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Stem cells undergo differentiation in complex and dynamic environ-
ments wherein instructive signals fluctuate on various timescales.
Thus, cells must be equipped to properly respond to the timing of
signals, for example, to distinguish sustained signaling from transient
noise. However, how stem cells respond to dynamic variations in
differentiation cues is not well characterized. Here, we use optoge-
netic activation of §-catenin signaling to probe the dynamic responses
of differentiating adult neural stem cells (NSCs). We discover that,
while elevated, sustained p-catenin activation sequentially promotes
proliferation and differentiation, transient p-catenin induces apopto-
sis. Genetic perturbations revealed that the neurogenic/apoptotic fate
switch was mediated through cell-cycle regulation by Growth Arrest
and DNA Damage 45 gamma (Gadd45y). Our results thus reveal a role
for p-catenin dynamics in NSC fate decisions and may suggest a role
for signal timing to minimize cell-fate errors, analogous to kinetic
proofreading of stem-cell differentiation.

neural stem cells | neurogenesis | signaling dynamics | f-catenin

ells have evolved to robustly perform a broad range of

functions in response to extracellular regulatory signals. For
example, within the brain, adult neural stem cells (NSCs) un-
dergo quiescence, self-renewing divisions, glial or neuronal dif-
ferentiation, or apoptosis (where the majority of cells die prior to
full maturation and integration), and this overall process leads to
the addition of new neurons to modulate hippocampal circuitry
(1, 2). These cellular behaviors are regulated by a spectrum of
signals, including specific growth factors, morphogens, cytokines,
juxtacrine cues, and the extracellular matrix (3, 4).

Importantly, the brain and other tissues are dynamic systems
in which signals known to instruct stem-cell behavior fluctuate
over time, and the Wnt/B-catenin pathway is one such cue that
regulates the proliferation and neuronal differentiation of neural
stem and progenitor cells in the adult hippocampus (5-7). Var-
ious studies indicate Wnt activity can vary over a broad range of
timescales in the brain and in other organs. On rapid timescales,
neuronal activity can modulate Wnt signaling both in vitro (8)
and in vivo (9). On an organismal behavior timescale, running
modulates Wnt signaling, and by extension neurogenesis, in the
adult hippocampus (9). Moreover, the rhythmic production of
somites during mouse spinal cord development is regulated by a
clock with 2-h periodicity that involves Wnt signaling (10), and
oscillatory Wnt signaling in intestinal crypts regulates cell divi-
sions with 12-h periodicity (11). Finally, on a long timescale, Wnt
expression becomes down-regulated with age in hippocampal
astrocytes, which parallels the age-associated decline in neuro-
genesis (12). Despite such clear examples where Wnt agonists
and antagonists fluctuate on timescales ranging from seconds to
years, we have a poor understanding of how time-varying cues
can impact differentiation and of how signal disruptions during
the differentiation process can affect cell behavior.

New approaches to dynamically perturb cellular signaling on a
broad range of timescales could greatly benefit our understanding
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of how signaling dynamics impact cellular function. Optogenetics
has recently emerged as a field in which light—which can readily
be varied in intensity, space, and time—is harnessed to precisely
modulate cell-signaling pathways. In this approach, light-sensitive
proteins are engineered to interface with specific signaling path-
ways, and the subsequent introduction of such an optogenetic
construct into cells renders the signaling pathway responsive to
light (13, 14). We recently engineered such an optogenetic method
to activate Wnt/p-catenin signaling via blue-light—induced clus-
tering of Cryptochrome 2 (Cry2) fused to the pathway coreceptor
LRP6 (15).

Here, we have harnessed optogenetic control of p-catenin
signaling as a discovery approach to elucidate how dynamics of
a key regulatory signal can impact stem-cell behavior. We found
that, while continuous p-catenin activation in cultured neural stem
cells lead to robust neuronal differentiation, pulsatile activation
yielded frequency-dependent behaviors, where progressively longer
period oscillations led to reduced neuronal differentiation and,
surprisingly, increased apoptosis. We identified and functionally
validated a specific cell-cycle regulator, Growth Arrest and DNA
differentiation gamma (Gadd45y), as a potentially important target
in regulating the cell cycle, cell survival, and neuronal differentiation.
These results support a model in which continuous exposure to a
signal supports strong stem-cell differentiation, whereas premature
loss of that signal may instead lead to apoptosis, revealing that
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distinct NSC behaviors can be driven by dynamic variation in ex-
posure to a single instructive cue.

Results

Optogenetic f-Catenin Enables Optical Dissection of Neurogenesis in
Adult Neural Progenitor Cells. To study how p-catenin signal dy-
namics drive cellular function, we adapted our previously reported
approach (15) (referred to here as optoWnt) to optogenetically
manipulate B-catenin activity in cells. In the absence of pathway
stimulation, the destruction complex (DC) represses [-catenin
through constitutive degradation (Fig. 14). Our optogenetic Wnt
agonist optoWnt is composed of a fusion of the C-terminal domain
of the LRP6 receptor (LRP6c) to a truncated Arabidopsis thaliana
Cryptochrome 2 (Cry2). Blue-light illumination induces the clus-
tering of Cry2, and the accompanying LRP6c oligomerization
[known to be sufficient for Wnt signal transduction (16)] activates
downstream B-catenin activity (Fig. 1B) (15). In addition to DC
inhibition via LRP6 clustering, the pathway ligand Wnt3a and
pharmacological DC inhibition (GSK3p inhibitor CHIR99021, or

CHIR) also stabilize p-catenin, resulting in f-catenin accumulation
and translocation to the nucleus (Fig. 14). Previously, we showed
that a Cry2-mCherry-LRP6c construct can stimulate p-catenin in
NSCs, but only under high-copy-number expression (15). We ad-
ditionally found here that removal of the fluorescent protein dra-
matically enhanced light-induced p-catenin activity, enabling strong
signal induction from single-copy expression.

As p-catenin is a strong neurogenic regulator of adult neural
stem cells (5), we investigated whether we could control neuro-
genesis with optoWnt (Fig. 1C). Upon optoWnt expression and
illumination over 5 d, we observed strong induction of the neu-
ronal marker B-III-tubulin accompanied by stereotypical mor-
phological changes indicative of neuronal differentiation (Fig.
1D). These high viability cultures could be sustained for at least 15
d, during which neuronal processes continued to elaborate (S
Appendix, Fig. S1). In contrast, cells that expressed optoWnt but
received no light stimulation showed minimal staining or mor-
phological changes. Notably, light-induced differentiation was
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Optogenetic p-catenin drives neurogenesis in adult hippocampal neural stem cells (NSCs). (A) optoWnt comprises Cry2 fused to the LRP6 endodomain.

Blue-light-induced clustering of optoWnt stimulates activation of p-catenin signaling. (B) Analogous to stimulation by Wnt3a or CHIR, optoWnt stimulates
B-catenin signaling by inhibiting the destruction complex (DC). DC inhibition stabilizes p-catenin, which acts as a transcriptional activator. (C) NSCs undergo
neurogenic differentiation after 5 d of p-catenin activation. (D) Neurogenesis can be achieved using optoWnt, Wnt3a, or CHIR as a pathway inducer. (Scale
bar, 500 pm.) (E) Our work examines how signal features such as duration, strength, and dynamics regulate neurogenesis. (F) Increasing signal strength
stimulates increased neurogenesis regardless of the method of p-catenin activation. Data represent means + 1 SE of biological triplicates.
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similar in appearance and magnitude to that induced by p-catenin
stimulation via either Wnt3a or CHIR addition (Fig. 1D).

Temporal Variation in p-Catenin Directs Distinct Fates in Adult Neural
Stem Cells. Optogenetic control of differentiation offers a tunable
strategy to investigate potential dynamic control over cell-fate de-
cisions, and we thus harnessed optoWnt to elucidate how particular
features of a differentiation cue—e.g., its strength, dynamics, or
duration—may impact cell fate (Fig. 1E). We first examined the
effect of signal strength on differentiation and, as anticipated, found
that increasing blue-light intensities yielded a monotonic increase in
neural stem-cell differentiation when light was applied continuously
over 5 d (Fig. 1F). Analogous behavior was found with increased
dosing of pB-catenin using Wnt3a or CHIR.

We next asked whether the dynamics of signal presentation
could influence cell decisions, analogous to variation in Wnt
signaling in a stem-cell niche (5-12). To vary signal timing while

holding the total applied signal constant, cells were stimulated
with square-wave pulses of varying pulse widths (Tj/,) ranging
from 1 to 42 h, such that all cells received illumination half of the
time but with varying frequencies (Fig. 2 4 and B). We first an-
alyzed how square wave light pulses actively drove -catenin activity
within NSCs (Fig. 24 and SI Appendix, Fig. S2) by observing ex-
pression of a short half-life fluorescence reporter (17) that we
adapted to quantify p-catenin—dependent transcription. Light
stimulation and subsequent withdrawal induced the dynamic accu-
mulation followed by degradation of the reporter, where the ki-
netics of each decay showed no apparent dependence on the prior
pulse width or history of activation. Accordingly, the signal decayed
to a basal state during the intervals between light activations.

We next examined the effect of dynamic p-catenin pulse trains
on differentiation by immunostaining cells for p-III-tubulin after
oscillating optoWnt treatment. We observed that, while short
p-catenin fluctuations (T;, <~10 h) induced neuronal differentiation
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Fig. 2. p-Catenin signal persistence specifies NSC differentiation or apoptosis. (A) Pulsatile optoWnt stimulation drives dynamic p-catenin-dependent
transcription. Blue bars indicate blue-light illumination timing. (B) Square wave stimulation allows interrogation of the role of signal timing while main-
taining a constant integrated signal over the duration of the experiment. (C) As square wave Ty, increases, neurogenesis decreases and apoptosis increases.
(Scale bar, 500 pm.) (D) Quantification of neurogenesis and apoptosis in response to all square wave stimuli tested. (E) Data fits from D are overlaid. High-
frequency stimulation promoted neurogenesis, while low-frequency stimulation promoted apoptosis. (F) p-Catenin was activated at the beginning of a 5-d
differentiation experiment for varying durations (Tpy.se), and cell fate was measured at the end of the experiment. (G) Neurogenesis increased monotonically
with increasing duration of initial p-catenin signal. In contrast, short-signal durations drove NSCs toward apoptosis, and apoptosis decreased with increasing
signal duration. (H) Schematic of results from the experiment depicted in F and G. Data points in D and G represent means + 1 SE of biological triplicates.
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at levels similar to continuous stimulation, pulse trains of longer
Ty, duration showed a marked reduction in neurogenesis (Fig.
2 C and D). These results indicated that, despite constant total
input (i.e., area under the stimulation curve), differentiation is
sensitive to the temporal presentation of p-catenin activity.

To our surprise, cell cultures exposed to the long-timescale
fluctuations exhibited morphological features of apoptosis, which
we verified via Annexin V staining (Fig. 2 C and D). In particular,
short-timescale fluctuations showed little apoptosis above base-
line, while square waves of T;, >~20 h induced increasing levels
of apoptosis. The inverse relationship between neurogenesis and
apoptosis as a function of Ty, suggested that p-catenin signal
timing may drive mutually exclusive cell fates (Fig. 2E).

To better understand the role of p-catenin dynamics in fate
choice, we asked whether a simple, initial pulse of p-catenin
activity could modulate the neurogenic/apoptotic fate choice.
We subjected cells to 5-d stimulation protocols, where an initial
optoWnt signal was applied for varying durations, after which the
signal was withdrawn for the remainder of the experiment
(Fig. 2F). A 24-h pulse of optoWnt yielded a minimal increase in
neurogenesis, but with each additional day that optoWnt was
applied, a monotonic increase in neurogenesis was observed
(Fig. 2 G, Left). Strikingly, while unstimulated cells showed a low
level of apoptosis (~20%), transient 1-d stimulation and with-
drawal of optoWnt resulted in almost 50% cell death 4 d after
this stimulation (Fig. 2 G, Right). Apoptosis decreased for pro-
gressively longer initial optoWnt pulses until reaching near baseline
levels for pulses lasting 3 d or more. We obtained qualitatively
similar results by repeating this experiment with manual addition of
Wnt3a or CHIR, demonstrating that the observed NSC fate re-
sponses were not unique to optogenetic stimulation (SI Appendix,
Fig. S3).

Notably, CHIR treatment elicited higher levels of both neu-
rogenesis and apoptosis compared to Wnt treatment, which
could conceivably be attributed to differences in either the levels
or dynamics of induced f-catenin. Collectively, these results
show that cell death resulting from dynamic p-catenin is a
function of both the initial f-catenin pulse and the duration of
signal loss between pulses. Together, our results show that dif-
ferentiating stem cells can sense and differentially respond to the
duration of a p-catenin signal. Sustained signaling is required for
differentiation, whereas premature loss of signal diverts differ-
entiating cells toward apoptosis (Fig. 2H).

Gadd45y Mediates Fate Decisions Driven by p-Catenin Dynamics. We
next investigated the molecular mechanisms by which p-catenin
dynamics mediate cell-fate switching. Because f-catenin is a
transcriptional regulator and the observed phenotypes appeared
on transcriptional timescales, we hypothesized that the apopto-
tic/neurogenic fate decision resulted from p-catenin—dependent
gene regulation. RNA sequencing (RNAseq) analysis was thus
performed to identify potential transcriptional targets (Fig. 34)
(18). We exposed NSCs to either no signal, a sustained 72-h signal,
or a “withdrawal” signal, whereby cells were stimulated for 24 h
with subsequent signal removal. We then harvested and processed
cells within each condition at 0, 24, 48, and 72 h after the timing of
signal onset. Furthermore, to ensure that results reflected general
B-catenin mechanisms, we performed stimulation with all three
methods for p-catenin activation (optoWnt, Wnt3a, CHIR).
During analysis, we hypothesized that genes that mediated the fate
decision between neurogenic or apoptotic phenotypes would fol-
low a dynamic expression pattern either parallel or inverse to
B-catenin stimulation, i.e., increasing/decreasing with p-catenin
activation and decreasing/increasing upon withdrawal. RNAseq
analysis revealed 564 candidate genes that fit this profile (Materials
and Methods) (Fig. 3B).

We then examined our list of candidate genes for enrichment
of functional gene-set modules using Gene Ontology (GO) and
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Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis (Fig. 3C and SI Appendix, Fig. S4) and found enrichment
of several potentially relevant GO categories, including the
positive and negative regulation of apoptosis and proliferation
(Fig. 3D and SI Appendix, Fig. S5). We searched the literature
for known roles for these gene candidates within neurogenesis,
neural maintenance, and apoptosis. Notably, growth arrest and
DNA-damage-inducible beta (GADD45p) play a role in DNA
demethylation during adult neurogenesis (19). However, other
members in this family play a role in cell-cycle exit (20), and
GADDA45y expression in particular showed strong dynamic reg-
ulation in response to multiple stimuli in our RNAseq experi-
ment (Fig. 3D). Thus, GADDA45y was selected for more detailed
functional analysis.

To examine the roles of GADDA45y in fate choice, we disrupted
its expression using CRISPR/Cas9 to generate knockdown (KD)
NSC lines (SI Appendix, Fig. S6). In addition, GADDA45y was
retrovirally overexpressed either in the KD for functional rescue
or in wild-type cells (SI Appendix, Fig. ST). We then subjected each
cell line to either “sustained” or “withdrawal” B-catenin signal
inputs and measured neurogenic or apoptotic cell-fate decisions
(Fig. 44).

We found that Gadd45y played a strong role in mediating both
neuronal differentiation and apoptosis in response to p-catenin
dynamics (Fig. 4 and SI Appendix, Fig. S8). First, Gadd45y was
required for neuronal induction. Under sustained CHIR conditions,
knockout of Gadd45y reduced differentiation to baseline levels
(Fig. 4B). However, vector-mediated restoration of Gadd45y ex-
pression in the KD NSCs largely rescued the neurogenic response.
Gadd45y was also required to mediate p-catenin withdrawal-
induced apoptosis, as Gadd45y KD NSCs did not show an apo-
ptotic response to p-catenin withdrawal (Fig. 4B). However, the
apoptotic phenotype was only partially restored by constitutive
overexpression of exogenous Gadd45y, potentially indicating that
dynamic or transient Gadd45y expression is important for the
apoptotic response. Finally, sustained Gadd45y overexpression in
wild-type NSCs reversed the effect of p-catenin withdrawal;
i.e., transient p-catenin activation induced strong differentiation
and reduced apoptosis to baseline levels (Fig. 4 C and D). Thus,
Gadd45y was necessary to mediate neurogenesis and apoptosis in
a manner dependent on f-catenin and Gadd45y dynamics.

Notably, we performed similar experiments to functionally ex-
amine other gene candidates from our RNAseq analysis, including
activating transcription factor 3 (ATF3), a protein previously
linked with neuronal differentiation, cell-cycle control, and apo-
ptosis. However, both ATF3 knockdown and overexpression had
negative effects on progenitor proliferation and apoptosis (S/
Appendix, Fig. S9), suggesting that ATF3 likely does not regulate
our observed neurogenesis/apoptosis fate decision, so we did not
investigate further.

Gadd45y Blocks the G1/S Transition in NSCs. We next asked how
Gadd45y may regulate fate switching during neurogenic differen-
tiation. Because f-catenin can be a mitogenic stimulus, and
Gadd45y is a known cell-cycle regulator, we examined the link
between Gadd45y, cell-cycle regulation, and neurogenesis. Notably,
cell-cycle reentry has also been implicated in neuronal apoptosis in
neurodegeneration (21-23), further suggesting a link between the
cell cycle and the NSC decision to either differentiate or apoptose.
Gadd45y can reportedly block transition between the G1 and S
phases of the cell cycle (24-26), and several studies have shown that
stem-cell differentiation correlates with the duration of G1 (27-32).
Thus, we hypothesized that increased Gadd45y expression may
regulate NSC differentiation by lengthening the G1 phase. To in-
vestigate this possibility, we quantified S-phase entry via EdU in-
corporation by NSCs as a function of Gadd45y expression (Fig. 54).
As anticipated, wild-type NSCs under self-renewal conditions
(20 ng/mL FGF-2) showed strong EdU staining, and S-phase entry
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was markedly reduced under differentiation (sustained (-catenin)
conditions (Fig. 5 B and C). However, Gadd45y overexpression
substantially reduced EdU incorporation under self-renewal con-
ditions, indicating a blockage of cell cycle and confirming Gadd45y
as a strong G1/S checkpoint inhibitor. In contrast, NSCs in which
Gadd45y was knocked down performed similarly to wild-type cells
under self-renewal conditions, but showed higher S-phase entry
under differentiation conditions, further establishing the role of
Gadd45y in preventing S-phase entry during differentiation (S
Appendix, Fig. S10). Finally, overexpression of Gadd45y in KD cells
restored blockage of the G1/S transition (SI Appendix, Fig. S10).
We further examined cell-cycle dynamics using the FUCCI
system, a system for visualization of cell-cycle progression that
involves expression of fluorescent proteins fused to proteins whose
abundance is regulated with the cell-cycle phase (33). With this
system, we tracked NSCs transitioning through G1, G1/S, or S/G2/
M phases under different experimental conditions in the presence
or absence of Gadd45y overexpression (Fig. 5D). Wild-type NSCs

28832 | www.pnas.org/cgi/doi/10.1073/pnas.2008509117

under self-renewal conditions were observed to progress through
multiple cell cycles over 48 h, as indicated by the change in the
fraction of cells in G1 over time (Fig. SE). Gadd45y overexpression
markedly reduced the fraction of proliferating cells, consistent with
the EdU incorporation data (Fig. 5 B and C).

In wild-type NSCs exposed to sustained p-catenin activation, 50%
of cells underwent one round of division before arresting in G1.
With Gadd45y overexpression, however, cells were unable to un-
dergo this round of division, and the initial population of cells not
originally in G1 rapidly disappeared, presumably due to completion
of the cell cycle and arrest in G1 (Fig. 5D). Cells under withdrawal
conditions behaved similarly to differentiating cells, likely because
cell-cycle entry occurred during the first 24 h during which the
continuous and withdrawal conditions were indistinguishable (S7
Appendix, Fig. S11). Collectively, these results definitively establish
Gadd45y as a strong inhibitor of the G1/S transition in NSCs.

Our results suggest a model whereby initial exposure and then
premature loss of a differentiation signal may first induce but
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then release G1/S blockade to initiate cell-cycle reentry, resulting
in conflicting cell states resolved via apoptosis. This model pre-
dicts that, even under withdrawal conditions, NSCs may continue
to express early neurogenic markers despite failing to ultimately
differentiate. To test this prediction, we examined the differenti-
ation state of neural stem cells by tracking protein expression of
NeuroD1, an early marker and driver of neuronal differentiation
(34). Indeed, CHIR withdrawal after 24 h of differentiation
resulted in a persistent level of NeuroD1 expression, even after
removal of the input stimulus (Fig. 5F and SI Appendix, Fig. S12).
In sum, our results support a model of dynamic regulation of
fate decisions, where distinct cell fates are controlled by p-
catenin-signaling dynamics (Fig. 5G). Upon p-catenin pathway
activation, NSCs complete one round of cell division while up-
regulating expression of the G1/S checkpoint inhibitor Gadd45y.
Subsequently, sustained p-catenin and Gadd45y expression
maintain cells in G1 and enable differentiation to occur. How-
ever, initially strong induction followed by premature loss of
pB-catenin removes checkpoint blockade and thereby allows cell-
cycle reentry in the differentiating neurons, resulting in con-
flicting states that cells solve through increased apoptosis.

Discussion

Stem cells are dynamical systems that sense and respond to their
environment to promote development or maintain tissue homeo-
stasis. While the signals that regulate important stem-cell programs
are known, comparatively less is understood about how the dynamics
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of signal presentation can regulate cellular behavior. In this report,
we used readily controllable optogenetic approaches to investigate
stem-cell differentiation and found that the dynamics of p-catenin
can regulate distinct cell fates. In the first 24 h, p-catenin can stim-
ulate one round of cell division, after which persistence of the signal
induces G1 arrest and neurogenesis, both of which are maintained
via Gadd45y expression. Premature loss of p-catenin, however, can
induce apoptosis in differentiating cells, potentially due to inappro-
priate cell-cycle reentry resulting in part from Gadd45y loss.

According to our model, the fate of an NSC in response to
pB-catenin dynamics will depend on 1) the amplitude and duration
of p-catenin required to first enter the cell cycle and then to
differentiate, 2) the kinetics of apoptosis upon f-catenin with-
drawal after cell-cycle entry, and 3) the time window after the
first B-catenin signal during which a subsequent signal can rescue
the cell from apoptosis. Understanding the signal parameters rel-
evant to each step will provide a high-resolution picture of how
dynamic fB-catenin signals specify cell fate in differentiating NSCs.
We found that Gadd45y expression alone significantly rescued
survival and differentiation even upon Wnt signal withdrawal
(Fig. 4D). It will be interesting to examine in future work whether a
second pulse of Wnt (alone or in combination with Gadd45y ex-
pression) provides a more complete rescue or whether continuous
Whnt stimulation is necessary.

Our results offer insights into the paradoxical observations
that Wnt/p-catenin signaling regulates both expansion and dif-
ferentiation of NSCs (5-7). Previous work in intestinal (35), hair
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follicle (36), hematopoietic (37), and pluripotent stem cells (38)
has shown that the strength and dynamics of fB-catenin signals
regulate stem-cell-fate decisions. Our data support the model that
NSC differentiation requires a strong, sustained f-catenin signal
(Fig. 1F) and further suggest that Gadd45y induction regulates the
switch from self-renewal to differentiation at high p-catenin levels,
since Gadd45y knockdown increases proliferation in the presence
of high CHIR doses (SI Appendix, Fig. S10). In principle, f-catenin
dynamics could also regulate the proliferation/differentiation de-
cision in a regime where short p-catenin pulses activate prolifer-
ation but are insufficiently long to stimulate prodifferentiation
factors like Gadd45y. Our data suggest that the duration of such
hypothesized pulses must be shorter than 24 h (Fig. 2G), and
further work will be required to determine whether such dynamics
indeed exist.

While we suspected that signal dynamics may determine cell
fate, we were surprised to find that transient f-catenin induced
apoptosis. Interestingly, apoptosis has been repeatedly observed
as a common feature of neural stem-cell neurogenesis (39-41).
Recent intravital imaging of labeled neural stem cells within
mouse brains revealed that 60% of stem-cell progeny underwent
cell death (39). While the apoptotic mechanisms are poorly
understood, apoptosis was prominent within the first 1 to 4 d
after cell birth, consistent with results from our in vitro system.

There is a strong precedent for apoptosis occurring upon
reinduction of cell-cycle machinery within fully differentiated,
postmitotic neurons, both during neuronal development and in
adulthood (23, 42). For example, induction of G1 cyclins and
cyclin-dependent kinases and subsequent programmed cell death of
sympathetic neurons in response to nerve growth factor withdrawal
(43), aberrant expression of cell-cycle proteins within neurons in
degenerating regions of Alzheimer’s brains (22), and coincidence of
cell-cycle reentry and apoptosis upon DNA damage in cultured
cortical neurons (21) have been reported. However, to our knowl-
edge, release of cell-cycle arrest and apoptosis in neural stem or
progenitor cells at the onset of neuronal fate commitment has not
been reported, including within the adult hippocampus. Further-
more, this work establishes a critical role for Gadd45y—whose
analogs protect from apoptosis and down-regulate cell-cycle inhi-
bition to enable neurogenesis within the developing central nervous
system in fish (25, 26)—downstream of Wnt signaling in adult
neurogenesis. Future work may further investigate how the inter-
section of two inherently dynamic events—neuronal fate commit-
ment and release of cell-cycle arrest—may contribute to cell death.

While our study focused on the role of Gadd45y in early NSC
decisions to proliferate, differentiate, or apoptose, it is possible that
Gadd45y may also play a separate role in fate specification. A re-
cent study in hematopoietic stem cells (HSCs) found that Gadd45y
not only inhibits proliferation and promotes differentiation, but also
biases HSC differentiation toward granulocyte-macrophage pro-
genitors (GMP) at the expense of megakaryocyte-erythroid pro-
genitors (44). Intriguingly, Gadd45y-expressing HSCs that do not
undergo GMP differentiation were more likely to undergo cell
death, echoing the findings of our work. However, the extent to
which Gadd45y plays a similar role in adult NSCs is not known.

It is not clear why NSCs have evolved the ability to specify ei-
ther differentiation or apoptosis through the dynamics of an in-
dividual signal. An intriguing possibility is that this regulatory
structure could implement a quality control mechanism to safe-
guard against cells that have not fully differentiated, for example,
due to premature loss of the differentiation signal. Such time-
based error correction is analogous to kinetic proofreading of
cell fate. Kinetic proofreading describes how errors in biomolec-
ular reactions can be minimized through the combination of time
delays and rapid removal of reaction errors (45). In the case of
neurogenesis, cell-fate behavior analogous to kinetic proofreading
may be observed to increase differentiation fidelity through the
elimination (apoptosis) of differentiation errors (cells that have
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not received a sufficient duration of differentiation signal), en-
suring that only high-quality neurons (ones receiving sufficiently
long differentiation cues) survive the lengthy differentiation pro-
cess. It will be interesting to explore the prevalence of apparent
cell-fate kinetic proofreading across biological systems and to
understand its role in organismal homeostasis and in disease.

Materials and Methods

Cell Culture and Viral Packaging. Cultured rat hippocampal adult NSCs were
maintained on polyornithine and laminin (5 pg/mL, Life Technologies) coated
polystyrene plates in Dulbecco’s Modified Eagle Medium (DMEM)/F12 (1:1,
Life Technologies) high-glucose medium with N-2 supplement (Life Tech-
nologies) and stimulated with recombinant human FGF-2 (20 ng/mL,
Peprotech). For all differentiation assays, NSCs were cultured in basal me-
dium composed of DMEM/F12 (1:1) high-glucose medium, N-2 supplement,
and 0.5% fetal bovine serum (FBS). For viral production, HEK 293Ts were
maintained in DMEM, FBS (10%, Life Technologies), and penicillin/strepto-
mycin (1%, Life Technologies). All cells were cultured at 37 °C and 5% CO,.
Retroviral and lentiviral production in HEK 293Ts was completed as previ-
ously described (46). In short, virus was generated via transient plasmid
transfection in HEK 293T cells and was harvested and sterile filtered 48 and
72 h after transfection. Viral particles were purified through ultracentrifu-
gation through a sucrose cushion, resuspended in phosphate-buffered sa-
line, and maintained in —80 °C for long-term storage.

Plasmid Design and Assembly.

The optoWnt design. OptoWnt was constructed by fusing the LRP6c domain
directly to the C terminus of Cry2PHR, but without an intervening mCherry as
we previously described (15). This fusion was inserted into the MMLYV retroviral
CLPIT plasmid backbone between the Sfil and Pmel sites. The CLPIT backbone
offers puromycin selection and tetracycline-repressible transgene control.
Gadd45y and ATF3 overexpression. pQStrep2-GADD45G was a gift from Konrad
Buessow (Helmholz Center for Infection Research, Braunschweig, Germany;
Addgene plasmid #31584) (47). pRK-ATF3 was a gift from Yihong Ye (NIH,
Bethesda, MD; Addgene plasmid #26115) (48). Full-length human Gadd45y
and ATF3 were introduced individually (CLPIT-hGadd45y and CLPIT-ATF3)
into the CLPIT backbone using Gibson assembly (NEB) between the Sfil and
Pmel restriction sites.

CRISPR/Cas9 knockout plasmids. LentiCRISPRv2 puro was a gift from Brett
Stringer (University of Queensland, Brisbane, Australia; Addgene plasmid #
98290) (49). The LentiCRISPRv2 plasmid system was used to build CRISPR/Cas9
knockout vectors specific to rat Gadd45y. Guide RNAs (QRNAs) specific to the
exons of Gadd45y were designed using Benchling’s CRISPR/Cas9 Guide RNA
tool (Benchling biology software retrieved from https://www.benchling.
com/). Short annealed gRNAs were ligated into the lentiCRISPRv2 BsmBlI site.
The lentiCRISPRv2 backbone offers puromycin selection.

FUCCI cell-cycle reporter. ES-FUCCI was a gift from Pierre Neveu (EMBL, Hei-
delberg, Germany; Addgene plasmid # 62451) from which the components of
the FUCCI plasmids developed for this study were (33). Citrine was fused to the
N terminus (1-110) of Gem1 and was introduced into CLPIT using Gibson as-
sembly (NEB) between the Sfil and Pmel restriction sites, maintaining the sites
(Citrine-Gem[1-110]). The same technique was used to introduce mCherry
fused to the C terminus of hCdt (30-120) into CLPIT (Cherry-hCdt[30-120]).
TdVP reporter. To quantify p-catenin activity dynamics, an ultra-destabilized
Venus fluorescent protein (17) was placed under the control of a 7x
TCF promoter.

DNA Transfer: Transfection and Viral Transduction. Transient transfections of
HEK 293Ts for viral production were performed using the calcium phosphate
method. Gene transfer into NSCs was performed using viral transduction at a
multiplicity of infection (MOI) of 0.1. NSCs were plated in 35-mm poly-
ornithine- and laminin-coated polystyrene plates and transduced with viral
particles. Twenty-four hours post infection, puromycin (0.6 pg/mL, Sigma
Aldrich) was added for an additional 24 to 48 h to select for positive viral
integration at a copy number of ~1.

Optogenetic and reporter NSCs. NSCs were transduced with optownt for
optogenetic assays. For p-catenin dynamics assays, NSCs stably transduced
with TdVP were subsequently transduced with optownt.

Overexpression and knockdown NSCs. For overexpression of human Gadd45y or
human ATF3, NSCs were transduced with retroviral vector harboring expres-
sion cassettes for hGadd45y or ATF3. ATF3-transduced cells were puromycin
selected. The hGadd45y-transduced cells were not selected due to the acute
antiproliferative and proneurogenic changes associated with hGadd45y pro-
tein expression, but were instead assayed at 24 h post transduction. Protein
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expression for human hGadd45y was assessed via Western blot (hGadd45y,
LifeSpan Biosciences) and reached peak expression by 24 h post transduction.
To knock down rat Gadd45y, NSCs were transduced with LentiCRISPRv2 car-
rying gRNAs to target sites of exon 2 of rat Gadd45y. Successful gene dis-
ruption was measured using the Surveyor Nuclease assay (IDT) and subsequent
sequencing of the targeted site. RNA knockdown was assessed with quanti-
tative PCR against the targeted exon site.

FUCCI NSCs. NSCs were transduced with retroviruses encoding both mCherry
h-Cdt and Venus Gem1, each at a MOI of 1. NSCs were puromycin selected
for successful transduction. Forty-eight hours post transduction, cells were
sorted by fluorescence-activated cell sorting for dual expression of mCherry
and Venus, which occurs during the G1/S transition phase of the cell cycle
(FUCCI-NSCs). This population was expanded and used for subsequent assays.

Neuronal Differentiation Assay. NSC differentiation was induced by three
methods: the small-molecule GSK3p inhibitor CHIR99021 (Tocris), the Wnt3a
ligand (R&D Systems), and the blue-light induction of optoWnt oligomeri-
zation. For all assays, optoWnt-transduced NSCs were seeded at ~20,000
cells per well in polyornithine- and laminin-coated black-walled 96-well
plates compatible with microscopy (Greiner pClear, #655087). NSCs were
maintained in the “basal” medium (DMEM + N2 supplement and 0.5% FBS)
for the duration of the assay. For blue-light stimulation of optoLRP, NSCs
seeded in the 96-well plates were placed on custom-built LED illumination
devices as described previously (15). In brief, 5-mm blue LEDs were arranged
underneath alternating wells. Specific light patterns were controlled by the
open-source Arduino electronics platform. Cells were illuminated within a
humidified incubator at 37 °C and 5% CO, for 48 to 144 h.

Post treatment, cells were fixed with 4% paraformaldehyde and immunos-
tained with anti-p3-tubulin (1:1,000, Sigma Aldrich) and DAPI. For apoptotic
studies, prior to fixation, cells were stained with Annexin V (ThermoFisher) and
imaged before immunostaining. Cell nuclei were counted using CellProfiler (50).
Cells that stained positive for either p3-tubulin or Annexin V were counted
manually. One-way ANOVA was used to determine statistically relevant differ-
ences between experimental conditions.

p-Catenin Activity Fluorescence Reporter Assay. NSCs were transduced with
TdVP retrovirus and optoWnt, each at a MOI of 1 and prepared as described
for differentiation assays. p-Catenin activity was induced with blue light,
CHIR99021, or Wnt3a ligand. The selected regions of interest (ROIs) within
the plate wells were imaged every 3 h over a total of 144 h. Total fluores-
cence per ROl was quantified with ImagelJ (51).

FUCCI System-Based Cell-Cycle Tracking. Cell cycles in FUCCI-NSCs were moni-
tored over 48 h by fluorescence microscopy. Population cell-cycle changes
under various stimuli were tracked over time using image analysis and
quantification with MetaMorph (Molecular Devices). Cells were exposed to
self-renewal (FGF-2), null (no stimuli), or neurogenic (CHIR99021) stimuli pat-
terns, and all assays were performed in basal medium for cell maintenance.
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Microscopy and Image Analysis. Cells were imaged at 20x on the ImageXpress
Micro cellular imaging system (Molecular Devices). Image analysis was per-
formed with MetaExpress (Molecular Devices), CellProfiler, and ImageJ (50).

RNAseq Library Preparation. NSCs were transduced with optoWnt and treated
with either light stimuli, CHIR99021, or Wnt3a ligand for specified stimulation
patterns over 0 to 72 h in basal medium. RNA was extracted using RNAeasy kit
and protocol (Qiagen). The RNA library was prepared using QuantSeq3 kit
(Lexogen) with the low-RNA-input protocol. Sequencing was performed on
an lllumina HiSeq in the University of California at Berkeley Vincent Coates
Sequencing Facility.

RNAseq, GO, and KEGG Statistical Analysis. Sequencing reads were aligned
using the Bowtie 2 alignment tool (52). Reads were mapped to a Bowtie 2
index built from the Rattus norvegicus Rnor_6.0 reference genome down-
loaded from the Ensembl database (https:/asia.ensembl.org/info/data/ftp/
index.html). Alignment was performed using the default preset options in
“—local” mode. Aligned reads were counted by processing the output.sam
files with the featureCounts (53) software through the Subread package in
the R programming language (https://cran.r-project.org/). Within featur-
eCounts, multimapped reads were counted (allowMultiOverlap == TRUE)
and were assigned to the feature with the largest number of overlapping
bases (largestOverlap == TRUE). Reads were mapped against annotated
gene sets from the Rnor_6.0 genome build obtained from the Ensembl da-
tabase. Feature counts (expressed genes) were analyzed using the edgeR
(54) library from the Bioconductor package. Briefly, genes with fewer than 1
count per million in any sample were discarded from analysis. The library
sizes of the remaining genes were normalized for each sample using the
upper quartile method. Differential gene expression between stimulated
cells and unstimulated cells was then calculated using the normalized read
counts for each time point of each condition. Genes were filtered for those
that exhibited dynamic expression (nonmonotonic) and that had more than
four-fold expression change at any given time point. Pathways enriched in
the resultant gene sets were identified using GO (55, 56) and KEGG (57)
analysis with the DAVID bioinformatics resource (58). Hierarchical clustering
was performed by first calculating a distance matrix of gene expression time-
course responses to a pulse of CHIR99021. Distance was calculated based on
rank using the Spearman method. Clustering was performed using the hclust
function with the Ward.D2 algorithm. The resultant gene order from the
CHIR99021-stimulated samples was then applied to gene expression data
from Wnt3a- and optoWnt-stimulated cells.

Data Availability. RNAseq datasets have been deposited in the Gene Ex-
pression Omnibus repository under accession no. GSE155862, and all other
data and associated protocols are present in the manuscript (18). Materials
are available upon request via a simple material transfer agreement.
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