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Abstract

Doctor rerum naturalium

Genetic Heterogeneity of Cancer Stem Cells
by Jorg Otte

The nature of human stem cells varies enormously. Precious early embryonic stem cells,
inheriting the greatest developmental potential, exist only transiently despite their
inexhaustible ability to self-renew. Adult stem cells, on the other hand, have a highly
restricted developmental potential but maintain our organs life-long. Mechanisms of
cellular plasticity emerging during normal tissue regeneration are often hijacked by
cancer cells conferring them stem cell-like qualities. These cancer stem cells (CSCs) are
an enigmatic cellular specification often described as the root of a tumor’s malignancy
as they contribute to cancer relapse, progression and the metastatic process. One major
aim of this thesis was to better understand the ongoing self-renewal of CSCs. We
obtained colon cancer patient-derived organoids as newfangled ex vivo cell culture
model. By adapting culture conditions, we selected for highly malignant colon cancer
cells capable of organoid formation with low cell culture requirements, implying
autonomous self-renewal capacities. However, we know from adult and embryonic
stem cell culture that the fibroblast growth factor 2 (FGF2) is essential for maintaining
self-renewal of stem cells. In view of this, we investigated the role of FGF2 in colorectal
cancer biopsy-derived organoids identifying FGF2 as a central player in organoid
formation and self-renewal of colon CSCs. Interestingly, when we inhibited FGF2-
signaling, we not only observed an abrogated organoid formation and cellular
differentiation, but also detected many molecular similarities with mechanisms of
resistance against epidermal growth factor (EGF) receptor targeted therapies.

In another study, we were the first to describe the transcriptome of aggressive digital
papillary adenocarcinomas (ADPA). In this comprehensive analysis, we detected a
deregulated FGF-signaling pathway presumably contributing to the high malignancy of
this rare tumor entity.

The heterogeneity of stem cells is not only important in tumor biology. During

embryonic development, different cell types originate from one single cell, the zygote.



Within the first cell divisions, a period called pre-implantation development, embryonic
genome activation and early cell lineage commitments define the onset of specification
programs leading to the tremendous complexity of the human body. Detailed molecular
analyses of these events require modern techniques to simultaneously analyze the
genome, transcriptome and epigenome of single cells. In a state-of-the art review, we
discuss new insights by modern methods and persisting challenges in single-cell analysis
in pre-implantation embryos as well as in primordial germ cells. The described methods
are just as relevant to understand the heterogeneity of CSCs, their plasticity and

mechanisms of tumor progression.



Zusammenfassung

Humane Stammzellen zeichnen sich durch eine groRe Vielseitigkeit aus. Das grofte
Entwicklungspotenzial haben embryonale Stammzellen, welche sich theoretisch
beliebig oft selbst erneuern koénnen, jedoch nur kurzzeitig wahrend der friihen
Embryonalentwicklung existieren. Nach Abschluss der friihen Reifung sind adulte
Stammzellen fiur die lebenslange Aufrechterhaltung und Regeneration von Geweben
und Organen unverzichtbar. Sie besitzen lediglich ein begrenztes Potenzial sich in andere
Zelltypen zu entwickeln, sind jedoch ebenfalls zu grenzenloser Selbsterneuerung fahig.
Im Falle einer malignen Entartung kénnen diese Eigenschaften einer zelluldaren Plastizitat
sowie einer unbegrenzten Selbsterneuerung von Tumorzellen Gbernommen werden,
was ihnen stammzelldhnlichen  Charakter verleiht. Diese sogenannten
Krebsstammzellen sind eine in vielerlei Hinsicht noch unverstandene Auspragung der
Tumorzellen. Es wird jedoch vermutet, dass sie entscheidend zu der Bildung von
Rezidiven und Metastasen des Tumors beitragen und somit die Ursache der Malignitat
von Tumoren darstellen.

Fiir ein besseres Verstiandnis der standigen Selbsterneuerung von Krebsstammzellen
untersuchten wir im Hauptteil dieser Arbeit primdre Kolonkarzinomzellen in
dreidimensionalen ex vivo Organoid-Modellen.  Wir  modifizierten die
Kulturbedingungen des Organoid-Models um  ausschlieflich  hoch-maligne
Kolonkarzinomzellen zu kultivieren. Die so selektierten Tumorzellen zeichnen sich
dadurch aus, dass sie unter minimalen Wachstumsbedingungen Organoide bilden
konnen, was auf eine hohe intrinsische Fahigkeit zur Selbsterneuerung schlieRen l&sst.
Aus Zellkulturexperimenten mit adulten und embryonalen Stammzellen ist bekannt,
dass der Fibroblasten-Wachstumsfaktor 2 (FGF2) essentiell ist, um diese
Stammzelleigenschaften der standigen Selbsterneuerung aufrecht zu erhalten. In den
beschriebenen Organoid-Kulturen untersuchten wir den Einfluss von FGF2 auf die
Selbsterneuerung dieser primaren Darmkrebszellen und konnten zeigen, dass, im
Rahmen unserer Kulturbedingungen, diese relativ autonomen, hoch-malignen
Tumorzellen auf einen aktiven FGF-Signalwegs angewiesen sind. Weiter beobachteten
wir nicht nur einen Verlust der Fahigkeit zur Organoidbildung, sondern detektieren viele
molekulare Effekte ahnlich der Resistenzbildung gegen die therapeutisch-angewandten
Epidermalen-Wachstumsfaktor (EGF) -Rezeptor-Inhibition.

In einer Studie zum aggressiven digitalen papilldren Adenokarzinom (ADPA) ist es uns

erstmalig gelungen das Transkriptom dieser seltenen Tumorart zu beschreiben. Auch



hier beobachteten wir eine Entartung des FGF-Signalwegs, was vermutlich zu der hohen
Malignitat dieser Erkrankung beitragt.

Die allgemeine Heterogenitidt von Stammzellen ist jedoch nicht nurin der Tumorbiologie
von Bedeutung. Wahrend der friihen Embryonalentwicklung entstehen eine Vielzahl
von verschiedenen Zelltypen aus nur einer Zelle, der Zygote. Wahrend dieser ersten
Zellteilungen, die noch vor der Einnistung der befruchteten Eizelle in die Uteruswand
stattfinden, definieren die embryonale Genomaktivierung sowie die ersten zelluldren
Spezialisierungen den Beginn weiterer Entwicklungen die zu der groen Komplexitat
aller Zellen des menschlichen Korpers fiihren. Detaillierte molekulare Analysen dieser
frihesten Ereignisse erfordern moderne Techniken um gleichzeitig das Genom, das
Transkriptom sowie das Epigenom von Einzelzellen zu untersuchen. In einem aktuellen
Review-Artikel diskutieren wir Fortschritte und bestehende Herausforderungen der
Einzelzellanalyse wahrend der frihesten Embryonalentwicklung sowie in primordialen
Keimzellen. Die beschriebenen Methoden kommen ebenso in der modernen
Tumorforschung zum Einsatz, um die Plastizitat und die Progression von Tumoren sowie

von Krebsstammazellen in ihrer Heterogenitat zu verstehen.
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Introduction - Pluripotent Stem Cells

1. Introduction

1.1. Pluripotent Stem Cells

A general definition of stem cells includes two functional features, the potential of
unlimited self-renewal while also being able to produce differentiated progenies. A cell
division generating two equal daughter stem cells is called symmetric cell division and
increases the number of stem cells. An asymmetric cell division, on the other hand,
generates one daughter cell that differentiates to a mature cell type, while the other
daughter cell stays in an undifferentiated state and maintains the pool of stem cells
within a tissue. A further classification of stem cells is inferred by their developmental
potential [1].

The direct product of fertilization, the zygote and its early derivatives, the blastomeres,
are defined as totipotent. They hold the potential to develop into the embryo proper
and all extraembryonic tissues such as the placenta, the amnion or the yolk sac. By
ongoing successive cell divisions, the compacted morula originates, and cells start to
polarize generating the blastocyst, the first morphological structure with distinct cell
types. Cells residing inside the blastocyst belong to the inner cell mass (ICM) and are
considered pluripotent. Pluripotency defines the ability to develop into all embryonic
tissues excluding the potential of developing extraembryonic membranes. The potency
of an early embryonic stem cell can be assessed by different in vivo assays such as the
ability to form chimaeras or teratomas as reviewed in [1, 2]. However, it is worth
mentioning that no in vitro assay exists to define the developmental potential of
totipotent cells.

Around the time of implantation of the blastocyst into the uterus wall, pluripotent cells
of the ICM further commit to cells of the primitive endoderm (PE) or epiblast cells (EPI)
(for details, see 3.2). During post-implantation development, within the first weeks of
embryogenesis, all totipotent and pluripotent stem cells are gone defining toti- and
pluripotency in normal development as transient cell stages.

Given that totipotency is not relevant in in vitro assays, it is fair to say that pluripotent
cells represent the most crucial cell stage for stem cell research. Even though early
embryonic stem cells exist only transiently, their unlimited potential of self-renewal
allows the derivation of human embryonic stem cell (hESC) lines from the ICM of the
blastocyst, first successfully established by J. Thomson in 1998 (Figure 1) [3]. From these
cultured and, by that, artificial hESCs, scientists gained substantial insights into
mechanisms of maintaining pluripotency and self-renewal. Taking into account that

previous knowledge of mouse embryonic stem cells could only partially be transferred
1
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to the human situation, first attempts of culturing hESC demanded intensive effort [4].
Since hESC can only be obtained from a blastocyst, the starting point of a human being,
ethical restrictions need to be considered.

A milestone in regenerative medicine was reached when Takahashi and Yamanaka first
induced pluripotency in adult mouse fibroblast in 2006 and in human fibroblasts in 2007
[5, 6]. IPSCs are ethically defensible and can nowadays be obtained from nearly every
somatic cell type of every individual. They are an appropriate model to understand
mechanisms of human pluripotency and stem cell self-renewal and can be used to study
developmental and differentiation processes (Figure 2). They can further be applied in
drug screening assays when, for example, the toxicity of cardio-active drugs needs to be

tested on patient-derived cardiomyocytes [7].
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Figure 1. Embryonic Stem Cells

During the pre-implantation stage, the zygote forms the morula by successive cell divisions and
later develops into the blastocyst. After implantation, the inner cells of the blastocyst will
develop into the embryo proper. In artificial embryonic stem cell culture, these pluripotent cells
are capable of infinite self-renewal as well as they can be differentiated into all cell types of the
body. With kind permission taken from [4].
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1.1.1. Molecular Mechanisms of Pluripotency

It is known from gene expression analyses in preimplantation embryos that the POU-
domain containing transcription factor OCT4 (POU5F1) is expressed in the unfertilized
oocyte and in the blastocyst where it regulates the development of the ICM and
maintains its pluripotency [8]. Reprogramming of adult somatic cells is based on the
induced expression of core transcription factors facilitating pluripotency. The group of
Yamanaka successfully induced pluripotency in human fibroblasts by the transduction
of the core transcription factors OCT4, SOX2, KLF4 and c-MYC when, in the same vyear,
Thomson’s group also achieved a stable human iPSC line by transducing the
transcription factors OCT4, SOX2, NANOG and LIN28 [6, 9]. While OCT4 is the most
crucial and defined factor for successful reprogramming, other factors can be replaced
or substituted. Despite the fact that NANOG was not party of Yamanaka’s initial
reprogramming strategy, it is nowadays assumed that OCT4, NANOG and SOX2 build a
tripartite auto-regulatory loop which sustains pluripotency and self-renewal by

collectively binding target gene promoters [1, 10].
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Figure 2. Induced Pluripotent Stem Cells

Mature somatic cells, such as fibroblasts, can be reprogrammed to pluripotent cells, e.g. by the
transduction of the Yamanaka factors OCT4, SOX2, KLF4 and c-Myc. Like embryonic stem cells,
induced pluripotent stem cells can be differentiated into all cell types of the body. These
autologous cells are hoped to become a precious therapeutic tool in regenerative medicine.
With kind permission taken from [4].
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NANOG and OCT4 represent important molecular markers when testing cells for
pluripotency. Especially the isoform OCT4A is highly specific for pluripotent cells and
should not be confused with other isoforms or pseudogenes which can lead to
misidentification of stem cells and their potential [11, 12].

The core transcription factors OCT4, SOX2 and NANOG not only enable pluripotency but
also regulate a wide range of target genes needed for its long-term maintenance. This
process is called self-renewal and describes proliferation without differentiation. While
the expression of OCT4 is highly restricted to pluripotent stem cells, genes enabling self-
renewal are commonly used by many cell types. Some of these signaling cascades are
well investigated and highly depend on extrinsic signals from the cellular environment
or on the in vitro cell culture conditions, respectively. Interestingly, many of these
cytokines or transcription factors are induced by OCT4, but also fulfill important
functions in higher differentiated progenitor or somatic cells which lack any OCT4
expression. By OCT4 knock-down and chromatin-immunoprecipitation experiments,
which analyze OCT4 binding sites within gene promoters, it could be shown that the
FGF, TGF-B and Wnt signaling pathways essentially contribute to OCT4-driven self-
renewal [10, 13]. Many interconnections between these pathways exist but at least in
in vitro hESC culture, the cytokine FGF2 is known to extensively modulate TGF-f
signaling and also affects Wnt expression. By inducing the expression of TGF-f ligands
TGFB1, NODAL, Activin A (INHBA) and simultaneously repressing BMP4 activity by
activating its antagonists GREM1 and CER1, FGF2 essentially regulates the self-renewal
of pluripotent cells (Figure 3). Downstream effects of this complex signaling are
integrated by different isoforms of receptor-SMAD proteins. The phosphorylation of
SMAD2/3 by the TGF-B receptors TGFBR1 (ALK5), ALK4 and ALK7 leads to nuclear
translocation of the SMAD-proteins allowing self-renewal [14]. Indeed it was shown that
the pharmacological inhibition of the receptors ALK4/5/7 by the small molecule
SB431542 prevents the pluripotency promoting effect of FGF2 [15]. The TGF-B receptors
ALK1, ALK2 as well as BMPR1A and BMPR1B phosphorylate the proteins SMAD1/5/8
which induce differentiation after nuclear translocation [14, 16]. In this cascade, FGF2
expression is induced by OCT4 and regulates TGF-B signaling which induces the
expression of the core transcription factors OCT4, SOX2 and NANOG in terms of a
regulatory feedback loop. However, FGF2 is still indispensable as an exogeneous
stimulus in cell culture medium to avoid differentiation. This additionally underlines its
central role in pluripotency and self-renewal.

As mentioned above, the expression of OCT4 and NANOG can only be detected in

pluripotent stem cells, while the reciprocal modulation of self-renewal associated
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pathways is found in many cell types and not necessarily stem cell specific. An induction
of OCT4 and NANOG by FGF2, however, depends on epigenetic mechanisms, which are
also largely regulated by the core transcription factors and other mechanisms as

reviewed in [1, 17].

FGF2-Signaling in
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Figure 3. FGF2 Regulates Self-Renewal via TGF-B Members

The self-renewal of pluripotent cells depends on FGF2-signaling regulating the expression of
cytokines of the TGF-B family. Heteromeric combinations of different TGF-B receptors lead to
SMAD-protein phosphorylation and nuclear translocation. The phosphorylated SMAD2/3 dimer
allows self-renewal, while the phosphorylated SMAD1/5/8 heteromer induces differentiation.
With kind permission taken from [14].

1.2. Adult stem cells

As every stem cell, adult stem cells are able to self-renew but exhibit a differentiation
potential which is much more restricted than that of pluripotent stem cells. Multipotent
adult stem cells can produce all cell types within their cell-lineage but in vivo never
differentiate into cells of other tissues [1]. Unipotent stem cells can generate only one
cell type, while progenitor cells are undifferentiated precursors that lack the ability of
unlimited self-renewal and therefor do not count as stem cells. In comparison to
pluripotent stem cells, which exist only transiently during human development, adult
stem cells regenerate and maintain our tissues lifelong. Due to the great complexity of
the human body, the pool of adult stem cells is highly heterogeneous with each type
having different specifications (Figure 4).

Not long ago, adult stem cells were described as rare and quiescent cells with limited
self-renewal capacity regenerating the organ by asymmetric cell division [4]. Researches
were looking for a well-defined cell population in each tissue, which should be
identifiable by a clear marker expression [18]. The prototype of this concept was the
hematopoietic system with its stem cells located within the bone marrow. In irradiated

patients, e.g. in the case of leukemia therapy, bone marrow transplantation can
5
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regenerate the whole blood system of the recipient. The environment of hematopoietic
stem cells was well characterized and putative progenitor cells within the hierarchy of
differentiation were identified by surface marker expression.

However, data of the last decade, obtained by complex lineage tracing experiments in
genetic modified mouse models and new ex vivo cell culture strategies, challenged this
view not only in the hematopoietic system but also in other tissues in which adult stem
cells were never definitely identified [18, 19]. Especially in organs such as the intestine,
the skin or the airway epithelium with high turn-over rates, meaning strained cells need
to be replaced frequently, quiescent and asymmetrically dividing cells could not be
identified. It was rather revealed that, upon injury and following regeneration, a
heterogeneous cell population with equal potency of stem cell-like qualities replaces
lost cells [19, 20]. It has further been shown that the fate of a stem cell’s daughter cell
is not pre-defined by an intrinsic determination to asymmetrically divide but the
environment, also referred to as the stem cell niche, extrinsically affects its commitment
[19, 21, 22]. We will discuss these characteristics of a heterogeneous stem cell pool with
quiescent and proliferative stem cells, which do not necessarily divide asymmetrically,

on the intestinal crypt; one well-investigated stem cell compartment.
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Figure 4. Adult Stem Cells

Adult stem cells are multipotent cells with an unlimited self-renewal capacity. After embryonic
development, adult stem cells are the only stem cells within the body maintaining and
regenerating all organs and tissues lifelong. Adult stem cells are assumed to reside in a highly
specialized environment, called the stem cell niche, which dictates the stem cell’s fate. With kind
permission taken from [4].
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1.2.1. The Intestinal Crypt

The mucosa of the intestinal tract secretes digesting enzymes, absorbs nutrients and is
in close contact with microorganisms. These requirements demand an extensive cellular
turn-over rate and the epithelial lining of the intestine is completely renewed every five
to seven days [23, 24]. Having such a high level of constant self-renewal, the intestine
became a most tempting model to study mechanisms of tissue homeostasis and
regeneration. Most knowledge about the intestinal stem cell compartment was gained
from genetic modified mouse models of which not every detail can be transferred to
humans.
The small intestine is built by a structure of protrusions into the intestinal lumen, called
villi, and invaginations called crypts. The villi increase the surface area for a better
nutrition uptake, while crypts represent intestinal glands producing mucus as well as
they harbor the intestinal stem cells. Villi exist only in the small intestine, but crypts can
be found across the whole intestine.
It has been known for many decades now that highly mitotic cells reside at the base of
the crypt, called crypt base columnar (CBC) cells, and that their progenies continuously
repopulate the intestinal epithelium. However, their regenerative potential and useful
markers have been a conundrum for many years. Besides the CBC cells, the crypt base
is populated by Paneth cells secreting anti-microbial compounds contributing to the
immune defense of the intestine. Right above the crypt base at the so called “+4
position” reside labeling retaining cells (LRCs) assuming that these cells are quiescent
non-cycling cells. As stated above, it has been assumed that quiescence, which would
reduce the risk to acquire DNA mutations during life-time, would be a hallmark of adult
stem cells [23].
Early genetic analyses have revealed that a loss-of-function mutation of the negative
regulator of Wnt signaling, APC, causes familial adenomatous polyposis, a hereditary
disease in which colonic epithelial cells massively proliferate, form polyps and nearly
always develop colorectal cancer. APC as well as other genes of the Wnt signaling
pathway such as B-catenin (CTNNB1) or AXIN2, were further identified as regularly
affected in the development of non-hereditary sporadic colorectal cancer [23, 25, 26].
Besides the fact that the Wnt pathway is evolutionary conserved across the entire
animal kingdom, its central role in the development of human cancer supported an
intensified research in this area, placing Wnt-signaling among the best characterized and
also most complex known signaling pathways. The canonical B-catenin-dependent
signaling can be delineated as that a Wnt glycoprotein binds its receptor Frizzled (Fzd)
together with its co-receptor Lrp5. Receptor activation inhibits the glycogen synthase
7
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kinase 3 (Gsk3) which is part of a destruction complex consisting of Apc, Axin2 and casein
kinase la (Ckla). The Wnt-induced inhibition of the destruction complex leads to
cytoplasmic B-catenin accumulation which translocates to the nucleus where B-catenin
binds the transcription factors T-cell factor 4 (Tcf4) and lymphoid-enhancer binding
factor (Lef) enabling target gene expression [27, 28].

When Tcf4 was experimentally transduced and gene expression was compared to cells
with an artificially disrupted B-catenin activity, the oncogene and stem cell factor c-Myc
was identified as one highly regulated target gene of colon cells with aberrant Wnt
activity. C-Myc induced a phenotype of strong proliferation, which was abrogated after
B-catenin disruption. Additionally, it was shown that the downregulation of c-Myc leads
to differentiation of the cells [29]. Searching for stem cells in the colon crypt, the
identification of aberrant c-Myc expression as one important oncogene in colon cancer
was of significance. However, c-Myc is a ubiquitously expressed transcription factor
involved in many complex cellular processes and no specific factor for the differentiation
or proliferation of colon cells. Another interesting target gene of high Wnt activity and
also associated with the less differentiated phenotype was the Wnt-modulating cell
surface protein Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5). The
Lgr5 protein acts as a receptor for the Wnt agonist R-Spondin (Rspo) which stabilizes the
expression of the actual Wnt receptor Fzd at the cellular surface [30]. By lineage tracing
experiments in genetic modified mice carrying reporter knock-in alleles, an exclusive
expression of Lgr5 in the CBC cells was revealed. Further, these experiments have shown
that under normal conditions all cells of the intestinal epithelium were derived from
these Lgr5* CBC cells constituting a sufficient stem cell population [31]. This approach
was later refined by a stochastic multicolor Cre-reporter, called confetti knock-in,
allowing fate mapping of neighboring individual stem cells within the same niche. This
study has shown that Lgr5* stem cells are perfectly intermingled with Paneth cells which
were already known to express Wnt ligands and by that induce stemness in the adjacent
cells. Even more interesting was the observation that each heterogeneously colored
stem cell compartment drifts into monoclonality. Within eight weeks of lineage tracing,
crypts and the according villi were composed of single colored daughter cells, indicating
that the Lgr5* adult stem cells do not divide asymmetrically but the fate decision of a
daughter cell is stochastically defined by niche space (Figure 5) [21, 22, 32].

These observations, described as neutral drift, were confirmed in a following study
showing that multipotent Lgr5* stem cells, which reside at the border of the stem cell
compartment, lose their potency when they were passively displaced from the niche by

cell divisions of the more central cells. Such cells develop into transit amplifying
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progenitors without any cell division [33]. These studies conducted in genetically
modified mice assume that Lgr5*-cells play a pivotal role in the homeostasis of the
intestinal mucosa. More data underpinning Lgr5*-cells as multipotent stem cells were
obtained by the ex vivo organoid model showing that single Lgr5* stem cells can grow

“mini-guts” in culture as described in chapter 1.3.2 [34].

Figure 5. Multicolor Reporter “Confetti”

The confetti reporter labels Lgr5* intestinal stem cells stochastically with fluorescent proteins.
All Lgr5* daughter cells keep expressing the color during their life time, even after differentiation
into Lgr5 negative cells. (a) Every crypt becomes monoclonal over time while different crypts
express different fluorescent proteins. (b, c) Within 4 to 8 weeks former heterochromatic crypts
become monochromatic indicating monoclonality by competition of the stem cells for niche
space [32]. https://creativecommons.org/licenses/by/4.0/; no changes were made

Self-renewal of intestinal crypts can be well explained by highly proliferative Lgr5* stem
cells. However, these cells depend on Wnt modulation and are, due to their strong
proliferation, also highly sensitive to radiation. The regenerative potential upon injury
of the intestine cannot be explained by Lgr5*-cells alone. Another cell type ascribed with
aregenerative potential are the above stated LRC +4 cells which are not affected by Wnt
inhibition and proliferate much less than Lgr5*-cells. There is strong evidence that LRCs
completely regenerate the intestine when Lgr5*-cells were ablated by radiation or by
specific knock-in alleles mediating inducible cell death [35, 36]. In such situations, LRCs
reverse to a stem cell state and re-express Lgr5 and also rebuilt the secretory population

of Paneth cells reconstructing the niche [37]. From these observations, it has been
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concluded that Lgr5* CBC cells are the intestinal stem cell population sufficiently
maintaining homeostasis while LRCs at the +4 position can regain the complete adult
stem cell potential after injury constituting a reserve stem cell pool [23]. In a more recent
study, it was shown that late precursor cells of the enterocyte lineage, simple columnar
epithelial cells which absorb nutrients, can also reverse to a stem cell phenotype. These
precursors reside at the upper part of the crypt and were traced by a knock-in reporter
allele controlled by the intestinal alkaline phosphatase (Alpi) promotor. After injury,
Alpi* cells migrated down the crypt, dedifferentiated into Lgr5* or Paneth cells and
rebuilt the stem cell niche of the crypt base resulting into a recovered intestinal
epithelium of Alpi*-derived progenies [38].

The mouse gut has a tremendous regenerative potential as shown by these
comprehensive studies. Many aspects, for example the existence of LGR5* multipotent
stem cells, could be confirmed in humans by organoid cultures [39]. However, the stem
cell niche of human colon crypts is differing in some respects such as different Wnt
ligands are expressed and Paneth cells do not exist in the terminal colon. It is rather
assumed that myofibroblasts surrounding the crypt base express Wnt ligands as well as
other stem cell regulating factors [40].

Important regulators of stem cell behavior in rodents and humans in the colonic crypt
are BMPs, which were already discussed in pluripotent stem cells as ligands of the TGF-
B pathway inhibiting hESC self-renewal (see 0). They fulfill a similar function in adult
stem cells, acting as antagonists of Wnt-signaling and inhibiting self-renewal. The local
concentration of Wnt and BMP molecules is tightly regulated along the crypt axis. Wnt
ligands and their receptors FZD are highly expressed at the bottom of the crypt, while
the differentiating BMP ligands and receptors are expressed at the upper crypt parts.
This ratio is further controlled by the negative Wnt-regulating factor Dickkopf-related
protein (DKK), which is expressed at the crypt base to avoid over-proliferation within the
stem cell compartment. The BMP-antagonist GREM1, also involved in hESC self-renewal,
attenuates the effect of BMPs at the medium level of the crypt (Figure 6) [41].

FGF2, a master regulator of pluripotency in hESCs, is not as well described in the
intestine. Different types of FGFRs and several FGF ligands play important roles during
embryonic development of the digestive tract and are expressed in the intestine and the
surrounding stroma in the adult gut. In mice, it has been reported that FGF2 is mainly
expressed by mesenchymal cells of the intestinal stromal cells where it enhances the
survival of intestinal stem cells after radiation and is activated during repairing processes

[42]. Another study reported increased FGF2 blood levels in patients with chronic
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inflammatory bowel disease suggesting a role during inflammation and regeneration
[43].

Beyond those cytokines named, an even more complex network including factors of the
Ephrin or NOTCH pathway are additionally involved in regulating self-renewal and
lineage commitment of the adult stem cells into different cell types of the intestine
which was described elsewhere [40, 41].

Intensive research on the intestinal epithelium has shown that the high regenerative
potential is achieved by different stem cell populations. Lgr5 expressing CBC cells are the
dominant cell type responsible for tissue homeostasis indicating that adult stem cells
are not necessarily quiescent or rare and are not predefined to divide asymmetrically
[19]. The identification of +4 LRCs revealed that at least one other cell type of the
intestine builds a reserve stem cell pool being able to regenerate the full stem cell
compartment upon injury indicating that the assumed hierarchy of stem cell
differentiation is not unidirectional. This great plasticity further puts the mesenchymal
niche of the adult stem cells into focus which is assumed to highly regulate a cells
identity. These findings are also of great importance for the understanding of cancer
biology, as cancer cells might also acquire stem cell properties, dedifferentiate and show

a high plasticity as we will discuss in the following sections.
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Figure 6. Cell Signaling in the Human Colonic Crypt

A complex signaling network regulates cellular differentiation within the colonic crypt. Most
undifferentiated intestinal stem cells (LGR5") reside at the crypt base determined by a strong
Whnt-activity. Towards the upper part of the crypt, increasing BMP activity induces
differentiation of colonic enterocytes. ISEMF: Intestinal subepithelial myofibroblasts, SMC:
smooth muscle cells. With kind permission taken from [41]. Copyright (2007) National Academy of
Sciences, U.S.A.
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1.3. Cancer

The words tumor and cancer are often used as synonyms, but they are not
interchangeable. Tumor describes a mass of abnormal cell growth, also referred to as
neoplasm. Cancer, on the other hand, describes a malignancy of aggressively growing
cells invading adjacent lymphatic or blood vessels. Most crucial, however, is the cancer’s
potential to spread and colonize distant organs, a process called metastatic
dissemination. In many cases, metastasis represent the life-threatening incident during
cancer progression.

In carcinomas, which are malignant solid tumors of epithelial origin, the progression
from a premalignant lesion to an invading and metastasizing cancer is described by a
multistep progress of acquired properties. These capabilities were assorted by Douglas
Hanahan and Robert Weinberg as the six hallmarks of cancer in 2000 and revisited in
2011 [44, 45]. Besides the already mentioned characteristics of sustaining proliferation,
invasion and metastasis, the hallmarks comprise resisting cell death, evading growth
suppression, enabling replicative immortality and inducing angiogenesis. Crucial for the
stepwise development of these hallmarks is the genetic instability of cancer cells leading
to the accumulation of somatic mutations in central regulatory positions of each
characteristic. On the one hand, cancer cells are not susceptible for external stimuli such
as growth suppressors by neighboring cells or apoptosis induction by immunocytes. On
the other hand, cancer cells highly depend on their environment as they stimulate the
surrounding stroma to express tumor promoting factors or they induce angiogenesis
[45]. It is assumed that the development of cancer starts with one renegade cell
acquiring increased proliferation. However, in progressed cancer, different cells are not
just clones of the cell of origin but are often highly heterogeneous and build complex
tissues with a specialized environment. As cancer often interacts with the whole
organism, tumors can be designated as abnormal organs [46]. Equivalent to normal
organs, it has been assumed for many years now, that cancer tissues are built by a
hierarchy of cells of different potential, with cancer stem cells (CSCs) representing the

top of this hierarchy.

12



Introduction — Cancer Stem Cells

1.3.1. Cancer Stem Cells

The theory of CSCs suggests that a subpopulation of cancer cells possesses stem cell
characteristics, similar to adult stem cells, which continuously regenerate the tumor
during therapy and colonize metastatic sites. CSCs might also reside in a dormant state
making them less sensitive for chemotherapy and causing tumor recurrences even after
many years of cancer remission.

In healthy tissue compartments such as the intestinal crypt, cellular heterogeneity is
triggered by differentiation programs, epigenetic mechanisms and extrinsic stimuli of
the environment. In cancer tissue, an additional important factor is the genetic
heterogeneity, emanating from different subclones with diverse mutational patterns.
This additional level of complexity bedevils the understanding of a cellular hierarchy
within cancer tissue and due to the many known factors influencing tumor growth, an
explicit identification of CSCs has not yet been possible.

It has been known for a long time that an undifferentiated cellular phenotype correlates
with a worse prognosis, while well-differentiated cancer cells are usually less malignant.
This relationship was first described in 1964 in germ cell tumors and teratomas in which
progenies of highly proliferating stem-like cells decreased their proliferation upon
differentiation while retaining the oncogenic driver mutations [47, 48]. However, only
since it was possible to sort living cells from a tissue context and to engraft a defined cell
population into immunocompromised mice, the correlation of stem cell marker
expression with tumorigenicity could be investigated and the CSC concept gained more
attention [47]. A landmark study about CSCs in carcinomas was published in 2003 by Al-
Hajj et al. showing that breast cancer initiating cells can be defined as CD44"&" and
CD24"¥. In colon cancer, CSCs were identified in 2007, when two independent studies
indicated CD133* as an appropriate marker [49, 50]. It was reported that CD133" cells
initiate xenografts in mice with high efficiency which resembled the parental tumor and
consisted of heterogeneous cell populations implying self-renewal and multi-lineage
differentiation. Similar experiments were conducted in other tissues such as in pancreas,
brain or ovary cancer as reviewed in [47, 51]. Putative CSCs were identified by different
markers always constituting a rare subpopulation of cells with tumorigenic potential.
Similar results were initially obtained in melanoma, reporting a rare subpopulation of
marker positive cells initiating tumor engraftment [52]. However, the concept of
analyzing stem cell qualities by tumor initiation in mice was challenged in the same year
by Quintana et al. They could show that 27% of all unselected primary melanoma cells
can induce tumors when transplanted as single cells [53]. Different to earlier
engraftment experiments, Quintana et al. used a modified assay based on recipient mice
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which are more highly immunocompromised by the loss of the Interleukin-2 gamma
receptor (l12rg7) additionally to the standard Non-Obese Diabetic/ Severe Combined
Immunodeficiency (NOD/SCID) background. Transplantation efficiency could further be
improved by mixing the tumor cells with Matrigel presumably protecting the
transplanted cells from the foreign environment [53].

It has always been criticized that xenotransplantation assays rather reveal the
robustness of a cell against the sorting and engraftment procedure than real stem cell-
like qualities. To follow the fate of a potential CSC during tumor formation and cancer
progression, lineage tracing in genetic modified mice, as discussed in 1.2.1, has been
developed [54].

After Lgr5* cells of the intestinal crypt have been identified as potent adult stem cells in
normal tissue, their role during tumor formation has been investigated. Similar to earlier
studies in the healthy intestine, lineage tracing experiments have revealed that Lgr5*
stem cells can form adenomas, which are benign tumors of the intestine, when the
tumor suppressor Apc was genetically deleted. In these mouse models, transformed
Lgr5* cells fueled adenoma growth, while maintaining their stem cell qualities of self-
renewal and differentiation potential [55]. Further studies with complex lineage tracing
strategies, e.g. using the abovementioned confetti-reporter, confirmed a hierarchical
organization of adenomas following the CSC concept. Additionally, it was shown that
not all transformed Lgr5* cells act as CSCs but are also subject to the mechanisms of
neutral drift, meaning that only cells in the proper niche retain their stem cell
characteristics and “islands” of stem-like cells of clonal origin develop with tumor
progression. The dependency on the niche was also confirmed by the observation that
early Apc”~- Lgr5* cells were intermingled with Paneth cells indicating a dependency on
Whnt-signaling besides the Apc-negative background [56, 57].

Artificially induced tumors in mice coupled with lineage tracing approaches of different
cell types provided tremendous insights in mechanisms of tumor formation and
progression. However, these benign adenomas usually do not grow invasively and never
metastasize reflecting only some aspects of human colon cancer. Luckily, the
establishment of ex vivo organoid cultures made human tissue assessible for lineage

tracing experiments and other genetic modifications.
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1.3.2. Intestinal Organoid Culture

About a decade ago, Toshiro Sato, Hans Clevers and colleagues published the first long-
term organoid culture system modeling mouse intestinal crypt-villus units [34]. They
could show that a single Lgr5* stem cell has the potential to initiate these “mini-guts”
consisting of many different cell types. Organoids are self-organizing and do not rely on
a mesenchymal cellular niche. They have further proven that the self-renewal of
intestinal adult stem cells is not limited by intrinsic restrictions in ex vivo cultures [34].
In 2011, the same group published a detailed culture protocol for mouse and human
intestinal tissue of healthy and tumor origin [39]. Culturing organoids is based on
providing an artificial extracellular matrix, e.g. Matrigel, as well as on a cocktail of
essential growth factors such as WNT3A, RSPO, EGF, the BMP inhibitor Noggin and,
specifically for human culture systems, the TGF-B receptor inhibitor A83-01 and the p38-
MAPK inhibitor SB202190. In a systematic comparison, it has been revealed that
culturing human tissue requires more complex culture conditions than mouse tissue,
but these requirements are highly reduced in colon cancer [39]. By optimized
establishment protocols, culture efficiency of human colon tissue reached nearly 100%
including most colon cancer subtypes. This allowed the establishment of comprehensive
living organoid biobanks also including the according healthy tissue [58, 59]. Genome
and transcriptome studies have revealed that organoid cultures of individual patients
reflect the intratumor heterogeneity to a high extend which is also stable over many
passages [59]. Given the high culture efficiency and great genomic stability, organoid
cultures have many advantages compared to earlier cancer models such as cell lines. 2D
in vitro cultures of primary cancer cells can only be obtained with very low efficiency
while the derivation of healthy control cells is not possible in this culture system. In
general, only rare clones can be expanded in cell line culture which do not mirror the
original tumor’s heterogeneity. Another common cancer model uses patient-derived
xenografts (PDX) which describes the transplantation of primary tumor material into
immune-compromised mice making it an extensive and costly method. While the
missing stroma is a drawback of current organoid cultures, PDXs need to adapt to the
mouse environment limiting heterogeneity of the growing xenograft [60].

Modern new genome editing technologies now also permit to directly modify patient-
derived organoids opening widespread possibilities to analyze mechanisms of cancer
development. To study the role of LGR5* putative CSCs, Cortina et al. induced a reporter
gene in the LGR5-gene locus of patient-derived organoids before xenotransplantation

for in vivo cell fate mapping. This study showed, that LGR5* cells are able to self-renew
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after transplantation and produce LGR5™ progenies which mostly express the enterocyte
differentiation marker KRT20 or the goblet cell marker MUC2. Interestingly, when LGR5"
cells were transplanted, the xenografts also consisted of LGR5* cells indicating plasticity
and dedifferentiation of cancer cells [61].

The process of tumorigenesis is characterized by the acquirement of several genome
alterations. Progressed cancers can have highly aberrant genomes but only few
mutations act as drivers of tumor progression while most alterations are only passenger
mutations. Such driver mutations not only influence the aggressiveness of cancer, but
they also define niche requirements for organoid cultures. This aspect was investigated
by two independent studies which consecutively induced critical mutations into
intestinal stem cell organoid cultures. Organoids with the combined mutations of APC,
P53, KRAS and SMAD4 grew independently of any stem cell niche factors and initiated
invasive carcinomas upon xenotransplantation [62]. The work of Mami Matano, Toshiro
Sato and colleagues used a similar approach additionally introducing mutations in the
PIK3CA locus. They also report an invasive growth pattern of transplanted xenografts.
Interestingly, organoids carrying all introduced mutations were not able to metastasize.
Only when obtained from patients with chromosome-instable adenomas, organoids
were able to colonize the liver indicating that additional unknown mutations are needed
to grow in the hostile environment [63].

Plasticity and heterogeneity of advanced colon cancers are the biggest challenge when
developing new anti-cancer therapies. By using the living organoid bio bank developed
by Fujii et al. [59], Shimokawa et al. gained tremendous insights into mechanisms of
stem cell plasticity when targeting colon CSCs. With their strategy of an inducible
apoptosis cassette into LGR5* CSCs, they showed that killing CSCs can stop tumor
progression. However, all cancers regained their proliferative potential when apoptosis
induction was removed. The combination of complex lineage tracing strategies has
shown that free niche space after CSC removal continuously induces stemness in former

differentiated cells and that post-mitotic cells regained proliferation [64].

It is nowadays widely accepted that in many cancers stem cell properties are the root of
malignancy. By constant self-renewal, CSCs fuel the tumor growth and restore the
cancerous tissue after therapy. With their ability to differentiate into several cell types,
CSCs also contribute to intratumor heterogeneity. However, the initially postulated
unidirectional hierarchy of stem cell differentiation, leading to non-tumorigenic and by
that non-malignant bulk cells, is outworn. New insights about healthy intestinal stem

cells and their potential to maintain and regenerate the gut epithelium simultaneously
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illuminated our understanding of cancer biology. Recent data of therapeutically
targeting CSCs indicate that a simple eradication of CSCs, if ever possible, would still not
be the final solution in curing advanced cancer. It can rather be assumed that the stem
cell niche perpetually recreates CSCs demanding an all-embracing therapeutic strategy

targeting CSCs, their niche as well as fast and slow cycling cancer cells [54].
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2. Aims of this thesis

A cell’s true identity, its potential and fate within the human body are still often puzzling
due to its versatility. Powerful new technologies, especially in ex vivo culturing methods,
lineage tracing strategies and in single-cell analyses have provided fascinating new
insights but also raised new questions. The heterogeneity and plasticity of embryonic
and adult stem cells cause difficulties when addressing ethical and safety concerns in
reproductive and regenerative medicine. Most challenging, however, is the nature of
CSCs, which is still mysterious in many aspects.

As the constant self-renewal of CSCs is maybe the most clinically relevant aspect, this
thesis aims to understand self-renewal in colon CSCs. In our ex vivo organoid model we
especially focus on pathways shared with adult and embryonic stem cells. Identifying
critical self-renewal-associated pathways we analyze molecular downstream effects of
its interruption.

We were the first to analyze the transcriptome of aggressive digital papillary
adenocarcinomas (ADPA), a very rare tumor entity of the sweat glands of the skin. This
tumor entity is characterized by a high malignancy and metastatic potential, properties
which are, in some tumor entities, assumed to be conferred by CSCs. Our aim is to
identify according gene expression patterns within the transcriptome and to detect
deregulated pathways explaining the aggressiveness of this cancer.

Another aim of this thesis is to describe the heterogeneity of stem cells leading to the
enormous complexity of the human body during embryonic development, inducing
genetic variety between progenies but also being relevant in tumor biology. In
circumstances such as during the pre-implantation development the biological material
is very rare. Many tools for the combined analysis of the genome, transcriptome and
epigenome of low-input material down to single cells were developed in recent years.
In a state-of-the-art review, we elaborate the significance of current methods and future
challenges in analyzing stem cell heterogeneity at the single-cell level during embryonic
preimplantation development and in primordial germ cells. We further contribute a
protocol for the combined analysis of the genome and transcriptome of ultra-low input

material.
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3. Results

3.1. FGF Signaling in the Self-Renewal of Colon Cancer Organoids
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Abstract

With their ability to self-renew and simultaneously fuel the bulk tumor mass with highly
proliferative and differentiated tumor cells, cancer stem cells (CSC) supposedly drive
cancer progression. However, the CSC-phenotype in colorectal cancer (CRC) is unstable
and dependent on environmental cues. Since FGF2 is essential for adult and embryonic
stem cell culture to maintain self-renewal, we investigated its role in advanced CRC using
tumor-derived organoids as experimental model. We found that FGF-Receptor (FGFR)
inhibition prevents organoid formation in very early expanding cells but induces cyst
formation when applied to already established organoids. Comprehensive
transcriptome analyses revealed that the induction of the transcription factor activator-
protein-1 (AP-1) together with a MAPK stimulation was most prominent after FGFR-
inhibition. These effects resemble mechanisms of an acquired resistance against other
described tyrosine kinase inhibitors such as targeted therapies against the EGF-
Receptor. Furthermore, we detected elevated expression levels of several self-renewal
and stemness-associated genes in organoid cultures with active FGF2 signaling. The
combined data assumes that CSCs are a heterogeneous subpopulation while self-
renewal is a common feature regulated by many different pathways. Finally, we
highlight the effects of FGF2 signaling as one of numerous aspects of the complex

regulation of stemness in cancer.
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Figure 7. Graphical Abstract

Graphical abstract showing the workflow of the study. Biopsies of primary colorectal cancer,
adjacent lymph nodes and a liver metastasis were obtained. An organoid culture was obtained,
and effects of FGFR-inhibition were analyzed.

The graphical abstract is not part of the original publication and was designed for the purpose

of this thesis.
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1. Abstract

With their ability to self-renew and simultaneously fuel the bulk tumor mass with highly proliferative
and differentiated tumor cells, cancer stem cells (CSC) supposedly drive cancer progression. However,
the CSC-phenotype in colorectal cancer (CRC) is unstable and dependent on environmental cues. Since
FGF2 is essential for adult and embryonic stem cell culture to maintain self-renewal, we investigated its
role in advanced CRC using tumor-derived organoids as experimental model. We found that FGF-
Receptor (FGFR) inhibition prevents organoid formation in very early expanding cells but induces cyst
formation when applied to already established organoids. Comprehensive transcriptome analyses
revealed that the induction of the transcription factor activator-protein-1 (AP-1) together with a MAPK
stimulation was most prominent after FGFR-inhibition. These effects resemble mechanisms of an
acquired resistance against other described tyrosine kinase inhibitors such as targeted therapies against
the EGF-Receptor. Furthermore, we detected elevated expression levels of several self-renewal and
stemness-associated genes in organoid cultures with active FGF2 signaling. The combined data assumes
that CSC are a heterogeneous subpopulation while self-renewal is a common feature regulated by many
different pathways. Finally, we highlight the effects of FGF2 signaling as one of numerous aspects of
the complex regulation of stemness in cancer.
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2. Introduction

In today’s view of tumor biology, cancer stem cells (CSC) are a subpopulation of tumor cells with the
ability to self-renew and serve as an ongoing source for differentiated tumor cells. With their stem cell-
like properties, they supposedly play a major role in therapeutic resistance and the metastatic process.
However, the CSC-phenotype is an unstable feature dictated by environmental cues.! Preserving the
tumor’s hierarchy in vitro, organoid cell culture systems have progressed to a versatile model with many
applications such as the analysis of driver mutations after gene modifications or complex drug screens.’
In colorectal cancer (CRC), stem cell niche requirements seem to reduce with cancer progression and
increasing malignancy. With the ongoing acquisition of gene mutations affecting self-renewal
associated pathways such as the Wnt/p-catenin, TGF-p, EGF or MAPK -pathways, a more autonomous
CSC phenotype develops.' 3

For some adult stem cells and especially in human embryonic stem cells (hESC), FGF2 is an important
cell culture component essential for the maintenance of self-renewal. In hRESC and induced pluripotent
stem cells, FGF2 co-ordinates the expression of several TGF-B family members leading to SMAD?2/3
phosphorylation and self-renewal while BMPs and the following SMAD1/5/8 phosphorylation are
suppressed.® These factors are not restricted to pluripotent cells, but also play a major role in intestinal
homeostasis with BMPs being one of the major inhibitors of stem cell self-renewal.” The influence of
the TGF-P pathway is highly context-dependent. In epithelial cells, TGF-p can have tumor suppressive
and differentiating effects on healthy or low-malignant cells, whereas it can also promote tumor growth
and invasion in mutated cells, which lack the suppressive response.® TGF-B can further influence the
number of CSCs by stromal expression.® In the healthy intestine, FGF2 is important during development,
crypt homeostasis and tissue repair after injury. In rat models, FGF2 increased intestinal stem cell
survival after radiation.'’

The aim of our study was to investigate the role of FGF2 in self-renewal of highly malignant CRC. With
our organoid culture conditions, we selected for most autonomous CSC with low niche requirements.>
"33 In a first step, we analyzed the transcriptome of obtained organoids, followed by the analysis of
effects of FGF-receptor (FGFR) inhibition after SU-5402 treatment.

3. Material and Methods

Tumor dissociation and culture initiation

Surgically resected tumor tissue (metastasis and primary tumors) were obtained from nine patients from
the University Hospital Diisseldorf. All patients were diagnosed with colorectal cancer. The study was
approved by the institutional ethics committee of the University Hospital Diisseldorf, Germany (#4664).
We hereby confirm that all research was performed in accordance with relevant guidelines and
regulations and informed consent was obtained from all participants.

Tissue was washed in PBS (Gibco) including antibiotics/antimycotics (200 U/ml Penicillin (Corning),
200 pg/ml Streptomycin (Corning), 500 pg/ml Gentamicin (Gibco), 25 pg/ml Amphotericin B (Sigma)).
Tumor fragments were minced using scissors and scalpel until small pieces of maximal size of 0.5 mm®
were obtained. Smaller pieces were incubated in digestion buffer consisting of Advanced DMEM/F12
(Gibco), 10 mM Hepes (Sigma), 1% GlutaMAX (Gibco), 2% B-27 media supplement without retinoic
acid (Gibco), 1% N-2 media supplement (Gibco), 2 pg/ml Heparin (Sigma), 1 mM N-Acetylcystein
(Sigma), 50 ng/ml human EGF (Peprotech), 50 ng/ml human FGF2 (Gibco), 10 uM Y-27632 (Tocris),
1 mg/ml Collagenase IV (Biochrom), 20 pg/ml Hyaluronidase IV (Sigma) and antibiotics/antimycotics
under constant rotation for 2 h at 37°C with occasionally pipetting up and down.'"*

FBS (Gibco) was added up to 10% to stop the reaction. After centrifugation (300 x g, 5 Min) the
supernatant was discarded, and cell suspension was washed in 30 ml PBS and filtered through a 70 um
and a 30 pm nylon mesh (Falcon) and centrifuged (300 x g, 5 Min) afterwards. The cell pellet was
resuspended in Cancer Stem Cell Medium consisting of Advanced DMEM/F12, 10 mM Hepes, 1%
GlutaMAX, 2% B-27 media supplement without retinoic acid, 1% N-2 media supplement, 2 pug/ml
Heparin, | mM N-Acetylcystein, 50 ng/ml human EGF, 50 ng/ml human FGF2, 10 pM Y-27632 and
antibiotics/antimycotics.

Cells were cultured in ultra-low attachment wells (96 Well (Corning), 5,000 cells per well in 250 pl
media) or as organoids in growth-factor-reduced Matrigel (Corning, phenol red-free) droplets (5,000
cells per 50 ul Matrigel droplet). Matrigel droplets were covered with 500 pul medium. Medium was
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changed every other day. After 48 h of culturing, Y-27632 was omitted from the media and antibiotics/
antimycotics treatment was reduced to 100 U/ml Penicillin and 100 pg/ml Streptomycin. For FGFR-
inhibition experiments, 10 uM SU-5402 (Sigma) was added to the medium. SU-5402 powder was solved
in DMSO (30 mM) according to the manufacturer’s protocol and was diluted 1:3,000 for a working
concentration. The same DMSO dilution was equally added to control experiments.

DNA isolation

Matrigel cultured organoids were treated with digestion buffer for 30-60 Min at 37°C to remove
remaining Matrigel. For DNA isolation, the DNeasy Blood & Tissue Kit (Qiagen) was used. According
to the manufacturer’s protocol, organoids were lysed in Buffer AL with proteinase K and DNA was
isolated using silica-based columns.

Analyses of the mutational status of BRAF, KRAS and NRAS using Sanger sequencing

DNA amplification of selected regions from BRAF (Exon 15), KRAS (Exon 2-4) and NRAS (Exon 2-
4) was performed using specific primers (Table S1). Amplification was controlled using agarose gel
electrophoresis and amplified fragments were subjected to direct Sanger sequencing from either one end
or both ends at our core facility (BMFZ, Diisseldorf) using amplification primers as indicated (Table
S1). Resulting DNA sequences were analyzed for nucleotide variants using Chromas software
(Technelysium), BLAST alignment tool and UCSC genome browser. ' !¢

RNA isolation

For RNA isolation, Matrigel-cultured organoids were treated with digestion buffer for 30-60 Min at
37°C to remove remaining Matrigel. After washing in PBS, organoids were lysed in 500 pL TRIzol
(peqGold Trifast, VWR). RNA isolation was done using the Direct-zol RNA Isolation Kit (Zymo
Research) according to the manufacturer’s protocol including DNase treatment.

Protein Isolation and Western Blotting

After removing remaining Matrigel using digestion buffer, organoids were lysed in ice-cold RIPA buffer
(Sigma) with proteinase-inhibitor (1:7, Roche) and Phosphatase-Inhibitor (1:10, Roche) using a
Hamilton syringe. The solution was centrifuged at 4°C, 10,000 x g for 10 Min and the supernatant was
taken for BCA (Pierce BCA Protein Assay Kit, Thermo Scientific) protein concentration measurement.
40 pg of protein were analyzed by western blot using antibodies for total-ERK (CST) and phospho-ERK
(CST) (Table S2). Equal loading of protein was assessed by Ponceau (Merck) staining after transfer. For
signal detection HRP-coupled secondary antibodies were used followed by chemiluminescence
detection (Amersham ECL Prime (GE Healthcare), Fusion FX instrument, (PeqLab)).

Organoid embedding and Cryo-sections

Organoids were embedded in OCT (Tissue-Tek, Sakura) by following published protocols with some
modifications.!” Matrigel droplets containing cultured organoids were treated with digestion buffer to
remove Matrigel. Free floating organoids were fixed in 4% PFA for 15 Min at RT. Fixed organoids were
incubated in 10% sucrose solution, followed by 20% and 30% sucrose solution, each for 30-60 Min for
dehydration. To later re-identify the organoids, an alcian-blue staining was done by adding alcian blue
(1% in 3% acetic acid, Sigma) solution to the 20% sucrose solution (1:100 dilution). Organoids were
placed in an appropriate mold and left to settle down. All remaining sucrose solution was carefully
removed. The mold was filled with OCT followed by mild agitation for 15 Min to collect all organoids
in the center of the mold. Embedded organoids were frozen at -80°C. 10 um sections were done using a
cryostat (Leica Biosystems) with a cutting temperature of -21°C.

Immunocytochemistry

Slides were washed in PBS to remove all remaining OCT. All steps were carried out in a wet chamber.
Unspecific binding was blocked by incubation for 2 h at room temperature (RT) with blocking buffer
(PBS, 10% normal donkey serum, 1% BSA). For all intracellular targets, cells were permeabilized by
including 0.5% Triton and 0.05% Tween in all blocking, washing and incubation steps.

Primary antibodies for Cytokeratin-20 (abcam) and p-catenin (CST) were diluted in blocking buffer and
incubated overnight at 4°C (Table S2). After primary staining, slides were washed three times in PBS.
Secondary staining was done at RT for 2 h. For actin filament staining, Alexa Fluor-488 Phalloidin
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(Invitrogen) was added to the secondary staining following the manufacturer’s protocol. Slides were
washed three times and covered with coverslips using DAPI Fluoromount mounting solution
(SouthernBiotech). Images were captured using a LSM700 fluorescence microscope (Zeiss)

Microarray transcriptome analysis

Microarray transcriptome profiling was performed at the core facility BMFZ, Diisseldorf. Affymetrix
PrimeView Human Gene Chips were used. Biostatistics were conducted as described before.'® Details
are given in the Supplementary Methods.

Comparative Genomic Hybridization with Oligonucleotide Microarrays (aCGH)

ACGH was done using the Kit Oligonucleotide Array-Based CGH for Genomic DNA Analysis, Version
7.5, June 2016 (Agilent Technologies). Genomic DNA (gDNA) isolation was conducted as described
above. Sample preparation, labeling and microarray processing was performed following the
manufacturer’s instructions and as described before.!® Details are given in the Supplementary Method.

4. Results

Self-renewal in advanced colorectal cancer organoids

In all stem cell cultures, serum replacement is crucial to avoid unwanted differentiation. Our CSC-
medium lacks exogenous Wnt, TGF-, or p38-MAPK modulation, but contains the growth factors EGF
and FGF2. We obtained tissue biopsies from nine CRC patients and initiated a spheroid or organoid
culture from a single cell suspension of naive unsorted bulk cells without any foregoing selection. As
expected, only biopsies from progressed cancers (with distant metastasis or poorly differentiated) grew
in our culture conditions (Table 1). Cells that grew in culture were sequenced for mutational hotspots of
BRAF, NRAS and KRAS genes. We found activating mutations in all patients except Patient 2. To further
confirm the cancer status of the grown organoids, we analyzed their genomes for copy number variations
(CNV) by comparative genomic hybridization. We found highly aberrant genomes in biopsies from
Patient 1 and 2, which were derived from metastatic sides and less but significant CNVs in biopsies
from patient 3 and 4, which were obtained from primary tumors of the sigmoid colon (Supplementary
Fig. S1).

As our medium was intended to maintain cells in an undifferentiated state, we analyzed the
transcriptome of the two metastatic biopsies by microarrays and compared their gene expression to
hESCs (Fig. 1A, Table S3). We found the majority of expressed genes (11,265) shared between hESC
and the metastasis-derived organoids. 1,212 genes were expressed only in hESC, this being the highest
number of individually expressed genes, indicating the peculiarity of pluripotent cells. Notably, both
cancer samples shared more expressed genes with each other than they express individually.

To identify functional patterns and enriched pathways among these expressed genes, we used the Gene
Ontology (GO) tool and specifically focused on biological processes associated with stemness or self-
renewal.® In the set of genes expressed in all samples, we detected GO-terms of stem cell-associated
attributes such as “telomere organization” or “asymmetric cell division”. Self-renewal-associated
pathways such as Notch, FGF2, TGF- or Wnt signaling were also significantly enriched in this gene-
set. Factors of these pathways, together with other stem cell genes for example, SALL4, SOX2 or CDH2
combine in the GOs “(somatic) stem cell population maintenance” (Fig. 1B, Table S4). Beyond those
listed, we found several GO-terms associated with oxidative stress and hypoxia, proliferation, DNA
repair, apoptosis, inflammation or metabolic changes.

Genes expressed by both patient-derived organoids displayed an intestinal differentiation pattern next
to stem cell circuits shared with hESC (Fig. 1C, Table S5). The GO-terms “digestion”, “maintenance of
gastrointestinal epithelium” or “bile acid and bile salt transport” comprise intestinal specific genes of
the TFF- or the AKR-family. Interestingly, metastasis-derived organoids exerted an extended Notch and
EGF signaling. Beyond those genes shared with hESC, cancer cells expressed Epiregulin (EREG) and
Amphiregulin (AREG) of the EGF-receptor (EGFR) pathway, generally associated with progressed

Genes expressed by hESC annotated with the GO-term “cell adhesion”, for example a-catenin
(CTNNA2) or cadherin-11 (CDH]I1), are associated with adherence junctions but also fulfill functions
in stem cell proliferation (Fig. 1D, Table S6).%* 2 The pluripotency-associated genes NANOG, LIN28
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and SALL I, were exclusively expressed by hESC. In accordance with the mechanism of FGF2 regulated
TGF-p signaling, the GO-terms “negative regulation of BMP signaling pathway” and “SMAD protein
signal transduction” were detected in our hESC culture.® However, most genes associated with this
circuit were shared with metastasis-derived organoids indicating that FGF2 also modulates self-renewal
associated pathways in our organoid culture. As described above, our CSC-medium contains no further
pathway modulators but only serum replacement supplements and the growth factors EGF and FGF2.
When we initially established organoid cultures from these chemo-refractory metastases, we observed
the withdrawal of EGF had no effect on culture initiation, which is often described in organoids obtained
from progressed colon cancer.*'* In our organoid culture model, the independence from exogenous EGF
treatment can be explained by activating mutations of genes of the RAS family observed in Patients 1,
3 and 4.% Patient 2, however, carried a wild-type RAS gene but developed resistance against the EGFR-
inhibitor Cetuximab during pretreatment, indicating a constitutively activated EGF signaling.

Together, these results showed that highly progressed colon cancers can be cultured in conditions
modelling minimal niche factors, while intrinsic stem cell-associated pathways remain active.

FGFR-inhibition prevents organoid culture initiation

By comparative transcriptome analyses, we found many self-renewal-associated pathways employed by
pluripotent as well as by CSC in our organoid culture. Specifically, many genes linked to FGF2 and
TGF-P signaling were shared by these two cell types. Analyzing if this axis of FGF2-TGF-p3 mediated
self-renewal also triggers stemness in our patient-derived organoids, we omitted cytokines from our
CSC-medium and added a FGFR-inhibitor, the small molecule SU-5402, which also inhibits auto-
phosphorylation of the intracellular receptor domain.?® To our surprise, we found that no long-term
organoid or spheroid culture could be established under FGFR-inhibition (Fig. 2). When we cultured
single cell suspensions under low-attachment conditions, we observed spheroid formation within five
days. In Patient 1, we observed a luminal organization reminiscent of an adenoma-like architecture upon
our standard CSC-medium treatment. Under FGFR-inhibition, however, we found initial spheroid
formation, but morphological differences such as a more flattened structure without luminal
organization (Fig. 2A). These initial spheroids stopped proliferating after a few weeks and could not be
passaged further. We obtained similar results when Patient 4 was analyzed. Spheroids obtained under
standard culture conditions appeared more flattened compared to Patient 1. Under FGFR-inhibition,
initially formed spheroids stopped growing after 9 d. When naive single cells were embedded in Matrigel
and cultured in our CSC-medium, a more complex self-organization was observed in all patients
analyzed (Fig. 2B). As floating spheres, the organoids did not survive under FGFR-inhibition, after
initial formation for few days. In general, we observed that spheroid formation was faster than organoid
formation in Matrigel, resulting in more and larger spheroids within the first days after culture initiation.
This might be due to cell aggregation, which is reduced by the high viscosity of Matrigel. Within 30 d,
however, organoids increased massively in size, build more complex structures and proliferated faster
than floating spheroids. These results imply that upon our culture conditions without Wnt activation, an
active FGF signaling is key to initiate a spheroid or organoid culture.

Interestingly, the effect of FGFR-inhibition was less severe in already established organoid cultures
(Fig. 2C). After treatment for 7 d, established organoids were still able to proliferate and could be
passaged but changed their morphology. While organoids in CSC-medium usually grew in a densely
packed, grape-like or disheveled structure, we observed formation of huge cysts under FGFR-inhibition.
These liquid-filled cysts consisted of a thin layer of epithelial cells with dark patches of apoptotic or
necrotic cells shed into the lumen. Cysts also appeared in low frequency in our standard culture
conditions, but their occurrence increased significantly under FGFR-inhibition. This observation was
also confirmed by immunofluorescence staining on cryo-sections of Matrigel-embedded organoids (Fig.
2D, E, Fig. S2). Tissue polarity of a crypt-lumen axis as in healthy mucosa-derived organoids is usually
lost in early adenoma and could not be detected in our organoids as expected.'* %’ In CSC-medium
cultured organoids, we observed an increased cell density compared to FGFR-inhibition. By F-actin
staining, we assessed cell morphology and found mostly columnar cells with clear epithelial polarity
and nuclei located on the basal side of the cells. However, in organoids derived from Patient 3, inhibition
of FGF signaling led mainly to smaller cuboidal cells. In Patient 4, a biopsy of a non-metastatic but
poorly differentiated tumor, we observed a less pronounced impact on tissue morphology, corroborating
previous observations in poorly differentiated carcinomas.? In the FGFR-inhibitor treated sample, we
observed lower cell density and a clear lumen-like structure. Interestingly, cells kept their polarized,
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epithelial structure but were arranged in a stratified order of multiple layers of cells. Wnt signaling is an
important driver of stem cell activity and self-renewal. When the canonical pathway is activated, p-
catenin (CTNNBI) translocates to the nucleus where it induces gene f:xpression.23 Therefore, we stained
B-catenin on sections of organoids cultured with or without FGFR-inhibition and found p-catenin
localized on the lateral cell membranes. As a component of adherens junctions, f-catenin interacts with
E-cadherin (CDHI) and o-catenin contributing to cell polarity in epithelial cells. Besides a weaker
cytoplasmic staining, B-catenin signal was always excluded from the nucleus, independent of culture
conditions. The intestinal differentiation marker Cytokeratin-20 (KRT720) was heterogeneously
expressed within individual organoids (Fig. S2). In some cysts after FGFR-inhibition, the staining
appeared stronger compared to CSC-medium treated organoids with high cell density. This trend,
however, could not significantly be quantified. The cystic morphology after FGFR-inhibition indicated
higher differentiation of these organoids controlled by FGF signaling.

FGF signaling inhibits cell differentiation

Aiming for a deeper understanding of the underlying mechanisms that confer cyst formation and induce
differentiation, we used comparative microarray transcriptome analysis of organoids cultured in our
standard FGF2-containing CSC-medium or after FGFR-inhibition by SU-5402 treatment. Venn
diagrams depicting numbers of regulated genes expressed for each condition indicated a heterogeneous
response between all samples analyzed (Fig. 3A, B; Table S7,8). While many different genes responded
to the modulation by FGF2, only a few were commonly regulated in all three samples. Next to genes
associated with glucose or folate metabolism (e.g. SLC2A12, SLC2A14, FOLR1), we identified TGB-p-
induced (TGFBI) among the highest overrepresented genes in our CSC-medium culture (Table S9),
indicating FGF2 downstream effects mediated by TGB-f signaling.

In the set of common genes overexpressed after FGFR-inhibition, we detected genes associated with
drug metabolism (e.g. CYPIAI, CYP51AT) as well as with proliferation and differentiation (e.g. EGR],
ATF3, FOSB, JUN) (Table S8). GO-term analysis of mean overexpressed genes yielded only few
significant results due to their low numbers (Fig. 3C, Table S10). Most of these terms for the CSC-
medium condition were associated with active transcription, cell proliferation and with an increased
glucose uptake. After FGFR-inhibition, we found cell-cycle regulators as well as many genes annotated
with “epithelial cell differentiation”, “digestion” or “bile acid and bile salt transport” (Fig. 3D, Table
S11).

To additionally include genes with minor but still significant changes, we conducted gene-set
enrichment analysis (GSEA) including all expressed genes ranked by ratio.

The induction of several Wnt and TGF-B modulators in CSC-media cultured organoids correlates with
gene-sets of colorectal adenomas compared to healthy mucosa or with an adult stem cell signature (Fig.
3E, F, Table S12).?-3° An active TGF- signaling can induce epithelial-mesenchymal-transition (EMT),
a critical process for cancer’s invasiveness and dissemination.® Genes directly associated with EMT
together with a mesenchymal and self-renewing phenotype (TGFB3, ID1, ID2 and ID4) were found to
be overexpressed in organoids of the CSC-medium condition, while their antagonist, BMP4 and other
epithelial genes such as E-cadherin (CDHI), FOS, ATF3, EGRI or DUSPI were induced by FGFR-
inhibition (Fig. 3G).» 3" 3 Interestingly, these genes belong to the group of immediate-early genes
(IEGs) which are usually transiently induced by growth factors for example, EGF or FGF2.% % We,
however, detected these genes induced after 7 d of FGFR-inhibition, when no growth factors were added
to the medium. In addition to the constitutive expression of the IEGs, we found several EGFR target
genes up-regulated and, consequently, many EGF signaling-related gene-sets enriched in our gene list
of FGFR-inhibitor treated organoids (Fig. 3H).** Most prominent was the persistent up-regulation of the
subunits of the Activator Protein-1 (AP-1) which is a homo- or heterodimer of proteins of the FOS
family (FOS, FOSB, FOSLI, FOSL2) and the JUN family (JUN, JUNB, JUND) as well as the additional
interaction partner ATF3 (Fig. 31).% These genes are associated with a strong MAPK signaling. Since
many MAPK inhibiting dual specificity phosphatases (DUSP) were also upregulated (e.g. DUSPI,
DUSP4, DUSP5, DUSPS8), we analyzed the phosphorylation of ERK, the most downstream kinase of
the MAPK cascade. An increased ERK-phosphorylation is well described in RAS-mutant as well as in
chemorefractory cancers which applies for most our patients. However, we found an altered ERK-
phosphorylation induced by FGFR-inhibition in all patients. This might imply that FGF signaling can
modulate MAPK-phosphorylation in RAS-mutant (Patient 1,3,4) as well as in RAS-wild-type patients
(Patient 2).
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Besides the described effects detected in all patients, we also found individual differences in each patient
(Table S13 and Figure S3). The strongest correlation of differentiation and increased proliferation under
FGFR-inhibition but induced self-renewal under CSC-medium treatment was observed in Patient 1. We
found several gene-sets and pathways overrepresented in the FGFR-inhibitor condition not only
connected to RAS-induced MAPK activity, but also enrichment of genes regulated by STAT3, JNK and
AKT as well as an increased expression of the proliferation marker MKI67. In CSC-medium cultured
organoids, on the other hand, we detected an induction of TGF-B and of all four members of the
inhibitor-of-differentiation (ID) gene family, which are directly involved in self-renewal of colon cancer
stem cells.>’ Most significant induction of genes associated with stem cells was found in Patient 3 in the
CSC-medium condition. Several gene-sets of breast and glioma CSC and of resistance against alkylating
against, where induced. On the single-gene-level, an up-regulation of TGFB2 and INHBA together with
the Wnt-target genes LGRS, TCF4 and LEF1 was most prominent in organoids derived from this biopsy.
In Patient 4, the gene expression pattern was also dominated by a strong RAS-ERK signaling under
FGFR-inhibition. Distinct to other patients, however, was a slight downregulation of TGFBI under
CSC-medium treatment as well as a downregulation of ID/, ID2 and /D3, but at the same time a reduced
expression of the differentiation markers BMP2 and KRT20 and a simultaneous up-regulation of the
stem cell factor SOX2.

These results imply that FGF2 signaling has heterogeneous molecular effects among different patients,
but it has also common effects in the inhibition of cell differentiation, a hallmark of self-renewal.

5. Discussion

Today’s living organoid biobanks comprise nearly all kinds of colon cancer subtypes with 60- 100%
efficiency of culture establishment.> * ' * While most projects focus on primary cancer tissue,
metastatic biopsies are rarely analyzed.> *” *® From many organoid-based studies, it became clear that
niche requirements and, by that, cell culture specifications reduce with tumor progression while the
number of putative CSCs increases.! However, it is still challenging to culture primary or metastatic
colorectal cancer tissue in a way that self-renewal and self-organization are maintained. In some
protocols of adult and CSC culture, FGF2 is an important ingredient for maintaining stemness, while
the human intestinal stem cell (HISC) medium described by Sato and Clevers uses a complex
modulation of the Wnt, ALK/BMP, TGF- and p38-MAPK pathways by Rspol, Noggin, A83-01 and
SB202190."" %3 Qur medium contained only serum replacement supplements as well as EGF and
FGF2. Pathways shared by hESC and metastatic cancers corroborated with our hypothesis that FGF2
regulates self-renewal via TGF-B modulation. While the HISC-medium uses A83-01, an inhibitor of
TGFBRI1 (ALKS), to avoid TGF-B-induced cytostasis, we observed an induced TGF-f§ expression after
FGF2 stimulation without any growth inhibitory effects. This tumor promoting effect of TGF-p has been
reported to be restricted to highly mutated and progressed cancers and might further be context
dependent.?

The fact that other protocols omit FGF2 in their culture media but use, depending on tumor’s stage,
other activators of different pathways instead, indicates that self-renewal can be activated via different
pathways which have many interconnections.* We indeed found differential expression of genes of other
well-described pathways such as the NFkB- or the Notch-pathway.

Increased expression of FGFRs as in prostate or in non-small cell lung cancer (NSCLC) is not described
in CRC.* % However, in a genome-scale analysis by The Cancer Genome Atlas (TCGA) 26% (51/195)
of all patients had genomic or transcriptomic alterations, mostly mRNA up-regulation, in at least one of
the FGFR genes or its adaptor proteins FRS2/3 indicating that cancer cells might benefit from an
increased FGF signaling.*!

To our best knowledge, this is the first study analyzing the effect of FGF2 signaling on CSC-organoid
culture. The small molecule-SU-5402, used for FGFR-inhibition, also inhibits auto-phosphorylation of
the FGFR1.?® This active suppression of FGFR downstream effects might have broader consequences
than only omitting FGF stimulation. When we inhibited FGFR signaling, no EGF was present in the
culture medium. Interestingly, we found many enriched gene-sets of an induced EGF-pathway after
FGFR-inhibition. Similar to observations in patients treated with anti-EGFR therapy, we detected
increased RAS signaling and ERK-phosphorylation. For some cancers, for example NSCLC, it has been
described that anti-EGFR therapy induced FGFR signaling.** In many aspects, we found the reversed
effect of an increased endogenous EGF signaling after FGFR-inhibition.
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It has been shown for MAPK signaling that regulation is preserved in RAS-mutant tumors.*> While
FGFR-inhibition led to a stronger MAPK signaling indicated by AP-1 induction and increased ERK-
phosphorylation, we also observed induced differentiation, a loss of most stem cell markers and an
epithelial phenotype. This contrasts with results of Blaj et al., who reported EMT-induction together
with increased expression of stem cell antigens CD44, ASCL2 and EPHB2 upon MAPK stimulation in
KRAS wild-type and mutant CRC cells.*

As for MAPK signaling in RAS-mutant tumors, a modulation of B-catenin and the Wnt signaling
pathway has been described in APC-mutant CRC. Even though we did not add any direct Wnt regulators
to our medium, many Wnt-modulating proteins, such as DKK1/2/4, LGRS, NOTUM or APCDDI were
regulated by differential FGF signaling. Nuclear translocation of B-catenin, however, was not observed
in our organoids. In a study of patients with APC-mutant CRC, nuclear translocation was restricted to
the proliferative front of highly invasive cancers.*® In intestinal organoids of mice with floxed APC
alleles (APC"M), B-catenin was located to the lateral cell membranes.?” Control wild-type organoids in
this study grew in a highly branched, crypt-like morphology, while APC""-organoids grew as cysts. In
this context, cyst-formation indicates a loss of tissue-polarity representing a model of an early and well
differentiated adenoma. Only in more advanced cancers with acquired mutations grape-like organoids
with high cell density can be observed.*?” In our experiments, cyst-formation increased massively under
FGFR-inhibition and accordingly, transcriptional changes indicated differentiation. It can be assumed
that the heterogeneity of cells within cysts after FGFR-inhibition was decreased while the RAS-mutated
phenotype became dominant, also inducing increased proliferation reflected by increased MKI67
expression.

With ongoing culturing, cells adapt to culture conditions, which might be accompanied with a loss of
heterogeneity and with an increased robustness against unfavorable culture conditions. This might
explain why FGFR-inhibition led to a complete suppression of organoid formation on naive cells, while
established organoids changed their morphology but kept, or even increased, their ability to proliferate.
Additionally, the presence of cell-cell-contact in already established organoids allows juxtacrine and
paracrine signaling, which might increase the viability of the cells.

Selection of highly proliferative clones, and by that neglecting quiet or dormant stem cells, is a drawback
of many cell culture models and might apply for our organoid cultures as well. By demonstrating that a
subpopulation of CSCs is sensitive to FGF-modulation, we tried to highlight one of many aspects of
CSCs great heterogeneity, maybe the biggest challenge in cancer research and its treatment.
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Supplementary Methods

Microarray transcriptome analysis

As described before, gene expression was determined using a detection p-value <0.05 (1).
Transcriptome data of the hESC lines H1 and H9 were obtained and described before (2). Mean
expression of H1 and H9 was calculated and used for comparative analyses. Expressed genes
in different cell types or under different conditions were compared by Venn diagrams using the
R package VennDiagram (3). The limma Bioconductor package and the p-value adjustment
method from the g-value package were used to assess differential expression (4,5). Genes were
graded as differentially expressed for limma p-value <0.05. Genes were considered as
upregulated with ratio >1.33, or as downregulated with ratio < 0.75.

Gene-sets of commonly or individually expressed genes by different cell types, or significantly
up- or downregulated after SU-5402 treatment were further analyzed for Gene Ontology terms
of biological processes (GO-BP) using the DAVID webtool (https://david.ncifcrf.gov/) (6).
Gene-set enrichment analysis (GSEA) was performed with the GSEA java application
downloaded from Broad institute for the comparison of all treated patients together versus all
controls together and on the level of individual treated versus untreated patients. For the joint
comparison n=1000 permutations and default parameters were used, for the individual patient
comparisons also n=1000 permutations and default parameters were used except for the metric
“Diff of classes™ and the permutation over the “gene_set“ (7).

Comparative Genomic Hybridization with Oligonucleotide Microarrays (aCGH) and
data analysis

As describe before, 1 pg of DNA was used for restriction digestion of gDNA using restriction
enzymes Rsal and Alul to obtain fragments of 200-500 bp (8). Digested gDNA was random-
primed labeled with Cyanine-5 or Cyanine-3-dUTP and purified afterwards. After determining
sufficient labeling efficiency, samples were hybridized to the 4x180k platform. For evaluation,
the Microarray Scanner G2565CA (Agilent Technologies) was used (3mm resolution, 16-bit
color depth). A gender-mismatched reference DNA was used as an internal technical control
for each sample. Aberration calling was determined by the HaarSeq-based algorithm using the
following filter thresholds: +3 oligos and + 0.2 log2ratio (9).

Table S1.

Oligonucleotides for BRAF, KRAS and NRAS amplification or sequencing, respectively.
Gene | Exon Name Seq (5¢a3¢) Used for sequencing
BRAF 15 BRAF_15_for | TGCTTGCTCTGATAGGAAAATG Yes
BRAF 15 BRAF_15_rev | AGCCTCAATTCTTACCATCCA No
KRAS 2 KRAS_2_for | AGGCCTGCTGAAAATGACTGAA No
KRAS 2 KRAS_2 rev | AAAGAATGGTCCTGCACCAG Yes
KRAS 3 KRAS 3 _for | GGATTCCTACAGGAAGCAAGT No
KRAS 3 KRAS_3_rev | TGGCAAATACACAAAGAAAGC Yes
KRAS 4 KRAS_4_for | GGACTCTGAAGATGTACCTATGG Yes
KRAS 4 KRAS_4_rev | TCAGTGTTACTTACCTGTCTTGT Yes
NRAS 2 NRAS_2 for | ACAGGTTCTTGCTGGTGTGA No
NRAS 2 NRAS_2_rev | CACTGGGCCTCACCTCTATG Yes
NRAS 3 NRAS_3_for | GTGGTTATAGATGGTGAAACCTGT No
NRAS 3 NRAS 3 rev | TGGCAAATACACAGAGGAAGC Yes
NRAS 4 NRAS_4_for | TTCCCGTTTTTAGGGAGCAGA Yes
NRAS 4 NRAS_4_rev | TGCAAACTCTTGCACAAATGC Yes
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Table S2.
Antibodies used for Western Blotting and Immunocytochemistry (mAB: monoclonal antibody,
AB: polyclonal AB)

Target Host Catalog number Dilution
Total ERK, p44/42 MAP Kinase mouse mAB | CST #4696 1:1,000
Phospho-ERK, p44/42 (Thr202/Tyr204) rabbit mAB | CST #4370 1:1,000
anti-rabbit IgG, HRP-linked goat CST #7074 1:2,000
anti-mouse IgG, HRP-linked goat abcam, ab6789 1:10,000
Cytokeratin-20 mouse mAB | abcam, ab854 1:200
B-catenin rabbit pAB CST #9562 1:200

Supplementary References

Graffmann N, Ring S, Kawala MA, Wruck W, Ncube A, Trompeter Hl, et al. Modeling
Nonalcoholic Fatty Liver Disease with Human Pluripotent Stem Cell-Derived Immature
Hepatocyte-Like Cells Reveals Activation of PLIN2 and Confirms Regulatory Functions of
Peroxisome Proliferator-Activated Receptor Alpha. Stem Cells Dev 2016;25(15):1119-33.
Bohndorf M, Ncube A, Spitzhorn LS, Enczmann J, Wruck W, Adjaye J. Derivation and
characterization of integration-free iPSC line ISRM-UM51 derived from SIX2-positive renal
cells isolated from urine of an African male expressing the CYP2D6 *4/*17 variant which
confers intermediate drug metabolizing activity. Stem Cell Res 2017;25:18-21.

Chen H, Boutros PM. VennDiagram: a package for the generation of highly-customizable
Venn and Euler diagrams in R. BMC Bioinformatics 2011;12(35).

Smyth GK. Linear models and empirical bayes methods for assessing differential expression
in microarray experiments. Stat Appl Genet Mol Biol 2004;3(1544-6115 (Electronic)).
Starey ID. The positive false discovery rate: a bayesian interpretation and the g-value. The
Annals of Statistics 2003;31(6):2013-35.

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists
using DAVID bioinformatics resources. Nat Protoc 2009;4(1):44-57.

Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, et al. Gene set
enrichment analysis: a knowledge-based approach for interpreting genome-wide expression
profiles. Proc Natl Acad Sci U S A 2005;102(43):15545-50.

Mohlendick B, Bartenhagen C, Behrens B, Honisch E, Raba K, Knoefel WT, et al. A robust
method to analyze copy number alterations of less than 100 kb in single cells using
oligonucleotide array CGH. PLoS One 2013;8(6):e67031.

Ben-Yaacov E, Eldar YC. A fast and flexible method for the segmentation of aCGH data.
Bioinformatics 2008;24(16):i139-45.

35




Results - FGF Signaling in the Self-Renewal of Colon Cancer Organoids

Location Primary Tumor | . e BRAF/NRAS/
D Gender |Age sampled tissue UICC (TNM) Differentiation Pretreatment KRAS
Patient1| M |62 Liver IV | pT2 pNIMlhep| Moderate >FU, Oxaliplatin, | o yie1op
Bevacizumab
Patient2| M 64 | pararectal LN | IV | pT2 pN2 Mlhep Moderate SE, Oxe.lhplatm, wt/wt/wt
Cetuximab
Patient 3 E 81 Sigmoid IV | pT3 pN1 M1hep Moderate / wt/G12V/wt
Patient4| M Sl Sigmoid 1B pT2 pNO MO Poor / wt/G12S/wt
. Capecitabine,
Patient 5 F 59 Rectum 1B pT2 pNO MO Well Radiotherapy (50,4 Gy)
Patient 6 F 58 Rectum HGIEN /
Patient 7 F 85 Rectum 1A pT3 pNO MO Well /
Patient 8 M 74 Liver IV | pT2 pNO M 1hep Moderate /
Patient9| M 75 Sigmoid 1A pT3 pNO MO Well /

Table 1. Clinical data

Clinical data of sampled patients. Grey shadow: organoid cultures could be established. Only after successful culture
establishment mutational hotspots of the BRAF, NRAS, KRAS loci were sequenced. HGIEN= high-grade intra-epithelial

neoplasia; M= male, F= female, LN= lymph node, 5-FU= 5-Fuoruracil, wt= wild-type.
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Figure 1.

Comparative microarray transcriptome analysis of genes expressed in human embryonic stem cells and organoids derived
from Patient 1 and Patient 2. A, Venn diagram showing the number of expressed genes commonly or specifically expressed
by each sample. B-D, Gene Ontology (GO) terms of significantly enriched gene patterns. Only GOs of biological process
with a p-value < 0.05 were considered.
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Figure 2.
Morphological Effects of FGFR-inhibition on primary CRC cells. A, Cell culture initiation of
naive unsorted bulk cells (p0) after tissue disintegration, cultured in CSC-media (CSCM) or with
FGFR-inhibitor (SU-5402) under low-attachment conditions as floating spheres or B, cultured as
Matrigel-embedded organoids. C, Cyst induction by FGFR-inhibition in Matrigel-embedded
organoids of p8 after 7 d of SU-5402 treatment. D, E, Cryo-sections of organoids cultured with
CSCM or SU-5402, stained for F-actin and B-catenin.
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Figure 3.

FGFR-inhibition induces cell differentiation and upregulates MAPK-signaling. A, Venn Diagram of genes (p<0.05) higher
expressed in organoids cultured in CSC-Media or B, after FGFR-inhibition. C, Significantly enriched GO-terms of biological
processes of the genes higher expressed after CSC-Media culturing or D, higher expressed after FGFR-inhibition. Only genes
with p<0.05 and limma-p<0.05 were considered for GO-analysis E-H, gene sets significantly over represented in the CSC-
media condition or the FGFR-inhibition condition. NES= normalized enrichment score I, mean fold change (log2) values of
single genes belonging to the AP-1 transcription factor complex of Patient 1, 3 and 4 (n=3). Differential expression values were
obtained by microarray analysis, * indicates significance as limma p-value <0.05. See Table S9 for log2 ratio of single probes
detected. J, Western blot of protein lysates of organoids cultured in CSC-Media or with SU-5402. Phosphorylated ERK (P-
ERK) is compared to total amount of ERK-protein (T-ERK).
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Figure S1.

Call plot of copy number variations (CNV) after comparative genome hybridization (aCGH). The HaarSeg-
based algorithm (43 oligos and + 0.2 log2ratio) was used. Orange represents a gain, blue a loss of genomic
DNA. As an internal control, a gender-mismatched reference DNA was used.
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Figure S2.

Cryo-sections of organoids cultured with CSCM or SU-5402
indicating cyst formation after FGFR-inhibition SU-5402, A, stained
for Cytokeratin 20 or B, for F-actin and j3-catenin.
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Figure S3

Differential expression of single genes in Patient 1,3 and 4. Expression values were obtained by microarray transcriptome
analysis. For each gene in a single patient, the detection p-value is <0.05. * indicates significant regulation among all
samples analyzed (limma p-value <0.05, see Table S9). Relative expression compared to FGFR-inhibition (A, B) or to
CSCM treatment (C, D, E) is shown as indicated. A, Several genes of dual specificity protein phosphatases (DUSP) as well
as the proliferation marker MKI67 were induced by FGFR-inhibition. B, Colon-specific differentiation markers were
induced by FGFR-inhibition. C, In comparison to FGFR-inhibition, the TGF-f} pathways was heterogeneously induced by
CSCM-treatment. D, Self-renewal associated genes were stronger expressed in CSCM-treated organoids of Patient 1 and
Patient 3 compared to FGFR-inhibition. E, Several Wnt modulating factors were upregulated by CSCM-treatment. The
intestinal stem cell factors LGRS and AXIN2 were induced in Patient 3
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3.2. Gene expression profiling in aggressive digital papillary adenocarcinoma
sheds light on the architecture of a rare sweat gland carcinoma

H. M. Surowy®, A. K. Giesen®, J. Otte", R. Biittner, D. Falkenstein, H. Friedl, F. Meier, P.
Petzsch, T. Wachtmeister, D. Westphal, D. Wieczorek, W. Wruck, J. Adjaye A. Ritten*, S.
Redler*

*,* These authors contributed equally to the work.

Abstract

Background: Sweat gland carcinomas are rare cutaneous adnexal malignancies.
Aggressive digital papillary adenocarcinoma (ADPA) represent a very rare sub-entity,
thought to arise almost exclusively from sweat glands of the fingers and toes. The
aetiology of sweat gland carcinomas and ADPA is largely unknown. ADPAs are most likely
driven by somatic mutations. However, somatic mutation patterns are largely
unexplored, creating barriers to the development of effective therapeutic approaches
to the treatment of ADPA.

Objective: To investigate the transcriptome profile of ADPA using a sample of seven
formalin-fixed, paraffin embedded (FFPE) tissue samples of ADPA and healthy control
tissue.

Methods: Transcriptome profiling was performed using the Affymetrix PrimeView
Human Gene Expression Microarray and findings were validated via reverse-
transcription of RNA and real-time qPCR.

Results: Transcriptome analyses showed increased tumour expression of 2,083 genes,
with significant involvement of cell cycle, ribosomal and crucial cancer pathways. Our
results furthermore point to tumour-overexpression of FGFR2 (p = 0.003).

Conclusions: Our results indicate the involvement of crucial oncogenic driver pathways,
highlighting cell cycle and ribosomal pathways in the aetiology of ADPA. Suggested
tumour-overexpression of FGFR2 raises the hope that targeting the FGF/FGFR axis might
be a promising treatment for ADPA and probably for the overall group of sweat gland

carcinomas.
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What is already known about this topic?

Aggressive digital papillary adenocarcinoma (ADPA) is a rare sporadic tumour, arising predominantly
from sweat glands of fingers or toes. ADPA is characterized by a local aggressive behaviour, a high
recurrence rate, and an emerging metastatic potential. ADPA are most probably driven by somatic
mutations. However, somatic mutation patterns are largely unexplored. Knowledge of the biology of
ADPA is almost completely lacking, creating barriers to the development of effective therapy

strategies.

What does this study add?

We performed gene expression profiling in a well-defined sample of formalin-fixed, paraffin-embedded
(FFPE) tissue samples of ADPA. Array-based transcriptome analyses revealed increased tumour
expression of 2,266 genes with significant involvement of cell cycle, ribosomal and cancer pathways
and suggests tumour over-expression of FGFR2. This broadens our understanding of the molecular
mechanisms driving these tumours and raises the possibility of potential targeted therapies

comprising FGFR kinase inhibitors.

Abstract

Background: Sweat gland carcinomas are rare cutaneous adnexal malignancies. Aggressive digital
papillary adenocarcinoma (ADPA) represents a very rare sub-entity, thought to arise almost
exclusively from sweat glands of the fingers and toes. The aetiology of sweat gland carcinomas and
ADPA is largely unknown. ADPAs are most likely driven by somatic mutations. However, somatic
mutation patterns are largely unexplored, creating barriers to the development of effective therapeutic
approaches to the treatment of ADPA.

Objective: To investigate the transcriptome profile of ADPA using a sample of eight formalin-fixed,
paraffin embedded (FFPE) tissue samples of ADPA and healthy control tissue.

Methods: Transcriptome profiling was performed using the Affymetrix PrimeView Human Gene
Expression Microarray and findings were validated via reverse-transcription of RNA and real-time
gPCR.

This article is protected by copyright. All rights reserved.

45



Results - Gene expression profiling in aggressive digital papillary adenocarcinoma

Results: Transcriptome analyses showed increased tumour expression of 2,266 genes, with
significant involvement of cell cycle, ribosomal and crucial cancer pathways. Our results furthermore
point to tumour-overexpression of FGFR2 (p = 0.001).

Conclusions: Our results indicate the involvement of crucial oncogenic driver pathways, highlighting
cell cycle and ribosomal pathways in the aetiology of ADPA. Suggested tumour-overexpression of
FGFR2 raises the hope that targeting the FGF/FGFR axis might be a promising treatment for ADPA

and probably for the overall group of sweat gland carcinomas.

Introduction

Sweat gland carcinomas are rare cutaneous adnexal malignancies. They display as a heterogeneous
group of well-defined tumour entities with clear differences regarding clinical course and prognosis.'*2
Aggressive digital papillary adenocarcinoma (ADPA) represents a very rare, clinically distinctive,
homogeneous sub-entity, thought to arise almost exclusively from sweat glands of the fingers and
toes.'™. ADPA occurs in both sexes with a supposed peak incidence between age 50 and 70 years.s‘
! Typically, ADPA presents as a slow-growing, painless, solid to cystic mass on the digits or toes,
often inconspicuous of a malignant process.“z Originally described as a tumour spectrum from benign
digital papillary adenoma to an aggressive digital papillary adenocarcinoma, it turns out by clinical
follow-up data, that all tumours from the spectrum behave as sweat gland carcinomas with an
infiltrative growth pattern, a tendency to recur and to give rise to metastases. Histologically the
tumours are characterized by a solid or cystic growth pattern consisting of basaloid tumour cells (Fig.
1a, Fig1b). The neoplasm often shows small papillae, which attributed to the name digital papillary
adenocarcinoma (Fig. 1c, Fig. 2a, Fig. 2b). Cytology covers a wide spectrum from totally benign
looking tumours to a clear carcinomatous growth pattern (Fig. 2b). Immunohistochemistry shows a
reproducible feature: all tubular structures stain with cytokeratin 7 (Fig. 1d, Fig. 2d) and they are
surrounded by an actin positive layer of myoepithelial cells at the periphery (Fig. 1e, Fig. 2c). These
findings are helpful to separate these tumours from poromas, hidradenomas and myoepitheliomas in
acral skin (Fig. 1 and 2).

The course of disease and the biological behaviour of ADPA is variable. However, ADPA are
characterized by aggressive local invasion, a high recurrence rate and an emerging metastatic
potential."**"® To date, surgical excision of the tumour lesion is the mainstay of treatment,
comprising radical, wide local tumour excision, often including amputation of the affected digit_”‘”‘“
There are no approved treatment approaches for metastatic disease. Its aetiologic basis has

remained largely undefined, raising the question how to proceed in case of this rare tumour.

This stresses the demand for insights into the genomic landscape and the genetic alterations that
drive this malignancy. To date, the genetic architecture of ADPA is largely unexplored. In a cohort of
14 distinct metastasizing adnexal carcinomas, comprising one ADPA, Dias-Santagata et al. identified
a somatic mutation in the established tumour suppressor gene 7P53."% In 2015, Bell et al. reported a
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Sequenom genotyping based approach of 50 genes of nine ADPA cases and solely identified the
somatic BRAF-V600E mutation in one single ADPA case." To the best of our knowledge, no other
mutations have been reported. No exome or genome-wide sequencing approach and no
transcriptome analysis has been performed so far.

Taken together, understanding of the biology of ADPA is largely missing, creating barriers to the
development of effective, targeted therapeutic approaches.

We aimed to establish a more in-depth understanding of the pathogenic causes of ADPA by
performing genome-wide transcriptome profiling for the first time. It is well established that gene

expression profiling have led to more individually tailored recommendations in skin cancer patients.”’
20

Material and methods
Patients/samples

A total of eight formalin-fixed, paraffin-.embedded (FFPE) tissue samples of ADPA were included in
the present study. The tumours were obtained from eight unrelated individuals of Central European
origin (5 women, 3 men). The samples were primary tumours in all cases and no recurrences or
metastases. Inclusion criterion was the histological diagnosis of ADPA by the experienced and
designated histopathologists R. B. and A. R.. Age at diagnosis ranged from 36 to 96 years (mean age
at onset 60.25 years). The tumours arose on the hand/ fingers (n = 7) and the foot (n = 1) (Table 1).
Familial occurrence was reported in none of the patients. Matched surrounding healthy tissue,
respectively blood samples, were used as controls. Ethics approval was obtained from the respective
ethics committees, and all participants provided written informed consent (Ethics vote 5360/13,
Heinrich Heine University Diisseldorf). The study was conducted in accordance with the Declaration

of Helsinki Principles.

RNA extraction:

Distinction of tumour and surrounding healthy tissue by microdissection was performed according to
standard procedures. 10um-thick sections were cut from the FFPE samples. Deparaffination and RNA
isolation was done using the FormaPure DNA kit (BECKMANN COULTER Life Science®) according
to the protocol for isolation of total nucleic acids (DNA/RNA) from FFPE tissues using FormaPure
DNA with minor modifications. RNA from blood samples was isolated according to standard
procedures using the PAXgene Blood RNA Kit (Qiagen®).
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Transcriptome Array:

Transcriptome analyses were performed in an explorative set of four tumour samples and matched
surrounding healthy tissue. RNA was quantified by fluorometric Qubit assay (RNA HS, thermofisher
scientific) measurement. Synthesis of cDNA and subsequent biotin labeling of cRNA was performed
according to the manufacturer's protocol (GeneChip 3' IVT Pico Kit 703308 Rev 1; Thermofisher
Scientific). Briefly, 50 ng of total RNA was converted to cDNA and preamplified (8 cycles), followed by
in vitro transcription and biotin labeling of aRNA. After fragmentation, labeled aRNA was hybridized to
Affymetrix PrimeView Human Gene Expression Microarrays for 16 h at 45°C, stained by
streptavidin/phycoerythrin conjugate, and scanned as described in the manufacturers’ protocol.

gPCR Validation:

The criteria to select genes for validation were as follows: > 1 transcript significantly detected in the
tumour (signal quality significantly above the background), with at least ane transcript exhibiting a fold
change (FC) > 6 and a significant limma p-value, as well as absence of other transcripts with reverse
FC ratios. Genes found to be significantly differentially expressed in the initial KEGG cancer pathway
analysis but displayed a FC < 6 were also included if they corresponded to the other criteria, resulting
in four further genes (Figure 3, Table 2). Pseudogenes were excluded.

Validation of the selected candidate genes was done via reverse-transcription of RNA and real-time
gPCR, using ACTB (beta Actin) as internal reference gene. Reverse transcription was performed with
the AccuScript High Fidelity First Strand cDNA Synthesis Kit (Agilent Technologies®) kit according to
the manufacturer's instructions. For each reaction 5 ng of RNA was used as starting material and
eluted in 20 pl. Quantitative real-time PCR (qPCR) was performed using the Power SYBR® Green
Master Mix (Life technologies, ThermoFisher Scientific®) according to the manufacturer’s protocol in
a 384-well format and a total volume of 10 ul. Primer sequences were designed to span exon borders
and are available upon request. All amplifications were performed in technical triplicates on the ViiA7
(Life technologies, ThermoFisher Scientific®) system using the following PCR conditions: 95°C, 10
Min; followed by 45 cycles of 95°C, 60°C and 72°C (30 s each step). Cycle threshold (Ct) mean
values per triplicate were generated. If a gene was not expressed in a control tissue sample, but firmly
in the corresponding tumour sample, the maximum Ct was assumed for downstream calculations. The
mean Ct values were then normalized to ACTB (ACt method) and fold changes between tumour and

control tissue pairs were calculated as 244V

Statistical analysis:

Tumour and control tissue samples hybridized on the Affymetrix PrimeView Human Gene Expression
microarray platform were analysed with R/Bioconductor.?' The Bioconductor package ‘affy’ was used
for pre-processing and normalization of the microarray data via the Robust Multi-Array average (RMA)
normalization method.? Gene expression was determined by a detection p-value as described in

Graffmann et al.?® Differential expression was assessed employing the ‘limma’ ;t}ackage.z4 The
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clustering dendrogram was generated using the R function ‘hclust’ parametrized with the complete
linkage method and Pearson correlation as similarity measure. The heatmap was produced via the
‘heatmap2()’ function from the ‘gplots’ package.“’ Gene expression in normal RNA samples was
compared with gene expression in matched tumour samples using the package ‘VennDiagram’.Za
From the Venn diagram the subsets exclusively expressed in tumours, exclusively expressed in
common in tumour and control tissue were further investigated in follow-up processing. Differentially
expressed genes were determined based on a limma p-value for differential expression, a threshold
for the ratio between tumour and control, and a detection p-value indicating if the gene is expressed in
at least one condition. Assessment of multiple testing was performed by the Bioconductor package
‘qvalue‘.27 The identified sets from the Venn diagram and the sets of differentially up- and down-
regulated genes were further analysed for over-representation of gene ontologies (GOs) and KEGG

pathways with the packages ‘GOstats’ and ‘KEGG.db' ##

Normalized qPCR gene expression values (ACt) were log2-transformed and differences between
paired tumour and normal samples were tested with a paired t-test using the ‘t.test()” R function.

Column plots were produced using the R/Bioconductor packages ‘ggplot2’ and ‘reshape’.“'31

Results
Differential gene expression in ADPA tumours

Hierarchical clustering revealed clusters that correspond to the studied patients (Fig. 3a), indicating
more similarity within the tumour and control tissue pairs than between tumour or control tissues
across patients. Comparison of mean gene expression in tumour and control tissue samples (Fig. 3b)
revealed a higher abundance of genes expressed exclusively in the tumour (n=2,266) than in control
tissue (n=204), while most genes were commonly expressed in tumour and control tissue (n=8,827).
This is reflected in the analysis of differentially expressed genes where most cancer-related genes are
up regulated. We first focused on genes from the KEGG “Pathways in cancer” which were
differentially up- (ratio > 1.5, p < 0.05) or down-regulated (ratio < 0.67, p < 0.05) in the tumour
samples. Figure 3c displays a heatmap of these genes that cluster in four groups. These comprise
clusters with consistently high expression in both tumours that include, amongst others, the central
oncogene KRAS (KRAS proto-oncogene, GTPase), which is generally overexpressed in tumours.
Also consistently down-regulated clusters are present that contain for example FZD5 (frizzled class
receptor 5) and CXCL12 (C-X-C motif chemokine ligand 12). Figures 3d and 3e show the KEGG
pathways significantly over- or under-represented among all up-regulated genes, suggesting the
highly significant involvement of cell cycle and ribosomal genes as well as of genes associated with

many cancer types.

Since these initial findings included a number of genes involved in angiogenesis-related pathways, we
performed a more detailed analysis comprising the gene ontology “angiogenesis” (Fig 4). This
revealed two clearly separated tumour and normal tissue clusters. Among the angiogenesis-related
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genes that are overexpressed in tumours are FGFR2 (Fibroblast growth factor receptor 2), VEGFA
(vascular endothelial growth factor A) and CXCL8 (C-X-C motif chemokine ligand 8, formerly /L8,
interleukin 8) while FDZ5 showed a clear downregulation (Fig 4).

FGFR2 is consistently overexpressed in ADPA tumours

We sought to validate our findings from the transcriptome array analyses in an expanded set of in
total eight available ADPA tumours and paired control tissues. To account for the expected degree of
variation due to the heterogeneous nature of the samples and limited quantities of RNA that could be
extracted from the small FFPE tumours available to us, we opted to validate those genes with the
most substantial evidence of an over-expression in tumour tissue. These were selected based on the

transcriptome array results, regardless of KEGG pathway membership (see Methods, Table 2).

For two of the tumor-normal pairs the available FFPE RNA material could not successfully be utilized
in the qPCR validation and were excluded. Of the 15 genes, six were not reliably detected in more
than one of the remaining tumours and were excluded from further analysis (Table 2). Consistent
tumour-overexpression in the tumour-normal pairs was confirmed for FGFR2 (p = 0.001), while the
other tested genes did not show significant overexpression (Fig. 5, Table 2). Interestingly, a tendency
towards overexpression in ADPA tumours was present for GPR89A (G protein-coupled receptor 89A,
p = 0.05), SMS (spermine synthase, p = 0.08) and VEGFA (p = 0.08). The two genes with previously
reported occasional somatic mutations in ADPA, TP53 and BRAF, did not show evidence for

differential expression (Fig. 6a, Fig. 6b).

Discussion

Advances in cancer transcriptome profiling have turned out to be one of the most utilized approaches
to understand malignancies at the molecular level. High-throughput techniques to study RNA have
paved the way to the development of therapeutic targets, and have shown to be a powerful tool to
predict drug sensitivity, likewise in skin as in non-skin malignancies.'~2%3%%

However, the architecture of gene expression is largely unknown for many skin tumours including
sweat gland carcinomas. This is most probably due to i) the rarity of many of these tumour entities
with widely dispersed, but small patient bases, ii) missed diagnosis of these easily over-looked tumour
entities, iii) the often poor quality and quantity of available tissue, and iv) the lack of fresh tissue and
the necessity to take up the challenge of molecular analyses of FFPE tissue.

This article is protected by copyright. All rights reserved.

50



Results - Gene expression profiling in aggressive digital papillary adenocarcinoma

Diagnosis of sweat gland carcinomas implicitly requires diagnostic histology, leading to tissue fixation
and FFPE samples.“2 FFPE tissue provides a number of technical challenges and problems and has
for a long time not been considered a reliable source of RNA. To the best of our knowledge, there are
only few reports of well-defined entities of sweat gland carcinomas, not including ADPA, in which RNA
analyses have been performed.“‘:"5 These studies on FFPE samples were limited to single PCR
reactions to screen for defined fusion transcript variants.*** No systematic expression profiles have
been reported so far. Even in more common skin malignancies, studies of systematic transcriptome

analyses on FFPE samples are nearly completely miz;sing.36

Here, we report for the first time a comprehensive transcriptome profile of a well-defined sub-entity of
sweat gland carcinomas, namely ADPA. The explorative transcriptome analyses by microarrays
generated surprisingly highly significant results, pointing to streng genetic effects, sufficient to detect

even in small cohorts.

We found 2,266 genes over-expressed in the ADPA tumours, comprising the crucial oncogenic driver
genes KRAS, MDM2 (MDM2 proto-oncogene)®’, PDGFA (platelet derived growth factor subunit A)®,
BCL2L11 (BCL2 like 11)*, IL6ST (interleukin & signal transducer)““, SMAD2 (SMAD family member
2)*', CCND1 (eyclin D1)*, LEF1 (lymphoid enhancer binding factor 1)*, VEGFA*, RAF1 (Raf-1
proto-oncogene, serine/threonine kinase)*’, CDK6 (cyclin dependent kinase 6)*® or CDK4 (cyclin
dependent kinase 4)46. These genes play essential roles in tumourigenesis and the development of
various types of cancer. Moreover, KEGG pathway analysis pointed to significant involvement of
some of these genes in cell cycle and ribosomal processes, increasing our mechanistic understanding

of this rare unexplored tumour entity.

A cluster consistently down-regulated in tumour contains the genes FZD5" and surprisingly CXCL12
which is reported to be associated with tumour growth and metastasis.*® Interestingly, there have
recently been reports on CXCL72 down-regulation promoting breast cancer metastasis.*® The rare
ADPA investigated here is to be annotated in a KEGG pathway, as such only projections to other
cancer pathways could be identified in our study. Among all down-regulated genes in tumours, those

from the KEGG Glutathione metabolism and “Whnt signalling pathways are most notable (Fig. 3e)5°.

Given the rarity of ADPA, our study is limited by the quite small sample size. Nevertheless, the
number of analysed tumour samples was reasonable for a very rare disorder and our RNA samples
were of extraordinary good quality. Of note, despite the small sample size, the overexpression of
several distinct KEGG pathways remained significant even after adjustment for false discovery rate
(Fig 3d). Furthermore, our initial findings based on the transcriptome array could be validated with

gPCR in a further expanded set of tumours.

Our results point towards a consistent tumour-overexpression of FGFR2. FGFR2 encodes a protein
that belongs to the group of fibroblast growth factor receptors (FGFRs), which interacts with fibroblast
growth factors (FGFs) within a tyrosine-signalling pathway. The FGF/FGFR signalling pathway is
crucially involved in fundamental biological processes. These comprise e.g. cellular proliferation,
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differentiation, survival, migration, angiogenesis and embryonic clevelopment.ﬁ"'f‘3 Research has
established that somatic FGFRZ2 alterations play a crucial role in the origin of numerous solid tumours
and that alterations in the activity (overexpression) are associated with a poor outcome in certain
cancer types. Interestingly, many of these malignancies display a papillary structure and/ or an
adenocarcinoma morphology like ADPA, pointing to common underlying molecular mechanisms. e
8981 Oncogenic activation of FGFR2 is supposed to have a key role in dysregulation of cell division
(proliferation), cell movement and in the development of new blood vessels that nourish a growing
tumour.®'™* Targeting the FGF/FGFR axis is supposed to exert direct effects on cancer cells as well
as indirect effects through changes of tumour microenvironment, in particular angiogenesis and
immunity.s"s‘s"Ez Our findings are surprising as FGFR2 overexpression is indeed known to be crucial in

the origin of various solid tumour entities®*"®*

but to the best of our knowledge, overexpression of
this gene was previously not in the focus of interest in skin tumours. Only in a small patient base of
Kaposi's sarcomas, up-regulation of FGFR2 expression could have been shown by performing
immunohistochemistry and qRT—PCR_“ Ramsey et al. proposed that p63-regulated FGFR2 signalling
is activated in squamous cell carcinoma.®® Gartside et al. identified structural FGFR2 variants, mainly
loss of function variants in a subset of melanomas.?® Our unanticipated findings put further emphasis
on the possible role of FGFR2 in skin tumours and in particular sweat gland carcinomas. This is of
high interest as currently numerous FGFR inhibitors are in active development and under study,
operating through either selective or multi-targeted approaches. These anti-FGFR drugs are at
different clinical phases of development and dependent on the specific FGFR inhibitor, they exert the
effect on distinct tumours, comprising e.g. lung cancer, gastric cancer, breast cancer,

cholangiosarcomas, melanoma and a broad range of solid tumours. *'*#%7

This raises the hope that
FGFR2-targeting or a multi-targeted approach might also represent a potential treatment approach for
patients with ADPA. However, further studies, including a more detailed characterization of this locus

in an enlarged sample, are implicitly required to prove this hypothesis.

Apart from FGFR2, we could demonstrate a tendency towards significance for three additional genes,
namely GPR89A SMS and VEGFA (Table 2, Fig. 5). GPR89A is involved in pH regulation of the Golgi
apparatus. Knockdown of GPR89A has been associated with dysfunction of Golgi apparatus and

68.69

higher apoptosis. It is a susceptibility cancer gene in breast cancer. SMS is involved in polyamine

metabolism. Dysregulation of polyamine metabolism has been reported to be associated with
carcinogenic risk and targeting of this metabolism has raised hope to constitute a cancer therapy.”"'
Vascular endothelial growth factor (VEGF) signalling is well-established to have a critical function in
tumour angiogenesis. Targeting of VEGFA are ascertained innovative and effective therapeutic
approaches in a broad range of malignancies..'l‘”z'73 It seems feasible that our gene expression—
based approach has detected additional oncogenic pathway signatures. An independent replication is

necessary before a potential association of these genes with ADPA can be regarded as proven.
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Previous studies suggested an involvement of TP53 and BRAF-V600E mutations in the origin of
ADPA. We found variability between patients and a not significantly differentially expression of TP53
and BRAF in the tumor samples compared to the normal tissue samples (Fig. 6a, 6b). Our data set
therefore provides no indication for expression changes of either gene in ADPA tumours, thus not

supporting a crucial role of TP53 or BRAF.

We could not validate further initial findings, which is most probably due to the limited power of our
sample set. Further research and independent replication of our findings is needed in larger sets of
ADPA samples, preferentially comprising fresh frozen tissue to avoid the considerable difficulties in
RNA extraction and analyses from FFPE tissue.

Nonetheless, our findings place rare skin tumours in the spotlight and encourage employing
genetically technologies, even in challenging FFPE samples with poor quantity and quality of
available tissue. This will be a step forward to make serious progress in the large group of unexplored
and life-threatening rare skin malignancies with the aim to provide best care for patients and to form a
basis for further research and drug development. It will be of high importance to consider rare tumour
entities in the differential diagnosis of skin tumours and to take up the challenge to carry out genetic
analyses. These insights will allow us to better understand the molecular taxonomy of skin tumours
and to unveil disease mechanisms. To achieve this, it will be necessary to combine data of
independent sample sets to i) expand sample sizes to identify new loci that exceed threshold for
significance, to ii) further characterize candidate genes and to iii) apply high-throughput sequencing
technologies to generate multi-omics data. Due to the sparse material of the mostly very small

tumours (median diameter of 13mm (range 4 — 50 mm)T4

, it is difficult to obtain enough material to
perform comprehensive genomic profiling from the same tumour sample, the reason why we focused
on transcriptome analyses in the present study. In order to investigate a homogenous sample, we
included only solid, primary tumours. A molecular characterization of a subset of recurrent and
metastatic ADPA in a next step will be important to gain further insights into the biogenesis of ADPA.
It is plausible that somatic mutational and transcriptional profiles consistent with spread of the tumour
to either lymph nodes or other tissue may be uncovered and that these are discordant to solid tumour
formation. Molecular characterization and knowledge of the affected corresponding pathways might
be the key towards a better understanding of this rare tumour entity. These approaches will advance

the field towards precision medicine in ADPA and rare skin malignancies in general.

In conclusion, the results of this study provide evidence for the involvement of crucial oncogenic
pathways in the aetiology of ADPA, pointing out cell cycle and ribosomal pathways. Suggested
FGFR2 overexpression raises for the first time the possibility of targeted therapeutic approaches
comprising FGFR inhibitors. However, future studies are warranted to elucidate the genetic
architecture and functional effects of risk loci more detailed and to learn about the effectiveness of

existing therapy options and FGFR-targeted therapy in the treatment of patients with ADPA.
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Figure legends

Figure 1: Histopathologic and immunohistochemically features of aggressive digital papillary
adenocarcinoma (ADPA), exemplary shown for case 1.

(a) Scanning magnification of an aggressive digital papillary adenocarcinoma shows a solid, in parts
cystic tumour, in acral skin without connection to the overlying epidermis. Basaloid cell type. HE x 2.

(b) Solid hyper-cellular areas of the tumour with densely packed tumour cells, showing atypical nuclei
and many mitotic figures. Densely packed spindle cells with mitoses are a clue for a malignant sweat
gland tumor. HE x 40.

(c) Areas with cystic configuration show characteristic papillary projections into the lumina. These
projections contributed to the name,papillary” carcinoma . HE x 20.

(d) Staining with cytokeratin 7 shows typical staining of the more centrally located tubular cells, while
the more peripheral myoepitheliall cells are negative. A typical finding for these carcinomas in acral
skin. CK 7 Staining X 40.

(e) An actin stain shows a positive staining of the myoepithelial cells at the periphery. All aggregates
are surrounded by an actin positive myoepithelial layer. Actin staining x 40.

Figure 2: Scanning picture of a second example of an aggressive digital papillary adenocarcinoma.

(a) The tumor is not connected to the epidermis. There are cystic spaces lined by papillary
projections. HE x 10.

(b) Bluish tumor cells. Papillary projections into the cystic lumina. HE X 2.

(c) The actin stains is positive in all the myopepithelial cells at the periphery. These finding separates
the tumor from hidradenomas, poromas and myoepitheliomas in acral skin. Actin X 20.

(d) The inner part of the tumor aggregates stain for cytokeratin 7. Cytokeratin 7 X 20.

Figure 3: Cancer-pathway related motifs are up-regulated in the transcriptome of ADPA tumour cells.

(a) Global transcriptomes clustered by patients. Hierarchical cluster analysis yielded clusters of

tumour and control tissues corresponding to the patients.

(b) The Venn diagram of expressed genes (p < 0.05) shows that more genes are expressed in the
mean of both tumour samples (n=2266) than in the mean of both control tissue samples (n=204).

However, most genes are expressed commonly in tumour and control tissue.
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(c) Heatmap of genes KEGG “pathways in cancer” differentially expressed between tumour and
control tissue demonstrates up-regulation of the central oncogene KRAS in tumours, together with the
cell cycle genes.

(d) The pathways over-represented in the up-regulated genes confirms this central cancer motif by the
overlap of multiple different cancers, pathways in cancer and cell cycle. The rare cancer investigated
here was not yet modelled in a KEGG pathway and thus only projections to other cancer pathways
can be identified.

(e) Down-regulated genes are annotated with pathways including glutathione metabolism and Wnt
signalling pathways.

Figure 4: Differentially expressed genes (p<0.05, detection-p<0.05, ratio<0.67 or >1.5) associated
with the gene ontology ,angiogenesis® (G0O:0001525) were subjected to a cluster analysis and the
resulting heatmaps and dendrograms showed a clear separation of a tumor (T) and a normal tissue
(N) cluster. Note: the official gene symbol for interleukin 8 is now CXCL8.

Figure 5: Validation real-time qPCR results in the additional ADPA tumour and normal sample pairs
(T3-T8). For the indicated genes and tumour-control sample pairs, log2-transformed fold changes of

expression between tumour and control tissue are depicted for the indicated genes, respectively.

Figure 6: Bar chart of gene expression array probesets annotated with TP53 and BRAF. The red
dashed line indicates gene expression at a level corresponding to a detection p-value of 0.05. Normal
tissue samples (N) are in blue colors and tumor samples (T) in red colors. There is variability between
patients and a non-significant tendency for higher expression of TP53 and BRAF in the tumor
samples than in the normal tissue samples. However, no significant differential expression was
detected.
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Table 1: Clinical features

Control tissue
Matched
CI\T:E Tissue |Sex :?j; ?)%Z:tf Site su;r::l?#;ng Blood
years) tissue
o [monr e Troro | oo | otmgmammcorwe |
2 {:B”g:)’ F | 1934 | 71 Right side of the hand N .
o |l [ | o | Pt [T
4 (T:B‘;:)r M | 1038 | 77 5th finger, left hand N N
5 (T:S‘F‘,j:)r M | 1958 | 51 Forefinger, right hand , N
6 '(I'Augg:)r E 1052 59 Middlehf;nngder, right J )
IR IR
8 (T:BE:; F | 1957 | 52 Left heel - v

ADPA indicates Aggressive digital papillary adenocarcinoma; Transcriptome arrays were
performed using the GeneChip PrimeView Human Gene Expression Array (Affymetrix©)
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Table 2: gPCR validation for ADPA tumour-normal pairs

- : ADPA Oyer-
Symbol , Gene Name Expressu:n
: P-value
ELF3 E E74 like ETS transcription factor 3 -
FGFR2 E fibroblast growth factor receptor 2 0.001
GPR89A i G protein-coupled receptor 89A 0.054
HIST1H2BH : histone cluster 1 H2B family member h 0.181
JUP ijunction plakoglobin 0.123
KIAAT324  \ KIAA1324 =
1
LEF1 : lymphoid enhancer binding factor 1 -
MDM2 ! MDM2 Proto-Oncogene ="
RPL17 | ribosomal protein L17 T
[}
RPL30 | ribosomal protein L30 0.504
1
SLC12A4 | solute carrier family 12 member 4 0.307
1
SMs | spermine synthase 0.079
1
CXCL8 , C-X-C Motif Chemokine Ligand 8 0.636
1
VEGFA | vascular endothelial growth factor A 0.081
[}
ZFC3H1 , zinc finger C3H1-type containing =0
1

7 Povalue of paired t-test (ACt of tumour and control tissue)
Y Not reliably detected in >1 ADPA tumours
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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3.3. New insights into human primordial germ cells and early embryonic

development from single-cell analysis

Jorg Otte, Wasco Wruck and James Adjaye

Abstract

Human preimplantation developmental studies are difficult to accomplish due to
associated ethical and moral issues. Preimplantation cells are rare and exist only in
transient cell states. From a single cell, it is very challenging to analyze the origination of
the heterogeneity and complexity inherent to the human body. However, recent
advances in single-cell technology and data analysis have provided new insights into the
process of early human development and germ cell specification. In this Review, we
examine the latest single-cell datasets of human preimplantation embryos and germ cell
development, compare them to bulk cell analyses, and interpret their biological

implications.
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The definition of life includes the capabilities of repro- describe new insights made by single-cell analyses in
duction, inheritance and development [1]. At the start germ cell development and preimplantation embryo.

of life during human reproduction, the potential to
develop a highly complex organism is inherent to one
single cell, the zygote. The transfer of genetic informa-
tion from one generation to another is facilitated by When analysing heterogeneity, the main challenge of
germ cells, which are designed to induce biological all single-cell approaches is distinguishing between real

Bioinformatic tools

variety between different progenies. After fertilization, biological differences and technical variabilities. In
heterogeneity in terms of an asymmetry of daughter developmental biology, most cells exist in transient
cells induces complexity. states that complicate the definition of the present cell

Detailed molecular understanding of these life-defin- type usually defined by permanent properties. Influ-

ing qualities requires high-resolution analytic tools that enced by the spatial context, extrinsic stimuli or intrin-
cope with minimal amounts of sample material. The sic factors like the cell cycle, a cells” identity can be
field of single-cell analyses of mammalian cells opened highly diffuse and difficult to analyse by (emporal
in 2009, when Tang ef al. [2] introduced their protocol snap-shot methods [3.4].

for a whole transcriptome analysis of a single mouse Besides these biological confounders, single-cell gen-
blastomere [2]. Not only being able to analyse low ome and transcriptome studies also have to manage
input materials but also the understanding of growing similar technical challenges: a reliable identification
heterogeneity within developing tissues are the and isolation of the correct cells, capture and amplifi-
strengths of single-cell analyses. In this review, we cation of DNA or RNA molecules, sequencing and

Abbreviations
DNMT, de novo methyltransferases; EPI, epiblast; ICM, inner cell mass; PCA, principal component analysis; PE, primitive endoderm; PGC,
primordial germ cell; RRBS, reduced representative bisulphite sequencing; SNP, single-nucleotide polymeorphism; TE, trophectoderm
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analysis with respect to cell number and sequencing
depth as well as the interpretation of the data with
bioinformatic tools considering technical limitations
[5].

The most error-prone part is probably the
amplification of the investigated samples, achieved pre-
dominantly via PCR but likely to produce unspecific
by-products [6]. Thus, improvement of amplification
methods as demonstrated by Yan et af. [7] is a major
issue. Next generation sequencing-based techniques
have the advantage of covering the whole sequence of
the genome whereas microarrays only cover represen-
tative parts of it. Single-cell sequencing can be anal-
ysed in a similar manner to other sequencing
experiments. Guo et al. [8] used the established pipe-
line of tools TopHat, CuffLinks [9] and DeSeq [10] to
align the reads to a reference genome assemble of tran-
scripts, quantify expression and detect differentially
expressed genes. Though the tools TopHat and Cuf-
fLinks might be updated to their improved successors
HISAT and StringTie [11], the alignment and tran-
script assembly software STAR [12] would be a better
alternative. To account for single-cell characteristics,
normalization was done via spike-ins following a
method developed by Treutlein er @/. [13]. A linear
regression was performed between the log2-trans-
formed FPKM (fragments per kilobase exon per mil-
lion reads) values and the vendor-provided number of
transcript for each single cell; the results were used for
normalization in subsequent processing. Several publi-
cations have highlighted the high false-negative rates
due to dropout genes as an inherent problem in the
single-cell approach and recommended various models
to account for this [4]. Zero-inflated models combine
the true distribution of successful detection of a tran-
script with the distribution of failed detection due to
technical effects. Other strategies work via logistic
regression of false-negative curves comparing expected
and observed expressions, determine a cell’s technical
detection efficiency and calculate probabilities for tech-
nical dropouts [14].

Due to its propagating use mainly in cancer research
and developmental biology, the potential of single-cell
technologies is continuously increasing [15]. Further
strategies to optimize the output of single-cell DNA
and RNA analyses have been reviewed in detail else-
where [3,5,16-19].

Germ cell genome sequencing

The genome of a healthy organism is usually very
stable throughout life. Single-cell DNA analysis of
germ cells, however, pose a challenge due to their
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haploidy. Advancements in reliable amplification and
sequencing methods have made reaching new mile-
stones in single germ cell analyses possible. In 2012,
Wang er al. [20] used the multiple strand displacement
amplification method, characterized by high sensitivity
and specificity, to analyse the whole genome of human
sperm cells. Hou er afl. [21]. who sequenced the whole
genome of single oocytes in 2013, used the multiple
annealing and looping-based amplification cycles
(MALBAC) method. Its high uniformity across the
whole genome allowed the detection of meiotic cross-
over events with low sequencing depths [22]. Both
studies depended on the phased genome information
of the paternal DNA meaning the assignment of
heterozygous single-nucleotide polymorphisms (SNPs)
to each of the alleles per chromosome [23,24]. A high
accuracy of the amplification of the haploid genome,
the subsequent sequencing as well as the solid statisti-
cal testing to identify significant events was essential.

Since certain genes follow a mono-allelic expression
due to epigenetic imprinting, the detection of heterozy-
gous SNPs in protein coding regions in the embryonic
genome allows for the reidentification of maternal or
paternal transcripts. This requires a high single-nucleo-
tide resolution of the genome and the transcriptome of
an individual organism. It represents a good opportu-
nity to study epigenetic mechanisms like the inactiva-
tion of one of the X-chromosomes in female embryos
as well as its reactivation during germ cell development
[8]. Furthermore, a random mono-allelic expression of
autosomal genes can result in cellular heterogeneity
[25].

Challenges in transcriptomics in early
embryonic development

In contrast to the fairly stable genome, the transcrip-
tome of a developing organism is highly dynamic.
Though this may allow for the best insight into a cell’s
identity it also implies greater challenges on data qual-
ity. The sensitivity of single-cell RNA sequencing
approaches is lower compared to bulk analyses, mean-
ing that low-expressing genes might not be detected
[26]. RNA molecules are very fragile and the degree of
degradation of RNA during the cell isolation and the
RNA capturing process might account for further
technical variability. An ultimate goal is to preserve
not only the relative amount of each RNA molecule
during the amplification step. but the exact count of
each initial molecule in single-cell RNA sequencing
experiments [17,18].

Unfortunately, not only technical reasons but also
biological principles impede the precise analysis of the
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transcriptome. The transcriptional noise within a single
cell is influenced by a different half-life of each RNA
molecule as well as the fact that RNA is transcribed
from the DNA in a burst-like manner [27].
Furthermore, the cell cycle state influences the overall
transcriptional activity and many genes show a cell
cycle-dependent regulation [28].

Early embryonic cells have very low transcriptional
activity. All mRNAs detected within the first cell
stages are maternal transcripts from the oocyte that
are continually dividing in the daughter cells during
cell cleavage [29]. However, thousands of expressed
genes can be detected by RNA sequencing within an
embryonic cell [30]. Their interpretation in terms of
signalling pathway activities or distinction of different
cell types by hierarchical clustering maybe one of the
most important benefits of single-cell RNA sequencing
[3]. Principal component analysis (PCA) is often used
to investigate heterogeneity, similarity and lineage-
associated developmental processes of single cell popu-
lations. Tt visualizes the main subgroups within a data-
set by reducing a high-dimensional dataset into a
lower dimensional projection. The entirety of gene
expression levels within distinct cell types lead to the
description of an individual fingerprint of a cell’s iden-
tity as well as question the use of established marker
genes and already led to identification of new marker
genes [3,13,31,32].

In bulk cell analyses, cellular heterogeneity and sub-
populations of cells cannot be identified and slight
changes in the transcriptome can be masked by an
average expression level. Very low-expressed genes
may not be detected by single-cell approaches due to
its low sensitivity. Detected differences in single-cell
analysis on the other hand might not correlate with
the actual phenotype of the cell, due to the above-
mentioned technical and biological variety in gene
expression. These limitations of single-cell methods
require enough cells to be analysed to obtain signifi-
cant results.

Ethical restrictions

The use of embryonic tissue underlies ethical and legal
restrictions, which vary in different countries. Early
embryonic blastomeres can be obtained from fertilized
oocytes through assisted reproductive technology for
infertile couples. Nonviable embryos with genomic
aberrations that cannot be transferred to the uterus
are the most common source for embryonic research.
Other embryos with a nonaberrant genome but a
monogenic disease and thus, excluded for further
reproduction cycles usually have an unaffected
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potency. In countries such as China, USA, United
Kingdom or Switzerland, surplus embryos after a suc-
cessful assisted reproduction can be donated for
research purposes under strict guidance from the
respective national ethical boards, for example in the
UK-The Human Fertilisation and Embryology
Authority. These cells are viable with full potency of
development and represent materials of the highest
quality. For analyses of older embryonic tissues like
primordial germ cells, aborted embryos from a medi-
cally or surgically terminated pregnancy is required.
The scarcity of embryonic material as well as differ-
ences in quality of the isolated cells results in a limited
number of studies analysing embryonic tissue with
comparable data quality.

Primordial germ cells

The early precursor cells of the germ cell lineage called
primordial germ cells (PGCs), originate within the first
days of embryonic development. In their later evolu-
tion, they develop into haploid oocytes or sperm giv-
ing rise to a new generation of totipotent stem cells
after fertilization. Until then, these cells fulfil a unique
process of maturation.

The very first onset of PGC induction in humans is
still unknown. Two weeks after fertilization around
the time of gastrulation, PGCs can be found in the
primary ectoderm in the posterior epiblast [33]. From
this intraembryonic location, the PGCs migrate from
extraembryonic tissue into the yolk sac wall. While re-
entering the embryo proper, PGCs start proliferating
and finally assemble in the genital ridge at about 6 to
9 weeks after fertilization, where they continue to
manifold by mitosis. After 9 weeks, female PGCs
undergo meiotic divisions before entering meiosis, and
later arrest at the diplotene stage of prophase 1. Male
PGCs, on the other hand, undergo a mitotic arrest
later in development to enter meiosis after puberty
[34].

Identification of early germ cells

Not only ethical and legal restrictions impede the anal-
ysis of human PGCs, also technical limitations compli-
cate the study of such early embryonic cell stages. The
most recent transcriptome analyses provide insights
into the development of early germ cells from 4 to
19 week old embryos by analysing foetal ovaries, testes
or the aorta-gonad-mesonephros region, respectively.
These studies, do not describe the early migratory cells
though but only focus on gonadal PGCs. The work of
Guo et al. [8] is the only one that used a single-cell
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RNA sequencing approach. Other prominent studies
by Tang et al. [34] and Gkountela er a/. [35] analysed
bulk cells at different stages [8].

For RNA and epigenectic studies, a precise identifica-
tion of the correct cell type is critical (o obtaining a
pure dataset. Initial attempts to analyse PGCs within
the gonads showed cells identified by eye as of a larger
size and morphology as well as staining by alkaline
phosphatase, which showed heterogeneity upon inten-
sity (Fig. 1) [36,37].

In cell sorting experiments, the cell surface marker
CDI117 (e-KIT), was described to result in a 100%
pure population of primordial germ cells [34,35.38].
However, single-cell analyses of early PGCs, that
include foetal cells of the mesonephros as control, have
shown that PGC-neighbouring somatic cells also
express ¢-KIT in early stages [8,34]. Immunofluores-
cence analyses revealed that ¢-KIT expression no
longer correlate with the highly conserved germ cell
marker DDX4 (VASA) in 9.5-week-old female or in
11-week-old male embryos [38]. This indicates that the
reliability of ¢-KIT as a marker for developing germ
cells is limited to the early migratory and first postmi-
gratory gonadal stages but other subpopulations
occurring later in germ cell development could be
missed.

Once the RNA of a single putative primordial germ
cell has been obtained, the cells’ identity can easily be
confirmed by its remarkable transcriptional network.
Gonadal PGCs share several factors with pluripotent
cells like high alkaline phosphatase activity or the
expression of core pluripotency genes such as OCTH,

A

-
Joum,
Fig. 1. Photograph showing positive alkaline phosphatase (AP)
staining of human foetal germ cells at 10 weeks of gestation

Differences in staining intensity are detectable. A smaller,
AP-negative cell is also seen. Figure adapted fram [36].
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NANOG, LIN2S. whereas human PGCs lack the
expression of SOX2 [37,39]. Depending on the devel-
opmental stage, they express germline related genes
such as BLIM P!, PIWIL2, DDX4, as well as specifiers
of other germ layers like Brachyury (7) of the meso-
derm lineage, SOX17 and GATA4 of the endodermal
lineage or even trophectodermal markers like TEAD4
or TFAP2C. The germ cell identity is maintained by
an active suppression of other somatic programs facili-
tated by BLIMPI. It was shown in in virre experi-
ments that the loss of BLIMPI leads to an expression
of mesodermal as well as endodermal markers [34,39].

Heterogeneity within the transcriptome

Single-cell research is a powerful tool to analyse
heterogeneity of a cell population, especially during
development where snapshots of different time points
are essential. By analysing 233 single PGCs from 15
individual embryos compared to cells of the inner cell
mass (ICM) and somatic cells, Guo et al. [8] could
show that the transcriptomes of early PGCs between
4- and 11-weeks of development were quite stable. Sur-
prisingly, gender did not discriminate distinct cells in
the unsupervised hierarchical clustering and PCA,
indicative of a relatively low hetlerogeneity between
early PGCs [8].

A significant change in the transcriptome including
upregulation of the meiosis marker in female PGCs
was described in 17-week-old embryos. Male PGCs
which undergo mitotic arrest and enter meiosis after
puberty, also express the meiosis marker in 19-week-
old embryos. Gene expression in these cells are not
only significantly different compared to earlier PGCs
but the heterogeneity within this population has
increased enormously [8]. The exact timepoint of the
onset of meiosis induction cannot be concluded from
this dataset, due to missing data from PGCs between
11 and 17 weeks of development.

Different results, however, were obtained by Tang
et al. [34] who analysed pooled PGCs of individual
embryos of 5-9 weeks of age. In this datasel, the
PGCs clustered by gender and age, with 9-week-old
PGCs differing from younger cells were analysed. They
specifically found an upregulation of meiosis and sex-
ual differentiation markers compared to PGCs of 5.5-
week-old embryos [34]. This induction of maturation
has not been found in 11-week-old embryos in the
Guo dataset.

All PGCs at the age of 17-weeks after fertilization
were obtained from an individual embryo. To further
analyse their heterogeneity, Guo er al. [8] chose two
strategies to test for biases due to cell cycle effects or
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technical errors. First, they applied the single-cell latent
variability model. In this computational approach,
genes that are related to the cell cycle or with an expres-
sion correlated with at least one cell cycle gene were
removed from the analysis [28]. Guo et al. [8] also
observed that PGCs before 11 weeks clustered together
whereas PGCs of 19-week-old male and 17-week-old
female embryos show great heterogeneity and cluster
distinctively from the earlier cells [8].

In a second analysis, the “pool-and-split” tool devel-
oped by Marinov et al. [40], was used. It allows for
comparison of a single cell to an ‘average’ single cell.
After pooling nine single cells and splitting the isolated
RNA into nine distinct analyses, the transcriptome of
a real single PGC can be compared to an ‘average’ sin-
gle PGC. For each developmental stage, only cells
from the same embryo were analysed revealing that
the number of heterogeneously expressed genes
increased during development. The highest number of
heterogencous genes was found in 17-week-old female
PGCs, including meiosis marker genes e.g. SYCP/ [§].
Interestingly, PGC marker genes like NANOS3, ¢-KIT
and POUSFI were heterogencously expressed in 19-
week-old male embrvos. These bioinformatic tools
show that the heterogeneity of PGCs increases during
development with a stronger accession alter 11 weeks.
In the case of female PGCs, the asynchronous onset of
meiosis induces the strongest gain of heterogeneity.

In the studies by Guo er al. [8] and Tang er al. [34],
the timelines of PGC development differ in terms of
the onset of meiosis in female PGCs and the initiation
of a broader heterogeneity that might reveal the origi-
nation of different subpopulations of germ cell progen-
itors. The differences described here might be due to
different technical approaches. Tang er al. [34] used a
bulk RNA approach of isolated PGCs whereas Guo
et al. [8] analysed single cells. Despite careful cell cap-
turing, bulk datasets are prone to contamination by
other cell types. The identity of a single cell can be
confirmed after sequencing by the expression or
absence of additional markers and data of low quality
can eventually be omitted from the analysis.

Single-cell RNA sequencing approaches often miss
low-expressed genes which might explain the detection
of an earlier onset of meiosis in 9-weck-old-embryos
detected by Tang et al. [34], whereas Guo et al. [8] did
not describe an expression of meiosis markers in 10-
and 11-week-old PGCs. Focusing on the onset of
meiosis, Tang et al. [34] analysed two 9-week-old
female embryos, whereas Guo et /. [8] found meiosis
marker in 31 single cells from one 17-weck-old female
embryo. When comparing single-cell RNA data to
bulk data, Marinov er al. [40] described that at least
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30-100 single cells were necessary to obtain a dataset
that approached the quality of bulk datasets.

We compared expression levels of PGCs isolated
and analysed by different approaches. We used the
median expression level of single-cell RNA sequencing
data from Guo et al. [8] in comparison 1o a dataset of
bulk PGCs isolated by Goto er al. in 1999 [36]. The
mRNA was reamplified in 2012 by Diedrichs et af.
[37] and expression levels were determined employing
microarrays (Fig. 2). The male and female PGCs were
10 weeks old. All single cells expressed the pluripo-
tency markers NANOG, POUSFI and KLF4, but were
negative for SOX2 as expected for PGCs. In the bulk
dataset, NANOG and POUSFI were expressed at low
levels. The cells showed a high expression for a num-
ber PGC markers such as PRDMI, UTFI and
TDRDY. Interestingly, in the single-cell data, other
PGC marker genes were detected as expressed like
NANOS3, DAZL and DDX4. In early embryonic
development, 7 is a marker for the meso-endoderm
lineage that was later restricted to the mesoderm [41].
Only 4-week-old PGCs expressed T together with
other endodermal markers. Guo et al. [8] used a sort-
ing approach to isolate ¢-KIT positive PGCs, whereas
Goto et al. [36] isolated cells by eye and alkaline phos-
phataseactivity (Fig. 1). This might explain why differ-
ent subpopulations of PGCs were isolated as they
expressed different PGC marker genes. Furthermore,
somatic markers were detected in the bulk dataset of
Guo et al. [8] that might show a contamination by
somatic cells. A discrimination of the gender by the
male-specific SRY gene could not be detected at the
analvsed time points.

Technical limitations as well as biological variations,
for example in the expression of marker genes, demand
more extensive sampling of PGCs at different develop-
mental stages and by different sorting approaches. The
limited amount of human embryonic tissue, which
might be of bad quality after abortion, complicates the
comprehensive study of PGC development.

Epigenetic reprogramming

PGCs are not only unique for their simultaneous
expression of pluripotency genes combined with
somatic and germ line specifiers, but their epigenetic
quality is also remarkable and highly relevant for the
cells’ identity. During embryonic development, ongo-
ing differentiation together with the associated loss of
potency is facilitated by modifications in the genome’s
accessibility, namely by DNA methylation, histone
modifications or chromatin accessibility. The methyla-
tion of cytosine bases in the context of cytosine-
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Fig. 2. Meta-analysis of bulk RNA [37] and single-cell data [8] related to distinct developmental stages of PGCs for selected primordial germ
cell stage-specific marker genes; heatmap: high expression = red, low expression = green. Bulk samples were10 weeks old and labelled

‘_bulk’, single cells were labelled by their age, e.g. '_4W'".

guanine-dinucleotides (CpG islands) within the DNA
controls RNA transcription. Hyper-methylation of
promoter or enhancer sequences induce gene silencing,
hypo-methylation on the other hand, allows gene
expression. In adult somatic tissue, about 80% of all
CpG sites are methylated. Genomic imprinting
describes allele-specific gene silencing, depending on
maternal or paternal inheritance. The DNA methyla-
tion status can be analysed by genome sequencing
after bisulphite-conversion [42]. The first application
for a haploid genome of mouse germ cells still suffer-
ing from a low resolution was published by Guo et al.
in 2013 [43]. DNA methylation analyses on the single-
cell and whole genome levels are technically very chal-
lenging and a comprehensive analysis of human
embryonic cells is still missing.
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In early preimplantation development, embryonic
cells undergo a first wave of global DNA demethyla-
tion, until cells of the blastocyst reach a minimal level
of about 30% CpG methylation. Two weeks after fer-
tilization, the DNA of the postimplantation embryo is
completely remethylated [34]. Early germ cells, how-
ever, musl erase epigenetic imprinting signatures (o
facilitate totipotency after fertilization. This process,
called whole-genome epigenetic reprogramming
associated with a second wave of a more comprehen-
sive CpG demethylation as well as global histone mod-
ifications [33,38].

Most of the studies on the PGC epigenome were
done in mice or other nonprimate animals [33]. Data
on human PGC reprogramming are limited, some
aspects covering these studies were published by Guo

is
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et al. [8), Tang et al. [34], Gkountela ef af. [35] and
reviewed by von Meyenn and Reik [44]. To the best of
our knowledge, there is no single-cell analysis of the
human PGC methylome but transcriptome data allow
some conclusions on the dynamics of imprint erasure.
Even though the above-mentioned studies differ in
timeline and exact level of CpG methylation, a signifi-
cant global demethylation of PGCs has already been
found in 4-week-old embrvos compared to somatic
cells [44]. This rapid reprogramming indicates an
active process rather than a passive demethylation by
inhibition of de nove methylation [33]. Indeed, the
demethylating enzyme methylcytosine dioxygenase |
(TETI) was expressed in 4- to 19-week-old PGCs [8].
Interestingly, transcripts of de nove methyltransferases
(DNMT) DNMTI, DNMT34 and DNMT3B were
detected as expressed in the analysed PGCs, but pro-
tein expression could not be confirmed using
immunofluorescence-based detection [35]. Pathway
analyses of genes exclusively expressed by PGCs com-
pared to ICM or somatic cells revealed activity of the
base excision repair mechanism. This indicates that the
global restructuring of the PGC epigenome requires
active DNA repair machinery [8,33].

In female PGCs, another epigenetic phenomenon is
the reactivation of the formerly inactivated X chromo-
some. In the earliest female PGCs analysed at 4 or
5.5 weeks after fertilization, both X chromosomes
were active [8,34]. Interestingly, in single-cell RNA
sequencing analyses, this correlates with a 1.6-fold
increase in X chromosomal genes in female compared
to male PGCs. This indicates that there are further
gene-dosage regulating mechanisms in terms of an
upregulation in male cells or a partial downregulation
in female X chromosome encoded genes. Luckily,
some of the female PGCs analysed carried heterozy-
gous SNPs on their X chromosomes. As a prove of
concept, these cells showed biallelic expression of the
maternal and paternal inherited alleles, whereas
somatic cells showed a monoallelic expression of either
the one or the other SNP, depending on random X-
inactivation in somatic cells [8].

Especially in their early development, PGCs are dee-
ply embedded in the embryo and low in number. Tech-
nological advancements allow the analysis of such low
cell numbers down to single cells. Bulk cell analyses
might still have higher sensitivity and detect low
expressed genes, whereas single cell analyses might
allow insight into the heterogeneity of PGC subpopu-
lations that increase during development. On this
issue, the capturing of the right cells is of prime impor-
tance. In the studies presented, cells were isolated
based on c-KIT expression. Immunofluorescent studies
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have shown that c-KIT negative germ cell progenitors
identified by VASA expression exist in the foetal
gonad. The same study has also showed that OCT4
expression, which was exclusively identified in the
nucleus in early PGCs (6-10.5 weeks), was found in
the cvtoplasm in older PGCs (9.5-16.5 weeks) [38].
This critical aspect is another source of heterogeneity
that cannot be covered by transcriptome analysis
alone. It would be interesting to analyse if the increas-
ing heterogeneity of older PGCs was due to different
temporal stages in their development or if it showed
the origin of the different subpopulations. Normally in
development, ongoing differentiation coincides with
promoter silencing by methylation. Since majority of
the PGC genome is free of any CpG methylation, a
correlation of promoter methylation and RNA tran-
scription on the single-cell level could elucidate the
developmental program.

All recent studies analysed total RNA instead of
mRNA alone, and found long noncoding RNAs
(IncRNAs) expressed in PGCs like XIST which medi-
ates X chromosome inactivation. The regulation of
gene expression by noncoding RNAs in PGCs like
micro RNA (miRNA) or IncRNA has not vet been
analysed in depth but it shows significance in other
developmental processes and cancer studies.

Heterogeneity within mature sperm

With the onset of male puberty, undifferentiated germ
cells called spermatogonia differentiate into primary
spermatocytes which are diploid for their chromosome
number (2N), but tetraploid for their DNA content
(4C). Following two meiotic divisions, each primary
spermatocytes first divides into two secondary sperma-
tocytes (MI) and then, the latter, into four aploid
round spermatids (MII) which mature into spermato-
zoa. This process persists throughout life [45].

Meiotic cell division includes the process of recombi-
nation of homologous chromosomes to increase geno-
mic diversity. Heterozygous SNPs which appear in
every genome can be linked to one of the two alleles
of a somatic genome. After sequencing the haploid
genome of a single sperm cell, the identified SNPs can
be mapped to one of the paternal haplotypes. Depend-
ing on the density of heterozygous SNPs detected, the
number as well as average size of crossover events per
sperm cell could be estimated [20,23].

Two individual studies analysed the genome of sin-
gle human sperm cells, each from a different donor,
and described their heterogeneity with similar results.
By using heterozygous SNPs, Wang et al. [20] identi-
fied 22.8 crossover events per sperm cell with a median
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distance of 87 Mb. Lu ef af. [23] found 26 recombina-
tion events per cell, also with a median distance of
about 80 Mb. The average distance between two cross-
over events was higher than expected if it appeared
randomly (49 Mb) [20]. This indicates a positive
recombination interference to ensure that two cross-
over events do not happen close to each other. The
high resolution of genomic sequencing has shown that
recombination happens less often close to genes, espe-
cially close to the transcription start site. 45% of all
crossovers were located adjacent to a PRDM9 binding
motif, a histone methyltransferase that is assumed to
be connected to the distribution of recombination
events [23]. From earlier population studies, a recom-
bination map with hotspots for crossover events has
been derived. Data from 91 single sperm showed an
overlap of 58% with historical hotspots. However, a
range from 0 to 100% overlap was reported within this
pool of single cells [20].

A false segregation of chromosomes during meiosis
can result in aneuploid sperm. In single cell analyses,
7% of the investigated sperm were found to be aneu-
ploid. which is in accord with earlier studies that con-
ducted FISH analyses on sperm [20]. Considering a
sperm production of 150-275 million sperm per day,
this relatively high amount of aneuploid sperm may
contribute o the relatively low efficiency of human
reproduction [45]. When comparing crossover numbers
between single sperm cells, ancuploid sperm were
found to have less recombination events. Furthermore,
a decreased number of crossover events is associated
with infertility [23].

Besides meiotic recombination de nove mutations as
they occur during DNA replication contribute to the
diversity within the population of single sperm cells.
After excluding different biases and amplification
errors, Wang et al. [20] confirmed 16 point mutations
on average per sperm cell, of which three were identified
as potential missense mutations in a protein coding
region. Whether a point mutation already exists in the
spermatogonia cells in the testis, or if it had newly
formed during the differentiation process into sper-
matids, cannot be concluded from such a small dataset.
However, the mutation rate in sperm is four to five times
higher than in oocytes, which might be due to the higher
number of germ line cell divisions in males [20].

The DNA of mature sperm is highly methylated.
Their progenitor cells, however, undergo extensive epi-
genetic reprogramming during early embryonic devel-
opment that necessitates broad remethylation. As was
reviewed by Laurentino er al. [46], an aberrant DNA
methylation of imprinted genes is linked to infertility.
If epigenetic defects affect all of a man’s sperm or
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subpopulations exist that might have originated from
a small number of epimutated progenitor cells, further
investigation of adequate number by single sperm
analyses needs to be done. Such datasets are missing
due to technical challenges of whole genome bisulphite
sequencing of single sperm cells.

Heterogeneity of sperm is, at first, achieved by mei-
otic recombination. It has been shown to be a highly
controlled, active process that drives genetic diversity
within one generation and might also increase the
probability of a successful fertilization. Furthermore,
de novo mutations are also a source of diversity that,
by their accumulation over many generations, rather
have an impact on evolutionary time scales. However,
epigenetic heterogeneity of sperm has not yet been
comprehensively investigated in humans. From studies
conducted till date, it can be suspected that epigenetic
alterations that might have already appeared in early
PGCs and by that affected the whole germ cell lineage
until mature sperm decrease the fitness of sperm cells.
New data on the sperm epigenome might benefit latest
strategies of assisted reproductive technologies.

Genomics of single oocytes

After proliferation of female PGCs during embryonic
development, PGCs start the first of two cycles of
meiosis, whereas only those oocytes that will be fertil-
ized later will complete both cycles. Still in the foetal
period, right after completing the prophase of meiosis
I, the diploid primary oocytes containing two of each
chromosome, enter a meiotic arrest that will last until
the specific egg is chosen to continue its development
in the menstrual cycle after puberty.

Homologous recombination that shuffles the chro-
mosomes to produce only unique oocytes, ends before
entry into the meiotic T arrest. Continuing cell division
of meiosis I, the primary oocyte divides into a sec-
ondary oocyte and a primary polar body, both
equipped with the diploid and full set of each of the
two chromatids. Now in meiosis II, the secondary
oocyte halts in the metaphase II stage. Only after fer-
tilization, can meiosis Il be completed resulting in a
female pronucleus of the fertilized zygote (as well as
the male pronucleus) and another polar body, both
haploids carrying one chromatid of each chromosome.

Each male spermatogonia produces four sperm cells,
whereas the female primary oocyte develops into one
oocyte and two polar bodies that are dispensable for
embryonic development.

In an imposing study, Hou et al. [21] analysed the
genome of single oocytes and the corresponding polar
bodies to investigate recombination events. ITn most
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cases (91%), they could predict the haplotype and the
ploidy status of the female pronucleus by analysing
polar bodies only, as they confirmed their results by
sequencing the pronucleus [21].

In a similar approach as was described for the anal-
ysis of sperm [20,23]. heterozygous SNPs were anal-
ysed to identify crossover events. On average, 43
crossover events were observed in oocytes of eight dif-
ferent donors. The higher amount compared to sperm
was explained by the different longitudinal organiza-
tion in female chromosomes as was also observed in
the mouse and previously described [21,47]. The distri-
bution of crossovers within the genome was compara-
ble to that observed in sperm. The frequency was
decreased close to transcription start sites of genomic
regions, 44% of all events correlated with a PRDM9
binding motif [21].

The study by Hou er al. [21] showed that, if a
potential genetic disease is carried only by the mother,
analysis of the polar bodies is sufficient to select an
unaffected zygote during in vitro fertilization. If the
father carries a potential genetic defect, cells of the
blastocyst stage must be analysed [21]. Possible
de novo mutations of the female pronucleus, as were
found in sperm cannot be deduced by sequencing the
polar bodies.

When sequencing the DNA of a single sperm cell or
an oocyte, only the haploid genome is available. In the
present studies, the identification of crossover events
depended on phased information for detected SNPs.
Wang ef al. [20] used lymphocytes of the donor’s
blood to analyse the diploid genome. Lu et al. [23]
and Hou er a/. [2]1] did not analyse the genome of the
sperm or oocyte donors. Lu et al. [23] used the com-
bined SNP linkage information across all sperm cells,
whereas Hou er al. [21] exploited the diploid genome
of the primary polar bodies of the oocytes. However,
all approaches require accurate DNA amplification
and sequencing methods as well as good algorithms to
reliably predict recombination and de nove mutations
in the gametes genome.

The transcriptome of an oocyte is also of great
interest since it drives the first steps of embryonic
development. For distinguishing between maternal
transcripts and embryonic transcription, the haplotype
and the phased genome of both parents are important
as will be discussed later.

In vitro modelling of germ cell development

Recent attempts to model germ cell development by
human pluripotent cells showed promising results.
Azim Surani’s laboratory published a protocol for

FEBS Letters (2017) @ 2017 Federation of European Biochemical Societies

76

Single-cell analysis in PGCs and early development

PGC differentiation from naive human embryonic
stem cells including a NANOS3 reporter. which is a
well-established PGC marker gene [39]. Using this
model system of human PGC-like cells (hPGCLC),
they could dissect early regulatory networks that main-
tain PGC identity e.g. SOXI7 and BLIMPI expres-
sion. The role of BLIMPI in early PGC development
has been tested by a BLIMPi-knock out, showing its
function in repressing mesoendoderm specification and
the initiation of methylome resetting [34,39]. A further
development beyond the early PGC stage could not be
simulated in this artificial system. A next step in ana-
lysing the full potential of these hPGCLCs would be
transplantation into foetal gonads, which is contra-
dicted by safety and ethical reasons.

The full process of oogenesis in mice has been
reproduced in a dish by Hikabe er af. [48] who could
grow mature oocytes from embryonic and induced
pluripotent stem cells. These oocytes were used to pro-
duce healthy and fertile pups.

Growing heterogeneity in the early
preimplantation embryo

After fertilization, male and female pronuclei fuse to
form the zygote. This one-cell-embryo fulfils the first
developmental step while it moves through the ovary
until it implants in the uteral wall. This period of
preimplantation development takes about seven
days. The zygote divides into totipotent blastomeres
by cell cleavage, denoting cell division without
growth in total size. After reaching the multicellular
stage of a compact morula, the cells start to special-
ize and lose their totipotency. Only within this short
period, which is accompanied by a comprchensive
demethylation of the embryonic genome, totipotent
stem cells exist.

First wave of DNA demethylation

The zygote and early blastomeres undergo the first
wave of demethylation after fertilization, followed by a
second wave of demethylation only in germ cell devel-
opment. The mature sperm and oocytes are highly
methylated. This dynamic process is technically very
challenging to analyse on the single-cell level with sin-
gle nucleotide resolution. By reduced representative
bisulphite sequencing (RRBS), only whole CpG islands
which are CpG-rich hotspots for DNA methylation
can be analysed. Other genomic regions with a lower
content of CpG dinucleotides are missed. Whole gen-
ome bisulphite sequencing (WGBS) allows a more
detailed insight into the methylation landscape of the
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genome, but this has not yet been applied to human
embryonic stem cells.

A comparison of single sperm cells, oocytes and the
accompanyving pronuclei has shown that the DNA
methylation level decreases within the first day after
fertilization with an increasing heterogeneity between
individual cells over time. Interestingly, the demethyla-
tion in sperm and male pronuclei which initially have
a higher methylation level than oocytes is more rapid
and comprehensive than in the female counterpart
[49]. It has been shown in the mouse that the maternal
genome is passively demethylated by replication,
whereas the paternal genome is actively demethylated
by TET3 enzymes [43]. If this also holds true for
human embryos, we currently do not know, nonethe-
less, single-cell transcriptome data show significant
expression of the TET3 enzyme in the zygote [49].

During preimplantation development, DNA methy-
lation stays at a low level with its minimum at the
early blastocyst stage before implantation. The DNA
of the postimplantation embryo, however, is highly
methylated and this level only slightly increases when
the cells differentiate into fully mature somatic cells
[34.49].

The quality of RRBS-obtained single-cell data is
limited by its low resolution, as RRBS covers only
10% of all CpG-dinucleotides in the genome. Whole-
genome bisulphite sequencing that allows single
nucleotide resolution has not yet been done on the sin-
gle-cell level. When data obtained by whole-genome
bisulphite sequencing were compared to RRBS
obtained data, the methylation levels were comparable
[49]. This indicates that the majority of epigenetic reg-
ulation by DNA methylation happens at the CpG-rich
promoters and enhancers and the low coverage of
RRBS data vyields satisfying results when global
methylation levels are compared.

Many developmental defects in early embryogenesis,
as well as infertility in men can be caused by false
mmprinting. For assessing imprinted regions, an allele-
specific DNA  methylation analysis by utilizing
heterozygous SNPs within methylated regions is neces-
sary [49]. A sufficient coverage of such differentially
methylated heterozygous SNPs on the single cell level
could yield further insights into cell heterogeneity and
tissue mosaicism caused by yet unknown imprinted
regions.

Embryonic genome activation

The first cDNA library of single human preimplanta-
tion embryos for transcriptome analysis was published
in 1997, 1999 [50.51]. A targeted profiling for known

10

77

J. Otte et al.

transcripts was then accessible using quantitative PCR
or microarray approaches. It has long been known
that the first spark of development is driven by mater-
nal mRNAs provided in the cytoplasm of the oocyte
and that the embryonic genome takes over at later
stages. This was already analysed in 1988, when
Braude er al. [52] showed that cell cleavage is not
affected by transcriptional inhibitors until after the
four cell stage of development. Besides the tremendous
gain of insights by highly sensitive single-cell RNA
sequencing, the exact timing of embryonic genome
activation is still under debate. A clear evidence strug-
gles with different detection rates and thresholds set
for significant expression by different studies. As
claimed by Blakeley et al. [53], the independent valida-
tion of computational approaches as well as an agree-
ment on a common threshold for expression is missing
in many studies.

The first cell cleavage into two blastomeres happens
without any transcription. The cytoplasm of the zygote
becomes partitioned between two daughter cells. One
result is that the fewer transcripts per cell may be
causing higher technical variability between the two
blastomeres. Since the embryonic material per cell
decreases with each cleavage, technical variations
increase, rather affecting low expressed transcripts
than highly expressed genes. Another biological effect
is that cell cleavage results in a partitioning error lead-
ing to the first onset of heterogeneity in embryonic
development [29,54].

With the onset of embryonic transcription and the
degradation of maternal transcripts, the transcription
noise increases [29]. The above-mentioned missing uni-
formity in the computational analysis of sequencing
data leads to various conclusions about the dynamics
of embryonic transcripts. All recent studies agree that
8-cell stage embryos differ mostly from earlier stages,
indicating an almost complete take-over of the embry-
onic genome as well as a degradation of maternal tran-
scripts [8,30,53,55,56]. Some studies using single-cell
RNA sequencing also report a minor wave of embry-
onic genome activation at the two to four cell stage
[30,55,56]. In contrast to this, Blakeley er al. [53]
described only one wave of embryonic genome activa-
tion at the 4 to 8-cell stage. In this study, a much
higher threshold of RPKM > 5 was used compared to
the study by Yan et al. [30] who counted genes of
RPKM = 0.1 as expressed. Interestingly, Blakely er al.
[53] could identify POUSF! (OCT4) only in the
mouse zygote but not in human embryos until the 8-
cell stage, concluding that maternal transcripts are dif-
ferent in mouse and humans. The absence of POUIFI
in very carly embryos in the dataset of Blakeley er al.
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[53] might be due to technical or computational effects
rather than biological reasons. Even though the
dynamics of early transcription is different between
species, POUSFI is well described as a maternal tran-
script regulating embryonic genome aclivation in
mammals and vertebrates [57,58]. The absence of
OCT4 leads to a developmental arrest at the 2-cell
stage [59].

The initial onset of transcription from the embry-
onic genome has been investigated earlier also without
the help of RNA-sequencing methods. Vassena et al.
[60] applied the transcription blocker a-amanitin on
carly cell-stages and identified by targeted PCR which
genes were maternally expressed or were sensitive to
transcription inhibition implying embryonic transcrip-
tion. They concluded that embryonic transcription
starts as early as the 2-cell stage with the initiation of
the expression of pluripotency related genes, started by
POUSFI transcription which is already expressed in
mature oocytes. Its expression level increases from the
2-cell stage onward due to embryonic transcription.
The full set of pluripotency genes including SOX2,
NANOG and KLF4 was then detected at the 8-cell
stage due to active transcription by the embryonic gen-
ome [60].

In some applications, a strategy using PCR methods
might be a beneficial procedure to identify gene
expression of known targets such as the detection of
POUSFI in the zygote. A quantitative analysis by sin-
gle-cell RNA sequencing on the other hand allows
insights into potentially unsuspected or unknown bio-
logical processes. Yan er al. [30] described that among
2500 genes upregulated during embryonic genome acti-
vation, many are related to RNA processing, transla-
tion and epigenetic regulation. This shows that the
control of the embryonic genome becomes more com-
prehensive [30].

Embryos analysed by Xue er al. [55] were obtained
by intracytoplasmic injection of sperm cells of one
donor into oocytes from different egg donors. By fol-
lowing paternal SNPs after fertilization, 15-20% of all
detected gene transcripts per stage could be assigned
to the parent-of-origin. Interestingly, stage-specific
paternal expression of a number of genes has been
reported. The cell-cycle related gene CDCA2 showed a
maternal-exclusive expression in the 2- and 4-cell stage.
After embryonic genome activation, the paternal tran-
script was detected in the 8-cell stage. At the morula
stage. however, the paternal allele could not be identi-
fied [55]. Besides technical or cell-cycle reasons, hetero-
geneity of sperm cells used in different fertilization
approaches might be an explanation for this observa-
tion. Furthermore, a mosaic-like or random mono-
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allelic expression of some imprinied genes has also
been described before [23].

Early lineage specification in the blastocyst

After compaction of the morula, approximately 5 days
after fertilization, the first lineage specification of blas-
tomeres takes place. The cells of the outer layer form
the trophectoderm (TE) build the placenta and
extraembryonic tissues. Cells inside in the blastocyst
build the inner cell mass developing into embryonic
tissue. By dissecting these two tissues by immuno-
surgery, a comparative transcriptome analysis was con-
ducted and this revealed that pluripotency factors such
as POUSFI, SOX2 and NANOG become restricted to
the ICM [61]. Within the ICM, the cells further com-
mit to distinct lineages. Presumably caused by different
cellular localization, cells closer to the inner fluid of
the blastocyst develop into the primitive endoderm
(PE), later also taking part in developing the extraem-
bryonic membranes. The remaining cells which develop
into the embryo proper are defined as the primitive
ectoderm, also called epiblast (EPI) cells. Due to the
very low number of cells in this developmental step,
the originating heterogeneity can only be assessed by
single-cell analysis as the transcriptome was described
by several studies [30.53,56].

Principle component analyses showed a clear distine-
tion of cells at day 5 expressing known TE or ICM
markers. Most genes were expressed mutually exclusive
but subpopulations with an unclear pattern also exist.
These cells were described as immature and could
commit to one of the lineages later in development. A
further differentiation was described 6-7 days after fer-
tilization, when gene expression of EPI and PE identi-
fiers were clearly restricted, whereas in day 5 embryos
some of those genes were commonly expressed [56].
After defining a clear gene set for the three lineages
TE, EPI and PE, Petropoulos et al. [56] analysed the
expression of the top 100 differentially expressed genes
in each lineage in earlier blastomeres of day 3 and 4,
respectively. Early EPl genes and a smaller subset of
PE and TE genes were detected in day 4 embryos.
They concluded that cells at this early stage were not
yet committed to a lineage, but the segregation starts
much earlier than previously expected. Furthermore,
these data suggest that the differentiation of cells into
the TE, EPI or PE lineage happens simultaneously
and EPI vs PE restriction is not initiated after segrega-
tion to the ICM lineage [56].

A bias by the gender of the embryo could not be
detected, as only 173 genes were differentially
expressed in male and female preimplantation embryos

1
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with a decreasing level during ongoing development
from the 8-cell embryo to the blastocyst stage [56].
Among all upregulated genes in EPI cells, Yan er al.
[30] found a significant enrichment of gene ontologies
connected to reproduction and germ cell development,
showing that these cells might later indicate germ cell
development [30].

By single-cell analyses, many new insights were made
into the growing heterogeneity of the very first blas-
tomeres until the cell fate decision during implantation.
The switch from maternal transcripts to embryonic con-
trol could not be completely elucidated. A combination
of single-cell transcriptome sequencing methods with
those detecting nascent RNA, for example by their
introns can help to clarify this issue [62]. The period of
preimplantation development is highly dynamic and
very early expressed lineage specifiers can influence the
cell fate without making any strict commitment in cell
lineage decision. During in vitro fertilization. one or two
blastomeres are usually isolated for preimplantation
diagnostics without any negative effect to the develop-
ing embryo. This indicates that every blastomere keeps
its full potential and the observed heterogeneity is only
of minor functional relevance.

Outlook

Within the last 8 years, since Tang et af. [2] first analysed
mouse blastomeres on the single-cell level, many more
studies also on human embryos have been conducted
and yielded new insights into human development. Many
improvements in throughput, amplification biases,
sequencing errors and computational strategies have
been made. The combined information of the DNA and
RNA sequence, its dynamics (regulated by epigenetic
mechanisms) and the resulting protein interactions can
one day lead to the goal of a comprehensive human cell
atlas [4].

Many new methods for a combined analysis of
the genome and the transcriptome as well as the
transcriptome and the methylome from the same
samples were published in the last years [63-66]. The
analysis of proteins on the single cell level has been
done by single-cell western blot [67] and single-cell
mass-cytometry [68]. Even though the amount of
information that can be obtained from a single cell
has increased enormously, the relevance of the
detected heterogeneity on DNA or RNA levels needs
to be considered within a biological context. It can
be assumed that cells react to changes in the amount
of mRNA or protein expression in a threshold-
dependent manner [18,69,70]. These combined
approaches, together with information on the spatial
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context of a cell [71], will increase the understanding
of the functional phenotype of a cell and we might
obtain a better picture where changes finally induce
a phenotypic switch during development.
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3.4. Combined ultra-low input mRNA and whole genome sequencing of human

embryonic stem cells
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Bernd Timmermann, Hans Lehrach and James Adjaye,

Abstract

Background: Next Generation Sequencing has proven to be an exceptionally powerful
tool in the field of genomics and transcriptomics. With recent development it is
nowadays possible to analyze ultra-low input sample material down to single cells.
Nevertheless, investigating such sample material often limits the analysis to either the
genome or transcriptome. We describe here a combined analysis of both types of
nucleic acids from the same sample material.

Methods: The method described enables the combined preparation of amplified cDNA
as well as amplified whole-genome DNA from an ultra-low input sample material
derived from a sub-colony of in-vitro cultivated human embryonic stem cells. cDNA is
prepared by the application of oligo-dT coupled magnetic beads for mRNA capture, first
strand synthesis and 3’-tailing followed by PCR. Whole-genome amplified DNA is
prepared by Phi29 mediated amplification. lllumina sequencing is applied to short
fragment libraries prepared from the amplified samples.

Results: We developed a protocol which enables the combined analysis of the genome
as well as the transcriptome by Next Generation Sequencing from ultra-low input
samples. The protocol was evaluated by sequencing sub-colony structures from human
embryonic stem cells containing 150 to 200 cells. The method can be adapted to any
available sequencing system.

Conclusions: To our knowledge, this is the first report where sub-colonies of human
embryonic stem cells have been analyzed both at the genomic as well as transcriptome
level. The method of this proof of concept study may find useful practical applications
for cases where only a limited number of cells are available, e.g. for tissues samples from
biopsies, tumor spheres, circulating tumor cells and cells from early embryonic
development. The results we present demonstrate that a combined analysis of genomic
DNA and messenger RNA from ultra-low input samples is feasible and can readily be

applied to other cellular systems with limited material available.
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Abstract
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Pluripotency, Embryonic stem cells

Background: Next Generation Sequencing has proven to be an exceptionally powerful tool in the field of genomics
and transcriptomics. With recent development it is nowadays possible to analyze ultra-low input sample material down
to single cells. Nevertheless, investigating such sample material often limits the analysis to either the genome or
transcriptome. We describe here a combined analysis of both types of nucleic acids from the same sample material.

Methods: The method described enables the combined preparation of amplified cDNA as well as amplified whole-
genome DNA from an ultra-low input sample material derived from a sub-colony of in-vitro cultivated human
embryonic stem cells. cONA is prepared by the application of oligo-dT coupled magnetic beads for mRNA capture, first
strand synthesis and 3-tailing followed by PCR. Whole-genome amplified DNA is prepared by Phi29 mediated
amplification. lllumina sequencing is applied to short fragment libraries prepared from the amplified samples.

Results: We developed a protocol which enables the combined analysis of the genome as well as the transcriptome
by Next Generation Sequencing from ultra-low input samples. The protocol was evaluated by sequencing sub-colony
structures from huran embryonic stem cells containing 150 to 200 cells. The method can be adapted to any available

Conclusions: To our knowledge, this is the first report where sub-colonies of human embryonic stem cells have been
analyzed both at the genomic as well as transcriptome level. The methed of this proof of concept study may find
useful practical applications for cases where only a limited number of cells are available, eg. for tissues samples from
biopsies, tumor spheres, circulating tumor cells and cells from early embryonic development. The results we present
demonstrate that a combined analysis of genomic DNA and messenger RNA from ultra-low input samples is feasible
and can readily be applied to other cellular systems with limited material available.

Keywords: Next generation sequencing, RNA-seq, Whole-genome sequencing, Ultra-low input sequencing, Single cell,

Background

Within recent years an overwhelming number of specific
methods and protocols emerged for next-generation se-
quencing [1]. Amongst them, transcriptome as well as
whole-genome sequencing were of prime interest. Both se-
quencing methods have tremendously accelerated our un-
derstanding of both the more dynamic function of RNAs
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the 1

and the more static composition of the genome within a
functional cell. Transcriptome sequencing focuses on deci-
phering the complex expression pattern of RNAs [2, 3],
therefore identifying novel expressed RNAs and transcript
variants as well as isoforms which in turn lead to a better
understanding of cell regulation, function and networks.
Whole-genome sequencing has for example highlighted in-
sights into the subtle differences amongst the human popu-
lation [4, 5] or major genomic re-arrangements found in
cancer cells [6] with both having a significant impact on cell
fate and the living organism.
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(http/ereativecommons.org/publicdormain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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Major improvements for the preparation of sequen-
cing libraries for RNA-seq as well as DNA-seq have
emerged [7, 8]; continually reducing the input amount
needed which is generally in the microgram range.
Within recent years the field of single-cell sequencing
for transcriptome and genome sequencing has advanced
significantly [9, 10]. There are already many examples
available were either RNA [11-15], or DNA [8, 16, 17]
have been analyzed down to the single-cell resolution.
Recently, studies with the combined analysis of the gen-
ome and transcriptome of the same cell have also been
published [18, 19]. This is especially advantageous for
applications where only a small fraction of the sample
should be analyzed, or more importantly, where the
sample is composed of a few cells only. Such scenarios in-
clude for example early embryonic development which
starts from a single cell expanding to a few dozen cells
within the first developmental stages [20]. The elucidation
of intra-tumor heterogeneity in biopsies [21, 22] as well as
in in-vitro grown primary tumor spheres [23], or the
characterization of circulating tumor cells [24] rely on the
analyses of limited cell material. In addition,  in-vitro cul-
tured stem cells from both mouse and human are limited
in the number of cells if sub-population and sub-colony dif-
ferences in terms of gene expression are under investiga-
tion. For all settings, already subtle changes in genome
integrity can have a major impact on the expression and
regulation of RNAs, and proteins within cells.

Despite the advancements for both areas of sequen-
cing minute amounts of either RNA or DNA, an assay
enabling the combined sequencing of RNA and DNA
from the very same sample still in the ultra-low input
range would add to our understanding of the regulation
and developmental processes affected by both, the func-
tion of genome integrity as well as RNA expression and
gene function.

Here we describe a method which enables the prepar-
ation of whole transcriptome amplified cDNA as well as
the generation of whole-genome amplified DNA from
the same ultra-low input material derived from a sub-
colony of in-vitro cultivated human embryonic stem
cells. Firstly, whole transcriptome amplified cDNA was
prepared from mRNA only by using oligo-dT coupled
magnetic beads, following cDNA synthesis, 3'-tailing and
PCR amplification. Secondly, after magnetic coupling of
the mRNA/oligo-dI' beads, whole-genome amplified
DNA was prepared from the retained DNA by Phi29
mediated amplification. Both, the amplified cDNA as
well as DNA were subjected to standard procedures for
multiplex short fragment library preparation enabling
[lumina sequencing. Using this approach, both the tran-
scriptome as well as the genome of the same sample
could be analyzed on both levels of nucleic acids present
in cells, the RNA and DNA.

Page 2 of 11

Results

Ultra-low input RNA sequencing

In brief, cells for RNA-seq were collected from human
embryonic stem cells (hESCs) serving as biological sam-
ples. Colonies of hESCs were mechanically dissociated
into 200 pm x 200 um square fragments consisting of
150-200 cells (Fig. 1b). The undifferentiated and pluri-
potent state of the cells was verified by microscopic as-
sessment of morphology (small, densely-packed cells
with high nuclei:cytoplasm-ratio growing in a homoge-
neous monolayer) and positive immunocytochemical co-
staining for the well-established transcription factors
and hESC-markers OCT3/4 and NANOG [25] (Fig. 1b).

The picked sub-colony fragment was directly transferred
into lysis buffer. After cell lysis, the solution was supple-
mented with oligo-dT coupled magnetic micro-beads and
transferred to columns placed in a magnetic field for fur-
ther processing. To selectively enrich mRNA out of the
total RNA, ¢DNA synthesis was performed with oligo-dT
coupled magnetic beads. After on column ¢DNA synthe-
sis, beads with cDNA were retained by centrifugation
followed by 5'-tailing and PCR amplification. The size dis-
tribution of amplified cDNA ranged from 200-3000 base
pairs. PCR products were fragmented by sonication to 150
to 300 base pairs and multiplex fragment library prepar-
ation was performed for paired-end Illumina sequencing,
Figure 1 gives an overview of the developed methodology.

In this study we report data from sequencing of two
hESC samples in the low sub-colony range (150-200
cells, Fig. 1b) which were analyzed by 100 base pair
paired-end sequencing on a single flow cell on an Illu-
mina HiSeq instrument. We obtained 314.2 million raw
reads on a single lane, after barcode mapping for sample
allocation we obtained 65.2 million reads for RNA-seq
sample 1 and 58.8 million reads for RNA-seq sample 2
respectively. Furthermore 190.5 million reads belonged
to whole genome sequencing performed for sample 1.
The RNA-seq reads were mapped with Tophat resulting
in 58.9 and 54.7 million mapped reads (90.2 and 93.5 %)
correspondingly. The number of duplicate reads was found
to be 1.9 % for the WGA-DNA sample and 54.6 and 52.8 %
for the RNA-seq sample 1 and 2 respectively. Duplicate
read counts were based on mapped reads with the same
start and end point. In total 11,755 Refseq genes with a read
coverage of = 5 reads were identified (sample 1: 8523; sam-
ple 2: 10,908; overlap: 7676) in both hESC samples.

Next imperative parameters for RNA-seq were deter-
mined based on the Refseq dataset, specifically the total
length of mRNA showing sequence coverage and cover-
age distribution along the 5'- to 3'-orientation. Since we
performed ¢DNA synthesis by oligo-dT priming it is
common sense to observe a bias towards the 3'-end of
genes, especially for long transcripts (Fig. 2a). The me-
dian length of Refseq ¢cDNAs observed were around
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900-1100 base pairs ranging from approximately 450 to
2000 base pairs (lower and upper quartile) with single
c¢DNAs longer than 10 kb (Fig. 2b). The average cover-
age distribution along the 5'- to 3'-orientation of Refseq
genes was calculated for transcript size intervals of 0-1 kb,
1-2 kb, 2-3 kb, 3-4 kb, 4-5 kb and 5-15 kb. For
transcripts in the range of 1-2 kb normalized coverage was
almost 80 % over the full transcript length with decreasing
coverage towards the last 15 % of bases at the 5'-end. For
transcripts ranging from 2-5 kb normalized coverage was
at least 50 % (Fig. 2a). Subsequently we evaluated the cor-
relation between both RNA-seq samples. This was done by
comparing FPKM values obtained for expressed Refseq
genes resulting in a Pearson’s correlation factor of 0.85 for
RNA-seq sample 1 and sample 2 (Fig. 2c).

To further evaluate the RNA-seq data we used expres-
sion analysis performed with an Illumina BeadArray with
the same hESC line. The BeadArray experiments were
performed with the appropriate amount of mRNA in
comparison to the low input RNA-seq experiments. A
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comparison of expressed Refseq genes for both RNA-seq
samples and the Illumina BeadArray showed a high de-
gree of concordance for both methods. For analysis only
genes were included which gave rise to FPKM >0.5 for
NGS data and p-value <0.05 in BeadArray and were con-
sidered significant. In total 13,630 genes were identified
in both RNA-seq samples whereas the BeadArray identi-
fied 10,834 genes. The total overlap between both se-
quencing experiments and the BeadArray was found to
be 3486 Refseq genes. Moreover the overlap for RNA-
seq sample 1 and BeadArray was found to be 4081 and
for RNA-seq sample 2 to be 5172, respectively (Fig. 3a).
Next, a Consensus Pathway Data Base (CPDB) overrep-
resentation analysis was performed to identify congru-
ence of BeadArray and NGS experiments in terms of
overlapping genes and categories (Fig. 3a). Significant
genes from all experiments were analyzed in CPDB for
categories using pathways from KEGG, Reactome,
BioCarta and Wikipathways and compared for categories
with a p-value threshold of 0.05. In total 506 categories
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were identified for the BeadArray experiment and 375 and
415 categories for RNA sequencing sample 1 and sample 2
respectively. Overall overlap for all experiments was found
to be 238 and for BeadArray and combined RNA samples
322 categories. For RNA sequencing sample 1 and RNA
sample 2 only the overlap was found to be 320 categories.
To evaluate pluripotency of hESC samples in BeadArray
and RNA sequencing experiments common pluripotency
marker genes were compared. Comparison was performed
after normalization of gene expression by graphical repre-
sentation analysis (Fig. 3b). The differential analysis of gene
expression showed highest similarity between both RNA
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samples followed by BeadArray. Analysis of expressed
genes among all samples showed clustering of genes in
groups of two for DNMT3B and CD9, SOX2 and NANOG
and POUSE1 (OCT3/4) and IFITMI with very similar gene
expression in BeadArray and both RNA sequencing sam-
ples. Examples of sequencing coverage for single pluripo-
tency marker genes (NANOG, POUSFI and SOX2) as well
as housekeeping gene (ACTB) are shown in Fig. 4b.

One inherent advantage of RNA-seq over microarray-
based analysis is the identification of splice variants and
isoforms. Hence both RNA-seq samples were analyzed
for expressed isoforms focusing on genes which are
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known to be important for the maintenance of the un-
differentiated and pluripotent state of both hESCs and
induced pluripotent stem cells (Table 1).

Ultra-low input whole genome sequencing

The sequencing of DNA was performed from the same
sample as the sequencing of mRNA. The DNA contained
in the human embryonic stem cells was collected during
magnetic coupling of the mRNA/oligo-dT complexes and
before ¢cDNA synthesis was performed (Fig. 1a). The
retained DNA was subjected to Phi29 mediated whole
genome amplification (WGA) producing high molecular
mass DNA. The WGA DNA was subjected to sonication
(range 200-250 base pairs), followed by paired-end frag-
ment library preparation and multiplex sequencing on the
same flow cell as the mRNA samples on an I[llumina
HiSeq instrument. In total 190.5 million reads corre-
sponding to the DNA of sample 1 were obtained. From
these 153.5 million reads (80.6 %) could be mapped to
hgl9, giving rise to an average 6-fold genome coverage.
The coverage for individual chromosomes ranged from 3-

89

fold coverage for the X-chromosome to 13-fold coverage
for chromosome 19 respectively. Furthermore chromo-
some coverage on a single base pair resolution was
found to be =90.0 % for twelve chromosomes (chromo-
somes 2-5, 7, 10-12, 17-20). Lowest coverage was
observed for the Y-chromosome with 34.2 % of se-
quenced bases. The average coverage for the full set of
chromosomes was 82.8 % sequenced base pairs. A se-
quencing coverage overview over all chromosomes is
presented in Fig. 4a.

Discussion

To date the vast majorities of analyses of minute amounts
of cell material down to single cells for next generation se-
quencing are still limited to either transcriptome or gen-
ome sequencing [9, 10]. Aiming the great advantages of a
combined analysis, latest studies include different ap-
proaches for genome and transcriptome sequencing of the
same cell [18, 19, 26]. Within the pre-NGS era the analysis
of single cells was performed by a combination of
microarray-based techniques for gene expression and
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comparative genomic hybridization to study genomic ab-
errations from the same cell [27]. Enabling a profound
transcriptome as well as genome analysis by next gener-
ation sequencing from minute amounts of sample mater-
ial will have many applications and will enable the study
of rare cells. These rare cells may originate from cell-type
specific differentiation of stem cells, but also from cancer
tissue [22], circulating tumor cells [28] and early embry-
onic development [11] amongst others. Furthermore, it is
known that micro-heterogeneity plays a fundamental role
not only for stem cell function but for many biological
processes [29]. Having tools to dissect these micro-
heterogeneities on a transcriptomic as well as genomic
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level can help to further understand the underlying func-
tion of biological processes and might become of clinical
relevance not only in cancer therapies but also in person-
alized medicine like pharmacogenomics or prenatal
diagnosis.

QOur results demonstrate that a combined transcrip-
tome and genome analysis is feasible from minute
amounts of sample material. Sequencing was performed
from 150-200 hESC which equals about 200 pg total
RNA according to the findings of Islam et al. [30] and
about 1 ng of DNA for a diploid genome. In our ap-
proach the developed method for combined transcrip-
tome and genome sequencing generated robust and
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Table 1 Detected isoforms of selected human embryanic stem cell marker genes

Gene Nearest ref ID Locus Length Samplel FPKM Sample2 FPKM Number of isoforms
DNMT3B 21259 132.05 4/7 (13)
NW_006852 chr20:31350190-31367167 789 971 487
NM_006832 chr20:31350190-31397167 721 0.00 3.00
NK_006862 chr20:31350190-31367167 3463 1881 0.00
NM_0068392 chr20:31350190-31397167 4131 0.00 2160
NM_006892 chr20:31350190-31397167 4203 175.74 054
MNW_006892 chr20:31350190-31397167 4336 833 65.00
NM_175848 chr20:31350190-31397167 4276 0.00 2939
NM_175849 chr20:31350190-31397167 4087 0.00 765
NANOG 391 662 1/1 (1)
NK_024865 chr12:7941994-7948655 2089 391 6.62
POUSF1 507.35 484.58 3/2 21)
NM_001173531 chréi31132113-31138451 1247 156.01 000
NM_002701 chr6:31132113-31138451 1407 34896 48312
NM_203289.6 chr6:31132113-31138451 1733 238 146

Gene expression is shown in FPKM values including detected isoforms. Number of detected isoforms for RNA-seq sample1 and sample2 are separated by dash;

total number of known isoforms in brackets

quantitative data for studying gene expression, isoforms
etc. on one hand and the genome on the other hand.
This appears an especially advantageous situation in the
case of studying cancer where remarkable chromosome
instability causes genome heterogeneity and is directly
linked to alterations in transcriptome dynamics [31].
The effect of genomic copy number variations and SNPs
on the transcriptome has been investigated with an inte-
grative approach [32]. A further elucidation of the im-
pact of genomic alterations on the phenotype of a cell
can be analyzed preferentially by the presented method,
where DNA and RNA are sequenced from the very same
cell material.

Obtaining full length coverage of expressed genes is
vital for the identification of isoforms and splice variants.
Therefore we specifically evaluated the average coverage
along Refseq genes from the 5'- to the 3'-end. We found
noteworthy variation in terms of average coverage from
the 5- to the 3™-end with significant more reads
observed at the 3'-end of the transcript. Hence our
RNA-seq data reflect a bias towards the 3'-end mainly
attributed to the application of oligo-dT primed ¢cDNA
preparation. This finding is in agreement with findings
of other groups who analyzed minute amounts of sample
material down to single cells [1, 11, 28, 33]. Other proto-
cols offer highly multiplexed single-cell sequencing,
nevertheless only a limited number of bases either from
the 5'-end [30] or the 3-end [34] are sequenced to en-
able mainly gene expression studies. The duplication
rate for mapped reads found in both RNA-seq samples
is in line with comparable approaches eg by Adiconis
et al. [35] where also an oligo-dT RNA preparation was

performed and a duplication rate for low input samples
of ~20 % (SMARTseq) and ~90 % (TRUseq) was re-
ported. In their publication Dey et al. [18] do not
present any information about duplicate reads observed
in DNAseq and RNAseq, presumably due to their
unique combined RNA and DNA amplification ap-
proach. The number of duplicate read counts observed
by Macaulay et al. [19] ranged from 10 to <50 % for gen-
ome sequencing depending on cell line and cell number
analyzed, unfortunately no read count for duplicate
reads are given for RNA-seq, only the number of total
and mapped reads are presented. Therefore the duplicate
reads we found for RNA-seq seem currently more or less
normal, nevertheless it is desirable to reduce the number
in future, to make sequencing more efficient.
Purification of mRNA from the much more abundant
ribosomal RNA using magnetic micro beads coupled to
oligo-dT primers has become a widely established
method in the last years. The recovery of complemen-
tary poly-T sequences is relatively high, whereas non-
target RNAs represent an insignificant part of the
enriched molecules [36]. Beyond the high target selectiv-
ity, the practicability and short assay duration of the
method, further advantages are its compatibility to mod-
ifications. It has been shown that chemical conditions
can also be changed to preserve proteins in their native
state for further proteomic analyses [37]. However, the
abovementioned 3' skew bias has been faced in different
approaches, like the ¢cDNA transcription using SMAR-
Ter [28] or the additional mRNA enrichment by its 5°
cap [38, 39]. The latter procedure also deals with the in-
tricate capturing of mRNAs with short poly-A tails since
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its length might be influenced in the course of transla-
tional control [40]. Some new protocols avoid a physical
separation of RNA from DNA because it might be detri-
mental when automatic liquid handling is conducted in
small volumes. In such approaches, the oligo-dt primer
contains an additional barcode sequence to identify the
amplified cDNA within the pool of genomic DNA [41].
The limitation of all methods using oligo-dT primer to
target polyadenylated mRNA is the inability to detect
microRNAs or IncRNAs, which are also of importance
for the transcriptome and the cell’s phenotype.

All current NGS platforms require prior amplification
of DNA if minute amounts of DNA are analyzed. Novel
approaches specifically utilized for single-cell whole gen-
ome amplification promise an improved genome cover-
age [17]. However, compared to established methods
locus dropout is still observed and comparable to the re-
sults we obtained for whole genome sequencing. Alter-
natively a transposon-mediated library preparation
strategy omitting any amplification reaction prior to
NGS library preparation [8] may offer an alternative ap-
proach for the method presented here.

Several aspects of the presented method offer room
for improvement. Beyond the separation of the mRNA
the preparation of amplified cDNA as well as WGA
DNA involves many discrete steps which are prone for
technical variation, such as the magnetic coupling and
binding of mRNA to the column, the elution of DNA
from the column, the PCR amplification of the double-
stranded ¢DNA and library preparation which adds an-
other step of PCR amplification. Secondly, retaining full
length coverage of expressed RNAs in ultra-low input
preparations is especially challenging. Furthermore locus
drop out on the genomic DNA is more likely to occur
with decreasing cell numbers within the WGA reaction.
All these technical challenges are exacerbating if the cell
number is decreased down to single cells and all cur-
rently available methods need to cope with [10].

Conclusion

In conclusion the presented approach for combined
ultra-low mRNA and whole-genome sequencing from
minute amounts of starting material offers new possibil-
ities for many applications where limited material is
available. Furthermore it enables one to directly study
both the transcriptome and genome in one analytical ap-
proach from the same sample material which might be
of interest for both basic as well as clinical research.

Methods

Cell culture and cell picking

Human embryonic stem cells (line H1) were obtained
from WiCell Research Institute. Cells were cultured in
6-well-plates (TPP) coated with Matrigel (Becton
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Dickinson) on Mitomycin C-inactivated mouse embry-
onic fibroblasts (MEFs) as described before [42]. After
1 week, undifferentiated colonies were mechanically
fragmented using the StemProEZPassage Disposable
Stem Cell Passaging Tool (Invitrogen, cat# 23181-010)
according to the recommendations of the manufacturer,
leading to squares of relatively uniform size (ca. 200 pm x
200 pm, see Fig. 1b). Fragments from the middle of undif-
ferentiated colonies were detached using a non-rotatable
cell spatula (TPP, cat#99010) under microscopic control
(Stereo microscope Leica MZ9.5 with cold light source KL
1500 LCD; Leica Microsystems) and sterile conditions in-
side a HERAguard® HPH 9 Laminar flow clean bench
(Heraeus). Detached single squares were individually iso-
lated by very gentle aspiration using a sterile 20 pl filter
pipette tip (Biozym Scientific) and used for further down-
stream processing.

Immunocytochemistry

Cells were fixed with 4 % paraformaldehyde (Electron
Microscopy Sciences) in PBS (Gibco/Invitrogen) for
15 min, washed two times with PBS and then stained as
described before [42]. Primary antibodies: anti-OCT3/4.
(C-10) Mouse monoclonal antibody (Santa Cruz
Biotechnology, cat#sc-5279) and anti-NANOG Goat
polyclonal antibody (R&D Systems, cat#AF1997). Sec-
ondary antibodies: anti-Mouse IgG (H+L) (from
chicken) labelled with red-fluorescent Alexa Fluor594
(Invitrogen, cat#A-21201) and anti-Goat IgG (H+L)
(from donkey) labelled with green-fluorescent Alexa
Fluord88 (Invitrogen, cat#A-11055). Nuclei were coun-
terstained with DAPL Fluorescence microscopy and
photographing was performed using Axiovert 200 M
(Zeiss) and Software AxioVision Rel. 4.8 (Zeiss).

Ultra low input cDNA and WGA-DNA preparation

Preparation and amplification of nucleic acids were per-
formed with a customized version of the pMACS Super-
Amp Kit (Miltenyi Biotec); if not mentioned explicitly,
procedures were according to the manufacturer proto-
col. The protocol is based on magnetic coupling of
mRNA and retaining the nucleic acid in low volume
flow-through columns for greatly simplified handling.
For selective mRNA isolation, magnetic micro beads
coupled to oligo-dT primers were applied. To retain the
genomic DNA the eluates from the first two washing
steps after loading the cell lysate onto the column were
collected into a 1.5 mL reaction tube for later DNA pre-
cipitation and whole genome amplification. On column
cDNA synthesis was performed at 42 °C for 60 min ac-
cording to the following protocol by applying the total
reaction master mix onto the column: 20 pL contained
2 upL 10x Reverse Transcriptase Buffer (Ambion),
0.5 mM dNTPs, 1 pg T4 Gene 32 Protein (NEB), 400 U
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M-MLV Reverse Transcriptase (Enzymatics), 20 U
RNase Inhibitor (Ambion). After collection of magnetic
beads containing synthesized cDNA by centrifugation
and 3'-tailing according to the manufacturer, PCR ampli-
fication was performed. To the 3'-tailing reaction, in
total 30 pL, the following PCR master mix was added:
76.5 pL PCR master mix contained 14 pl. 5x Phusion
HF buffer (Finnzymes), 0.5 mM dNTPs, 60 pL resus-
pended pMACS SuperAmp PCR mix, 2 U PhusionTaq
(Finnzymes); the following cycling conditions were ap-
plied on a PTC-200 (M] Research) thermal cycler: 78 °C
for 30 s, 95 °C for 1 min, [98 °C for 3 s, 64 °C for 30 s,
72 °C for 2 min]x 40 cycles, 72 °C for 5 min.

Amplification of genomic DNA was performed with
the REPLI-g Midi Kit (Qiagen) for 16 h at 30 ° C accord-
ing to the manufacturer’s recommendations, Before
whole genome amplification, DNA was ethanol precipi-
tated by adding 0.1 volumes of 3 M sodium acetate solu-
tion and 5 pg glycogen (Ambion) to 1 volume of DNA
sample. After precipitation the pellet was resuspended in
10 pL of Elution Buffer (Qiagen).

Library preparation and NGS

Library preparation for next generation sequencing was
performed according to the Illumina TruSeq DNA
Sample Preparation Guide with the Low-Throughput
protocol. The indexed paired-end libraries had an insert
size in the range of 150-300 base pairs. Subsequent
pooling of the samples with a ratio of 3:1:1 (wgaD-
NA:mRNAL:mRNA2) cluster generation and DNA se-
quencing was performed on a single lane of an
MuminaHiSeq instrument with a 100 base pair paired-
end sequencing chemistry.

Mapping and data analysis

RNA-seq mapping

RNA-seq data was mapped to the human genome by
Tophat v1.3.3. Prebuild bowtie index files and annotations
in GTF-format were downloaded from Illumina’s
iGenomes ftp-server (ussd-ftp.illumina.com/Homo_sa-
piens/UCSC/hgl9/). Duplicate read counts were estimated
on mapped reads using Picard (http://broadinstitute.githu-
b.io/picard/). To compare Tophat mappings to Illumina
BeadArray data, we considered only reads that mapped to
annotated exons (UCSC genes) and reached peak coverage
of 5 or higher. Furthermore we restricted the analysis to
Refseq genes.

Whole genome mapping

Genomic DNA sequencing reads were mapped using bow-
tie with the same parameters that Tophat uses for its first
mapping round (-v 2). Duplicate read counts were esti-
mated on mapped reads using Picard (http://broadinstitu-
te.github.io/picard/). Genomic coverage was visualized as
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Manhattan plot via the mhiplot function from the R pack-
age gap.

Transcriptome read coverage analysis

Coverage was calculated via the IGVtools command count
[43] from the exon aligned BAM files for RNA samplel
and sample2 using default settings. For transcript coverage
window size 25 was used, for genomic coverage window
size 10,000 was used. Transcript calculations were based
on exon unions of human genes from ENSEMBL V74 for
plus and minus strand separately. Each transcript was di-
vided into 40 equally sized bins according to the method
of [28]. To compensate for missing values data points cor-
responding to the 40 bins were determined by
interpolation of the IGVtools results via cubic spline curve
fitting (function spline) from the statistical software pack-
age R. Resulting values were normalized via division by
the maximum. These transcript coverages were averaged
for transcript size intervals 0 kb -1 kb, 1 kb -2 kb,
2 kb -3 kb, 3 kb -4 kb, 4 kb -5 kb and 5 kb -15 kb. Plus
and minus strand were summarized by calculating mean
values for all transcript size intervals. Finally, mean values
and standard deviations were determined between the two
RNA samples shown in the coverage plots. Boxplots of se-
quenced mRNA length were plotted by the R package.

Overlap between microarray and sequencing
measurements

Congruence of Illumina microarray and next generation
sequencing experiments was determined in terms of over-
lapping genes and overlapping categories found via
Consensus Pathway Data Base (CPDB) overrepresentation
analysis [44]. Genes were considered significantly
expressed when the FPKM (Fragments per kilobase of
exon per million fragments mapped) values were greater
than 0.5 in the sequencing experiments or Illumina detec-
tion p-value was less than 0.05. Additionally, these genes
were subjected to a CPDB overrepresentation analysis
using pathways from KEGG, Reactome, BioCarta and
Wikipathways and the resulting categories were compared
using a threshold of 0.05 for p-values adjusted via the
Benjamini-Hochberg method. The results were displayed
in Venn diagrams from R package Vennerable.

Cluster analysis of pluripotency associated genes

HMlumina average signals from microarray experiment and
FPKM values from sequencing experiments of samplel
and sample2 were compared with respect to pluripotency
associated genes [29] which were expressed in the micro-
array experiment (detection p-value < 0.05) and in the se-
quencing experiments (FPKM > 0.5). Logarithmic values
(base 2) of these measurements were quantile normalized
and subjected to cluster analysis via R heatmap2 function
using Euclidean distance as distance measure.
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4. Conclusion

In this thesis, we have discussed and analyzed stem cells of different qualities. We were
able to culture primary colon CSCs as 3D organoids by conditions relying on minimal
niche requirements independent of any marker expression. Despite the high malignancy
of the sampled tissues, we could show that a forced suppression of FGFR signaling
abrogates organoid formation indicating a dependency on this crucial pathway. Cyst
formation after FGFR inhibition on established organoids indicates differentiation
suggesting that colon CSCs need an active FGF signaling to maintain self-renewal as it is
also described for hESCs. These results further suggest that within highly malignant
cancer cells, stemness is still regulated by extrinsic factors, putting the stem cell niche
into focus. The first studies describing CSCs in solid tumors depended on isolating cells
according to cell surface marker expression. As discussed in 1.3.1, these markers might
rather select for fitter cells sustaining the stressful sorting and engraftment procedure
than identifying real stemness qualities. As recent data pointed out the high fluidity of
stem cell-like properties of cells in healthy as well as in cancerous tissue, the search for
stem cell functions instead of marker expression gains growing significance [19, 54]. The
organoid cell culture model, which can easily be combined with modern lineage tracing
strategies as well as with extensive animal models, meets these modern functional
requirements [60].

The level of cellular differentiation within cancerous tissue often inversely correlates
with its malignancy. This aspect is underlined by our finding that the FGFR2 gene was
consistently and significantly overexpressed in ADPA tumors indicating an active role in
the tumorigenesis of this highly malignant and metastasizing cancer. Interestingly,
besides the FGFR2 gene we could also identify SMAD2 as overexpressed in ADPA tumors
suggesting an interaction of FGF and TGF-f signaling as it has also been observed in our
colon cancer organoid model. Whether the modern CSC concept also holds true for
ADPA and whether FGF2 plays a pivotal and functional role in stem cell-like cells of this
tumor entity needs to be subject of future investigations. While the hair follicle bulge of
the skin is also a well-described adult stem cell compartment, the cellular composition
of sweat glands, especially in regards of its differentiation hierarchy, has not yet been
investigated [65].

In other tumor entities such as non-small cell lung cancer (NSCLC), prostate or bladder
cancer, which commonly overexpress FGFRs, therapies targeting the FGF-signaling
pathway were developed and approved substances are in clinical use [66, 67]. Beyond

its role in oncogene addiction, however, FGF-signaling might also be involved in escape
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mechanisms against EGFR-targeted therapies [66, 68]. This redundant kinase activation,
which we also observed after FGFR-inhibition in our organoid model, enforces a
comprehensive and detailed understanding of molecular downstream effects when
targeting tyrosine kinase receptors. Pan- and multi target tyrosine kinase inhibitors are
promising achievements of the recent years [67].

A cancer’s cellular heterogeneity fosters its malicious potential to withstand all modern
treatment options, including surgery, chemo- and radiation therapy, anti-angiogenic or
modern immune- and targeted therapies. The unique identity of each cell is not only
based on stochastic (epi-)genetic alterations but also on mutually dependent factors like
environmental stimuli, the spatial context or the cell cycle state [69]. Modern, single-cell
based research in tumor biology, regenerative medicine and embryonic development
needs to cope with this complexity. Even though live will always be greater than the sum

of its parts.
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