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Abstract The ability to maintain cells in a differentiated
state and to prevent them from reprogramming into a
multipotent state has recently emerged as a central theme
in neural development as well as in oncogenesis. In the
developing central nervous system (CNS) of the fruit fly
Drosophila, several transcription factors were recently
identified to be required in postmitotic cells to maintain
differentiation, and in their absence, mature neurons
undergo dedifferentiation, giving rise to proliferative neu-
ral stem cells and ultimately to tumor growth. In this
review, we will highlight the current understanding of
dedifferentiation and cell plasticity in the Drosophila CNS.
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Introduction

The cellular diversity of the central nervous system (CNS)
is the result of the activity of neural stem cells which are
multipotent progenitors capable of self-renewing and gen-
erating the various cell types in the brain largely during
development. The process of differentiation, i.e., the
acquisition of a specialized cell fate, often associated with
cell cycle exit, was once thought to be strictly unidirec-
tional from stem cell to differentiated cell. However, this
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dogma has been challenged. From the first reprogramming
of somatic cells by nuclear transfer in frogs [1] to the
successful generation of induced pluripotent stem cells
(iPSC) from terminally differentiated fibroblasts [2], we
now know that differentiation is a highly plastic process.
Indeed, as opposed to differentiation, dedifferentiation
occurs when specialized cell types, such as neurons, lose
their committed cell fate gene expression signature, in
favor of the expression of more primitive markers and
regain stem cell-like characteristics.

Studying how differentiation is maintained at the
molecular level is of pivotal importance for understanding
not only the therapeutic potential of iPSCs but also the
pathogenesis of diseases such as cancer, where specialized,
postmitotic cells re-acquire a stem cell identity and
unlimited self-renewal potential [3].

The fruit fly Drosophila has been extensively utilized to
investigate stem cell biology [4, 5]. Using this model
organism, we are now beginning to gain valuable insight
into the transcriptional programs that are in place to
maintain differentiation during development. In this
review, we will discuss recent advances gained in the field
using the Drosophila CNS as a model system.

Maintenance of neuronal differentiation
in the Drosophila CNS

The CNS of the fruit fly Drosophila has recently served as a
model for studies of differentiation maintenance in the
context of neurogenesis as well as tumorigenesis. Many
aspects of mammalian stem cell biology are fully recapitu-
lated in the fly brain and the system is very well characterized
and easily genetically amenable [4]. Drosophila neural stem
cells, the neuroblasts (NBs), populate the developing larval
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brain and are responsible for the generation of the adult CNS.
NBs divide asymmetrically to self-renew, and to give rise to
specialized cell types of the brain, namely neurons and glial
cells. The NBs of the larval brain can be classified based on
the mode of cell division: type I NBs, and the NBs of the optic
lobe (OL, the presumptive visual center of the fly) produce a
NB and a daughter cell called the ganglion mother cell
(GMC) that will divide only once to generate two neurons or
glial cells (Fig. 1a). Type II NBs, on the other hand, produce
a transit-amplifying daughter cell, called an INP (interme-
diate neural progenitor), that will undergo several rounds of
asymmetric cell division to generate another INP and a GMC
that will then divide to give rise to two differentiated progeny
[5].

Asymmetric cell division is a key process in stem cell
function. It ensures that specific cell fate determinants are
exclusively inherited by the daughter cell committed to
differentiation, allowing the other cell to retain its multi-
potent state. One of such cell fate determinants is the
atypical homeodomain transcription factor Prospero (Pros).
In the NB, Pros is sequestered in the cytoplasm and during
asymmetric cell division it is specifically localized to the
cortex of the budding GMC. In the newly formed GMC,
Pros translocates to the nucleus where it acts as a ‘binary
switch’ shutting down self-renewal and proliferation-pro-
moting genes and activating the transcription of
differentiation-promoting factors [6].

Not surprisingly most of the genes involved in asym-
metric cell division and cell fate determination behave as
tumor suppressors in the fly brain. Their loss of function or
impairment causes abnormal expansion of the stem cell

a wild type
- @

GMC

b pros mutant

neurons

dedifferentiated
neurons

Fig. 1 Dedifferentiation in the Drosophila brain. a Wild-type
neuroblasts (NBs) divide asymmetrically to self-renew and to
generate a smaller daughter cell, the ganglion mother cell (GMC)
that divide once to generate differentiated neurons. b pros mutant
GMCs are unable to differentiate and re-acquire a NB fate [6]. ¢ mdic
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population and thus tumor growth [7-18]. GMCs that are
mutant for Pros, for instance, are unable to exit the cell
cycle and undergo differentiation, and instead revert to a
NB-like fate (Fig. 1b) producing large, fast proliferating
tumors [6, 8—10, 19]. Many examples also exist of muta-
tions that cause the INPs produced by type II lineages to
revert to a NB-like and thus more multipotent, less mature
state [8—18]. However, only recently have genes been
identified that function more downstream in the differen-
tiation process. These genes act to maintain the
differentiated status of the post-mitotic neurons, and, when
lost, cause neuron-to-NB reversion.

The first hint of the existence of such a category of
genes came in 2013 when Carney and colleagues identified
a factor, named Midlife crisis (Mdlc), that represses NB-
specific genes in differentiated neurons of both type I and
type II lineages (Fig. 1c). Mdlc is a conserved zinc finger-
containing protein involved in RNA splicing of the tran-
scription factor Pros [20]. mdlc mutant neurons show
ectopic expression of NB genes, likely due to aberrant
splicing of Pros and its consequent loss. However, these
ectopic NB-like cells are ‘locked’ into a neuron/NB inter-
mediate state, incapable of proliferating, suggesting that
other factors may function to inhibit proliferation in these
cells [20].

In 2014, Southall and colleagues found that a specific
isoform of the BTB-Zn finger transcription factor Longi-
tudinal lacking (Lola), LolaN, is required to maintain the
neurons of the optic lobes in a differentiated post-mitotic
state [21]. LolaN is expressed in the neurons shortly after
GMC division. There, it binds to both stem cell-specific

d /olaN mutant e nerfin-1 mutant

mutant neurons express NB markers but are unable to proliferate [20].
d lolaN mutant post-mitotic neurons in the optic lobes dedifferentiate
and re-enter the cell cycle [34]. e Nerfin-1-deficient post-mitotic
neurons dedifferentiate, re-enter the cell cycle and grow back to give
rise to a fully functional NB [32]
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and neuronal-specific genes, a significant subset of which
are also targets of Pros. Loss of LolaN in optic lobe neu-
rons causes derepression of NB factors and triggers their
reentry in the cell cycle (Fig. 1d). This results in large
tumors that persist into adulthood. Loss of LolaN is,
however, not required to maintain differentiation of neu-
rons in other regions of the brain (type I and II lineages),
where Pros is expressed. This observation led the authors to
hypothesize that Lola acts redundantly with Pros to main-
tain the differentiated status of post-mitotic neurons. While
the role of Pros in the GMC to turn off stem cell genes and
turn on differentiation genes is well defined, its exact role
in maintaining differentiation during later stages of neu-
ronal life is, however, still unclear.

Finally, the zinc finger transcription factor nervous fin-
gers 1 (Nerfin-1) was recently identified as a key factor in
the maintenance of neuronal differentiation in the fly brain
[19]. nerfin-1 mutant neurons undergo step-wise reversion
to NBs, in a Myc- and Tor signaling-dependent manner.
nerfin-1 mutant cells first switch on NB markers, while
maintaining neuronal identity. As they further increase
cellular growth, nerfin-1 mutant cells gradually switch off
neuronal genes altogether, to become fully functional NBs
capable of asymmetric cell division (Fig. le). Eventually
they give rise to large, highly proliferative tumors which
persist in adult life and are invasive when transplanted into
naive hosts [19]. Nerfin-1 loss-dependent dedifferentiation
was found to affect both type I and type II NB lineages
[19], suggesting that Nerfin-1 likely represents a general
factor required for the maintenance of differentiation in the
fly CNS. Chromatin immunoprecipitation studies revealed
that, similarly to Pros, Nerfin-1 is able to repress stem cell
genes and activate neuronal genes. Nevertheless, nerfin-1
mutant neurons are found to revert to a stem cell-like state
even in the presence of Pros, suggesting that Pros cannot
repress NB genes in the absence of Nerfin-1. Interestingly,
nerfin-1 is a Pros transcriptional target [16], further con-
firming the high level of cross-regulation between the
transcription factors involved in maintaining neuronal dif-
ferentiation in this system.

Pros function appears to be conserved in vertebrates [22,
23], and its mammalian orthologue, PROX1, plays a key
role in the development of various organs such as the CNS,
eye, liver, heart, and lymphatic system (for a review see
[24]). In the CNS, PROX1 has been shown to be involved
in regulating neurogenesis both during development and in
adulthood by promoting cell cycle exit and differentiation
of progenitor cells [25-29]. In mouse and chick embryos,
for example, PROX1 represses Notch target genes allowing
neural progenitor cells to exit the cell cycle and differen-
tiate [27]. Similarly in the mouse adult hippocampus
PROXI1 functions downstream of Wnt signaling in pro-
moting the generation of neurons [28]. Not surprisingly

PROX1 has also been implicated in many types of cancers,
such as colorectal and hepatocellular cancer, playing both a
tumor suppressive and an oncogenic role depending on the
context (for a review see [24]).

Nerfin-1 function is also conserved throughout evolu-
tion: its orthologues have been shown to be involved in
neuronal differentiation in C. elegans [30], medaka [31],
zebrafish [32] and mouse [33]. Remarkably, mice lacking
the Nerfin-1 orthologue Insulinoma-Associated 1 (INSM1)
show an increase in the number of apical progenitors at the
expense of the more cell fate-restricted basal progenitors
and neurons in the mouse neocortex [33]. INSM1 also
plays a role in the maintenance of differentiation in neu-
roendocrine cells: adult mouse pancreatic B-cells that are
mutant for INSM1 revert to a more primitive state as they
resemble the immature B-cells of newborn mice both in
gene expression and function [34]. In contrast to its tran-
sient expression in the developing neuroendocrine tissues,
INSM1 is abundantly expressed in a variety of neuroen-
docrine tumors, including insulinoma, small cell lung
carcinoma, pituitary tumor, pheochromocytoma, medullary
thyroid carcinoma, medulloblastoma, neuroblastoma and
retinoblastoma [35]. However, its role in tumor growth has
so far not been explored in depth in mammalian models.

Together, these data highlight a role for a network of
transcription factors in actively maintaining neurons in a
differentiated state. Loss of members of this network can
lead to re-acquisition of stem cell characteristics, re-entry
into the cell cycle and ultimately tumor formation.

Conclusions

Over 50 years ago, Conrad Waddington proposed the
model of “the epigenetic landscape”, which likens the
process of cellular differentiation to a marble rolling down
a hill, its fate becoming restricted as differentiation occurs,
implying that the stem cell-to-differentiated cell transition
occurs in an unidirectional fashion. However, a still
growing body of evidence favors a model of inter-con-
vertibility between stem cells and their differentiated
progeny. Studies in the Drosophila CNS have begun to
uncover the role of a series of conserved transcription
factors, which function in the repression of pluripotency in
postmitotic cells. When the function of these transcription
factors is lost, neurons dedifferentiate and re-enter the cell
cycle. Dedifferentiation has indeed emerged as a key driver
in the development of cancers [3]. In glioblastoma multi-
forme (GBM), an aggressive human primary brain tumor,
loss of differentiation markers, acquisition of stem cell
properties, and increased plasticity, are associated with a
worse prognosis [36]. Within GBMs, the neoplastic stem
cells, commonly referred to as glioblastoma stem cells can
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perpetuate indefinitely and are responsible for the genera-
tion of the heterogeneity found within tumors. These
cancer stem cells have been shown to originate from dif-
ferent cell types including terminally differentiated neurons
and astrocytes [37, 38]; however, the mechanisms that
drive this process are still largely unknown. Understanding
the molecular bases of dedifferentiation is therefore of
pivotal importance if we hope to gain a deeper insight into
the pathogenesis of these diseases.
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