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During development of the ner-

vous system, it is essential to co-
ordinate the processes of proliferation
and differentiation. Basic helix-loop-
helix transcription factors play a cen-
tral role in controlling neuronal dif-
ferentiation and maturation as well as
being components of the combinato-
rial code that determines
identity. We have recently shown that
the ability of the proneural proteins
Ngn2 and Ascll to drive neuronal dif-
inhibited by cyclin
dependent kinase-mediated multi-site
phosphorylation. This limits down-
stream target promoter dwell time,

neuronal

ferentiation is

thus demonstrating a direct mechanis-
tic regulatory link between the cell
cycle and differentiation machinery.
Proneural proteins are key compo-
nents of transcription factor cocktails
that the
reprogramming of human fibroblasts

can bring about direct
into neurons. Building on our obser-
vations demonstrating that phospho-
mutant proneural proteins show an
enhanced ability to drive neuronal dif-
that
replacing wild-type with phospho-

ferentiation in vivo, we see
mutant proneural proteins in fibro-
blast reprogramming cocktails signifi-
cantly enhances the axonal outgrowth,
branching and electrophysiological
maturity of the neurons generated. A
model is presented here that can
explain the enhanced ability of
dephosphorylated proneural proteins
to drive neuronal differentiation, and
some unanswered questions in this

emerging area are highlighted.
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Introduction

There is a long established relationship
between cell cycle lengthening and the
onset of neuronal differentiation,' but the
mechanistic basis for this link has only
recently been uncovered. Central to co-
ordination of cell cycle and differentiation
is the post-translational modification of
proneural transcription factors by cyclin-
dependent kinases.

The basic helix-loop-helix (bHLH)
proneural factors Neurogenin2 (Ngn) and
Ascll are master transcriptional regulators
of many classes of neurons in the CNS
and PNS.” These proneural proteins, and
particularly Ascll, are also centrally
important components of reprogramming
transcription factor cockrails that have
been used to directly convert human fibro-
blasts into neurons.>* these
reprogramming approaches, particularly

However,

when involving fibroblasts, suffer from
low efficiency and the poor maturity of
the neurons generated; a more thorough
understanding of how the activity of these
proneural factors is controlled is required
to produce mature neurons in vitro for
applications such as disease modeling.
Our recent work has demonstrated that
multi-site phosphorylation of Ngn2 and
Ascll plays a key role in limiting their
ability to drive differentiation and matura-
tion of neurons in vivo in developing
embryos and in vitro in fibroblast reprog-
ramming.s‘7 These advances combining
biochemical, in vivo and in vitro analyses
would not have been possible without the
use of the uniquely tractable Xenopus frog
embryo system to address fundamental
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questions of what controls neuronal differ-
entiation in co-ordination with cell cycle
exit during development.

Proneural transcription factors
control neuronal progenitor maintenance
and differentiation

Ngn2 is expressed, at least at readily
detectable levels, just prior to cell cycle
exit in a number of classes of neural pre-
cursors, driving cell cycle exit and, subse-
quently, during the many aspects of
differentiation. Ngn2 also has temporally
distinct later roles in neuronal migration
and axonal outgrowth.”® Ascl1/Mashl
plays a somewhat analogous role to Ngn2
in the CNS and PNS, where its upregula-
tion drives many different processes dur-
ing differentiation of selected neurons, for
instance, in gaba-ergic neurons of the ven-
tral telencephalon and nor-aderinergic
neurons of the sympathetic ganglia.”'?
To fulfil these roles, Ngn2 and Ascll
(along with other members of the proneu-
ral family) act as master regulators of bat-
teries of downstream targets, co-
ordinating multiple processes in neuronal
differentiation.®” However, these proneu-
ral proteins also play a key early role in
progenitor maintenance.”' "> In many
regions within the developing nervous sys-
tem, neurons that begin to undergo differ-
entiation act non-cell autonomously to
prevent their neighbors from differentiat-
ing via activation of Delta-Notch signal-
ing.  Briefly,
transcriptionally upregulate the trans-
membrane ligand Delta. Delta binds the
Notch ligand on adjacent cells, activating

proneural proteins

a downstream cascade in these neighbors
that ultimately inhibits both the transcrip-
tion and post-translational activity of their
proneural proteins. This results in the
maintenance of these adjacent cells as neu-
ronal precursors. While this rather static
view of Notch-mediated regulation of cell
fate is well established for Drosophila neu-
roblasts,’® Notch mediated regulation of
proneural proteins in vertebrates is a
much more dynamic process; Kageyama’s
elegant work'”™"? has revealed reciprocal
oscillatory waves of proneural protein
expression and Notch signaling that are
required for neural stem cell maintenance.
Conversely, the replacement of oscillatory
expression with stable high proneural
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proteins, and stable low Notch effectors, is
a prerequisite for neuronal differentiation.

Despite a basic characterization at the
level of gene expression, there is still much
we do not understand about how proneu-
ral proteins control the balance between
proliferation and  differentiation, or
indeed how they can act in temporally dis-
tinct events such as during progenitor
in differentiation
around the time of cell cycle exit, and also
at later stages in post-mitotic neurons con-

maintenance, early

trolling processes such as neuronal migra-
tion and axonal outgrowth and branching.
The expression level of proneural proteins
plays some part in co-ordinating these dis-
tinct roles at different times; recent work
has shown that high levels of Ascll expres-
sion/overexpression drives cell cycle exit
and differentiation after in vivo electropo-
ration and in NS cells. However, a lower
level of Ascll is required for neural stem
cell maintenance, where it binds and sup-
ports expression of key pro-proliferative
targets such as cdks, skp2 and E2F 1.210
Moreover, the transition from progenitor
maintenance to differentiation co-incides
with a transition from oscillatory to stable
Ascll expression.'” Nevertheless, whether
the switch from supporting stem-ness to
promoting differentiation is due solely to
changes in absolute Ascll levels, to a
change from its oscillatory to stable
expression, or to changes in co-factor
recruitment or other aspects of Ascll regu-
lation and its context-dependent activity is
currently unclear.

Multi-site phosphorylation by cdks
controls the activity of proneural proteins

Against this background several years
ago, building on a strong base of analysis
of cell cycle control in Xenopus develop-
ment,”*?? the Philpott lab set out to fur-
ther understand the mechanistic links
between cell cycle regulation and the func-
tion of proneural proteins during neuro-
nal differentiation. The model system we
chose to investigate first was generation of
the 3 stripes of primary neurons that are
the first neurons to become specified and
differentiate within the neural plate in
Xenopus frog embryos, a process that is
directed by Ngn2."” This system is highly
sensitive to cell cycle status; enhancing
cycling by increasing cdk kinase levels
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inhibits primary neuron differentiation
while promoting cell cycle lengthening
will trigger enhanced neuronal differentia-
tion.”"** We have used the biochemical
and embryological strengths of Xenopus
to characterize the mechanistic links
between cell cycle and differentiation in
primary neurons.

Post-translational modification of pro-
neural proteins has previously been
described as regulating aspects of their
behavior. For instance, we have shown that
several bHLH proneural proteins are rap-
idly degraded by ubiquitin-mediated prote-
2426 Others
regulatory roles for phosphorylation on
specific residues such as mAscll phosphor-

olysis. have  uncovered

ylation on Ser152 that regulates its ability
to bind to E proteins,”” and mNgn2 phos-
phorylation on Tyrosine 241, that controls
neuronal migration.”® However, we have
found that muld-site phosphorylation on
serine-proline pairs by cyclin-dependent
kinases, found at highest levels in rapidly
cycling cells, inhibits the ability of both
Ascll and Ngn2 to drive neuronal differen-
tiation; phospho-mutant forms of these
proteins where all serine-proline pairs were
mutated to alanine-proline (S-A mutants)
showed a substantially enhanced ability to
induce ectopic neurons in Xenopus®’
(Fig. 1A). Moreover, phospho-mutant
proneurals also showed increased activity
in P19 embryonal carcinoma cells that
respond by differentiating into neurons.’
Although in some experimental settings S-
A proneural proteins are found at higher
levels than their wild-type counterparts
(data not shown), a difference in stability
appears not to account for the enhanced
activity of the phospho-mutant protein.””
Indeed by using chromatin immunoprecip-
itation we demonstrated that, even when
normalizing for protein level, phospho-
mutant proneural proteins bind better to
their target promoters than their wild-type
counterparts. Moreover, promoter binding
affinity is at least semi-quantitatively
dependent on the level of kinase; the more
cdk kinase, the more serine-proline sites
are phosphorylated, and the lower the level
of promoter binding.>”

Enhanced proneural binding is equally
evident by ChIP on both the Delta
“progenitor maintenance” promoter and
“differentiation”  targets

promoters for
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9S-A Ngn2

outgrowth and branching. Taken from ref.”

Figure 1. (A) Overexpression of wild-type Ngn2 induces limited ectopic neurons in the Xenopus
neural plate and ectoderm on the injected side of the embryo, while 9S-A Ngn2 (phospho-mutant
Ngn2) shows considerably greater activity, producing extensive ectopic neurons (arrows) on the
flank of the embryo. Taken from ref.> (B) Brn2, Ascl1, MyT1L and NeuroD together can reprogram
human lung fibroblasts into neurons, stained here in green with neural 8- tubulin. When wild-type
Ascl1 is replaced by S-A Ascl1 (phospho-mutant Ascl1), neurons show significantly increased axonal

such as NeuroD and MyT1.*” But cru-
cially, even though enhanced binding is
seen on all the promoters tested so far,
“differentiation target” promoters respond
to enhanced binding by the phospho-
mutant proneural by a substantial increase
in transcript levels (e.g. MyT1 and neural
B tubulin increasing 7-fold in response to
S-A Ascll compared to Wt Ascll, while
the Delta promoter show only a 2-fold
enhancement).®” This means that Ngn2
and Ascll can activate Delta transcription
and so promote progenitor maintenance
while phosphorylated, as would be the
case in cycling cells. However, targets driv-
ing differentiation such as NeuroD and
MyT1 can only be activated effectively by
a dephosphorylated proneural protein
found in cells with reduced levels of cdk
kinase occurring on cell cycle lengthening
and exit (Fig. 2).

www.tandfonline.com

We also have evidence that Ascll is
highly phosphorylated in neuroblastoma,
a pediatric cancer that arises from norader-
inergic neurons of the developing sympa-
thetic system, and  this
phosphorylation inhibits its ability to
drive neuronal differentiation. This find-
ing indicates that multi-site phosphoryla-
tion of proneural proteins in response to
high levels of cdks found in many cancers
their

nervous

may contribute to

phenotype.”

oncogenic

Why do distinct promoters respond
differently to proneural protein phospho-
status?- a model

We hypothesize that transcriptional
targets respond differently to proneural
protein phosphorylation status because of
different epigenetic availability of the tar-
get promoters. This assumption is based

Neurogenesis

on the fact that Delta is known to require
little or no epigenetic modification for
transcriptional activation by proneural
proteins in the Xenopus neural plate, and
that Delta transcript levels respond very
rapidly to an increase in Ngn2 levels.®2°
In contrast, “differentiation” genes such as
NeuroD  respond
slowly to Ngn2 expression and the Neu-

considerably more

roD promoter has been shown to require
both Swi/Snf-related nucleosome remod-
elling as well as p300/CBP-mediated epi-
genetic modification for activation.®?!
These observations have led us to the fol-
lowing model (Figs. 2 and 3), where we
consider that genes driving neuronal dif-
ferentiation epigenetically
“closed” promoters, while genes driving

may have

progenitor maintenance may be epigeneti-
cally “open”.®

In cycling cells, levels of cdk kinases
(and other proline-directed kinases such as
MAP kinases) are generally high, or at
least cycle rapidly between high states.
These kinases phosphorylate proneural
proteins in neuronal progenitors on multi-
ple sites, limiting their ability to bind sta-
bly to promoters. Transcription factors
cycle on and off promoters with a pro-
moter dwell time estimated to be in the
order multiple seconds or perhaps a few
minutes (although this is an area where lit-
tle quantitative data is available) e.g.,
ref.?>?3 This is sufficient to recruit the
core transcriptional machinery and acti-
vate gene expression of epigenetically
available “open” promoters or progenitor
maintenance targets. However, to bring
about epigenetic modification and activa-
tion of “closed” promoters, transcription
factors must have a sufficient dwell time
per binding cycle to effectively recruit
modifiers such as histone acetyl transfer-
ases and neucleosome remodellers to open
chromatin to the general transcription
machinery. Proneural proteins play a key
role in recruiting remodellers to their mul-
tiple downstream targets.”™>" Phosphory-
lated proneural protein with reduced
promoter binding/dwell time cannot bind
“closed” targets long enough per binding
cycle to allow any recruited remodellers to
“open” the epigenetically unavailable
chromatin of differentiation targets such
as NeuroD, MyT1 and neural B-tubulin.
Thus, in neural stem/progenitor cells with
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Figure 2. Model illustrating why phosphorylated Ngn2, found when cdk kinase levels are high, favors progenitor maintenance. Conversely, dephosphor-
ylation of Ngn2 that occurs when cdk levels drop and cdk inhibitors increase, favors differentiation. Taken from ref.”

high cdk kinase levels, proneural proteins
can drive progenitor maintenance (via the
Delta/Notch oscillatory mechanism pro-
posed by Kageyama et al'®) but cannot
drive neuronal differentiation.

Cell cycle lengthening alone is a trigger
for neuronal differentiation.’ As the cell
cycle gets longer, the levels of cyclin-
dependent those
expressed in G1 phase such as cyclins D
and E gradually drop, coinciding with a

kinases, particularly

rise in cdk inhibitor levels. High levels of
cdk2 and cdkl (cdc2) are still required for
key cell cycle transitions such as DNA rep-
lication and mitosis in even slowly divid-
ing cells. However, as the G1 phase
lengthens, the proportion of time spent in
these states of high cdk kinase shortens rel-
ative to G1 when cdks are lower. Assum-
that the
phosphate groups from cdk targets remain
at a constant level, this would lead to a

ing phosphatases removing

progressive decrease in the overall phos-
phorylation of proneural protein for
extended periods as the cell cycle length-
ens. This will result in enhanced target
promoter binding by increasing promoter
dwell time per binding cycle, and allows
recruitment of the necessary epigenetic
modifiers to bring about “opening” of
promoters of differentiation targets.

We have also shown that Ngn2 is
directly stabilized by the cdki p27Xicl,*!
probably by direct binding (unpublished

€1049733-4

data). This provides a further mechanism
for enhancing bHLH promoter dwell-
time driven activation of downstream dif-
ferentiation targets on cell cycle lengthen-
ing  (Fig. 2). Once epigenetically
“opened,” proneural proteins can then
drive transcription of these targets to bring
about differentiation and override Delta-
mediated progenitor maintenance. It is
also relevant that we see constitutively
active Notch can post-translationally
inhibit the ability of both Ngn2 and Ascl1
to drive ectopic neurogenesis in Xenopus
(although the mechanism for this is cur-
rently somewhat unclear), but Notch sig-
naling is less effective at inhibiting
neurogenesis driven by phospho-mutant
This
enhancement of expression of differentia-
tion targets, and also limits the ability of
Notch  signaling this
differentiation.

. 6, .
proneural proteins. 7 results in

to  suppress

The model presented here gives a
framework to understand how distinct tar-
get promoters are differentially responsive
to phospho-status of proneural proteins.
It may also shed light on how proneural
proteins can have many potentially con-
flicting functions including progenitor
maintenance and early and late stages of
neuronal differentiation that are tempo-
rally distinct.'® Indeed, the model can be
extendable to consider the different timing
of expression of multiple targets and the

Neurogenesis

requirement for additional co-factors for
target activation, described below
(Fig. 3).

Let us consider expression of the pro-
neural target genes A, B and C, where A
is required for progenitor maintenance, B
for neuronal differentiation and gene C

as

for later stages of neuronal maturation.
Gene A is epigenetically available and can
be transcriptionally activated by proneu-
ral proteins whether maximally phosphor-
ylated  (PPPP-proneural)  with
promoter dwell time, by partially phos-

low

phorylated proneural proteins (PP-pro-
neural) or by fully de-phosphorylated
proneural protein (deP-proneural) with
maximal dwell time. Gene B is less avail-
able and perhaps shows bivalent epige-
netic marks and hence is a gene poised
for developmental expression after some
limited epigenetic modification. This can
be brought about by the enhanced pro-
moter binding of PP-proneural but not
by PPPP-proneural. PP-proneural accu-
mulates as the cell cycle lengthens and
further drives cell cycle exit. Moreover, if
gene B directly promotes differentiation,
it may negatively feedback to inhibit gene
A expression to further slow the cell cycle
and potendate differentiation.  This
results in further dephosphorylation of
proneural proteins to generate enough
de-P proneural protein with enhanced
promoter dwell time to open the “closed”
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Figure 3. Model illustrating how changing promoter dwell time by bHLH transcription factors by altering their phospho-status would have differing
effects on promoter activation depending on their epigenetic availability (described in more detail in the text).

enhancer/promoter of Gene C that is
required for later stages of neuronal dif-
ferentiation and maturation. Opening/
activation of gene C promoter could be
further enhanced by the product of gene
B accumulating and acting with de-P
proneural by binding to adjacent sites in
the gene C promoter.

A number of questions remain when
considering the post-translational regula-
tion of proneural proteins by the cell cycle
machinery including: is multi-site phos-
phorylation of proneural proteins a wide-
spread conserved mechanism to control
the ability of bHLH proteins to regulate
cell differentiation and maturation in
response to the kinase environment?
Unpublished data in our laboratory

www.tandfonline.com

indicates that this may indeed be the case,
with several other proneural proteins dis-
playing similar regulation. How are pro-
neural factor protein half-life, phospho-
status and oscillatory vs. stable expression
integrated to give a changing transcrip-
tional output over time? This is unclear.
We do not have evidence that multi-site
phosphorylation of proneural proteins
affects their half-life in isolation in in vitro
degradation systems (unpublished data).
We do, however, see that phosphomutant
proneural proteins are expressed at higher
levels than their wild-type counterparts in
some circumstances (unpublished data),
although the reason for this has yet to be
firmly established. Does multi-site phos-
phorylation of proneural proteins directly

Neurogenesis

control recruitment of co-factors? The
phosphorylated regions are either side of
the bHLH and appear to be natively
unstructured,”® making them prime can-
didates to act as adapters for co-factors
that must be recruited to downstream tar-
get promoters for their activation. We are
currently investigating co-factor binding
and proneural protein phospho-status.
Does phospho-status of proneural pro-
teins solely affect their ability to control
progenitor maintenance or differentiation
or will it also affect their ability to influ-
ence neuronal subtype? We have limited
preliminary evidence that this may be the
case under some circumstances. However,
this question may be best studied by
using proneural proteins to generate

€1049733-5



mammalian neurons of defined subtype 7
vitro by direct reprogramming protocols
(see below).

We also have evidence that high levels
of phosphorylation of Ascll may inhibit
its ability to drive neuronal differentiation
in neuroblastoma, a pediatric cancer that
arises from noraderinergic neurons of the
developing sympathetic nervous system

(unpublished data).

Enhancing neuronal maturation in
vitro using phospho-mutant proneural
proteins

There has been a recent explosion of
work designed to generate neurons in vitro
by reprogramming of other mammalian
cell types including ES, iPS and fibroblasts
(e.g. ref.>353%) In particular, much effort
has been expended on producing in vitro
models of neurological diseases and neuro-
degenerative disorders such as Parkin-
sons.””*® For such “disease-in-a-dish”
modeling, neurons would be ideally be
generated from patient samples that reca-
pitulate phenotypes associated with the
disease, and neurons generated would also
provide material for in vitro drug screen-
ing.* Much progress has been made in
producing mature neuronal cultures from
ES and iPS cells, and occasionally these
cells do indeed show some signs of recapit-
ulating a neurological disease phenotype
(e.g., ref.?”). However, as well as the very
long experimental protocols required for
generation of mature neurons, there are
difficulties intrinsic to this approach that
may arise from trying to model diseases
predominantly found in old people using
nerve cells produced from ES or rejuve-
nated iPS cells.

These limitations have heralded the
alternative approach of transcription fac-
tor-mediated direct reprogramming of
fibroblasts into neurons using transcrip-
tion factor cocktails that produce nerves
from human fibroblasts in a matter of
440 proteins, usually
Ascll, are an obligate component of these

weeks. Proneural
cocketails, while other components usually
include known Ascll co-factors and tar-
gets such as Brn2 and MyT1L. “Induced
neurons” (iN cells) expressing markers
such as Map2 and neural B tubulin and
showing some signs of electrophysiological
maturity,

such as firing of action
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potentials and sodium and potassium cur-
rents, are indeed generated in these
reprogramming cultures.’ 3638 However
iN cells are generally produced with low
efficiency at a level sub-optimal both for
modeling and for drug discovery applica-
tions; human fibroblast lines convert with
an efficiency of generally a few percent at
most, while fibroblasts from older patients
show a much lower rate of conversion.
Even more of a problem, however, is that
the neurons generated from human cells
tend to show poor axonal outgrowth and
branching, instead resembling embryonic
or foetal neurons that act as poor models
for diseases of mature nerve cells.

However, when trying to make mature
neurons #z vitro our recent work demon-
strates that, not only must one use the cor-
rect combination of transcription factors
for reprogramming, but that the post-
translational control of the reprogram-
ming factors themselves can play a part in
limiting neuronal maturation; we saw that
replacing WT Ascll and Ngn2 with their
phospho-mutant counterparts in standard
reprogramming  protocols  significantly
increased neuronal maturation and axonal
branching, as well as enhancing electro-
physiological maturity.” Further manipu-
lation of the activity as well of the levels of
reprogramming factors should provide
further improvements in what is a promis-
ing approach to provide nerve cell both
for disease modeling, and also ultimately
to generate neurons for transplantation
and cell replacement therapies.

Conclusions and Perspectives

Our recent work has used basic devel-
opmental biology involving a uniquely
tractable model organism, Xenopus, to
identify a key post-translational mode of
regulation of proneural proteins, the cen-
tral drivers of neuronal differentiation.
We have applied this understanding of
developmental regulation to enhance
mammalian 77 vitro reprogramming pro-
tocols to generate more mature neurons
for disease modeling. These studies may
ultimately act as a platform for producing
more mature nerve cells for transplanta-
tion therapy in the future. From our per-
spective, it is clear that developing and

Neurogenesis

refining protocols for generation of neu-
rons for therapeutic applications must be
firmly grounded in a thorough under-
standing of generation of mature neurons
during normal development. The future
looks bright for reprogramming and
provided  we

regenerative  medicine

remember this.
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