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Ubiquitin homeostasis: from neural
stem cell differentiation to neuronal
development

Ubiquitin (Ub) is a well-known eukaryotic protein that exerts
diverse signaling functions inside the cells, including targeting
its substrates for proteasomal degradation (Hershko and Ciech-
anover, 1998). Tagging substrates with Ub or ubiquitination
occurs via the action of three sequential enzymes called Ub-ac-
tivating enzymes (E1), Ub conjugating enzymes (E2), and Ub
ligases (E3). This entire process is called the Ub conjugation
reaction and the substrate can be either monoubiquitinated or
polyubiquitinated, which results in different outcomes for the
target substrate. Inside the cells, Ub is in dynamic equilibrium
between “free Ub” and “conjugated Ub” (Komander et al., 2009;
Park and Ryu, 2014). Free Ub refers to a readily available form
of Ub for the conjugation reaction, while conjugated Ub refers
to single or multiple Ub attached to target substrates. Thus, it
needs to be deconjugated or removed from the substrate (i.e.,
Ub conjugates) to be used for another conjugation reaction.
The free Ub pool is generally maintained by de novo Ub synthe-
sis via expression of ubiquitin genes and by Ub removal or recy-
cling from Ub conjugates via various deubiquitinating enzymes
(Komander et al., 2009; Park and Ryu, 2014). In mammals,
there are two different classes of ubiquitin genes, Ub-ribosomal
fusion genes (Uba52 and Uba80) and polyubiquitin genes (Ubb
and Ubc). The resulting Ub-ribosomal subunit or (Ub), fu-
sion proteins are rapidly cleaved by deubiquitinating enzymes.
Thus, all four ubiquitin genes are eventually responsible for
the generation of free Ub, which is virtually indistinguishable,
regardless of the original encoding gene. The contribution of
the four different ubiquitin genes toward the constitution of
the free Ub pool varies depending on cell types, the tissue ori-
gin, or environmental conditions. Although Ub is an abundant
protein inside the cells, because of its dynamic nature and the
abundance of its target substrates, the maintenance of free Ub
above threshold levels or Ub homeostasis is important for the
ubiquitination of target substrates in a timely manner. About
a decade ago, it was shown that free Ub depletion by cyclo-
heximide treatment in yeast resulted in reduced viability with
increased toxicity, which was ameliorated by Ub overexpression
(Hanna et al., 2003). Since then, the cellular maintenance of the
free Ub pool has been of great interest because the maintenance
of free Ub is expected to be important for cellular function and
survival. In 2009, the presence of unanchored free Ub chains,
which are converted to monomeric free Ub by a deubiquitinat-
ing enzyme to maintain the free Ub pool, was proposed (Kimura
et al., 2009). An inhibitor of the deubiquitinating enzyme also
plays a role in the maintenance of adequate levels of free Ub.
The overexpression of the inhibitor was shown to reduce free
Ub levels and disrupt Ub homeostasis, which reduced the via-
bility of yeast under stress conditions (Kimura et al., 2009).

For the past several years, the consequence of Ub homeostasis
disruption or Ub deficiency in mammals has been investigated
via the deletion of two different polyubiquitin genes. Although
homozygous deletion of Ubc resulted in mid-gestation embryon-
ic lethality due to defective fetal liver development, homozygous

deletion of Ubb resulted in various phenotypes, including infer-
tility, neuronal dysfunction and death in the hypothalamus, and
metabolic disorders, including obesity and sleep abnormalities
(Ryu et al.,, 2008, 2010). Ubb knockout phenotypes are closely
associated with defects in cell types with high Ubb expression
such as germ cells or hypothalamic neurons. Interestingly, Ubb
was also highly expressed in a brain region called the locus
coeruleus in which Ubb loss also led to the reduction of total
UD levels, whereas free Ub levels were well maintained due to a
significant upregulation of Ubc (Park et al., 2012). The mainte-
nance of free Ub levels in the locus coeruleus was sufficient to
protect these neurons, in contrast to the hypothalamus in which
free Ub levels were reduced due to Ubb disruption, suggesting a
critical role for free Ub in the maintenance of neuronal function
and survival. Prior to adult-onset hypothalamic neurodegen-
eration, neuroinflammation, characterized by reactive gliosis,
occurs in the hypothalamus, which seems to be closely related
to reduced activity and metabolic rate in Ubb knockout mice
(Ryu et al., 2010). However, it is unknown why reactive gliosis
preceded neurodegeneration in the hypothalamus and whether
cell autonomous defects to maintain free Ub pool, but not their
altered cellular microenvironment, are responsible for their
neural phenotypes. In particular, whether reactive gliosis is the
direct outcome of Ubb disruption is of great interest. To address
these issues, it is necessary to isolate cells from the brain of
mid-gestation Ubb knockout embryos and to investigate their
characteristics during culture in vitro.

In 2014, our laboratory provided strong evidence that free Ub
level is important for the proper neuronal development as well
as for the determination of the fate and self-renewal of neural
stem cells. In the October 11" issue of Biochemical and Bio-
physical Research Communications, we demonstrated that, using
cultured cells isolated from the brain of Ubb knockout embryos,
neuronal abnormalities characterized by short neurites, poor
branching, and impaired synaptic development observed upon
Ubb disruption are the simple outcome of the reduced availabil-
ity of free Ub inside the cells (Ryu et al., 2014a). Restoration of
free Ub, but not Ub conjugates, by providing exogenous Ub us-
ing lentivirus-mediated delivery was sufficient to abolish apop-
tosis and improve the neuronal and glial phenotypes observed
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Figure 1 Requirement of free ubiquitin (Ub) above threshold levels for the
differentiation of neural stem cells and neuronal development.

If the free Ub amount is above threshold levels, neural stem cell numbers
are well maintained, neurogenesis precedes gliogenesis, and mature neurons
are generated. However, if the free Ub amount falls below threshold levels,
as observed upon Ubb disruption, neural stem cell numbers are reduced due
to the impaired self-renewal, gliogenesis occurs prematurely, and defective
neurons are generated. Increase in free Ub amount is sufficient to recover
neuronal and glial abnormalities to some extent.
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in Ubb knockout cells. Thus, our in vitro cell culture results
support that Ub homeostasis or the maintenance of cellular free
Ub above a certain threshold level is essential for the proper
neuronal development and survival (Figure 1). Furthermore,
in the November 14" issue of Scientific Reports, we also demon-
strated that Ubb disruption led to the promotion of premature
gliogenesis and the suppression of neurogenesis from neural
stem cells with decreased cell numbers during the mid-gestation
embryonic stage (Ryu et al., 2014b). Differentiation of neural
stem cells into neurons and astrocytes is known to be regulated
by Notch signaling (Yoon and Gaiano, 2005). It is known that
downregulation of Notch signaling during the embryonic stage
promotes neurogenesis and suppresses gliogenesis, while upreg-
ulation of Notch signaling during the postnatal stage promotes
gliogenesis and neuronal maturation. However, Ubb disruption
led to the aberrant activation of Notch signaling even during
the embryonic stage, with increased levels of Notch target genes
and decreased proneuronal gene expression. This was caused by
the increased steady-state levels or accumulation of Notch in-
tracellular domain, probably due to the delayed degradation of
Notch intracellular domain that resulted from the reduced func-
tion of the proteasome under Ub deficiency. Notch activation
is also known to suppress neurogenesis, which, in fact, results
in the generation of defective neurons upon Ubb disruption.
Defective neurons can activate astrocytes to reactive astrocytes
that secrete inflammatory cytokines and proteins, which, in
turn, cause the degeneration of defective neurons (Bi et al.,
2013). Based on our and other’s reports, we determined why
reactive gliosis precedes neurodegeneration in Ubb knockout
mice. Furthermore, by demonstrating that the phenotypes of
Ubb knockout cells can be rescued by suppression of the Notch
signaling by pharmacological intervention and by increasing
levels of cellular free Ub (unpublished data), we propose that
differentiation of neural stem cells can be regulated by the in-
tracellular levels of free Ub. Thus, our data demonstrate that the
aberrant activation of Notch signaling due to reduced cellular
Ub pools during mid-gestation leads to alterations in the fate of
neural stem cells, resulting in the premature onset of gliogenesis
and suppression of neurogenesis (Figure 1). Although our Ubb
knockout cell culture model is sufficient to investigate the effect
of Ub homeostasis disruption, our model may not provide an
exact answer regarding the cell types that are responsible for the
Ubb knockout phenotypes. It is most likely that Ub deficiency
in neural stem cells, i.e., neural stem cell-autonomous defect, is
responsible for the dysregulation of their own differentiation.
However, we cannot exclude the possibility that Ub-deficient
glial cells or neurons, i.e., reactive astrocytes or degenerating
neurons, may affect the fate of existing neural stem cells re-
garding differentiation. Thus, to test this possibility, further
investigations such as neural stem cell-specific Ubb knockout or
providing exogenous Ub in a neural stem cell-specific manner
to Ubb knockout cells are required to fully identify the molecu-
lar mechanisms underlying the onset of reactive gliosis caused
by Ubb disruption.

Based on our recent reports, we speculate that measuring
cellular levels of free Ub will be essential for the optimal differ-
entiation of neural stem cells into neurons and for neuronal de-
velopment. Researchers who work with patient samples or cul-
tured cells should be aware that the outcome of neural stem cell
differentiation can be varied. This will be particularly useful for
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those who focus on neurons, but not on glial cells, or vice versa.
Ub may be one of the key proteins that determine the fate of
neural stem cells. Thus, Ub homeostasis should be considered
to maximize the efficacy of neural stem cell transplantation.
Therefore, our research represents a milestone in the develop-
ment of a novel and universal therapeutic strategy to overcome
various neurodegenerative diseases.
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