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In developing Xenopus tadpoles, the optic tectum begins to receive patterned visual
input while visuomotor circuits are still undergoing neurogenesis and circuit assem-
bly. This visual input regulates neural progenitor cell fate decisions such that main-
taining tadpoles in the dark increases proliferation, expanding the progenitor pool,
while visual stimulation promotes neuronal differentiation. To identify regulators of
activity-dependent neural progenitor cell fate, we profiled the transcriptomes of pro-
liferating neural progenitor cells and newly differentiated neurons using RNA-Seq. We
used advanced bioinformatic analysis of 1,130 differentially expressed transcripts to
identify six differentially regulated transcriptional regulators, including Breast Cancer
1 (BRCAL1) and the ETS-family transcription factor, ELK-1, which are predicted to
regulate the majority of the other differentially expressed transcripts. BRCA1 is known
for its role in cancers, but relatively little is known about its potential role in regulat-
ing neural progenitor cell fate. ELK-1 is a multifunctional transcription factor which
regulates immediate eatly gene expression. We investigated the potential functions of
BRCA1 and ELK-1 in activity-regulated neurogenesis in the tadpole visual system using
in vivo time-lapse imaging to monitor the fate of GFP-expressing SOX2+ neural pro-
genitor cells in the optic tectum. Our longitudinal in vivo imaging analysis showed that
knockdown of either BRCA1 or ELK-1 altered the fates of neural progenitor cells and
furthermore that the effects of visual experience on neurogenesis depend on BRCA1
and ELK-1 expression. These studies provide insight into the potential mechanisms by
which neural activity affects neural progenitor cell fate.
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Neurogenesis is the collective process of cell proliferation, differentiation, migration, and
survival, which lead to the generation of functional neurons. Dysregulation of neural
progenitor cell (NPC) fate decisions affecting neurogenesis results in abnormal brain
development (1-3). Insight into the regulation of cell proliferation, neuronal differenti-
ation, and apoptosis will advance understanding brain development.

Neuronal circuit activity regulates multiple aspects of brain development (4, 5). Xenopus
laevis tadpoles are an excellent system to investigate how sensory experience modulates
neural development because tadpoles receive and respond to patterned visual stimuli while
neurogenesis and circuit assembly are occurring. In tadpoles, visual stimulation increases
integration of newly generated neurons into the tectal circuit by regulating neuronal
structural development, synaptic connectivity, and biophysical properties that affect neu-
ronal firing (6-8). Visual experience also regulates neural progenitor proliferation, cell
fate, and neuronal differentiation. For instance, exposing tadpoles to dark continuously
over 2 d, instead of the normal 12-h light/12-h dark cycle, significantly increased NPC
proliferation, expanding the progenitor pool, whereas exposing animals to visual stimu-
lation for 24 h decreased NPC proliferation and increased neuronal differentiation
(9, 10). These studies indicate that visual experience conditions that increase or decrease
tectal circuit activity lead to different NPC fates; however, little is known about the
molecular mechanisms that regulate these activity-induced cell fate decisions.

Differential transcriptome analysis has been a productive approach to generate hypoth-
eses and identify molecular mechanisms involved in cell fate regulation in a variety of
experimental systems, including Xenopus (11-16). Here, we leverage prior studies in
Xenopus tadpoles to investigate activity-dependent regulation of NPC fate in vivo. We
used transcriptomic profiling of birthdated cohorts of NPCs and newly differentiated
neurons with RNA-seq to identify differentially expressed (DE) transcripts. Datamining
our DE dataset revealed cellular mechanisms underlying NPC fate decisions and neuronal
differentiation and identified BRCA1 and ELK-1 as candidate molecular regulators of
NPC fate. In vivo time-lapse imaging combined with knock down strategies indicated
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that BRCAT and ELK-1 regulate NPC fate and that the effects of
visual experience on NPC fate depend on ELK-1 and BRCALI

expression.

Results

Differential Expression Analysis of Transcripts Expressed by
Neural Progenitor Cells and Immature Neurons. We used RNA-
seq to profile transcripts in NPCs and their neuronal progeny
isolated from animals exposed to different visual experience regimes
(Fig. 14). To isolate enriched populations of NPCs and immature
neurons, we expressed turbo-GFP (tGFP) in NPCs in vivo by
electroporating the optic tectum with pSOX2-bd::tGFP, a plasmid
that drives tGFP expression upon binding of endogenous SOX2
(10, 17). The use of pSOX2-bd::tGFP provides many benefits
for this experiment (10): 1) it only labels cells that express SOX2,
resulting in tGFP expression specifically in NPCs, birthdating the
SOX2+ NPCs and their progeny in the tectum; 2) it uses Gal4-
UAS to amplify tGFP expression; 3) the rapid maturation kinetics
of tGFP, together with Gal4-UAS amplified gene expression,
enabled us to label and isolate SOX2+ NPCs and their progeny
within 1 d of electroporation; 4) tGFP is stable for days; and 5)
it labels SOX2+ cells even under conditions that might alter the
generation of additional neural progenitors (S/ Appendix, Fig. S1).
After exposing electroporated animals to dark or visual stimulation
(Fig. 1 Aand B), we dissected the midbrains and isolated ~40,000
tGFP+ cells by FACS (Fig. 1C and SI Appendix, Methods).

We identified 1,130 transcripts that were differentially expressed
between NPCs and immature neurons using DESeq2 (SI Appendix,
Figs. S2 and S3 and Table S1 and Dataset S2). neurodl, wntl,
Jf2f2, vegfa, nfkb1, and smad9 were enriched in immature neurons,
and elk-1, edfl, sstrd, bmp4, jak2, and nr2f5 were enriched in
NPCs (8] Appendix, Table S2) validating enrichment of NPCs

and immature neurons.

Bioinformatic Analysis of Differentially Expressed Genes
Identified Functional Categories and Interaction Networks. To
identify molecular and cellular processes affecting NPC proliferation
and neuronal differentiation governed by DE transcripts, we

categorized these transcripts using the PANTHER (Protein
Analysis Through Evolutionary Relationships) classification system
(ST Appendix, Figs. S4 and S5 and Dataset S2). PANTHER classified
367 transcripts which clustered catalytic activity (220 genes), DNA
binding (98), receptor-mediated signaling (146), and structural
proteins (89) (S Appendix, Fig. S4 and Dataset S2). Three GO
slim biological processes, cell proliferation, cell differentiation,
and cell cycle, were enriched in our DE dataset (Fig. 24 and
Dataset S2). This analysis identified DE transcripts known to affect
cell fate changes and those that are less well known for a role in
neurogenesis, which may be subject of further investigation.

We used STRING and Cytoscape to identify protein—protein
interaction networks among DE transcripts. STRING identified
458 proteins with one or more interaction partners (Fig. 2 and
Dataset S3). Ranking protein importance within network nodes
based on degree centrality and closeness centrality (18) indicates
that proteins with more than 20 binding partners are likely to play
an important role in neurogenesis. Nine proteins had 20 or more
interaction partners, and 4 of these, ACTA2, BMP4, JAK2, and
BRCALI, were enriched in NPCs, while the other 5, ITGA2,
VEGFA, FGF2, AURKB, and NFKB1, were enriched in imma-
ture neurons (Fig. 2B). Furthermore, network analysis indicated
that these nine proteins interact with each other (Fig. 2C), sup-
porting the idea of protein network-based regulation of funda-
mental neurodevelopment events such as cell fate.

Differentially Expressed Master Regulator Network. We were
interested in determining whether upstream DE transcriptional
regulators could operate as master regulators, controlling the
differential expression of other transcripts in NPCs and immature
neurons. We identified candidate master regulators based on two
criteria: the number of their targeted genes and the number
of interactions they have with other transcriptional regulators,
assuming that a candidate with more protein—protein interactions
can indirectly regulate more transcripts. After testing this strategy
by mining the ENCODE database (SI Appendix, Fig. S6), we
tested our DE dataset and identified six candidates that regulated
other DE transcripts: BRCA1, ELK-1, CEBPB, CEBPD, FOSLI,

and BRF1. Using protein network analyses, we were surprised to
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Isolation of neural progenitor cells and immature neurons from the optic tectum. (A) Visual experience paradigm used to enrich for NPCs and immature

neurons. Animals were reared in 12 h light/12 h dark until stage 46 when the midbrain was electroporated with pSOX2-bd::tGFP plasmid. After electroporation,
animals were randomly divided into two groups, one exposed to enhanced visual experience (VE) for 24 h. (B) Whole brain electroporation labels NPCs and
neurons in the optic tectum. Left: Image of the head of the tadpole with electrodes (yellow) on each side of the optic tectum. Middle: Dorsal view of the optic
tectum. The ventricle, NPC layer, and neuronal layer are labeled. Right: in vivo 2-photon image of tGFP-labeled NPCs and neurons in the ventricular layer (VL)
and neuronal layer (NL). (C) Fluorescence histogram indicates the gate setting of the fluorescence-activated cell sorting (FACS) to isolate tGFP+ cells. Control is

set to the background fluorescence from nonelectroporated midbrain cells.
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Fig. 2. Bioinformatic analysis of differentially expressed transcripts identifies functional categories and interaction networks. (A) Fold change of transcript
expression between NPCs and immature neurons in GO biological processes: cell proliferation, cell differentiation, and cell cycle. (B) Protein interaction network
analysis of DE transcripts, arranged by number of binding partners (interactions) in NCPs (blue) and neurons (red). (C) Network analysis of the nine transcripts
highlighted in (B) with the most binding partners, blue indicates genes up-regulated in neural progenitor cells and red indicates increased expression inimmature
neurons. Fold change scale applies to (A) and (C).

find that five of these DE upstream transcriptional regulators,  transcriptional regulators. A Venn diagram of the genes targeted
excluding BRF1 (transcription factor IIIB 90 kDa subunit), by CEBPB (268), ELK-1 (209), CEBPD (178), BRCA1 (177),
interact with each other (Fig. 3A4). This analysis suggests that and FOSLL1 (66) (Fig. 3B and SI Appendix, Table S3) identified
differential transcript expression in NPCs and newly differentiated ~ potential coregulated transcripts, including a diverse range
neurons may be governed by a synergistic network of these five  of cellular processes that affect progenitor cell and neuronal

A =L 209)

(892) 94930

Fold Change (log,)

NPC- -Neuron P4
8
S

-5 0 5

28

e8P ar®)

Fig. 3. Network of differentially expressed transcriptional regulators. (A) ELK1, BRCA1, CEBPB, CEBPD, and FOSL1 form a network of DE transcription factors
that regulates other DE transcription factors. Color refers to fold change enrichment between NPCs (blue) and neurons (red). (B) 5-way Venn diagram showing
the numbers of transcripts targeted by the 5 DE transcription factors in (B). For specific targets, see S/ Appendix, Table S3.
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functions, including cytoskeletal regulation, apoptosis, TGFp
signaling, and transcriptional regulation, consistent with the idea
that spatiotemporal dynamics of transcriptional regulation may
provide an important element of control (19).

Of these five networked transcriptional regulators, we selected
BRCA1 and ELK-1 for further investigation as potential master
regulators in NPC fate in the developing brain, based on their
enriched expression in NPCs (Fig. 2), the observation that BRCA1
and ELK-1 interact with each other in a network of candidate
master regulators and regulate a total of 270 target genes (Fig. 3
and SI Appendix, Table S2) and the relative paucity of information
about their roles in NPCs (20-23).

Visual Experience Alters BRCA1 and ELK-1 Protein Expression
in Neural Progenitor Cells. To address the potential roles of
BRCA1 and ELK-1 in NPC fate under different visual experience
conditions, we first examined whether exposing animals to dark
affected SOX2, BRCA1, and ELK-1 expression compared to
enhanced visual experience (VE). Western blots of the midbrain
indicate that exposure to dark significantly increased SOX2,
BRCALI, and ELK-1 compared to VE (Fig. 44). These results are
consistent with our previous findings that dark exposure increases
SOX2+ NPC proliferation (9, 10) and the higher brcal and elk-1
transcript expression in NPCs (Figs. 2 4 and C and 34 and
SI Appendix, Table S2).

BRCA1 Regulates the Fate of Neural Progenitor Cells. To examine
the function of BRCA1 in NPCs, we knocked down BRCA1
using translation-blocking antisense morpholinos. Two days
after electroporating brcal or control morpholinos, BRCA1 was
reduced, and both ELK-1 and SOX2 protein were decreased
(Fig. 4B), suggesting that either BRCA1 directly regulates these
proteins or that BRCA1 is required to maintain SOX2- and ELK1-
expressing NPC numbers.

We then used in vivo time-lapse imaging to visualize the effect of
BRCA1 KD on NPCs in the optic tectum. Following the protocol
in Fig. 4C, we imaged tGFP+ tectal cells over 3 d, classified them as
NPCs or neurons (10), and determined the changes in tGFP+ cell
types in BRCA1 KD and control conditions (Fig. 4D). In control
animals, tGFP+ cell numbers increased over 3 d (Fig. 4E), as reported
(10, 17). BRCA1 KD blocked the normal increase in tGFP+ cells,
resulting in a constant number of tGFP+ cells over the imaging period
(Fig. 4F), consistent with the decrease in SOX2 in western blots
(Fig. 4B). In addition, BRCA1 KD increased the proportion of
tGFP+ NPCs (Fig. 4F) and decreased the proportion of tGFP+ neu-
rons (Fig. 4G) compared to control. These data indicate that BRCA1
KD alters the fate of NPCs and suggest that BRCA1 may affect both
NPC proliferation and their differentiation into neurons.

To examine whether BRCA1 KD blocked the increase in the
total tGFP+ cells by blocking cell division, we immunolabeled
cells for the cell division marker phospho-histone H3 (pH3)
(Fig. 4H, green cells), a SOX2-independent measure of prolifer-
ation. BRCA1 KD increased the number of pH3+ cells in the
optic tectum compared to controls, indicating that BRCA1 KD
did not block NPC proliferation, but instead, increased NPC
proliferation (Fig. 4/), consistent with the increased proportion
of NPCs seen with BRCA1 KD (Fig. 4F).

To investigate whether BRCA1 KD increases apoptosis as well
as proliferation, thereby maintaining a constant number of tGFP+
cells over the 3-d period, we labeled apoprotic cells with SYTOX
nuclear dye (Fig. 4/). BRCA1 KD transiently increased apoptosis
in the optic tectum on days 1 and 2, then decreased apoptosis on
day 3 compared to controls (Fig. 4K). BRCA1 KD transiently
increased apoptosis in NPCs at day 1 and day 2 and in neurons

https://doi.org/10.1073/pnas.2316542121

at day 1 (Fig. 4 L and M). These data indicate that BRCA1 KD
increases NPC proliferation and transiently increases apoptosis in
NPCs and neurons. Combined with the observations that BRCA1
KD blocks the normal increase in SOX2+ progeny, these data
suggest that BRCA1 KD biases NPCs to undergo symmetric divi-
sions, generating NPC daughter cells, many of which become
apoptotic along with some neurons.

ELK-1 Regulates the Fate of Neural Progenitor Cells. We examined
the function of ELK-1 in NPCs by knocking down ELK-1 with
translation-blocking morpholinos (Fig. 54, green). ELK-1 KD
also decreased SOX2 compared to control morpholinos (Fig. 54,
yellow). Following the protocol in Fig. 4C, we found that ELK-1
KD resulted in a delayed block in the normal increase in total
tGFP+ cells. From day 1 to day 2, tGFP+ cell numbers increased to
a comparable extent in ELK-1 KD and control animals. In contrast
to the continued increase in cell numbers in controls, (Fig. 5C,
black bars), ELK-1 KD tGFP+ cell numbers failed to increase
(Fig. 5C, green bars). Furthermore, ELK-1 KD significantly
increased tGFP+ NPCs and decreased tGFP+ neurons compared
to control (Fig. 5 D and E). ELK-1 KD transiently increased
pH3+ cells at day 1 compared to control (Fig. 5 Fand G), while
ELK-1 KD increased SYTOX+ cells in the optic teccum (Fig. 5 H
and /), possibly explaining why the day 1-day 2 increase in total
tGFP+ cell number is the same between ELK-1 KD and controls
(Fig. 5C). Specifically, ELK-1 KD increased apoptosis in NPCs
over all 3 d of the experiment (Fig. 5/), and transiently increased
apoptosis in neurons at day 1 compared to control (Fig. 5K). These
data suggest that ELK-1 KD increased the proportion of NPCs in
the total tGFP+ pool. Underlying this increase in the proportion
of NPCs was a transient increase in NPC proliferation combined
with increased apoptosis in NPCs over 3 d and a transient increase
in apoptosis in neurons. Together, these studies suggest that ELK-
1 KD drives NPCs to undergo symmetric divisions, expanding
the progenitor pool, while also increasing NPC apoptosis. The
experiments described above suggest that BRCA1 and ELK-1
regulate the fate of NPCs in the developing optic tectum.

Visual Experience Effects on Neural Progenitor Cell Fate
Depend on BRCA1. Data described above indicate that BRCA1
is enriched in NPCs (Figs. 2 and 3), that BRCA1 limits NPC
proliferation in animals maintained in the 12 h light/12 h dark
condition, and that BRCA1 and SOX2 expression increase in
the optic tectum when animals are exposed to dark (Fig. 4). To
investigate whether the effects of visual experience on NPC fate
require BRCALI expression, we collected in vivo time-lapse images
from BRCA1 KD and control animals that were exposed to light/
dark conditions or maintained in the dark (Fig. 6 A and B and
SI Appendix, Methods for details). Plotting the normalized change
in total tGFP+ cell numbers between days 1 and 3 showed that
BRCA1 KD decreased tGFP+ cell numbers in animals exposed
to the light/dark condition (Fig. 6C, gray vs. light blue bars),
reproducing data shown in Fig. 4F. In addition, BRCA1 KD
blocked the dark-induced increase in tGFP+ cell numbers (Fig. 6C,
black vs. dark blue bars). To further dissect how visual experience
and BRCA1 protein expression are involved in regulating the fate
of tGFP+ NPCs, we conducted a two-way ANOVA statistical
analysis which reveals a statistically significant interaction between
visual experience and BRCAL protein expression on tGFP+
cell number. The factorial experimental design we employed
enabled us to perform such analysis. The profile plot shown in
Fig. 6D illustrates the relationship between the visual experience
conditions and BRCA1 protein expression. In control animals
(Fig. 6D, black line), the fold change in tGFP+ cells increased in
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Fig. 4. BRCA1 regulates neural progenitor cell fate. (A) BRCA1 (blue), ELK-1 (green), and SOX2 (yellow) expression are increased in animals maintained in the
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lowers BRCAT1 (blue, n =5), ELK-1 (green, n = 6), and SOX2 (yellow, n = 6) protein expression. Midbrains were dissected for western blots 2 d after electroporating
morpholinos. (C) Diagram of in vivo imaging protocol. Animals were maintained in a 12 h light/12 h dark cycle. After coelectroporation with tGFP and brcaT or
control morpholinos, animals were imaged for 3 consecutive days. (D) Representative in vivo images of tGFP+ tectal cells from control morpholino and BRCA1
KD animals. (Scale bar, 50 pm.) (E) BRCA1 KD significantly reduced tGFP+ cell numbers compared to control morpholino-treated animals on days 2 and 3. n =
45 to 46 animals per condition. (F and G) Of the cells shown in (E), the percentage of NPCs significantly increased (F) and neurons decreased (G) with BRCA1 KD
compared to control morpholino treatment. (H) Z-projection images showing pH3 immunolabeling (green) and SYTOX nuclear labeling (red) on day 3 in the
ventricular layer (VL) and neuronal layer (NL). (Scale bar: 100 pm.) (/) BRCA1 KD significantly increased the total number of pH3+ cells in the tectum compared
to control morpholino-treated animals over 3 d. n = 37 to 48 animals per group/timepoint. (/) Confocal Z-projection images of SYTOX-labeled apoptotic nuclei in
NPCs in the ventricular layer on day 1 (VL, red arrowheads) and apoptotic neurons in the neuronal layers (NL, yellow arrowheads). (Scale bar: 100 pm.) (K) BRCA1
KD significantly affected the total number of apoptotic cells compared to control morpholino-treated animals. n = 34 to 38 animals per group/timepoint. (L and
M) Of the cells shown in (K), BRCA1 KD significantly increased apoptosis in NPCs on days 1 and 2 (L) and in neurons on day 1 compared to control morpholino-
treated animals. (M) *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; two-tailed Student's t test in (A); one-tailed Student's t test in (B); Mann-Whitney
U test in (E-G), (), and (K-M).

the dark compared to light/dark conditions. By contrast, when We next examined whether the influence of visual experience
the BRCA1 KD animals were maintained in dark over the 3-d ~ on NPCs is affected by BRCAL. Visual experience provided in
experiment (Fig. 6D, blue line), tGFP+ cell numbers decreased the light/dark condition significantly increases NPCs with
compared to control animals. These data indicate that effects of ~ BRCA1 KD (Fig. 4F) and this is independently reproduced in
visual experience on tGFP+ cell numbers depend on BRCA1 Fig. 6E (gray vs. light blue bars), suggesting that BRCA1 nor-
protein expression. mally limits the generation of NPCs under control 12 h light/12 h
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Fig.5. ELK-1 regulates neural progenitor cell fate. (A) elk-1 morpholino reduces ELK-1 (green, n = 3) and SOX2 (yellow, n = 3) compared to control morpholino-
treated animals. Midbrains were dissected for western blots 2 d after electroporating morpholinos. Blots were normalized to Ponceau staining for quantification.
(B) Representative in vivo images of tGFP+ cells in the optic tectum from control morpholino-treated animals and ELK-1 KD animals. The experimental protocol
is shown in Fig. 4C. (Scale bar: 100 pm.) (C) ELK-1 KD significantly reduces the total number of tGFP+ progeny number on day 3 compared to control morpholino-
treated animals. n = 12 animals per condition. (D and E) ELK-1 KD significantly increases the percentage of NPCs (D) and decreases neurons (E) in total eGFP+
cells compared to control morpholino-treated animals. (F) Confocal Z-projection of phospho-Histone H3 (pH3) immunolabeling in control morpholino-treated
animals and ELK-1 KD tecta. (Scale bar: 100 pm.) (G) ELK-1 KD increases pH3+ cells on day 1 compared to control morpholino-treated animals. n = 40 to 52
animals per group/timepoint. (H) Confocal Z-projection images of SYTOX+ apoptotic nuclei in NPCs in the ventricular layer (VL) on day 1 (red arrowheads) and
apoptotic neurons in the neuronal layers (NL, yellow arrowheads). (Scale bar: 100 pym.) (/) ELK-1 KD significantly increases the total number of apoptotic cells on
days 1 and 2 compared to control morpholino-treated animals. n = 39 to 51 animals per group/timepoint. (/ and K) ELK-1 KD significantly increased apoptosis
in NPCs across all days tested (/) and in neurons on day 1 (K) compared to control morpholino-treated animals. *P < 0.05, **P < 0.01, ***P < 0.001, and ****p <
0.0001; one-tailed Student’s t test in (A); Mann-Whitney U test in (C-£), (G), and (/-K).
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dark conditions. In contrast, BRCA1 KD does not change the
proportion of NPCs in animals maintained in the dark (Fig. 6,
black vs. dark blue bars), suggesting that dark-induced increase
in proliferation [previously reported (9, 10) and shown in
Fig. 6C, gray and black bars] is not sensitive to decreasing
BRCA1. Two-way ANOVA analysis shows a statistically signifi-
cant interaction between visual experience and BRCA1 on the
proportion of NPCs in the tGFP+ cells (Fig. 6F). Analysis of the
proportion of neurons in the tGFP+ cell population supports a
similar conclusion. In animals exposed to light/dark conditions,

https://doi.org/10.1073/pnas.2316542121

BRCA1 KD significantly decreases neurons compared to controls
(Fig. 6G, gray vs. light blue bars) and there is a significant inter-
action between the visual experience conditions and BRCA1 on
the proportion of neurons (Fig. 6H), indicating that BRCA1
affects neuron number under light/dark conditions. However, as
predicted from the NPC data in Fig. 6, the proportions of
neurons are similar in BRCA1 KD and control animals main-
tained in the dark (Fig. 6G, black vs. dark blue bars). These data
suggest that BRCA1 is involved in NPC fate in response to light,
that the dark-induced increase in proliferation (Fig. 6C, gray and
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Fig. 6. BRCA1 and ELK-1 mediate visual experience-dependent effects on neural progenitor cell fate. (A) Diagram of treatment and imaging protocol. (B-H)
BRCAT mediates the effects of visual stimulation on NPC fate. (B) Representative images of tGFP+ cells collected on day 3 from animals exposed to 12 h light/12
h dark (light) or continuous dark (dark) with BRCA1 KD or control morpholinos. (Scale bar: 50 pm.) (C-H) Quantitative analysis of imaging data. (C) BRCA1 KD
(B-KD) blocked the normal increase in GFP+ cells over the 3-d imaging period in animals exposed to 12 h light/12 h dark (light: gray bar vs. light blue bar) or
dark (dark: black bar vs. dark blue bar) compared to control morpholino-treated animals. n = 17 to 24 animals per condition/timepoint. (D) Profile plot of data
in (C) demonstrating that the effect of visual experience on tGFP+ cell number depends on BRCAT1. (E and G) BRCA KD significantly increased NPCs in animals
exposed to light [(E) light: gray bar vs. light blue bar] and decreased neurons [(G) light: gray bar vs. light blue bar] compared to control morpholino-treated
animals. BRCA1 KD did not affect NPCs (E) or neurons (G) in animals exposed to dark (black vs. dark blue bars). (F and H) Profile plots of data in (E) and (G)
demonstrating that the effect of visual experience on NPC fate depends on BRCA1 expression. (I-0) ELK-1 mediates the effects of visual stimulation on NPC fate.
(/) Representative images of tGFP+ cells collected on day 3 in animals exposed to light or dark with ELK-1 KD or control morpholinos. (Scale bar: 50 um.) (/-0)
Quantitative analysis of in vivo imaging data. (/) ELK-1 KD (E-KD) blocked the normal increase in GFP+ cells in animals exposed to light (light: gray vs. light green
bars) but not dark (black vs. dark green bars) compared to control morpholino-treated animals. n = 11 to 14 animals per condition/timepoint. (K) Profile plot of
factorial comparison of data in (/), demonstrates that the effect of visual experience on the total number of tGFP+ cells is not dependent on ELK-1. (L) ELK-1 KD
significantly increased NPCs under light conditions (gray vs. light green bars) and significantly decreased neural progenitors under dark conditions (black vs.
dark green bars) compared to control morpholino-treated animals. (N) ELK-1 KD significantly decreased neurons in animals exposed to light (gray vs. light green
bars) but did not significantly affect neurons in animals in dark (black vs. dark green bars) compared to control morpholino-treated animals. (M and O) Profile
plots of data in (L) and (N) demonstrate that the effect of visual experience conditions on the fate of NPCs and neurons depends on ELK-1 expression. *P < 0.05,
**P <0.01, ***P <0.001, and ****P < 0.0001; Mann-Whitney U test in (C), (E), (G), (), (L), and (N). Two-way ANOVA analysis was used in (D), (F), (H), (K), (M), and (O).

black bars) is not sensitive to decreasing BRCA1 and that the
increase in neuron numbers in light/dark conditions requires
BRCAL. Together, these data indicate that the effects of light/
dark exposure on NPC fate depend on BRCAL.

PNAS 2024 Vol.121 No.3 2316542121

Visual Experience Effects on Neural Progenitor Cell Fate Are
Mediated by ELK-1. Thus far, our data indicate that ELK-1 is more
highly expressed in NPCs than neurons (Fig. 3), that exposing
animals to dark increases ELK-1 (Fig. 4), and that ELK-1 limits

https://doi.org/10.1073/pnas.2316542121
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neurogenesis by affecting both NPC proliferation and apoptosis
(Fig. 5) in animals maintained in the light/dark condition. To
further understand the mechanisms by which visual experience
conditions affect NPC fate, we tested whether the effects of visual
experience on NPC fate are mediated by ELK-1 using the protocol
in Fig. 6A. Representative images of tGFP+ cells are shown for
the control morpholino-treated animals and ELK-1 KD animals
after 3 d of light/dark or dark conditions (Fig. 6/). ELK-1 KD
decreased the number of tGFP+ cells in animals maintained in
12 h light/12 h dark conditions, independently reproducing data
in Fig. 5, but ELK-1 KD did not significantly change tGFP+
cell numbers in animals exposed to dark (Fig. 6/). Furthermore,
two-way ANOVA statistical analysis of ELK-1 expression and
visual experience conditions suggests that these two factors do
not interact to regulate the number of tGFP+ cells, indicated by
the two parallel lines in the profile plot (Fig. 6K).

We next examined whether the effect of dark exposure on
increasing NPCs depends on ELK-1. Under the 12 h light/dark
visual experience condition, ELK-1 KD increased NPCs compared
to controls (Fig. 6L, gray vs. light green bars), independently rep-
licating data in Fig. 5D. Furthermore, ELK-1 KD blocked the
dark-induced increase in NPCs (Fig. 6Z, black vs. dark green
bars). These data indicate that ELK-1 normally limits the gener-
ation of NPCs under control visual experience conditions and
that ELK-1 is required for the dark-induced expansion of the
neural progenitor pool. We find a statistically significant interac-
tion between the visual experience condition and ELK-1 expres-
sion on the proportion of NPCs in the tGFP+ cell population
based on the two-way ANOVA analysis (Fig. 6M). These data
indicate that ELK-1 may be involved in NPC fate in both light/
dark and continuous dark conditions. ELK-1 KD significantly
decreased neurons in light/dark conditions, compared to control
morpholinos (Fig. 61V, gray vs. light green bars) and there was a
significant interaction between the visual experience condition
and ELK-1 expression on neurons (Fig. 60). However, ELK-1
KD did not significantly affect the proportion of neurons gener-
ated under dark conditions (Fig. 6/V, black vs. dark green bars),
suggesting that ELK-1 is required specifically to mediate the effects
of dark exposure on expanding the NPC pool and the effects of
light in promoting neuronal differentiation. Together, these data
demonstrate that the effects of visual experience conditions on

NPC fate depend on ELK-1.

Discussion

This study profiled the transcriptomes of activity-induced prolif-
erating NPCs and newly differentiated immature neurons in X.
laevis tadpole brains using RNA-seq. Neuronal activity regulates
the fate of NPCs in the CNS (4, 5,9, 10, 17, 24). Here, we exposed
tadpoles to dark or 12 h light/12 h dark for 24 h to bias the in vivo
fate of the tGFP-birthdated cohort of SOX2+ optic tectal NPCs
toward cell proliferation or differentiation, respectivel, y and used
RNA-Seq of FAC sorted tGFP+ cells to identify molecular signa-
tures of activity-dependent effects on neural progenitor cell fate.
This experimental design enabled us to detect differences in the
transcriptomes of NPCs and newly differentiated neurons induced
within 24 h in the unperturbed neurogenic niche in the intact
developing brain. Our transcriptome analysis identified 1,130 DE
transcripts between NPCs and neurons. Data-mining and bioin-
formatic analyses revealed an overview of the potential roles of the
DE transcripts in neurogenesis and identified a network of DE
upstream transcriptional regulators, including BRCA1 and ELK-1,
which is predicted to regulate the expression of other DE transcripts
in NPCs and neurons during in vivo sensory experience-driven

https://doi.org/10.1073/pnas.2316542121

brain development. Invivo time-lapse two-photon imaging
showed that BRCA1 and ELK-1 affect neurogenesis. Furthermore,
BRCA1 and ELK-1 mediate sensory experience—dependent effects
on NPC fate. Together these studies provide a resource for tran-
scriptomic profiles of enriched populations of NPCs and immature
CNS neurons from X. laevis, increase our understanding of cellular
and molecular mechanisms underlying experience-dependent NPC
fate decisions, and suggest roles for BRCAl1 and ELK-1 in
experience-dependent neurogenesis in the developing vertebrate
brain.

Bioinformatic Analysis Identified Functional Categories and
Networks of Differentially Expressed Genes. We mined several
databases to reveal the differences in transcriptomes between
NPCs and immature neurons and the potential implications
these differences represent. Recognizing that we are not analyzing
pure populations of single neural cell types, our bioinformatic
approaches emphasized network interactions, which weigh multiple
components with known interactions or operating within known
signaling pathways. PANTHER’s functional categorization of the
DE transcripts identified molecular components and signaling
pathways induced in response to activity and extracellular signaling
events that affect cell proliferation or cell cycle exit and neuronal
differentiation. Prominent categories of the DE transcripts include
proteases and transcription factors which regulate progenitor cell
fate in other systems, validating our approach. Other DE transcripts
that are less well known with respect to NPC fate regulation may
reveal additional mechanisms involved in this context (S Appendix,
Figs. S5 and S6).

Cell proliferation, cell differentiation, and cell cycle were identi-
fied by PANTHER as prominent functional categories represented
in the DE transcripts. These processes are most relevant to main-
taining NPC self-renewability and neuronal differentiation. Among
the DE transcripts in our dataset that are included in these processes,
breal, tgfa, and jak2, which are enriched in NPCs, are known to
promote cell proliferation (25, 26), while ssz7:5, which is decreased
in NPCs, inhibits cell proliferation (27). pdgfa, in addition to its
role promoting cell proliferation, regulates cell migration (28), con-
sistent with our observation that pdgfa expression was increased in
immature neurons. Together, this analysis identifies neurodevelop-
mental cellular processes that are associated with the DE transcripts
and importantly generates hypotheses implicating less well-known
candidates in neurodevelopmental processes.

Protein-Protein Interaction Networks Identify Key Players
in Neurodevelopment among the Differentially Expressed
Transcripts. Further analysis of the DE transcripts identified a
network of highly connected hub proteins that interact with each
other: ACTA2, BMP4, JAK2, and BRCA1, which were enriched in
NPCs, and ITGA2, VEGFA, FGF2, AURKB, and NFKB1, which
were enriched in immature neurons (Fig. 2 A-C and SI Appendix,
Fig. S5). Focusing on the NPCs, brcal (breast cancer 1) and jak2
(Janus kinase 2, a nonreceptor tyrosine kinase) are enriched in
NPCs, and their proteins each have 28 and 29 interaction partners
in this network, respectively. BRCA1 can regulate the expression
and modulate the activity of JAK2 (29). JAK2 activates the STAT
signaling cascade, and szz2 itself is enriched in NPCs. The JAK/
STAT signaling cascade modulates proliferation of NPCs (30, 31).
bmp4 (bone morphogenetic protein 4), also enriched in NPCs,
has 25 interactions in this network and maintains self-renewal of
mouse embryonic stem cells (32). In summary, proteins generated
from the DE transcripts occupy important positions within network
nodes regulating cell proliferation, differentiation, and survival, with
distinct functions in regulating neurogenesis. Proteins generated
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from DE transcripts are themselves well-connected in a network
of other proteins derived from DE transcripts, consistent with
coordinated transcriptional control generating functional protein
interaction networks.

Bioinformatic Identification of a Transcriptional Regulatory
Network that May Mediate Activity-Dependent Control of
Neural Progenitor Cell Fate. A major interest in our bioinformatic
analysis is to identify DE master transcriptional regulators that could
function in a network to regulate other DE transcripts in NPCs
and immature neurons in response to different visual stimulation
conditions. Using a dual criteria strategy to search for transcription
factor master regulators based on 1) capacity to regulate the majority
of DE transcripts in our dataset, and 2) large number of interaction
partners, successfully identified five candidate master regulators
that each have multiple interaction partners and together form a
network: CEBPD, FOSL1, CEBPB, ELK-1, and BRCAL. Are these
candidates likely to mediate sensory experience—dependent effects on
transcript expression? Are they likely to regulate NPC proliferation
and neuronal differentiation? Activity-dependent regulation of cell
proliferation and neuronal differentiation is mediated by intercellular
signaling between neurons and NPCs that initiates ERK/MAPK
signaling (5, 33). ERK/MAPK signaling induces transcription of
immediate early genes in NPCs, which in turn can induce expression
of diverse genes (34). This network is well positioned to transduce
activity-triggered intercellular signals to affect NPC fate. FOSLI,
CEBPB, ELK-1, and BRCA1 are enriched in NPCs and interact
with each other. FOSLI (fos-like antigen 1) binds c-Jun to form the
activator protein 1 (AP-1) transcription complex and promotes cell
cycle progression (35). CEBPB [CCAAT /enhancer binding protein
(C/EBP), beta] promotes self-renewal and proliferation of NPCs and
survival of new-born neurons (36) and synergizes with ELK-1 (37).

BRCAL is a multifunctional protein, widely known as a tumor
suppressor, with roles in genome stability, checkpoint control,
replication fork stability, and DNA double-strand break repair via
homologous recombination (26, 38). In mice, BRCAI null is
embryonic lethal (39, 40), but mice with spatial and temporal
control of BRCAI loss of function have neurodevelopmental
defects, specifically related to BRCAL’s role in neurogenesis (20,
41). BRCATI’s function in NPCs may be related to its function
repairing double-stranded DNA damage because their high rate
of proliferation makes them prone to DNA double strand breaks
(39); however, BRCA1 is also a component of core transcriptional
machinery, where it can act as a transcriptional activator or repres-
sor, depending on its interaction partners (42). BRCAI is an
upstream regulator of e/k- 1, and ELK-1 interacts with BRCALI to
augment BRCA’s growth suppressive function in cancer cells (43,
44). In addition, BRCA1 can regulate expression and modulate
activity of JAK2 (29), which we identified as a DE transcript with
one of the highest number of protein—protein interactions, and
can reportedly induce cell proliferation by activating promoters
of ¢-fos and ¢-mye, which itself was differentially expressed and has
a high number of protein—protein interactions.

ELK-1 is expressed in SOX2+ NPCs and neurons throughout
development and in adult animals (45). ELK-1 is phosphorylated
by MAPKs, including ERK, resulting in translocation of pELK-1
to the nucleus and induced transcription of diverse target genes.
The specificity of ELK-1-regulated transcriptional responses is
likely due to spatiotemporal control of recruitment of specific
coactivators, such as CREB binding protein, p300, and serum
response factor, resulting in diverse downstream outcomes con-
cerning pluripotency, apoptosis, proliferation, and survival in
neural progenitors or synaptic plasticity in neurons (21). Nuclear
translocation of pELK-1 in SOX2+ neural progenitors induced

PNAS 2024 Vol. 121
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transcription of immediate early genes (IEGs), including egr! (aka
2if266) and c-fos, as well as other targets pertaining to proliferation
and pluripotency, such as sox2, oct4, and nanog (45). This conver-
gence of extracellular signaling to IEGs and sox2 suggests a mech-
anism for extracellular activating signals to regulate NPC fate,
consistent with studies demonstrating a role for neuronal activity
in neurogenesis (4, 5).

CEBPD, [CCAAT/enhancer binding protein (C/EBP), delta]
inhibits cell proliferation by down-regulating c-Myc and cyclins
and increasing expression of differentiation-related genes (36).
This suggests that CEBPD may inhibit cell proliferation and
drive neuronal differentiation, consistent with the increased
expression we observed in immature neurons. In combination
with the enriched expression of neuroD1 and fgf2, that are
known to induce terminal neuronal differentiation (46), visual
experience-induced increased CEBPD expression in tadpoles may
promote NPCs to exit the cell cycle and differentiate into neu-
rons. Together, analysis of the DE transcriptomes identified fac-
tors and mechanisms that may regulate NPC proliferation and
neuronal differentiation in the developing brain in response to
activity-driven cues.

BRCA1 and ELK-1 Are Required for Visual Experience-Dependent
Regulation of Neural Progenitor Cell Fate. Our bioinformatic
analysis indicated that BRCA1 and ELK-1 are members of a
network of DE transcriptional regulators which may in turn
target a large proportion of the transcripts that are differentially
expressed between neural progenitors and neurons in our study.
This suggested that different visual experience conditions, light
or dark, lead to sequentially amplifying effects on differential
transcript expression in NPCs and neurons. Indeed, our in vivo
imaging data indicated that BRCA1 and ELK-1 are required for
neurogenesis and furthermore that effects of visual experience
conditions on expansion of the progenitor pool and neuronal
differentiation are mediated by BRCA1 and ELK-1.

We targeted BRCA1 and ELK1 KD to the optic tectum of stage
46 tadpoles to avoid early lethality and large-scale neurodevelop-
mental defects (20, 39—41) and to assess direct effects of BRCA1
or ELK1 manipulation in animals under different visual experi-
ence conditions. BRCA1 KD decreased ELK-1 and SOX2 in
midbrain lysates, consistent with the increased apoptosis in NPCs.
The overall decrease in tGFP+ cell numbers with BRCA1 KD seen
with in vivo imaging followed a rapid increase in apoptosis, prin-
cipally in NPCs, consistent with BRCA1’s role in homologous
recombination-mediated DNA repair in proliferative cells in the
rodent brain (20, 39, 41). The increased apoptosis seen with
BRCA1 KD changes the proportion of NPCs and neurons in the
in vivo imaging data. In control animals, the proportion of NPCs
decreases as the proportion of neurons increases reciprocally, but
apoptosis in NPCs blocked the normal increase in neuronal dif-
ferentiation, reducing the proportion of neurons in the tGFP+
population and paradoxically increasing the proportion of neural
progenitors. It is interesting that we observe an increase in pH3
labeling in response to BRCA1 KD, suggesting that BRCA1 KD
does not interfere with S-phase DNA replication.

Visual experience-dependent effects on neural progenitor fate
are mediated by BRCA1 and ELK-1. BRCAI KD experiments
suggest that the visual experience—dependent increase in cell num-
bers requires BRCA1. BRCA1 KD increased the proportion of
NPCs and decreased the proportion of neurons in the tGFP+
population in response to visual stimulation provided in the 12 h
light/12 h dark condition. This altered cell fate suggests that
BRCAL1 is required for the visual stimulation—induced differenti-
ation of neurons such that with decreased BRCA1, NPCs fail to

https://doi.org/10.1073/pnas.2316542121
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differentiate and their relative numbers increase. The influence of
visual stimulation conditions on the proportions of NPCs and
neurons is significantly altered by ELK-1 KD, suggesting that
ELK-1 is required for both the increased NPC proliferation in the
dark and the visual stimulation-induced neuronal differentiation.
These effects of ELK-1 on proliferation and differentiation are
likely mediated by different ELK-1 targets and signaling pathways.
Together these data indicate that BRCA1 and ELK-1 regulate
neural progenitor cell fate, through both shared and diverse molec-
ular and cellular pathways.

The interplay between BRCA1 and ELK-1 is particularly inter-
esting in light of their shared roles in NPC fate in response to visual
activity. Animals exposed to visual stimulation have decreased
expression of BRCA1, ELK-1, and SOX2 compared to animals
exposed to dark. Furthermore, BRCA1 KD decreases ELK-1 expres-
sion, consistent with other studies indicating that BRCA1 negatively
regulates e/k- I transcription (43). In addition, BRCA1 and ELK-1
interact and this interaction enhances BRCA1 function, suggesting
that ELK-1 may function downstream of BRCA1 (44). Decreased
levels of BRCA1 and ELK-1 in the tectum increased NPC apopto-
sis, consistent with the observation that ELK-1 KD decreases expres-
sion of “stemness” genes, related to self-renewal and differentiation,
such as sox2, oct4, and nanog (22). Although we have not examined
whether BRCA1 and ELK-1 are coexpressed in Xenopus optic tectal
NPCs, these studies suggest that BRCA1 KD and ELK-1 KD drive
NPCs to expand the progenitor pool through symmetric divisions,
while also increasing NPC apoptosis.

We propose that BRCA1 and ELK-1 are master transcriptional
regulators of activity-regulated changes in neurogenesis. This idea
is supported by the bioinformatic analysis that they potentially
regulate 270 differentially expressed transcripts in our dataset and
that they have the capacity to operate in a network with the three
other differentially expressed transcriptional regulators, CEBPB,
CEBPD, and FOSLI, to target a total of 409 transcripts and by
experimental evidence for their roles in visual experience—depend-
ent modulation of NPC fate.

Materials and Methods

Animals. Albino X. laevis tadpoles of both sexes were reared undera 12-h light/12-h
dark cycle, anesthetized before all procedures, and killed as described (10), and See
SIAppendix, Methods.All animal protocols were approved by the Institutional Animal
Care and Use Committee of Scripps Research (approval # 08-0083-3).

Isolation of Enriched Neural Progenitor Cells and Immature Neurons. Cell
samples were collected from tadpole midbrain as described briefly here and in
detail in S/ Appendix, Methods. The brains of anesthetized stage 46 tadpoles were
electroporated with pSOX2-bd::tGFP (10) (S Appendix, Methods and Fig. S1).
Animals were exposed to visual stimulation, to enrich forimmature neurons, or
dark for 24 h to enrich for NPCs, and midbrains from ~100 animals per condi-
tion were dissected and dissociated into single cells. tGFP+ cells were isolated
using fluorescence-activated cell sorting (FACS; FACSAria Il, BD Biosciences, USA;
RRID:SCR_018934).

RNA-Seq of Neural Progenitor Cells and Immature Neurons. Total RNAfrom
samples collected above was extracted using the mirVana kit (Life Technologies),
followed by DNase treatment and clean-up using the RNeasy mini kit (Qiagen,
USA). Samples with RNAintegrity number (RIN) >8 were used for analysis. Three
biological replicates were analyzed for each condition. NextGen sequencing was
done at the Sequencing Core at the Scripps Research Institute (La Jolla) using

1. T.Pramparo et al., Cell cycle networks link gene expression dysregulation, mutation, and brain
maldevelopment in autistic toddlers. Mol. Syst. Biol. 11,841 (2015).

2. M.Gotz, M. Nakafuku, D. Petrik, Neurogenesis in the developing and adult brain-similarities and
key differences. Cold Spring Harb. Perspect. Biol. 8,a018853 (2016).

https://doi.org/10.1073/pnas.2316542121

the HiSeq2000 platform (Illumina; RRID:SCR_020132) and read quality was ana-
lyzed (S Appendix, Table ST and Figs. S2 and S3). We used the DE analysis pack-
age, DESeq2 (RRID:SCR_015687), and R for graphics (v3.1.2; cran.r-project.
org; RRID:SCR_001905) through Bioconductor (RRID:SCR_006442). See
Sl Appendix, Methods.

Bioinformatic Analysis. Bioinformatic analysis was conducted using STRING
(v10; RRID:SCR_005223), Cytoscape (v3.2.1; RRID:SCR_015784) (https:/
www.cytoscape.org/), ClueGO (v2.1.7; RRID:SCR_005748), PANTHER (RRID:
SCR_004869), ENCODE (RRID:SCR_015482), and Cufflinks suite (v2.2.1;
RRID:SCR_014597) (SI Appendix, Methods).

In Vivo Time-Lapse Imaging. The brains of anesthetized late-stage 46 tadpoles
were coelectroporated with pSOX2-bd::tGFP and antisense translation-blocking
morpholino oligonucleotides tagged with lissamine fluorophores (47) targeted
against brcaT, elk-1, or a control sequence (GeneTools). Tadpoles were imaged
with a 20x (Olympus XLUMPlanFL0.95 NA) water immersion lens on a custom-
built two-photon microscope. All samples were imaged in parallel using identical
image acquisition parameters. See S/ Appendix, Methods.

Immunohistochemistry. Anesthetized animals were fixed in 4% paraformal-
dehyde (Electron Microscopy Sciences) in phosphate-buffered saline (pH 7.4).
Dissected brains were incubated in blocking solution, followed by anti-pH3
antibody and Alexa488 donkey anti-mouse secondary antibody or Sytox Orange
(Sytox0). Brains were mounted in 6 M urea in 50% glycerol for imaging (Nikon
€2, 20x Plan Apo lens with 0.75 NA). ImageJ Cell Count plugin was used for
analysis. See SI Appendix, Methods.

Western Blots. Experimental and control samples were prepared and processed
in parallel. For ELK-1 (Abcam #ab188316; RRID:AB_2890919) and SOX2 (Cell
Signaling Technology #3579S; RRID:AB_2195767) antibodies, tissues were
homogenized in RIPA buffer. For BRCAT antibody labeling (SCBT #SC-646;
RRID:AB_630945), tissue was prepared as described in S/ Appendix, Methods.
Antibodies were detected by goat anti-mouse/rabbit HRP-conjugated secondaries
(BioRad) followed by ECL(Pierce, Thermo Fisher Scientific, 32209). Quantification
was performed using densitometry (Imagel), using different exposures to avoid
saturation and normalized to Ponceau S staining (S Appendix, Methods).

Statistical Tests. The nonparametric Mann-Whitney U test and one-tailed or
two-tailed Student's t test were used for comparisons of two groups using Prism 9
statistics software (Graphpad Prism; RRID:SCR_002798). For unbalanced two-way
ANOVA analysis, car package in R was used (RRID:SCR_001905).

Data, Materials, and Software Availability. All raw X. aevis data are available
on GEO as GSE184315 (48) and on Xenbase. pSox2-bd::FP plasmid is available
from Addgene, plasmid #34703. Morpholino sequences are provided in the
accompanying reagent list. The DE read data are provided in Dataset S1. The
Panther analysis, STRING analysis, and CytoScape data are provided in Datasets
§2-54, respectively.
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