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3.1 Mall/Wernig:

Abbildung 1: Techniken der zellulären Reprogrammierung und ihre Anwendung in der Medizin.

involved the accurate induction and assembly of the neuronal-
specific Brg1-associated factor (BAF) complex, also known
as SWI/SNF complex [85, 86]. Some of the microRNAs used
in this reprogramming protocol block expression of the chro-
matin complex REST, which is a specific repressor of neuro-
nal genes and therefore needs to be silenced in neurons.
Another target of miR124 is a protein called PTB, which in
turn was shown to regulate iN cell reprogramming and it was
proposed that just reducing PTB levels promotes iN cell for-
mation from fibroblasts [87, 88]. Since PTB blocks miRNA-
mediated activity of the REST complex, its depletion enables
expression of multiple miRNA-regulated neuronal genes.

An early study showed that the combination of transcrip-
tion and chromatin factors enables the reprogramming of non-
cardiac fetal cells into cardiomyocytes [89]. This study further
showed that BAF60c, a cardiac specific subunit of the BAF
complex, enabled the binding of Gata4 to cardiac-specific
genes.Moreover, depletion of the polycomb complexmember
Bmi1 appeared to de-repress cardiac genes and enhance
reprogramming to cardiomyocytes [90].

Finally, the histone chaperone complex CAF-1 has recently
been shown to limit reprogramming towards several cell
types, including iPS cells and neurons [91]. Together, these

studies indicate that chromatin factors and transcriptional reg-
ulators are highly dependent on each other and work together
to accomplish the remodeling of the chromatin that in turn
dictates lineage identity.

Future perspectives and biomedical applications

Our experimental command on lineage reprogramming, dis-
covered by basic researchers driven by their scientific curios-
ity, has transformed biomedical research over the last few
years. Rather than being studied in a handful of laboratories,
today every major academic institution and pharmaceutical
company entertains stem cell facilities that serve their scien-
tists to provide human cell types for research. Lineage
reprogramming has become a new asset in the arsenal of re-
search with the goal to investigate pathomechanisms and de-
velop therapeutic approaches for various human diseases.

There are four main areas where lineage reprogramming
and pluripotent stem cells are or could be applied to enhance
biomedical research (Fig. 3):

1. Disease modeling: It is now possible to obtain skin or
blood cells from patients and convert them into essentially
any other desired cell type relevant for the particular un-
derlying disease. This new kind of disease modeling has
the great advantage that actual human patient cells are
used rather than cell line or animal models, which might
not always reflect the complexity of human-specific traits
including the mechanisms of human diseases. This appli-
cation is perhaps the one with the highest impact of line-
age reprogramming on biomedical research. With all ex-
citement about this new way to study diseases, it is also
clear that there are currently obvious limitations. Cultured
cells are not comparable to three-dimensional organs of
the body and only minimally reflect the complex interac-
tion of multiple different cell types. More sophisticated
models will be needed combining tissue engineering with
reprogramming and stem cell approaches. Efforts are on
the way to manufacture Borgans on a chip^ to mimic at
least some aspects of physiological organ interactions
[92]. An intriguing alternative approach is three-
dimensional differentiation as so called Borganoids.^
Pluripotent stem cells have the remarkable property to
self-organize, thus imitating early embryonic structures
that can be exploited to generate at least embryonic or
fetal embryoid tissue structures [93].

2. Drug discovery: Reprogramming could be used to gener-
ate specific cell types from a large cohort of patients
representing various ethnicities and genetic backgrounds.
Newly developed drugs could be evaluated in such cells
as a Bclinical trial in a dish^ before the drugs would be
tested in people. This approach could be used for both
general efficacy and side effect evaluation. Given the

 neuron

iPS  cells

patient

1) disease modeling

4) regenerative medicine

direct
reprogramming

iPS
reprogramming

             directed

cardiomyocyte

hepatocyte cell type X

+ expandable
- slow (months)

+ fast (weeks)
- limited numbers

2) drug discovery

3) precision medicine

biomedical applications

control patient

cellular reprogramming

Fig. 3 Current cellular reprogramming technologies and future
biomedical applications. Cell fate changes can be induced to generate
human cells for (1) in vitro disease modeling and (2) drug discovery as
well as for potential (3) personalized drug screens in precision medicine
and (4) regenerative applications in the near future. Donor cells such as
fibroblasts can be directly reprogrammed to many cell types of
biomedical interest, while this process usually is very fast it often only
generates a limited amount of cells. Alternatively, donor cells can first be
reprogrammed to induced pluripotency and subsequently directed to the
intended fate, in general this procedure is more time consuming but in
theory generates unlimited amounts of cells for biomedical applications
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3.2 Jungverdorben, Till, Brüstle:

Abbildung 2: Modellierung von Mutationen Autophagie-relevanter Gene, die mit neurodegenerativen 

Erkrankungen assoziiert sind.

Quelle: Jungverdorben, J., Till, A. und Brüstle, O., J. Mol. Med. 95(7):705-718, 2017.
Diese Abbildung ist lizenziert unter einer Creative Commons Namensnennung 4.0. International Lizenz.
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3.3 Wu, Lei, Schöler:

Abbildung 3: Totipotenz und Pluripotenz im Mausmodell.

totipotency. A burst of transcription—known as zygotic
genome activation (ZGA)—begins at the late one-cell
stage and peaks at the two-cell stage in the mouse [12].
ZGA is characterized by more efficient use of TATA-less
promoters [13]; activation of repetitive elements [14], par-
ticularly endogenous retrotransposons, e.g., murine en-
dogenous retrovirus with a leucine tRNA primer binding
site (MERVL) at the two-cell stage as a marker for toti-
potent cells [15]; uncoupling of transcription and transla-
tion in zygotes [16]; and activation of enhancers for tran-
scription in two-cell embryos [17]. ZGA provides the first
step in the establishment of totipotency.

Maternal factor storage

During oogenesis, the volume of oocytes dramatically in-
creases to accommodate the storage of maternal factors
(RNA, proteins) required for establishing totipotency and
ZGA, such as nucleoplasmin (NPM) 2 [18], and the subcorti-
cal maternal complex (SCMC, including Mater, Tle6, Floped,
Padi6, Filia) [19]. In the growing oocytes, subcortical ribonu-
cleoprotein (RNP) particle domains (SCRDs) are formed to
serve as the storage compartment of maternal messenger RNA
(mRNA) [20]. Maternally accumulated yes-associated protein
(YAP) has recently been identified to play a critical role in
ZGA [21]. However, the paucity of biological materials from
mouse oocytes and zygotes has hampered our effort to under-
stand how maternal factors reprogram cells to totipotency
[22]. Further identification of key maternal regulators and
their functions could greatly facilitate studies for improving
chromatin reprogramming [23, 24].

Histone modifications

Hyperaccessibility of chromatin by transcriptional machinery
is a prerequisite for ZGA. Chromatin accessibility is largely
determined by histone modifications of its N-terminal tails
(Bmarks^), which acts as a fundamental epigenetic regulator
to control the gene expression during embryo development in
mammals.

There are two major types of histone modifications
involved in regulation of gene expression during the
ZGA: lysine acetylation and lysine (tri)methylation. H4
acetylation makes pronucleus permissive for active tran-
scription [25]. Loss of the maternal Brg1, a component
of the ATP-dependent chromatin remodeling SWI/SNF
complex, results in reduced levels of 30% of zygotic
genes and arrest at two-cell, demonstrating that chroma-
tin remodelers that induce to acetylation are required for
mouse embryogenesis [26].

The opposing marks histone H3 lysine 4 trimethylation
(H3K4me3) and histone H3 lysine 27 trimethylation
(H3K27me3) at gene promoter regions are associations with
active and repressed genes, respectively. Following fertiliza-
tion, H3K4me3 and H4 acetylation in the paternal genome are
responsible for a minor ZGA. They are depleted in late
zygotes stage but reestablished on promoter regions during
the major ZGA at the late two-cell stage [27, 28]. On the
maternal genome, a noncanonical (nc) form of H3K4me3
(ncH3K4me3) is present broadly in oocytes and zygote and
overlaps almost exclusively with partially methylated DNA
domains. The ncH3K4me3 is erased in the late two-cell
embryos [27]. Active removal of broad H3K4me3
domains by the lysine demethylases KDM5A and
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Fig. 1 Mouse preimplantation development. a Mature oocytes are
ovulated from the ovary into the oviduct and fertilized by sperm to
establish totipotent zygotes that divide and become blastocysts, and
finally implant in the uterus at embryonic day 4.5. b After fertilization,

stored maternal factors trigger zygotic genome activation (ZGA) that
results in formation of a totipotent zygote with a unique two-cell-
specific gene-expression profile, followed by waves of transcription
activations of lineage specific genes during preimplantation development
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3.4 Basilico/Göttgens:

Abbildung 4: Fehlregulation der Blutzellentwicklung bei der Leukämie.

(SCF) and interleukin-7 (IL-7) to sustain lymphopoiesis [82],
B220+CD19+ and B220+CD19− B cells appeared after
4 weeks. The latter generated leukaemia in vivo characterized
by splenomegaly, lymph node enlargement and an overgrown
thymus, where cells showed a myeloid morphology, yet
expressed the B220 lymphoid marker.

Non-retroviral models of MLL-r leukaemia

All the studies described so far used retroviral models, which
may not generate expression levels representative of the en-
dogenous gene loci involved in the translocation events. Since
expression levels are critical determinants of cellular program-
ming, it is not surprising that constitutive and conditional
knock-in mouse models have provided another powerful ap-
proach to analyse MLL-r leukaemias. In 1996, Corral et al.
[83] engineered expression of the MLL-AF9 oncogene via
homologous recombination [84]. Engineered mice, bearing
the MLL-AF9 fusion, developed leukaemia restricted to the
myeloid lineage despite of the widespread expression of the
fusion gene. Moreover, AML development was characterized

by long latency suggesting the need of genetic alterations for
complete leukaemic transformation. A Cre-Lox recombina-
tion approach generated MLL-AF9 [85] and MLL-ENL [86]
mouse models able to rapidly develop AML. Furthermore, de
novo MLL-ENL translocations caused myeloproliferative-
like myeloid leukaemia development in all mice in which
Cre recombinase was expressed from Lmo2, Lck and Rag1
genes (expressed in non-differentiated cells, T-cell linage and
early staged of lymphoid lineage, respectively); while no hae-
matological malignancies were observed in MLL-ENL Cd19-
Cre (gene expressed in B cell lineage) [87]. Overall, these data
demonstrate that the MLL-ENL fusion is leukaemic when
expressed in stem cells and progenitors excluding the B-cell
compartment [87, 88].

Importantly, an endogenous knock-in mouse model using
the MLL-AF9 oncogene [89], demonstrated that GMPs were
refractory to leukaemic transformation in complete contrast to
previous retroviral studies [76, 79]. While only 100 HSCs and
2500CMPs from knock-inmice were able to produce AML in
the majority of the recipients, all mice transplantedwith higher
doses of GMPs did not develop any disease. The ability of
GMPs to be transformed in retroviral studies seems to be
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Fig. 1. Perturbation of
haematopoietic development by
MLL rearrangements (MLL-r).
MLL-r impair self-renewal and
differentiation properties of HSCs
and HSPCs. MLL driven
leukaemic transformation has
been mainly described in HSC,
CMP, GMP and CLP [31, 33, 75,
76, 81, 86, 87, 92]. MPP and
LMPP progenitors are also targets
of MLL transformation as cellular
permissiveness might be influ-
enced by the specific strategy
used to purify HSPCs [5, 91].
Biology and prognosis of AML
and ALL bearing MLL transloca-
tions depend on multiple factors:
cell of origin of leukaemic trans-
formation, type of MLL-r, onco-
gene delivery methods, microen-
vironment and secondary
mutations.
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3.5 Bartfeld/Clevers:

Abbildung 5: Organoide haben ein hohes Potenzial für die Diagnostik, Therapie, Medikamenten-

entwicklung und Grundlagenforschung.

Quelle: Bartfeld, S. und Clevers, H., J. Mol. Med. 95(7):729-738, 2017.
Nachdruck mit Genehmigung des Springer Verlages.
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