for high global transcriptional similarities be-
tween CSCs from various tumors, which particularly share upregulated gene expression associated
with mitochondrial and ribosomal activity. Our findings may build the basis for identifying novel
therapeutic strategies targeting CSCs.

Keywords: cancer stem cells; endometrioid carcinoma; glioblastoma multiforme; lung adenocarci-

noma; prostate adenocarcinoma; nanopore sequencing; mitochondrion; ribosome

1. Introduction

Cancer stem cells (CSCs) are increasingly noticed to initiate tumor growth and to
drive metastasis and tumor recurrence in a broad range of human cancers (reviewed in
[1]). Within the highly heterogeneous tumor cell mass, CSCs represent only a small sub-
population [2] (reviewed in [3]), but possess stem-like properties like self-renewal, asym-
metric division and multi-lineage differentiation [4-7] (reviewed in [1]). Moreover, CSCs
remain hidden in the body of the patients until their reactivation by various stimuli leads
to the regeneration of the tumor or to the formation of metastasis [8]. These characteristics
facilitate the role of CSCs as major drivers of tumor formation and progression. From a
therapeutic point of view, their quiescent-like state makes CSCs highly resistant to chemo-
therapeutic agents, while the low expression of major histocompatibility class I molecules
enables the escape from immune surveillance by cytotoxic T-cells [9-11]. To gain a deeper
understanding of CSC biology and potential treatment options, global transcriptional pro-
filing has become a state-of-the-art tool during the recent years [12]. However, direct com-
parisons of CSCs from different tumor types are rarely assessed, although these may allow
the identification of comprehensive mechanisms present in CSCs independent to the type
of the tumor. In the present study, we isolated CSCs from endometrioid carcinomas, gli-
oblastoma multiforme, as well as adenocarcinomas of lung and prostate, and assessed
their global transcriptomes by nanopore RNA sequencing (RNA-Seq) to identify such po-
tential common regulators and mechanisms.

Endometrial cancer is one of the most common sex-specific malignant diseases in
women worldwide. Annually, about 320,000 women are diagnosed with endometrial can-
cer. Especially in high-income countries, the incidence of endometrial cancer is high, at
5.9% [13]. Major risk factors are obesity, physical inactivity, and elevated estrogen levels
in postmenopausal women [14,15]. In Europe and North America, endometrial cancer is
the most frequent cancer of the female genital tract. However, it is mainly presented with
postmenopausal bleeding and therefore in most cases diagnosed at an early stage. Never-
theless, it is more and more emphasized that a small subpopulation of tumor stem-like
cells with clonogenic, self-renewing, differentiating and tumorigenic properties are re-
sponsible for the production of endometrial carcinoma cells [4]. Additionally, endometrial
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CSCs seem to play a role in chemoresistance of endometrial carcinomas, as increased ex-
pression of CSC markers were shown to enrich resistance to cisplatin, placlitaxel and dox-
orubicin [16].

Being the most common primary brain tumor, glioblastoma multiforme (GBM) pos-
sesses a high cellular heterogeneity and aggressiveness accompanied by an extensive in-
vasiveness and inevitable recurrence, resulting in an average survival time of less than 15
months [6,17-19]. As a description of the cellular composition, GBM tumors contain a rel-
atively rare glioblastoma stem-like cell (GSC) population, which is able to self-renew and
repopulate the whole tumor building [20]. GSCs can be found within the tumor infiltrat-
ing zone and therefore contribute prominently to a subsequent tumor recurrence [21]. On
the contrary, differentiated GBM cells are considered as the main contributor to the tumor
mass development [20,22-26]. In a therapeutic context, Happold and coworkers analyzed
GSCs and described NF-kB RELA as a positive regulator of O6-methylguanine-DNA me-
thyltransferase (MGMT) [27]. Of note, MGMT promoter hypermethylation has proven an
important predictive biomarker for benefit from alkylating chemotherapy as well as a
powerful prognostic factor in gliomas [28,29].

Lung cancer is the leading cause of cancer-related deaths worldwide. According to
its histological differentiation, it is classified into small-cell lung cancer and non-small cell
lung cancer (NSCLC), which is the most frequent form with an incidence of about 80%
[30]. In the last few years, target therapy or immune therapy has been gaining popularity.
Nevertheless, the overall prognosis of NSCLC is bad, with a five-year survival rate of only
15% [31]. A meta-analysis evaluating the effect of CSC markers on the clinicopathological
characteristics of lung cancer revealed a significant association with poor differentiation
and metastasis [32]. Accordingly, CSCs were reported to be responsible for therapy re-
sistance and tumor growth as well as metastasis in lung cancer [5]. Moreover, lung cancer
stem-like cells (LCSCs) were shown to be regulated by NF-«B [33], as already mentioned
for GSCs.

Prostate cancer (PCa) is the most common sex-specific cancer within industrialized
countries as well as the second leading cause of cancer deaths (10%) in men [34]. PCas are
described as having an epithelial origin and an almost exclusive occurrence as an acinar
adenocarcinoma [35]. PCa mainly occurs in the elderly, from the age of at least 65 years,
and can be detected using prostate-specific antigen-testing, enabling early stage detection
[36]. The overall mortality is only reduced by performing a radically prostatectomy [37].
Relating to further therapeutic options, luminal epithelial stem cells could be revealed as
the origin of PCa via lineage tracing in mice [38]. In context with CSCs, prostate tumor
spheres, originating from prostate cancer stem-like cells (PCSCs), were also shown to ex-
press a constitutive NF-«B signaling and inherent increased IL-6 levels [39].

Here, we established cultures of CSCs and analyzed three of each cancer type via
RNA-Seq on global transcriptome level. We used the recently developed nanopore se-
quencing technology (reviewed in [40]) and a protocol for generating full length cDNA to
identify common regulators and mechanisms present in CSCs independent to the tumor
origin.

2. Materials and Methods
2.1. Cancer Stem—like Cell Population Establishment and Cultivation

Cancer tissue samples used to isolate CSCs were obtained during surgical resection
and were kindly provided by the Forschungsverbund BioMedizin Bielefeld/OWL (FBMB
e.V.) at the Protestant Hospital of Bethel Foundation (Bielefeld, Germany) after assuring
routine histopathological analysis. Primary tumor samples were collected from each tu-
mor type, including three endometrioid carcinomas, three glioblastomas, and three ade-
nocarcinomas of the lung and prostate, respectively. Informed consent according to local
and international guidelines was signed by all patients and further experimental proce-
dures were ethically approved (Ethics committee Miinster, Germany, 2017-522-£-5).
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Samples were transferred into ice-cold Dulbecco’s phosphate buffered saline (PBS;
Sigma Aldrich, Munich, Germany) and for further processing transported to the Univer-
sity of Bielefeld. Tumor tissue was mechanically disintegrated followed by enzymatic di-
gestion with collagenase for 2 h at 37 °C as described previously [41,42]. The minced tissue
was cultured on gelatin (bovine skin-derived, type B; Sigma Aldrich)-coated culture
dishes in CSC-selective medium composed of Dulbecco’s modified Eagle’s me-
dium/Ham’s F-12 (Sigma Aldrich) with the addition of 2 mM L-glutamine (Sigma Al-
drich), penicillin/streptomycin (100 pg/mL; Sigma Aldrich), epidermal growth factor
(EGF; 20 ng/mL; MiltenyiBiotec, Bergisch Gladbach, Germany), basic fibroblast growth
factor-2 (bFGF-2; 40 ng/mL; Miltenyi Biotec), B27 supplement (Gibco, Thermo Fisher Sci-
entific, Bremen, Germany) and 10% FCS (Sigma Aldrich). Enrichment of CSCs was
achieved via serial trypsin treatment, as described by Walia et al. and Morata-Tarifa et al.
[43,44]. Briefly, cells isolated by explant culture (passage 0) were washed with PBS and
subsequently treated for 5 min with trypsin (Sigma Aldrich). Detached cells were trans-
ferred into a new gelatin pre-coated culture dish. Trypsinization and transfer of the cells
were repeated every 48 to 72 h, at least for three cycles to assure stem-like characteristics
in adherently grown and fibroblast-shaped cancer cells. For cultivation of free-floating
spheres, CSC populations from endometrioid carcinoma and glioblastoma multiforme
were cultured without the addition of serum for several days in regular growth medium
supplemented with 4 ug/mL heparin (Sigma Aldrich).

2.2. Immunocytochemistry

For immunocytochemical staining of adherent CSC populations, cells were seeded at
the top of sterilized coverslips with 15,000-30,000 cells per 4 cm? in 24-well plates with 0.5
mL growth medium and cultured initially for 48 to 72 h until cells reached 70-80% con-
fluency. CSCs were fixed for 10 min with 4% para-formaldehyde in PBS. Blocking of free
binding sides and permeabilization were performed with PBT solution, including 0.02%
Triton-X-100 (Sigma Aldrich) and 5% goat serum (DIANOVA, Hamburg Germany) in PBS
for 30 min. Next, three washing steps with PBS were performed as well as an incubation
with primary antibodies for 1 h at room temperature (RT). Used antibodies for this study:
anti-CD44 (1:400; 156-3C11; Cell Signaling, Frankfurt am Main, Germany), anti-CD133
(1:100; NB120-16518; NovusBio, Bio-Techne, Wiesbaden-Nordenstadt, Germany), anti-
Nestin (1:200; MAB5326; Merck) and anti-MYC (10 pug/mL; Y69; Abcam, Cambridge, UK).
After further washing steps, secondary fluorochrome-conjugated antibodies (Alexa Fluor
555 and -488 dyes; 1:300; goat anti-mouse and goat anti-rabbit; Life Technologies) were
applied for 1 h at RT, protected from light. Nuclear staining were performed by using 4',6-
diamidino-2-phenylindole (DAPL 1 pg/mL; Sigma Aldrich) for 10 min. Before CSC popu-
lations were embedded in Mowiol 4-88 (Carl Roth GmbH, Karlsruhe, Germany) upside
down on the top of microscope slides, another washing step was performed. For fluores-
cence imaging, a confocal laser-scanning microscope (LSM 780; Carl Zeiss, Jena, Germany)
was used.

For immunostaining of CSC spheres, free-floating cultured cells were fixed in 4%
para-formaldehyde for 2 h, were further embedded in paraffin and sectionalized in 4 pm
sections. Resulting slices were deparaffinized and rehydrated with xylol (Sigma Aldrich)
as well as via ethanol in different steps. After reconditioning of the epitope with citrate
buffer (pH 6), slices were washed in PBS and blocking of free binding sides were per-
formed via incubation with 0.02% Triton-X 100, 10% appropriative serum and 1% bovine
serum albumin (Sigma Aldrich) also in PBS for at least 2 h at RT. Next, incubation with
primary antibodies was performed over night at 4 °C by using: anti-CD44 (1:50), anti-
CD133 (1:100) and anti-MYC (10 pg/mL). Slices were washed three times with PBS and
incubated for 1 h at RT with the Alexa Fluor 555 and -488 secondary fluorochrome-con-
jugated antibodies (1:300). Nuclear staining by using DAPI (1 ug/mL) as well as fluores-
cence imaging were processed equally to immunocytochemistry of adherently cultured
CSCs.



Cancers 2021, 13, 1136

5o0f24

2.3. RNA Isolation and Sequencing

RNA from 1 x 10¢ cultured CSCs of each population and cancer type were isolated by
using the NucleoSpin® RNA Plus kit (Macherey-Nagel, Diiren, Germany) according to
manufacturer’s guidelines. Quality and concentration of isolated RNAs were assessed via
nanodrop ultraviolet spectrophotometry. Total RNA samples with RNA Integrity Num-
bers (RIN) > 9.5 were used to convert full-length RNA molecules that are both capped and
polyadenylated to cDNA using the TeloPrime Full-Length cDNA Amplification Kit V2
(Lexogen, Vienna, Austria). Amplified full length cDNAs were then used to prepare Ox-
ford Nanopore Technologies (ONT) compatible libraries using the Ligation Sequencing
Kit LSK109 with the Native Barcoding Kit NBD104 (ONT, Oxford, UK), which were run
on three R9.4 flowcells on the ONT system GridION. Base calling and demultiplexing
were performed using Guppy v3.1.5.

2.4. Preprocessing and Genome Alignment

Fastq files containing reads that passed the quality filtering were concatenated ac-
cording to their barcodes from each flowcell. Since the three flowcells showed high corre-
lation on gene count level, technical triplicates were merged accordingly. Sequencing
adapters were trimmed using porechop v0.2.4 [45]. Trimming was checked using FastQC
v0.11.9 [46]. Trimmed reads were aligned to the human RefSeq genome GRCh38.p13
[47,48] using minimap 2 [49]with the arguments -ax splice -p 0.99. Alignment files were
converted to bam format using samtools v1.10.2 [50]. The bam files were quality checked
using AlignQC v2.0.5 [51] samtools v1.10.2 [50]. As the alignments showed up to 15%
trans-chimeric reads, which most likely resulted from the library preparation, those reads
were removed from the alignments. Therefore, the chimera.bed file from the AlignQC
output were converted to exclusion lists. Bam files were sorted using samtools v1.10.2 [50]
and filtered using the FilterSamReads module of Picard Toolkit (http://broadinsti-
tute.github.io/picard/) with the exclusion lists and the arguments --FILTER ex-
cludeReadList --SORT_ORDER. Mismatches and small indels were corrected using Tran-
scriptClean [52] with the human RefSeq genome GRCh38.p13 [47]. These high-quality
alignments were used as input for the estimation of gene abundances.

2.5. Gene Abundance Estimation and Enrichment Analysis

Mapped reads were assigned to genes and counted by the featureCounts module of
the R/Bioconductor [53] package Rsubread v2.0.1 [54] with the arguments countMulti-
Mappings = TRUE, fraction = TRUE, isLongRead = TRUE. The gtf file of the human RefSeq
genome GRCh38.p13 [47] was used as external annotation. From genes with multiple in-
tegrations but the same exon structure, only one was retained, because they shared the
same multimapping reads. These raw counts were grouped by the CSC populations and
preprocessed using the R/Bioconductor package edgeR v3.28.1. [55,56]. Lowly expressed
genes were filtered using the filterByExpr function with default arguments. Normaliza-
tion factors were calculated using the trimmed mean of M-values method [57]. Differen-
tially expressed genes (DEGs) were identified by an ANOVA-like testing using the gen-
eralized linear models with the quasi-likelihood F-test (glmQLFTest). The threshold of
DEGs was set as p value <0.05. Principle component analysis (PCA) was conducted using
the R/Bioconductor package PCAtools v1.2.0 [58]. Heatmaps were created using the
heatmap.2 function of the R package gplots v3.1.1 [59]. Correlation analysis was con-
ducted using the R package Hmisc package [60]. Functional enrichment of GO-terms of
genes expressed in all 12 CSC populations were calculated using the PANTHER classifi-
cation system [61], while the DAVID database [62,63] served for calculating functional
enriched KEGG pathways. Significantly (modified Fisher Exact p-value; p <0.05) enriched
GO-terms and pathways were visualized with Prism software (GraphPad Software, San
Diego, CA, USA).
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3. Results

3.1. Correlative Analysis of Characteristic Markers in Cancer Stem-like Cells from Endometrioid
Carcinomas, Glioblastoma Multiforme, Lung- and Prostate Adenocarcinomas

In this study, 12 different CSC populations from four different carcinoma types were
established. Carcinoma types included three endometrial carcinomas, three glioblastomas
as well as three adenocarcinomas of the lung and the prostate, respectively. All female
donors of the endometrial cancer stem-like cell populations (ECSCs) suffered from endo-
metrioid carcinomas of the corpus uteri ranging WHO grade I-II and were aged between
72 and 86 years. Donors of G5Cs were two males (42 and 69 years old) and one female (60
years old), all revealing glioblastoma multiforme. Glioblastomas of the donors of G5Cs_a
and GSCs_c revealed no mutation for the isocitrate dehydrogenase (NADP(+)) 1 (IDH1),
whereas in the glioblastoma of the donor of GSCs_b IDH1 was mutated. Additionally,
MGMT promoter methylation status differed between the three donors, as glioblastomas
of the donors of GSCs_a and GSCs_b depicted MGMT promoter methylation in contrast
to the glioblastoma of donor GSCs_c. LCSC populations were derived from three rela-
tively young female patients (aged between 49 and 61 years) all diseased with adenocar-
cinomas. Analysis of clinically relevant mutations revealed an epidermal growth factor
receptor (EGFR) mutation for the donor of LCSCs_a as well as tumor tissue of the donor
of LCSCs_c showed mutations in the genes for the KRAS proto-oncogene (KRAS) and
serine/threonine kinase 11 (STK11). The three PCSCs were isolated from male patients
aged between 57 and 72 years all suffering from acinar adenocarcinomas with WHO grade
II, IIT and V (Table 1).

Table 1. Cell population-specific donor information.

Donor of Cell Population Tumor Typing/Characterization WHO Grade  Sex Age
ECSCs_a Endometrioid carcinoma of the corpus uteri GII female 72
ECSCs_b Endometrioid carcinoma of the corpus uteri GI female 83
ECSCs, Endometrioid carcinoma of the corpus ut?ri with invasi(.)n of tbe outer half of the myometrium and G female 86

invasion of the cervix uteri
GSCs_a Primary glioblastoma multiforme, IDH1 wildtype with MGMT promoter methylation GIV female 60
GSCs_b Secondary glioblastoma multiforme, IDHI mutation with MGMT promoter methylation GIV male 42
GSCs_c Primary glioblastoma multiforme, IDH1 wildtype without MGMT promoter methylation GIV male 69
LCSCs_a Highly metastatic adenocarcinoma of the lung, EGFR mutation n.a. female 50
LCSCs_b Multifocal adenocarcinoma of the lung GII female 61
LCSCs_c Adenocarcinoma of the lung, KRAS and STK11 mutation GII female 49
PCSCs_a Acinar adenocarcinoma GIII male 71
PCSCs_b Acinar adenocarcinoma GII male 57
PCSCs_c Locally advanced acinar adenocarcinoma GV male 72

All cancer populations were cultured as adherently growing cells within stem cell-
selective media after passing serial trypsin treatment, for enrichment of the respective
CSC-population. Here, we used chemically defined medium containing EGF and bFGEF-2,
in accordance with the isolation of colorectal cancer stem-like cells as well as of adult hu-
man stem cells from the nasal cavity and the heart auricle [42,64-67]. In contrast with the
successful isolation of human stem cells from the nasal cavity as free-floating spheres
[64,65], adoption of the reported isolation process for human CSCs from solid tumors re-
sulted in an unsatisfactory low culture efficacy and low growth rates. Therefore, we uti-
lized an alternative method to enrich primary isolated CSCs, namely via differential tryp-
sinization [42,44]. In accordance with a range of previous studies, we obtained trypsin-
sensitive CSC populations with low attachment capability by culturing with 10% FCS [42-
44,66,67]. Representative images of one of the successfully isolated CSC populations de-
rived from endometrioid carcinomas, glioblastomas, lung and prostate adenocarcinomas
revealed similar morphology independently of the origin of parental tumor tissues (Fig-
ure 1B-E). In accordance with the observations by Walia et al. and Elble et al., cultured
CSCs depicted a fibroblast-like and spindle-shaped morphology after selection with dif-
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ferential trypsin treatment [43]. To confirm the stem-like phenotype of isolated CSC pop-
ulations, we determined the presence of characteristic CSC markers on protein level using
immunocytochemistry. Notably, high levels of CD44, CD133, Nestin and MYC protein
were detectable in adherently grown CSC populations from all tumor types as well as in
spheres derived from ECSC_b and GSC_c (Figures S1 and S2 and Figure 2). Immunocyto-
chemistry further revealed co-expressions of CD44 and CD133 as well as Nestin in isolated
CSCs, independently to the tumor origin (Figure 2A and Figures S2 and S3). The proto-
oncogene MYC was also detectable on protein level independent to the parental tumor
tissue, particularly with a nuclear localization (Figure 2B and Figure 54). As an internal
negative control and evaluation of the unique stem-like characteristics of isolated CSCs,
human dermal fibroblasts (HDFs) were additionally immunocytochemically stained for
CD44, CD133, Nestin and MYC. Here, HDFs showed no signs of CSC markers on protein

level (Figure S5), emphasizing the CSC-like character of our isolated cell populations.

A

Tumor tissue samples Adherently
of different carcinomas growing cancer
stem-like cells

— 1

Mechanical and enzymatic
disintegration and cultivation in
cancer stem cell medium

Figure 1. Isolation of cancer stem-like cell populations of four different types of carcinomas. (A) Schematic illustration of
the isolation of cancer-stem-like cells out of primary tumor tissue. Representative pictures of adherently grown primary

7 of 24



Cancers 2021, 13, 1136 8 of 24

cancer stem-like cells derived from parental tumor tissue of (B) endometrial cancer stem-like cells b (ECSCs_b), (C) glio-
blastoma stem-like cells a (GSCs_a), (D) lung cancer stem-like cells b (LCSCs_b) and (E) prostate cancer stem-like cells a
(PCSCs_a).

ECSCs_b

.

PCSCs_c :
B IDNA
ECSCs_b GSCs_a
IDNA
LCSCs_a PCSCs_c

Figure 2. Inmunocytochemistry of adherently grown cancer stem-like cell populations. (A) Representative immunostain-
ings of co-expressed cancer stem cell (CSC) markers CD44/CD133 as well as Nestin, localized within the cytoplasm. (B)
Exemplary depicted MYC expressions from one of each CSC population showed high frequencies of nuclear localizations
of the analyzed protein. DAPI served in all cases for nuclear counterstaining.

[ el

For in-depth analysis of the gene expression of the 12 isolated CSC populations na-
nopore cDNA sequencing was used. Full-length cDNA sequencing was conducted using
three R9.4 flowcells on the ONT system GridION. Only reads that passed the default qual-
ity criteria of the Guppy basecaller were further investigated. All sequencing runs yielded
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10,627,235 reads (11.2 Gbp of sequence) with a mean read length of 1056 bp and a mean
quality score of 21.3. Reads were aligned to the human genome (hg38) using minimap2
[49]. We observed a read alignment rate of 99.2% and an error rate of 7.3%, which was
reduced to 0.69% using TranscriptClean [52] for correction. To check the reproducibility
of gene counts between the technical triplicates, fastq files from the different flowcells
were preprocessed, mapped, corrected, and quantified separately. Subsequent analysis
showed strong correlation between respective flowcells (mean Spearman correlation co-
efficient ¢ = 0.94). All datasets were processed similarly and gene expression of specific
CSC markers was investigated firstly. CSC marker CD44 was ubiquitously expressed in
all 12 CSC populations. Analysis of the co-expression of CD44 with further CSC markers
revealed expression of MYC proto-oncogene (MYC) in all CSC populations, except for
ECSCs_c. Here, especially LCSCs_a and GSCs_c showed high expression of MYC (Figure
3A). Further quantification depicted Nestin expression in LCSCs_a, _c, PCSCs_a, _cas well
as in GSCs_a and ECSCs_b (Figure 3B). Pluripotency marker Kruppel-like factor 4 (KLF4)
and aldehyde dehydrogenase 1 (ALDH1) were only expressed in three of 12 CSC popula-
tions each, as KLF4 was only observable in GS5Cs_b, _c¢ and PCSCs_c and ALDHI in
LCSCs_b, _c as well as in PCSCs_c (Figure 3C,D). In CSC populations PCSCs_a and
GSCs_b, expression of epithelial cell adhesion molecule (EPCAM) was detectable (Figure
3E). Additionally, PCSCs_c and ECSCs_b expressed ATP binding cassette subfamily G
member 2 (ABCG2) (Figure 3F). On the contrary, we did not observe any expression of
CSC markers Prominin-1 (CD133), SRY-box transcription factor 2 (50X2), POU class 5
homeobox 1 (OCT4) and MYCN proto-oncogene in the here analyzed CSCs cultivated and
sequenced as described above. In summary, all isolated CSC populations expressed the
CSC marker CD44. Expression of further CSC markers was more heterogeneous, except
for the expression level of MYC, which could be detected in 11 of 12 CSC populations.
Nestin, KLF4, ALDH1, EPCAM as well as ABCG2 expression was incongruous, with no
clear relation to the four different parental tumor groups.
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Figure 3. Correlated expression of CD44 with various other cancer stem cell (CSC) markers in different CSC populations.
For each analysis, biological replicates depicted the mean of merged technical triplicates. (A) All CSC populations ex-
pressed CSC marker CD44 and MYC proto-oncogene (MYC), except for endometrial cancer stem-like cell population c
(ECSCs_c), which only expressed CD44. (B) CSC marker Nestin was expressed in lung cancer stem-like cells (LCSCs)_a
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and _c, prostate cancer stem-like cells (PCSCs)_a and _c as well as in glioblastoma stem-like cells (GSCs)_a and ECSCs_b.
(C) Pluripotency marker Kruppel like factor 4 (KLF4) was expressed in GSCs_b, GSCs_c and in PCSCs_c as well as (D)
aldehyde dehydrogenase 1 (ALDHT1) could be detected in LCSCs_b, LCSCs_c and PCSCs_c. (E) Epithelial cell adhesion
molecule (EPCAM) was only observed in PCSCs_a and GSCs_b. (F) Expression of the ATP binding cassette subfamily G
member 2 (ABCG2) gene could only be detected in PCSCs_c and ECSCs_b.

3.2. Global Gene Expression Analysis of Cancer Stem—like Cell Populations Reveals Distinct
Clusters

After analysis of the expression of known CSC markers, global gene expression of
the 12 isolated CSC populations was investigated. Similarly, processed datasets were used
for PCA, revealing three dominant clusters among the 12 populations (Figure 4). Here,
cluster one comprises all three ECSC populations and PCSCs_b. However, variances be-
tween the populations could be seen within this cluster, too. Second and biggest cluster
consisted of all LCSC populations, the two remaining PCSC populations and two GSC
populations. Within this cluster, LCSCs_a and LCSCs_b revealed less variances in com-
parison to LCSCs_c, which was clustered next to GSCs_a and GSCs_c. GSCs_b clustered
independently, with the highest variance of PC1 between the group of LCSCs_a and
LCSCs_b, in comparison with GSCs_b. PC2 differed with a variance of 23.73% with the
greatest variation between ECSCs_c and GSCs_b (Figure 4).

ECSCs c @
o PCSCs_b ®
ECSCs_a @
ECSCs b @
c
o
g LCSCs_aa
g, LCSCs_b
& PCSCs_a®
Q PCSCs_c®
8 _ @ GSCs_a
a LCSCs c®
® GSCs_c
-40 4
GSCs_ be
-100 -50 0 50 100

PC1, 37.63% variation

Figure 4. Comparison of gene expression profiles from different primary cancer stem-like cell
(CSC) populations. Principal component analysis reveals two predominant clusters of CSCs, inde-
pendently of the parental tumor types. Within the first cluster all three endometrial cancer stem-
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like cells (ECSCs) are present and one of the three prostate cancer stem-like cell (PCSCs) popula-
tions. The second cluster comprises the two remaining PCSCs, all three lung cancer-derived stem-
like cell populations (LCSCs) as well as glioblastoma stem-like cells a (GSCs_a) and GSCs_c. The
population of GSCs_b clustered independently.

The large variance between the different CSC populations as well as patient-specific
variations within the four distinct groups of endometrioid carcinomas, glioblastomas, and
adenocarcinomas of lung and prostate, were also visible in a hierarchical clustered
heatmap of the 200 top expressed genes (for all detected genes see Figure 56). Distribution
of up- and down-regulated genes of the top 200 expressed genes followed the Gaussian
distribution (Figure 5, for the 200 top expressed genes, which were not significantly regu-
lated see Figure S7). Notably, tumor type-specific clustering was not observable. However,
cross-group clustering emerged with GSCs_a, GSCs_c, LCSCs_c, and PCSCs_c forming one
pattern. A second pattern could be seen for PCSCs_a, ECSCs_a, LCSCs_a and LCSCs_b. Fur-
ther, ECSCs_b, PCSCs_b and ECSCs_c seemed to build one cluster-group (Figure 5). G5Cs_b
clustered independently, as already shown within the PCA (Figures 4 and 5). Of note, major
histocompatibility complex class I A (HLA-A), major histocompatibility complex class I B
(HLA-B) and interleukin 1 beta (IL1B) were detected in the top 200 expressed genes among
the CSC populations.
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Figure 5. Hierarchically clustered heatmap of the 200 top expressed logarithmic gene counts
within all 12 cancer stem-like cell (CSC) populations. RNA samples of different CSCs are arranged
according to their corresponding expression profiles.

Next to the general clustering, it has been noticed that especially genes involved in
ribosome biosynthesis have occurred more frequently (Figure 6A-B). Here, 20 different
genes encoding for ribosomal proteins that are components of the 60S subunit can be
found. Further, 14 genes involved in the protein synthesis of the 40S subunit of the ribo-
some are clustered under the 200 top expressed genes. Nevertheless, expression levels of
genes relevant for the ribosome biosynthesis differed between the 12 CSC populations.
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Particularly striking was the high expression of diverse genes encoding for components
of the 40S and 60S subunit in GSCs_b (Figure 6B). Additionally, PCSCs_b and ECSCs_c
revealed high expression of ribosomal biosynthesis associated genes (Figure 6A). Among
the enriched genes relevant for ribosome biosynthesis, we found distinct genes been
highly expressed in GSCs_b (Figure 6A), while PCSCs_b and ECSCs_c showed other
genes upregulated for ribosome biosynthesis (Figure 6B). As already shown within the
dot plots, CSC marker CD44 was ubiquitously expressed in all 12 CSC populations. Nev-
ertheless, differences between the populations could be seen with LCSCs_a and LCSCs_b,
revealing the highest expression (Figure 6A). Conspicuously, three genes of the S100 fam-
ily are comprised within the top expressed genes among the 12 CSC populations, includ-
ing S100A13, S100A10 and S100A6 (Figure 6A).

g‘IDggA13

IFITM2
RPL13AP5
RPL13

RPL38
RPL37A

GSCs b
GSCs a
GSCs ¢
CSCs ¢
CSCs_a
ECSCs b
CSCs b
ECSCs ¢

o)

»
O
(2]
)
-

LCSCs ¢
PCSCs a
LCSCs a

o o

Figure 6. Two extracts of the hierarchically clustered heatmap of the 200 top expressed genes within all 12 cancer stem-
like cell (CSC) populations. (A) Expressions of ribosomal biosynthesis associated genes were upregulated in endometrioid
cancer stem-like cells ¢ (ECSCs_c) and in prostate cancer stem-like cells b (PCSCs_b). Genes encoding for the 5100 family
were significantly expressed in all CSCs. (B) Expression levels of further genes relevant for ribosome biosynthesis differed
between analyzed CSC populations, whereas glioblastoma stem-like cells b (GSCs_b) depicted the highest levels of genes
responsible for the 40S and 60S subunit.

E

3.3. KEGG Pathway and GO-term Analysis Reveal Broad Similarities between the Cancer Stem-
like Cell Populations

For an unbiased detailed analysis of the transcriptomic profiles of the 12 CSC popu-
lations, we performed a KEGG pathway analysis (Figure 7, Table S1). Here, five of the top
enriched pathways were significantly overrepresented in all CSC populations and plotted
together (p <0.05). Next to the gene pathway responsible for “Ribosome”, which owns the
strongest significance (p = 1.9 x 104), also “Oxidative phosphorylation” (p = 0.013) and
“Non-alcoholic fatty liver disease” (p = 0.015) displayed highly enriched pathways. Sur-
prisingly, two unexpected signaling pathways were also significantly overrepresented,
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namely the genes associated with “Parkinson’s disease” (p = 0.004) and “Alzheimer’s dis-
ease” (p =0.005).

hsa04932 Non-alcoholic fatty liver disease (NAFLD)

upregulated KEGG pathways

hsa00190 Oxidative phosphorylation

hsa05010 Alzheimer‘s disease

hsa05012 Parkinson‘s disease

hsa03010 Ribosome

O » Q ) O
O O N N Q%
QQ QQ 09 QQ QQ
p-value

Figure 7. Top five upregulated KEGG pathways within the 12 investigated primary cancer stem-like cell populations (p < 0.05).

We further conducted GO-term enrichment analysis for a more specific insight into
similarly upregulated terms from biological processes, cellular components and molecu-
lar functions (Figure 8). For enriched GO-terms relating to biological processes, the top
ten terms were depicted in accordance with their fold enrichments (Figure 8A, Table S2).
Here, genes involved in the glycolytic pathways (fructose and glycose) were highly en-
riched (see “methylglyoxal metabolic process”). Further, GO-terms “formation of cyto-
plasmic translation initiation complex” fitting to the enriched genes in ribosomal biosyn-
thesis and “protein deneddylation” involved in ubiquitin-mediated proteasomal degra-
dation were upregulated. Accordingly, GO-terms relating to the cellular components (Fig-
ure 8B, Table 53) showed six-fold upregulated genes involved in “translation preinitiation
complex”, “proteasome core complex, alpha-subunit complex” and “cytosolic large ribo-
somal subunit”. Ribosome associated GO-terms were likewise found among the terms re-
lated to molecular function, such as “7S RNA binding”, “55 rRNA binding” and “struc-
tural constituent of ribosome”. Further, genes related to “peroxiredoxin activity” were
highest enriched (Figure 8C). Additionally, “NF-«xB binding” was found to be upregulated
in all CSC populations (Table 54).
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Figure 8. Gene ontology (GO)-term enrichment analysis of all 12 cancer stem-like cell populations, including all popula-
tions of endometrial-, glioblastoma-, lung- and prostate cancer stem-like cells, respectively. (A) Visualization of the top
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ten fold enriched GO-terms involved in biological processes (p < 2.00 x 10-%). (B) Top ten of the fold enriched GO-terms
concerning cellular components (p < 1.38 x 10-%). (C) Representation of fold enriched GO-terms associated with molecular
functions (p <2.65 x 1074).

4. Discussion

In the present study, we report for the first time global transcriptional differences
and similarities of CSCs from various tumors including glioblastoma multiforme, non-
small cell lung carcinoma, endometrial carcinoma, and prostate carcinoma. We found the
transcripts of all investigated CSC-populations to share significantly upregulated genes
associated with the mitochondrion, proteasome, and ribosome (Figure 9).

MHC class |

CD44
IL-1B
Cancer Stem Cell .

B . Ribosome*

NN\

MYC

XN

Proteasome+ Mitochondrion 1‘

Figure 9. Schematic view on biological processes with enriched genes in CD44-positive cancer stem-like cells (CSCs) from
glioblastoma, lung, endometrial and prostate cancer. Genes associated with the mitochondrion, proteasome, ribosome as
well as NF-xkB and MYC genes were highly enriched in all CSC populations.

In 1924, Otto Warburg and co-workers published a seminal paper on aerobic glycol-
ysis in rat tumor cells and sections derived from human tumors [68]. The Warburg effect
described an increased rate of glucose fermentation leading to lactic acid by tumor cells,
even under aerobic conditions [69]. Eight-seven years later, the Warburg effect was in-
cluded in the list of general hallmarks of cancer. Tumor cells are able to reprogram the
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energy metabolism to aerobic glycolysis independent to mitochondrial function to pro-
duce adenosine triphosphate (ATP) [70]. However, a tumor is increasingly recognized to
consist of a highly heterogeneous cell mass, with the rare cell type of CSCs driving metas-
tasis, invasiveness, therapeutic resistance and recurrence of the tumor (reviewed in [71]).
Here, we determined the global transcriptomes of CSCs propagated in vitro. Extending
the findings of Warburg, these cells seem to have high metabolic plasticity and might use
mitochondria for oxidative phosphorylation. In this line, gene enrichment analysis of the
genes expressed in CSCs in comparison to the human genome showed a more than five-
fold enrichment of expressed genes involved in mitochondria and oxidative phosphory-
lation. Accordingly, the amount of metabolic flexibility allowing the switch from oxida-
tive phosphorylation to aerobic glycolysis was reported for CSCs (reviewed in [72]). In
particular, a recent study investigated whether the metabolic state (especially the War-
burg effect) of GSCs differs from the bulk of the tumor cells with a newly developed im-
aging system [73]. Vlashi and coworkers reported that monolayer cultures of GSCs pro-
duce about 20% less ATP than neurosphere cultures. Of note, another study showed high
expressions of CD133 and Nestin in cultured GSC spheres but not in non-sphere GSC
monolayers, cultured in 10% FBS [74]. In our study, we detected no difference in the ex-
pression of CSC markers in sphere cultures in comparison to adherently grown CSC pop-
ulations. This might be due to a different experimental strategy used here, as we selected
CSCs by differential trypsinization and cultured adherent populations with 10% serum
supplemented with B27, bFGF-2 and EGF. Using specific inhibitors for oxidative phos-
phorylation and aerobic glycolysis, the authors suggested that ATP in both monolayer
and neurosphere cultures was mainly produced by glycolysis and oxidative phosphory-
lation. Inhibition of glycolysis could be compensated through increased oxidative phos-
phorylation and vice versa. However, the authors conclude that the GSC-metabolism
mainly relies on oxidative phosphorylation, which is in line to the here observed enrich-
ment in genes involved in mitochondria and oxidative phosphorylation. Of note, muta-
tions in IDH1 and IDH?2 genes were shown to reprogram the metabolism of cancer cells to
produce the onco-metabolite D-2-hydroxyglutarate and cells with mutations might be ad-
ditionally dependent on lactate (see for review [75]). In our analysis, CSCs from a second-
ary GBM showing an IDH1 mutation (see Figure 4, GSCs_b) did not cluster with the other
analyzed GBM-derived CSCs without IDHI mutation because of significant changes in
global gene expression.

Otto Warburg had many important contributions to biochemistry, such as the dis-
covery of the ‘oxygen-transferring ferment of respiration’ (cytochrome-c oxidase com-
plex), leading to him receiving the Nobel Prize in physiology or medicine, 1931. We found
expressed genes enriched, which might be important for oxidative phosphorylation in
mitochondria, such as NADH dehydrogenase activity, proton-transporting ATP synthase
activity and cytochrome-c oxidase activity. Since respiratory chain activity leads to con-
stant production of the reactive oxygen intermediate (ROS) it might not be surprising to
find enrichment of genes, which code for antioxidant activity such as peroxiredoxin activ-
ity, glutathione binding and glutathione peroxidase activity. Some of the ROS produced
might result in NF-«B binding. Other organelles containing enriched genes include ribo-
somes and 26 proteasomes. Indeed, oxidative phosphorylation in mitochondria have been
identified as hallmark of CSC metabolism (reviewed in [76]). We also analyzed the ex-
pression of general CSC markers (Figure S7). Of special interest might be our recent ob-
servation of MYC, as a potential regulator of survival in colon carcinoma-specific CSCs
(see [42]). In our study, we could detect MYC expressions in each investigated CSC pop-
ulation. Furthermore, published cancer surface markers CD44 and CD59, as well as the
insulin-like growth factor binding protein 2 (IGFBP2), were expressed in all analyzed
CSCs. In this context, Chen and Ding demonstrated gradually increased CD59 expression
levels in different breast- and lung parental cancer cell lines and further observed that the
absence of CD59 resulted in a completely suppression of tumorigenesis in vivo [77]. These
results were investigated within sphere cultures, whereas we also detected CD59 within
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our adherently cultured CSC populations, further substantiating stem-like characteristics
in our CSC models. Next, gene expressions for ribosomal proteins like RPLP1, RPS27L,
RPL14 and RPL21 as well as the nuclear encoded and mitochondrial localized protein
COX8A were detected after transcriptomic analysis. Finally, genes involved in cell cycle
regulation and tumor growth like CDK16, CDC20 and the Ras homologue enriched in
brain (RHEB) were ubiquitously expressed in our established CSCs. In this context, RHEB
is commonly known to function in human carcinogenesis [78]. In more detail, Tian and
co-workers reported the inhibition of cell proliferation and initiation of apoptosis in colo-
rectal cancer cells via silencing of the RHEB gene [79].

We have previously shown that the guanine exchange factor (GEF) pleckstrin homol-
ogy and RhoGEF domain containing G5 (PLEKHGS) plays an essential role in the for-
mation of autolysosomes in glioblastoma cells and induces the transcription factor NF-xB
[80]. However, in the present dataset we could not detect any expression of PLEKHGS.
With respect to a recently proposed role of NF-«B in cancer and CSCs (reviewed in [1,81]),
we searched for evidence of activated NF-kB in this transcriptome dataset. We detected
highly enriched genes involved in the GO-term “NF-«B binding”. However, out of all five
DNA-binding subunits, only the expression of RELA in all CSC samples was detectable.
Furthermore, expression of interleukin 6 and tumor necrosis factor-alpha was not detect-
able in CSCs, whereas we observed NF-kB target gene expression of IL1B, HLA-A as well
as HLA-B in all CSC population. We therefore conclude that further experiments might be
necessary to provide conclusive data on the role of NF-«kB in CSCs.

We further demonstrate high amounts of ribosome-associated gene expressions in
CSCs independent of the tumor type. These data suggest a mechanism of ribosome-en-
richment for oxidative phosphorylation in CSCs. On the mechanistic level, RNA polymer-
ase III (Pol III) may transcribe the ribosomal 55 rRNA and the 5.8S, 185 as well as 285
rRNAs are known to arise from the processing of a common precursor rRNA (475) tran-
scribed by the Pol I. Accordingly, altered ribosome components were discussed to play a
significant role in CSCs [82]. There is additional evidence that ribosome biosynthesis and
protein synthesis might be directed by transcription factor MYC (reviewed in [83]). Pro-
teasome-related transcription was enriched by more than a factor of six in CSCs, although
investigations with fluorogenic proteasome substrates suggest a low activity of pro-
teasomal protein degradation in CSCs of breast cancer and glioma [84].

Limitations: on a technical level, this study relies on in vitro protein and tran-
scriptomic data generated with newly developed nanopore sequencing. Although we
generally achieved full-length transcript data using this technology, read depth is not as
high as in standard Illumina approaches, but seems to be sufficiently sensitive to detect
differences and similarities between CSC populations. However, due to the performed
read depth, we cannot exclude the possibility of missing low abundant transcripts as tran-
scription factors.

5. Conclusions

From our transcriptomic analysis, we conclude that the here used CSC populations
could be divided into three clusters independent of the parental tumor. Nevertheless, we
detected conserved expressions of the CSC markers CD44, Nestin, and MYC on mRNA
and protein level as well as transcriptional expression of CD59. Moreover, GO-term and
KEGG pathway enrichment analysis revealed upregulated genes related to ribosomal bi-
osynthesis, the mitochondrion, oxidative phosphorylation, and glycolytic pathways as
well as to the proteasome, suggesting the great extent of metabolic flexibility in CSCs.
Taken together, transcriptomic analysis might pave the way for future pathway-directed
therapies such as targeting mitochondria and 80S ribosomes, together with the already
established proteasome. However, further in vitro and in vivo studies are necessary to
overcome potential limitations of the study and for specific target discovery.
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Abstract

Stem cells of the neural crest (NC) vitally participate to embryonic development, but also remain in
distinct niches as quiescent neural crest-derived stem cell (NCSC) pools into adulthood. Although
NCSC-populations share a high capacity for self-renewal and differentiation resulting in promising
preclinical applications within the last two decades, inter- and intrapopulational differences exist in
terms of their expression signatures and regenerative capability. Differentiation and self-renewal of
stem cells in developmental and regenerative contexts are partially regulated by the niche or culture
condition and further influenced by single cell decision processes, making cell-to-cell variation and
heterogeneity critical for understanding adult stem cell populations.

The present review summarizes current knowledge of the cellular heterogeneity within NCSC-
populations located in distinct craniofacial and trunk niches including the nasal cavity, olfactory bulb,
oral tissues or skin. We shed light on the impact of intrapopulational heterogeneity on fate
specifications and plasticity of NCSCs in their niches in vivo as well as during in vitro culture. We
further discuss underlying molecular regulators determining fate specifications of NCSCs, suggesting
a regulatory network including NF-xB and NC-related transcription factors like SLUG and SOX9
accompanied by Wnt- and MAPK-signaling to orchestrate NCSC stemness and differentiation.

In summary, adult NCSCs show a broad heterogeneity on the level of the donor and the donors’ sex,
the cell population and the single stem cell directly impacting their differentiation capability and fate
choices in vivo and in vitro. The findings discussed here emphasize heterogeneity of NCSCs as a crucial
parameter for understanding their role in tissue homeostasis and regeneration and for improving their
applicability in regenerative medicine.
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Heterogeneity of NCSCs

1 Introduction: Intrapopulational heterogeneity of adult stem cells

Adult stem cells (ASCs) are undifferentiated cells capable of self-renewal as well as multi-lineage
differentiation and are located in a broad range of niches throughout the human body (Rochat et al.,
1994; Johansson et al., 1999; Pittenger et al., 1999; Messina et al., 2004; Hauser et al., 2012; Hoving
et al., 2020b). By giving rise to a variety of specialized cell types, ASCs not only participate to normal
adult tissue homeostasis and endogenous regeneration processes upon injury or inflammation, but also
harbor an enormous potential for applications in regenerative medicine. Differentiation and self-
renewal of stem cells in developmental and regenerative contexts are partially regulated by the niche
or culture condition and further influenced by single cell decision processes. Cell-to-cell variation and
heterogeneity can thus be considered as fundamental and intrinsic characteristics of adult stem cell
populations. Utilization of bulk samples thus not only limits the degree of resolution of cell type
definitions but can also mask crucial information about subcellular heterogeneity within stem cell
populations and their lineage choices (Moignard and Gottgens, 2016; Griffiths et al., 2018). In this
regard, first observations of heterogeneity within a defined cell population were reported by Fleming
and colleagues. In this pioneering study, the authors described functional heterogeneity within a
phenotypically defined Thy1.1'%/lin"/Sca-1* multipotent hematopoietic stem cell (HSC) population
which was associated with the cell cycle status. In detail, murine Thy1.1'%/lin"/Sca-1* cells in the GO/G1
phase showed significantly higher capacities for radioprotection and long-term multilineage
reconstitution of peripheral blood after injection into lethally irradiated recipient mice compared to
Thy1.1%/lin"/Sca-1* cells in the S/G2/M phase (Fleming et al., 1993). Following this pioneering work,
single cell technologies have been developed rapidly in recent years to dissect cellular heterogeneity
and identify subpopulations even within a “homogenous” stem cell population, providing deeper
insight into their behavior and biological function (Fletcher et al., 2017; Gadye et al., 2017; Joost et
al., 2018). For HSCs, recent single cell observations ranged from reporting heterogeneity of HSCs
within the bone marrow (Moignard et al., 2013; Yu et al., 2016), for instance regarding the cell-cycle
status of pre-HSCs (Zhou et al.,, 2016), up to providing the regulatory landscape of human
hematopoietic differentiation on single cell level (Buenrostro et al., 2018). For long time,
transplantation assays did not reveal functional differences but the observed diversity at transcriptional
and epigenetic level may provide information to engineer HSCs for clinical applications and emphasize
the importance of single cell measurements (Yu et al., 2016; Zhou et al., 2016; Buenrostro et al., 2018).
Very recently, Rodriguez-Fraticelli and colleagues combined single cell transcriptome analysis with
functional transplantation assays and discovered the transcription factor Tcfl15 to be crucial for the
regulation of HSC long-term regenerative capacity in vivo (Rodriguez-Fraticelli et al., 2020). Next to
well-studied HSCs, single cell analysis was successfully applied to investigate the differentiation
dynamics of primary human skeletal muscle myoblasts (Trapnell et al., 2014) and neural stem cells
(NSCs). Here, Suslov and colleagues as well as Dulken and coworkers reported intra-clonal
heterogeneity and cell-lineage diversity in NSCs cultured as neurospheres (Suslov et al., 2002; Dulken
etal., 2017), initiating a discussion regarding their applicability as a model system. Mesenchymal stem
cells (MSCs) were likewise observed to show not only functional and molecular differences between
clones, butalso intra-clonal heterogeneity and cell-to-cell variations (reviewed in (McLeod and Mauck,
2017). For instance, Freeman and coworkers utilized single cell RNA-sequencing (scCRNA-seq) to
demonstrate unique profiles of lineage priming in individual bone marrow-derived MSC. Although
multipotency-associated transcriptional profiles were consistently observed, single MSCs showed
varying levels of genes associated with differentiation and immunomodulation, which could not be
ascribed to proliferation state or other cellular processes (Freeman et al., 2015). The possibility to
define intercellular heterogeneity via single cell analysis becomes thus more and more evident to
understand cell-to-cell variations within a tissue or a distinct population of cells and stem cells.
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Determining the identities of ASCs at single cell resolution will improve our insights into lineage
choices and underlying regulatory networks in endogenous tissue regeneration as well as in the context
of cell-intrinsic sexual dimorphisms (Fig. 1). In addition, the systematic investigation of cellular
heterogeneity in ASC-based model systems like cultured stem cell-derived spheroids may broaden the
applicability of ASCs in drug development and regenerative medicine (Fig. 1).

Among the broad range of ASCs in their diverse niches, adult neural crest-derived stem cells (NCSCs)
reveal a particularly broad differentiation potential (see also chapter 3) and are therefore highly
promising candidates for studying heterogeneity of stem cell populations and fate decisions. This
review will summarize current tools for analyzing gene expression profiles of single (neural crest-
derived) stem cells via sScCRNA-seq and discuss recent observations of single cell heterogeneity in
mammalian NCSC-populations located in distinct craniofacial and trunk niches including the nasal
cavity, olfactory bulb, carotid body, cornea of the eye, oral tissues, craniofacial and trunk skin, dorsal
root ganglia, sciatic nerve, bone marrow, heart and gut . We will further assess underlying molecular
regulators orchestrating fate specifications and stemness of NCSCs.

2 Technical excursion: State of the art tools and challenges of analyzing single stem cells

The major challenge in performing single stem cell experiments lies in the extremely low amount of
starting material that can be isolated from one single cell. This little starting material can lead to a loss
of information in the resulting cDNA libraries as well as to a phenomenon called drop-out, if a gene is
expressed in a cell but not detected in RT-PCR or scRNA-seq (Kumar et al., 2017). On the contrary,
fluctuations in the transcription rates of a gene (termed as transcriptional noise) occur based on random
distributions of extremely low intracellular concentrations of the acting molecules (McAdams and
Arkin, 1999; Kumar et al., 2017). To gain a deeper insight into cellular heterogeneity, the analysis of
a large quantity of single cells is necessary making high throughput methods inevitable. Next to
appropriate sample acquisition (reviewed in (Saliba et al., 2014)), various strategies and platforms for
analyzing gene expression of single stem cells have been established in the last years (see Fig. 2). As
an image-based method, RNA-fluorescence in situ hybridization (FISH) utilizes fluorescently labeled
oligonucleotides that hybridize to their complementary counterparts in a fixed cell. Thus, mMRNA
molecules can be visualized as diffraction limited spots providing information about their spatial
distribution within the cell. However, the potential number of simultaneously assayed genes is
restricted by the availability of microscope filters but can be increased to a certain extend by
combinatorial and sequential barcoding (Lubeck and Cai, 2012; Lubeck et al., 2014; Moffitt et al.,
2016). For in-depth analyses, global gene expression profiling by scRNA-Seq harbors the potential to
discriminate thousands of transcripts (biomarkers) and their expression levels. One first SCRNA-seq
technique was SMARTseq/SMARTseq2 (switching mechanism at 5’ end of the RNA transcript),
which enables the generation of full-length cDNA transcripts of one single cell (Ramskéld et al., 2012;
Picelli et al., 2014). However, prior to the application of SMARTseq methods, single cells have to be
prepared by either FACS or single cell dilution limiting the amount of analyzed single cells. Rosenberg
and colleagues developed spilt-pool ligation-based transcriptome sequencing (SPLiT-seq), which
applies four rounds of combinatorial barcoding to a suspension of formaldehyde-fixed cells (Rosenberg
et al., 2018). Sequential barcoding of the mMRNA results in more than 21 million of possible barcode
combinations starting from 96 individual cells enabling high-grade multiplexing in a single sequencing
run and reducing costs to 0.1 USD per cell. However, the workflow prior to sequencing requires a
range of pipetting steps, which is time-consuming and limits the number of simultaneously analyzed
cells. Microfluidic-based systems are working with nanoliter-scale volumes allowing substantial
reduction of the rate of external contaminations (Blainey and Quake, 2011). Additionally, the small
volumes avoid an excessive dilution of the input RNA as well as concomitant potential bias from pre-
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Heterogeneity of NCSCs

amplification steps and technical variability (Wu et al., 2014). Linking microfluidic systems and
droplet barcoding strategies currently represents the leading edge of single cell research (Klein et al.,
2015; Macosko et al., 2015; Zilionis et al., 2016; Zheng et al., 2017). Here, individual (stem) cells are
trapped in a nanoliter-scale droplet containing barcoding oligonucleotide primers as well as reverse
transcriptase (RT)- and lysis reagents. Inside the droplet, a single cell is lysed followed by mRNA-
barcoding during RT-reaction. Barcoded single cell nRNAs are pooled and prepared cDNA libraries
can be processed for sequencing. Due to the initial barcoding, the information derived from a pool of
cells can be separated in silico to create expression profiles of the corresponding cells (Klein et al.,
2015; Zilionis et al., 2016; Zheng et al., 2017). With regard to nanoliter-scale working-volumes and
pooling of labeled single cell mMRNA, the linkage of microfluidic systems and droplet barcoding
strategies allows a significant decrease in the respective amount of required reagents and therefore a
dramatic reduction of costs per sequenced cell (Klein et al., 2015; Ziegenhain et al., 2017). Currently,
the platforms Drop-seq (Macosko et al., 2015), inDrop (Klein et al., 2015; Zilionis et al., 2016) and
10X Genomics Chromium (Zheng et al., 2017) are most widely applied for microfluidic-based
generation of single cell libraries followed by scRNA-seq. In a recent side-by-side comparison by
Zhang and coworkers, all systems were shown to be satisfactory efficient in detection of transcripts.
The authors concluded 10X to be a reasonable and safe option for a wide range of applications, while
Drop-seq being more cost-efficient for abundant samples and inDrop being the best choice for detecting
low-abundance transcripts or for establishing custom protocols (Zhang et al., 2019). Although the
sorting of a cell population of interest prior to sequencing is not supported and the analysis of distinct
small cell populations is thus exacerbated, microfluidic systems are well-suited to address the challenge
of scRNA-seq of stem cells in a cost-efficient manner. Regarding the techniques introduced above, the
following chapters will discuss single cell data reporting heterogeneity in neural crest-derived stem
cell populations and underlying regulatory networks.

3 Adult neural crest-derived stem cells — From individual developmental drivers to mediators

of regeneration during adulthood

The neural crest (NC) was described the first time by Wilhelm His in 1868 as the intermediate chord
(““Zwischenstrang’’) between the neural tube and the future ectoderm in the developing chick embryo
(His, 1868). During neurulation, premigratory neural crest cells arise from the neural plate border and
undergo epithelial to mesenchymal transition (EMT) after formation of the neural tube (Fig. 3A).
Following EMT, neural crest cells migrate out of their niche and give rise to a broad variety of
ectodermal and mesenchymal cell types, thereby fundamentally contributing to embryonic
development (Dupin and Sommer, 2012; Kaltschmidt et al., 2012; Etchevers et al., 2019). According
to their position on the anteroposterior axis, migration behavior and differentiation potential, migrating
NC cells are divided into cranial, vagal (including cardiac), trunk and sacral NC cells (Yntema and
Hammond, 1954; Le Douarin and Teillet, 1974; Noden, 1975; 1978a) (reviewed by (Rothstein et al.,
2018)). Cranial NC cells firstly undergo EMT and form a range of craniofacial cell types and tissues
such as peripheral nerves, melanocytes, thyroid cells, teeth and most of the craniofacial skeleton
(Johnston, 1966; Noden, 1978a; b; Baker et al., 1997) (see reviews from (Graham et al., 2004;
Kaltschmidt et al., 2012; Rocha et al., 2020)for overview) (Fig. 3A). Vagal NC cells give rise to enteric
neurons and glia forming the enteric nervous system of the foregut and stomach, while an anterior
localized subset, the cardiac NC cells, contributes to septation of the outflow tract in the developing
heart (Phillips et al., 1987; Burns and Douarin, 1998). Trunk NC cells were reported to differentiate
into sensory and sympathetic ganglia, melanocytes and the adrenal medulla (Fig. 3A). Sacral NC cells,
which have only been identified in amniotes so far, colonize the gut after their vagal counterparts to
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form enteric glia and neurons innervating the hindgut (Yntema and Hammond, 1954; Le Douarin and
Teillet, 1973; Epstein et al., 1994) (see review from (Rothstein et al., 2018) for overview). Notably,
NC cells not only give rise to distinct cell types in the developing tissues, but even guide patterning
and differentiation of their target tissues during embryogenesis (Rios et al., 2011; Faure et al., 2015).
For instance, in the avian system, the cephalic neural crest (CNC) has been shown to control
development of the forebrain and midbrain. Here, the CNC regulates the shaping and size of the pre-
otic brain by the expression of bone morphogenetic protein (BMP) antagonists like Gremlin and
Noggin (Creuzet, 2009). Accordingly, mutations in key transcription factors regulating migration and
differentiation of NC cells, like SLUG, SOX10, SNAIL, or TWIST lead to NC maldevelopment and
specific disease phenotypes. Amongst others, these so-called neurocristopathies (Bolande, 1974)
particularly include tumors as melanoma, neuroblastoma or neurofibroma, malformations like cleft lip
or palate, heart malformations and craniofacial defects (Kabuki syndrome) as well as Hirschsprung’s
disease, Waardenburg syndrome or Charcot—Marie-Tooth disease (Bolande, 1974; Wilkie and
Morriss-Kay, 2001; Amiel et al., 2008; Vega-Lopez et al., 2018; Greiner et al., 2019a). Interestingly,
certain neurocristopathies like Hirschsprung’s disease, Waardenburg syndrome, melanoma or
meningioma were reported to occur in a sex-specific manner (reviewed in (Greiner et al., 2019a)).
While Hirschsprung’s disease, Waardenburg syndrome and melanoma were described to have a
prevalence in males (Amiel et al., 2008; Karimkhani et al., 2017), meningiomas occur twice as often
in female individuals (Korhonen et al., 2006), emphasizing the potential heterogeneity between
embryonic NC populations of distinct sexes (reviewed in (Greiner et al., 2019a)). In addition, Lignell
and coworkers revealed heterogeneity even within embryonic NC stem cell populations in the chick
dorsal neural tube by demonstrating the presence of distinct premigratory and early migratory neural
crest populations in the developing dorsal midbrain. These observations emphasize the heterogeneity
of cells located in the neural crest stem cell niche and provide hints for spatially and transcriptionally
distinct subpopulations at single cell resolution (Lignell et al., 2017).

Beyond their tremendous role in embryogenesis, neural crest stem cells also remain in distinct niches
as quiescent stem cell pools into adulthood (Sieber-Blum and Grim, 2004; Widera et al., 2007; Dupin
and Sommer, 2012; Hauser et al., 2012). These neural crest-derived stem cells can be found in various
tissues of the adult human body, for example the bone marrow (Coste et al., 2017), skin (Toma et al.,
2001), heart (Hoving et al., 2020b), cornea (Katikireddy et al., 2016), hair follicles (Clewes et al.,
2011), dental pulp (Waddington et al., 2009), palatum (Widera et al., 2009) or the respiratory and
olfactory epithelium of the nasal cavity (Murrell et al., 2008; Hauser et al., 2012; Schurmann et al.,
2017). Adult NCSCs are known to possess a high capacity for self-renewal as well as an extended
multipotency, revealed by an extraordinary high differentiation potential particularly into
mesenchymal and ectodermal cell types in vitro and in vivo (Fig. 3B)(Murrell et al., 2008; Shakhova
and Sommer, 2008; Miiller et al., 2015; Hofemeier et al., 2016; Greiner et al., 2019b). Common
characteristics of NCSCs further include expression of the intermediate filament Nestin and NC-
associated markers like SOX9, SOX10, SLUG, SNAIL or TWIST as well as the capacity to form
neurospheres in vitro (Nieto et al., 1994; Lothian and Lendahl, 1997; Southard-Smith et al., 1998; del
Barrio and Nieto, 2002; Spokony et al., 2002; Kim et al., 2003; Soldatov et al., 2019). Their broad
differentiation and migration capability and accessibility in the adult human organism make NCSCs
promising candidates for pharmacological research (Matigian et al., 2010; Rodrigues et al., 2014;
Muller et al., 2016) and regenerative medicine (Barnett et al., 2000; Tabakow et al., 2014; Mdller et
al., 2015). Here, NCSCs were reported to functionally recover animal models of Parkinson’s disease
or spinal cord injury (Barnett et al., 2000; Murrell et al., 2008; Muller et al., 2015). Tabakow and
coworkers impressively demonstrated the functional regeneration of supraspinal connections in a
patient with transected spinal cord. Next to peripheral nerve bridging, the authors transplanted
autologous olfactory ensheathing cells, a population of NCSCs located in the olfactory bulb, resulting
in partial recovery of voluntary movement of the lower extremities (Tabakow et al., 2014).
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Heterogeneity of NCSCs

Despite similarities in their clinical applicability and common characteristics, distinct populations of
human NCSCs differ in their expression profiles and differentiation potential with particular regard to
their tissue of origin (Hoving et al., 2020b). In addition to differences between distinct populations of
adult NCSCs, several very recent studies even point towards a cellular heterogeneity within respective
NCSC-pools (Fig. 3C)(Young etal., 2016)(see table 1 for overview). The following chapters will focus
on these heterogeneities in terms of NCSC-identities, fate decision and underlying regulatory networks.

4  Fate specifications and heterogeneity of NCSCs from the nasal cavity and olfactory bulb

The mammalian nasal cavity and olfactory bulb (OB) are well-known to harbor distinct niches for adult
neural crest-derived stem cells. Amongst others, these NCSC-populations include horizontal basal cells
(HBCs) and olfactory ensheathing cells (OECs) residing in olfactory mucosa of the middle and superior
turbinate (OECs and HBCs) and as well as the olfactory bulb (OECs) (Barnett et al., 2000; Murrell et
al., 2008; Barraud et al., 2010; Suzuki et al., 2013; Tabakow et al., 2014). Further, olfactory
ectomesenchymal stem cells (OE-MSC) within the lamina propria of the human olfactory mucosa were
shown to express a range of neural as well as mesenchymal markers (Delorme et al., 2010). In addition,
neural crest-derived stem cells were described to be located in the respiratory epithelium of the inferior
turbinate (inferior turbinate stem cells, ITSCs) (Hauser et al., 2012) and in the lamina propria of middle
turbinate tissue (middle turbinate stem cells, MTSCs) (Schurmann et al., 2017). Assessment of the
heterogeneity of these stem cell populations is increasingly enabling promising insights into the control
of fate decisions and lineage restrictions of mammalian stem cells and adult mammalian regeneration.
In this regard, Fletcher and coworkers recently investigated a detailed map of lineage choices for HBCs
in the murine postnatal olfactory epithelium using sScRNA-seq combined with lineage tracing in vivo.
Interestingly, an initial lineage trajectory of quiescent HBCs into either sustentacular cells via direct
fate conversion or globose basal cells (GBCs) was reported to occur prior to cell division. For olfactory
neurogenesis ensuring tissue homeostasis, GBCs proliferate and give rise to microvillous cells and
olfactory sensory neurons, but also to Bowman’s gland. The authors further identified canonical Wnt-
signaling as a major regulator driving the route of HBCs from quiescence to neuronal differentiation
by promoting neuronal fate choices (Fletcher et al., 2017). Within the injured mouse olfactory
epithelium, quiescent HBCs were shown to be activated and adopt a proliferative and transient state,
which was found to be unique to injury (Gadye et al., 2017). Self-renewal of proliferating transient
HBCs was reported to result in a resting HBC-population as well as in further enlargement of the
transient HBC-population. Transient HBCs differentiated into the neuronal lineage via GBCs and
microvillous cells towards mature olfactory sensory neurons with Sox2 being essential for transition
from the activated to neuronal progenitor states. In contrast to non-injury conditions in tissue
homeostasis (Fletcher et al., 2017), regeneration of sustentacular cells was demonstrated to involve
proliferation of HBCs, although sustentacular cells likewise differentiated directly from the transient
HBCs. Notably, activated single HBCs revealed a highly heterogeneous gene expression indicating a
heterogeneity within the transient state of HBCs leading to designation of lineage commitment (Gadye
etal., 2017). Using sScRNA-Seq of 28,726 single cells, Durante and coworkers very recently provided
evidence for ongoing robust neurogenesis in the human olfactory epithelium under non-injury
conditions contributing to sensing of smell. Next to a high ratio of immature to mature neurons,
KRT5*/SOX2* HBCs were frequently observed to possess a rounded, reactive-like morphology. The
authors thus suggested the stemness state of HBCs in the OE of middle-aged humans to be similar to
injury-induced epithelial reconstitution in rodents (Durante et al., 2020). Next to heterogeneity of
NCSCs in the olfactory epithelium in vivo, Huang and colleagues reported differential migration
behavior of distinct single murine OECs. Here, the distinct OEC-subpopulations defined the respective
mode of migration as well as underlying distribution of the cytoskeleton (Huang et al., 2008).
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Nearly a decade ago, we identified a population of NCSCs in the respiratory epithelium of the human
inferior turbinate (Hauser et al., 2012). Inferior turbinate stem cells (ITSCs) could be propagated in
vitro as free-floating neurospheres or within human blood plasma-derived 3D fibrin matrix. In vitro
cultivated 1TSCs showed the ability to self-renew and differentiate into mesenchymal derivates like
adipocytes or osteoblasts, but also efficiently gave rise to glutamatergic and dopaminergic neurons
(Greineretal., 2011; Maller et al., 2015; Ruiz-Perera et al., 2018; Greiner et al., 2019b; Ruiz-Perera et
al., 2020). Despite this commonly shared differentiation potential, ITSCs also revealed heterogeneities
in their behavior during differentiation. In particular, we recently observed differences in
neuroprotection of ITSC-derived glutamatergic neurons against oxidative stress in dependence on the
sex of the stem cell donor. ITSC-derived neurons from female donors showed increased oxidative
stress-induced neuronal death but also an elevated neuroprotection after stimulation of the transcription
factor nuclear factor ‘kappa- light-chain-enhancer’ of activated B cells (NF-kB) compared to their male
counterparts (Ruiz-Pereraetal., 2018). The observed differences in neuroprotection were accompanied
by the presence of a sexually dimorphic protective gene expression program (Ruiz-Perera et al., 2018),
suggesting further heterogeneities in differentiation behavior of ITSCs. In addition, we observed
donor-dependent differences in the amount of p75NT™R-positive stem cells in their niche within the
inferior turbinate. Here, freshly dissociated tissue from individual donors showed 9.78% to even
26.50% of p75NTR-positive ITSCs depending on the donor. On single cell level, assessment of self-
renewal in tertiary ITSC clones revealed different ratios of ITSC-derived ectodermal to mesenchymal
progeny dependent on the distinct single stem cell (Greiner et al., 2011; Hauser et al., 2012), as
schematically depicted in Fig. 3C. Accordingly, recent gPCR-analysis following SMART-Seq2 of
single self-renewing ITSCs emphasized the heterogeneity between individual stem cells on gene
expression level. In particular, we observed great differences in expression levels of NCSC-markers
SLUG, SNAIL and Nestin between single ITSCs (Fig. 4A). Immunocytochemistry validated the
heterogeneous amounts of nuclear localized SLUG protein, indicating variations in the presence and
activity of SLUG depending on the individual stem cell state (Fig. 4B, see also chapter 9). Since
spontaneous differentiation of ITSCs was not observable under the applied culture conditions in our
previous studies (Greiner et al., 2011; Hauser et al., 2012), we strongly suggest intrinsic differences
between stem cell states to account for this heterogeneity. Interestingly, activation of SLUG is
commonly noticed to regulate and determine stemness states of adult stem cells (Guo et al., 2012; Tang
et al., 2016). The heterogeneous expression of major NCSC-markers like Nestin and regulatory
transcription factors like SLUG may thus be directly associated to the observed differences in
differentiation potentials between single ITSCs, as already described for NCSCs located in the oral
cavity ((Young et al., 2016), see below).

5 Heterogeneity of NCSCs in the oral cavity

Next to the nasal cavity, neural crest-derived stem cells are present within oral tissues for instance as
periodontal ligament stem cells (PDLSCs) (Widera et al., 2007; Huang et al., 2009; Kawanabe et al.,
2010), dental pulp stem cells (DPSCs) (Gronthos et al., 2000; Stevens et al., 2008)(reviewed in (Sloan
and Waddington, 2009; Kaltschmidt et al., 2012)), human oral mucosa stem cells (hOMS) (Marynka-
Kalmani etal., 2010) and progenitor cells in the lamina propria of the oral mucosa (OMLP-PC) (Davies
etal., 2010), or oral stromal stem cells (Boddupally et al., 2016). Although expression of neural crest-
associated markers in PDLSCs seems to be heterogeneous in dependence to the culture system, several
studies reported successful differentiation into a range of ectodermal and mesenchymal derivates
(Widera et al., 2007; Huang et al., 2009). However, single cell-derived PDLSC-clones were
demonstrated to differ in their differentiation capability ranging from clones with multilineage potential
to sole osteoprogenitors (Singhatanadgit et al., 2009).
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Next to periodontal ligament, dental tissues particularly including the dental pulp are developmentally
derived from the neural crest (Chai et al., 2000). Human DPSCs were reported to be positive for the
NCSC-marker Nestin (Arthur et al., 2008) and to form dentin and dental pulp tissue in vivo, but are
also able to give rise to osteoblasts, chondrocytes, adipocytes and even to NC-related melanocytes and
functionally active neurons (Gronthos et al., 2000; Arthur et al., 2008; Stevens et al., 2008; Jiang et al.,
2019). In accordance with our own observations in human ITSCs, single cell-derived clonal cultures
of murine DPSCs revealed highly heterogeneous gene expression levels of Nestin between individual
stem cell clones. Notably, DPSCs showing high Nestin expression differentiated into neuron-like or
oligodendrocyte-like derivates, while Nestin'®“-DPSCs lacked this capacity (Young et al., 2016). In
line with these findings, Kobayashi and coworkers recently characterized differences in proliferation,
differentiation potential and gene expression between fifty human dental pulp stem cell clones.
Although the characteristic DPSC-markers STRO-1 and CD146 were co-expressed in nearly all DPSC
clones, individual DPSCs showed great differences in their differentiation capacities into odontogenic,
adipogenic and chondrogenic derivates (Kobayashi et al., 2020). Likewise, Jiang and colleagues
observed successful differentiation of a human DPSC clone into the osteogenic, adipogenic and
chondrogenic lineage, while two distinct clones from the same parental population only revealed
osteogenic differentiation capacity (Jiang et al., 2019). In this line, Gronthos and coworkers reported
in vivo generation of ectopic dentin by nine out of twelve individual single-colony-derived DPSCs. On
the contrary, three out of twelve clonally grown DPSCs revealed only a limited capability of forming
dentin, indicating great heterogeneity between individual DPSCs regarding their differentiation
capability (Gronthos et al., 2000). On technical level, heterogeneity of human DPSCs was recently
shown to be assessable by single-cell Raman spectroscopy (SCRM). Alraies and coworkers utilized
SCRM to discriminate subpopulations of DPSCs from human third molars and established SCRM-
fingerprints defining highly proliferative/multipotent and low proliferative/unipotent DPSCs (Alraies
et al., 2019). This highly promising technique may enable selective noninvasive screening of DPSCs
in the future and further validates the heterogeneity between individual NC-derived DPSCs.
Determining the molecular basis for the commonly observed differences in proliferative behavior,
Alraies and colleagues identified a relation between proliferative heterogeneity of DPSCs and
differences in telomere lengths and CD271 expression, suggesting variations in human dental pulp
stem cell ageing (Alraies et al., 2017).

6 Heterogeneity of NCSCs in the carotid body and cornea of the eye

Located in the bifurcation of the carotid artery, the carotid body (CB) is the main arterial chemoreceptor
sensing oxygen (Lopez-Barneo et al., 2001) and was reported to contain cells of neural crest origin in
1973 by Pearse and coworkers (Pearse et al., 1973). NCSCs were discovered to be present in the adult
rat CB by Pardal and coworkers and revealed the capacity to form spheres and give rise to dopaminergic
neurons and mesenchymal cell in vitro (Pardal et al., 2007). Strikingly, the authors demonstrated CB-
NCSCs to remain in a quiescent glia-like cell state until activation by hypoxia, which in turn resulted
in a phenotype switch towards Nestin-positive NCSCs undergoing neurogenesis in vivo (Pardal et al.,
2007; Platero-Luengo et al., 2014). Next to contributing to neurogenesis in the CB during persistent
hypoxia, the group around Ldpez-Barneo further reported murine CB-NCSCs to efficiently give rise
to endothelial cells directly contributing to hypoxia-induced angiogenesis (Annese et al., 2017). These
promising data emphasize the enormous plasticity of adult NCSCs commonly described to undergo
mesenchymal or ectodermal rather than endothelial differentiation. Although investigations of their
plasticity still remain to be investigated in human CB-NCSCs, the data provided by the Lopez-Barneo
group further indicate a niche-dependent heterogeneity of NCSCs in terms of their differentiation
potential, which is in accordance to our own very recent findings (H6ving et al., 2020b).
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Next to the carotid body, the oral and nasal cavity as well as the olfactory bulb, the human eye likewise
harbors craniofacial NCSCs. In this regard, Yoshida and coworkers demonstrated the presence of
NCSCs positive for Nestin, SOX9, TWIST, SLUG and SNAIL in the adult murine cornea. Such NC-
derived corneal precursors (COPs) revealed the capacity to differentiate into keratocytes, adipocytes
and chondrocytes, while only showing a minor potential to undergo neuronal differentiation (Yoshida
et al., 2006). NCSCs expressing Nestin, SOX9, SNAIL, SLUG and TWIST were further reported to
be located in the murine corneal limbus (Brandl et al., 2009). ABCB5-positive human limbal stem cells
(LSCs) capable of restoring the corneal epithelium upon transplantation into LSC-deficient mice
(Ksander et al., 2014) are likewise suggested to be of neural crest origin (reviewed in (Gonzalez et al.,
2018)). However, although the limbal niche is commonly known to harbor NC-derived limbal stromal
fibroblasts (Gage et al., 2005) and melanocytes, its complexity and heterogeneity challenges the
determination of the identity and developmental origin of LSCs (reviewed in (Gonzalez et al., 2018)).
In addition, NCSC-markers were observed to be expressed in neural crest-derived progenitors isolated
from the adult human corneal endothelium, which revealed the capacity to undergo differentiation into
the neuronal lineage and the corneal endothelium itself (Katikireddy et al., 2016). As discussed above,
the complexity of this already highly heterogeneous microenvironment accompanied by the lack of
single cell data regarding potential human corneal/limbal NCSCs so far likewise challenges the
assessment of NCSC-heterogeneity in the limbal and corneal niche.

7 Heterogeneous expression patterns and plasticity of NCSCs in the craniofacial and trunk

skin

The human craniofacial skin is known to harbor two distinct populations of NCSCs, namely skin-
derived precursors (SKPs) (Toma et al., 2001; Fernandes et al., 2004) and epidermal neural crest stem
cells (EPI-NCSCs) located within the bulge of hair follicles (Sieber-Blum et al., 2004). Next to their
presence in the craniofacial region, EPI-NCSCs were also identified within the trunk region of the
human body (Clewes et al., 2011). While SKPs were reported to express Nestin, SNAIL, SLUG,
TWIST and SOX9 (Toma et al., 2001; Fernandes et al., 2004), EPI-NCSCs were shown to lack
expression of Slug, Snail and Twist. On the contrary, EPI-NCSCs were shown to display expression
of Msx2 and SOX10 (Sieber-Blum et al., 2004; Hu et al., 2006), emphasizing the transcriptional
heterogeneity of NCSCs even between bulk populations located close to each other. Interestingly, an
assessment of the adult murine epidermis on single level by Joost and coworkers suggested that self-
renewing cells in the adult hair follicle lack a distinct stemness gene expression signature. On the
contrary, self-renewing cells shared a common basal gene expression signature accompanied by
characteristic spatial signatures segregating the cell populations in relation to their location during
tissue homeostasis (Joost et al., 2016). Two years later, Joost and colleagues analyzed hair follicle
bulge stem cells positive for LGR5, a marker for NCSCs in the oral cavity (Boddupally et al., 2016),
on single cell level to asses transcriptional adaptations during wound healing in mice (Joost et al.,
2018). Interestingly, LGR5-positive hair follicle bulge stem cells gradually activated an interfollicular
epidermis stem cell-like gene expression signature even before migrating out of the bulge towards the
lesion. These findings suggest a great cellular plasticity of single LGR5-positive hair follicle bulge
stem cells allowing rapid transcriptional adaptations during wound healing (Joost et al., 2018).
Accordingly, EPI-NCSCs were also described to show great cellular plasticity (Sieber-Blum et al.,
2004; Hu et al., 2006; Hu et al., 2010) but no reports addressing their intrapopulational heterogeneity
are available so far. Single SKPs from human foreskin were shown to give rise to mesenchymal and
ectodermal cell types like neurons or smooth muscle cells (Toma et al., 2001), although Dai and
coworkers suggested SKP-spheres to contain a heterogeneous mixture of stem and progenitor cells
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(Dai et al., 2018). These suggestions are in accordance with our own observations regarding the
different ratios of single ITSC-derived ectodermal to mesenchymal progeny (Greiner et al., 2011;
Hauser et al., 2012)(see also chapter 4 and Fig. 3C) as well as the heterogeneous expression of NC-
markers in ITSCs (Fig. 4).

8 Heterogeneity of trunk NCSCs in the dorsal root ganglia, sciatic nerve, bone marrow, heart

and gut

Trunk NCSC populations can be found in the gut, bone marrow, sciatic nerve, dorsal root ganglia and
the heart (Kruger et al., 2002; Mosher et al., 2007; Nagoshi et al., 2008; Coste et al., 2017; Hoving et
al., 2020a; Hoving et al., 2020b). For instance, clonally grown colonies of p75* NCSC from the
postnatal rat gut showed multilineage potential containing neurons, glia, and myofibroblasts (Kruger
etal., 2002). Nagoshi and coworkers compared mouse NCSCs from bone marrow, dorsal root ganglia
and whisker pad and detected tissue source-dependent differentiation capacities. Compared with
whisker pad- and bone marrow-derived NCSCs, dorsal root ganglia-derived NCSCs showed a higher
degree of sphere formation and increased expression of p75, Nestin, SOX10 and Musashil
accompanied by increased differentiation capacity into neurons, glia and myofibroblasts (Nagoshi et
al., 2008). Morrison and colleagues isolated p75* NCSC from the rat fetal sciatic nerve. These cells
possessed the capacity to expand on clonal level and to differentiate into neurons, Schwann cells and
myofibroblasts. Moreover, the neurotrophin receptor p75 and the peripheral myelin protein PO were
utilized to isolate subpopulations of cells with varying developmental potentials. Notably, high
expression of p75 compared with a lack of PO was accompanied by a high frequency (60 %) of
multipotent clones giving rise to neurons, Schwann cells and myofibroblasts while p75*P0* cells
showed only a frequency of 28 % of multipotent clones. In addition, clonal cultured p75- cells were
only able to differentiate into myofibroblasts independent of the expression of PO (Morrison et al.,
1999). These results suggest p75 to be one of the major markers for self-renewing, multipotent NCSCs.
Accordingly, we detected higher proliferation rates in p75* subpopulations of ITSCs compared to p75
ITSCs (Hauser et al., 2012). Moreover, a recent study from Coste and colleagues identified a
Nestin*/SOX9*/TWIST* NCSC population in the human bone marrow with the ability to follow neural
crest migration pathways after transplantation into chick embryos (Coste et al., 2017). Populations of
NCSCs in the adult heart were firstly described in mice and zebrafish (Tomita et al., 2005; El-Helou et
al., 2008; Hatzistergos et al., 2015; Leinonen et al., 2016; Meus et al., 2017; Tang et al., 2019).
Recently, we identified a Nestin*/cKit" stem cell population in the human heart (human cardiac stem
cells, hCSCs) with NCSC properties, giving rise to neuron-like cells, adipocytes and cardiomyocytes
(Hoving et al., 2020a; Hoving et al., 2020b). However, in a direct comparison with ITSCs as cranial
NC-derivates we observed a relatively minor potential of hCSCs to undergo neuronal differentiation
(Hoving et al., 2020b). A general difference between NCSC populations from different tissues and
niches was also reviewed by Shakhova and Sommer (Shakhova and Sommer, 2008). In general, trunk
NCSCs from dorsal root ganglia, sciatic nerve and gut seem to possess a higher capacity for ectodermal
differentiation, particularly into neurons and glia compared to their mesenchymal differentiation
potential into osteogenic or adipogenic cell types (reviewed in (Shakhova and Sommer, 2008)).
Recently, Groeneveldt and colleagues performed a direct comparison of human periosteum-derived
cells (hPDCs) from the tibia as a mesoderm-derived tissue with hPDCs from maxilla and mandible as
examples of cranial neural crest-derived cells (Groeneveldt et al., 2020). While all cell populations
exhibited similar differentiation capacities into chondrogenic, adipogenic and osteogenic derivates and
proliferation rates in vitro, global gene expression analysis showed a higher amount of differentially
expressed genes (DEG) between hPDCs from the tibia and each of the craniofacial hPDC populations
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than between hPDCs from the maxilla and mandible. In addition, the expression of HOX family
members was upregulated in tibia-hPDCs compared to maxilla- or mandible-hnPDCs. After
implantation in nude mice, tibia- and mandibular- but not maxilla-hPDCs participated to bone
formation. These different properties in differentiation potentials in vivo may be associated to the
differential expression of genes from the HOX and DLX family (Groeneveldt et al., 2020). Likewise,
Leucht and colleagues detected differences in the contribution to bone repair mechanisms between
murine neural crest-derived skeletal stem cells and mesoderm-derived cells, where the expression of
Hoxall plays a crucial role (Leucht et al., 2008). In this regard, transplantation experiments in quail-
chick chimeras showed that HOX-negative embryonic neural crest cells are able to adopt the HOX
status of a HOX-positive environment. Vice versa, transplanted HOX-positive NCCs did not loose
their HOX-status in a new HOX-negative environment (Grapin-Botton et al., 1995; Couly et al., 1998).
The here discussed findings emphasize the relevance of HOX-activation in neural crest development
and indicate its role in regulating adult NCSC-heterogeneity. Heterogeneous marker expression or
differentiation potentials between NCSC-populations derived from different embryological origins are
further discussed in chapter 10. On the contrary, NCSCs from bone marrow were reported to efficiently
give rise to neuronal and mesenchymal cell types. Notably, the embryonic counterparts of some of
these adult NCSCs populations were also reported to be heterogeneous in response to their
microenvironment in vivo and in vitro (Bixby et al., 2002; Wong et al., 2006)(see also (Shakhova and
Sommer, 2008) for review). For instance, E14 rat NCSCs from sciatic nerve were shown to be more
responsive to gliogenic factors, while NCSCs from the gut revealed a greater responsiveness to
neurogenic factors (Bixby et al., 2002). In addition, transplantation of either NCSC from the gut or
from the sciatic nerve into chick embryos showed population-specific differences. Here, gut NCSCs
efficiently migrated and formed enteric neurons in the developing gut, but NCSCs from the sciatic
nerve did not reveal this capacity (Mosher et al., 2007). Although these studies describe a high degree
of heterogeneity between different NCSC-populations, to the best of our knowledge, studies addressing
the issue of cellular heterogeneity within these adult NCSC-populations in the human organism still
remain elusive.

9 Molecular regulators defining stemness and fate choices of NCSCs

Heterogeneity within and between the NCSC-populations discussed above is directly related to the
activity of potential molecular regulators defining their stemness and differentiation behavior.
According to the role of EMT being a prerequisite for migration of embryonic neural crest cells out of
their niche, common EMT-drivers like SOX9, SOX10, TWIST, SLUG and SNAIL are still present in
adult NCSCs (see also chapter 3). Notably, activation of EMT is closely associated to stem cell
properties, with EMT transcription factors regulating stemness (Lamouille et al., 2014; Nieto et al.,
2016). EMT drivers were also described to regulate each other with SNAIL inducing upregulation of
TWIST(Casas et al., 2011) (Dave et al., 2011), which in turn both positively regulate SLUG (Boutet et
al., 2006; Casas et al., 2011). We suggest this regulatory network of EMT-drivers to be vital for
maintaining NCSC-stemness (Fig. 5). In this line, SOX10was demonstrated to be necessary for
maintaining multipotency and inhibiting neuronal differentiation of neural crest cells (Kimetal., 2003).
The EMT-transcription factor SLUG is also particularly noticed to regulate and determine stemness
states of adult stem cells (Tang et al., 2016). Interestingly, SLUG and SOX9 were also reported to
cooperatively determine the stemness state of human breast cancer stem cells (Guo et al., 2012). Our
very recent observations show a great heterogeneity in expression and protein amounts of SLUG
between individual 1TSCs (Fig. 4), suggesting a direct association to the observed differences in
differentiation potentials between single ITSCs (see also chapter 4, Fig. 3C). Interestingly, canonical
Whnt-signaling, which is closely linked to EMT, was described as a major regulator promoting neuronal
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fate choices of HBCs, thus driving the route of HBCs from quiescence to neuronal differentiation
(Fletcher et al., 2017). Accordingly, canonical Wnt-signaling is commonly noticed to maintain the
stemness of neural crest stem cells and ASCs and guide ASC-differentiation in dependence to the
environmental context (Fig. 5)(Kleber et al., 2005; Ring et al., 2014).

Next to EMT-drivers regulating each other, the transcription factor NF-xB was described to influence
their expression and activity. Here, the regulation of SOX9, SLUG and TWIST was reported to be
mediated by NF-kB in cancer stem cells and during early vertebrate development (Zhang et al., 2006;
Sun et al., 2013). In particular, binding of NF-xB to kB binding sites present in their promoters was
shown to lead to increased expression of SLUG, SOX9 and TWIST in breast and pancreatic cancer, in
turn enabling EMT (Lietal., 2012; Sun et al., 2013; Pires et al., 2017). With SLUG, SOX9 and TWIST
as well as NF-xB being commonly present in NCSCs (Toma et al., 2001; Fernandes et al., 2004; Hauser
etal., 2012; Muller et al., 2016; Ruiz-Perera et al., 2018)), we suggest a similar network being present
in adult NCSCs directly influencing fate decisions (Fig. 5). Accordingly, we recently demonstrated a
fate shift of ITSCs from the neuronal to oligodendroglial lineage by inhibition of NF-xB c-Rel (Ruiz-
Perera et al., 2020). Interestingly, we very recently identified p38-MAPK-signaling to be crucial for
protection of human cardiac NCSCs from senescence and promoting their proliferation (HOving et al.,
2020a), suggesting an additional regulatory role in NCSCs (Fig. 5). In addition to EMT-drivers and
NF-«B, the expression of the NCSC-marker Nestin is also directly associated with the differentiation
capacity of NCSCs. Young and coworkers demonstrated a highly heterogeneous expression of Nestin
between individual DPSCs clones, with only Nestin"" DPSCs being capable of neuronal and
oligodendrocyte differentiation (Young et al., 2016)(see also chapter 5). We likewise observed
differences in Nestin expression between single ITSCs, suggesting a linkage to differences in
differentiation potential (see also chapter 4, Fig. 3C, 4A). An additional potential marker for
multipotent self-renewing subpopulations could be the neurotrophin receptor p75. As discussed above
(see Chapter 8), p75* populations of rat sciatic nerve-derived NCSCs were able to differentiate into
neurons, Schwann cells and myofibroblasts while p75- cells were only able to differentiate into
myofibroblasts (Morrison et al., 1999). In our lab, p75* adult ITSCs exhibited increased proliferation
rates compared to their p75- counterparts (Hauser etal., 2012). In summary, an interplay between major
EMT-drivers like SOX9 or SLUG with NF-kB seems likely to orchestrate the stemness state of adult
NCSCs, although the exact regulatory mechanisms currently remain unknown (Fig. 5). Canonical Wnt-
and MAPK-signaling seem to play an additional role in mediating proliferation and fate decisions of
NCSCs (Fig. 5).

10 Potential origins of NCSC-heterogeneity

Cellular heterogeneity is known to be a general feature of multicellular organisms. Despite donor-to-
donor heterogeneity (Hauser et al., 2012; Belderbos et al., 2020)(Fig. 6), especially transcriptional
lineage segregation during human embryonic development as well as the requirement of tissue-specific
functionality in adulthood are reasons for distinct gene expression profiles (Xue et al., 2013; Yan et
al., 2013). This kind of lineage segregation also occurs in the development of different subpopulations
deriving from neural crest stem cells, which give rise to a broad variety of ectodermal and mesenchymal
cell types during embryogenesis (Dupin and Sommer, 2012; Kaltschmidt et al., 2012; Etchevers et al.,
2019). In accordance to their specific position on the anteroposterior axis, differentiation potential as
well as migration behavior is coordinated resulting in cranial, vagal (including cardiac), trunk and
sacral NC cells (Rothstein et al., 2018; Rocha et al., 2020) (see also chapter 3). Such developmental-
based heterogeneity results in tissue-specific gene expressions, which were recently investigated by
Han and colleagues using scRNA-seq to determine the cell-type composition of all major human
organs, leading to the construction of a scheme for the human cell landscape. Additionally, the authors
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commented on discrepancies between differentiated cell types and stem cells concerning solidity of
gene expression, as stem and progenitor cells revealed more instable transcription profiles (Han et al.,
2020). These observations are in accordance with reported heterogeneity concerning differentiation
potentials as well as expression profiles of NCSCs deriving from different tissues (HGOving et al.,
2020b)(Fig. 6). Such a niche-dependent heterogeneity is most likely driven by different extrinsic
stimuli based on variations within the microenvironments harboring stem cells (Trentin, 1971; Metcalf,
1998). An influence of extrinsic factors on heterogeneity may be also reflected by different culture
conditions of NCSCs, as serum-free culture was shown to favor neuronal fate decisions in comparison
to serum-containing culturing, which was shown to support proliferation (Ziller et al., 1983). This was
even reported for clonally grown NCSCs, where fate choices were influenced by the application of
specific growth factors (Sieber-Blum and Cohen, 1980). Calloni and colleagues isolated embryonic
cranial NCCs from the quail mesenchephalon and could show that treatment with the morphogen Sonic
Hedgehog (Shh) increased the number of multipotent subclones with the capacity to differentiate into
glia, neurons, melanocytes, myofibroblasts and chondrocytes (GNMFC-progenitors) while untreated
clones where more restricted to neural progenitors differentiating into neurons, glia and melanocytes
(GNM-progenitors) (Calloni et al., 2007; Calloni et al., 2009). Likewise, da Costa and colleagues
detected in clonally grown quail embryonic mesencephalic NCCs increased developmental potential
into glial cells, neurons, melanocytes, smooth muscle cells, chondrocytes, and adipocytes after the
simultaneous application of FGF8 and Shh (da Costa et al., 2018). Moreover, Dupin and colleagues
reviewed the differentiation capacities of embryonic NCCs from the cephalic and trunk regions of the
neural crest, discussing that trunk NCCs possess an in vivo differentiation potential into the neural,
glial and melanocytic lineage which can be extended in vitro to mesenchymal cell types like
connective, osteogenic, adipogenic and skeletogenic cells with Shh playing a central role (Dupin etal.,
2018). Nevertheless, stem cell heterogeneity within purified populations and even in clonally derived
cell lines may not only be regulated by extrinsic, but also intrinsic factors. As discussed above, clonal
cultures of oral cavity-derived NCSCs revealed specific variations in their differentiation potential
under uniform culture conditions (Jiang et al., 2019; Kobayashi et al., 2020). This was also reported
for ITSC clones, which gave rise to different ratios of ectodermal to mesodermal progeny upon
differentiation (see also chapter 4). Notably, ITSCs were precultivated using animal serum-free 3D
cultivation methods assuring genetic stability and stemness including mesenchymal and ectodermal
differentiation in vitro (Greiner et al., 2011; Hauser et al., 2012). Accordingly, Kerosuo and coworkers
postulated conserved multipotency of clonal NCSCs via long term culturing as so-called
‘crestospheres’, although the authors observed dynamic heterogeneity in the expression of neural crest
markers within clonally grown spheres. Nevertheless, this 3D culture method was shown to maintain
NCSCs self-renewal and multipotency for weeks avoiding spontaneous differentiation (Kerosuo et al.,
2015) and substantially reducing heterogeneity. However, the here discussed observations emphasize
the necessity to critically monitor cultivation conditions as a potential source of spontaneous
differentiation and artificial heterogeneity.

Further intrinsic factors driving heterogeneity of stem cells may include differences in gene expression
upon transcriptional regulation (see also chapter 9), cell cycle state (Kowalczyk et al., 2015; Tsang et
al., 2015), epigenetic heterogeneity based on differences in chromatin states (Yu et al., 2017)(reviewed
in (Carter and Zhao, 2020)) as well as stochastic fluctuations of the mechanisms underlying mRNA
and protein production (Raj et al., 2008)(see Fig. 6 for overview). Such stochastic fluctuations have
their origin in random segregation at the cell division stage (Huh and Paulsson, 2011) and are essential
for spontaneous generation of complex patterns and thus are crucial driver of evolution and selection
(Fraser et al., 2004). In this line, Wu and coworkers analyzed the heterogeneous expression of the
pluripotency marker Nanog in genetically identical human ESCs and linked the observed heterogeneity
to stochastic partitioning at division and transcriptional noise (Wu and Tzanakakis, 2012). Intrinsic
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stochastic heterogeneity of transcription is emphasized to rely on a process named transcriptional
bursting, which describes the stochastic activation and inactivation of promoters (Raj et al., 2006;
Fukaya et al., 2016). Recently, Orchiai and colleagues used SCRNA-seq to investigate the reasons for
this process in murine ESCs and reported kinetic properties of transcriptional bursting to be influenced
by multiple promoter-binding proteins, such as transcription elongation factors (Ochiai et al., 2020).
Although the influence of such stochastic events on NCSC heterogeneity cannot be completely
excluded, the here discussed observations emphasize the presence of distinct NCSC-stemness states
being based on differences in gene expression driven by molecular regulators like EMT-drivers as well
as NF-kB, canonical Wnt- and MAPK-signaling (see also chapter 9, Fig. 6). In this regard, the potential
further influence of cell cycle states and epigenetic regulation need to be assessed in future studies.
The findings summarized here further strongly suggest heterogeneity of NCSCs to be partly determined
by their niche of origin including the external and internal factors defined by the microenvironment as
discussed above.

11  Summary and Outlook: NCSC-identities between heterogeneous differentiation potential
and common transcriptional signatures

In summary, the present review emphasizes the great heterogeneity of craniofacial and trunk NCSC-
populations. NCSC-heterogeneity was reported to be present on multiple levels particularly including
the donor, the sex of the donor, the cell population and the single stem cell. On donor level, variations
between donor-to-donor were described in the amount of NCSCs in their niche as well as sex-specific
differences in behavior during differentiation. Interpopulational differences further substantially
contribute to the heterogeneity between NCSCs observed in differentiation potential with particularly
regard to their niche of origin. On single cell level, differences in expression signatures of NCSCs were
further directly linked to individual fate decisions in vitro and in vivo. With regard to these diverse
levels of heterogeneity, even among clonally grown NCSCs, there is no overall ideal source of NCSCs
or culture condition to overcome single cell heterogeneity so far. Nevertheless, clonal 3D-culture
methods, including sphere cultures (Kerosuo et al., 2015) or matrices (Greiner et al., 2011; Hauser et
al., 2012) are increasingly noticed to reduce spontaneous differentiation, thus at least overcoming one
parameter of extrinsic heterogeneity. Despite the broad heterogeneity of NCSCs, we suggest that the
global presence of EMT-associated transcription factors like SLUG, SOX9 or SOX10 is not only
prerequisite for NCSC-identity but orchestrates their stemness state in co-regulation with NF-xB,
canonical Wnt- and MAPK-signaling. In addition, the neurotrophin receptor p75 may label
subpopulations of NCSCs with enhanced proliferation rates and differentiation capacities (Morrison et
al., 1999; Hauser et al., 2012). The observed heterogeneity in the expression of these NCSC markers
may thus directly contribute to heterogeneous stemness states but also further emphasizes the need for
a definite set of markers verifying NCSC-identity.

As a future perspective, comparisons between NCSC-populations of different niches may shed light
on the basis of heterogeneity observed in their differentiation potential. In this regard, we recently
demonstrated high similarities between the transcriptomes of craniofacial and cardiac human NCSCs,
despite the developmental differences between embryonic cranial and vagal NC cells. On the contrary,
the assessed global gene expression signatures likewise reflected differences between the adult NCSC-
populations with regard to their particular niche (Héving et al., 2020b). In this line, we also observed
differences in their differentiation potential likewise reflecting their origin in the craniofacial region or
the adult heart (HOving et al., 2020b). Next to comparing NCSC-populations, single cell analysis will
serve as a powerful tool to assess individual heterogeneities between NCSCs and broaden our
understanding of NCSC fate choices in tissue regeneration. However, single cell heterogeneity will be
an additional challenge for therapeutic applications of NCSCs, as one prerequisite of cell therapy is
consistency of cell populations as medical product to render unvarying clinical results. Overcoming
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heterogeneity within an even clonally grown cell population will be nearly impossible, thus cellular
products for therapies have to be characterized regarding specific phenotype and molecular
mechanisms essential for the treatment of the respective disease. Consequently, heterogeneity of
NCSCs increases the complexity in developing cell-based therapeutics and single cell analysis may
provide new insights in the consequences of cellular heterogeneity in clinical applications. In this line,
the findings discussed here emphasize the assessment of heterogeneity of NCSCs between donors, cell
populations and single stem cells to be vital for understanding their roles in tissue homeostasis and
improving their applicability in regenerative medicine.

11 Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

12 Author Contributions

JG provided the conception and design of the manuscript, AH, BW and JG wrote the manuscript, BK,
CKa and CKn revised the manuscript critically for important intellectual content and provided funding.
All authors read and approved the submitted version of the manuscript.

13 Funding

This work was funded by Bielefeld University and the Heart and Diabetes Centre NRW. Beatrice
Ariane Windmoller is funded by an internal grant of the Bethel Foundation, Bielefeld, Germany.

14 Acknowledgments

We acknowledge the financial support of the German Research Foundation (DFG) and the Open
Access Publication Fund of Bielefeld University for the article processing charge.

15 References

Alraies, A., Alaidaroos, N.Y., Waddington, R.J., Moseley, R., and Sloan, A.J. (2017). Variation in
human dental pulp stem cell ageing profiles reflect contrasting proliferative and regenerative
capabilities. BMC Cell Biol 18(1), 12. doi: 10.1186/s12860-017-0128-x.

Alraies, A., Canetta, E., Waddington, R.J., Moseley, R., and Sloan, A.J. (2019). Discrimination of
Dental Pulp Stem Cell Regenerative Heterogeneity by Single-Cell Raman Spectroscopy. Tissue
Eng Part C Methods 25(8), 489-499. doi: 10.1089/ten. TEC.2019.0129.

Amiel, J., Sproat-Emison, E., Garcia-Barcelo, M., Lantieri, F., Burzynski, G., Borrego, S., et al. (2008).
Hirschsprung disease, associated syndromes and genetics: a review. J Med Genet 45(1), 1-14.
doi: 10.1136/jmg.2007.053959.

15



670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706

707
708
709
710
711
712
713
714
715
716

Heterogeneity of NCSCs

Annese, V., Navarro-Guerrero, E., Rodriguez-Prieto, |., and Pardal, R. (2017). Physiological Plasticity
of Neural-Crest-Derived Stem Cells in the Adult Mammalian Carotid Body. Cell Rep 19(3),
471-478. doi: 10.1016/j.celrep.2017.03.065.

Arthur, A., Rychkov, G., Shi, S., Koblar, S.A., and Gronthos, S. (2008). Adult human dental pulp stem
cells differentiate toward functionally active neurons under appropriate environmental cues.
Stem Cells 26(7), 1787-1795. doi: 10.1634/stemcells.2007-0979.

Baker, C.V., Bronner-Fraser, M., Le Douarin, N.M., and Teillet, M.A. (1997). Early- and late-
migrating cranial neural crest cell populations have equivalent developmental potential in vivo.
Development 124(16), 3077-3087.

Barnett, S.C., Alexander, C.L., Iwashita, Y., Gilson, J.M., Crowther, J., Clark, L., et al. (2000).
Identification of a human olfactory ensheathing cell that can effect transplant-mediated
remyelination of demyelinated CNS axons. Brain 123 ( Pt 8), 1581-1588. doi:
10.1093/brain/123.8.1581.

Barraud, P., Seferiadis, A.A., Tyson, L.D., Zwart, M.F., Szabo-Rogers, H.L., Ruhrberg, C., et al.
(2010). Neural crest origin of olfactory ensheathing glia. Proc Natl Acad Sci U S A 107(49),
21040-21045. doi: 10.1073/pnas.1012248107.

Belderbos, M.E., Jacobs, S., Koster, T.K., Ausema, A., Weersing, E., Zwart, E., et al. (2020). Donor-
to-Donor Heterogeneity in the Clonal Dynamics of Transplanted HumanCord Blood Stem
Cellsin  Murine Xenografts. Biol Blood Marrow Transplant 26(1), 16-25. doi:
10.1016/j.bbmt.2019.08.026.

Bixby, S., Kruger, G.M., Mosher, J.T., Joseph, N.M., and Morrison, S.J. (2002). Cell-intrinsic
differences between stem cells from different regions of the peripheral nervous system regulate
the generation of neural diversity. Neuron 35(4), 643-656. doi: 10.1016/s0896-6273(02)00825-
5.

Blainey, P.C., and Quake, S.R. (2011). Digital MDA for enumeration of total nucleic acid
contamination. Nucleic Acids Res 39(4), e19. doi: 10.1093/nar/gkq1074.

Boddupally, K., Wang, G., Chen, Y., and Kobielak, A. (2016). Lgr5 Marks Neural Crest Derived
Multipotent Oral Stromal Stem Cells. Stem Cells 34(3), 720-731. doi: 10.1002/stem.2314.

Bolande, R.P. (1974). The neurocristopathies: A unifying concept of disease arising in neural crest
maldevelopment. Human Pathology 5(4), 409-429. doi: https://doi.org/10.1016/S0046-
8177(74)80021-3.

Boutet, A., De Frutos, C.A., Maxwell, P.H., Mayol, M.J., Romero, J., and Nieto, M.A. (2006). Snail
activation disrupts tissue homeostasis and induces fibrosis in the adult kidney. EMBO J 25(23),
5603-5613. doi: 10.1038/sj.emboj.7601421.

Brandl, C., Florian, C., Driemel, O., Weber, B.H., and Morsczeck, C. (2009). Identification of neural
crest-derived stem cell-like cells from the corneal limbus of juvenile mice. Exp Eye Res 89(2),
209-217. doi: S0014-4835(09)00072-4 [pii]

10.1016/j.exer.2009.03.009 [doi].

Bryder, D., Rossi, D.J., and Weissman, I.L. (2006). Hematopoietic stem cells: the paradigmatic tissue-
specific ~ stem cell. The American journal of pathology 169(2). doi:
10.2353/ajpath.2006.060312.

Buenrostro, J.D., Corces, M.R., Lareau, C.A., Wu, B., Schep, A.N., Aryee, M.J., et al. (2018).
Integrated Single-Cell Analysis Maps the Continuous Regulatory Landscape of Human
Hematopoietic Differentiation. Cell 173(6), 1535-1548 e1516. doi: 10.1016/j.cell.2018.03.074.

Burns, A.J., and Douarin, N.M. (1998). The sacral neural crest contributes neurons and glia to the post-
umbilical gut: spatiotemporal analysis of the development of the enteric nervous system.
Development 125(21), 4335-4347.

L. - . . . 16
This is a provisional file, not the final typeset article


https://doi.org/10.1016/S0046-8177(74)80021-3
https://doi.org/10.1016/S0046-8177(74)80021-3

717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763

Running Title

Calloni, G.W., Glavieux-Pardanaud, C., Le Douarin, N.M., and Dupin, E. (2007). Sonic Hedgehog
promotes the development of multipotent neural crest progenitors endowed with both
mesenchymal and neural potentials. Proc Natl Acad Sci U S A 104(50), 19879-19884. doi:
10.1073/pnas.0708806104.

Calloni, G.W., Le Douarin, N.M., and Dupin, E. (2009). High frequency of cephalic neural crest cells
shows coexistence of neurogenic, melanogenic, and osteogenic differentiation capacities. Proc
Natl Acad Sci U S A 106(22), 8947-8952. doi: 10.1073/pnas.0903780106.

Carter, B., and Zhao, K. (2020). The epigenetic basis of cellular heterogeneity. Nat Rev Genet. doi:
10.1038/s41576-020-00300-0.

Casas, E., Kim, J., Bendesky, A., Ohno-Machado, L., Wolfe, C.J., and Yang, J. (2011). Snail2 is an
essential mediator of Twistl-induced epithelial mesenchymal transition and metastasis. Cancer
Res 71(1), 245-254. doi: 10.1158/0008-5472.CAN-10-2330.

Chai, Y., Jiang, X., Ito, Y., Bringas, P., Jr., Han, J., Rowitch, D.H., etal. (2000). Fate of the mammalian
cranial neural crest during tooth and mandibular morphogenesis. Development 127(8), 1671-
1679.

Clewes, O., Narytnyk, A., Gillinder, K.R., Loughney, A.D., Murdoch, A.P., and Sieber-Blum, M.
(2011). Human epidermal neural crest stem cells (hEPI-NCSC)--characterization and directed
differentiation into osteocytes and melanocytes. Stem Cell Rev 7(4), 799-814. doi:
10.1007/s12015-011-9255-5.

Coste, C., Neirinckx, V., Sharma, A., Agirman, G., Rogister, B., Foguenne, J., et al. (2017). Human
bone marrow harbors cells with neural crest-associated characteristics like human adipose and
dermis tissues. PloS one 12(7), e0177962. doi: 10.1371/journal.pone.0177962.

Couly, G., Grapin-Botton, A., Coltey, P., Ruhin, B., and Le Douarin, N.M. (1998). Determination of
the identity of the derivatives of the cephalic neural crest: incompatibility between Hox gene
expression and lower jaw development. Development 125(17), 3445-3459.

Creuzet, S.E. (2009). Regulation of pre-otic brain development by the cephalic neural crest. Proc Natl
Acad Sci U S A 106(37), 15774-15779. doi: 10.1073/pnas.0906072106.

da Costa, M.C., Trentin, A.G., and Calloni, G.W. (2018). FGF8 and Shh promote the survival and
maintenance of multipotent neural crest progenitors. Mech Dev 154, 251-258. doi:
10.1016/j.m0d.2018.07.012.

Dai, R., Hua, W., Xie, H., Chen, W., Xiong, L., and Li, L. (2018). The Human Skin-Derived Precursors
for Regenerative Medicine: Current State, Challenges, and Perspectives. Stem Cells Int 2018,
8637812. doi: 10.1155/2018/8637812.

Dave, N., Guaita-Esteruelas, S., Gutarra, S., Frias, A., Beltran, M., Peiro, S., et al. (2011). Functional
cooperation between Snaill and twist in the regulation of ZEB1 expression during epithelial to
mesenchymal transition. J Biol Chem 286(14), 12024-12032. doi: 10.1074/jbc.M110.168625.

Davies, L.C., Locke, M., Webb, R.D., Roberts, J.T., Langley, M., Thomas, D.W., et al. (2010). A
multipotent neural crest-derived progenitor cell population is resident within the oral mucosa
lamina propria. Stem Cells Dev 19(6), 819-830. doi: 10.1089/scd.2009.0089.

del Barrio, M.G., and Nieto, M.A. (2002). Overexpression of Snail family members highlights their
ability to promote chick neural crest formation. Development 129(7), 1583-1593.

Delorme, B., Nivet, E., Gaillard, J., Haupl, T., Ringe, J., Deveze, A., et al. (2010). The human nose
harbors a niche of olfactory ectomesenchymal stem cells displaying neurogenic and osteogenic
properties. Stem Cells Dev 19(6), 853-866. doi: 10.1089/scd.2009.0267.

Dulken, B.W., Leeman, D.S., Boutet, S.C., Hebestreit, K., and Brunet, A. (2017). Single-Cell
Transcriptomic Analysis Defines Heterogeneity and Transcriptional Dynamics in the Adult
Neural Stem Cell Lineage. Cell Rep 18(3), 777-790. doi: 10.1016/j.celrep.2016.12.060.

17



764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812

Heterogeneity of NCSCs

Dupin, E., Calloni, G.W., Coelho-Aguiar, J.M., and Le Douarin, N.M. (2018). The issue of the
multipotency of the neural crest cells. Dev Biol 444 Suppl 1, S47-S59. doi:
10.1016/j.ydbio.2018.03.024.

Dupin, E., and Sommer, L. (2012). Neural crest progenitors and stem cells: from early development to
adulthood. Dev Biol 366(1), 83-95. doi: 10.1016/j.ydbi0.2012.02.035.

Durante, M.A., Kurtenbach, S., Sargi, Z.B., Harbour, J.W., Choi, R., Kurtenbach, S., et al. (2020).
Single-cell analysis of olfactory neurogenesis and differentiation in adult humans. Nat Neurosci
23(3), 323-326. doi: 10.1038/s41593-020-0587-9.

El-Helou, V., Beguin, P.C., Assimakopoulos, J., Clement, R., Gosselin, H., Brugada, R., et al. (2008).
The rat heart contains a neural stem cell population; role in sympathetic sprouting and
angiogenesis. J Mol Cell Cardiol 45(5), 694-702. doi: 10.1016/j.yjmcc.2008.07.013.

Epstein, M.L., Mikawa, T., Brown, A.M., and McFarlin, D.R. (1994). Mapping the origin of the avian
enteric nervous system with a retroviral marker. Dev Dyn 201(3), 236-244. doi:
10.1002/aja.1002010307.

Etchevers, H.C., Dupin, E., and Le Douarin, N.M. (2019). The diverse neural crest: from embryology
to human pathology. Development 146(5). doi: 10.1242/dev.169821.

Faure, S., McKey, J., Sagnol, S., and de Santa Barbara, P. (2015). Enteric neural crest cells regulate
vertebrate stomach patterning and differentiation. Development 142(2), 331-342. doi:
10.1242/dev.118422.

Fernandes, K.J., McKenzie, LA, Mill, P., Smith, K.M., Akhavan, M., Barnabe-Heider, F., et al. (2004).
A dermal niche for multipotent adult skin-derived precursor cells. Nat Cell Biol 6(11), 1082-
1093. doi: 10.1038/nch1181.

Fleming, W.H., Alpern, E.J., Uchida, N., Ikuta, K., Spangrude, G.J., and Weissman, I.L. (1993).
Functional heterogeneity is associated with the cell cycle status of murine hematopoietic stem
cells. J Cell Biol 122(4), 897-902. doi: 10.1083/jch.122.4.897.

Fletcher, R.B., Das, D., Gadye, L., Street, K.N., Baudhuin, A., Wagner, A., et al. (2017).
Deconstructing Olfactory Stem Cell Trajectories at Single-Cell Resolution. Cell Stem Cell
20(6), 817-830 e818. doi: 10.1016/j.stem.2017.04.003.

Fraser, H.B., Hirsh, A.E., Giaever, G., Kumm, J., and Eisen, M.B. (2004). Noise minimization in
eukaryotic gene expression. PLoS Biol 2(6), e137. doi: 10.1371/journal.pbio.0020137.
Freeman, B.T., Jung, J.P., and Ogle, B.M. (2015). Single-Cell RNA-Seq of Bone Marrow-Derived
Mesenchymal Stem Cells Reveals Unique Profiles of Lineage Priming. PLoS One 10(9),

€0136199. doi: 10.1371/journal.pone.0136199.

Fukaya, T., Lim, B., and Levine, M. (2016). Enhancer Control of Transcriptional Bursting. Cell 166(2),
358-368. doi: 10.1016/j.cell.2016.05.025.

Gadye, L., Das, D., Sanchez, M.A., Street, K., Baudhuin, A., Wagner, A., etal. (2017). Injury Activates
Transient Olfactory Stem Cell States with Diverse Lineage Capacities. Cell Stem Cell 21(6),
775-790 e779. doi: 10.1016/j.stem.2017.10.014.

Gage, P.J., Rhoades, W., Prucka, S.K., and Hjalt, T. (2005). Fate maps of neural crest and mesoderm
in the mammalian eye. Invest Ophthalmol Vis Sci 46(11), 4200-4208. doi: 10.1167/iovs.05-
0691.

Gonzalez, G., Sasamoto, Y., Ksander, B.R., Frank, M.H., and Frank, N.Y. (2018). Limbal stem cells:
identity, developmental origin, and therapeutic potential. Wiley Interdiscip Rev Dev Biol 7(2).
doi: 10.1002/wdev.303.

Graham, A., Begbie, J., and McGonnell, 1. (2004). Significance of the cranial neural crest. Dev Dyn
229(1), 5-13. doi: 10.1002/dvdy.10442.

Grapin-Botton, A., Bonnin, M.A., McNaughton, L.A., Krumlauf, R., and Le Douarin, N.M. (1995).
Plasticity of transposed rhombomeres: Hox gene induction is correlated with phenotypic
modifications. Development 121(9), 2707-2721.

.. . . i . 18
This is a provisional file, not the final typeset article



813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861

Running Title

Greiner, J., Merten, M., Kaltschmidt, C., and Kaltschmidt, B. (2019a). Sexual dimorphisms in adult
human neural, mesoderm-derived, and neural crest-derived stem cells. FEBS Lett. doi:
10.1002/1873-3468.13606.

Greiner, J.F., Gottschalk, M., Fokin, N., Buker, B., Kaltschmidt, B.P., Dreyer, A., et al. (2019b).
Natural and synthetic nanopores directing osteogenic differentiation of human stem cells.
Nanomedicine. 17, 319-328. doi: 10.1016/j.nan0.2019.01.018.

Greiner, J.F., Hauser, S., Widera, D., Muller, J., Qunneis, F., Zander, C., etal. (2011). Efficient animal-
serum free 3D cultivation method for adult human neural crest-derived stem cell therapeutics.
Eur Cell Mater 22, 403-419.

Griffiths, J.A., Scialdone, A., and Marioni, J.C. (2018). Using single-cell genomics to understand
developmental processes and cell fate decisions. Mol Syst Biol 14(4), e8046. doi:
10.15252/msb.20178046.

Groeneveldt, L.C., Herpelinck, T., Marechal, M., Politis, C., van, . W.F.J., Huylebroeck, D., et al.
(2020). The Bone-Forming Properties of Periosteum-Derived Cells Differ Between Harvest
Sites. Front Cell Dev Biol 8, 554984. doi: 10.3389/fcell.2020.554984.

Gronthos, S., Mankani, M., Brahim, J., Robey, P.G., and Shi, S. (2000). Postnatal human dental pulp
stem cells (DPSCs) in vitro and in vivo. Proc Natl Acad Sci U S A 97(25), 13625-13630. doi:
10.1073/pnas.240309797.

Guo, W., Keckesova, Z., Donaher, J.L., Shibue, T., Tischler, V., Reinhardt, F., etal. (2012). Slug and
Sox9 cooperatively determine the mammary stem cell state. Cell 148(5), 1015-1028. doi:
10.1016/j.cell.2012.02.008.

Han, X., Zhou, Z., Fei, L., Sun, H., Wang, R., Chen, Y., et al. (2020). Construction of a human cell
landscape at single-cell level. Nature 581(7808), 303-309. doi: 10.1038/s41586-020-2157-4.

Hatzistergos, K.E., Takeuchi, L.M., Saur, D., Seidler, B., Dymecki, S.M., Mai, J.J., etal. (2015). cKit+
cardiac progenitors of neural crest origin. Proc Natl Acad Sci U S A 112(42), 13051-13056.
doi: 10.1073/pnas.1517201112.

Hauser, S., Widera, D., Qunneis, F., Muller, J., Zander, C., Greiner, J., etal. (2012). Isolation of novel
multipotent neural crest-derived stem cells from adult human inferior turbinate. Stem Cells Dev
21(5), 742-756.

His, W. (1868). Untersuchungen Uber die erste Anlage des Wirbeltierleibes. Die erste Entwicklung des
Hihnchens im Ei. Leipzig: Vogel.

Hofemeier, A.D., Hachmeister, H., Pilger, C., Schurmann, M., Greiner, J.F., Nolte, L., et al. (2016).
Label-free nonlinear optical microscopy detects early markers for osteogenic differentiation of
human stem cells. Sci. Rep. 6, 26716. doi: 10.1038/srep26716.

Hoving, A.L., Schmidt, K.E., Merten, M., Hamidi, J., Rott, A.K., Faust, 1., et al. (2020a). Blood Serum
Stimulates p38-Mediated Proliferation and Changes in Global Gene Expression of Adult
Human Cardiac Stem Cells. Cells 9(6). doi: 10.3390/cells9061472.

Hoving, A.L., Sielemann, K., Greiner, J.F.W., Kaltschmidt, B., Knabbe, C., and Kaltschmidt, C.
(2020b). Transcriptome Analysis Reveals High Similarities between Adult Human Cardiac
Stem Cells and Neural Crest-Derived Stem Cells. Biology (Basel) 9(12). doi:
10.3390/biology9120435.

Hu, Y.F., Gourab, K., Wells, C., Clewes, O., Schmit, B.D., and Sieber-Blum, M. (2010). Epidermal
neural crest stem cell (EPI-NCSC)--mediated recovery of sensory function in a mouse model
of spinal cord injury. Stem Cell Rev Rep 6(2), 186-198. doi: 10.1007/s12015-010-9152-3.

Hu, Y.F., Zhang, Z.J., and Sieber-Blum, M. (2006). An epidermal neural crest stem cell (EPI-NCSC)
molecular signature. Stem Cells 24(12), 2692-2702. doi: 10.1634/stemcells.2006-0233.
Huang, C.Y., Pelaez, D., Dominguez-Bendala, J., Garcia-Godoy, F., and Cheung, H.S. (2009).
Plasticity of stem cells derived from adult periodontal ligament. Regen Med 4(6), 809-821. doi:

10.2217/rme.09.55.

19



862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909

Heterogeneity of NCSCs

Huang, Z.H., Wang, Y., Cao, L., Su, Z.D., Zhu, Y.L., Chen, Y.Z., et al. (2008). Migratory properties
of cultured olfactory ensheathing cells by single-cell migration assay. Cell Res 18(4), 479-490.
doi: 10.1038/cr.2008.38.

Huh, D., and Paulsson, J. (2011). Non-genetic heterogeneity from stochastic partitioning at cell
division. Nat Genet 43(2), 95-100. doi: 10.1038/ng.729.

Jiang, W., Wang, D., Alraies, A., Liu, Q., Zhu, B., Sloan, A.J., et al. (2019). Wnt-GSK3beta/beta-
Catenin Regulates the Differentiation of Dental Pulp Stem Cells into Bladder Smooth Muscle
Cells. Stem Cells Int 2019, 8907570. doi: 10.1155/2019/8907570.

Johansson, C.B., Momma, S., Clarke, D.L., Risling, M., Lendahl, U., and Frisén, J. (1999).
Identification of a neural stem cell in the adult mammalian central nervous system. Cell 96(1),
25-34. doi: 10.1016/s0092-8674(00)80956-3.

Johnston, M.C. (1966). A radioautographic study of the migration and fate of cranial neural crest cells
in the chick embryo. Anat Rec 156(2), 143-155. doi: 10.1002/ar.1091560204.

Joost, S., Jacob, T., Sun, X., Annusver, K., La Manno, G., Sur, I., et al. (2018). Single-Cell
Transcriptomics of Traced Epidermal and Hair Follicle Stem Cells Reveals Rapid Adaptations
during Wound Healing. Cell Rep 25(3), 585-597 e587. doi: 10.1016/j.celrep.2018.09.059.

Joost, S., Zeisel, A., Jacob, T., Sun, X., La Manno, G., Lonnerberg, P., et al. (2016). Single-Cell
Transcriptomics Reveals that Differentiation and Spatial Signatures Shape Epidermal and Hair
Follicle Heterogeneity. Cell Syst 3(3), 221-237 €229. doi: 10.1016/j.cels.2016.08.010.

Kaltschmidt, B., Kaltschmidt, C., and Widera, D. (2012). Adult craniofacial stem cells: sources and
relation to the neural crest. Stem Cell Rev 8(3), 658-671. doi: 10.1007/s12015-011-9340-9.

Karimkhani, C., Green, A.C., Nijsten, T., Weinstock, M.A., Dellavalle, R.P., Naghavi, M., et al.
(2017). The global burden of melanoma: results from the Global Burden of Disease Study 2015.
Br J Dermatol 177(1), 134-140. doi: 10.1111/bjd.15510.

Katikireddy, K.R., Schmedt, T., Price, M.O., Price, F.W., and Jurkunas, U.V. (2016). Existence of
Neural Crest-Derived Progenitor Cells in Normal and Fuchs Endothelial Dystrophy Corneal
Endothelium. Am J Pathol 186(10), 2736-2750. doi: 10.1016/j.ajpath.2016.06.011.

Kawanabe, N., Murata, S., Murakami, K., Ishihara, Y., Hayano, S., Kurosaka, H., et al. (2010).
Isolation of multipotent stem cells in human periodontal ligament using stage-specific
embryonic antigen-4. Differentiation 79(2), 74-83. doi: 10.1016/j.diff.2009.10.005.

Kerosuo, L., Nie, S., Bajpai, R., and Bronner, M.E. (2015). Crestospheres: Long-Term Maintenance
of Multipotent, Premigratory Neural Crest Stem Cells. Stem Cell Reports 5(4), 499-507. doi:
10.1016/j.stemcr.2015.08.017.

Kim, J.,, Lo, L., Dormand, E., and Anderson, D.J. (2003). SOX10 maintains multipotency and inhibits
neuronal differentiation of neural crest stem cells. Neuron 38(1), 17-31. doi: 10.1016/s0896-
6273(03)00163-6.

Kleber, M., Lee, H.Y., Wurdak, H., Buchstaller, J., Riccomagno, M.M., Ittner, L.M., et al. (2005).
Neural crest stem cell maintenance by combinatorial Wnt and BMP signaling. J Cell Biol
169(2), 309-320. doi: 10.1083/jcb.200411095.

Klein, A.M., Mazutis, L., Akartuna, I., Tallapragada, N., Veres, A., Li, V., et al. (2015). Droplet
barcoding for single-cell transcriptomics applied to embryonic stem cells. Cell 161(5), 1187-
1201. doi: 10.1016/j.cell.2015.04.044.

Kobayashi, T., Torii, D., lwata, T., lzumi, Y., Nasu, M., and Tsutsui, T.W. (2020). Characterization of
proliferation, differentiation potential, and gene expression among clonal cultures of human
dental pulp cells. Hum Cell 33(3), 490-501. doi: 10.1007/s13577-020-00327-9.

Korhonen, K., Salminen, T., Raitanen, J., Auvinen, A., Isola, J., and Haapasalo, H. (2006). Female
predominance in meningiomas can not be explained by differences in progesterone, estrogen,
or androgen receptor expression. J Neurooncol 80(1), 1-7. doi: 10.1007/s11060-006-9146-9.

.. . . i . 20
This is a provisional file, not the final typeset article



910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957

Running Title

Kowalczyk, M.S., Tirosh, I., Heckl, D., Rao, T.N., Dixit, A., Haas, B.J., etal. (2015). Single-cell RNA-
seq reveals changes in cell cycle and differentiation programs upon aging of hematopoietic
stem cells. Genome Res 25(12), 1860-1872. doi: 10.1101/gr.192237.115.

Kruger, G.M., Mosher, J.T., Bixby, S., Joseph, N., lwashita, T., and Morrison, S.J. (2002). Neural crest
stem cells persist in the adult gut but undergo changes in self-renewal, neuronal subtype
potential, and factor responsiveness. Neuron 35(4), 657-669. doi: 10.1016/s0896-
6273(02)00827-9.

Ksander, B.R., Kolovou, P.E., Wilson, B.J., Saab, K.R., Guo, Q., Ma, J., et al. (2014). ABCB5 is a
limbal stem cell gene required for corneal development and repair. Nature 511(7509), 353-357.
doi: 10.1038/nature13426.

Kumar, P., Tan, Y., and Cahan, P. (2017). Understanding development and stem cells using single cell-
based analyses of gene expression. Development 144(1), 17-32. doi: 10.1242/dev.133058.

Lamouille, S., Xu, J., and Derynck, R. (2014). Molecular mechanisms of epithelial-mesenchymal
transition. Nat Rev Mol Cell Biol 15(3), 178-196. doi: 10.1038/nrm3758.

Le Douarin, N.M., and Teillet, M.A. (1973). The migration of neural crest cells to the wall of the
digestive tract in avian embryo. J Embryol Exp Morphol 30(1), 31-48.

Le Douarin, N.M., and Teillet, M.A. (1974). Experimental analysis of the migration and differentiation
of neuroblasts of the autonomic nervous system and of neurectodermal mesenchymal
derivatives, using a biological cell marking technique. Dev Biol 41(1), 162-184. doi:
10.1016/0012-1606(74)90291-7.

Leinonen, J.V., Korkus-Emanuelov, A., Wolf, Y., Milgrom-Hoffman, M., Lichtstein, D., Hoss, S., et
al. (2016). Macrophage precursor cells from the left atrial appendage of the heart spontaneously
reprogram into a C-kit+/CD45- stem cell-like phenotype. Int J Cardiol 209, 296-306. doi:
10.1016/j.ijcard.2016.02.040.

Leucht, P., Kim, J.B., Amasha, R., James, A.W., Girod, S., and Helms, J.A. (2008). Embryonic origin
and Hox status determine progenitor cell fate during adult bone regeneration. Development
135(17), 2845-2854. doi: 10.1242/dev.023788.

Li, C.W., Xia, W., Huo, L., Lim, S.O., Wu, Y., Hsu, J.L., et al. (2012). Epithelial-mesenchymal
transition induced by TNF-alpha requires NF-kappaB-mediated transcriptional upregulation of
Twistl. Cancer Res 72(5), 1290-1300. doi: 10.1158/0008-5472.CAN-11-3123.

Lignell, A., Kerosuo, L., Streichan, S.J., Cai, L., and Bronner, M.E. (2017). Identification of a neural
crest stem cell niche by Spatial Genomic Analysis. Nature communications 8(1), 1830. doi:
10.1038/s41467-017-01561-w.

Lopez-Barneo, J., Pardal, R., and Ortega-Saenz, P. (2001). Cellular mechanism of oxygen sensing.
Annu Rev Physiol 63, 259-287. doi: 10.1146/annurev.physiol.63.1.259.

Lothian, C., and Lendahl, U. (1997). An evolutionarily conserved region in the second intron of the
human nestin gene directs gene expression to CNS progenitor cells and to early neural crest
cells. Eur J Neurosci 9(3), 452-462. doi: 10.1111/].1460-9568.1997.tb01622.x.

Lubeck, E., and Cai, L. (2012). Single-cell systems biology by super-resolution imaging and
combinatorial labeling. Nat Methods 9(7), 743-748. doi: 10.1038/nmeth.2069.

Lubeck, E., Coskun, A.F., Zhiyentayev, T., Ahmad, M., and Cai, L. (2014). Single-cell in situ RNA
profiling by sequential hybridization. Nat Methods 11(4), 360-361. doi: 10.1038/nmeth.2892.

Macosko, E.Z., Basu, A., Satija, R., Nemesh, J., Shekhar, K., Goldman, M., et al. (2015). Highly
Parallel Genome-wide Expression Profiling of Individual Cells Using Nanoliter Droplets. Cell
161(5), 1202-1214. doi: 10.1016/j.cell.2015.05.002.

Marynka-Kalmani, K., Treves, S., Yafee, M., Rachima, H., Gafni, Y., Cohen, M.A., et al. (2010). The
lamina propria of adult human oral mucosa harbors a novel stem cell population. Stem Cells
28(5), 984-995. doi: 10.1002/stem.425.

21



958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996

997
998
999
1000
1001
1002
1003
1004
1005

Heterogeneity of NCSCs

Matigian, N., Abrahamsen, G., Sutharsan, R., Cook, A.L., Vitale, A.M., Nouwens, A, et al. (2010).
Disease-specific, neurosphere-derived cells as models for brain disorders. Dis Model Mech
3(11-12), 785-798. doi: 10.1242/dmm.005447.

McAdams, H.H., and Arkin, A. (1999). It's a noisy business! Genetic regulation at the nanomolar scale.
Trends Genet 15(2), 65-69. doi: 10.1016/s0168-9525(98)01659-x.

McLeod, C.M., and Mauck, R.L. (2017). On the origin and impact of mesenchymal stem cell
heterogeneity: new insights and emerging tools for single cell analysis. Eur Cell Mater 34, 217-
231. doi: 10.22203/eCM.v034al4.

Messina, E., Angelis, L., Frati, G., Morrone, S., Chimenti, S., Fiordaliso, F., et al. (2004). Isolation and
expansion of adult cardiac stem cells from human and murine heart. Circulation research 95(9),
911-921. doi: 10.1161/01.RES.0000147315.71699.51.

Metcalf, D. (1998). Lineage commitment and maturation in hematopoietic cells: the case for extrinsic
regulation. Blood 92(2), 345-347; discussion 352.

Meus, M.A., Hertig, V., Villeneuve, L., Jasmin, J.F., and Calderone, A. (2017). Nestin Expressed by
Pre-Existing Cardiomyocytes Recapitulated in Part an Embryonic Phenotype; Suppressive Role
of p38 MAPK. J Cell Physiol 232(7), 1717-1727. doi: 10.1002/jcp.25496.

Moffitt, J.R., Hao, J., Wang, G., Chen, K.H., Babcock, H.P., and Zhuang, X. (2016). High-throughput
single-cell gene-expression profiling with multiplexed error-robust fluorescence in situ
hybridization. Proc Natl Acad Sci U S A 113(39), 11046-11051. doi:
10.1073/pnas.1612826113.

Moignard, V., and Gottgens, B. (2016). Dissecting stem cell differentiation using single cell expression
profiling. Curr Opin Cell Biol 43, 78-86. doi: 10.1016/j.ceb.2016.08.005.

Moignard, V., Macaulay, I.C., Swiers, G., Buettner, F., Schutte, J., Calero-Nieto, F.J., et al. (2013).
Characterization of transcriptional networks in blood stem and progenitor cells using high-
throughput single-cell gene expression analysis. Nat Cell Biol 15(4), 363-372. doi:
10.1038/nch27009.

Morrison, S.J., White, P.M., Zock, C., and Anderson, D.J. (1999). Prospective identification, isolation
by flow cytometry, and in vivo self-renewal of multipotent mammalian neural crest stem cells.
Cell 96(5). doi: 10.1016/s0092-8674(00)80583-8.

Mosher, J.T., Yeager, K.J., Kruger, G.M., Joseph, N.M., Hutchin, M.E., Dlugosz, A.A., et al. (2007).
Intrinsic differences among spatially distinct neural crest stem cells in terms of migratory
properties, fate determination, and ability to colonize the enteric nervous system. Dev Biol
303(1), 1-15. doi: 10.1016/j.ydbi0.2006.10.026.

Mdller, J., Greiner, J.F., Zeuner, M., Brotzmann, V., Schafermann, J., Wieters, F., et al. (2016). 1,8-
Cineole potentiates IRF3-mediated antiviral response in human stem cells and in an ex vivo
model of rhinosinusitis. Clin Sci (Lond) 130(15), 1339-1352. doi: 10.1042/CS20160218.

Mdller, J., Ossig, C., Greiner, J.F., Hauser, S., Fauser, M., Widera, D., et al. (2015). Intrastriatal
transplantation of adult human neural crest-derived stem cells improves functional outcome in
parkinsonian rats. Stem Cells Transl Med 4(1), 31-43. doi: sctm.2014-0078 [pii]

10.5966/sctm.2014-0078.

Murrell, W., Wetzig, A., Donnellan, M., Feron, F., Burne, T., Meedeniya, A., et al. (2008). Olfactory
mucosa is a potential source for autologous stem cell therapy for Parkinson's disease. Stem Cells
26(8), 2183-2192. doi: 10.1634/stemcells.2008-0074.

Nagoshi, N., Shibata, S., Kubota, Y., Nakamura, M., Nagai, Y., Satoh, E., et al. (2008). Ontogeny and
multipotency of neural crest-derived stem cells in mouse bone marrow, dorsal root ganglia, and
whisker pad. Cell stem cell 2(4). doi: 10.1016/j.stem.2008.03.005.

Nieto, M.A., Huang, R.Y ., Jackson, R.A., and Thiery, J.P. (2016). Emt: 2016. Cell 166(1), 21-45. doi:
10.1016/j.cell.2016.06.028.

.. . . i . 22
This is a provisional file, not the final typeset article



1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054

Running Title

Nieto, M.A., Sargent, M.G., Wilkinson, D.G., and Cooke, J. (1994). Control of cell behavior during
vertebrate development by Slug, a zinc finger gene. Science 264(5160), 835-839. doi:
10.1126/science.7513443.

Noden, D.M. (1975). An analysis of migratory behavior of avian cephalic neural crest cells. Dev Biol
42(1), 106-130. doi: 10.1016/0012-1606(75)90318-8.

Noden, D.M. (1978a). The control of avian cephalic neural crest cytodifferentiation. I. Skeletal and
connective tissues. Dev Biol 67(2), 296-312. doi: 10.1016/0012-1606(78)90201-4.

Noden, D.M. (1978b). The control of avian cephalic neural crest cytodifferentiation. Il. Neural tissues.
Dev Biol 67(2), 313-329. doi: 10.1016/0012-1606(78)90202-6.

Ochiai, H., Hayashi, T., Umeda, M., Yoshimura, M., Harada, A., Shimizu, Y., et al. (2020). Genome-
wide Kinetic properties of transcriptional bursting in mouse embryonic stem cells. Sci Adv
6(25), eaaz6699. doi: 10.1126/sciadv.aaz6699.

Pardal, R., Ortega-Saenz, P., Duran, R., and Lopez-Barneo, J. (2007). Glia-like stem cells sustain
physiologic neurogenesis in the adult mammalian carotid body. Cell 131(2), 364-377. doi:
10.1016/j.cell.2007.07.043.

Pearse, A.G., Polak, J.M., Rost, F.W., Fontaine, J., Le Lievre, C., and Le Douarin, N. (1973).
Demonstration of the neural crest origin of type | (APUD) cells in the avian carotid body, using
a cytochemical marker system. Histochemie 34(3), 191-203. doi: 10.1007/BF00303435.

Phillips, M.T., Kirby, M.L., and Forbes, G. (1987). Analysis of cranial neural crest distribution in the
developing heart using quail-chick chimeras. Circ Res 60(1), 27-30. doi:
10.1161/01.res.60.1.27.

Picelli, S., Faridani, O.R., Bjorklund, A.K., Winberg, G., Sagasser, S., and Sandberg, R. (2014). Full-
length RNA-seq from single cells using Smart-seq2. Nat Protoc 9(1), 171-181. doi:
10.1038/nprot.2014.006.

Pires, B.R., Mencalha, A.L., Ferreira, G.M., de Souza, W.F., Morgado-Diaz, J.A., Maia, A.M., et al.
(2017). NF-kappaB Is Involved in the Regulation of EMT Genes in Breast Cancer Cells. PL0S
One 12(1), e0169622. doi: 10.1371/journal.pone.0169622.

Pittenger, M.F., Mackay, A.M., Beck, S.C., Jaiswal, R.K., Douglas, R., Mosca, J.D., et al. (1999).
Multilineage potential of adult human mesenchymal stem cells. Science (New York, N.Y.)
284(5411), 143-147. doi: 10.1126/science.284.5411.143.

Platero-Luengo, A., Gonzalez-Granero, S., Duran, R., Diaz-Castro, B., Piruat, J.I., Garcia-Verdugo,
J.M., etal. (2014). An O2-sensitive glomus cell-stem cell synapse induces carotid body growth
in chronic hypoxia. Cell 156(1-2), 291-303. doi: 10.1016/j.cell.2013.12.013.

Raj, A., Peskin, C.S., Tranchina, D., Vargas, D.Y ., and Tyagi, S. (2006). Stochastic mMRNA synthesis
in mammalian cells. PLoS Biol 4(10), e309. doi: 10.1371/journal.pbio.0040309.

Raj, A., van den Bogaard, P., Rifkin, S.A., van Oudenaarden, A., and Tyagi, S. (2008). Imaging
individual mRNA molecules using multiple singly labeled probes. Nat Methods 5(10), 877-
879. doi: 10.1038/nmeth.1253.

Ramskold, D., Luo, S., Wang, Y.-C., Li, R., Deng, Q., Faridani, O.R., et al. (2012). Full-Length
MRNA-Seq from single cell levels of RNA and individual circulating tumor cells. Nature
biotechnology 30(8), 777-782. doi: 10.1038/nbt.2282.

Ring, A., Kim, Y.M., and Kahn, M. (2014). Wnt/catenin signaling in adult stem cell physiology and
disease. Stem Cell Rev Rep 10(4), 512-525. doi: 10.1007/s12015-014-9515-2.

Rios, A.C., Serralbo, O., Salgado, D., and Marcelle, C. (2011). Neural crest regulates myogenesis
through the transient activation of NOTCH. Nature 473(7348), 532-535. doi:
10.1038/nature09970.

Rocha, M., Beiriger, A., Kushkowski, E.E., Miyashita, T., Singh, N., Venkataraman, V., et al. (2020).
From head to tail: regionalization of the neural crest. Development 147(20). doi:
10.1242/dev.193888.

23



1055
1056
1057
1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101

Heterogeneity of NCSCs

Rochat, A., Kobayashi, K., and Barrandon, Y. (1994). Location of stem cells of human hair follicles
by clonal analysis: Cell, 76(6), 1063-1073. doi: 10.1016/0092-8674(94)90383-2.

Rodrigues, R.M., De Kock, J., Branson, S., Vinken, M., Meganathan, K., Chaudhari, U., et al. (2014).
Human skin-derived stem cells as a novel cell source for in vitro hepatotoxicity screening of
pharmaceuticals. Stem Cells Dev 23(1), 44-55. doi: 10.1089/scd.2013.0157.

Rodriguez-Fraticelli, A.E., Weinreb, C., Wang, S.W., Migueles, R.P., Jankovic, M., Usart, M., et al.
(2020). Single-cell lineage tracing unveils a role for TCF15 in haematopoiesis. Nature
583(7817), 585-589. doi: 10.1038/541586-020-2503-6.

Rosenberg, A.B., Roco, C.M., Muscat, R.A., Kuchina, A., Sample, P., Yao, Z., et al. (2018). Single-
cell profiling of the developing mouse brain and spinal cord with split-pool barcoding. Science
360(6385), 176-182. doi: 10.1126/science.aam8999.

Rothstein, M., Bhattacharya, D., and Simoes-Costa, M. (2018). The molecular basis of neural crest
axial identity. Dev Biol 444 Suppl 1, S170-S180. doi: 10.1016/j.ydbio.2018.07.026.

Ruiz-Perera, L.M., Greiner, J.F.W., Kaltschmidt, C., and Kaltschmidt, B. (2020). A Matter of Choice:
Inhibition of c-Rel Shifts Neuronal to Oligodendroglial Fate in Human Stem Cells. Cells 9(4).
doi: 10.3390/cells9041037.

Ruiz-Perera, L.M., Schneider, L., Windmoller, B.A., Muller, J., Greiner, J.F.W., Kaltschmidt, C., et al.
(2018). NF-kappaB p65 directs sex-specific neuroprotection in human neurons. Sci Rep 8(1),
16012. doi: 10.1038/s41598-018-34394-8.

Saliba, A.E., Westermann, A.J., Gorski, S.A., and Vogel, J. (2014). Single-cell RNA-seq: advances
and future challenges. Nucleic Acids Res 42(14), 8845-8860. doi: 10.1093/nar/gku555.
Schurmann, M., Brotzmann, V., Butow, M., Greiner, J., Hoving, A., Kaltschmidt, C., et al. (2017).
Identification of a Novel High Yielding Source of Multipotent Adult Human Neural Crest-

Derived Stem Cells. Stem Cell Rev. doi: 10.1007/s12015-017-9797-2.

Shakhova, O., and Sommer, L. (2008). "Neural crest-derived stem cells,” in StemBook. (Cambridge
(MA)).

Sieber-Blum, M., and Cohen, A.M. (1980). Clonal analysis of quail neural crest cells: they are
pluripotent and differentiate in vitro in the absence of noncrest cells. Dev Biol 80(1), 96-106.
doi: 10.1016/0012-1606(80)90501-1.

Sieber-Blum, M., and Grim, M. (2004). The adult hair follicle: cradle for pluripotent neural crest stem
cells. Birth Defects Res C Embryo Today 72(2), 162-172. doi: 10.1002/bdrc.20008.

Sieber-Blum, M., Grim, M., Hu, Y.F., and Szeder, V. (2004). Pluripotent neural crest stem cells in the
adult hair follicle. Dev Dyn 231(2), 258-269. doi: 10.1002/dvdy.20129.

Singhatanadgit, W., Donos, N., and Olsen, 1. (2009). Isolation and characterization of stem cell clones
from adult human ligament. Tissue Eng Part A 15(9), 2625-2636. doi:
10.1089/ten. TEA.2008.0442.

Sloan, A.J., and Waddington, R.J. (2009). Dental pulp stem cells: what, where, how? Int J Paediatr
Dent 19(1), 61-70. doi: 10.1111/j.1365-263X.2008.00964.X.

Soldatov, R., Kaucka, M., Kastriti, M.E., Petersen, J., Chontorotzea, T., Englmaier, L., et al. (2019).
Spatiotemporal structure of cell fate decisions in murine neural crest. Science 364(6444). doi:
10.1126/science.aas9536.

Southard-Smith, E.M., Kos, L., and Pavan, W.J. (1998). Sox10 mutation disrupts neural crest
development in Dom Hirschsprung mouse model. Nat Genet 18(1), 60-64. doi:
10.1038/ng0198-60.

Spokony, R.F., Aoki, Y., Saint-Germain, N., Magner-Fink, E., and Saint-Jeannet, J.P. (2002). The
transcription factor Sox9 is required for cranial neural crest development in Xenopus.
Development 129(2), 421-432.

.. . . i . 24
This is a provisional file, not the final typeset article



1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126

1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147

Running Title

Stevens, A., Zuliani, T., Olejnik, C., LeRoy, H., Obriot, H., Kerr-Conte, J., et al. (2008). Human dental
pulp stem cells differentiate into neural crest-derived melanocytes and have label-retaining and
sphere-forming abilities. Stem Cells Dev 17(6), 1175-1184. doi: 10.1089/scd.2008.0012.

Sun, L., Mathews, L.A., Cabarcas, S.M., Zhang, X., Yang, A., Zhang, Y., et al. (2013). Epigenetic
regulation of SOX9 by the NF-kappaB signaling pathway in pancreatic cancer stem cells. Stem
Cells 31(8), 1454-1466. doi: 10.1002/stem.1394.

Suslov, O.N., Kukekov, V.G., Ignatova, T.N., and Steindler, D.A. (2002). Neural stem cell
heterogeneity demonstrated by molecular phenotyping of clonal neurospheres. Proc Natl Acad
Sci U S A99(22), 14506-14511. doi: 10.1073/pnas.212525299.

Suzuki, J., Yoshizaki, K., Kobayashi, T., and Osumi, N. (2013). Neural crest-derived horizontal basal
cells as tissue stem cells in the adult olfactory epithelium. Neurosci Res 75(2), 112-120. doi:
10.1016/j.neures.2012.11.005.

Tabakow, P., Raisman, G., Fortuna, W., Czyz, M., Huber, J., Li, D., et al. (2014). Functional
regeneration of supraspinal connections in a patient with transected spinal cord following
transplantation of bulbar olfactory ensheathing cells with peripheral nerve bridging. Cell
Transplant. doi: 10.3727/096368914X685131.

Tang, W., Martik, M.L., Li, Y., and Bronner, M.E. (2019). Cardiac neural crest contributes to
cardiomyocytes in amniotes and heart regeneration in zebrafish. Elife 8. doi:
10.7554/eLife.47929.

Tang, Y., Feinberg, T., Keller, E.T., Li, X.Y., and Weiss, S.J. (2016). Snail/Slug binding interactions
with YAP/TAZ control skeletal stem cell self-renewal and differentiation. Nat Cell Biol 18(9),
917-929. doi: 10.1038/nch3394.

Toma, J.G., Akhavan, M., Fernandes, K.J., Barnabe-Heider, F., Sadikot, A., Kaplan, D.R., etal. (2001).
Isolation of multipotent adult stem cells from the dermis of mammalian skin. Nat Cell Biol 3(9),
778-784. doi: 10.1038/nchb0901-778 [doi]

ncb0901-778 [pii].

Tomita, Y., Matsumura, K., Wakamatsu, Y., Matsuzaki, Y., Shibuya, I., Kawaguchi, H., et al. (2005).
Cardiac neural crest cells contribute to the dormant multipotent stem cell in the mammalian
heart. The Journal of cell biology 170(7). doi: 10.1083/jcb.200504061.

Trapnell, C., Cacchiarelli, D., Grimsby, J., Pokharel, P., Li, S., Morse, M., et al. (2014). The dynamics
and regulators of cell fate decisions are revealed by pseudotemporal ordering of single cells.
Nat Biotechnol 32(4), 381-386. doi: 10.1038/nbt.2859.

Trentin, J.J. (1971). Determination of bone marrow stem cell differentiation by stromal hemopoietic
inductive microenvironments (HIM). Am J Pathol 65(3), 621-628.

Tsang, J.C., Yu, Y., Burke, S., Buettner, F., Wang, C., Kolodziejczyk, A.A., et al. (2015). Single-cell
transcriptomic reconstruction reveals cell cycle and multi-lineage differentiation defects in
Bcllla-deficient hematopoietic stem cells. Genome Biol 16, 178. doi: 10.1186/513059-015-
0739-5.

Vega-Lopez, G.A., Cerrizuela, S., Tribulo, C., and Aybar, M.J. (2018). Neurocristopathies: New
insights 150 years after the neural crest discovery. Dev Biol 444 Suppl 1, S110-S143. doi:
10.1016/j.ydbio.2018.05.013.

Waddington, R.J., Youde, S.J., Lee, C.P., and Sloan, A.J. (2009). Isolation of distinct progenitor stem
cell populations from dental pulp. Cells, tissues, organs 189(1-4). doi: 10.1159/000151447.

Widera, D., Grimm, W.D., Moebius, J.M., Mikenberg, I., Piechaczek, C., Gassmann, G., et al. (2007).
Highly efficient neural differentiation of human somatic stem cells, isolated by minimally
invasive periodontal surgery. Stem Cells Dev 16(3), 447-460. doi: 10.1089/scd.2006.0068 [doi].

25



1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195

Heterogeneity of NCSCs

Widera, D., Zander, C., Heidbreder, M., Kasperek, Y., Noll, T., Seitz, O., et al. (2009). Adult palatum
as a novel source of neural crest-related stem cells. Stem Cells 27(8), 1899-1910. doi:
10.1002/stem.104 [doi].

Wilkie, A.O., and Morriss-Kay, G.M. (2001). Genetics of craniofacial development and malformation.
Nat Rev Genet 2(6), 458-468. doi: 10.1038/35076601.

Wong, C.E., Paratore, C., Dours-Zimmermann, M.T., Rochat, A., Pietri, T., Suter, U., et al. (2006).
Neural crest-derived cells with stem cell features can be traced back to multiple lineages in the
adult skin. J Cell Biol 175(6), 1005-1015. doi: 10.1083/jcb.200606062.

Wu, A.R., Neff, N.F., Kalisky, T., Dalerba, P., Treutlein, B., Rothenberg, M.E., et al. (2014).
Quantitative assessment of single-cell RNA-sequencing methods. Nat Methods 11(1), 41-46.
doi: 10.1038/nmeth.2694.

Wu, J., and Tzanakakis, E.S. (2012). Contribution of stochastic partitioning at human embryonic stem
cell division to NANOG heterogeneity. PLoS One 7(11), 50715. doi:
10.1371/journal.pone.0050715.

Xue, Z., Huang, K., Cai, C., Cai, L., Jiang, C.Y., Feng, Y., et al. (2013). Genetic programs in human
and mouse early embryos revealed by single-cell RNA sequencing. Nature 500(7464), 593-
597. doi: 10.1038/nature12364.

Yan, L., Yang, M., Guo, H., Yang, L., Wu, J., Li, R., et al. (2013). Single-cell RNA-Seq profiling of
human preimplantation embryos and embryonic stem cells. Nat Struct Mol Biol 20(9), 1131-
1139. doi: 10.1038/nsmb.2660.

Yntema, C.L., and Hammond, W.S. (1954). The origin of intrinsic ganglia of trunk viscera from vagal
neural crest in the chick embryo. J Comp Neurol 101(2), 515-541. doi: 10.1002/cne.901010212.

Yoshida, S., Shimmura, S., Nagoshi, N., Fukuda, K., Matsuzaki, Y., Okano, H., et al. (2006). Isolation
of multipotent neural crest-derived stem cells from the adult mouse cornea. Stem Cells 24(12),
2714-2722. doi: 10.1634/stemcells.2006-0156.

Young, F.I., Telezhkin, V., Youde, S.J., Langley, M.S., Stack, M., Kemp, P.J., et al. (2016). Clonal
Heterogeneity in the Neuronal and Glial Differentiation of Dental Pulp Stem/Progenitor Cells.
Stem Cells Int 2016, 1290561. doi: 10.1155/2016/1290561.

Yu, V.W.C,, Yusuf, R.Z., Oki, T., Wu, J., Saez, B., Wang, X., et al. (2016). Epigenetic Memory
Underlies Cell-Autonomous Heterogeneous Behavior of Hematopoietic Stem Cells. Cell
167(5), 1310-1322.1317. doi: 10.1016/j.cell.2016.10.045.

Yu, V.W.C,, Yusuf, R.Z., Oki, T., Wu, J., Saez, B., Wang, X., et al. (2017). Epigenetic Memory
Underlies Cell-Autonomous Heterogeneous Behavior of Hematopoietic Stem Cells. Cell
168(5), 944-945. doi: 10.1016/j.cell.2017.02.010.

Zhang, C., Carl, T.F., Trudeau, E.D., Simmet, T., and Klymkowsky, M.W. (2006). An NF-kappaB and
slug regulatory loop active in early vertebrate mesoderm. PLoS One 1, e1l06. doi:
10.1371/journal.pone.0000106.

Zhang, X., Li, T., Liu, F., Chen, Y., Yao, J., Li, Z., et al. (2019). Comparative Analysis of Droplet-
Based Ultra-High-Throughput Single-Cell RNA-Seq Systems. Mol Cell 73(1), 130-142 e135.
doi: 10.1016/j.molcel.2018.10.020.

Zheng, G.X., Terry, J.M., Belgrader, P., Ryvkin, P., Bent, Z.W., Wilson, R., et al. (2017). Massively
parallel digital transcriptional profiling of single cells. Nat Commun 8, 14049. doi:
10.1038/ncomms14049.

Zhou, F., Li, X., Wang, W., Zhu, P., Zhou, J., He, W., et al. (2016). Tracing haematopoietic stem cell
formation at single-cell resolution. Nature 533(7604), 487—-492. doi: 10.1038/nature17997.

Ziegenhain, C., Vieth, B., Parekh, S., Reinius, B., Guillaumet-Adkins, A., Smets, M., et al. (2017).
Comparative Analysis of Single-Cell RNA Sequencing Methods. Mol Cell 65(4), 631-643
e634. doi: 10.1016/j.molcel.2017.01.023.

.. . . i . 26
This is a provisional file, not the final typeset article



1196
1197
1198

1199
1200
1201
1202

1203
1204
1205
1206
1207

1208

Running Title

Zilionis, R., Nainys, J., Veres, A., Savova, V., Zemmour, D., Klein, A.M., et al. (2016). Single-cell
barcoding and sequencing using droplet microfluidics. Nature Protocols 12, 44. doi:
10.1038/nprot.2016.154

https://www.nature.com/articles/nprot.2016.154#supplementary-information.

Ziller, C., Dupin, E., Brazeau, P., Paulin, D., and Le Douarin, N.M. (1983). Early segregation of a
neuronal precursor cell line in the neural crest as revealed by culture in a chemically defined
medium. Cell 32(2), 627-638. doi: 10.1016/0092-8674(83)90482-8.

27


https://www.nature.com/articles/nprot.2016.154#supplementary-information

1209

1210
1211
1212

1213
1214
1215
1216
1217
1218

1219
1220
1221
1222

1223
1224
1225
1226

1227
1228

1229
1230
1231
1232
1233

Heterogeneity of NCSCs

16 Figure legends

Figure 1. Determination of single stem cell identities gives insights into linage choices, regulatory
networks, niches and model systems like cultured stem cell-derived spheroids as well as tissue
regeneration.

Figure 2. Schematic representation of diverse state-of-the-art tools for single cell analysis. Next to
microfluidic based single cell sequencing methods, like Drop-seq, inDrop or 10X Genomic Chromium,
for high throughput transcriptome analysis of single cells, fluorescence-based methods are used to
investigate single cell transcriptomes. Further, Sequential barcoding methods like SPLIT-seq are
applied for high throughput single cell sequencing. Less throughput, but higher precision was shown
to be achieved using SMART-Seq methods with prior fluorescence activated cell sorting (FACS).

Figure 3. Schematic view on the role of neural crest stem cells in embryogenesis (A) and adulthood
(B) as well as suggested differences between favored fate choices of single NCSCs (C). (Panel A
modified from (J. Greiner et al. 2019b) and (Srinivasan and Toh 2019)), NC: Neural crest, NCSCs:
Neural crest-derived stem cells, PNS: Peripheral nervous system.

Figure 4. Heterogeneity of single neural crest-derived inferior turbinate stem cells (ITSCs) isolated
from the human nasal cavity. (A) gPCR following SMART-Seq2 of single ITSCs showed
heterogeneity in expression levels of Slug, Snail and Nestin. (B-C) Heterogeneous nuclear fluorescence
intensities of Slug protein in single ITSCs.

Figure 5. Schematic view of potential molecular regulators defining self-renewal and fate choices of
NCSCs.

Figure 6. Schematic illustration of various extrinsic and intrinsic factors influencing NCSC
heterogeneity. Single stem cell heterogeneity is influence by diverse variables including donor-to-
donor variations, the stem cell niche, epigenetic modifications, stochasticity of mRNA and protein
production and random segregation during cell division. All these aspects are involved in stem cell
heterogeneity and are crucial for the development and the existence of multicellular organisms.
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Figure 2
Microfluidic-based single cell sequencing Fluorescence-based single cell analysis
(Drop-seq / inDrop / 10X Genomics Chromium) (RNA-FISH / Immunfluorescence)
Cells Droplet formation oil
vy =
1) o) €.s e
_»" = e .) "‘) g V » .:.,_‘ :f\
5 ®) ‘3’) ") - -
eadsand | | ), .
lysis buffer e / :
2
T
State of the art tools
for single cell analysis
Sequential barcoding SMART-seq methods
(SPLIT-seq)
000000000000 Cell 1
000000000000
000000000000
/ / 000000000000 Cell 2
000000000000 -
/ > // 000000000000 Cell 3
000000000000 v
000000000000 cell
Multiple split and : ell n
/ pool steps FACS sorted single cells
/
1238
30

This is a provisional file, not the final typeset article



1239

1240

1241

Figure 3

Running Title

A Neural crest - origin and contribution to development

B Differentiation potential of NCSCs during adulthood
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Figure 6 .
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Table 1. Overview of single cell experiments in NCSC populations

Running Title

NCSC population

Single cell Method

Key findings

Reference

Murine horizontal

scCRNA-seq using

direct fate conversion of
quiescent HBCs into

(Fletcher et al.,

Seq technology / in
vivo lineage tracing

state in HBCs
differentiation into
sustentacular cells
involved proliferation of
HBCs

basal cells (HBCs) | FACS and SMART- . 2017)
Seq technology / in either sustentacular cells
vivo lineage tracing or globose basal cells
prior to cell division
e olfactory neurogenesis via
differentiation of globose
basal cells
e Canonical Wnt signaling
regulates differentiation
into the neuronal lineage
Murine HBCs scRNA-seq using * Injury activates a h_|ghly (Gadye et al.,
EACS and SMART- heterogenous transient 2017)

Human HBCs from

scCRNA-seq using 10X

Stemness state of HBCs
under non injury

(Durante et al.,

(OEC)

different migratory
properties

olfactory Genomics Chromium . 2020)
neuroepithelium cpn¢ﬂons_ s_uggested to be

similar to injury

conditions in rodents
Rodent olfactory Single cell migration o distinct OE.C . (Huang et al.,
ensheathing cells assays subpopulations display 2008)

Human inferior
turbinate stem cells
(ITSCs)

Immunocytochemistry

ITSC-derived neurons
from female donors
revealed elevated
oxidative stress-induced
cell death in comparison
to male neurons

(Ruiz-Perera et al.,
2018)

ITSC clones revealed

Cells (DPSCs)

differentiation capacity

Human ITSCs Immunocytochemistry X ' (Greiner et al.,
different ratios of 2011) (Hauser et
ectodermal to mesodermal al., 2012)
progeny upon
differentiation

Murine Dental Pulp | Immunocytochemistry » DPSC clon_es r_eveal (Young etal.,

Stem/Progenitor heterogeneity in neuronal 2016)

Human DPSCs

Immunocytochemistry
and DNA microarray

Human dental pulp stem
cell clones reveal
differences in

(Kobayashi et al.,
2020)
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proliferation,
differentiation potential
and gene expression, with
characteristic DPSC-
markers being mainly
conserved

Human DPSCs

FACS/
Immunocytochemistry

Canonical Wnt-GSK3p/B-
catenin pathway
contributes to DPSC
differentiation into mature
SMCs. However, different
clones reveal
heterogeneity in
differentiation potential

(Jiang et al., 2019)

Human DPSCs

Single-cell Raman
spectroscopy

Subpopulations of highly
proliferative/multipotent
DPSCs and low
proliferative/unipotent
were identified in human
third molars

(Alraies et al.,
2019)

Murine hair follicle
bulge stem cells

scRNa-seq using
microfluidic based
Fluidigm C1
Autoprep System

Lack of common
stemness expression
signature but segregation
of cell populations in
relation to their location
during tissue homeostasis

(Joost et al., 2016)

Murine hair follicle
bulge stem cells

scRNa-seq using
microfluidic based
Fluidigm C1
Autoprep System / in
vivo lineage tracing

Stem cells activate
interfollicular epidermis
stem cell-like gene
expression signature
during wound healing
even before migration to
the lesion

great cellular plasticity of
single stem cells allowing
rapid transcriptional
adaptations during wound
healing

(Joost et al., 2018)

Embryonic quail
mesencephalic
neural crest cells

Analysis of single
cell-derived clones

treatment with the
morphogen Sonic
Hedgehog (Shh) increased
the number of multipotent
subclones with the
capacity to differentiate
into glia, neurons,
melanocytes,
myofibroblasts and
chondrocytes

(Calloni et al.,
2007; Calloni et
al., 2009)
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Embryonic quail
mesencephalic
neural crest cells

Analysis of single
cell-derived clones

increased developmental
potential into glial cells,
neurons, melanocytes,
smooth muscle cells,
chondrocytes and
adipocytes after the
simultaneous application
of FGF8 and Shh

(da Costa et al.,
2018)

Fetal rat sciatic
nerve-derived
NCSCs

FACS

p75+ subpopulations were
able to differentiate into
neurons, Schwann cells
and myofibroblasts while
p75- cells were only able
to differentiate into
myofibroblasts

(Morrison et al.,
1999)
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