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Editorial on the Research Topic

Transcription Regulation—Brain Development and Homeostasis—A Finely Tuned and
Orchestrated Scenario in Physiology and Pathology

A finely tuned regulation of gene expression is essential for shaping the nervous system and for
maintaining its homeostasis throughout life. Disruptions in gene regulation can impact brain
development and physiology in ways that contribute to diverse pathologies. Classic and state-of-
the art experimental models and technologies have advanced our knowledge of transcriptional
regulators and the ways they interact in the healthy and diseased brain. Further in-depth
characterization of the mechanisms of transcriptional regulation is needed to better understand
how each element, from genes to cells, defines and maintains identities and functionalities in the
nervous system. This Research Topic focuses on transcriptional regulation within the nervous
system, with an emphasis on developmental and homeostatic processes, their dysregulation,
and their association with neurodevelopmental disorders and neurodegenerative diseases. Eleven
peer-reviewed manuscripts including six original articles, three reviews, one mini review, and
one brief research report, encompass this special volume. Fifty-nine authors from research
laboratories located in 10 countries: Argentina, Canada, China, Germany, Israel, Russia, Serbia,
United Kingdom, United States, and Vietnam, took part in this initiative.

Among the interesting contributions, Oproescu et al. beautifully reviewed the regulatory
intricacies of the proneuronal basic-helix-loop-helix (bHLH) transcription factors (TFs) in the
cell quiescence-to-proliferation-to-differentiation continuum within the murine cerebral cortex,
drawing parallels with other organisms and neural tissues. The authors discuss diverse mechanisms
that govern bHLH TF expression, stability, localization, and consequent transactivation of
downstream target genes, in a temporally defined and context-dependent manner. The authors
conclude that further in-depth understanding of bHLH TF complexity and interactions might be
useful to improve neuronal reprogramming strategies for regenerative medicine purposes.
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Within the bHLH superfamily, closely related Neurodl,
Neurod2, Neurod4 and Neurod6 have emerged as essential TFs
for the correct functioning of cells during development and
postnatal life. The Neurod family was reviewed by Tutukova
et al. in the context of the developing and mature cerebral
cortex, and other areas of the central nervous system such as
the cerebellum, the brainstem, and the spinal cord. bHLH TFs
are presented as both ubiquitous and cell-specific regulators
responsible for a variety of biological functions, that range
from progenitor cell proliferation and survival to neuronal
differentiation, neuronal migration, fate specification, axonal
navigation, dendritic elongation, and synaptic formation. The
authors also present recent links between Neurod dysfunction
and neurological disorders in humans, such as Alzheimer’s
disease, and they also discuss the Neurod family’s potential use
as biomarkers.

Stevanovic et al. summarize current knowledge of the roles of
SOX proteins in controlling nervous system development and
homeostasis in normal and pathological conditions. The SOX
TFs are presented herein as a multifaceted superfamily involved
in maintaining stem cell pluripotency and paradoxically, during
processes that determine neuronal and glial differentiation
in the developing brain. They act as both pioneer TFs and
sequential regulators. SOX proteins are also key regulators of
adult neurogenesis. The authors discuss regulatory mechanisms
of SOX functions and the deleterious effects of deregulation
of specific SOX genes in the context of neurodevelopmental
disorders and neurodegenerative diseases.

Tbr2 (Eomes) is a T-box TF expressed in intermediate
progenitors of the developing cerebral cortex and can be
used as a molecular marker to label these cells. Bedogni and
Hevner combined transcriptome profiling of cell types in the
embryonic cerebral cortex of transgenic Tbr2-GFP mice with in
situ hybridization, to identify genes whose expression is enriched
in intermediate progenitors. They found that intermediate
progenitors not only amplify neurogenesis quantitatively but
also, they molecularly “prime” new projection neurons for
axogenesis, guidance, and intrinsic excitability. These novel
functions make intermediate precursors active participants in
optimizing axon development and integration into cortical
pathways, in addition to their known roles in shaping regional
and laminar identity of projection neurons, and in signaling to
interneurons and radial glial progenitors.

Neuronal migration is a critical process in cortical layer
formation, and its dysregulation can lead to cerebral cortex
malformations and neurodevelopmental disorders. The study
authored by Sokpor et al, highlights the indispensable role
of the ATP-dependent chromatin remodeling BAF complex in
the formation of cortical layers during mouse development.
This mechanism regulates multiple aspects of radial neuronal
migration under the influence of Wingless/Int (WNT) signaling.
Using three different mouse models, the authors applied cellular
and molecular analyses of the developing cerebral cortex after
temporally and cell-type specifically inactivating components of
the BAF complex.

Goodwin et al. contributed to this collection with an original
research article that links chromatin remodeling with neuron

differentiation and brain size. The authors utilized cerebellar
granule neuron precursor cultures from Smarcal mutant mice
(Ex6DEL) to explore the influence that the nucleosome-
remodeling factor subunit Snf2l has on progenitor homeostasis.
They show that Ex6DEL progenitors have a transient delay in
cell cycle withdrawal, but ultimately these cells do differentiate.
This may account for the increased brain size in Ex6DEL mutant
mice. Interestingly, Ex6DEL progenitors have a more relaxed
chromatin configuration at several regions of the genome which
are enriched in binding sites for Fos/Jun TFs.

MiR-184 is a highly enriched microRNA in the mammalian
brain and one of the key downregulated circulating microRNAs
in patients following ischemic stroke. Yang et al. show that miR-
184 is crucial to alleviate damage in an ischemic stroke rat model
and, in an oxygen-glucose deprivation/reoxygenation cell model.
The authors propose that the targeting of the phosphatidic acid
phosphatase type 2B (PPAP2B) mRNA is part of the protective
molecular mechanism elicited by miR-184, and therefore they
suggest that it might be a promising therapeutic option for
stroke recovery.

Regarding neuronal differentiation, Sampieri et al. show that
CREB3L2, a member of the CREB3 TF family, is an inhibitory
downstream effector during nerve growth factor (NGF)-induced
PC12 cell differentiation. CREB3L2 expression is increased upon
NGF-induced differentiation, being a target shared by PKA
and MAPK/ERK signaling pathways. CREB3L2 enhances Rab5
GTPase levels, a negative regulator of neuronal differentiation,
and it also inhibits NGF-induced neurite growth. The authors
conclude that finely tuned modulation of CREB3L2 seems to be
necessary for PC12 differentiation triggered by NGF.

MANF (Mesencephalic astrocyte-derived neurotrophic
factor) belongs to a novel family of secreted neurotrophic
regulators. By using cell culture models in which MANF
expression was altered, Wen et al. show that this factor
regulates neurite outgrowth by activating Akt/mTOR and
Erk/mTOR signaling pathways and protein synthesis. The
authors propose that MANF may be a potential candidate
to facilitate the regeneration of neuronal processes in
neurodegenerative diseases.

Autism  spectrum  disorder is among the many
neurodevelopmental disorders that show sex differences.
The involved mechanisms are yet unclear, although members of
the large family of nuclear receptor TFs appear to be potential
candidates. In their mini review, Arnold and Saijo discuss the
potential role of sex steroid hormones and their receptors,
especially the estrogen receptor f, in a mouse model of maternal
immune activation that is commonly used to study autism
spectrum disorder. The authors hypothesize that estrogen
receptor B-mediated repression of inflammation in brain
myeloid-lineage cells may contribute to the male bias that they
observed in the maternal immune activation model. Also, they
propose new avenues of research on this subject.

Circadian clocks, as they have evolved, are excellent
prototypes for studying how cellular transcription is linked to
external signal. Functional circadian clocks imply interlocking
transcription-translational feedback loops at the cellular level
that directly or indirectly respond to external cues such as light
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information. Clock genes and clock-controlled genes are key
participants; among them, the per family. In an original research
article, Ruggiero et al. show the consequences of a loss-of-
function per2 gene mutation in maintaining rhythmic expression
of circadian clock genes, as well as clock-controlled genes, which
consequently affects the rhythmic behavior of intact zebrafish
larvae. Furthermore, they demonstrate that disruption of the per2
gene impacts on the circadian regulation of the cell cycle in vivo
in a tissue-specific manner.

The original research and review articles of this collection
illustrate how transcription factors, chromatin remodelers,
microRNAs, secreted factors, and intracellular transduction
proteins are all necessary for the harmonious development and
functioning of the nervous system. We expect this collection
will stimulate the scientific community to continue its efforts
to further understand cellular and molecular mechanisms in
both healthy and diseased nervous system. Potential new
biomarkers and novel treatments might emerge from this and
other initiatives.
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Neurite outgrowth is essential for brain development and the recovery of brain injury and
neurodegenerative diseases. In this study, we examined the role of the neurotrophic
factor MANF in regulating neurite outgrowth. We generated MANF knockout (KO)
neuro2a (N2a) cell lines using clustered regularly interspaced short palindromic repeats
(CRISPR)/Cas9 and demonstrated that MANF KO N2a cells failed to grow neurites
in response to RA stimulation. Using MANF siRNA, this finding was confirmed in
human SH-SY5Y neuronal cell line. Nevertheless, MANF overexpression by adenovirus
transduction or addition of MANF into culture media facilitated the growth of longer
neurites in RA-treated N2a cells. MANF deficiency resulted in inhibition of Akt, Erk,
mTOR, and P70S6, and impaired protein synthesis. MANF overexpression on the other
hand facilitated the growth of longer neurites by activating Akt, Erk, mTOR, and P70S6.
Pharmacological blockade of Akt, Erk or mTOR eliminated the promoting effect of MANF
on neurite outgrowth. These findings suggest that MANF positively regulated neurite
outgrowth by activating Akt/mTOR and Erk/mTOR signaling pathways.

Keywords: MANF, neurotrophic factor, neurite outgrowth, neuronal differentiation, Erk/mTOR, Akt/mTOR, protein
synthesis

INTRODUCTION

Neurite outgrowth is the first step for the formation of axons and dendrites, which are necessary
components for the development of a functional neuronal network. Proper neurite outgrowth is
not only important for the normal development of the nervous system, but may also facilitate the
recovery of traumatic brain injury and neurodegenerative disorders such as Parkinson’s disease
(PD), Alzheimer’s disease (AD), and Amyotrophic lateral sclerosis (ALS) (Gouel et al., 2019;
Houlton et al., 2019). Neurite outgrowth requires the synthesis and reorganization of cytoskeleton
proteins including actin and microtubules (Rodriguez et al., 2003; Flynn, 2013). The dynamic
of cytoskeleton elongation, branching, and retraction is regulated by various factors such as
transcription factors that governs gene expression for neuron differentiation (Paolino et al., 2018)
and cell adhesive molecules that interact with and remodel cytoskeleton and activate gene
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expression (Missaire and Hindges, 2015; Leshchyns’ka and
Sytnyk, 2016). Moreover, neurite outgrowth is also regulated by
neurotrophic factors (NTF) that activate cell signaling pathways
for neuron differentiation and migration, and support neuron
survival and synaptic function (da Silva and Dotti, 2002;
Cui, 2006).

Mesencephalic  astrocyte-derived  neurotrophic  factor
(MANF), also known as arginine-rich, mutated in early stage
tumors (Armet), together with cerebral dopamine neurotrophic
factor (CDNF) form a novel family of neurotrophic factors
in vertebrate (Petrova et al, 2003; Lindholm et al., 2007).
MANF is an endoplasmic reticulum (ER)-stress inducible
protein, and its expression and secretion can be regulated
by ER-stress (Mizobuchi et al., 2007; Oh-Hashi et al., 2012).
MANEF is broadly expressed in multiple developing and mature
tissues including the central nervous system. In rodent brain,
MANF is widely expressed in all brain regions during early
developmental stages and declined gradually when the brain
matures except for certain brain regions in the cerebral cortex,
hippocampus, and cerebellar Purkinje cells, suggesting the role
of MANF in neuron differentiation (Lindholm et al., 2008; Wang
et al., 2014; Yang et al., 2014; Danilova et al., 2019). Increasing
evidence have shown that MANF promotes the development and
survival of neurons in both normal and pathological conditions
(Petrova et al., 2003; Palgi et al., 2009; Voutilainen et al., 2009;
Airavaara et al., 2010; Chen et al,, 2012). MANF is required
for dopaminergic neuron survival in Drosophila and zebrafish
(Palgi et al., 2009; Chen et al., 2012), and selectively protects
dopaminergic neuron in rat medial ventral mesencephalon
cell cultures in vitro (Petrova et al.,, 2003). In rat PD model
induced by 6-hydroxydopamine (6-OHDA), intrastriatally
injection of MANF protects nigrostriatal dopaminergic nerves
from degeneration (Voutilainen et al., 2009). Overexpression
of MANF ameliorates the loss of Purkinje cells in a mouse
model of spinocerebellar ataxia (Yang et al., 2014) and promotes
neural progenitor cells migration and differentiation in a
rat cortical stroke model (Tseng et al., 2017a). In addition,
MANEF is also reported to facilitate retinal ganglion cells and
photoreceptor cells regeneration in the retina by regulating
neuroinflammation and immune response (Neves et al., 20165
Gao et al.,, 2017; Lu et al., 2018). Similarly, CDNF has also been
reported to be neuroprotective in animal models of PD, AD, and
periphery nerve injury (Lindholm et al., 2007; Cheng et al., 2013;
Kemppainen et al., 2015).

Recently, a study using conventional MANF knockout mice
(Manf ~/7) revealed that MANF may be involved in neurite
outgrowth (Tseng et al, 2017b). Manf ~/~ cortex showed
decreased dendrite and axon length, while MANF deficient
neural stem cells (NSCs) have impaired ability to grow neurites
in culture. However, the mechanism and cellular signaling
involved in MANF regulation neurite outgrowth remain unclear.
In the present study, we used mouse neuro2a (N2a) cells
to investigate the mechanisms underlying MANF regulation
of neurite outgrowth. N2a cells are a neuronal cell line
model widely used for studying neuronal differentiation; they
differentiate into neuron-like cells in response to stimulants
such as serum starvation, retinoic acid (RA), and cyclic

adenosine monophosphate (cAMP) treatments (Salto et al,
2015). We demonstrated that MANF was required for RA-
induced neurite outgrowth. MANF regulation of neurite
outgrowth was mediated by Akt/mTOR and Erk/mTOR signaling
pathways and protein synthesis.

MATERIALS AND METHODS

Materials

The following cells and materials were used: N2a (CCL-131),
SH-SY5Y (CRL-2266) and HEK293 (CRL-1573) cells were from
ATCC (Manassas, VA, United States); MEM (11095-080), high
glucose DMEM (10569-010), L-methionine free DMEM (21013-
024), FBS, antibiotic-antimycotic (15240112), GeneArt Genomic
Cleavage Detection Kit (A24372), and Lipofectamine 3000
Reagent (L3000008) were from Life Technologies (Carlsbad,
CA, United States); all-trans RA (R2625), crystal violet acetate
(C5042), MTT (M5655), anhydrous DMSO (276855), DAPI
(D9542), Akt activator SC79 (SML0749), and mTOR activator
MHY 1485 (SML0810) were from Sigma-Aldrich (St. Louis, MO,
United States); PFA (15714) was from Electron Microscopy
Sciences (Hatfield, PA, United States); recombinant human
MANF (hMANF) (MANF-536H) was from Creative BioMart
(New York, NY, United States); control CRISPR/Cas9 plasmid
(sc-418922), mouse ARP double nickase plasmid (sc-428989-
NIC), UltraCruz transfection reagent (sc-395739), plasmid
transfection medium (sc-108062), and Akt inhibitor MK-
2206 dihydrochloride (sc-364537) were from Santa Cruz
Biotechnology (Dallas, TX, United States); Erk activator PDBu
(12808), Erk inhibitor PD98059 (9900), and mTOR inhibitor
Torin 1 (14379) were from Cell Signaling Technology (Beverly,
MA, United States); pGEM-T-easy vector (A1360) was from
Promega (Madison, WI, United States); 10-beta competent
E. coli (C3019I) was from New England Biolabs (Ipswich,
MA, United States); scrambled siRNA-GFP lentivector (LV015-
G), Manf siRNA-GFP lentivector (279970940495), MANF-HA
adenovirus (mouse) (279970540200), and CMV Null control
adenovirus (000047A) were from Applied Biological Materials
(Richmond, BC, Canada); PureLink Expi Endotoxin-free Maxi
Plasmid Purification Kit (A31231) was from Thermo Fisher
Scientific (Waltham, MA, United States); VECTASHIELD
mounting medium (H-1400 and H-1500) was from Vector
Laboratories (Burlingame, CA, United States); DC protein assay
kit (5000112) was from Bio-Rad Laboratories (Hercules, CA,
United States); Click-iT HPG Alexa Fluor Protein Synthesis
Assay Kits (C10428) was from Invitrogen (Grand Island,
NY, United States).

The following antibodies were used: anti-a-tubulin (T5168,
Sigma-Aldrich); anti-ARMET/ARP (MANF) (ab67271 for
C-terminus and ab67203 for N-terminus, Abcam, Cambridge,
MA, United States); anti-HA-Tag (CST 3724), anti-phospho-Akt

(Ser473) (CST9271), anti-Akt (CST9272), anti-phospho-
Erkl1/2 (CST 9101), anti-Erkl/2 antibody (CST 9102),
anti-phospho-mTOR  (Ser2448)  (CST2971), anti-mTOR

(CST2972), anti-phospho-p70 S6 (CST9204), anti-p70 S6
(CST2708), anti-Cas9 (CST 14697), and anti-B-Actin (CST3700)
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antibodies were all from Cell Signaling Technology; secondary
antibodies conjugated to horseradish peroxidase (NA931V
and NA934V) were from GE Healthcare Life Sciences
(Pittsburgh, PA, United States); Alexa-488 conjugated anti-
mouse (A21202), Alexa-594 conjugated anti-mouse (A11005)
and Alexa-594 conjugated anti-rabbit antibodies (A11012) were
from Life Technologies.

Cell Culture and Differentiation

Neuro2a cells and HEK293 cells were cultured in MEM
supplemented with 10% FBS and 1% antibiotic-antimycotic at
37°C in 5% CO; in a humidified incubator (Symphony 5.3A,
Thermo Scientific). SH-SY5Y cells were cultured in DMEM
supplemented with 10% FBS and 1% antibiotic-antimycotic. To
induce neurite outgrowth, N2a or SH-SY5Y cells were plated
in 6-well plates at a density of 5 x 10* cells per well for 24 h.
Then growth medium was carefully removed and replaced with
differentiation media of an equal volume of MEM or DMEM
supplemented with 2% FBS at the present of 10 WM all-trans
RA for 3 days unless otherwise stated. Recombinant human
MANF (hMANF) was added into differentiation media at a final
concentration of 100 ng/ml. Differentiation media was changed
freshly every other day to ensure RA effectiveness. Neurite was
defined as the extension of neuronal processes greater than two
cell body diameters in length. To quantify neurite length, at least
five random fields were imaged for each well using Olympus
BX51 light microscope with the 40X objective. The five random
fields were selected in an X manner with four fields at the corners
and one field in the center of the well. Cells were either imaged
alive or fixed in 4% PFA for 10 min then stained with 0.5%
crystal violet for 15 min at room temperature. Neurite length was
measured from the center of the cell body to the tip of the longest
neurite using the CellSens imaging software (Olympus, Tokyo,
Japan). Morphometrics analysis was performed independently by
two or more different investigators. To quantify the percentage of
cells with neurite, the total cell numbers and cells with neurite in
each field were counted with Image].

CRISPR Transfection and MANF

Knockout Single Cell Colony Isolation

Control CRISPR/Cas9 plasmid was referred to control CRISPR
thereafter and mouse ARP double nickase plasmid was referred to
MANF CRISPR thereafter. Control CRISPR has a GFP marker for
visually confirmation of successful transfection. MANF CRISPR
consists a pair of plasmids both targeting the exon 2 of mouse
Manf gene. One plasmid contains a puromycin resistance gene,
the other one has a GFP marker. N2a cells were seeded onto
6-well plate to grow to 70% confluence and were transfected
with 1 pg of either control or MANF CRISPR using UltraCruz
transfection reagent and plasmid transfection medium according
to the manufacture’s protocol. GFP-positive cells were selected
by flow cytometry 48 h after the transfection. MANF CRISPR
transfected cells that were GFP-positive were further selected by
1 pg/ml puromycin for 5 days, then diluted and plated onto
10 cm culture dishes at 1 x 10 cells/dish to form single cell
colonies. Once single cell colonies were formed and large enough,

they were transferred using sterile 10 pl pipette tips to 24-
well plates and then 6-well plates to expand. The presence of
genomic insertions or deletions (indels) in each single cell colony
were detected using the GeneArt Genomic Cleavage Detection
Kit (Life Technologies) according to the manufacture’s protocol.
Among fourteen single cell colonies we tested, five appeared
to have genomic indels. To confirm biallelic MANF knockout,
we tested at genomic DNA and protein level. Genomic DNA
was isolated from these five colonies. MANF was cloned by
PCR using primers 5'-AGTTTTTTCCAGGGGAAATGG-3" and
5'-ACCCACTACTTTCTCTCTCAG-3/, and then cloned into
the pGEM-T-easy vector (Promega) and transformed into 10-
beta competent E. coli (New England Biolabs) for sequencing.
Protein was also extracted from each colony and subjected to
immunoblot to test the presence of MANF protein. Ultimately,
we confirmed 2 colonies that have biallelic MANF KO. To rule
out the possibility of clonal selection, both colonies were tested
in morphometric analysis in Figure 1 and protein expression
analysis in Figures 6, 7. Since similar results were revealed
between the two clones, we used clone 1 for all other analysis.

siRNA Transfection

Scrambled siRNA-GFP and Manf siRNA-GFP lentivector
plasmids were purchased from Applied Biological Materials
(Richmond, BC, Canada) with the MANF siRNA target sequence
5-TCAAAGACAGAGATGTCACATTTTCACCA-3’ cloned
into the piLenti-siRNA-GFP plasmid backbone. The siRNA is
driven by the U6 promotor followed by the GFP driven by the
CMV promotor. The plasmids were subcloned and amplified
in 10-beta competent E. coli cells (New England Biolabs), and
purified using PureLink Expi Endotoxin-free Maxi Plasmid
Purification Kit (Thermo Fisher Scientific). Either 2.5 pg of
scrambled siRNA or Manf siRNA lentivector plasmids were
transfected into N2a or SH-SY5Y cells using Lipofectamine 3000
Reagent (Life Technologies) according to the manufacturer’s
instruction. Cells were subject to subsequent analysis.

Adenovirus Transduction

Crude viral stock of MANF-HA adenovirus (mouse), referred
to AD-MANF thereafter, and CMV Null control adenovirus,
referred to AD-vector thereafter (Applied Biological Materials)
were prepared at titer ranging from 1 x 107 to 1 x 10® pfu/ml
by manufacture and then amplified in HEK293 cells according
to the manufacture’s instruction. Briefly, 3 x 10° HEK293 cells
were plated in 10 cm dishes and incubated with 100 pl crude
viral stock until 90% of the cells were rounded up and detached.
Adenovirus-containing HEK293 cells were collected with culture
media and placed at —80°C for 30 min and then in 37°C water
bath for 15 min to thaw. Repeat the freeze and thaw for 3 times.
Cell debris were pelleted at 3000 rpm for 15 min and supernatant
with viral particles were used to transduce N2a cells. N2a cells
were transduced with either CMV Null control or MANF-HA
adenovirus by incubating 120 w1 per well in 6-well plate for 3 h.
Three hours later, culture media with adenovirus were removed
and replaced with fresh growth media. Cells were subject to
subsequent analysis.
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FIGURE 1 | Loss of MANF inhibits RA-induced neurite outgrowth. Stable N2a cell lines of MANF knockout (KO) were established as described in the Materials and
Methods. (A) Protein was collected from control and MANF KO cell lysates and analyzed by immunoblotting with MANF antibody. B-actin was used as a loading
control. The size of the proteins (kDa) was labeled next to each band. (B) Immunofluorescent staining showed MANF expression in control cells and no signal in
MANF KO cells. Cell nuclei were stained by DAPI. (C) Representative images of control and MANF KO cells treated with DMSO or RA for 3 days. Cells were fixed
and stained with crystal violet for visualization. Average neurite length (D) and percentage of cells that bear neurites (E) were measured, and analyzed by One-way
ANOVA. In cases where significant differences were detected, specific post hoc comparisons between treatment groups were examined with the Tukey’s test.

**P < 0.0001, n.s. not statistically significant. The data were expressed as the mean + SEM of three independent experiments.
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Immunocytochemistry

Neuro2a or SH-SY5Y cells were seeded onto 24-well plates
with sterile coverslip on the bottom coated with 10 pg/ml
fibronectin. After differentiation, cells were fixed with 4% PFA
and permeabilized in 0.25% Triton X-100 in PBS for 10 min at
room temperature. Then cells were blocked with 1% BSA/2%
goat serum/PBS for 30 min and incubated with anti-a-tubulin
antibody (1:1000) 1 h at room temperature. After washing with
PBS, cells were incubated with Alexa fluor-conjugated secondary
antibodies at a dilution of 1:200. Cells on the coverslip were
counterstained with DAPI and sealed with VECTASHIELD
mounting medium (Vector Laboratories). Fluorescence images
were obtained using the Olympus IX81 inverted fluorescent
microscope (Olympus).

Protein Extraction and Immunoblotting

Protein was extracted from N2a or SH-SY5Y cells as previously
described (Xu W. et al., 2018). Briefly, cells were washed with ice
cold PBS and lysed on ice for 15 min in RIPA buffer containing
150 mM NaCl, 1 mM ethylene glycol-bis(beta-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), 50 mM Tris-HCI (pH 7.5),

and 0.5% Nonidet P-40 (NP-40), 0.25% sodium dodecyl sulfate
(SDS), with freshly added protease inhibitors of 5 pg/ml
leupeptin, 5 pg/ml aprotinin, 3 mM sodium orthovanadate, and
0.3 mg/ml phenylmethanesulfonyl fluoride (PMSF). Lysed cells
were centrifuged at 10,000 x g for 30 min at 4°C, and the
supernatant fraction was collected. Protein concentration was
determined using the DC protein assay (Bio-Rad Laboratories)
according the manufacture’s instruction.

Immunoblotting was performed as previously described (Li
et al, 2019; Pillai-Kastoori et al., 2020a,b). In brief, 20-
30 pg protein samples were separated by SDS-PAGE on 12%
polyacrylamide gels by electrophoresis. Separated proteins were
then transferred to nitrocellulose membranes and blocked in
5% BSA/ 1xTBS/0.05% Tween-20 for 1 h at room temperature
prior to incubation with primary antibodies at 4°C overnight.
The primary antibodies used and the final dilutions were
as follows: anti-ARMET/ARP (MANF), anti-HA-Tag, anti-
phospho-Akt (Ser473), anti-Akt, anti-phospho-Erkl/2, anti-
Erk1/2 antibody, anti-phospho-mTOR (Ser2448), anti-mTOR,
anti-phospho-p70S6, anti-p70S6, anti-Cas9, and anti-B-actin
(1:1000). Subsequently, membranes were washed with TBST and
incubated with secondary antibodies conjugated to horseradish
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peroxidase (1:5000). Blots were developed using the Amersham
ECL Prime Western Blotting Detection Reagent (GE Healthcare
Life Sciences). The density of immunoblotting was quantified
using Image Lab software (Bio-Rad Laboratories).

MTT Assay

To examine cell metabolic activity, 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay was used. Cells
were seeded on 96-well plates at 2 x 10% cells per well. At times
indicated, MTT was added to each well at the final concentration
of 500 pg/ml and incubated at 37°C for 2 h. After the incubation,
media were carefully removed and 100 ul DMSO was added to
each well to dissolve the MTT formazan. Plates were read using
the Beckman Coulter DTX 880 Multimode Detector plate reader
(Analytical Instruments, Golden Valley, MN, United States) at the
wavelength of 595 nm.

Pharmacological Inhibition or Activation

of Akt, Erk, and mTOR

Cells were preincubated with Akt activator SC79 (2.5 pM), Erk
activator PDBu (2 M), mTOR activator MHY 1485 (5 wM) and
Akt inhibitor MK-2206 dihydrochloride (2.5 pM), Erk inhibitor
PD98059 (50 wM), mTOR inhibitor Torin 1 (50 nM) for 30 min
and then treated with RA as described above.

Click-iT Homopropargylglycine (HPG)
Protein Synthesis Assay

To detect the rate of protein synthesis, we utilized the Click-
iT HPG Alexa Fluor Protein Synthesis Assay Kits (Invitrogen).
Control and MANF KO N2a cells were seeded onto either
fibronectin coated 96-well plates or fibronectin coated 24-well
plates with sterile coverslip on the bottom. Protein synthesis
was detected for cells treated with RA or DMSO control at 24,
48, and 72 h. An hour before the click-it reaction, media was
replaced with DMEM without L-methionine (Life Technologies)
to deplete methionine. Then cells were incubated with 50 pM
HPG in L-methionine free DMEM media for 1 h and fixed
with 4% PFA in PBS. After permeabilization in 0.5% TritonX-
100 in PBS, cells were incubated in Click-iT reaction cocktail at
room temperature for 30 min in dark and then cell nuclei were
counter stained with DAPI. The rate of HPG incorporation in
96-well plates was examined using the Beckman Coulter DTX
880 Multimode Detector plate reader (Analytical Instruments) at
the wavelength of 535 nm for the fluorescent intensity. Coverslips
were removed from 24-well plates and mounted onto slides and
images were taken using the Olympus IX81 inverted fluorescent
microscope (Olympus). Images were analyzed using ImageJ for
calculating the percentage of cells without HPG incorporation.

Statistical Analysis

All analyses were performed using the GraphPad Prism version
7 software. Data were expressed as mean + SEM of three
independent experiments in each group. Differences among
experimental groups were analyzed by Student t-test, one-way
ANOVA or two-way ANOVA with p < 0.05 being considered
statistically significant. In cases where significant differences were

detected, specific comparisons between treatment groups were
examined with the Tukey’s post hoc test for one-way ANOVA or
Bonferroni’s post hoc test for two-way ANOVA.

RESULTS

MANF Deficiency Inhibits RA-Induced
Neurite Outgrowth

Mesencephalic ~ astrocyte-derived ~ neurotrophic  factor
knockout (KO) N2a cells were generated by transfection
of MANF CRISPR/Cas9. Two single cell colonies with
biallelic MANF knockout were isolated. Immunoblotting
and immunocytochemistry revealed that MANF protein was not
present in both clones of MANF KO N2a cells (Figures 1A,B).
To examine if MANF is required for neurite outgrowth in N2a
cells, control and KO cells were treated with 10 uM RA or
DMSO control in media with 2% FBS for 3 days. The length
of neurite and percentage of cells with neurite was analyzed.
Strikingly, among 500-800 cells analyzed in three independent
experiments, significantly fewer numbers of MANF KO cells
have grown neurite and the length of neurite was significantly
shorter compared to control cells. The treatment of RA results in
about 60% control cells to grow neurites, but only ~6% KO cells
bear neurites (Figures 1C,E). The average neurite length after
3 days of RA treatment in KO cells was only 33.27 & 9.95 um
for clone 1 and 36.42 £+ 12.41 um for clone 2, compared to
88.28 + 20.59 pwm for control cells (Figures 1C,D).

To determine whether the reduction of neurite outgrowth
in MANF KO cells was a consequence of general toxicity due
to MANF knockout or RA treatment, we measured the cellular
metabolic activity of clone 1 by MTT assay. We observed a
steady increase of viable and metabolically active cells for both
DMSO treated control and KO cells, indicating that MANF
knockout does not affect N2a cell metabolic activity (Figure 2A).
Interestingly, KO cells showed higher cell metabolic activity at
48 and 72 h compared to control cells. In addition, we noticed
that RA treatment slowed down cell growth and RA-treated
control cells have significantly slower proliferation rate compared
to other groups, which was in line with the fact that the majority
of RA treated control cells ceased proliferation and underwent
differentiation (Figure 2A).

To test the possibility that MANF KO cells may have delayed
neurite outgrowth in response to RA treatment, we prolonged
cells in differentiation media for 6 days and measured neurite
length each day. For control cells, we observed a gradual increase
in neurite length and by 6 days the neurite length reached to
154.45 4+ 43.47 pwm. However, for KO cells (clone 1 was used
for this analysis), we only observed a subtle neurite growth
to 36.94 + 14.11 pm and it started to decline after 5 days
(Figures 2B,C).

To confirm that the inhibition of neurite outgrowth was
specific to MANF deficiency, we performed an alternative
approach of using siRNA to knockdown MANF in N2a and
SH-SY5Y cells and compared neurite length between MANF
siRNA and scramble siRNA transfected cells. MANF siRNA
sufficiently reduced about 50% MANF expression in N2a cells
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FIGURE 2 | The reduction of neurite outgrowth in MANF KO cells is neither due to toxicity nor delayed process. (A) Cell metabolic activity at 0, 24, 48, and 72 h of
RA treatment was tested by MTT assay. Different letters above columns indicate significant differences between treatments as tested by two-way ANOVA followed
with the Bonferroni's post hoc test (P < 0.05). The data were expressed as the mean + SEM of three independent experiments. (B) Average neurite length of control
and MANF KO cells after 6 days of RA treatment was determined and analyzed by Two-way ANOVA followed with the Bonferroni’s post hoc test, ***P < 0.001. The
data were expressed as the mean + SEM of three independent experiments. (C) Representative images of control and MANF KO cells treated with RA.

(Figures 3A,B) and 30% in SH-SY5Y cells (Figures 3E,F). Since
both scrambled siRNA and MANF siRNA plasmids contain GFP,
we were able to use the expression of GFP as an indicator for
successful transfection and analyze neurite length in GFP positive
cells. Consistent with MANF CRISPR KO cells, siRNA MANF
knockdown resulted in reduced neurite outgrowth in response to
RA treatment compared to control cells as shown by a—tubulin
labeling (Figures 3C,D,G,H). Scramble siRNA transfected N2a
cells send out neurite at an average of 137.69 £ 25.06 pm
in respond to RA treatment, while MANF siRNA transfected
N2a cells only grow neurite at 46.25 £ 20.87 pm. Similarly,
scramble siRNA transfected SH-SY5Y cells send out neurite at
an average of 92.19 &+ 27.55 pm in respond to RA treatment,
while MANF siRNA transfected SH-SY5Y cells only grow neurite
at 31.68 & 7.71 pwm. All these data above suggested that MANF
deficiency inhibited neurite outgrowth.

MANF Overexpression Facilitates
RA-Induced Neurite Outgrowth

Mesencephalic astrocyte-derived neurotrophic factor is mostly
located in the lumen of endoplasmic reticulum (ER), but it
can also be secreted under pathological conditions such as ER-
stress (Apostolou et al., 2008; Glembotski et al., 2012). Since
it is still unclear whether the biological function of MANF is
through its intracellular form or secreted form, we performed

two experiments to test whether MANF can facilitate neurite
outgrowth in response to RA treatment through its intracellular
or extracellular form, respectively. First, we examined whether
addition of extracellular MANF in the culture media can induce
neurite outgrowth in N2a cells. We found that the addition
of MANF (100 ng/ml) into the culture media alone did not
induce N2a cells to grow neurites (Figures 4A,B). However, when
MANF was combined with RA, cells grow long neurites that
reached 203.26 & 71.02 wm after 3 days, which was significantly
longer than cells treated with RA alone (88.28 £ 20.59 pm)
(Figures 4A,B). This result suggested that extracellular MANF
can facilitate neurite outgrowth in response to RA.

Then, we induced the overexpression of MANF intracellularly
by adenovirus (AD) transduction. Adenovirus transduction did
not affect endogenous MANF expression when compared to
untransduced cells (Figures 4C,D). Immunoblotting detected
that AD-MANF transduced cells show robust exogenous MANF
expression which migrate slower than the endogenous MANF
due to the presence of HA-tag (Figures 4C,D). The expression
of exogenous MANF protein in AD-MANF transduced N2a
cells peaked around 48 h after transduction and started to
decline afterward (Supplementary Figure S1). Twelve hours
after the transduction, cells were incubated in differentiation
media for 3 days and neurite length was measured each
day. We found that AD-MANF transduced N2a cells grow
significantly longer neurites (173.83 4 52.32 pwm) compared
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to AD-vector transduced control cells (111.20 £ 33.83 um)
starting at 2 days. By day 3, AD-MANF transduced cells
still have significantly longer neurites (241.66 + 58.16 pm)
than control cells (137.82 £+ 37.29 pm) (Figures 4E,F). As a
result, we concluded that both extracellular and intracellular
MANF can facilitate N2a cell neurite outgrowth in response
to RA stimulation.

Addition of MANF in Culture Media Fails
to Rescue Neurite Outgrowth Defects in
MANF KO Cells in Response to RA

Treatment

Since both intracellular and extracellular MANF facilitates RA-
induced neurite outgrowth in control N2a cells, we want to test
whether addition of MANF can rescue the neurite outgrowth
defects in MANF KO cells. We first tried to overexpress MANF
intracellularly in MANF KO cells. Unfortunately, we were
unable to reintroduce MANF back into MANF KO cells by
AD-MANF transduction for two possible reasons. First, the
transduction efficiency was much lower in KO cells compared
to control cells. As shown in Supplementary Figure S2, we
were able to detect HA signal in 85% of control cells with
correspondence strong exogenous MANF expression. However,
only 31% of KO cells showed weak HA expression and no
exogenous MANF was detected. The other reason why we were
unable to reintroduce MANF expression in KO cells was that
we still detected high level of Cas9 protein expression in KO
cells (Supplementary Figure S2D), indicating the integration
of the MANF CRISPR/Cas9 construct into the genome of

the cells. Since the MANF CRISPR target sites were located
within exon 2 of mouse Manf gene, the presence of MANF
CRISPR/Cas9 in the cells was able to interfere with the expression
Manf gene carried by AD-MANTF, further inhibit the expression
of exogenous MANF.

As a result, we were only able to test whether addition of
extracellular MANF can rescue the neurite outgrowth defect in
MANF KO cells. MANF KO cells were treated with DMSO or RA
with or without addition of recombinant hAMANF (100 ng/ml) in
the culture media for 3 days (Figure 5). As before, neither RA
nor hMANF can induce MANF KO cells to grow neurites. In
addition, the combination of RA+hMANTF also failed to induce
neurite outgrowth in MANF KO cells, suggesting that addition
of extracellular MANF is not sufficient to rescue the neurite
outgrowth defects in MANF KO cells in response to RA.

MANF Regulates RA-Induced Neurite
Outgrowth Through the Activation of
Akt/mTOR and Erk/mTOR Signaling

Cascades

Since Akt/mTOR and Erk/mTOR are key regulators for neurite
outgrowth, we then tested whether these signaling cascades were
involved in the role of MANF in regulating neurite outgrowth.
We first examined changes in the expression of Akt/mTOR and
Erk/mTOR cascades genes in control and MANF KO cells, and
AD-vector and AD-MANF transduced cells within 12 h of RA
treatment. As expected, in control and AD-vector transduced
cells, the initiation of RA-induced neurite outgrowth was
correlated with an upregulation of Akt/mTOR and Erk/mTOR
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signaling pathways. We observed a steady 2-fold increase of
p-Akt in control cells by the end of the 12 h RA-treatment
(Figures 6A,C). The expression of p-Erk in control cells peaked
at 1-3 h to 11-fold and then started to decline (Figures 6A,D).
Following the activation of Akt and Erk, the phosphorylation
of mTOR and P70S6 in control cells was also increased to 1.4-
fold at 3 h and 2-fold at 6 h, respectively, and then started to
decline (Figures 6A,E,F). Similar Akt/mTOR and Erk/mTOR
activation was observed in RA-treated AD-vector transduced
cells (Figure 7). Strikingly, RA-treated MANF KO cells exhibit
significantly less extent of Akt and Erk activation compared

to control cells. RA failed to induce the phosphorylation of
Akt in MANF KO cells (Figures 6A,C) and the induction of
p-Erk was significantly reduced from 11-fold in control cells
to only 6-fold in KO cells (Figures 6A,D). As a result, the
level of p-mTOR and p-P70S6 was also reduced in MANF KO
cells (Figures 6A,E,F). On the contrary, AD-MANF transduced
cells overexpressing intracellular MANF (Figure 7A) showed
significantly elevated expression of p-Akt and p-Erk compared
to AD-vector transduced cells (Figures 7A,C,D). p-mTOR
and p-P70S6 were also significantly upregulated in MANF
overexpressed N2a cells (Figures 7B,E,F).
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To further confirm that MANF facilitates RA-induced neurite
outgrowth via activating Erk/mTOR and Akt/mTOR signaling
pathways, control cells were treated with RA and MANF
at the presence of Erk inhibitor PD98059 (50 puM), Akt
inhibitor MK2206 (2.5 wM), and mTOR inhibitor Torin 1
(50 nM), respectively. PD98059 is a highly selective MEKI
inhibitor, inhibiting the phosphorylation Erk1/2. MK2206 binds
to and inhibits the phosphorylation of Thr308 and Ser 473
of Akt, resulting in the inhibition of the PI3K/Akt signaling
pathway. Torin 1 is a strong inhibitor for both mTOR-
containing complexes, mTORC1 and mTORC2. Treatment of
either inhibitors could cause reduced cell proliferation and
apoptosis. Dosages for each inhibitor were tested and the
minimum dosage that was not toxic to the cells (data not shown)
and showed effective inhibition of the phosphorylation of Erk,
Akt, and mTOR (Supplementary Figure S3), respectively, was
used. As expected, the neurite of RA-stimulated N2a cells reached
103.01 & 27.63 pwm after 3 days of treatment. The addition of
Erk, Akt, or mTOR inhibitors significantly reduced RA-induced
neurite to 34.74 + 15.32, 36.39 + 13.77, and 30.75 4 9.17 um,
respectively (Figure 8). More importantly, the inhibitors also
eliminated the effect of MANF in enhancing RA-induced neurite
outgrowth. When treated with RA plus MANE the average
neurite length reached to 233.13 £ 71.71 pwm; while the addition
of Erk, Akt, or mTOR inhibitors reduced the average neurite
length to 37.84 £ 16.46, 40.09 £ 11.16, and 31.27 £ 13.09 pm,
respectively, which were significantly shorter compared to RA
plus MANF alone (Figure 8).

Next, we tested whether treatment of Erk, Akt, and mTOR
activators can rescue the neurite outgrowth defects in MANF KO
cells in response to RA treatment. Erk activator PDBu (2 uM),
Akt activator SC79 (2.5 wM), and mTOR activator MHY 1485
(5 wM) were used at the dosage which was not toxic to the
cells and showed effective activation of the phosphorylation of
Erk, Akt, and mTOR, respectively (Supplementary Figure S3).

PDBu is a potent activator of protein kinase C (PKC), which
further activates Erk as a downstream PKC target. SC79 inhibits
Akt membrane translocation and enhances Akt phosphorylation.
MHY1485 is a cell-permeable activator of mTOR that has been
shown to increase the phosphorylation of mTOR at Ser2448. We
found that when treated separately, none of the activators was
able to rescue the phenotype (Figure 9B). Considering that it
might not be sufficient for the neurite to grow by activating just
one of the signaling pathways, we then treated the cells with two
or all three activators simultaneously. Interestingly, when treated
with Erk and Akt activators together, we observed a slight but
significant increase in the neurite length in some of the MANF
KO cells from 30.38 £ 9.89 to 40.92 £ 18.16 um (Figures 9A,B).
However, none of the other combinations of treatments can
rescue the defects of RA-induced neurite outgrowth in MANF
KO cells (Figure 9B).

MANF Deficiency Impairs Protein
Synthesis

Protein synthesis is critical for neurite formation and can
be regulated by the activation of Akt/mTOR and Erk/mTOR
signaling pathways. Since our data suggests that MANF positively
regulates Akt/mTOR and Erk/mTOR signaling, we sought to
further test whether protein synthesis was affected in MANF KO
cells and whether it was involved in its defect in RA-induced
neurite outgrowth. HPG protein synthesis assay revealed that
N2a cells had robust protein synthesis. Fluorescent imaging
revealed that nascent protein was mainly localized in the cell
soma in DMSO treated control cells (Figure 10A). For RA treated
control cells, fluorescent signal was also detected in the neurites,
indicating that nascent protein was also present in the growing
neurites (Figure 10B, arrowheads). MANF KO cells also exhibit
robust fluorescent signal (Figure 10C), but it was limited to
the cell soma in both DMSO and RA treated groups, indicating
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for 10, 30, 60, 180, 360, and 720 min. Protein was extracted from cell lysates and subjected to immunoblot. The size of the proteins (kDa) was labeled next to each
band. (B) MANF protein levels were quantified and normalized with B-actin. (C) p-Akt protein levels were quantified and normalized with total Akt. (D) p-Erk protein
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a lack of neurite outgrowth in response to RA (Figure 10D).
Quantification of the fluorescent intensities revealed that for
both control and KO cells, RA treatment resulted in a higher
rate of protein synthesis compared to DMSO treatment, and it
increased over time (Figure 10E). However, MANF KO cells have
significantly less fluorescent signal compared to control cells. In

addition, we noticed that regardless of RA treatment, a small
portion (<5% at 24 and 48 h, ~10% at 72 h) of control cells
showed no nascent protein synthesis during the time of the assay
(Figures 10A,B, arrows). MANF KO cells, on the other hand,
showed significantly higher percentage of cells (~10% at 24 h,
~20% at 48 h, ~35% at 72 h) that were undetectable for nascent
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protein (Figure 10C,D, arrows). These data suggest that MANF
deficiency impairs N2a cell protein synthesis, which may further
contribute to the neurite outgrowth defects in MANF KO cells.

DISCUSSION

Neurite outgrowth is a critical process for neuron differentiation
and regeneration in neurological diseases. In this study, we
demonstrated that MANF was necessary for RA-induced
neurite outgrowth by positively regulating Akt/mTOR and
Erk/mTOR signaling pathways. Neurite outgrowth requires
protein synthesis, which is regulated by Akt/mTOR and
Erk/mTOR signaling pathways (Read and Gorman, 2009;
Doherty et al., 2000). We are the first to show that MANF
regulates neurite outgrowth through the regulation of protein

synthesis and the activation of Akt/mTOR and Erk/mTOR
signaling pathways.

Neuro2a and SH-SY5Y cells are common neuronal cell line
models widely used for studying neuronal differentiation in vitro
due to their ability to proliferate and to be easily transfected
compared to primary neuron. Neuronal cell lines can be induced
into neuron-like cells, where they turn on the expression of
neuronal cell markers and grow neuronal processes resembling
axons and dendrites. However, as many neuronal cell lines were
derived from immortalized neuronal tumors and have undergone
numerous proliferations that could accumulate mutations and
may not recapitulate the properties of normal neurons from
the nervous system. We used neuronal cell lines N2a and SH-
SY5Y to show that RA treatment induced neurite outgrowth
and MANF deficiency attenuated this process. It is noted that
a cell with longer neurites seems also to present enlarged cell
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bodies with increased neurite caliber. This suggests that RA
treatment may also cause general growth and hypertrophy of
the cells. It is essential to confirm cell line results with primary
neurons. The role of MANF in neurite extension has been
investigated in primary neurons and neural precursors as well as
in animals. A study by Ko et al. reported that MANF was required
for the neurite extension and maintenance in cultured retinal
ganglion cells (RGCs) isolated from 3 to 5 days old rat retina (Ko
et al., 2020). Another study by Tseng et al., 2017a reported that
complete conventional MANF knockout mice exhibit impaired
neurite outgrowth in vivo, and MANF-deficient neuronal stem
cells isolated from the embryonic day 13.5 (E13.5) knockout mice
have defect in neurite extension when cultured and differentiated
in vitro (Tseng et al., 2017a). However, these studies did not
examine the underlying cellular/molecular mechanisms. Our
study used neuronal cell lines to confirm the findings and further
investigate cell signaling pathways responsible for MANF’s effect.

We used both siRNA and CRISPR to generate MANF deficient
cells and showed that loss of MANF attenuates the ability
of N2a and SH-SY5Y cells to grow neurites in response to
RA-stimulation. These methods are complementary. There are
two advantages of generating stable MANF knockout using

CRISPR: (1) As the effectiveness of siRNA is usually diluted out
around 3-4 days after transfection due to cell proliferation, the
generation of stable MANF knockout cells allow us to perform
experiments with a longer time span, such as the examination of
neurite outgrowth with 6 days of RA treatment, which provided
evidence of MANF knockout indeed attenuates but not just
delays RA-induced neurite outgrowth; (2) The efficiency of
siRNA transfection varies depending on the condition of cells
and transfection reagents. For example, immunoblotting analysis
confirmed that siRNA method only reduced MANF by 50%.
MANF knockout using CRISPR had a much better efficiency.
However, stable MANF knockout using CRIPSR on the other
hand, may trigger compensatory expression of other UPR genes,
and transient knock out of MANF by siRNA is able to overcome
this shortcoming.

Different from most neurotrophic factors that are secreted,
MANF is largely retained in the lumen of the ER and
is secreted under pathological conditions where ER stress
is elevated (Apostolou et al., 2008; Tadimalla et al., 2008;
Glembotski et al., 2012; Oh-Hashi et al.,, 2012; Henderson
et al, 2013). Under normal condition, MANF is retained
in the ER via its calcium-dependent interaction with GRP78
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(glucose-regulated protein 78 kDa, BiP) in the lumen of
the ER and the binding with endoplasmic reticulum protein
retention (KDEL) receptors located on Golgi apparatus and
cell surface (Glembotski et al., 2012; Henderson et al., 2013).
In pathological conditions with elevated ER-stress, reduced
ER calcium level interferes with the binding of MANF and
GRP78. ER-stress also induces protein transportation from the
ER to Golgi, resulting in an accumulation of MANF and
GRP78 in the lumen of Golgi. GRP78 competes with MANF
on the binding with KDEL receptors, leading to a decreased
retention of MANF in the ER. MANF has been implicated
as a neurotrophic factor that regulates neuron development
and protects neuron from various pathological conditions
(Li-Na et al, 2017; Lindahl et al, 2017). The mechanisms
involved in the neuroprotective role of MANF remains unclear,
although increasing evidence has suggested the involvement of
MANF in ameliorating ER-stress induced apoptosis (Lindahl
et al., 2017; Xu M. et al,, 2018; Zhang et al., 2017a; Zhang
et al., 2017b; Zhu et al, 2016). There are inconsistent
reports regarding the role of intracellular and extracellular
MANF in the context of neuroprotection. For example,
extracellular application of MANF was reported to protect
neurons and myocardial cells from ischemic injuries (Tadimalla
et al., 2008; Airavaara et al, 2009; Glembotski et al., 2012),
while MANF had to be injected directly into neurons to
protect against Bax-dependent apoptosis or overexpressed
intracellularly in Hela cells to improve cell viability under
glucose-free conditions and tunicamycin treatment (Apostolou
et al, 2008; Hellman et al., 2011). We showed that either
overexpression of MANF intracellularly by adenovirus or
addition of recombinant hMANTF into cell culture can induce
longer neurite outgrowth in response to RA stimulation.
However, the addition of MANF in the culture media did
not rescue neurite growth in MANF KO cells, indicating
that the intracellular MANF plays an important role that is
not compensated by MANF in the culture media. One of
the limitations of this study is that we were not able to
exclude the secretion of adenovirus-mediated MANF from
cells, which makes it difficult to distinguish the function of
intracellular and extracellular MANF. To further study the
function of MANF in these two forms, we need to determine
if the intracellularly overexpressed MANF can also increase
the level of MANF being secreted and if blocking MANF
secretion will affect the role of MANF in facilitating RA-induced
neurite outgrowth.

PI3K/Akt and Ras/Erk pathways are important intracellular
signal transduction cascades that are critical for fundamental
cellular functions, regulating cell proliferation, growth, survival,
mobility and cell death (McCubrey et al, 2007; Mendoza
et al,, 2011). They are often dysregulated in human cancers,
leading to aberrant activation of the signaling cascades (Asati
et al., 2016). Disturbed activation of the PI3K/Akt/ and
Ras/Erk pathways are oncogenic, enhancing the growth, survival,
and metabolism of cancer cells (Jokinen and Koivunen,
2015). PI3K/Akt and Ras/Erk signaling pathways are also
key mediators for neuronal survival and several aspects
of neurite outgrowth, including cell skeleton reorganization

and stabilization, neurite branching and extension, and axon
formation (Frebel and Wiese, 2006; Read and Gorman, 2009;
Hausott and Klimaschewski, 2019). Mammalian target of
rapamycin (mTOR) is one of the major downstream effectors
of PI3K/Akt and Ras/Erk signaling pathways (Potter et al,
2002; Ma et al, 2005). mTOR is a serine/threonine protein
kinase which is a key regulator for cell growth and metabolism
by controlling protein translation and lipogenesis (Takei and
Nawa, 2014). It promotes protein synthesis through the
phosphorylation of P70S6 kinase, which in turn phosphoactivates
the ribosomal protein S6 and lead to increased mRNA
and protein synthesis (Laplante and Sabatini, 2009). Protein
synthesis is essentially required for neurite outgrowth. Increased
requirement of new protein synthesis is accompanied with
the process of neurite initiation, branching, elongation, and
stabilization (Tojima and Ito, 2004; Flynn, 2013). Protein
synthesis is important for filopodia and neurite formation
(Gallo, 2013; Sainath and Gallo, 2015). Local protein synthesis
is critical for axon elongation and pathfinding (Twiss and
van Minnen, 2006). Decreased protein synthesis has been
reported in various neurodegenerative disorders, such as
Alzheimer’s disease (Chang et al., 2006). The activation
of PI3K/Akt/mTOR and Ras/Erk/mTOR signaling cascades
positively regulates protein synthesis, which is critical for cell
differentiation and neurite outgrowth in neurons (Fujii et al.,
1982; Takei and Nawa, 2014; Schanzenbacher et al., 2016;
Rozenbaum et al., 2018).

Several studies have suggested that MANF can activate Akt
and Erk signaling pathways. In an in vitro study, extracellular
MANF was shown to protect human neuroblastoma SH-SY5Y
cells from 6-hydroxydopamine (6-OHDA) induced cell death
via the activation of PI3K/Akt/mTOR pathway (Hao et al,
2017). In addition to mTOR, several other downstream effectors
of the PI3K/Akt signaling pathway including GSK3p8, MDM2,
and NF-kB have been reported to be activated by treatment
of recombinant hMANF in the rodent brain, which was
associated with enhanced neuron survival in neurodegenerative
diseases and intracerebral hemorrhage models (Hao et al,
2017; Zhang et al, 2017b; Li et al, 2018; Xu M. et al,
2018). MANF has also been reported to activate Erk in a
study showing that intracellular MANF overexpression facilitated
neuron migration and activated STAT3 and Erk in mice
SVZ explant (Tseng et al., 2017a). However, in the same
study when NSC cultures were treated with recombinant
hMANE neither Akt nor Erk was activated, suggesting the
activation of Akt and Erk by MANF may be cell type-
and context-dependent.

We showed that MANF knockout in N2a cells attenuated
RA-induced activation of Akt/mTOR and Erk/mTOR, leading to
limited neurite outgrowth. MANF overexpression on the other
hand lead to longer neurite length which was correlated with
increased activation of Akt/mTOR and Erk/mTOR in response
to RA. Treatment of Akt, Erk or mTOR inhibitors blocked
RA-induced N2a cells neurite outgrowth. Moreover, MANF
enhanced neurite outgrowth and Akt/mTOR and Erk/mTOR
activation can also be blocked by inhibition of Akt, Erk or
mTOR. We observed minimal toxic effect of these inhibitors
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at the concentrations we used, although inhibitors appeared
to slightly reduce cell density. In general, it is easier for N2a
cells to extend longer neurite at lower density, however, we
observed reduced neurite outgrowth in RA and RA+MANF
groups after inhibitor treatments. As a result, we believe that
the effect of these inhibitors on neurite outgrowth did not
result from the potential toxicity and alterations in cell density,
rather than through the activation of Akt/mTOR and Erk/mTOR
signaling cascades.

In line with the insufficient activation of Akt/mTOR and
Erk/mTOR signaling pathways, we also observed impaired
protein synthesis in MANF deficient cells. Consistent with
previous report that decreased protein synthesis was also
observed in cultured MANF ~/~ mice NSCs (Tseng et al.,
2017b), our results suggest that the impaired protein synthesis
may contribute to the defect of neurite outgrowth in MANF
knockout cells.

Our data indicate that MANF facilitates RA-induced neurite
outgrowth by positively regulating Akt/mTOR and Erk/mTOR
signaling pathways. However, the mechanisms by which MANF
activates the Akt/mTOR and ERK/mTOR signaling pathways
are currently unknown. In addition, in the experiment of
treating MANF KO cells with RA and Akt, Erk or mTOR
activators, except for a mild neurite outgrowth in Akt plus Erk
activators treated group, none of the other groups showed a
rescue in neurite outgrowth. This data indicates that besides
Akt/mTOR and Erk/mTOR signaling pathways, there must be
other signaling pathways or cellular processes that are affected by
MANTF knockout and are also important for RA-induced neurite
outgrowth. ER stress can be one of the candidate mechanisms, as
MANF is known to alleviate ER stress and elevated ER stress is
associated with many neurodegenerative diseases and defects in
neurite outgrowth (Kawada et al., 2018).

CONCLUSION

In conclusion, our study demonstrated that MANF deficiency
attenuates RA-induced neurite outgrowth and MANF
overexpression facilitates the growth of longer neurites.
This is the first study to demonstrate that MANF regulate neurite
outgrowth through activating Akt/mTOR and Erk/mTOR
signaling pathways and protein synthesis. This study provides
evidence that MANF is involved in neuronal differentiation and
it may be a potential candidate to facilitate the regeneration of
neuronal processes in neurodegenerative diseases.
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Supplementary Figure S1 | Expression of exogenous MANF in N2a cells after
adenovirus transduction. (A) Protein was extracted from cells transduced with
AD-vector and AD-MANF at 24, 48, 72, 96, and 120 h after transduction, then
subjected to immunoblot. The expression of HA tag and MANF was examined.
B-actin was used as a loading control. The size of the proteins (kDa) was labeled
next to each band. (B) Exogenous MANF protein levels were quantified as relative
levels normalized to B-actin. Two-way ANOVA followed with the Bonferroni’s

post hoc test, **P < 0.01, ***P < 0.0001. The data were expressed as the
mean + SEM of three independent experiments.

Supplementary Figure S2 | MANF cannot be reintroduced into MANF KO cells.
(A) Immunofluorescent images showing control and MANF KO cells were
transduced with AD-vector and AD-MANF and then immunolabeled with HA tag
(green) and MANF (red). Cell nuclei were stained by DAPI. (B) The percentage of
cells with HA tag expression was quantified. Student’s t-test, ***P < 0.0001. The
data were expressed as the mean + SEM of three independent experiments. (C)
Protein was extracted from cells 36 h after being incubated with AD-vector and
AD-MANF for 1-4 h, and then subjected to immunoblot with HA tag and MANF
antibodies. B-actin was used as a loading control. (D) Protein was extracted from
control and MANF KO cells, and then immunoblot with Cas9 antibody. g-actin was
used as a loading control. The size of the proteins (kDa) was labeled next to each
band. The experiment was replicated three times.

Supplementary Figure S3 | The effect of pharmacological inhibition or activation
of Akt, Erk and mTOR on the expression of p-Akt, p-Erk, and p-mTOR in
response to RA treatment. (A) Quantification of p-Akt, p-Erk, p-mTOR, and
p-P70S6 protein expression in control cells treated with DMSO, RA or
RA+inhibitors. B-actin was used as a loading control. One-way ANOVA followed
with the Tukey’s post hoc test, *P < 0.05, **P < 0.01 compared to DMSO treated
group; *P < 0.05, P < 0.01, "#P < 0.001 compared to RA treated group. The
data were expressed as the mean + SEM of three independent experiments. (B)
Quantification of p-Akt, p-Erk, p-mTOR, and p-P70S6 protein expression in MANF
KO cells treated with DMSO, RA or RA+activators. B-actin was used as a loading
control. One-way ANOVA followed with the Tukey’s post hoc test, n.s. not
statistically significant, *P < 0.05 compared to DMSO treated group; ¥P < 0.05
compared to RA treated group. The data were expressed as the mean + SEM of
three independent experiments.
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Historically, the mammalian brain was thought to lack stem cells as no new neurons
were found to be made in adulthood. That dogma changed ~25 years ago with the
identification of neural stem cells (NSCs) in the adult rodent forebrain. However, unlike
rapidly self-renewing mature tissues (e.g., blood, intestinal crypts, skin), the majority of
adult NSCs are quiescent, and those that become ‘activated’ are restricted to a few
neurogenic zones that repopulate specific brain regions. Conversely, embryonic NSCs
are actively proliferating and neurogenic. Investigations into the molecular control of the
quiescence-to-proliferation-to-differentiation continuum in the embryonic and adult brain
have identified proneural genes encoding basic-helix-loop-helix (bHLH) transcription
factors (TFs) as critical regulators. These bHLH TFs initiate genetic programs that
remove NSCs from quiescence and drive daughter neural progenitor cells (NPCs) to
differentiate into specific neural cell subtypes, thereby contributing to the enormous
cellular diversity of the adult brain. However, new insights have revealed that proneural
gene activities are context-dependent and tightly regulated. Here we review how
proneural bHLH TFs are regulated, with a focus on the murine cerebral cortex, drawing
parallels where appropriate to other organisms and neural tissues. We discuss upstream
regulatory events, post-translational modifications (phosphorylation, ubiquitinylation),
protein—protein interactions, epigenetic and metabolic mechanisms that govern bHLH
TF expression, stability, localization, and consequent transactivation of downstream
target genes. These tight regulatory controls help to explain paradoxical findings of
changes to bHLH activity in different cellular contexts.

Keywords: Neurog1, Neurog2, Ascl1, phosphorylation, protein—-protein interactions, protein stability, epigenetic
control, translational control

INTRODUCTION

One-hundred years ago, Santiago Ramon y Cajal likened the pyramidal cells of the cerebral
cortex to “a garden filled with innumerable trees...which can multiply their branches thanks
to intelligent cultivation, send their roots deeper, and produce more exquisite flowers and fruits
every day” (Jones, 1994). In his 1942 book Man on His Nature, neurophysiologist Sir Charles
Sherrington compared the electrical activity of the cortex to “an enchanted loom” (Sherrington,
2009). The field of neuroscience is ripe with such metaphors that remark upon the exquisite
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architecture and cellular diversity of the cerebral cortex. It
follows, then, that one of the most dominant inquiries in
developmental neuroscience has been how this enormous
cellular diversity is established and choreographed during brain
development. Detangling this great mystery has important
implications for our understanding of neurological disorders and
diseases, as well as for the future design of therapeutic strategies
to replace lost/dysfunctional neural cells.

This review centers on the regulatory events that govern
proneural gene function in the developing and adult cerebral
cortex. To provide a contextual framework, we first provide
a high-level overview, not meant to be comprehensive, of the
cellular context in which these genes function. The cerebral
cortex, which is the seat of higher order cognitive functioning and
sensory processing, is comprised of a six-layered neocortex and
several three- or four-layered allocortical territories, including
the hippocampal formation and paleocortex. Cortical territories
are found in all mammals, but display enormous structural
diversity across species, transitioning during evolution between
smooth (lissencephalic) structures in smaller mammals such
as rodents, to highly folded (gyrencephalic) structures in most
extant primates and larger mammals (Lewitus et al, 2014).
These gross structural differences arise due to species-specific
differences in the regulatory events that control self-renewal,
proliferation, mode of division (symmetric, asymmetric) and
differentiation properties of neural stem cells (NSCs) and their
daughter neural progenitor cells (NPCs). Distinguishing features
of NSCs include maintenance into adulthood, the capacity to
self-renew, and multipotency, which refers to their tri-lineage
potential, or the capacity to give rise to neurons, astrocytes and
oligodendrocytes. Conversely, NPCs do not self-renew, are more
restricted in their proliferative potential, and may have reduced
developmental potential as they acquire lineage biases.

To understand how the cerebral cortex acquires species-
specific forms, it is essential to elucidate how NSC/NPC
(hereafter NPC for simplicity) fate decisions are controlled.
Proneural genes, which encode basic-helix-loop-helix (bHLH)
transcription factors (TFs), are critical pieces to the puzzle as
they control NPC decisions to divide or differentiate while
also specifying neural subtype identities (Bertrand et al., 2002;
Wilkinson et al., 2013; Guillemot and Hassan, 2017; Dennis
et al, 2019). At face value, the functions of proneural genes
appear simplistic, but their activities are tightly regulated by
both cell intrinsic and extrinsic influences. Here we review the
regulatory mechanisms that govern proneural gene function
in embryonic and adult cortical domains, drawing parallels to
other bHLH genes, brain regions, non-neural tissues, and non-
mammalian species when comparison is informative. Of note,
unless otherwise specified, the animal work cited was conducted
using murine transgenic models, tissues or cells.

Introduction to Proneural Genes

Proneural genes encode type II, tissue-specific bHLH TFs that
are expressed in the nervous system and have evolutionarily
conserved roles in promoting neural cell fate specification and
differentiation (Bertrand et al., 2002; Wilkinson et al., 2013;
Guillemot and Hassan, 2017; Dennis et al., 2019). Proneural genes

were first identified and characterized in Drosophila melanogaster
where they belong to two main families that each specify distinct
neural cell fates: achaete-scute complex (AS-C) and atonal-related
genes (Bertrand et al, 2002; Huang et al, 2014). In the fly,
bHLH genes that are defined as proneural are expressed in
uncommitted ectodermal precursors and have the ability to: (1)
select single ectodermal precursors within a proneural cluster
to become neural by activating Notch/Delta-mediated lateral
inhibition, and (2) specify neural precursor identity by activating
generic and subtype-specific neuronal differentiation genes.
While vertebrate and invertebrate proneural genes share several
features, a major difference is that in vertebrates, proneural
gene expression initiates in NPCs that are already specified as
neural. With this difference in mind, vertebrate bHLH genes
are defined as proneural if they: (1) are expressed in dividing
NPCs, usually those at the apex of lineage hierarchies, (2) drive
NPCs to differentiate into neuronal or glial cells, (3) specify
neural subtype identities, and (4) activate Notch signaling in
neighboring NPCs by inducing the expression of Notch ligands,
such as DIl1 and DII3 (Bertrand et al.,, 2002; Wilkinson et al.,
2013; Guillemot and Hassan, 2017; Dennis et al., 2019). Based
on these criteria, four proneural genes are expressed in the
developing and/or adult cerebral cortex: Neurogenin (Neurog) 1,
Neurog2, Neurod4 (aka Math3), and Achaete-scute family bHLH
transcription factor 1 (Ascll; aka Mashl) (Bertrand et al., 2002;
Wilkinson et al., 2013; Guillemot and Hassan, 2017; Dennis
et al., 2019). All other commonly studied neural bHLH genes,
such as Neurodl, Neurod2, Neurod6 and others are instead
properly termed ‘neuronal differentiation’ genes because of their
later expression/function in neural lineages, either in later-stage
progenitors with a restricted proliferative and differentiation
potential [e.g., Neurodl (Pleasure et al, 2000)], and/or in
postmitotic neurons [e.g., Neurod2, Neurod6 (Bormuth et al,
2013; Guzelsoy et al., 2019)]. In this review we mainly focus on
the cortical functions of Neurogl, Neurog2 and Ascll, which have
been most extensively studied.

To bind DNA, proneural bHLH TFs must dimerize, either
with other proneural TFs or with type I bHLH factors, also
known as E-proteins (Murre et al., 1989). E-proteins, which have
more ubiquitous expression patterns than class Il bHLH TFs, are
encoded by three genes: Tcf4 (aka E2-2), Tcf12 (aka HEB), and
Tcf3 (aka E2A), the latter encoding E12 and E47 splice variants
(Bertrand et al., 2002; Wang and Baker, 2015). Proneural TFs
can also dimerize with HLH proteins of the Id (inhibitor of
DNA-binding) family, which lack the basic DNA-binding domain
and thus form non-functional heterodimers (Wang and Baker,
2015). To activate transcription, bHLH dimers bind to Ephrussi-
box (E-box) sequences (CANNTG) in regulatory regions of the
genome (Murre et al,, 1989; Wang and Baker, 2015). ChIP-seq
analyses have revealed that different proneural TF binding sites
have differential enrichment of the central two E-box residues;
Neurog2 favors CAKMTG motifs (K: G/T nucleotides, M:
A/C nucleotides), with the CAGATG motif predominant, while
Ascll preferentially binds sites with CAGSTG motifs (S: G/C
nucleotides), with the CAGCTG motif predominant (Wapinski
et al., 2013; Raposo et al,, 2015; Aydin et al., 2019). Despite
these known biases, the binding of proneural TF hetero- or
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homo-dimers to their cognate sites is highly context-specific and
tightly regulated, which is the subject of this review.

A Primer on Neocortical Development
To set the stage for the embryonic context in which proneural TFs
function, we briefly outline critical developmental transitions.
The neurons and macroglial cells (oligodendrocytes, astrocytes)
that make up the adult cerebral cortex are derived from
multipotent NPCs located in the dorsal telencephalon (cortex),
with some additional contributions from ventral telencephalic
(subcortical) NPCs. Telencephalic NPCs are parcellated into
apical and basal compartments (Taverna et al., 2014). Apical
NPCs reside in the ventricular zone (VZ), a single cell-layered
neurepithelium that appears pseudostratified due to interkinetic
nuclear migration, with G2/M-phase nuclei moving to the apical
surface whereas S-phase nuclei move basally (Taverna et al,
2014). Apical NPCs are termed neuroepithelial cells (NECs) prior
to neurogenesis and initially divide symmetrically to expand
the NPC pool (Gotz and Huttner, 2005). When neurogenesis
begins, at approximately embryonic day (E) 11 in mouse, NECs
transform into apical radial glia (aRG), which remain in the
VZ, but switch to self-renewing asymmetric neurogenic divisions
to give rise to one aRG and either one new neuron (direct
neurogenesis) or one basal progenitor (indirect neurogenesis)
(Gotz and Huttner, 2005; Bultje et al., 2009). aRG and NECs
differ at the transcriptomic level, with aRGs initiating the
expression of several glial markers (Taverna et al, 2014). In
rodents, basal progenitors, which form a subventricular zone
(SVZ), predominantly include neuronal-committed intermediate
progenitor cells (INPs) that have a limited proliferative capacity
(1-2 divisions) and undergo terminal symmetric neurogenic
divisions (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al.,
2004; Englund et al., 2005; Kowalczyk et al., 2009; Taverna et al.,
2014). Further stratifications of these apical and basal NPC pools
have been made based on morphological and gene expression
criteria and are reviewed elsewhere (Taverna et al., 2014).

Cortical NPCs give rise in a sequential fashion to excitatory
glutamatergic neurons that form the six layers of the cortical plate
between E11-E17 in mouse (Caviness, 1982; Caviness et al., 1995;
Takahashi et al., 1999), followed by astrocytes, beginning at E16
(Bayraktar et al., 2014), and then oligodendrocytes, beginning
early postnatally (Kessaris et al., 2006). The earliest-born cortical
neurons form a preplate that is later split into an overlying
marginal zone (layer I) and an underlying subplate (layer VII),
the latter a transient neuronal layer that nevertheless plays
important roles in thalamocortical axonal pathfinding and in
guiding neuronal migration (Ohtaka-Maruyama, 2020). Layer VI
corticothalamic neurons are born next, followed by the sequential
differentiation of layer V subcerebral and callosal neurons, layer
IV internal granular layer neurons, and finally, layer II/III
corticocortical neurons, two layers that are fused in mouse
(Caviness, 1982; Kast and Levitt, 2019). GABAergic interneurons
and oligodendrocytes also populate cortical domains, but they are
born in the ventral telencephalic (subcortical) VZ/SVZ and enter
the cortex via tangential migration (Peyre et al., 2015).

The progressive nature of laminar fate determination
raises the question of how cortical NPCs change over

time (Pearson and Doe, 2004). Seminal studies involving
heterochronic transplantation experiments in ferrets revealed
that early-stage cortical NPCs are multipotent, responding to new
environmental signals to generate alternative laminar identities
post-transplant, but only when in S-phase of the cell cycle,
whereas later stage cortical NPCs lose their ability to respond
to early environmental signals (McConnell and Kaznowski,
1991; Frantz and McConnell, 1996; Bohner et al., 1997; Desai
and McConnell, 2000). These findings were corroborated by
retroviral lineage tracing experiments, which confirmed that
early cortical NPCs are multipotent and give rise to neuronal
clones that span cortical layers, whereas late NPCs are fate
restricted and only generate upper layer neurons (Luskin et al.,
1988; Price and Thurlow, 1988; Walsh and Cepko, 1988). More
recently, genetic lineage tracing experiments using various Cre
drivers (Franco et al., 2012; Guo et al., 2013; Eckler et al., 2015)
and Mosaic Analysis with Double Markers (MADM) (Gao et al.,
2014) have confirmed that cortical NPCs are multipotent at the
population and clonal level, although some fate-restricted NPCs
may also exist (Franco et al., 2012; Gil-Sanz et al., 2015). How
NPCs give rise to such diverse neural cell types in a stereotypically
defined manner has been the subject of study for several decades
now (Pearson and Doe, 2004). The importance of intrinsic
factors was demonstrated by plating cortical NPCs at clonal
density, which generated stereotyped lineage trees that matched
those seen in vivo (Qian et al., 2000). Since then, revolutionary
new technologies such as FlashTag and single cell (sc) RNA-seq
have identified sequential transcriptional waves that successively
define apical and basal NPCs and daughter neurons (Telley et al.,
2016). Further studies with these techniques identified two axes
of NPC transcriptional organization throughout the neurogenic
period: a “birthdate axis” in which the transcriptional state varies
depending on embryonic age, and a “differentiation axis,” which
drives NPCs to differentiate in a conserved sequence regardless
of neuronal birthdate (Telley et al, 2019). Interestingly, this
work showed that late-stage apical NPCs (E14/E15) have
predominantly environment-sensing transcriptional properties,
with activation of genetic programs related to ion transport and
cell-cell or cell-matrix interaction-related processes, as opposed
to the cell-intrinsic transcriptional programs in earlier apical
NPCs (Telley et al., 2019).

From these pioneering studies of cortical NPCs, Neurog2
was highlighted as a critical ‘neurogenic’ (actually, proneural)
gene as it is expressed at high levels in apical and basal
NPCs and at low levels in newborn neurons (Telley et al,
2016), consistent with earlier immunostaining studies (Hand
et al., 2005). Functional assays demonstrating that Neurogl and
Neurog2 are true proneural genes pre-dated these studies by
a decade or more and involved classical loss- and gain-of-
function assays (Fode et al., 2000; Parras et al., 2002; Schuurmans
et al., 2004; Mattar et al., 2008; Dixit et al., 2011, 2014; Kovach
et al,, 2013; Han et al,, 2018). From these studies, Neurog2 and
Neurogl were shown to be necessary and sufficient to specify
the excitatory, glutamatergic neuronal identity of early-born
(layer V, VI) cortical neurons, as well as Cajal-Retzius neurons,
which populate layer I (Dixit et al., 2014). In contrast, AsclI,
which is expressed at the highest levels in subcortical NPCs,
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is necessary and sufficient to specify a GABAergic neuronal
or oligodendrocyte fate in the ventral telencephalon (Casarosa
et al, 1999; Horton et al., 1999; Schuurmans et al.,, 2004;
Parras et al., 2007). Interestingly, Ascll is also expressed at
lower levels in cortical NPCs (Britz et al., 2006), where it
also biases NPCs toward an oligodendrocyte fate (Han et al.,
2020). In addition, AsclI is also required for the generation of
a subset of glutamatergic Cajal-Retzius neurons, as opposed to
the GABAergic fates specified by this TF in ventral telencephalic
domains, highlighting the importance of cell context in dictating
how these proneural genes function (Dixit et al., 2011). Finally,
the transient expression of Neurog2 and Ascll in newborn
neurons also has functional consequences, as these genes play a
role in guiding neuronal migration by regulating expression of
the Rho GTPases, Rnd2 and Rnd3, respectively (Heng et al., 2008;
Pacary et al., 2011, 2013).

Lissencephalic Versus Gyrencephalic
Cortical Development

Studies of non-human primates (NHP) and human cortices have
revealed that the apical NPC pool has expanded to include both
aRG and outer or basal RG (bRG), the latter forming a large
outer SVZ (0SVZ) not present in rodents (Lukaszewicz et al,
2005; Zecevic et al., 2005; Bayatti et al., 2008; Martinez-Cerdeno
etal.,, 2012; Dehay et al., 2015). Like aRG, bRG are self-renewing
and generate neurons by giving rise to transit-amplifying INPs
(Fietz et al., 2010; Hansen et al.,, 2010; Reillo et al., 2011).
However, INPs divide several more times in gyrencephalic species
than in rodents to generate more later-born, upper-layer or
supragranular neurons that make primate cortices larger with
many folds (Molnar et al., 2011; Falk and Hofman, 2012; Stahl
et al, 2013; Pollen et al, 2015) (Figure 1A). Several genes
that promote basal NPC expansion can induce cortical folding
in lissencephalic mammals, such as mice, or alter folding in
gyrencephalic species, such as ferrets (Hansen et al., 2010; Fietz
et al., 2012; Stahl et al., 2013; de Juan Romero et al., 2015;
Florio et al, 2015, 2018; Ju et al., 2016; Wang et al., 2016;
Fiddes et al., 2018; Suzuki et al., 2018; Chizhikov et al., 2019).
Conversion from a lissencephalic to gyrencephalic cortex is also
associated with alterations of the simple radial trajectories of
migrating neurons in lissencephalic species, to more circuitous,
tangential routes in gyrencephalic species (Del Toro et al,
2017; Llinares-Benadero and Borrell, 2019). Recent studies have
revealed an unexpected role for Neurog2 and Ascll co-expression
in sustaining a lissencephalic form in the rodent cortex due to
the essential role that double™ NPCs play in patterning Notch
signaling, which impacts the symmetry of radial glial trajectories
(Han et al., 2020).

Embryonic Versus Adult Neurogenesis

While NSCs persist into adulthood, they differ from embryonic
NSCs in several ways. Firstly, the adult NSC transcriptional
profile is more closely related to astrocytes than to embryonic
NSCs (Beckervordersandforth et al., 2010). Secondly, most
embryonic NSCs are actively dividing and neurogenic, whereas
adult NSCs are mainly quiescent and gliogenic (Gotz et al., 2016).

Indeed, up to 90% of adult NSCs are quiescent in the adult brain
at any given time, with cell cycle times ranging from 1 day to
3 months (Ponti et al., 2013; Reeve et al., 2017). Adult NSCs
that become ‘activated’ are also restricted to a few neurogenic
zones and repopulate only specific brain regions. For instance, the
ventricular-subventricular zone (V-SVZ) repopulates the murine
olfactory bulb and human striatum, while the subgranular zone
(SGZ) repopulates the mouse/human dentate gyrus (Spalding
et al., 2013; Ernst et al., 2014; Urban and Guillemot, 2014; Gotz
et al., 2016; Boldrini et al., 2018; Ruddy and Morshead, 2018;
Sorrells et al., 2018). Outside of these niches, the adult NSC
response is limited.

Conversely, most embryonic NSCs divide rapidly in vivo, with
cell cycle times of 8-18 h (Takahashi et al., 1995). However, a
small but important pool of embryonic NSCs is slow-dividing;
these are the embryonic precursors of adult NSCs, the origins
of which had remained elusive until recently (Furutachi et al.,
2013, 2015; Fuentealba et al., 2015). Using barcoding, a genetic
lineage tracing method that can identify clonal relationships
between widely distributed cells, it was revealed that a subset
of E13.5-E15.5 aRG, termed ‘pre-B1 cells, are set aside as slow-
dividing NPCs that will later become adult B1 cells (Fuentealba
et al., 2015) (Figure 1B). B1 cells are adult NSCs, which when
activated give rise to transit amplifying intermediate precursor
cells (IPCs, C cells) that generate neuroblasts (A cells) that
migrate through the rostral migratory stream (RMS) to the
olfactory bulb (Li and Clevers, 2010). Bl cells retain regional
identities; dorsal NSCs give rise to glutamatergic juxtaglomerular
neurons (JGNs), ventral NSCs to calbindin™ periglomerular cells
(PGCs) and granule cells (GCs), and septal NSCs to calretinin™
PGCs and GCs (Brill et al., 2009; Fuentealba et al., 2015). With
respect to the focus of this review, for adult NSCs to become
activated and neurogenic, neural determinants such as Neurog2
and Ascll, which are expressed at high levels in embryonic NSCs
and low levels in adult NSCs, must be upregulated (Gotz et al,,
2016; Guillemot and Hassan, 2017). We discuss the associated
regulatory mechanisms herein.

INTERSECTION BETWEEN PRONEURAL
GENES AND EXTRACELLULAR
SIGNALING PATHWAYS

Notch Signaling Controls Proneural Gene
Expression and Oscillations

Neurog2 and Ascll are classical proneural genes, rapidly inducing
NPC cell cycle exit and differentiation when misexpressed in the
embryonic cortex (Britz et al., 2006; Mattar et al., 2008; Kovach
et al, 2013; Wilkinson et al, 2013). Yet curiously, Neurog2
(Hagey and Muhr, 2014) and Ascll (Castro et al, 2011; Li
et al., 2014) can also induce proliferation when expressed in
some cellular contexts. Moreover, during normal development,
Neurogl, Neurog2 and Ascll are mainly expressed in dividing
NPCs (Britz et al, 2006). These findings raise the question
of how proneural gene expression is compatible with both
pro-proliferative and pro-differentiative NPC phenotypes. This
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FIGURE 1 | Cortical development between species and developmental stages. (A) In both lissencephalic and gyrencephalic species, apical radial glial (aRG) cells
can divide asymmetrically to give rise to another aRG and either a nascent neuron (direct neurogenesis) or a neuronal-committed intermediate neuronal progenitor
(INP; indirect neurogenesis). Gyrencephalic species like primates have an additional population of radial glial cells, the basal RG (bRG), which contribute more
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FIGURE 1 | Continued

traveling along aRG processes. Larger arrows signify cortical regions with increased neurogenesis. (B) Neurog2/Ascl1 double-positive NPCs (purple ovals) act as
‘niche’ cells in the ventricular zone (VZ) of the rodent cortex, preventing the formation of cortical folds by maintaining continuous Notch signaling patterns. (C) Unlike
the majority of actively dividing apical radial glia in E13.5-15.5 cortices, a subset remains quiescent and is set aside to become adult neural stem cells, the ‘B1’ cells.
B1 cells reside in the adult cortical VZ and retain their regional identities. For adult B1 cells to exit quiescence and become neurogenic, upregulation of a cortical
proneural gene like Neurog2 or Ascl1 must occur. aRG, apical radial glia; INP, intermediate neuronal progenitor; bRG, basal radial glia; JGN, juxtaglomerular neuron;

OB, olfactory bulb; PGC, periglomerular cell; GC, granule cell.

conundrum was partially resolved in ground-breaking studies
that demonstrated that Neurog2 and Ascll are expressed in 2-
3 hr oscillatory cycles in dividing NPCs versus at sustained levels
in NPCs that differentiate (Shimojo et al., 2008; Imayoshi et al.,
2013; Ochi et al., 2020).

Notch signaling is the driving force behind oscillatory
proneural gene expression (Kageyama et al, 2008, 2020)
(Figure 2). In a process known as ‘lateral inhibition, NPCs
that express high levels of the proneural TFs transactivate the
expression of cell-membrane tethered Notch ligands such as DIl1
and DII3 (Castro et al,, 2006; Henke et al., 2009), which bind
Notch receptors on neighboring NPCs. Upon ligand binding,
Notch is proteolytically cleaved to form a Notch intracellular
domain (NICD) that translocates to the nucleus where it binds to
Rbpj, a DNA binding protein. NICD-Rbpj complexes transcribe
downstream genes, including hairy and enhancer of split (Hes)
I and Hes5, which encode bHLH transcriptional repressors
that recruit Groucho/TLE co-repressors and bind to N-boxes
(CACNAG), directly repressing proneural gene transcription to
form a lateral inhibitory loop (Kageyama et al., 2007, 2008, 2020;
Kovach et al.,, 2012; Huang et al., 2014). HesI is also expressed
in 2-3 h oscillatory cycles, and Hesl protein drives its dynamic
expression through direct repression of its own transcription, as
well as indirectly driving oscillatory expression of the proneural
genes through transcriptional repression (Shimojo et al., 2008,
2011). Consequently, Hes and proneural genes are expressed
out-of-phase with one another in ‘salt-and-pepper’ expression
profiles, referring to their scattered expression when captured at
individual time points (Kageyama et al., 2008). Notably, while
these oscillatory cycles are transcriptionally driven, proneural
proteins also oscillate as they have short intracellular half-lives
(< 30 min) and are rapidly degraded with each transcriptional
cycle (Nguyen et al., 2006; Kovach et al., 2013; Urban et al., 2016).

While sustained proneural TF expression biases NPCs toward
differentiation, it can also maintain the NPC pool by allowing
neighboring NPCs with activated Notch signaling to continue
to proliferate. Hesl/5-mediated repression of proneural genes
is essential to maintain the NPC pool, with co-deletion of
Hes1/5 or Rbpj, their upstream regulator (Son et al., 2020),
leading to precocious neurogenesis and NPC pool depletion
(Ohtsuka et al., 1999; Hatakeyama et al., 2004). Strikingly,
proneural genes also regulate the patterning of Notch signaling,
with NPCs that co-express Neurog2 and Ascll acting as Notch-
ligand expressing niche cells, the deletion of which disrupts the
continuity of Notch signaling, resulting in cortical folding (Han
etal., 2020) (Figure 1B).

Notably, there is also evidence for a Notch-independent
mode of Rbpj function in regulation of bHLH TFs. While

Rbpj suppresses Neurogl transcription in NPCs, it positively
regulates Neurogl expression in migrating postmitotic neurons
independent of Notch pathway activation (Son et al., 2020).
Thus, as shown for Neurog2 (Hand et al., 2005), Neurogl is
expressed in dividing NPCs and newborn neurons, but distinct
regulatory mechanisms drive its expression in the two cell types
(Son et al., 2020). Interestingly, Rbpj also binds a conserved
binding motif in the Ascll promoter in the locus coeruleus (Shi
et al., 2012), and Rbpj directly represses Atoh7, another bHLH
proneural gene, in a Notch-independent fashion in the retina
(Miesfeld et al., 2018). Further studies are required to elucidate
the extent to which Rbpj regulates Neurogl, Neurog2, and Ascll
expression through Notch-dependent and -independent modes
in the embryonic cortex.

Ras/ERK Signaling Regulates a
Neurog2-Ascl1 Toggle Switch

During embryogenesis, cortical NPCs differentiate into
glutamatergic neurons and later astrocytes, but retain the
potential to divert to embryonic subcortical fates (GABAergic
neurons, oligodendrocytes), as revealed by the mutation of
several cortical transcription factors (Theil et al., 1999; Stoykova
et al., 2000; Tole et al., 2000; Muzio et al., 2002a,b; Schuurmans
etal., 2004; Kroll and O’Leary, 2005), or when Ras/ERK signaling
is ectopically activated (Chandran et al, 2003; Gabay et al,
2003; Hack et al., 2004; Kessaris et al., 2006; Li et al., 2014)
(Figure 2). These events all induce a Neurog2 to Ascll transition
and drive a dorsal-to-ventral re-specification of NPCs, indicating
a lineage bifurcation point regulated by Neurog2 and Ascll.
While Neurog2 and Ascll both function as transcriptional
activators themselves (Castro and Guillemot, 2011; Kovach
et al,, 2013), they are mutually transcriptionally cross-repressive;
in Neurog2 null mutants, Ascll is upregulated and subcortical
phenotypes are generated in the cortex (Fode et al, 2000;
Schuurmans et al., 2004), while conversely, Ascll can repress
Neurog2 expression when misexpressed in cortical NPCs (Han
et al., 2020). Neurog2 is also required to repress Ascll expression
in multipotent retinal progenitor cells (Hufnagel et al., 2010).
Given that Neurog2 functions as a transcriptional activator, the
mechanism for its repression of Ascll transcript and protein
expression is indirect, and remains to be fully elucidated. Partial
features include that Neurog2 acts through a yet unknown
transcriptional regulator to repress Etvl expression, which
indirectly regulates Ascll expression through repression of
Hes5, a known transcriptional repressor of Ascll (Kovach
et al., 2013). Notably, proneural gene cross-repression in the
cortex may be limited to competing lineage determinants
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such as Neurog2 and Ascll (Han etal, 2020), as Neurog2 is
instead required to positively regulate the transcription of the
functionally related proneural gene, Neurogl (Fode et al., 2000).
However, mutant analyses in the retina revealed that in the

absence of Neurog2, Ascll or Neurod4, the other two bHLH
genes are upregulated (Akagi et al., 2004), indicative of cross-
repressive interactions that further support context-specific
functions of these genes.
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Strikingly, Neurog2 and Ascll are also cross-repressive at the
functional level; Neurog2 inhibits the ability of Ascll to promote
a glioblast fate, while AsclI inhibits the ability of Neurog2 to
specify a glutamatergic neuronal identity in cortical NPCs (Han
et al., 2020) (Figure 2). This cross-repression at the protein level
may be mediated by the formation of less transcriptionally active
Neurog-Ascll heterodimers, reviewed in greater detail below.
Taken together, these findings invoke comparisons to other stem
cell systems in which pairs of TFs that specify different cell fates
are in some instances co-expressed in the same progenitor cell,
and their mutual cross-antagonism prevents fate specification
and differentiation to maintain cellular bi- or multi-potency
(Chickarmane et al., 2009; Dillon, 2012; Okawa et al., 2016;
Brand and Morrissey, 2020). The co-expression of distinct lineage
determinants has the added purpose of ‘priming’ progenitor cells
for subsequent lineage selection, as downstream genes in either
lineage can be readily transcribed. In the lingo of computational
biologists, antagonistic TF pairs form a gene regulatory network
motif known as a toggle switch (Huang et al., 2007; Chickarmane
et al., 2009; Enver et al., 2009; Zandi et al., 2010; Strasser et al,,
2012). Based on these operational criteria, Neurog2 and Ascll
form a toggle switch to prevent lineage commitment in the
embryonic cortex (Han et al., 2020).

Ras/ERK signaling is a critical regulator of the Neurog2-Ascll
toggle switch, and therefore it is important to understand how
this signal transduction pathway is regulated in the embryonic
cortex (Li et al., 2014). Ras/ERK signaling is activated by both
pro-proliferative growth factors, such as epidermal growth factor
(Egf) and fibroblast growth factor (Fgf) (Ghosh and Greenberg,
1995; Vaccarino et al., 1999; Raballo et al., 2000; Lukaszewicz
et al,, 2002; Imamura et al., 2008; Wang et al., 2009), and by pro-
differentiative factors, including platelet-derived growth factor
(PDGF) (Menard et al., 2002), nerve growth factor (Ngf) (Greene
and Tischler, 1976; Vaudry et al., 2002), neurotrophin 3 (Ntf3)
(Lukaszewicz et al., 2002; Ohtsuka et al., 2009), and brain derived
neurotrophic factor (Bdnf) (Barnabe-Heider and Miller, 2003;
Ito et al,, 2003; Medina et al., 2004; Fukumitsu et al., 2006;
Bartkowska et al., 2007). Each of these signals bind receptor
tyrosine kinase (RTK) receptors. The kinetics of RTK/ERK
signaling is critical to its function, in that the apparently
divergent effects of RTK/ERK signaling on proliferation versus
differentiation are explained by the ability of Ngf/Ntrkl to
activate ERK in a sustained manner, whereas Fgf induces
strong, transient ERK activation (Marshall, 1995; York et al.,
1998). Mechanistic insights have also been gained into how Fgf
activation biases NPCs to acquire an oligodendrocyte fate, both
in the telencephalon and spinal cord (Gabay et al., 2003; Furusho
et al,, 2011; Li et al., 2014; Farreny et al., 2018), where Fgf acts
in combination with Shh in an evolutionarily conserved manner
(Esain et al., 2010). Mechanistically, downstream activation of
ERK directly phosphorylates Ascll, and higher levels of RAS/ERK
activation biases this proneural TF to preferentially transactivate
glioblast genes instead of promoting a GABAergic neuronal
identity (Li et al., 2014).

During cortical development, activation of Ras/ERK signaling
is spatially and temporally regulated, as revealed by the dynamic
expression of phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204),

which is initially detected in the antihem adjacent to the
lateral pallium where neurogenesis is first initiated in the
cortex (Miyama et al., 1997), before spreading across the VZ
by E14.5 (Li et al, 2014). Notably, the expression of pErkl/2
matches the pattern of expression of fibroblast growth factor
receptor 3 (FGFR3) and a set of ets-domain transcription
factors activated downstream of RTK signaling, including Etv1,
Etv4 and Etv5 (Hasegawa et al, 2004; Li et al, 2014). The
Etv transcription factors act as downstream effectors of FGF
signaling and participate in regulating the Neurog2-Ascll toggle
switch; Neurog2 indirectly represses Etv1, which in turn indirectly
represses Ascll as described above (Kovach et al., 2013).
Taken together, these studies highlight the multiple points of
intersection between the RAS/ERK signal transduction pathways
and proneural genes.

Wnt Signaling Promotes Neurog2
Expression in a Temporally Defined

Manner

Consistent with a role for canonical Wingless/INT (Wnt)
signaling in specifying a cortical identity, two transgenic reporters
for this pathway, BAT-gal (Maretto et al.,, 2003) and TCF-lacZ
(Liu et al., 2006), are both expressed at higher levels in the dorsal
versus ventral telencephalon (Backman et al., 2005; Machon et al.,
2005; Li et al,, 2012). Upon Wnt binding to LRP/Frizzled receptor
complexes, B-catenin (encoded by Ctnnbl) is stabilized and
translocates to the nucleus where it forms active transcriptional
complexes with Tcfl. Conditional knock-out (cKO) of Ctnnbl
in early cortical NPCs, prior to neurogenesis, downregulates
Neurog2 and upregulates Ascll expression (Backman et al,
2005). Conversely, the addition of exogenous Wnts allows
dissociated dorsal telencephalic chick cells or murine cortical
neurospheres, which normally ventralize rapidly (Gabay et al,
2003), to maintain their dorsal identity in vitro (Gunhaga et al.,
2003; Machon et al, 2005; Watanabe et al., 2005). Similarly,
misexpression of Ctnnbl in subcortical NPCs induces ectopic
Neurogl/2 expression and suppresses Ascll (Hirabayashi et al.,
2004; Backman et al., 2005). Thus, the Wnt pathway also controls
the Neurog2-Ascll toggle switch, biasing NPCs toward Neurog2
expression and a cortical cell fate (Figure 2).

Wnt reporter activity drops off dramatically in cortical
NPCs in mid-neurogenesis (E15.5-E16.5), correlating with the
time when Neurog2 function is attenuated (Backman et al,
2005; Machon et al., 2005; Li et al., 2012). In the absence of
Wnats, glycogen synthase kinase (GSK) is activated, forming a
destruction complex with axin, APC and other molecules that
phosphorylates and targets p-catenin for degradation. GSK3 also
directly phosphorylates Neurog2 during mid-late corticogenesis
through phosphorylation (Li et al., 2012), which promotes the
formation of Neurog2-E47 heterodimers at the expense of more
transcriptionally active Neurog2-Neurog2 homodimers (Li et al.,
2012). Notably, Neurog2-E47 heterodimers have longer half-
lives than Neurog2-Neurog2 homodimers, so their reduced
transcriptional activity is not due to enhanced degradation (Li
et al., 2012), but rather due to DNA binding preferences, as
discussed further below. Therefore, Wnt signaling intersects

Frontiers in Molecular Neuroscience | www.frontiersin.org

February 2021 | Volume 14 | Article 642016


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Oproescu et al.

Cortical Proneural Gene Regulation

Neurog?2 function at a few levels, not only promoting Neurog2
expression, but also regulating its activity.

Intersection Between Astrocytic Signals

and Proneural Genes

Several signaling pathways induce cortical NPCs to differentiate
into astrocytes (Stipursky et al., 2012), including: (1) cytokines,
such as cardiotrophin-1 (CT-1), leukemia inhibitory factor
(LIF), and ciliary neurotrophic factor (CNTF), all of which
activate JAK/STAT signaling (Bonni et al., 1997; Koblar et al,
1998; Barnabe-Heider et al., 2005; He et al., 2005); (2)
bone morphogenetic proteins (BMPs) (Bonni et al, 1997)
and transforming growth factor beta (Tgfb), which function
through downstream Smad effector proteins to promote astrocyte
maturation (Gross et al., 1996; Bonaguidi et al., 2005); and (3)
Notch-Delta signaling, as described above (Gaiano et al., 2000;
Ge et al., 2002; Grandbarbe et al., 2003; Kamakura et al., 2004;
Wu et al., 2017).

Interestingly, cortical NPCs expressing Neurogl/2 and/or
Ascll are biased against an astrocytic fate (Han et al.,, 2020)
(Figure 2), with several mechanisms of action identified.
Firstly, Neurogl, which declines in expression when astrocyte
differentiation begins at E15.5 (He et al, 2005 Han et al,
2018), sequesters transcriptional co-activators (CBP/p300) away
from Statl/3 and Smadl TFs, preventing the transactivation
of downstream astrocytic genes such as GFAP by cytokine
and BMP/Tgfb signaling (Sun et al., 2001). Secondly, Neurogl
induces the transcription of miR-9, which downregulates the
expression of genes in the JAK/STAT pathway (Zhao et al., 2015).
Conversely, signaling pathways promoting astrocytic fate impair
the ability of proneural TFs to induce neuronal differentiation.
BMP7, which is secreted from the dorsal telencephalic midline
(Furuta et al., 1997) induces Id1 or Id2 expression in spinal cord
and cortical NPCs (Vinals et al., 2004; Le Dreau et al., 2018).
Id proteins inhibit proneural gene function by sequestering E
proteins to prevent their heterodimerization with bHLH TFs (Le
Dreau et al., 2018). Furthermore, Id1 induced by BMP4 promotes
Ascll protein degradation to prevent this TF from promoting
neuronal differentiation (Vinals et al., 2004).

Another important aspect of astrocyte differentiation is the
timing of when NPCs switch from neurogenesis to gliogenesis.
Cytokines are critical regulators of this switch (Barnabe-Heider
et al, 2005), but the proneural genes are also involved,
as gliogenesis occurs precociously in Neurog2™/~;Ascll ™/~
cortices (Nieto et al, 2001). Notably, a similar precocious
differentiation of glial cells is seen in Neurod4~/~;Ascll=/~
cortices in the tectum, hindbrain and spinal cord (Tomita
et al, 2000), suggesting similar processes may be at play
in other brain regions. One interpretation of these data is
that in the absence of two proneural genes, neurogenesis
cannot take place and instead, gliogenesis ensues. Another
interpretation is that Neurog2 and Ascll regulate temporal
identity transitions through the co-dependent activation of a
unique set of downstream genes. Consistent with the latter
interpretation, Neurog2 and Ascll are also together required
to regulate the timing of cortical neurogenesis, as evidenced

by the precocious differentiation of supragranular neurons
(Dennis et al., 2017) in NeurogZ’/’;Ascll’/’ cortices (Dennis
et al., 2017). Mechanistically, Neurog2 and Ascll regulate the
timing of cortical neurogenesis as both proteins are required to
transactivate Fezf2, a critical component of the de-repression
circuit that specifies laminar identities. How these genes regulate
the timing of cortical gliogenesis is less clear. A simple
competitive model may explain these findings, as highlighted
above, with the loss of Neurog2 and Ascll preventing the
sequestration of transcriptional co-activators away from Statl/3
and Smadl TFs. However, the recent identification of a slew of
transcriptional targets that are co-bound and co-regulated by
Neurog2 and Ascll in cortical NPCs may shed new light into this
process (Han et al., 2020).

REGULATION OF PRONEURAL GENE
FUNCTION AT THE TRANSLATIONAL
AND POST-TRANSLATIONAL LEVEL

Several studies suggest that Neurog2 and Ascll fate specification
activities are temporally regulated. For example, Neurog2 is only
necessary and sufficient to specify a glutamatergic neuronal
identity in cortical NPCs before E14.5 (Schuurmans et al.,
2004; Li et al, 2012), whereas it promotes NPC progenitor
transitions from aRG to INP (Britz et al., 2006) and neuronal
migration (Heng et al., 2008) after E14.5. Ascll is also normally
expressed in embryonic cortical NPCs (Britz et al, 2006;
Han et al., 2020), albeit at lower levels than in subcortical
domains, but it does not induce the differentiation of these
cells into GABAergic neurons or oligodendrocytes, although
it may transactivate oligodendrocyte genes postnatally (Han
et al., 2020). Temporally constrained, Ascll is upregulated in
Neurog2~/~ cortical NPCs throughout the neurogenic period
but can only respecify these cells to a GABAergic fate before
E14.5 (Britz et al., 2006). Temporal changes in Neurog2 cortical
function are not surprising, considering that several differences
in early and late cortical NPCs have previously been documented.
For example, only early, pre-neurogenic cortices respond to
the proliferative activity of Wnts (Viti et al., 2003b) and the
ventralizing activity of Shh (Kohtz et al., 1998), while conversely,
only late-stage NPCs respond to the gliogenic activity of CNTF
(Molne et al., 2000; Takizawa et al., 2001; Viti et al., 2003a; Song
and Ghosh, 2004). Several non-mutually exclusive molecular
regulatory mechanisms controlling Neurog2 and Ascll functions
in the cortex help explain these confounding findings.

Regulation of Proneural Gene Translation

There is a tendency to consider the presence of gene transcripts
as an indication that a gene is ‘active’ in a particular cell
type, but there are many downstream regulatory events that
must also be considered. The first consideration is whether
transcripts are translated into proteins. Early studies revealed
that Neurogl, Neurog2 and Ascll transcripts are present in
many more telencephalic cells than the proteins, but the
mechanisms of translational control were not elucidated until
recently. A ground-breaking study found that a large host of
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transcribed neuronal differentiation genes are not translated in
the developing cortex (Yang et al., 2014). This study showed that
eukaryotic initiation factor 4E1 (eIF4E1) and the eIF4E-Binding
Protein, 4E-T, components of the eukaryotic translational
machinery, form P-body-like complexes that bind proneural
bHLH mRNAs to inhibit their translation, a mechanism of
translational control critical for controlling the timing of cortical
neurogenesis (Yang et al, 2014) (Figure 3A). Since then,
many additional proteins have been identified that control
the translation of proneural and neural differentiation genes,
including other components of the translational machinery and
critical RNA binding proteins (Amadei et al., 2015; Zahr et al,,
2018, 2019). Future work will be required to identify specific
RNA binding proteins that control the stability and translation
of proneural gene transcripts.

Protein-Protein Interactions

The requirement for dimerization presents numerous
opportunities for combinatorial control of bHLH transcriptional
activity (Figure 3B). A given bHLH dimer will have its own
E-box specificity, and while a comprehensive picture of the
differential binding patterns of homo- and heterodimers is not
yet known, preferred binding motifs for certain proneural TFs
have been discovered in mouse and fish (Seo et al., 2007; Lin
et al., 2010; Wapinski et al., 2013; Raposo et al., 2015; Pfurr
et al, 2017; Aydin et al, 2019) and certain bHLH dimers are
less transcriptionally active than others. As mentioned earlier
in this review, Ascll preferentially binds to CAGCTG motifs
in genomic regulatory regions (Wapinski et al., 2013; Raposo
et al., 2015; Aydin et al, 2019), while Neurogl and Neurog2
preferentially bind CADATG motifs (where D = A/G/T) (Seo
et al., 2007; Madelaine and Blader, 2011; Aydin et al.,, 2019).
E47 has been shown to preferentially bind CAGSTG motifs
(where S = C/G) (Lin et al., 2010; Pfurr et al., 2017). Recently it
has been shown that E proteins alter the neurogenic strength of
proneural TFs through physical interactions in a context-specific,
E-box-dependent manner, by either synergizing with Ascll on
CAGSTG motifs or impeding Neurog2’s binding to CADATG
motifs (Le Dreau et al., 2018). For example, misexpression of
E47 and Ascll in spinal cord NPCs increases differentiation
relative to Ascll alone (Le Dreau et al., 2018), but the opposite
effect is observed for co-electroporation of E47 with Neurog2,
either in spinal (Le Dreau et al., 2018) or cortical (Li et al,
2012) NPCs. However, there are other regulatory considerations,
including that E47 heterodimerization enhances Neurog2 (Li
et al, 2012) and Ascll (Vinals et al., 2004) protein stability,
which can influence their transactivation of some target sites.
The finding of E-box-dependent cooperativity of E proteins
with proneural TFs leads us to the important consideration
that proneural TF activity at downstream targets is modulated
by the availability of appropriate dimerization partners.
Indeed, in the chick spinal cord, when E protein availability
is limited due to its sequestration by Id proteins, Ascll
proneural strength is negatively impacted due to the reduction
in Ascll~E47 heterodimers, which effectively transactivate
CAGSTG E-box-containing downstream targets (Le Dreau
et al,, 2018). Conversely, Neurog2 transactivation of CADATG

E-box-containing downstream targets is stabilized by a reduction
in E47 availability due to Id sequestration (Le Dreau et al., 2018).

Heterodimers can also form between two proneural bHLH
TFs. Examples include Neurogl~Neurog2 heterodimers, which
form in E12.5 cortical NPCs (Han et al., 2018) and are likely
functionally important, as evidenced by the reduced Hes5
expression (i.e., Notch signaling) and precocious neurogenesis
that occurs in E12.5 Neurogl™/~ cortices (Schuurmans et al,
2004; Han et al, 2018). Mechanistically, Neurogl~Neurog2
heterodimers have a reduced capacity to induce neurogenesis
compared to Neurog2~Neurog2 homodimers, leading to the
conclusion that Neurogl slows the pace of cortical neurogenesis
at early stages (~E12.5) when there are higher levels of
Neurogl/Neurog2 co-expression (Han et al., 2018). Interestingly,
co-expression of Neurog2 with Neurod4 accelerates cortical
neurogenesis (Mattar et al., 2008), and while protein—protein
interactions were not assessed, it remains possible that either
Neurog2~Neurod4 heterodimers have an enhanced capacity to
transactivate target genes, or these bHLH TFs form other dimers
that bind to distinct E-boxes located in the same regulatory
regions of a target gene. Notably, there are other examples
of bHLH proneural genes and differentiation genes having co-
operative functions, including in the developing retina (Akagi
et al., 2004) and hippocampus (Schwab et al., 2000).

Neurog2~Ascll heterodimers have also been identified
(Gradwohl et al., 1996; Han et al., 2020), with evidence suggesting
that they are non-functional, as predicted by the differential
enrichment of bound E-box motifs for each TF identified in
ChIP-seq experiments (Aydin et al., 2019). Indeed, co-expression
of Neurog2 and Ascll blocks the transactivation of promoters
specific to each TF in vitro in transcriptional reporter assays, as
well as blocking the ability of AsclI to induce in vivo proliferation
and Sox9 expression (a glioblast marker in cortical NPCs) as
well as the ability of Neurog2 to induce in vivo glutamatergic
neuron formation (Han et al, 2020). Despite the inhibitory
interactions between Neurog2 and Ascll, and while most of the
genes activated by Neurog2 and Ascll do not overlap, there are
also some commonly regulated genes (Masserdotti et al., 2015;
Aydin et al,, 2019). Moreover, the gene regulatory network (GRN)
that is associated with Neurog2/Ascll double™ cortical NPCs is
distinct from the GRNs associated with single™ NPCs. Neurog2
and Ascll could regulate a distinct repertoire of genes when
in combination through two potential modes of action. Firstly,
they could act on gene regulatory elements that contain both
Neurog2- and Ascll-specific binding sites, as exemplified by DII1,
which has two distinct enhancers that are specifically activated
by Neurog2 (DeltaN) or Ascll (DeltaM) (Castro et al., 2006).
Alternatively, enhancers may contain hybrid E-boxes that are
bound equally well by Neurog2 and Ascll, including when they
form heterodimers, as exemplified by the DII3 promoter (Henke
et al., 2009). Further studies on commonly regulated targets of
Neurog2 and Ascll will aid our understanding of how cortical
NPC fate decisions are regulated.

Finally, proneural TFs also form physical interactions with
other non-bHLH TFs that play critical roles in cortical
development. For example, Neurog2 synergizes with the T-box
TF Tbr2, expressed in INPs, to control the radial migration
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of cortical neurons (Sessa et al., 2017). Neurog2 and Tbr2
control migration by synergistically transactivating Rnd2, a
critical regulator of cortical neuron migration (Sessa et al., 2017).
Other TFs have also been shown to associate with proneural
TFs to regulate their functions. For instance, Ascll and the POU
domain TFs Brnl and Brn2 cooperatively bind the DII1 promoter
(Castro et al., 2006). Similarly, in the fly, senseless cooperates
with atonal to regulate proneural activity (Nolo et al., 2000),
and Mytl is required for optimal Neurog2 proneural activity
in Xenopus (Quan et al, 2004). The future identification of
additional proneural TF binding partners in cortical NSCs/NPCs
will aid in our understanding of the complex GRNs that underlie
development of this brain region.

Phosphorylation of Proneural TFs

Intracellular kinases are key intermediaries between the
environment and the cell nucleus, so understanding their impact
on proneural TFs can reveal how environmental cues regulate
cortical neurogenesis. Interestingly, DNA-binding proteins and
TFs are often natively unfolded and intrinsically disordered
(Ward et al.,, 2004), with disordered regions targeted by twice
as many kinases as structured domains (Gsponer et al., 2008).

Neurog?2 is an example of an intrinsically disordered TF that
is targeted by various kinases that modulate its activity in a
context-dependent manner (McDowell et al., 2014). In general,
N- and C-terminal phosphorylation outside of the bHLH
domain has inhibitory effects on bHLH proneural activity,
but other processes can be promoted by phosphorylation, as
highlighted below.

Rheostat Model

The rheostat model holds that progressive phosphorylation
of TFs results in a graded, finely tuned reduction in DNA
binding and hence, transcriptional activity (Pufall et al., 2005)
(Figure 3C). This model has garnered support with regards to
proneural TFs from experimental work in mouse and xenopus
(Ali et al.,, 2011; Hindley et al, 2012; McDowell et al., 2014;
Hardwick and Philpott, 2015). Proneural TFs are phosphorylated
by a host of proline-directed serine/threonine (S/T) kinases,
including cyclin-dependent kinases (Cdk - on Neurog2 and
Neurod4) (Ali et al., 2011; Hindley et al., 2012; McDowell et al.,
2014; Hardwick and Philpott, 2015), GSK3 (on Neurog2) (Liet al.,
2012) and ERK (on Ascll) (Li et al., 2014). These S/T kinases
can progressively phosphorylate nine serine-proline (SP) sites
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in Neurog?2, six SPs in Ascll and a combined seven threonine-
proline (TP) and SP sites in Neurod4. In xenopus, the progressive
phosphorylation of Neurog2 SP phosphoacceptor sites by Cdks
limits its ability to drive neurogenesis, with the number of
serine-proline sites phosphorylated more important than their
location (McDowell et al., 2014). Based on the “cell cycle length
hypothesis;,” NPCs that differentiate have a longer G; phase, and
the prediction is that Cdk activity would be reduced in these
cells so that Neurog2 would be underphosphorylated, thereby
in a permissive state to initiate transcription of neurogenesis-
associated target genes (Calegari and Huttner, 2003). Conversely,
Cdk levels would rise in dividing NPCs, increasing proneural TF
phosphorylation, and inhibiting transactivation of downstream
gene (Ali et al., 2011). Notably, Cdk inhibits Neurog2-mediated
transactivation of Neurodl, a neuronal differentiation gene,
more robustly than DIlI, which induces neighboring NPCs
to proliferate (Hindley et al., 2012), suggesting Cdk plays a
critical role in regulating neural development. Accordingly, in
the developing cortex, the proneural competence of Neurog2
also declines during late neurogenesis due to increasing levels of
GSK3-mediated phosphorylation (Li et al., 2012).

Cell Fate Choice

Phosphorylation by SP kinases not only controls the decision
to proliferate or differentiate, but also influences cell fate
choices that are important in normal development but can also
impact tumor formation. In the spinal cord, phosphorylation
of Neurog2 S231 and S234 (SP sites) promotes the formation
of TF complexes between Neurog2 and the adaptor protein
Ldbl, which recruits LIM-homeodomain TFs Isll and Lhx3 to
form a complex that transactivates motor neuron specific genes
(Ma et al.,, 2008). Similarly, in the embryonic telencephalon,
intermediate vs high RAS/ERK activation levels dictate whether
Ascll selects GABA vs OPC transcriptional targets, respectively
(Li et al., 2014) (Figure 2B). Notably, there is also a correlation
between higher pERK levels and more glial cells in pilocytic
astrocytomas, compared to lower levels of pERK and fewer
glial cells in ganglioglioma, despite these two tumor types
sharing the same bRAFv600e mutation (Li et al.,, 2014). It is
interesting to speculate that ERK-mediated phosphorylation of
ASCL1 controls, at least in part, the different cellular features
of these genetically similar tumors. Similarly, the tumorigenicity
of bHLH TF Olig2 is driven by its phosphorylation status, with
phosphomimetic mutations rendering it more tumorigenic, and
phospho-dead mutations non-tumorigenic (Sun et al., 2011). In
line with this, phosphorylation of a conserved triple serine motif
in Olig2 promotes its unorthodox ‘antineural’ pro-proliferative
functions, instead of the ‘proneural-like’ activity of inducing an
oligodendrocyte fate (Sun et al., 2011). These data highlight the
importance of phosphorylation events of bHLH TFs not only for
normal development, but also in tumorigenesis.

Binary ‘Off’ Switch

A single conserved S/T residue at the Loop/Helix 2 (L-H2)
junction acts as an evolutionarily conserved, binary ‘oft” switch
for both vertebrate and invertebrate proneural TFs (Quan et al.,
2016) (Figure 3C). 3D modeling revealed that the conserved S/T

residue faces the DNA backbone such that addition of a negatively
charged phosphate group would generate electrostatic repulsion
between the TF and DNA, effectively rendering the TF a null
mutant. At the L-H2 junction, Drosophila ato and vertebrate
Atohl are phosphorylated on $292 by protein kinase A (PKA),
while Neurog2 is phosphorylated on T149 by MARK1 and PLKI.
A phosphomimetic mutation (T149D) destabilized Neurog2
binding to DNA and abolished its ability to induce neurogenesis
in cortical NPCs in vivo (Quan et al., 2016). Strikingly, this
binary off-switch essentially ‘trumps’ the rheostat model of
control, as introduction of a single phosphomimetic mutation
in the conserved L-H2 region of Ascll and Neurog2 prevents
their proneural activities, even when ‘activating’ phospho-null
mutations are introduced in SP and TP sites throughout the
proteins (Hardwick and Philpott, 2018a,b). The speculation
that these different regulatory modes may come into play at
different developmental time points depending on an NPC’s
‘kinase environment is interesting due to the possibility of
rapidly halting proneural activity to ensure that correct neuronal
numbers are generated (Hardwick and Philpott, 2018a).

Neuronal Migration

Neurog2 is also phosphorylated on Tyr241, a residue outside
the bHLH domain that is dispensable for proneural activity,
but required to specify a polarized neuronal phenotype and
establish appropriate radial migration patterns (Hand et al,
2005). Mutation of Y241 leads to defects in neuronal migration
and neuronal morphogenesis defects in the neocortex (Hand
et al, 2005), in part by preventing the association between
Neurog2 and CBP, a transcriptional co-activator protein that is
required for Neurog? to transactivate genes that control neuronal
migration and dendritic polarity, such as Dcx (Ge et al., 2006).
Notably, the ability of Neurog2 to sequester CBP is also proposed
to be important for the indirect repression of RhoA, which must
be downregulated for cortical neurons to migrate appropriately
(Ge et al., 2006).

Regulation of Proneural TF Protein
Stability

It is now well established that both fly (Kiparaki et al., 2015)
and vertebrate (Nguyen et al., 2006; Ali et al., 2011; Li et al,
2012; Kovach et al, 2013) proneural TFs have very short
intracellular half-lives (~20-40 min). In the fly, two destabilizing
motifs were found in the proneural TF encoded by scute
(Sc); the transactivation domain (TAD) and an SPTSS motif,
including a phosphoacceptor site for proline-directed S/T kinases
(Kiparaki et al., 2015). Notably, S-A mutations in the SPTSS
motif dramatically stabilized fly Sc (Kiparaki et al., 2015), and
similarly, there was an ~2-fold increase in Neurog2 stability
when all 9 SP sites were mutated to SA in Xenopus (Ali et al,
2011). Removal of the C-terminal TAD domain also dramatically
stabilizes murine Neurog2 (Li et al., 2012) and fly Sc (Kiparaki
et al., 2015) proteins. However, while the forced tethering of
mouse Neurog2 to E47 (Li et al, 2012), or E12 to human
ASCL1 (Sriuranpong et al., 2002) stabilizes these proneural TFs,
Sc heterodimerization with fly Daughterless (Da), the E-protein
homolog, promotes further degradation (Kiparaki et al., 2015).
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Thus, there are critical differences in how proneural protein
stability is regulated, but nevertheless, in all species, proneural
TFs have short intracellular half-lives.

There is growing evidence that proneural protein degradation
is mediated by the ubiquitin-proteasome degradation system
(UPS) (Figure 3D). Ubiquitin moieties form isopeptide bonds
with lysine residues in substrate proteins that are targeted for
degradation through the actions of three enzymes; ubiquitin-
activating (E1), ubiquitin-conjugating (E2), and ubiquitin ligase
(E3) enzymes (Komander and Rape, 2012). Polyubiquitylated
substrates undergo degradation through the UPS (Johnson et al,,
1995). Proneural TFs regulated by UPS include murine (Vinals
etal., 2004) and human (Sriuranpong et al., 2002) Ascll, xenopus
Neurog2 (Vosper et al, 2007, 2009) and the fly protein Sc
(Kiparaki et al., 2015). Recently, the E3-ligase Huwel (HECT,
UBA and WWE domain containing 1) was identified as a critical
destabilizer of Ascll in the postnatal hippocampus (Urban et al.,
2016) (Figure 3D). Huwel maintains adult NSCs in quiescence
by targeting Ascll for degradation, with excess NSCs entering
the cell cycle upon conditional Huwel deletion, resulting in a
depletion of the NSC pool (Urban et al., 2016). Spatial resolution
is also emerging in the picture of Ascll regulation by Huwel
(Gillotin et al., 2018). Cytoplasmic Ascll is predominantly
attached to longer polyubiquitin chains on lysines within the
bHLH region and is rapidly targeted for degradation by the
UPS, while chromatin-bound Ascll is ubiquitylated with shorter
chains on N-terminal and bHLH lysines but is not targeted for
degradation (Gillotin et al., 2018).

While comparable E3-ligases have yet to be identified for
Neurogl and Neurog2 in the cortex, Fbxo9 is an E3-ligase that
destabilizes Neurog2 in the developing dorsal root ganglia (Liu
et al., 2020). Mechanistically, in Xenopus, Neurog?2 is stabilized
by Cdk inhibitor p27Xicl (Nguyen et al., 2006), and p27Xicl
promotes neurogenesis partially due to its stabilizing effect on
Neurog2 (Vernon et al., 2003), but whether there is a direct
involvement with UPS is not known.

EPIGENETIC REGULATION OF
PRONEURAL BHLH ACTIVITY

Temporal and Spatial Restrictions on

Proneural Gene Function

Transcription factors that act as cell fate determinants generally
transactivate lineage-specific target genes only in certain cellular
contexts (Gascon et al., 2017). For instance, the glutamatergic
neuronal fate-specifying properties of Neurog2 are temporally
restricted; in the embryonic cortex, Neurog2 only efficiently
induces neurogenesis before E14.5 (Li et al, 2012). Regional
restrictions also occur, with Neurog2 efficiently able to induce
neurogenesis in the dorsal and not ventral telencephalon (Mattar
et al., 2008). Proneural genes have also emerged as critical
architects of neuronal reprogramming (Wilkinson et al., 2013).
However, in keeping with their tight contextual regulation, they
are not active in all cell types; Ascll is a potent neuronal
reprogramming factor in fibroblasts (Vierbuchen et al., 2010;

Caiazzo et al., 2011; Kim et al., 2011; Pang et al., 2011; Pfisterer
et al., 2011; Son et al,, 2011), hepatocytes (Marro et al., 2011),
cardiomyocytes (Chuang et al., 2017), astrocytes (Rivetti di Val
Cervo et al, 2017) and pluripotent stem cells (Yang et al,
2017), and not in the adult neocortex (Grande et al., 2013),
hippocampus or spinal cord (Ohori et al., 2006; Jessberger et al.,
2008). Conversely, Neurog2 has a more limited ability to convert
astrocytes to neurons (Grande et al., 2013; Gascon et al., 2016,
2017; Russo et al., 2020; Stricker and Gotz, 2020) and is used less
often for neuronal reprogramming as it must be combined with
other signals to become a potent lineage converter (Gascon et al.,
2016; Russo et al., 2020).

Understanding how the lineage determination activities of
Neurog2 and Ascll are restricted requires an understanding
of how they interact with factors that remodel chromatin.
In the field of cellular reprogramming, it is widely held
that epigenetic regulators act as ‘gatekeepers’ to prevent
cells from transiting from one cell fate to another other
organisms, controlling genome accessibility to lineage-specifying
TFs (Tursun et al., 2011; Cheloufi et al., 2015; Gascon et al.,
2017). Notably, chromatin structure, and hence the accessibility
of promoters/enhancers, changes during cortical development
(Kishi et al., 2012). Moreover, even within the cortical NPC pool
at a single age, there are distinct NPC populations defined as
Neurog2/Ascll negative, single™ or double™ NPCs that each have
distinct chromatin landscapes (Han et al., 2020). Below we review
how proneural bHLH TFs intersect with chromatin modifiers
to influence the genome architecture, ultimately affecting their
ability to bind and transactivate target genes.

Epigenetic and Metabolic Regulation of
Proneural TF Function

Ascll- and Neurog2 form homo- or hetero-dimers with other
bHLH proteins to bind specific E-box motifs in the genome.
Neurog2 and Ascll are termed ‘pioneer factors’ based on their
ability to bind ‘closed’ (nucleosome-bound) chromatin and
facilitate the opening of these sites for TF binding (Wapinski
et al, 2013; Aydin et al, 2019) (Figure 4A). leading to the
opening of distinct chromatin regions which render downstream
differentiation genes accessible (Aydin et al, 2019). Several
studies have begun to unravel how Neurog2 and Ascll influence
the chromatin landscape through interactions with different
epigenetic modifiers and pathways, as summarized below:

DNA Methylation

DNA hypermethylation of cytosine residues in CpG sequences,
which are typically found in promoters/enhancers, represses
gene expression by compacting the genome and rendering it
inaccessible to TF binding. By changing DNA methylation
patterns, chromatin accessibility is altered, as are downstream
gene expression patterns. Notably, DNA can also be methylated
on non-CpG sequences (CpH) that are prevalent throughout
the genome, including in non-regulatory regions, but these
modifications similarly repress gene expression (Guo et al., 2014).
Strikingly, in a direct neuronal reprogramming study in which
Ascll was overexpressed in mouse embryonic fibroblasts (MEFs),
Ascll induced CpH methylation of fibroblast-specific genes, but
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cooperation with other TFs (Brn2, Mytll) (Wapinski et al,
2013), which increase reprogramming efficiency, was required
for methylation patterns to faithfully recapitulate those seen in
cortical neurons (Luo et al., 2019) (Figure 4B).

Chromatin Remodeling

Ascll-mediated trans-differentiation of MEFs to neurons showed
that Ascll induces widespread chromatin remodeling (Wapinski
et al., 2017). During this switch, there is substantial Ascl1-driven
genome-wide remodeling of chromatin architecture near Ascll
binding sites, leading to a stabilized nucleosome configuration at
day 5 which facilitates the stable expression of mature neuronal
genes. Notably, the presence of a swift and concerted chromatin
switch in this trans-differentiation protocol contrasts with the
classical ‘step-wise’ view of in vivo neuronal development and
iPSC reprogramming, emphasizing the limitations of using direct
somatic cell reprogramming to model development. In addition,
Neurogl interacts with Brgl, a SWI/SNF chromatin remodeler to
aid neurogenesis (Seo et al., 2005).

Selective Transactivation of Bound E-Boxes

bHLH TFs act as lineage determinants in multiple tissues, and
include Myodl, a master regulator of a skeletal muscle fate (Lee
et al., 2020). Strikingly, when misexpressed in MEFs, Ascll and
Myodl bind very similar target genes, but to a different degree,

and can only induce chromatin opening of sites involved in
neuronal and muscle lineage reprogramming, respectively (Lee
etal., 2020). However, when Myod1 is overexpressed with Myt1l,
which inhibits the acquisition of a muscle identity, Myodl can
induce neuronal differentiation (Lee et al., 2020).

Co-activator and Co-repressor Interactions

A common property of TFs that act as transactivators is their
association with co-activator proteins that function as histone
acetyl transferases (HATS), as exemplified by p300/CBP (Sheikh,
2014). p300/CBP preferentially acetylates lysine residues (K) on
histone H3/H4 tails (e.g., H3K27ac), and ‘opens’ chromatin by
electrostatic repulsion between negatively charged acetyl groups
and DNA. Conversely, histone deacetylases (HDACs) remove
these acetyl groups and compact the chromatin. Several papers
have documented associations between the proneural bHLH
genes and HAT co-activators (Koyano-Nakagawa et al., 1999;
Sun et al., 2001; Vojtek et al.,, 2003; Seo et al., 2005, 2007; Ge
et al., 2006). The proneural genes are also thought to indirectly
repress gliogenesis by sequestering HAT proteins away from
gliogenic genes (Sun et al., 2001; Ge et al., 2006). Interestingly,
the bHLH protein Hes1 switches from binding a TLE-HDAC co-
repressor complex to HAT binding as neurogenesis proceeds (Ju
etal., 2004), highlighting the importance of dynamic interactions
between these factors in regulating the timing of neurogenesis.
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Histone Methylation

Opening of the chromatin to provide access to TF binding is
also associated with methylation of H3 histone tails, but here
the specific lysine (K) residues are critical. For instance, while
RNAPol II and trimethylation (me3) of histone H3K4 cluster at
transcription start sites of actively transcribed genes, and histone
H3K36me3 is in the body of actively transcribed genes, other
chromatin marks are found in silenced regions of the genome
(H3K9me3, H3K27me3) (Ringrose et al., 2004; Bernstein et al.,
2006; Pavri et al.,, 2006; Sims and Reinberg, 2006; Muller and
Verrijzer, 2009; Tavares et al., 2012). Notably, Neurog2 forms a
complex with KDMA, an H3K9 demethylase, to open chromatin
and promote neurogenesis (Lin et al., 2017) (Figure 4C).
Additionally, Tbr2 physically interacts with JMJD3 histone
demethylase, upregulating neuronal-specific genes when co-
expressed, potentially by directing JMJD3 to remove repressive
H3K27me3 marks (Sessa et al., 2017). Interestingly, Neurog2
physically associates with and shares a majority of its bound
genomic target sequences with Tbr2 and acts synergistically
on shared target genes in equimolar quantities, so perhaps
Neurog?2 interacts with and directs JMJD3 activity as well
(Sessa et al., 2017).

Polycomb Group Proteins

Only a handful of epigenetic gatekeepers are known; most
influence chromatin structure, some via interactions with
Polycomb group (PcG) proteins, which close chromatin (Tursun
et al, 2011; Cheloufi et al., 2015; Gascon et al., 2017). PcG

proteins modify chromatin to confer transcriptional repression
and exist in two repressive complexes: PRC1 (Ringla, Ringlb,
etc.) and PRC2 (Eed, Suzl2, Ezhl/2, etc.). PRCI catalyzes
the ubiquitylation of K119 in Histone H2A (H2AK119ub),
while PRC2 catalyzes the methylation of Lys27 in Histone H3
(H3K27me3), altogether leading to downregulation of nearby
genes (Figure 4D).

PRC1 and PRC2 control temporal NPC fate competence by
regulating proneural gene expression and proneural TF target
gene availability (Figure 5). PRC1 controls the temporal window
of Neurogl, but not Neurog2, expression, with mutation of Ring1b
extending Neurogl expression into late-stage neurogenesis
(e.g., E17) (Hirabayashi et al, 2009). Extending Neurogl
gene expression and derepressing the expression of neuronal
lineage genes, RinglB and Ezh2 deletions also delayed the
onset of gliogenesis, indicating that PRC1 and PRC2 control
the neurogenic-to-gliogenic fate switch in cortical NPCs
(Hirabayashi et al., 2009). Recently, Ringlb was also shown to
control the spatial expression pattern of Neurogl, with Ringlb
deletion expanding Neurogl expression further ventrally to
overlap with Ascll expression in the murine E10 telencephalon
(Eto et al., 2020). Surprisingly, while Neurogl/2 have been
shown to repress Ascll expression in the cortex, establishing
mutually exclusive expression patterns, Ringlb deletion markedly
increased Neurogl/Ascll double™ NPCs, suggesting that PcG
proteins may also regulate mutual exclusivity of proneural TF
expression (Eto et al., 2020). Ringlb has also been shown to
temporally limit the production of subcerebral neurons by NPCs

Early stage neurogenesis

Neurog2

%ON %ON
Neurog1 Proneural TF

target genes
(e.g. Foxp2)

Mid-to-late stage neurogenesis

Neurog2

Proneural TF
target genes
(e.g. Foxp2)

Neurog1

NPCs are neurogenic,
proneural TFs are expressed
& proneural TF target genes are accessible

NPCs are becoming gliogenic,
proneural TF expression wanes/extinguishes,
& proneural TF target genes
become inaccessible

FIGURE 5 | Temporal regulation of proneural gene expression and target gene availability. In early NPCs, Neurog1 expression is turned on and proneural TF target
genes are available (not repressed). As the cortical neurogenic period progresses, PRC1/2 catalyze the addition of PcG proteins to repress certain genes which are
part of the neuronal differentiation cascade. For example, PRC1/2 repress Foxp2 in mid-neurogenesis, making it inaccessible to Neurog2 and thereby terminating
the Neurog2-mediated specification of corticothalamic neurons past this period. This PRC1/2 activity thus controls the temporal competence of NPCs, dictating the
differentiation programs that may be initiated at different stages of development. PRC1/2 also extinguish the expression of proneural TFs like Neurog1 later on in the
neurogenic period, and this contributes to the induction of gliogenic differentiation programs within NPCs as Neurog1 has been shown to prevent the induction of
such programs.
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through repression of Fezf2 expression (Morimoto-Suzki et al.,
2014), which is a known transcriptional target of Neurog2.
Furthermore, PRC2 components Eed and Suzl2 and PRCI1
components Ringla and Ringlb suppress the ability of Neurog2
to induce a corticothalamic differentiation program by repressing
downstream target, Foxp2 (Oishi et al,, 2020). In this way,
PRC1 and PRC2 progressively regulate targets of proneural
TF-induced differentiation programs to control NPC temporal
fate competence.

Recent RNA-Seq evidence from FlashTag-isolated apical NPCs
further substantiates the claim that PRC2 temporally regulates
NPC competence, with mutation of Eed (inactivation of PRC2)
leading to precocious neurogenesis (Telley et al., 2019). Eed
mutants further displayed precocious generation of typically late-
born neurons and increased cell cycle exit in early neurogenesis,
leading to a terminal decrease in cortical thickness (which
indicates a shorter neurogenic period) (Telley et al., 2019).
Similarly, the PRC2 catalytic component Ezh2 was shown to
control developmental rate, with loss of Ezh2 shifting NPCs
toward differentiation over proliferation as well as an earlier
induction of gliogenesis (Pereira et al., 2010).

Overall, these findings implicate PcG proteins as crucial
temporal regulators of proneural transcriptional programs,
operating to limit the timeframe of subtype specification
by proneural TFs by occluding proneural TF target genes.
These critical epigenetic regulators do not act alone, though;
temporal NPC fate specification is simultaneously and robustly
regulated by other mechanisms such as declining proneural
transcriptional activity.

Proneural TFs Are Regulated by

Metabolism

The global metabolic changes associated with neuronal
differentiation have only recently begun to be elucidated
(Agostini et al., 2016), and new work is emerging investigating
the metabolic regulators of Neurog2- or Ascll- driven direct
neuronal conversion strategies in both human and mouse
cells. As we have expounded in this review, proneural TF
function is context dependent, and thus the efficiency at
which proneural TFs induce neuronal conversion must also be
contingent on the bio-energetic differences of starting cell types
in conversion protocols. Indeed, it has been shown that oxidative
stress (Gascon et al., 2016) and fatty acid B-oxidation (Russo
et al,, 2020) impose major hurdles in the reprogramming of
astrocytes, which rely on glycolytic metabolism (McKay et al,
1983; Tsacopoulos and Magistretti, 1996), to neurons, which
rely on oxidative metabolism (Herrero-Mendez et al., 2009).
Thus, genetic or pharmacological manipulations to reduce
oxidative stress, such as Bcl-2 overexpression or the addition
of forskolin, vitamin E, and calcitriol, increases the efficiency
(both the speed and number of converted cells) of proneural
TF-driven neuronal conversion (Gascon et al., 2016). Bcl-2
functions independently of its canonical anti-apoptotic role to
reduce reactive oxygen species (ROS) and facilitate more efficient
proneural TF-driven fate transitions; hence, co-transduction with
Ascll or Neurog2 significantly improves astrocyte-to-neuron

conversion efficiencies and neuronal maturation in vitro, as
well as in vivo in injured mouse cortex (Gascon et al., 2016).
Interestingly, microarray analysis of Ascll-transduced MEFs
revealed that forskolin treatment enriched BMP and Wnt
signaling pathway genes (Gascon et al., 2016), both of which
influence proneural TF expression, though it is unknown if
the reprogramming enhancement seen in this study is caused
by direct effects on proneural TF function or by creating a
more permissive cellular environment for reprogramming to
occur. Further underscoring the importance of bioenergetics
in the regulation of proneural TF function, one-fifth of the
mitochondrial proteome differs between astrocytes and cortical
neurons, and CRISPRa-mediated induction of neuronal, but
not astrocytic, mitochondrial proteins enhances the efficiency
of Ascll-driven reprogramming (Russo et al, 2020). The
most robust enhancement of Ascll-driven reprogramming
occurs with co-transduction of neuronal-specific antioxidant
protein Sodl, leading to increases in recruitment of cells for
reprogramming, speed of conversion into neurons, and lifespan
of converted neurons (Russo et al., 2020). These new findings
add an important layer of complexity to the web of proneural
TF regulation, and when considered together with the other
regulatory mechanisms detailed in this review, will allow for
the design of more efficient proneural TF-driven neuronal
reprogramming protocols in the future.

DISCUSSION

Proneural TFs are critical regulators of neural cell differentiation
and subtype specification, contributing to the enormous cellular
diversity observed in the cortex. It therefore holds that proneural
TFs are themselves tightly regulated, and these interplaying
mechanisms of regulation are being elucidated by the scientific
community. A coherent picture of robust regulation is emerging,
one with overlapping mechanisms that limit proneural TF actions
to certain temporal windows in development. Altogether, the
current literature suggests a temporal sequence of regulation
as follows. Initially, proneural gene transcript expression is
induced by early morphogenetic signals and modulated in
undifferentiated NPCs by antagonistic Notch signaling and by
other cross-repressive proneural TFs. In NPCs where proneural
gene transcript expression is permitted, translation may still be
prevented by repressive e[F4E-4E-T complexes. Once proneural
gene expression becomes sustained in Notch(-) NPCs, proneural
TFs may then be translated into TFs which are regulated in their
stability and transcriptional activity by different dimerization
partners and by phosphorylation of different residues within
their bHLH, N- and C-terminal domains. When the actions
of a proneural TF are no longer needed, the protein may be
degraded proteolytically by polyubiquitylation (for which exact
enzymatic candidates are emerging), or by broader inhibition
at the epigenetic level (with mechanisms like repressive PcG
proteins limiting proneural TF access to downstream targets).

In the future, the ultimate application of the multifaceted
picture of proneural gene regulation that we have painted in this
review would aid in the refinement and improvement of neuronal
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reprogramming strategies incorporating these proneural genes
for regenerative medicine purposes.
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Our previous study revealed that miR-184 expression is significantly altered in the brain
following ischemic stroke in rats. However, it is unknown whether this alteration in miR-
184 expression contributes to brain injury after ischemic stroke. Here, we aim to address
the potential of miR-184 to impact nerve injury following ischemia and reperfusion. Rats
received ICV injection of miR-184 adenovirus or empty vector and were subjected to
right middle cerebral artery occlusion (MCAO) to establish an ischemic stroke model.
We cultured SH-SY5Y cells under oxygen-glucose deprivation/reoxygenation (OGD/R)
and transfected them with miR-184 lentivirus to explore the primary mechanisms.
To evaluate miR-184 expression, neurological function deficits, the cerebral infarct
volume, cell viability, and apoptosis, gRT-PCR analysis of miR-184 expression, the
modified neurological severity score (MNSS) system, TTC staining, the CCK-8 assay,
flow cytometry, and dual-luciferase reporter assays were utilized. We found that miR-184
expression was downregulated and that the cerebral infarct volume and mNSSs were
increased following ischemic stroke; however, increasing the level of miR-184 alleviated
brain damage. Overexpression of miR-184 resulted in increased viability and reduced
apoptosis of SH-SY5Y cells following OGD/R in vitro. We identified the phosphatidic acid
phosphatase type 2B (PPAP2B) gene as a direct target gene of miR-184. In summary,
our results reveal that attenuation of miR-184 levels in ischemic stroke contributes to
ischemic injury through targeting PPAP2B mRNA-mediated apoptosis, which may be a
promising therapeutic target for ischemic stroke.

Keywords: ischemia stroke, mir-184, brain injury, apoptosis, type 2 phosphatidic acid phospatase gene B

INTRODUCTION

As the most common type of stroke, ischemic stroke results from cerebral blood flow thrombosis
or embolism, leading to oxygen and glucose deprivation, subsequent brain damage, and neurologic
deficits (Han et al, 2014). Additionally, postischemic blood reperfusion further aggravates
nerve injury (Kasdorf and Perlman, 2013). Decades of research have revealed much of the
pathophysiology of cerebral ischemia and reperfusion injury. The process involves various
elements, such as energy failure, oxidative stress, excitotoxicity, and ion imbalance, all of which
can lead to a complex series of cellular reactions, changes in the expression patterns of genes,
and subsequent brain damage and dysfunction in the ischemic brain (Cheon et al., 2018). There
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are currently limited treatment options for ischemic stroke,
partly due to a lack of complete understanding of the molecular
mechanism responsible for neuronal damage following ischemic
stroke (Khoshnam et al., 2017a).

MicroRNAs are a family of small non-coding RNAs that
negatively regulate target genes at the posttranscriptional level
through hybridizing to complementary sequences located in the
3’-untranslated regions of target mRNAs. It is now evident that
microRNAs are region-specific. In the brains of mammals, some
microRNAs are highly expressed and implicated in neurological
physiological processes and diseases (Yin et al., 2015). In
particular, evidence has shown that the expression levels of many
microRNAs are significantly altered after ischemic stroke in the
rodent and human brain (Rink and Khanna, 2011). MicroRNAs
that are expressed after stroke are involved in excitotoxicity,
oxidative stress, inflammatory reactions, blood-brain barrier
disruption, edema after stroke, and neuronal apoptosis (Li et al.,
2018). MicroRNAs have emerged as essential regulators of gene
expression in the pathology of ischemic stroke (Li et al., 2018).
Our previous study found that miR-184 is among the top
downregulated microRNAs in the blood of patients following
ischemic stroke. The expression of miR-184 is significantly
altered in the brain following ischemic stroke in rats (Wang
et al, 2020). MiR-184, a highly enriched microRNA in the
mammalian brain, has been shown to promote oligodendrocyte
differentiation and control the proliferation and differentiation
of adult neural stem/progenitor cells (Liu et al., 2010; Afrang
et al., 2019). It also contributes to cardiomyocyte injury during
myocardial infarction (Zou et al., 2020) and cellular apoptosis
in retinoblastoma (He et al., 2019). However, it is unknown
whether the alteration of miR-184 expression contributes to brain
injury after ischemic stroke. The present study investigation
aims to address the potential of miR-184 to impact nerve injury
following ischemia and reperfusion in vivo and in vitro. The
results may shed new light on the underlying mechanism of
poststroke brain injury and provide clues for new gene therapies
for stroke recovery.

MATERIALS AND METHODS

Animals and Protocols
Male Sprague-Dawley rats weighing 250-300 g were obtained
from Tianqin Biotech Co. (Changsha, China), housed in
individual cages at 20 £ 3°C and 60% humidity on a 12 h
light/dark cycle, and provided ad Iibitum access to standard
laboratory chow and water. The experimental animal procedures
were approved by the Ethics Committee of The Third Hospital
Affiliated to Medical University of Zunyi and were performed
according to the principles of laboratory animal use and care
published by the NIH (NIH publication #85-23, revised in 2011).
We divided the rats into four groups: the middle cerebral
artery occlusion (MCAO)-induced ischemic stroke, sham
operation, miR-184 adenovirus-injected ischemic stroke, and
empty adenovirus vector-injected ischemic stroke groups. The
number of surviving animals in each group at the end of the
experiment was 14/20 in the ischemic stroke group, 14/14 in the

sham operation group, 15/20 in the miR-184 adenovirus-injected
ischemic stroke group, and 14/20 in the empty vector-injected
ischemic stroke group. A cohort of rats (n = 6 from each group)
was sacrificed by decapitation after 24 h of reperfusion following
MCAO. Brain tissues were carefully removed to assess the infarct
volume and miR-184 expression. The remaining rats (n = 8-9 in
each group) were subjected to analysis of neurological function
deficits 1, 3, 7, 14, 21, and 28 days after MCAO using the mNSS
system. At the end of the experimental period, the rats were
euthanized by CO; asphyxiation.

The sample size was calculated based on the following
formula:

n = 2172 x (ZSi2/K)/[Z(—Xi — X)2/(K — 1)]

with Si being the standard deviation estimated for each group, Xi
being the mean value of index data estimated for each group, X
being the mean value of index data for each group, K being the
group number (here, K = 4), and 2.17 being the coefficient when
a =0.05, f = 0.1, and K = 4. The inspection power was 90%.

Establishment of the Rat Model of

Ischemic Stroke

Middle cerebral artery occlusion (MCAO) was used to induce
ischemic stroke in rats following Lopez and Vemuganti (2018).
Briefly, the rats were anesthetized with 3% isoflurane (AbbVie
Inc., United States) and placed on a heating pad, and a midline
incision was made in the neck. The right common, external,
and internal carotid arteries were carefully separated from the
surrounding tissues. The standard and external arteries were
ligated. The superficial artery was cut at the distal portion.
A silica gel-coated nylon monofilament (0.26 mm) was inserted
into the right common carotid artery and advanced into the
internal carotid artery to prevent blood flow (Dharap et al., 2009).
After 2 h, the monofilament was withdrawn to restore blood
circulation, and CT Imaging was performed after 24 h with a
micro-CT scanner (Latheta LCT-200, Hitachi Aloka Medical) to
assess the outcomes of MCAO. Ischemic stroke modeling was
considered successful in rats with low-density regions in the right
cerebra because of brain edema caused by the absence of flow
(Heiss, 2016). Based on CT images, 2-3 rats from each group were
excluded. The sham group underwent the same procedure, but
the artery was not ligated and occluded.

Intracerebroventricular (ICV) Injection

To better determine the effect of miR-184 on cerebral injury after
ischemia-reperfusion injury, two groups of rats were subjected to
ICV injection of miR-184 adenovirus or empty vector on the right
side 2 days before MCAO. In brief, the rats were anesthetized with
3% isoflurane, and a small hole was made in the skull using a hand
drill (from bregma: 0.8 mm posterior, -4.8 mm dorsoventral,
-1.5 mm lateral) after a sagittal skin incision was made. The
coordinates were selected according to Goel et al. (2008) [10].
MiR-184 adenovirus or empty adenovirus (2.5 pl/100 g body
weight) (Genechem, Shanghai, China) was microinjected into the
lateral ventricles using a Hamilton microsyringe at a rate of 0.5
pl/min. Then, the hole was sealed, and the scalp was sutured.
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Assessment of Neurological Function
Neurological function deficits were assessed 1, 3, 7, 14, 21,
and 28 days after MCAO-induced ischemic stroke using the
modified neurological severity scoring (mNSS) system by a
blinded investigator. The mNSS system assesses movement,
sensation, reflex, and balance. Neurological function deficits
were graded from 0 to 18 (0, no deficits; 18, maximal deficits)
(Germano et al., 1994).

Assessment of the Infarct Volume

The infarct volume was assessed by 2,3,5-triphenyl tetrazolium
chloride (TTC) (Sigma-Aldrich, United States) staining. After the
rats were sacrificed by decapitation, the brains were removed
and cut into five serial coronal sections (2 mm thick). The slices
were then stained with 1% TTC at 37°C for 30 min and fixed in
4% paraformaldehyde. The area of each section was quantified
using Image] 6.0 software (NIH, Bethesda, MD, United States)
following imaging. The cerebral infarct volume was estimated by
the equation the infarction area x thickness/2, as described by
Wei et al. (2016).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated using TRIzol Reagent (Solarbio Co.,
Beijing, China), and cDNA synthesis was carried out using a
cDNA Synthesis Kit (Solarbio Co., Beijing, China). According
to the manufacturer’s instructions, PCR amplification was
performed with SYBR Green PCR Mix (Solarbio Co., Beijing,
China). The sequences of the primers for miR-184 and U6 were
as follows: miR-184, forward: 5'-AGT GCA GGG TCC GAG
GTA TT-3/, reverse: 5-CGC GTG GAC GGA GAA CTG AT-
3/, stem-loop: 5'-GTC GTA TCC AGT GCA GGG TCC GAG
GTA TTC GCA CTG GAT ACG ACA CCC TT; Us, forward: 5'-
AGA GAA GAT TAG CAT GGC CCC TG-3, reverse: 5-AGT
GCA GGG TCC GAG GTA TT-3/, stem-loop: 5'-GTC GTA TCC
AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG
ACA AAA TA-3'. Relative gene expression was determined by
the 272 A% method. Gene expression levels were normalized to
the level of U6.

Cell Culture and Oxygen-Glucose
Deprivation

Human SH-SY5Y neuroblastoma cells [American Type Culture
Collection (ATCC, Shanghai, China)] were routinely cultured
in DMEM/F12 medium (HyClone, Logan, United States)
supplemented with 10% fetal bovine serum (Gibco,
United States), penicillin (20 U/mL) and streptomycin (20
png/mL) (Biological Industries, Israel) at 37°C in a humid
atmosphere containing 5% CO,. Some of these cells was
transfected with hsa-miR-184 lentivirus or empty vector or
hsa-PPAP2B interference lentivirus or empty vector (Genechem,
Shanghai, China) 30 min after polybrene (3 pl/ml) was added
to the culture. Subsequently, SH-SY5Y cells with cultured with
puromycin to obtain stably transfected cells. After days, cells
were transferred to glucose-free DMEM (Logan, United States)
in a deoxygenated environment (containing 5% CO, and 95%
N,) at 37°C for 4 h, and then the cells were incubated in fresh

medium containing glucose (4.5 g/L) in 96-well plates at a density
of 5 x 10* cells for 24 h in a 5% CO, and 95% O, incubator for
oxygen-glucose deprivation/reoxygenation (OGD/R). Control
cells were cultured under normal aerobic conditions.

Cell Viability Assay

Cell viability was determined using the Cell Counting Kit-8
(CCK-8) assay (Beyotime Biotechnology, China). Briefly, after
OGD/R, CCK-8 solution (Dojindo, Kumamoto, Japan) was
added to each well, and the cells were incubated for 4 more hours
at 37°Cin a 5% CO; atmosphere according to the manufacturer’s
instructions. The absorbance value was measured at 450 nm using
a microplate reader (BioTek, United States).

Cell Apoptosis Assay

Cell apoptosis was assessed using fluorescein isothiocyanate
(FITC)-conjugated Annexin V and propidium iodide (P.I.)
dual staining. Cells were fixed in 70% ethanol after being
washed in phosphate-buffered saline, stained with Annexin
V-FITC-propidium iodide (P.I.) (MultiSciences Biotechnology
Co., Hangzhou, China), and incubated for 1 h in the dark.
then, flow cytometry was performed (3-laser FACSCanto II, B.D.
Bioscience, San Jose, CA, United States). The data were analyzed
using Flow]Jo software (Tree Star, United States).

Dual-Luciferase Reporter Assays

The wild-type 3" UTR and mutant 3’ UTR of hsa-PPAP2B
were amplified and ligated into the pGL3 vector (Promega,
United States) containing the luciferase reporter gene. 293T cells
(ATCC, Shanghai, China) were cotransfected with hsa-PPAP2B-
3'UTR-wt, hsa-PPAP2B-3’UTR-mut, and hsa-miR-184 or its
negative control mimic using Lipofectamine 2000 (Invitrogen,
China). 293T cells were then incubated in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum,
100 U/mL penicillin, and 100 pg/mL streptomycin. After 48 h
of culture, a dual-luciferase reporter assay system (Promega,
United States) was used to measure luciferase activity.

Statistical Analysis

The data are expressed as the mean & SD. Comparisons between
multiple groups were made by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc multiple comparisons
test. Neurological scores were analyzed using the Kruskal-Wallis
test. P < 0.05 was regarded as significant.

RESULTS

Expression Levels of MiR-184 in the
Brain Are Associated With Brain Injury

Following Ischemic Stroke

To evaluate the expression level of miR-184 in the injured
brain following ischemic stroke, MCAO was used to
establish a rat model of ischemic stroke, and the rats were
administered an ICV injection of miR-184 adenovirus or
empty vector. We assessed neurological function deficits
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1, 3, 7, 14, 21, and 28 days after MCAO using the mNSS
system. We found that ischemic stroke rats had higher
mNSS scores than sham operation rats, but ischemic
stroke rats injected with miR-184 adenovirus had lower
mNSS scores than ischemic stroke rats injected with empty
vector (Figure 1A).

Some rats of each group were sacrificed after 24 hours, and
the brain was collected. Infarct volume was assessed by staining
brain tissue with TTC. Non-infarcted brain areas are red, and
the infarcted regions are stained white. Consistent with other
studies (Bay et al., 2018; etc.), we found that the cerebral infarct
volume of ischemic stroke rats was significantly larger than that
of sham-operated rats, and they accounted for about 44% of the
total brain volume (Figures 1B,C). In contrast, rats injected with
adenovirus miR-184 had smaller infarct volumes, accounting for
about 35% of total brain volume, than rats injected with an
empty vehicle.

Moreover, we also measured the relative expression levels of
miR-184 in brain tissue from various groups. qRT-PCR analysis
showed that ischemic stroke rats exhibited significantly lower
expression of miR-184 than sham rats (p < 0.05) and that rats
injected with miR-184 adenovirus had higher expression of miR-
184 than rats injected with empty vector (p < 0.05) (Figure 1D).
These results reveal that the expression levels of miR-184 affect
nerve injury following ischemic stroke and that downregulation
of miR-184 expression after ischemia-reperfusion contributes to
brain damage in rats.

The Effect of MiR-184 Expression Levels
on Neuronal Viability and Apoptosis

in vitro

To investigate the primary mechanism by which miR-184
contributes to brain damage following ischemic stroke, we
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FIGURE 1 | The effect of expression levels of miR-184 in brain on the injured brain following ischemia stroke. Rats were subjected to middle cerebral artery occlusion
(MCAO) operation to induce ischemic stroke model with or without intracerebroventricular injection of miR-184 adenovirus (Ad-miR-184). After 24 h following MCAO,
a cohort of rats was sacrificed, and brain tissue was taken for TTC staining and gRT-PCR to evaluate the infarct volume and miR-184 expression in brain. Other rats
were subjected to analysis of neurological function deficit 1, 3, 7, 14, 21, and 28 day after MCAQO operation using mNSS system. (A) mNSS scores in various groups
(n = 8-9). (B) TTC-stained brain slice images 24 following ischemia-reperfusion (n = 6 in each group). (C) Quantification analysis of the infarct volume. (D) Relative
expression of miR-184 in the brain (n = 6 in each group). Values are mean + SD. *p < 0.05 vs. the sham or vehicle.
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cultured human SH-SY5Y neuroblastoma cells (which exhibit a
neuroblast-like morphology), transfected them with or without
miR-184 lentivirus, and challenged them with oxygen-glucose
deprivation/reoxygenation (OGD/R) to induce ischemic stroke
injury in vitro. After 24 h, we used qRT-PCR to analyze the
relative expression of miR-184 and used the CCK-8 assay and
flow cytometry to analyze cell viability and cellular apoptosis.

We found that compared to normal aerobic conditions, OGD/R
significantly downregulated the expression of miR-184 in SH-
SY5Y cells (p < 0.05) (Figure 2A), reduced cell viability
(p < 0.05) (Figure 2B), and increased cell apoptosis (p < 0.05)
(Figures 2C,D). However, miR-184 lentivirus-transfected SH-
SY5Y cells exhibited higher expression of miR-184 (p < 0.05)
(Figure 2A), higher viability (p < 0.05) (Figure 2B), and
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FIGURE 2 | The effect of expression levels of miR-184 on nerve cell viability and apoptosis. Human SH-SY5Y neuroblastoma cells with or without miR-184 lentivirus
transduction were challenged with oxygen-glucose deprivation/reoxygenation (OGD/R) to induce ischemia-reperfusion injury in vitro. Cell viability, apoptosis and
miR-184 expression were detected using CCK-8 assay, flow cytometry and gRT-PCR. (A) Relative expression of miR-184 in human SH-SY5Y neuroblastoma cells.
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lower apoptosis (p < 0.05) (Figures 2C,D) than empty
vector-transduced cells following OGD/R challenge. In summary,
reduced expression of miR-184 decreases neuronal viability and
promotes neuronal apoptosis after ischemia-reperfusion.

PPAP2B, Target Gene of MiR-184

We further predicted the target gene of miR-184 using the
starBase v.2.0 miRNA database'. We found that miR-184 can
target the phosphatidic acid phosphatase type 2B (PPAP2B)
gene, which can base-pair with miR-184 at its 3’-untranslated
region (Figure 3A).

!starBase.sysu.edu.cn/

We also used dual-luciferase reporter assays to verify that
the PPAP2B gene is a direct target molecule of miR-184. Hsa-
PPAP2B-3'UTR-wt and hsa-PPAP2B-3'UTR-mut plasmids were
constructed and cotransfected into 293T cells with hsa-miR-184
or its negative control mimic. Luciferase activity was measured
using a dual-luciferase reporter assay system. The results showed
that miR-184 lowered the luciferase activity of the hsa-PPAP2B-
3'UTR-wt plasmid (p < 0.05) but no effect on the hsa-PPAP2B-
3'UTR-mut plasmid (Figure 3B), suggesting that miR-184 targets
PPAP2B mRNA and inhibits PPAP2B transcription.

Next, we evaluated the effect of suppression of PPAP2B
expression on SH-SY5Y cell apoptosis following OGD/R.
SH-SY5Y cells were transduced with hsa-PPAP2B interference
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FIGURE 3 | MiR-184 target gene and verification. MiR-184 target gene was predicted using starBase v.2.0 miRNA database (starBase.sysu.edu.cn/), and was
verified using dual-luciferase reporter assays. Transduction of SH-SY5Y cells with hsa-PPAP2B interference lentivirus (PPAP2B Inf V) or empty vector and attack with
oxygen-glucose deprivation/reoxygenation (OGD/R). Apoptosis was analyzed by flow cytometry to evaluate the effect of the miR-184 target gene on neuronal
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lentivirus or empty vector and exposed to OGD/R, and after 24 h,
cell apoptosis was analyzed by flow cytometry. The results showed
that apoptosis was significantly lower (p < 0.05) (Figures 3C,D)
in hsa-PPAP2B interference lentivirus-transfected SH-SY5Y cells
than in empty vector-transfected cells. These results suggest that
PPAP2B expression mediates miR-184-induced apoptosis in SH-
SY5Y cells following ischemia-reperfusion.

DISCUSSION

In the current study, we found that MCAO-induced focal cerebral
ischemia downregulated the expression of miR-184 and increased
the cerebral infarct volume and neurological function deficits.
We also showed that ICV injection of miR-184 adenovirus
significantly alleviated the cerebral infarct area and neurological
function deficits following ischemia stroke in rats. In vitro studies
demonstrated that OGD/R-induced downregulation of miR-184
expression led to a decrease in viability and an increase in
apoptosis in human neuroblastoma SH-SY5Y cells.

In our study, an ischemic stroke rat model was established
using the MCAO, which is widely used in stroke-related
preclinical studies in rodents. CT imaging was carried out to
assess the outcomes of MCAO. Successful establishment of an
ischemic stroke model in rats is indicated by the presence
of low-density regions in the cerebra. This is because the
interruption of blood flow results in brain edema following
cerebral artery occlusion. The brain edema area in the ischemic
region has a low density upon CT imaging (Heiss, 2016). MCAO
commonly results in the loss of various neuronal cells and
cerebral infarction (Ferrer and Planas, 2003). The infarct volume
depends on multiple factors, including the duration and severity
of ischemia, age and sex, and the damage is irreversible by 12 h
(Liu and McCullough, 2011).

Along with cerebral infarction, MCAO also results in
neurological function deficits, including sensorimotor and
cognitive function impairment (DeVries et al., 2001). The extent
of neurological function damage can be assessed using behavioral
test(s) (DeVries et al., 2001). The mNSS system is often used to
evaluate behavioral deficits in animal studies of stroke. The mNSS
system can be used to functional deficits in multiple areas (motor,
sensory, reflex, and balance) and can be performed within 60 days
(Schaar et al., 2010).

MCAO-induced neuronal cell loss occurs through apoptosis,
necrosis, autophagocytosis, necroptosis, and pyroptosis and is the
core problem in ischemic stroke (Sekerdag et al., 2018). Among
the types of cell death that occur after MCAO, apoptosis accounts
for the loss of a significant proportion of neuronal cells and
prominently occurs in the ischemic penumbra (Radak et al.,
2017). Several studies have shown that apoptosis suppression
decreases brain damage and behavioral abnormalities and lowers
neurological deficit scores after MCAO (Graham and Chen, 2001;
Wei et al,, 2016; Radak et al., 2017). Postischemic apoptosis
is activated by intrinsic mitochondrial signaling pathways or
extrinsic apoptotic signaling cascades (Radak et al., 2017).

It has been shown that the expression levels of hundreds
of microRNAs are altered following focal cerebral ischemia

and reperfusion (Jeyaseelan et al., 2008). Over the past decade,
accumulating evidence has identified several brain-enriched
miRNAs as critical mediators in the multifaceted cascade of focal
cerebral ischemia pathology, including excitotoxicity, oxidative
stress, inflammatory reaction, blood-brain barrier disruption,
edema after stroke, neuronal damage or death, neurogenesis,
and angiogenesis (Li et al., 2018). Some microRNAs are
implicated in neuronal damage or death; for example, alterations
in the expression levels of miR-7a-5p, miR-9, miR-21, miR-
25, miR-29b, miR-181, and miR-497 are involved in neuron
apoptosis, and the miR-30 family, miR-26b, and miR-207
affect autophagocytosis in the postischemic brain and neuronal
cultures under OGD/R conditions (Rink and Khanna, 2011; Wei
et al,, 2016; Kim et al,, 2018; Li et al., 2018). Supporting the
notion that microRNAs impact apoptosis, in the current study,
we demonstrated that downregulation of miR-184 expression
resulted in apoptosis in human neuroblastoma SH-SY5Y cells
following OGD/R.

In the current study, it was confirmed that miR-184
contributes to neuronal apoptosis following ischemia and
reperfusion in human neuroblastoma SH-SY5Y cells cultured
under OGD/R conditions. Human neuroblastoma SH-SY5Y
cells are neuroblast-like cells that are most commonly used
in vitro cerebral ischemia-related research (Kovalevich and
Langford, 2013; Liu et al, 2018). OGD/R is the most widely
used in vitro model of ischemic stroke and can be used to
model ischemia-reperfusion induced by combined oxygen and
glucose deprivation (Sommer, 2017). Typically, 1 h exposure
to OGD/R is sufficient to cause widespread neuronal death
(Sommer, 2017). Consistent with other studies (Sommer, 2017),
we found that OGD/R significantly increased the apoptosis of
SH-SY5Y cells. However, overexpression of miR-184 reduced
SH-SY5Y cell apoptosis.

In our study, we also found that PPAP2B is a direct
target gene of miR-184. PPAP2B encodes phosphatidic acid
phosphatase (also named lipid phosphate phosphatase 3), which
catalyzes the dephosphorylation of various lipid phosphates
into diacylglycerol and is implicated in the physiological
processes of cell proliferation, differentiation, and apoptosis
(Ishikawa et al., 2000; Long et al., 2005). It is well-known
that diacylglycerol is an essential activator of protein kinase
C. Some evidence has shown that protein kinase C plays a
crucial role in mediating cerebral reperfusion injury (Zhao et al.,
2016). In particular, protein kinase C delta isozyme expression
is specifically upregulated and activated after ischemia and
reperfusion in the perifocal cortex and has been reported to
mediate apoptotic processes (Bright and Mochly-Rosen, 2005).
It has been shown that protein kinase C delta isozyme can lead
to mitochondrial dysfunction and the release of apoptogenic
factors in the ischemic heart (Murriel et al., 2004). Identical
findings have also been demonstrated in a cerebral ischemia
model (Bright et al, 2004). Therefore, in our study, miR-
184 downregulation-induced SH-SY5Y apoptosis may have
been mediated through protein kinase C delta isozyme via
phosphatidic acid phosphatase encoded by PPAP2B. Indeed,
lipid phosphate phosphatase 3 has been shown to regulate the
survival of other cells. For instance, the overexpression of the
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PPAP2B gene significantly increases apoptosis of human primary
aortic endothelial cells, and PPAP2B silencing by siRNA reduces
cell apoptosis (Touat-Hamici et al., 2016). Similarly, PPAP2B-
overexpressing HEK-293 cells undergo apoptosis after serum
deprivation (Long et al., 2005).

MiR-184 has emerged as a highly enriched microRNA in the
mammalian brain (Nomura et al., 2008). However, the exact
role of miR-184 in the brain is not yet well known. Several
studies have shown that miR-184 plays roles in physiological
and pathophysiological processes in the brain. For example, miR-
184 can promote oligodendrocyte differentiation, control the
proliferation and differentiation of adult neural stem/progenitor
cells, and suppress glioma proliferation, migration, and invasion
(Liu et al., 2010; Cheng et al., 2015; Afrang et al, 2019),
and suppression of miR-184 expression results in neuronal
death after seizures in mice (McKiernan et al., 2012). Our
previous study demonstrated that miR-184 expression is
significantly downregulated in the rat brain and in cultured
cells following ischemia and reperfusion, which modulates post-
OGD/R angiogenesis in vitro (Wang et al., 2020). The results
of the current study also revealed that downregulation of miR-
184 expression contributes to neuronal cell damage and death
in rats following ischemic stroke and induces SH-SY5Y cell
apoptosis under OGD/R conditions. However, it is still not
clear how downregulation of miR-184 expression is triggered
in vivo and in vitro. A decrease in miR-184 levels appears
to induce the death of SH-SY5Y cells. It has been reported
that antagomir-mediated inhibition of miR-184 also results in
neuronal death in the hippocampal CA1l area in mice following
seizures (McKiernan et al., 2012).

Biological validation of the role of microRNAs in ischemic
stroke is providing insight into the complex molecular
mechanisms underlying ischemic stroke and new therapeutic
strategies for ischemic stroke, such as targeting microRNAs to
modulate discordant gene expression, which may represent the
future of gene therapy for ischemic stroke. There have been
preclinical studies on the potential of targeting microRNAs to
protect against brain damage following ischemic stroke. A miR-
15a/16-1 antagomir, miR-93 antagomir, miR-106b-5p antagomir,
miR-181 antagomir, miR-383 antagomir, miR-497 antagomir,
miR-122 mimic, and miR-1906 mimic have been proven have
therapeutic potential in protecting against cerebral ischemia and
reperfusion injury (Yin et al, 2010; Khoshnam et al., 2017b;
Wang et al., 2018). Our study on miR-184 in ischemic brain
injury suggests that targeting brain-specific miR-184 may be a
promising therapeutic option for stroke recovery.
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The SOX proteins belong to the superfamily of transcription factors (TFs) that display
properties of both classical TFs and architectural components of chromatin. Since the
cloning of the Sox/SOX genes, remarkable progress has been made in illuminating
their roles as key players in the regulation of multiple developmental and physiological
processes. SOX TFs govern diverse cellular processes during development, such as
maintaining the pluripotency of stem cells, cell proliferation, cell fate decisions/germ
layer formation as well as terminal cell differentiation into tissues and organs.
However, their roles are not limited to development since SOX proteins influence
survival, regeneration, cell death and control homeostasis in adult tissues. This review
summarized current knowledge of the roles of SOX proteins in control of central nervous
system development. Some SOX TFs suspend neural progenitors in proliferative, stem-
like state and prevent their differentiation. SOX proteins function as pioneer factors
that occupy silenced target genes and keep them in a poised state for activation
at subsequent stages of differentiation. At appropriate stage of development, SOX
members that maintain stemness are down-regulated in cells that are competent to
differentiate, while other SOX members take over their functions and govern the process
of differentiation. Distinct SOX members determine down-stream processes of neuronal
and glial differentiation. Thus, sequentially acting SOX TFs orchestrate neural lineage
development defining neuronal and glial phenotypes. In line with their crucial roles in
the nervous system development, deregulation of specific SOX proteins activities is
associated with neurodevelopmental disorders (NDDs). The overview of the current
knowledge about the link between SOX gene variants and NDDs is presented. We
outline the roles of SOX TFs in adult neurogenesis and brain homeostasis and discuss
whether impaired adult neurogenesis, detected in neurodegenerative diseases, could
be associated with deregulation of SOX proteins activities. We present the current data
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regarding the interaction between SOX proteins and signaling pathways and microRNAs
that play roles in nervous system development. Finally, future research directions that
will improve the knowledge about distinct and various roles of SOX TFs in health and
diseases are presented and discussed.

Keywords: SOX transcription factors, neuronal differentiation, glial differentiation, adult neurogenesis, signaling

pathways, microRNA

INTRODUCTION

The development of multicellular organisms and the
maintenance of homeostasis in adulthood are achieved
by complex control of basic cellular processes such as the
maintenance of pluripotent stem cells, cell fate decision,
differentiation, proliferation, and cell death. One of the key
mechanisms involved in the control of developmental processes
is based on the transcriptional regulation of gene expression.
Through the activation and repression of the target genes,
transcription factors (TFs) determine the fate of cells within
tissues, organs and organisms, controlling the development.
Most TFs act within complex regulatory networks, enabling
combinatorial regulation of gene expression within the cells.
Numerous families of genes encoding TFs involved in the control
of embryonic development have been discovered, including the
SOX gene family.

SOX TRANSCRIPTION FACTORS

Sry (Sex-determining Region Y), a founder member of the Sox
gene family, was discovered in 1990 as a sex-determining gene
necessary and sufficient to specify the male phenotype (Gubbay
et al., 19905 Sinclair et al., 1990). During the course of cloning
of Sry, the presence of related genes was discovered sharing the
homology with the HMG box of Sry. These newly identified
genes have been named by the acronym Sox/SOX (in mammals
and human, respectively) standing for Sry-related HMG box
genes (Denny et al., 1992; Wright et al., 1993). Further, it was
shown that the SOX family is multigenic, with new members
discovered both in vertebrates and invertebrates and being
assigned by numbers based on the order of their discovery. Aftera
detailed insight, the presence of 20 SOX genes in human genome
was identified (Table 1) providing the basis for their final re-
numeration and classification (Schepers et al., 2002). Further
research has shown that SOX genes encode the family of diverse
and well conserved TFs.

Based on the structure, expression profiles, as well as the
similarity between the proteins they encode, human SOX genes
are divided into 8 groups, A to H (Table 1), with group B being
further split into subgroups B1 (SOXI, SOX2, and SOX3) and B2

Abbreviations: TFs, transcription factors; ESCs, embryonic stem cells; RA,
retinoic acid; iPSCs, induced pluripotent stem cells; NPCs, neural progenitor cells;
CNS, central nervous system; NSCs, neural stem cells; NDDs, neurodevelopmental
disorders; SVZ, subventricular zone; SGZ, subgranular zone; TCF/LEE T cell
factor/Lymphoid enhancer factor; RARs, retinoic acid receptors; RXRs, retinoid X
receptors; RARESs, cis-acting RA response elements; CRMs, cis-regulatory modules;
miRNAs, microRNAs.

(8OX14 and SOX21) (Uchikawa et al., 1999). SOX proteins within
the same group show a high level of homology, both within
and outside the HMG domain, while proteins from different
groups show homology only within the HMG domain (Bowles
et al., 2000). Apart from the genes SRY and SOX3, other family
members are located on autosomes and scattered throughout the
genome (Table 1). Majority of SOX family members are single
exon genes, with the exception of genes SOX5, SOX9, SOX10,
SOX15, SOX17, and SOX18 that possess multiple exons.

The SOX proteins display properties of both classical TFs and
architectural components of chromatin (reviewed in Pevny and
Lovell-Badge, 1997). SOX proteins carry an HMG domain of 79
amino acids that enables their specific binding to the sequence
(A/T A/T CAA A/T) (Harley et al., 1994) and additional domains
involved in transcriptional regulation (reviewed in Pevny and
Lovell-Badge, 1997). In contrast to the majority of DNA-binding
proteins, SOX proteins interact with the minor groove and, upon
binding, they introduce strong bends into DNA (reviewed in
Wegner, 1999). Consequently, SOX proteins act as architectural
proteins by shaping the gene regulatory regions and by enabling
establishment of physical contacts between TFs bound on the
same target gene promoter or enhancer (reviewed in Wegner,
2005). SOX TFs exert regulatory functions by activating or
repressing gene transcription only through specific interactions
with a partner factor(s) and by establishing contacts with the basic
transcription machinery (Kamachi et al., 2000).

The SOX TFs perform unique functions in different cell types
and regulate different events in the same cell type. Several SOX
proteins are demonstrated to have the ability to pair off with
various types of TFs (Kamachi et al., 2000) and their specificity is
achieved via binding partners (reviewed in Bernard and Harley,
2010). Consequently, transcriptional regulatory functions of SOX
proteins usually require the cooperation with interacting partner
factors that bind DNA in the vicinity of the SOX site and allow
specific selection of target genes (reviewed in Kamachi et al., 20005
Kondoh and Kamachi, 2010). SOX partner factor cooperation
is dynamic and changes in partner factors enable SOX proteins
to regulate different events in the same cell type and to drive
the progression of developmental processes (reviewed in Kondoh
and Kamachi, 2010).

Since discovery, essential roles have been assigned to SOX
TFs. Their critical functions have been revealed by both studying
naturally occurring mutations in humans, as well as, by targeted
mutations introduced in animal models. Numerous studies
aimed at discovery of the roles of Sox/SOX genes are often being
complicated by pleiotropy and by partial or extensive functional
redundancy among co-expressed members of the same groups
(Kamachi and Kondoh, 2013).
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TABLE 1 | Classification of the human SOX genes.

Group Gene Gene locus References
SOXA SRY Yp11.3 Sinclair et al., 1990
SOXB SOXB1 SOX1 13034 Malas et al., 1997
SOx2 3026.3 Stevanovic et al., 1994
SOX3 Xg26.3 Stevanovic et al., 1993
SOXB2 SOX14 3023 Arsic et al., 1998; Malas et al., 1999
Sox21 13031-g32 Malas et al., 1999
SOXC SOX4 6p22.3 Farr et al., 1993
SOX11 2p25 Jay et al., 1995
SOX12 20p13 Jay et al., 1997
(SOX22 is renamed as SOX12)
SOXD SOX5 12p12.1 Wunderle et al., 1996
SOX6 11p15.3 Cohen-Barak et al., 2001
SOX13 1932 Argentaro et al., 2000
SOXE SOX8 16p13.3 Pfeifer et al., 2000
SOX9 17023 Foster et al., 1994
SOX10 22913 Pusch et al., 1998
SOXF SOX7 8p22 Takash et al., 2001
SOX17 8qg11.23 Katoh, 2002
SOX18 20913.33 Stanojcic and Stevanovic, 2000
SOXG SOX 15 17p13 Meyer et al., 1996;
(SOX20 is renamed as SOX15) Vuijic et al., 1998
SOXH SOX30 5033 Osaki et al., 1999

Sox12 and SOX22, as well as, Sox15 and SOX20 denominate the same SOX proteins in mouse and human, respectively.

It has been shown that many developmental processes depend
on the presence of SOX proteins, ranging from blastocyst
formation, gastrulation, germ layer formation to development of
adult tissues and organs (reviewed in Wegner, 2005; Lefebvre
et al, 2007; Kamachi and Kondoh, 2013). SOX TFs have
been implicated in preimplantation development. Expression
of Sox2 was detected from oocyte, through 2-cell to 8-cells
embryo and morula to the blastocyst (Keramari et al., 2010).
Study of the effects of Sox2 knockdown in preimplantation
embryo suggested that first essential function of Sox2 is to
facilitate establishment of the trophectoderm lineage (Keramari
et al., 2010). Expression of Sox2 is detected in the inner cell
mass of the murine blastocyst and subsequently in primitive
ectoderm, extraembryonic ectoderm (Avilion et al., 2003) and the
developing nervous system (Collignon et al., 1996).

The SOX TFs govern diverse cellular processes during
development, such as maintaining the pluripotency of stem
cells, cell proliferation, cell fate decisions, germ layer formation
as well as terminal cell differentiation into tissues and organs
(reviewed in Reiprich and Wegner, 2015; She and Yang, 2015).
However, their roles are not limited to development since SOX
TFs influence survival, regeneration, cell death and control
homeostasis in adult tissues (Pevny and Placzek, 2005; Mercurio
et al,, 2019). As reported in numerous publications, most cells
express at least one Sox/SOX gene and various members of
the SOX gene family have roles in many tissues and stages
of development (reviewed in Pevny and Lovell-Badge, 1997;
Wegner, 1999; Kiefer, 2007; Kamachi and Kondoh, 2013). For
instance, tissues that require Sox2 during development continue

to express this factor in some adult stem and progenitor cells
derived from that tissue. Thus, Sox2 marks stem and progenitor
cell populations in adult tissues that depend on Sox2 expression
during development (Sarkar and Hochedlinger, 2013).

SOX PROTEINS AND PLURIPOTENCY

A unique set of TFs is required to establish embryonic stem
cells (ESCs) and to maintain their pluripotent and proliferative
state. The numerous evidences reveal the roles of SOX proteins
in preservation of stem cell characteristics.

As mentioned above, SOX proteins have the ability to pair
off with various types of TFs and regulatory functions of SOX
proteins usually require the cooperation with interacting partner
factors (Kamachi et al, 2000). SOX2, together with OCT4
(octamer-binding transcription factor 4) and NANOG (named
as abbreviation for the mythological Celtic land of the ever-
young, “Tir nan Og”) (Cavaleri and Scholer, 2003), establish
the core transcriptional circuit that orchestrate self-renewal
and maintenance of pluripotency of the stem cells (Figure 1)
(Rodda et al., 2005).

This pluripotency gene regulatory network relies on direct
physical interaction between SOX2, NANOG, and OCT4
(Ambrosetti et al, 2000; Gagliardi et al., 2013). Through a
cooperative interaction these factors drive pluripotent-specific
expression of the numerous genes and play key roles in
determining the fate of ESCs, regulating two distinct and
opposing functions: self-renewal and differentiation (Figure 1)
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FIGURE 1 | Schematic illustration of regulatory network that controls
pluripotency, self-renewal and differentiation. SOX2, NANOG, and OCT4
regulate their own expression targeting both their own promoters and those of
each other. The triad contributes to maintaining pluripotency of ESCs by
activating genes involved in pluripotency and by repressing genes linked to
lineage commitment (Scheper and Copray, 2009).

(Rizzino, 2008). Besides directing the expression of target genes,
SOX2, OCT4, and NANOG regulate their own expression
via positive-feedback loops (Figure 1) (Boyer et al, 2005).
In addition, this fully-connected triad has been implicated as
recurring network motif among the transcriptional regulatory
circuits that control the development and maintenance of
cellular states (Faucon et al., 2014). In addition to SOX2,
SOXI15 is expressed in mouse ESCs and associated with Oct3/4
(Maruyama et al.,, 2005). It was found that SOX15 is able to
replace the function of SOX2 in self-renewal of mouse ESCs
(Niwa et al., 2016).

Since SOX2 is a part of integrated and self-controlling
network, the level of its expression is critical to sustain the
stemness phenotype. Accordingly, SOX2 overexpression reduced
the level of OCT4 and NANOG in human ESCs (Adachi et al.,
2010). In line with this data, we detected downregulation of OCT4
gene expression in pluripotent embryonal carcinoma stem cells
NT2/D1 with constitutive SOX2 overexpression (Drakulic et al.,
2012). We also demonstrate that transition from proliferation
to retinoic acid (RA) induced neural differentiation of NT2/D1
cells coincides with complete OCT4 down-regulation (Stevanovi¢
et al., 2017). However, SOX2 overexpressing NT2/D1 cells retain
ability to differentiate (Drakulic et al., 2012; Klajn et al., 2014)
even in the presence of elevated SOX2 expression after 21 days of
treatment with RA (Drakulic et al., 2012).

In ESCs, SOX2 overexpression rapidly induces the expression
of another SOXB member - SOX21 that further influences
fate of these cells (Mallanna et al., 2010). Subsequently, SOX21
acting as a repressor, disrupts ESCs self-renewal and induces
differentiation (Mallanna et al., 2010).

In addition, SOX2 plays important role in reprogramming
adult cells and generation of induced pluripotent stem cells
(iPSCs). Reprogramming is achieved by overexpression of
stem cell-associated genes in differentiated cells, such as adult
fibroblasts (Takahashi et al., 2007; Wernig et al., 2007; Takahashi
and Yamanaka, 2016). SOX2 is recognized as one of the
“magical four” crucial TFs capable of cooperating to reprogram
differentiated cells into an iPSCs (Qi and Pei, 2007). The fact that

SOX2 is crucial factor for reversing the somatic cells back to their
pluripotent state (Takahashi and Yamanaka, 2016) demonstrates
its pivotal role in maintenance of cell pluripotency.

Apart from Sox2, other members of the Sox gene family may
also be involved in the reprogramming process. Sox1 yields iPSCs
with a similar efficiency as Sox2, while Sox3, Sox15, and Sox18
genes are also capable to generate iPSCs, although with decreased
efficiency (Nakagawa et al., 2008).

SOX PROTEINS AS PIONEER FACTORS

The SOX proteins also function as pioneer factors that occupy
silenced target genes and keep them in a poised state for
activation at subsequent stages of differentiation (Bergsland et al.,
2011; Zaret and Carroll, 2011).

Bergsland et al. (2011) demonstrated that binding of SOX
proteins is developmental stage-specific and revealed sequential
binding of SOX proteins to a common set of neural genes.
Prebinding of SOX proteins to silent genes facilitates those
genes to be activated at later stages of neural development.
They showed that expression of many genes that are targeted
by binding of SOX2 in ESCs and neural precursors is first
initiated in neural precursors, while many neuronal genes
that are prebound by SOX2 and SOX3 in neural precursors
can only be activated by SOX11 in differentiating neurons
(Figure 2) (Bergsland et al., 2011). By these data, the authors
reveal that sequentially acting SOX TFs coordinate neural
gene expression from pluripotent cells to later stages of
neuronal development.

It has been demonstrated that glial-specific gene sets are
extensively preselected in multipotent neural progenitor cells
(NPCs) through prebinding by SOX3 (Klum et al, 2018).
Further, in the subsequent lineage-restricted glial precursor cells,
it was shown that SOX3 performs a negative regulation of
prebound astrocyte-specific genes and efficiently hinders SOX9
from activating their expression (Klum et al., 2018). Astrocyte-
specific genes become additionally targeted and activated by
SOX9, while oligodendrocyte-specific genes are prebound by
SOXO9 only and later on they are targeted and activated by SOX10
during oligodendrocyte maturation (Figure 2) (Klum et al,
2018). Thus, the previous study demonstrated how sequentially
expressed SOX proteins act on lineage-specific regulatory DNA
elements to coordinate glial gene expression both in a temporal
and in a sub-lineage-specific fashion (Klum et al., 2018).

Together these interesting data demonstrated that sequentially
acting SOX TFs orchestrate neural lineage development
including neuronal-, astrocyte- and oligodendrocyte-specific
gene expression.

THE ROLES OF SOX TRANSCRIPTION
FACTORS IN NEURONAL
DIFFERENTIATION

Neuronal differentiation is a complex process that relies on
a timely and spatially controlled expression of transcriptional
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FIGURE 2 | Schematic illustration of proposed model for neuronal and glial lineage specification governed by sequentially acting SOX TFs. Neural precursor cell
specific genes are repressed in ESCs by SOX2 and activated in neural precursor cells by SOX3. Neuronal specific genes are repressed in neural precursor cells by
SOX3 and activated in early neurons by SOX11. Astrocyte specific genes are repressed in neural precursor cells by SOX3, in glial precursors by SOX3 and SOX9 and
in oligodendrocyte by SOX10. These genes are activated in astrocytes by SOX9. Oligodendrocyte specific genes are repressed in neural precursor cells by SOX3, in
glial precursor cells by SOX9 and activated in oligodendrocytes by SOX10. NP- neural precursors; Oligo — oligodendrocyte. [Modified from Bergsland et al. (2011)

and Klum et al. (2018)].

regulators (Rea et al., 2020). Numerous SOX TFs play widespread
roles from initial phases of differentiation until generation
of mature neurons (Avilion et al., 2003; Bylund et al., 2003;
Graham et al.,, 2003; Bergsland et al., 2006; Hoser et al., 2008).
During neuronal differentiation SOXB and SOXC members act
sequentially (Bergsland et al., 2011). SoxBI genes are expressed
in the neural precursor cells, while Sox2I, Sox4, and SoxII
are mostly expressed in neural cells committed to neuronal
differentiation (Figure 3, left panel) (Uwanogho et al., 1995;
Cheung et al., 2000).

SOXB1 proteins are necessary for formation of
neuroectoderm, maintenance of the neural progenitor state
and suppression of neuronal differentiation (Figure 3, left panel)
(Bylund et al., 2003). It has been revealed that forced expression
of SoxBI genes maintains neural cells in un undifferentiated state
and inhibits neuronal differentiation, whereas their suppression
induces upregulation of post-mitotic neuronal markers (Bylund
et al., 2003). Down-regulation of SoxBI gene expression by
Ngn2 (Neurogenin 2) is essential for neuronal differentiation
(Bylund et al., 2003).

SOXI1 is one of the earliest TFs expressed in cells committed
to the neural fate. Its expression correlates with the formation

of neural plate, while down-regulation of SoxI expression in
the developing neural tube correlates with the exit of cells
from mitosis (Pevny et al., 1998). Overexpression of SoxI in
NPCs is sufficient to promote neuronal lineage commitment
(Kan et al., 2004) while the loss of neurons in the ventral
striatum was detected in the brains of SoxI null mutant mice
(Malas et al., 2003).

Sox2 expression is detected in the early neuroectoderm
(Collignon et al, 1996) and SOX2 transcription factor is
necessary to maintain neural progenitor populations throughout
the developing central nervous system (CNS) (Hutton and
Pevny, 2011). Constitutive Sox2 expression kept NPCs in a
precursor state and inhibited neuronal differentiation, while
expression of a dominant-interfering form of Sox2 led to exit
from cell cycle, delamination of NPCs from the ventricular
zone, loss of expression of progenitor markers and initiation of
neuronal differentiation (Graham et al., 2003). We showed that
constitutive SOX2 overexpression altered expression of neuronal
markers and reduced number of mature MAP2 (Microtubule
Associated Protein 2) positive neurons upon RA induced
neural differentiation of NT2/D1 cells (Drakulic et al., 2012;
Klajn et al., 2014).
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FIGURE 3 | The roles of SOX TFs in neuronal and glial differentiation.
Schematic illustration of stepwise neuronal differentiation process (left) and
glial differentiation process (right). SOX TFs expression levels during specific
lineage-restricted progressions are presented by down-arrows
(down-regulation) and up-arrows (up-regulation). The figure summarizes
following data: for neuronal differentiation — (Connor et al., 1995; Bylund et al.,
20083; Stolt et al., 2003; Sandberg et al., 2005; Wang et al., 2005; Bergsland
et al., 2006; Batista-Brito et al., 2009; Martinez-Morales et al., 2010; Hoshiba
et al., 2016; Naudet et al., 2018); for glial differentiation — (Stolt et al., 2003,
2004, 2006; Kellerer et al., 2006; Stolt and Wegner, 2010; Kang et al., 2012;
Weider et al., 2013; Klum et al., 2018).

Expression of Sox3 is detected throughout the developing
CNS (Wood and Episkopou, 1999) and activity of this gene
is necessary for formation of the hypothalamo-pituitary axis
(Rizzoti et al., 2004). Ectopic Sox3 expression in zebrafish led
cells of the ectoderm to acquire a neural fate, while reduction
of neural ectoderm was seen in Sox3 knocked-down study
(Dee et al., 2008).

Sox21 expression is detected in NPCs (Ohba et al.,, 2004)
while SoxI4 is expressed in limited population of neurons

in the developing brain and spinal cord (Hargrave et al,
2000). The balance of SoxBI and SoxB2 expression determines
whether NPCs remain as progenitors or become committed to
differentiation (Figure 3, left panel). SOX21 promotes neuronal
differentiation by counteracting the activity of SOXB1 (Sandberg
etal., 2005). Study conducted on Xenopus laevis shows that Sox21,
like Sox2, functions in a dose-dependent manner and that its level
of expression determines the decision between maintenance of
neural progenitors and formation of neurons (Whittington et al.,
2015). Namely, Whittington et al. (2015) proposed model which
described how level of Sox21 expression regulates progression of
NPCs during neurogenesis. When Sox21 expression is severely
reduced, NPCs undergo cell death; with a minimal level of
Sox21 expression NPCs differentiate to become neurons while
higher expression of Sox2I inhibits neurogenesis, promotes
SoxBI expression and progenitor maintenance (Whittington
et al., 2015). On the other side, overexpression of Sox2I in
the chick neural tube led to reduction of cell proliferation,
downregulation of Sox3 expression and initiation of premature
differentiation of NPCs (Sandberg et al., 2005). Furthermore, the
maintenance of Sox21 expression in NPCs disabled their terminal
differentiation (Sandberg et al., 2005). Interestingly, recent study
shows that both SOX21 and SOX14 have their own unique gene
targets and therefore these TFs do not compete for the same
target genes (Makrides et al., 2018). Thus, SOX21 is important
for the maintenance, while SOX14 is necessary for terminal
differentiation of the GABAergic neurons in the mouse brain
(Makrides et al., 2018).

When NPCs start to differentiate into immature neurons, pro-
neural proteins induce expression of SOXC TFs (Figure 3, left
panel) (Bergsland et al., 2006). SOXC TFs are necessary to ensure
survival of NPCs (Bhattaram et al., 2010) and for establishment of
their neuronal properties (Bergsland et al., 2006). Overexpression
of Sox4 and SoxII led to premature induction of neuronal
markers (Bergsland et al., 2006) while deficiency of both factors
induced apoptosis in the developing nervous system (Bhattaram
et al., 2010; Thein et al., 2010). Furthermore, reduced level of
Sox4 and Sox11 resulted in reduced number of mature neurons
and decreased neurite length (Chen et al., 2015). Also, results
obtained by Hoshiba et al. (2016) indicate that high level
of SOX11 expression, detected only in cortical neurons until
birth, is necessary to suppress dendritic morphogenesis during
radial migration.

As already pointed out, SOXB and SOXC members are
sequentially bound to a common set of neural genes during
the process of neuronal differentiation (Figure 2) (Bergsland
et al,, 2011). It has been found that 92% of the SOX3 binding
sites will be targeted by SOXI1 in newly formed neurons
(Bergsland et al., 2011).

SOXD members are also involved in the process of neuronal
differentiation (Figure 3, left panel). They are expressed in
proliferating progenitors in the ventricular and subventricular
zones and in post-mitotic neurons (Stolt et al., 2006; Azim
et al, 2009; Lee et al, 2014; Quiroga et al, 2015). Sox5
promotes exit of neural progenitors from cell cycle and
downregulation of its expression is necessary for the progression
of neuronal differentiation (Martinez-Morales et al., 2010).
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Furthermore, SOX5 post-mitotically controls the neuronal
migration, molecular identity and subcortical axonal projections
of subplate and deep-layer neurons (Kwan et al., 2008). This TF
is involved in the control of neurite outgrowth (Naudet et al,
2018). SOX6 is important for positioning and maturation of
cortical interneurons (Connor et al., 1995; Batista-Brito et al.,
2009). SoxI3 is expressed in a sub-population of post-mitotic
differentiating neuronal cells and results obtained by Wang
et al. (2005) suggest that this gene may have a role in the
specification and/or differentiation of a specific subset of neurons
in the developing CNS.

Sox9, SoxE member, is expressed in neural stem cells (NSCs)
and gain- and loss-of-function studies indicated that Sox9 was
required for multipotentiality and maintenance of NSCs during
development (Scott et al, 2010). On the other side, Sox9
overexpression led to reduction in the number of neuronal
progenitors and neurons during the spinal cord development
(Vogel et al., 2020).

The majority of existing knowledge regarding the functions
of Sox genes in the process of neuronal differentiation is
obtained by conducted experiments in mice and other animal
models. However, comparative transcriptome analyses point to
differences in gene expression between the human and the rodent
brain (Zeng et al., 2012; Silbereis et al., 2016). Thus, it would
be interesting to investigate the roles of SOX genes in human
neuronal differentiation using iPSCs and 3D brain organoids.

SOX TRANSCRIPTION FACTORS AND
NEURODEVELOPMENTAL DISORDERS

Recent literature data has revealed that SOX gene variants
are associated with neurodevelopmental disorders (NDDs),
characterized by impairment of neuronal function during brain
development. SOX gene variants associated with NDDs are listed
in Supplementary Table 1.

Contribution of SOX genes to NDDs is still not clear. Both
deletions and duplications of SOX3 gene were detected in patients
with intellectual disability (Stevanovic et al., 1993; Laumonnier
et al, 2002; Helle et al., 2013; Stagi et al, 2014; Arya et al,
2019). Also, SOX3 missense variant was detected in proband
with mild intellectual disability (Jelsig et al., 2018). Furthermore,
it was found that SOX4 heterozygous missense variants cause
neurodevelopmental disease (Zawerton et al., 2019). On the
other side, SOX5 haploinsufficiency and its loss of function
variant have been found in probands with intellectual disability
(Lamb et al., 2012; Schanze et al., 2013; Nesbitt et al., 2015).
Also, NDDs have been detected in individuals with heterozygous
SOX6 variants (Tolchin et al., 2020). Significant down-regulation
of SOX9 expression has been revealed in neural progenitors
derived from Fragile X Syndrome ESCs (Telias et al., 2015) while
downregulation of SOX10 expression is detected in brains of
patients with schizophrenia (Iwamoto et al., 2005). Heterozygous
missense variants within the HMG box of SOXI1 gene are
associated with intellectual disability (Tsurusaki et al., 2014) while
polymorphisms in distal 3’ untranslated region of this gene are
associated with susceptibility for schizophrenia (Sun et al., 2020).

All these data open a new avenue of research focused on
discovering the roles of SOX TFs and their gene targets in NDDs,
making them promising biomarkers and potential targets for
future diagnostic and therapeutic strategies.

THE ROLES OF SOX TRANSCRIPTION
FACTORS IN ADULT NEUROGENESIS

In the mammalian brain, generation of neurons and astrocytes
from NSCs throughout postnatal and adult life is mainly observed
in the subventricular zone (SVZ) of lateral ventricle and in the
subgranular zone (SGZ) of the dentate gyrus in the hippocampus
(reviewed in Gage, 2000; Ming and Song, 2011; Lim and Alvarez-
Buylla, 2016). NSCs that reside in the SGZ generate dentate
granular cells which play roles in learning, memory and pattern
separation (Kaplan and Bell, 1983, 1984; Ming and Song, 2011),
whereas NSCs from the SVZ give rise to neuroblasts which
migrate in the rostral migratory stream and differentiate to
olfactory bulb neurons (Lois and Alvarez-Buylla, 1993).

Similar to neurogenesis in embryonic brain, the generation of
new neurons from adult NSCs consists of the sequence of events
including proliferation, differentiation and maturation, which are
controlled by environment-derived signals and precise changes in
the gene expression. However, despite many similarities between
NSCs from embryonic and adult brain, emerging evidence
suggests profound differences in these two cell populations, such
as proliferation rates, neurogenic potential and gene expression
profiles (reviewed in Gotz et al., 2016; Obernier and Alvarez-
Buylla, 2019). In addition, there are important differences
between NSCs from two major adult neurogenic niches, SVZ
and SGZ in cellular and molecular properties which may arise
as result of external signals received from different environments
(reviewed in Obernier and Alvarez-Buylla, 2019).

The roles of SOX TFs in the regulation of adult neurogenesis,
particularly in the hippocampus, are extensively investigated,
with the main focus on SOXB, SOXC, and SOXD proteins
(Figure 4) (reviewed in Wegner, 2011; Beckervordersandforth
etal., 2015; Reiprich and Wegner, 2015). In the SGZ (Figure 4A)
and SVZ (Figure 4B) of the mouse adult brain, SOX2 is mostly
expressed in both, quiescent NSCs and highly proliferating
multipotent neuronal progenitor cells (Ellis et al., 2004; Ferri
et al., 2004; Steiner et al., 2006). Functional studies demonstrated
that repression of Sox2 gene expression impaired neurogenesis
in the adult mouse brain (Ferri et al., 2004; Favaro et al,
2009; Amador-Arjona et al., 2015). SOX2 inhibits expression
of pro-neurogenic TF NEUROD1 (Neuronal differentiation 1)
via Wnt (Wingless-integration site)-signaling pathway, thus
preventing neuronal differentiation and maintaining stem cells
in a multipotent state (Kuwabara et al., 2009).

In contrast to SOX2, the expression of SOX1 has not been
detected in NSCs, but it is revealed only in the highly proliferating
neuronal progenitors of SGZ in the mouse adult hippocampus
(Type 2a and Type 2b in the Figure 4A) (Venere et al., 2012).
In the mouse adult brain, SOX3 protein has been detected in
cells within neurogenic niches, however, with different pattern
of expression. In the SGZ, its robust expression was identified
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FIGURE 4 | The dynamic expression profiles of selected SOX proteins during
different stages of differentiation in neurogenic regions of adult brain: SGZ of
dentate gyrus of the hippocampus and SVZ in the later wall of lateral
ventricles. (A) Upper panel: the schematic illustration of the main stages of
adult neurogenesis in SGZ. Radial type 1 cells, which correspond to neural
stem cells, give rise to high proliferative Type 2 cells (first 2a, followed by 2b)
which further generate Type 3 neuroblasts. Neuroblasts differentiate into
granule neurons that migrate into granular cell layer of dentate gyrus. Lower
panel: the schematic summary of the findings regarding the expression of
SOX2 (Ferri et al., 2004; Steiner et al., 2006), SOX1 (Venere et al., 2012),
SOX3 (Rogers et al., 2013), SOX21 (Matsuda et al., 2012), SOX4 (Mu et al.,
2012), and SOX11 (Haslinger et al., 2009; Mu et al., 2012). (B) Upper panel:
the schematic illustration of the main stages of adult neurogenesis in the SVZ.
Neural stem cells, named as Type B1 cells upon activation generate high
proliferative cell population of progenitors - Type C that give rise to Type A
neuroblasts. Neuroblasts migrate through rostral migratory stream of the
olfactory bulb where they differentiate into interneurons. Lower panel: the
schematic summary of the findings regarding expression of SOX2 (Ferri et al.,
2004), SOX3 (Rogers et al., 2013), SOX4 (Pennartz et al., 2004), SOX11
(Haslinger et al., 2009), and SOX9 (Cheng et al., 2009). NSC, neural stem cell;
IN, immature neuron; MN, mature neuron; N/A, data not available.

in slow dividing NSCs as well as in highly proliferating Type 2a
and Type 2b neuronal progenitor cells (Figure 4A) (Rogers et al.,
2013). In contrast, the expression of SOX3 was localized only in
small population of SOX2 expressing cells in SVZ (Figure 4B)
(Rogers et al., 2013). Despite robust expression of SOX1 and

SOX3 in adult brain, their functional roles in the regulation of
adult neurogenesis are yet to be determined.

In the hippocampus of adult mouse, the expression of
SOX21 has been detected in NSCs (Radial Type 1) and subset
of neuronal progenitor cells (Type 2a) in SGZ (Figure 4A).
Functional study indicated that Sox21 regulates the progression
of adult neurogenesis in the hippocampus by direct repression
of TF Hes5 (Hes Family bHLH Transcription Factor 5)
(Matsuda et al., 2012).

In the adult mammalian brain, the expression of SOX4
and SOX11 proteins is detected prominently in the both main
neurogenic niches, SGZ (Figure 4A) and SVZ (Figure 4B)
(Pennartz et al., 2004; Haslinger et al., 2009; Mu et al., 2012).
Similar to the expression pattern in embryonic brain, onset of
SOX4 and SOX11 expression in cells coincides with the down-
regulation of SOX2 and up-regulation of DCX (Doublecortin)
expression, and remains throughout the period when newborn
neurons migrate to their final destination (Figure 4). Finally,
SOX4 and SOXI11 expression was detected in extremely low
number of mature neurons (Haslinger et al., 2009; Mu et al,,
2012). Overexpression of these two TFs promoted expression
of neuronal-specific genes in NPCs, whereas their repression
disturbed neurogenesis, but not gliogenesis (Mu et al., 2012).

Among SOXE TFs, SOX9 expression has been detected in
the NSCs and different subset of neuronal progenitor cells
in the SVZ in the adult mouse brain (Type Bl and Type C
neuronal progenitors in the Figure 4B) (Cheng et al., 2009).
Functional studies provided evidence that this TF is necessary
for maintaining the multipotency of NSCs in SVZ (Scott et al.,
2010). Furthermore, knockdown of miR-124, which targets
Sox9, increase SOX9 expression and decrease neurogenesis
(Cheng et al., 2009).

SOX TRANSCRIPTION FACTORS AND
IMPAIRED ADULT NEUROGENESIS

Adult neurogenesis has been implicated as a major contributor of
brain homeostasis, restoring neurological functions under
physiological or pathological conditions (Kempermann
et al, 2004; Braun and Jessberger, 2014). Differentiation
and maturation of new neurons from NSCs in adult brain are
dynamically regulated by numerous intrinsic and extrinsic
factors, such as neurotrophic factors, transcriptional programs,
inflammatory cytokine, cell cycle regulators, neurotransmitters
and hormones (Braun and Jessberger, 2014; Shohayeb et al,
2018). On the other hand, the most studied negative regulators
of NSC fate during adult neurogenesis include aging, stress,
inflammation and alcohol abuse (Braun and Jessberger, 2014).
In addition, wide spectrum of neurological conditions is a
consequence of neuron loss after injury. Although increase in
neurogenesis is detected in response to injury, the capacity for
restoring of neurological function in damaged areas is limited
(review in Dillen et al., 2020).

Neurodegenerative diseases are heterogeneous group of
deleterious conditions with multifactorial etiologies caused by
progressive damage of neurons and glial cells and, consequently,
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the loss of cognitive and physical functions. Recent findings
provided multiple evidence for deregulated adult neurogenesis in
several neurodegenerative diseases that display symptoms related
to hippocampal and olfactory dysfunction, including Parkinson’s,
Alzheimer’s, and Huntington diseases (reviewed in Deierborg
et al., 2007; Winner et al,, 2011; Winner and Winkler, 2015;
Horgusluoglu et al., 2017).

Despite numerous data implicating the key role of Sox/SOX
genes in regulation of embryonic and adult neurogenesis, their
function under pathological conditions are largely unknown.
Alzheimer’s disease, the most common adult onset-dementia,
is characterized by deteriorating hippocampus, memory
impairment, and other cognitive and olfactory deficits. Recently,
Briley et al. (2016) have demonstrated reduction in SOX2 positive
NSCs in the hippocampus of Alzheimer’s disease patients which
correlated with the severity of the disease or the patients
cognitive capacity.

In our previous work, we analyzed the expression of selected
members of SOXB group (SOX1, SOX2, and SOX21) in the
hippocampus of 2 months old 5xFAD mice, which represent a
transgenic model of Alzheimer’s disease. Immunohistochemical
analysis revealed a significant decrease in the number of cells
expressing SOX1, SOX2, and SOX21 TFs within the SGZ of
5xFAD mice in comparison to their non-transgenic counterparts.
Our comparative study also revealed, for the first time, significant
difference in the number of SOXI1 positive cells between genders
in both, transgenic and non-transgenic animals (Zaletel et al,
2018). Considering previous findings that epigenetic-related
mechanisms are involved in brain development (McCarthy and
Nugent, 2015), we speculate that sex dependent level of SOX1
expression could be result of epigenetic regulation. However,
further studies are needed to clarify these findings.

THE ROLES OF SOX TRANSCRIPTION
FACTORS IN GLIAL DIFFERENTIATION

During embryonic development of the CNS, multipotent neural
precursor cells undergo a characteristic temporal pattern of
differentiation wherein neurons are generated ahead of the
production of glial cells. This developmental transition consists of
two distinct molecular processes: the termination of neurogenesis
and the initiation of gliogenesis. This developmental interval,
often named “gliogenic switch,” is fundamental to the entire
developing CNS and is conserved throughout all the vertebrate
species (Kessaris et al., 2001; Poche et al., 2008; Subramanian
et al, 2011; Kang et al., 2012). The genesis of neural cells by
chronological order in vertebrates provides a good biological
sense. In fact, the generated neurons create the functional
neuronal circuits and, when the scaffold is formed, then the
numbers and positions of glia are fitted in the preformed
platform (Miller and Gauthier, 2007). The integrated glial cells
further provide mechanical, metabolic and trophic support to
neurons. The sequential production of neurons and glia is best
characterized in the ventral region of the mouse and chick
embryonic spinal cord (Kessaris et al., 2001; Rowitch, 2004;
Kang et al, 2012). SOX9 TF has been reported as a crucial

molecular component in triggering the switch from neurogenic
to gliogenic program in the developing mouse spinal cord (Stolt
et al., 2003; Kang et al., 2012). In particular, the absence of Sox9
in NSCs caused defects in the specification of oligodendrocytes
and astrocytes, the two main types of glial cells in CNS, and
induced a transient increase in the number of motoneurons (Stolt
et al., 2003). However, findings in the developing cerebellum
indicate that the primary functional role of Sox9 in modulating
the neuron-versus-glia switch is to suppress neurogenesis, rather
than to actively trigger the initiation of gliogenesis (Vong et al.,
2015). The discrepancy in results obtained by studying different
developmental CNS regions suggests that the importance of
SOX9 transcriptional factor in orchestrating NSCs fate decision
toward gliogenesis may be tissue or organ dependent (Vong
etal., 2015). During gliogenic switch SOX9 actively promotes glial
lineage progression by controlling a set of genes that contribute
to early gliogenesis (Kang et al., 2012). As previously mentioned,
an important feature of SOX proteins is that they generally
display their gene regulatory functions by forming complexes
with partner TFs (Kamachi and Kondoh, 2013). Thus, the NFIA
(Nuclear factor-1 A) directly regulated by SOX9, has been
identified as the crucial transcriptional partner of SOX9 necessary
for the onset of gliogenesis. Subsequently, SOX9 and NFIA
form a complex and co-activate multiple genetics programs that
regulate the activities of astroglial precursors (Kang et al., 2012).
It is important to note that this data has been collected from
the embryonic chick and mouse spinal cord, whether the same
mechanism is active in the other regions of developing CNS is
still unknown. Recent findings have indicated that the synergistic
activation of astrocyte genes by SOX9 and NFIA is repressed by
SOX3 binding in glial precursor cells of mouse spinal cord (Klum
et al., 2018). Indeed, while both astrocyte- and oligodendrocyte-
specific genes are prebound by SOX9 in glial progenitor cells,
a specificity of astrocyte genes is that this prebinding occurs
in combination with SOX3. Sox9 continues to be expressed
in maturing astrocytes but its expression decreases during
oligodendrocyte-lineage progression (Figure 3, right panel). At
the later stages of development, maturing oligodendrocytes
become fully dependent on Sox10, as evident from the severe
disruption of both terminal oligodendrocyte differentiation and
myelination in the CNS of Sox10-deficient mice (Stolt et al., 2002;
Weider et al., 2013).

Although Sox8 1is also expressed in oligodendrocyte
precursors, it performs only supportive role during
oligodendrocyte development (Stolt et al., 2004; Kellerer et al.,
2006; Stolt and Wegner, 2010). Despite functional redundancy,
SOX8 is only able to partially rescue the compromised
oligodendrocyte differentiation in Sox10-deficient mice (Kellerer
et al., 2006). However, differentiated oligodendrocytes rely to a
much greater extent on SOX8 than oligodendroglial precursors,
since recent findings have indicated that SOX8 and SOX10
are jointly required for maintaining the myelinated state
(Turnescu et al., 2018).

SOXI10 directly controls the expression of genes encoding
the major myelin proteins (Stolt and Wegner, 2010). This TF
is an essential general determinant of myelination in both CNS
and the peripheral nervous system (Stolt and Wegner, 2010;
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Weider et al., 2013). Although both oligodendrocytes in CNS
and Schwann cells in peripheral nervous system represent
myelinating glia, they achieve myelination in distinct
ways. However, while the interacting partners of SOX10
in Schwann cells are well described, less is known about
its transcription partners in oligodendrocytes. Expression
of Sox5 and Sox6 overlaps strongly with SOXE protein
activity during oligodendrocytes specification and terminal
differentiation (Figure 3, right panel). Nevertheless, while
SOX9 and SOX10 promote oligodendrocyte lineage progression,
SOX5 and SOX6 have the opposite effects as evident from both
premature specification and precocious terminal differentiation
of oligodendrocyte precursors in Sox5/Sox6-deficient mice
(Stolt et al., 2006). Direct physical interaction between the
SOXD and SOXE TFs during oligodendrocyte differentiation
has not been reported. Actually, the SOXD proteins counteract
the SOXE proteins by competition for the same binding sites
and the recruitment of co-repressors to target gene promoters
(Stolt and Wegner, 2010).

SOX TRANSCRIPTION FACTORS IN
TISSUE HOMEOSTASIS AND
REGENERATION IN THE CONTEXT OF
GLIAL CELLS

Interestingly, growing evidence indicates that Sox genes also play
additional roles in adult tissue homeostasis and regeneration
(Parrinello et al., 2010; Sarkar and Hochedlinger, 2013; Chen
et al.,, 2019). However, in comparison to the data about the roles
of Sox genes during developmental, this research field is less
explored. Unlike neurons and oligodendrocytes, which become
post-mitotic and take on a distinct morphology upon terminal
differentiation, astrocytes are not permanently post-mitotic. In
response to injury, these cells transform from quiescent into
reactive state and dedifferentiate to a progenitor cell-like state
(Buffo et al., 2008), which serves as a compensatory response
that modulates tissue damage and recovery (Barreto et al., 2011).
The re-expression of Sox genes in reactivated astrocytes of adult
mouse brain has been reported (Bani-Yaghoub et al., 2006; Sun
et al., 2017; Chen et al, 2019), but the better understanding
of their roles in this process is still needed. Peripheral nerve
regeneration is a good example for the role of Sox2 gene in tissue
repair. Upon injury, mature adult Schwann cells re-express Sox2
and re-acquire progenitor cell-like characteristics (Parrinello
et al., 2010). Sox2 re-expression seems to play a direct role in
Schwann cell clustering, a key event during nerve regeneration
that enables Schwann cells to form multicellular cords to guide
axon re-growth across the site of injury (Parrinello et al., 2010).
The link between neural functions of SOXE genes and human
nervous system pathologies has been reported throughout
different studies. Thus, the increased number of SOX9- and
SOX10-positive early glial progenitors in brains of multiple
sclerosis patients has been reported (Nait-Oumesmar et al., 2007).
Additionally, SOX8 has been identified as genetic risk loci for
Multiple Sclerosis in humans (International Multiple Sclerosis

Genetics Consortium et al., 2011, 2013). Also, dysfunction of
oligodendrocytes in patients with schizophrenia was correlated
with increased DNA methylation of SOXI0 gene (Iwamoto
et al, 2005). Taking together, these data imply that SOX
genes could be considered as potential therapeutic targets.
Modulation of SOX genes expression may change the functional
properties of glial cells for more efficient remyelination of
neurons or the repopulation of damaged areas upon CNS
trauma. Full understanding of SOX genes function in nervous
system development as well as homeostasis maintenance and
regeneration holds the promise for development of novel
therapeutic strategies.

CROSS-TALK OF SOX TRANSCRIPTION
FACTORS WITH WNT/B-CATENIN AND
RA SIGNALING PATHWAYS

During last decade numerous results established SOX TFs as
key players in various signaling pathways. Their interplay with
Wnt/B-catenin and RA signaling pathways is of particular interest
since SOXBI1 neural-specific interpretation of these signaling
cascades are involved in the maintenance of stemness and neural
differentiation (Kormish et al., 2010; Qosterveen et al., 2013;
Hagey and Muhr, 2014).

SOX INTERPLAY WITH WNT/g-CATENIN
SIGNALING

B-catenin is central signaling molecule in canonical Wnt pathway
(Clevers, 2006). In the absence of the Wnt ligand, cytosolic B-
catenin level is low due to activation of destruction complex
(Orford et al., 1997; Salic et al., 2000). Wnt stimulation results in
the inhibition of cytosolic B-catenin degradation and its shuttle
to nucleus (Gordon and Nusse, 2006). In the nucleus B-catenin
interacts with the TCF/LEF (T cell factor/Lymphoid enhancer
factor) family of DNA-binding TFs on Wnt Response Elements
and enhances expression of Wnt target genes (Gordon and Nusse,
2006; Fiedler et al., 2015).

Both canonical Wnt signaling and SOXBI1 proteins promote
self-renewal of NPCs (Kamachi et al., 1998; Pevny and Placzek,
2005; Wang et al., 2006; Kiefer, 2007). In addition, SOXB1/f-
catenin interplay fine tunes the complex mechanism involved in
pluripotency/differentiation switch. Activation of canonical Wnt
signaling enhances self-renewal of mouse and human ESCs and
embryonal carcinoma cells (Hanna et al., 2010; Hassani et al,,
2012; Mojsin et al., 2015).

In neural progenitors Wnt/pB-catenin signaling activates
expression of the pro-neural gene NeuroDI1 by counteracting
SOX2-mediated repression on DNA element containing
overlapping SOX2 and TCF/LEF-binding sites (SOX/LEF) in
its promoter (Van Raay et al, 2005; Kuwabara et al., 2009).
We showed that lithium induced activation of Wnt/B-catenin
signaling increased expression of all SOXB1 proteins in NT2/D1
cells. We also demonstrated that increase in SOX2 and SOX3
protein expression is B-catenin dependent, while overexpression
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of SOX1 is governed by p-catenin-independent manner
(Figure 5B) (Mojsin et al., 2015).

SOX1, SOX2, and SOX3 also affect Wnt/B-catenin signaling
(Zorn et al., 1999; Zhang et al., 2003; Kan et al., 2004). SOX1
binds to B-catenin via their C-terminal regions (Akiyama et al.,
2004) and inhibits B-catenin/TCF transcription activity in mouse
and human NPCs in the onset of neural differentiation (Kan
etal.,, 2004). SOX2 overexpression reduced p-catenin protein level
and down-regulated Wnt/B-catenin signaling in NT2/D1 cells,
suggesting negative feedback loop between B-catenin and SOX2
(Figure 5B) (Mojsin et al., 2015). However, overexpression of
SOX1 and SOX3 genes has no effect on endogenous B-catenin
level in NT2/D1 cells (Figure 5B) (Mojsin et al., 2015).

SOX3 down-regulates Wnt signaling by interactions with p-
catenin or by direct binding to the regulatory regions of Wnt
target genes (Zorn et al., 1999; Zhang et al., 2003). SOX21 restricts
Wnt activity by interacting with PB-catenin and subsequent
interfering with the binding of TCF4/B-catenin complex to the
WNTS8B (Wingless-type MMTYV integration site family, member
8B) enhancer (Fang et al., 2019).

The SOX proteins are considered as nuclear regulators of B-
catenin/TCF activity responsible for fine tuning of transcriptional
responses to Wnt signaling (Kormish et al., 2010). They regulate
B-catenin/TCF activity by recruitment of various mechanisms in
cell context-dependent manner (review in Kormish et al., 2010).
SOX proteins can physically interact with both B-catenin (Zorn

et al, 1999; Akiyama et al, 2004; Iguchi et al, 2007; Sinner
et al., 2007; Bernard and Harley, 2010) and TCF/LEF (Sinner
et al., 2007). SOX and TCF bind to similar DNA sequences in
the DNA minor groove and induce DNA bending which enables
assemble of SOX/TCF complexes regardless of distance of their
binding sites (Bernard and Harley, 2010; Hou et al., 2017). Post-
translational modifications of SOX, B-catenin and TCF also affect
their interactions (Taylor and Labonne, 2005; Arce et al., 2006;
Hattori et al., 2006). SOX proteins bind to the promoters of
Whnt target genes and recruit transcriptional co-activators or co-
repressors thus controlling B-catenin dependent transcriptional
activity (Tsuda et al., 2003; Zhang et al., 2003; Furumatsu et al.,
2005; Iguchi et al., 2007; Pan et al., 2009). SOX proteins activate
the expression of Wnt signaling pathway repressors (Bastide
et al., 2007). In addition, SOX proteins control endogenous f-
catenin protein level by promoting either, proteosome-mediated
B-catenin degradation (Preiss et al., 2001; Sinner et al., 2007; Guo
et al., 2008) or its stabilization (Figure 5A) (Sinner et al., 2007).
Wnt and SOX interplay and mutual control led to a hypothesis
pointing out that interactions between lineage-specific SOX
TFs and PB-catenin/TCF govern specificity of Wnt/B-catenin
dependent transcription (Mukherjee et al,, 2020). This idea
is supported by the study conducted by Hagey and Muhr
(2014). They studied the transition between stem cells and
rapidly dividing progenitors in mouse cortex and proposed
model of SOXB1-dependent bi-phasic repressive mechanism
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(Hagey and Muhr, 2014). High level of SOXBI1 in stem cells
represses pro-proliferative genes, primarily Ccndl (Cyclin D1),
by binding to low-affinity SOX binding sites in Ccndl promoter,
by interactions with TCF/LEF proteins and by recruitment of
GRO/TLE (Groucho/Transducin-like Enhancers) co-repressors.
Upon differentiation, pro-neural proteins reduce SOXBI1 level,
thus only the high affinity SOX binding sites stay occupied,
while loss of binding to low-affinity sites de-represses Ccndl
and promotes proliferation of progenitor cells (Hagey and Muhr,
2014). Proposed model provides the explanation how presence of
low- and high-affinity SOX binding sites enables graded SOXB1
target gene regulation and how differences in the expression
levels of SOXBI1 proteins can be interpreted by determining the
response of target genes.

It has been shown that complex network between Wnt/p-
catenin pathway, SOX2 and proneural genes regulates the
progression from progenitors to neurons and glia cells
(Agathocleous et al, 2009). Lack of this coordination
leads to aberrant neuronal proliferation and differentiation
and contributes to the pathology of psychiatric disorders
(Agathocleous et al., 2009; Santos et al., 2021). In the search
for specific targets of lithium resistance in the patients with
bipolar disorder, Santos et al. (2021) conducted comparative
transcriptome analysis of the hippocampal dentate gyrus-
like neurons derived from iPSCs of lithium-responsive and
lithium-non-responsive patients. First, they have demonstrated
that neurons generated from both cohorts exhibited neuronal
hyperexcitability compared to control neurons that could be
reversed by lithium treatment of the lithium-responsive neurons
only (Santos et al.,, 2021). The study showed that neurons from
lithium-non-responsive patients acquire distinct phenotypic
characteristics, electrophysiological properties and the response
to lithium during differentiation due to the severely affected
function of canonic Wnt/B-catenin signaling with a significant
decrease in expression of LEF1 (Lymphoid enhancer-binding
factor 1) (Santos et al., 2021). Interestingly, SOX2 was also
up-regulated in lithium-non-responsive neurons compared to
control neurons (Santos et al., 2021).

SOX INTERPLAY WITH RA SIGNALING

Retinoic acid exerts its pleiotropic effects through binding
to retinoic acid receptors (RARs), members of the nuclear
receptor superfamily (reviewed by Rochette-Egly and Germain,
2009). RARs act in heterodimeric combinations with retinoid
X receptors (RXRs). It was suggested that RXRs act as
scaffolding proteins and facilitate DNA binding of the RAR-
RXR complex (Chawla et al., 2001). In the nucleus, RAR/RXR
dimers can interact with cis-acting RA response elements
(RAREs) (Laudet and Gronemeyer, 2002), atypical RARE
(Panariello et al., 1996; Brondani et al., 2002) and composite
response units within the promoters of different RA-target
genes (Redfern, 2004; Wang and Yen, 2004). Ligand binding
induces conformational changes that lead to release of co-
repressors, binding of co-activators and subsequent initiation of
transcription (Balmer and Blomhoff, 2002).

Our group conducted comprehensive analyses of the SOXBI
protein expression during RA induced neural differentiation of
NT2/D1 cells (Stevanovic, 2003; Klajn et al., 2014; Popovic et al.,
2014; Topalovic et al.,, 2017). Obtained results showed dynamic
changes in the expression profiles of SOX1, SOX2 and SOX3
proteins during 4-weeks course of RA induction (Figure 6).

Retinoic acid induced transient up-regulation of SOX1 at the
day 4 of RA induction and oscillating expression followed by
decrease at 3 and 4 weeks of treatment (Figure 6) (Popovic
et al., 2014; Topalovic et al., 2017). After initial downregulation
in the first 48h of induction, SOX2 was up-regulated in all time
points of induction (Figure 6) (Stevanovic, 2003; Popovic et al.,
2014; Topalovic et al., 2017). However, in mature neurons (N'T2-
N) expression of SOX2 is abolished (Klajn et al., 2014). Similar
results were obtained in the studies of the effects of RA on Sox2
expression in mouse P19 and F9 embryonal carcinoma cell lines
(Wiebe et al., 2000; Tremblay et al., 2012; Popovic et al., 2014).

SOX3 expression was transiently up-regulated during 48h
of RA treatment and then gradually decreased up to 4 weeks
of RA treatment (Figure 6) (Stevanovic, 2003; Popovic et al.,
2014; Topalovic et al., 2017). Comprehensive examination of the
promoter of human SOX3 gene revealed the presence of two
RA response elements, DR-3-like RXR RE (Nikcevic et al., 2008)
and atypical RA/RXR RE (Mojsin et al., 2006). In addition, we
have identified numerous TFs involved in the modulation of RA
induced activation of human SOX3 promoter (Krstic et al., 2007;
Nikeevic et al., 2008; Mojsin and Stevanovic, 2009).

Beside RA involvement in transcriptional regulation of
SOXB proteins, SOXB1 neural-specific interpretation of signaling
morphogens add an additional level of complexity to the
RA/SOXBI interplay in developing CNS (Oosterveen et al,
2013). Genome-wide characterization of cis-regulatory modules
(CRMs) in neural-specific target genes (Oosterveen et al., 2013)
showed that interpretation of pleiotropic signals is the result
of integration of SOXBI and signaling morphogens on CRMs
(Oosterveen et al., 2013). CRMs of RA target genes contains
RARE and SOX binding sites both required for synergistic
activation of CRMs (Oosterveen et al., 2013). One of genes
enriched for functions in neural development whose CRM was
analyzed in the study is DbxI (Developing brain homeobox 1)
(Oosterveen et al., 2013). In another study conducted by Rogers
et al. (2014) Dbx1 was identified as a direct and exclusive SOX3
target gene in NPCs both in vitro and in vivo. The fact that
RA regulates SOX3 expression through multiple RARE (Brunelli
et al., 2003; Mojsin et al., 2006; Nikcevic et al., 2008) confirms
that SOXB1/RA signaling interplay is complex and fine-tuned at
multiple levels.

SOX TRANSCRIPTION FACTORS AND
microRNAs IN CONTROL OF NEURONAL
AND GLIAL DIFFERENTIATION

Many evolutionary conserved microRNAs (miRNAs) present
key factors in fine regulation of self-renewal and proliferation
of NSCs and NPCs (Meza-Sosa et al., 2014). By interaction
with complementary sequence motifs in 3’ untranslated
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region of target genes, miRNAs regulate the gene expression
during different stages of neurogenesis, thus affecting the
development of nervous system (Meza-Sosa et al, 2014).
Also, acting in synergy with TFs, miRNAs form regulatory
networks that can influence cell fate decision (Stappert et al.,
2015). Therefore, it is not surprising that miRNAs are often
called “master regulators” or “fine-tuners” of gene expression
orchestrating important processes during neural development
(Rajman and Schratt, 2017). SOX TFs and miRNAs represent
one of the most important regulatory networks that control
whether NSCs will self-renew or differentiate into neurons,
astrocytes or oligodendrocytes (Figure 7) (Reiprich and
Wegner, 2015). Particularly, SOX1, SOX2, SOX4, SOXS5,
SOX6, SOX9, and SOX10 are shown to interact with different
miRNAs and orchestrate differentiation into neurons and
oligodendrocytes (Figure 7).

It is suggested that miR-200 family members target Sox2,
thus regulating the transition from NSCs to postmitotic and
differentiated cells (Peng et al, 2012). It turns out to be
one of the most important regulatory networks during neural
differentiation, whereas Sox2 is regulated by miR-200c, forming
a negative-feedback loop that further decreases expression of
Sox2 during neural differentiation (Kamachi and Kondoh, 2013).
Another axis shown to be important for neuronal differentiation
is miR-135a-5p/Sox6/CD44, where miR-135a-5p acts through
Sox6, affecting not only differentiation of neurons, but also
development of dendrites (Li et al., 2019). Moreover, it was
shown that overexpression of Sox6 could reverse miR-135a-5p-
mediated neuronal differentiation and dendrite development of
P19 cells (Li et al, 2019). Sox9 is target of miR-124 during
adult neurogenesis in the mouse SVZ where inhibition of
Sox9 expression leads to differentiation into neurons (Cheng
et al., 2009). Further, miR-145 is important for differentiation
of neurons through regulation of Sox2-Lin28/let-7 signaling
pathway that represents important mechanism for proliferation

of NPCs (Cimadamore et al., 2013; Morgado et al., 2016).
Additionally, miR-145 directly regulates Sox2 and suppresses
its expression in NPCs leading to induction of neurogenesis
(Morgado et al., 2016).

Surprisingly, to the best of our knowledge, there is only one
study suggesting that interaction between miRNA and SOX TFs
plays role in differentiation of astrocytes. miR-124, with pivotal
role in differentiation of neurons and astrocytes, can induce
differentiation of NSCs to astrocytes through regulation of Sox2
and Sox9 expression in NSCs of amyotrophic lateral sclerosis
transgenic mice (Krichevsky et al., 2006; Zhou et al., 2018).

Interestingly, it was shown that miR-184, which is one of
the key miRNAs throughout all stages of oligodendrocytes
differentiation, directly targets SoxI, leading to differentiation
of NPCs to oligodendrocytes (Hoffmann et al., 2014; Afrang
et al., 2019). During differentiation of NPCs the loss of Sox2 also
results in terminal differentiation of oligodendrocytes through
negative regulation by miR-145 (Hoffmann et al., 2014). miR-
219, miR-138 and miR-338 directly inhibit the expression of Sox6
gene which results in reduced proliferation of oligodendrocyte
progenitors and induction of oligodendrocyte differentiation and
myelination (Dugas et al,, 2010; Zhao et al,, 2010). Further,
SOX6 TF is directly regulated by miR-219 and additionally
this TF represses the expression of SoxI0 in oligodendrocyte
progenitor cells which results in differentiation of mature
oligodendrocytes (Nazari et al., 2018). miR-204 overexpression
also leads to differentiation of oligodendrocyte progenitors to
mature oligodendrocytes through control of Sox4 gene, while
the expression of this miRNA is regulated by SOX9 (Wittstatt
et al,, 2020). SOX10 also regulates miR-338 that is important for
differentiation of oligodendrocytes through inhibition of Hes5
and Hes6 genes and it is suggest that SoxI0 exerts its role in
maturation of oligodendrocytes specifically through regulation of
miR-338 (Gokey et al., 2012). Another study shows that SOX10
TF directly targets miR-338 and miR-335, and then these two
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TABLE 2 | Main functions of SOX TFs in neural differentiation during embryonic development.

Main functions in neural differentiation during SOX TFs

embryonic development

References

Maintainance of neural progenitor cells
SOX9

Promotion of neuronal differentiation

SOX13
Promotion of astrocytes differentiation SOX9
Inhibition of astrocytes differentiation SOX3

Promotion of oligodendrocytes differentiation

Inhibition of oligodendrocytes differentiation SOX5, SOX6

SOX1, SOX2, SOX3,

SOX14, SOX21, SOX4,
SOX11, SOX5, SOX6,

SOX8, SOX9, SOX10

Bylund et al., 2003; Graham et al., 2003; Scott et al., 2010;
Hutton and Pevny, 2011

Connor et al., 1995; Hargrave et al., 2000; Sandberg et al.,
2005; Wang et al., 2005; Bergsland et al., 2006; Kwan et al.,
2008; Martinez-Morales et al., 2010; Chen et al., 2015;
Makrides et al., 2018

Stolt et al., 2003; Kang et al., 2012

Klum et al., 2018

Stolt et al., 2004; Stolt and Wegner, 2010; Weider et al., 2013

Stolt et al., 2006

miRNAs further repress Sox9 in oligodendroglial cells (Reiprich
etal., 2017). This fine tuning of Sox9 and Sox10 expression levels
leads to terminal differentiation of oligodendrocytes.

It is evident that SOX TFs and miRNAs establish the
functional interactions important for cell fate decision of

NPCs during neural development. This can be achieved either
through post-transcriptional regulation of Sox genes by miRNAs,
through SOX-dependent control of miRNAs expression or by
combination of both. Even though SOX3, SOX14, and SOX21
play important roles in neural differentiation, there is a lack
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of data regarding their regulation by miRNAs. Although SOX
TFs are involved in regulation of gliogenesis, more studies are
required to clarify posttranscriptional regulation of Sox/SOX
gene expression by miRNAs during this process. Additionally, we
previously reported that specific SOX genes and miRNAs can be
potentially used as biomarkers for monitoring radiation response
during early phase of neural differentiation (Stanisavljevic et al.,
2019). This result suggests that SOX and miRNAs have additional
important roles during neural differentiation. Overall, future
studies are needed in order to gain better insight into the
complex interactions between miRNAs and SOX TFs during
neural development.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

SOX proteins belong to the family of TFs that exerts multiple
important roles during nervous system development, starting
from preimplantation embryo to the adulthood. Many Sox genes
are expressed in the developing and adult nervous system in the
overlapping manners, covering various cell types, beginning with
the neural stem cell (NSC) stage until terminal maturation of
neurons and macroglia (reviewed in Lefebvre et al., 2007). During
embryonic development SOX family members are involved, both
in maintaining multipotency of neural progenitors, as well as
in the promotion of neuronal differentiation (Table 2). They
are also implicated in the control of glial differentiation by
promoting differentiation of astrocytes and oligodendrocytes.
SOX proteins may have dual roles in the regulation of target gene
expression, acting as either activators or repressors, depending
on cellular and genomic context (Liu et al., 2014). For instance,
SOX3 is acting as activator of genes in neural progenitors, while
suppressing neuronal differentiation by repression of neuronal
and glial specific genes in the same cells (Figure 2). It is
interesting to point out that SOXB and SOXC family members
are sequentially bound to the common set of neural genes during
the process of neuronal differentiation, highlighting the context-
dependent nature of their actions. It has been reported that
majority of the SOX3 binding sites will be targeted by SOX11 in
newly formed neurons (Bergsland et al., 2011). The presence of
low- and high-affinity SOX binding sites enables graded control
of target genes, while the levels of SOX proteins is interpreted
by the corresponding response of the target gene expression
(Hagey and Muhr, 2014). Thus, sequentially acting SOX TFs
orchestrate neuronal-, astrocyte- and oligodendrocyte-specific
gene expression defining neuronal and glial phenotypes.

The capability of SOX TFs to orchestrate the process of
neural differentiation strongly relies on epigenetic regulation.
We already showed that SOXBI genes were controlled by
different epigenetic mechanisms during neural differentiation
(Topalovic et al., 2017). Additional study of the differences
in histone signatures will provide further insight into the
epigenetic regulation of pluripotency for proper differentiation
of neurons or glial cells.

The roles of SOX proteins are not limited to development
since these factors influence survival, regeneration, cell death

and control of homeostasis in adult tissues (Pevny and
Placzek, 2005). Adult neurogenesis has been recognized as a
major contributor of brain homeostasis, restoring neurological
functions under physiological or pathological conditions. We
provide the overview of the current data implicating at least seven
SOX proteins (members of SOXB, SOXC, and SOXE groups) in
control of adult neurogenesis (Figure 4).

The majority of current knowledge regarding the roles of
Sox/SOX genes in neural development is based on research
mainly conducted in mice and other animal models, and
to the lesser extent, on the in vitro cell based models of
human neural differentiation. Research based on animal models
provides important information about the roles of Sox genes
in neural development. However, significant differences in
brain development between species have been revealed and
evident divergence among species is discovered regarding gene
expression at the earliest stages of brain development (Johnson
et al., 2009; Rakic, 2009; Clowry et al., 2010).

The emerging data associates SOX gene variants with NDDs
characterized by impairment of neuronal function during brain
development (Supplementary Table 1). Interestingly, down-
regulation of SOX9 expression has been detected in neural
progenitors derived from Fragile X Syndrome human ESCs
(Telias et al., 2015). However, contribution of SOX proteins to
NDDs is still not fully explored and further research is needed to
clarify their roles in the underlying pathologies.

The rising field of research is devoted to study the roles of SOX
TFs in neurodegenerative diseases. Neurodegenerative diseases
are characterized by progressive damage of neurons and glial
cells and, consequently, loss of cognitive and physical functions.
Recent years provided multiple evidences of impaired adult
neurogenesis in several neurodegenerative diseases (reviewed in
Horgusluoglu et al., 2017). Reduction in SOX2 positive NSCs
detected in the hippocampus of Alzheimer’s disease patients is
correlated with the severity of the disease or the patient’s cognitive
capacity (Briley et al., 2016).

Most of the knowledge regarding human neurodegenerative
diseases has been acquired from post-mortem patient samples
since human brain tissue is inaccessible and highly difficult
to obtain. Although many animal models mimicking diseases
have been available for the research, they have provided only
limited success in identification of the molecular mechanisms
underlying human brain diseases. In the recent years, generation
of patient-specific iPSCs provides remarkable opportunity to
recapitulate both normal and pathologic human tissue formation
in vitro, enabling genuine disease investigation (reviewed
in Park et al, 2008). Furthermore, iPSCs have potential
to replace affected neurons in neurodegenerative disorders
(Comella-Bolla et al., 2020). Various human brain diseases
across the spectrum of neurodevelopmental, neurodegenerative
and neuropsychiatric are being studying by iPSC -based
disease modeling (reviewed in McKinney, 2017). Studying the
differentiation of patient-specific iPSCs into neurons or glial
cells provides valuable insight into the molecular mechanisms
underlying brain diseases in patient-specific genetic background.
In the last decades remarkable efforts have been made in
developing protocols for fast and efficient differentiation of
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iPSCs in specific neuronal sub-types. Recently, Comella-Bolla
et al. (2020) described a fast, robust and reproducible protocol
for differentiation of human iPSCs into functionally maturing
forebrain neurons in vitro, which will facilitate studies of
neurodevelopmental and neurodegenerative disorders. Obtained
neurons have ability of in vivo integration which makes the
protocol compatible with cell therapy-based strategies (Comella-
Bolla et al., 2020). Apart from enabling research of disease
phenotype in vitro, iPSCs are providing the tool for gene defect/s
repair ex vivo. Moreover, iPSCs from healthy donors can be
modified by introducing disease-specific mutation by genome
editing allowing the study of the effect of specific gene defect in
“healthy” background.

In an aging society, regenerative therapies based on iPSCs
could provide significant potential therapeutic benefits, in
particular for the patients suffering from neurodegenerative
diseases including Parkinson’s and Alzheimer’s diseases. Study
of the impacts of donor age on iPSC- derived cell functionality
indicate that aging may reduce reprogramming efficiency having
no significant effects on iPSCs maintenance or differentiation
capacity (Strassler et al., 2018). These data suggest that donor
age does not limit applications of iPSCs based methodology
for modeling genetic diseases and for development of therapies
for age-related diseases, especially in combination with recently
developed gene-editing tools such as CRISPR/Cas9 technology
(Strassler et al, 2018). The same authors indicate that
burden of age-associated somatic mutations that iPSCs inherit
from donor cells cannot be reduced, increasing the risk
of abnormalities in iPSCs. A low number of healthy and
elderly donors serving as a source of control cells present a
great challenge in research and applications in the field of
iPSCs (Strassler et al., 2018). Recently a collection of iPSCs
derived from old male and female healthy subjects has been
reported (Rodriguez-Traver et al,, 2020) that can be used as
controls for other disease lines derived from geriatric patients
and for studying the roles of SOX TF in neurodegenerative
disorders and aging.

Traditionally, brain diseases have been generally assigned to
malfunction or loss of neurons. However, in the last decade,
it has been shown that astrocytes play essential roles in the
regulation of various brain functions. Astrocytes process and
control synaptic information, modulate synaptic formation and
elimination at all stages of development and in adulthood
(Volterra and Meldolesi, 2005). Patient-specific iPSC-based
models as human platforms for research accelerated the study
of molecular mechanisms underlying neurogenesis, synapse
formation, maintenance and plasticity (Oksanen et al., 2019).
However, whether astrocytes contribute to the pathology of
underlying brain disorders and potential contribution of SOX
TFs to the pathologies is yet to be discovered. Accordingly,
astrocytes became a promising target for drug discovery and the
development of novel therapies.

Furthermore, wide spectrum of neurological and
neurodegenerative conditions are consequence of neuron
loss after ischemic injury. Although increase in neurogenesis
is detected in response to injury, the capacity for restoring
neurological function in damaged areas is limited (review

in Dillen et al, 2020). Accordingly, iPSCs can be used for
developing effective therapies aimed to increase neurogenesis
by modulating SOX gene expression toward enhancement of
regenerative potential for repair of damaged or aged neural cells.

Most recently advances in biotechnology, including stem
cell propagation and novel biomaterials enable development
of 3D models for studying human brain development. Brain
organoids represent 3D-aggregates generated from human
pluripotent cells (ESCs and iPSCs) resembling the embryonic
human brain regarding the cell types, cells’ architectures
and maturation (Eiraku et al, 2008; Pasca et al., 2015).
The 3D models, ranging from region-specific organoids to
more complex whole-brain organoids, are mimicking cell
interactions and interconnectivity between multiple brain regions
(Lancaster and Knoblich, 2014; Xiang et al., 2020) providing
novel tools for studying more complex phenotypes involving
different neuronal networks, tissue architecture, and organ
morphogenesis (Baldassari et al., 2020). Advances in 3D
modeling including extracellular matrix composition, optimized
media transitions and agitation of the tissues led to the
formation of cerebral organoids with various brain region
identities. These advances revealed the remarkable fidelity with
which organogenesis can occur in vitro leading to accurate
modeling of events occurring during the first half of gestation
in humans (reviewed in Chiaradia and Lancaster, 2020).
While cerebral organoids are capable to spontaneously acquired
forebrain, midbrain and hindbrain identities, it is feasible to
generate particular brain regions of interest by applying novel
modified protocols for guiding and directing regional identity
(Kadoshima et al., 2013; Pasca et al., 2015; Tanaka et al,,
2020). Brain organoids recapitulate many features of the fetal
human brain, including cytoarchitecture, cell diversity and
maturation and comprise a variety of cell types comparable,
to some extent, to the complex composition of the cells
present in the brain (reviewed in Chiaradia and Lancaster,
2020). Importantly, spontaneous neuronal activity has been
detected in brain organoids suggesting the existence of functional
communication among neuronal cells (Lancaster et al.,, 2013).
Brain organoids have been used for modeling neurological
diseases and NDDs, providing remarkable advantage in studying
diseases in vitro, in a 3D environment resembling the affected
tissue (reviewed in Chiaradia and Lancaster, 2020). The
position of organoids at the interface of in vitro and in vivo
neurobiology makes them a unique model system that will
provide further progress in understanding brain development
(Chiaradia and Lancaster, 2020). Combined with single cell
transcriptomics technology, the brain organoids would enable
to decipher cellular heterogeneity and transcriptional landscape
at single cell resolution. These novel tools will open innovative
approaches for studying the roles of SOX TFs in brain
development at the single cell level in physiological and
pathological conditions.

In the past decade, the “omics” technologies, such as
genomics, transcriptomics, miRNomics, and proteomics have
become integrated parts of the research in biology and medicine,
enabling progress in collecting, processing and integrating huge
amounts of health-related information (D’Adamo et al., 2020).
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While genomic analyses provide the insight into variation
at DNA level, RNAseq data reveal transcriptome diversity in
patients compared to healthy controls. For instance, integrative
transcriptomic analysis may lead to the identification of key
deregulated candidate genes and pathways shared between
various developmental disorders. Such innovative approach
may help in identifying novel roles of SOX proteins in
pathology of NDDs.

Advance in proteomic technologies enables mapping of
specific gene interactome providing the insights into the
network of interacting partners. Thus, the study of Nanog
interactome identified SOX2 as interacting factor (Gagliardi et al.,
2013). Mapping the interactome of specific SOX protein will
provide deeper insight into interacting factors and disruption
of interactions in diverse pathological conditions. Appropriate
bioinformatics analysis will reveal networks of TFs and signaling
pathways differentially regulated between different cell states.
Such analysis will identified position of SOX proteins within
signaling cascades active in particular cell context and pinpoint
their functionally relevant links in complex regulatory networks.

Although many important roles during neural development
have been assigned to SOX TFs, we strongly believe that many
novel functions are yet to be discovered.
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Transcriptional regulation is essential for the correct functioning of cells during
development and in postnatal life. The basic Helix-loop-Helix (obHLH) superfamily of
transcription factors is well conserved throughout evolution and plays critical roles in
tissue development and tissue maintenance. A subgroup of this family, called neural
lineage bHLH factors, is critical in the development and function of the central nervous
system. In this review, we will focus on the function of one subgroup of neural lineage
bHLH factors, the Neurod family. The Neurod family has four members: Neurodd,
Neurod2, Neurod4, and Neurod6. Available evidence shows that these four factors are
key during the development of the cerebral cortex but also in other regions of the central
nervous system, such as the cerebellum, the brainstem, and the spinal cord. We wiill
also discuss recent reports that link the dysfunction of these transcription factors to
neurological disorders in humans.

Keywords: bHLH factor, neurod family, brain development, neurological diseases, transcription factors

INTRODUCTION

The interest to understand the molecular mechanisms that generate our central nervous system
has never been greater, as the intensive work of clinicians, neurologists, and developmental
biologists demonstrate that several naturally occurring neurological disorders originate from
deficits impairing brain development in humans (Ross and Walsh, 2001; Subramanian et al.,
2019). This can be particularly seen in disorders affecting the development of the cerebral cortex,
which are frequently associated with seizures both in childhood and in adult life (Subramanian
et al., 2019). Furthermore, cognitive disorders ranging from mild to severe intellectual disability
and autism are also concomitant features of cortical neurodevelopmental disorders (Guerrini and
Dobyns, 2014). The advent of novel and powerful human genetics is greatly contributing to the
identification of rare and common disease-causing variants disrupting the normal development
of the nervous system (Ku et al, 2010; McCarthy and MacArthur, 2017; Niemi et al., 2018;
Momozawa and Mizukami, 2021). Many of these underlie the elementary mechanisms acting on
neurogenesis, neuronal differentiation, fate acquisition, dendritogenesis, axonal navigation, and
synapse formation (Cardoso et al., 2019; Wang et al., 2019; Parenti et al., 2020).

Development of the central nervous system in humans, as in many other species,
is an elaborated process that begins during an early fetal stage, for instance in the
third gestational week in humans or by embryonic day 11 in mice (Bayer and Altman,
2007). It initiates with the formation of the neural tube and the differentiation and
specification of neural progenitor cells that, subsequently, lead to the genesis of differentiated
neurons in a process called neurogenesis that culminates in the early postnatal life
in humans, but can span throughout the adult life in other species, such as rodents
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(Altman and Das, 1965; Johnson, 2001; Bayer and Altman,
2007; Stiles and Jernigan, 2010; Silbereis et al., 2016; Sorrells
et al., 2018; Buffalo et al., 2019; Petrik and Encinas, 2019).
The specification of neural progenitor cells and their activation
to self-renew and/or to differentiate in more committed
progenitors and neurons is mediated by extrinsic and intrinsic
molecular mechanisms (Go6tz and Sommer, 2005; Urbdn and
Guillemot, 2014; Gotz et al, 2016; Oproescu et al., 2021).
The intrinsic mechanisms that direct neural progenitor cell
progression and differentiation rely on the coordinated function
of multiple transcription factors that determine their identity
and, simultaneously, the suppression of their progenitor cell
programs (Schuurmans et al., 2004; Britz et al.,, 2006; Hevner
etal., 2006; Davidson, 2010; Hodge and Hevner, 2011; Busskamp
et al., 2014; Ware et al., 2016; Mall et al., 2017; Lee et al., 2019).

In the developing nervous system, proneural basic Helix-
loop-Helix (bHLH) transcription factors are master regulators
of cell proliferation and key in neuronal differentiation and
specification (Dokucu et al., 1996; Sommer et al., 1996; Bertrand
et al, 2002). Among these factors, the Neurod family stands as
a critical regulator of neuronal progenitor cell differentiation
and neuronal specification in the cerebral cortex, as well as in
other regions of the nervous system such as the cerebellum, the
brainstem, and the spinal cord. The Neurod family is composed
of four members, Neurod1, Neurod2, Neurod4, and Neurodé.

In this review, we will discuss on the function of bHLH
factors in neuronal development and particularly focus on
the Neurod family in the development of cerebral cortex
(including neuronal fate specification, dendritogenesis, and
axonal navigation), as well as on the function of these factors in
the development of other areas of the central nervous system.
In addition, we will discuss Neurod disease-causing variants
found in patients presenting with neurological disorders, such as
Alzheimer’s disease.

bHLH TRANSCRIPTION FACTORS AND
THE NEUROD FAMILY

The bHLH superfamily of transcription factors contains
numerous genes crucial for the regulation of gene expression in
most eukaryotic organisms. These factors are classified according
to the similarities in their protein structure and the characteristic
presence of a basic domain that directly binds to chromatin as
well as a Helix-loop-Helix (HLH) domain that comprises of a
non-conserved loop region connecting to alpha-helices (Chien
et al., 1996; Bertrand et al., 2002). The bHLH domain was first
identified by Murre and colleagues using early, but sophisticated,
oligonucleotide screening procedures on Igtl1 expression clones
(Murre et al., 1989). The protein sequence characteristic of the
bHLH domain consists of about 60-100 amino acids. bHLH
factors are known to heterodimerize with other bHLH factors,
using their non-conserved loop region, to form a functional DNA
binding unit. Upon forming heterodimers, bHLH transcription
factors are capable to bind to E-box motifs on chromatin,
which display the consensus sequence CANNTG (Longo et al,,
2008). The central “NN” and flanking nucleotides are believed

to confer the DNA-binding specificity shown by bHLH proteins
(Ellenberger et al., 1994; Bertrand et al., 2002).

The bHLH superfamily of transcription factors is well
conserved throughout evolution and was first identified in
animals, although recent investigations have started to reveal
their presence and function in other organisms that range from
yeast to plants (Murre et al, 1994; Zhang T. et al, 2018).
Phylogenetic analysis of the bHLH superfamily using seven
different species (human, mouse, rat, worm, fly, yeast, and plant
Arabidopsis) has revealed over 600 members belonging to this
family (Stevens et al., 2008). Unsurprisingly, the number of
bHLH genes increases with the complexity of the organism, for
instance, the smaller number of bHLH genes, 38, is found in
Caenorhabditis elegans, around 58 in Drosophila melanogaster,
117 in the Mus musculus, and approximately 130 in Homo sapiens
(Ledent et al., 2002; Skinner et al., 2010).

In 1989, Murrey and others first classified bHLH transcription
factors according to their expression pattern into two classes: a
class A (with ubiquitous expression) and a class B (with tissue-
specific expression; Murre et al., 1989). This classification has
been further expanded using large-scale phylogenetic analyses
comparing the bHLH domains (Sun and Baltimore, 1991;
Atchley and Fitch, 1997; Meredith and Johnson, 2000; Dennis
et al,, 2019). A more recent phylogenetic classification done
by Skinner and colleagues has related bHLH factors into
five distinct clades, in which clade A contains neural lineage
genes such as Neurod, Neurogl, Ascll, and Atohl; or clade C
that contains muscle-specific genes such as Myodl or Myf5
(Skinner et al., 2010).

Neural lineage bHLH transcription factors participate in
the regulation of cell survival, differentiation, migration,
and fate specification during neural development and in
postnatal life. These factors oftentimes have overlapping
functions but can be further subdivided into: (i) proneural or
determination factors (usually expressed in progenitor cells)
and (ii) differentiation factors [predominantly expressed in
postmitotic neurons (Bertrand et al., 2002)].

(i) Promeural factors. They represent a small subset of the
neural lineage bHLH factors which are preferentially expressed in
multipotent precursor cells. They control and direct progenitor
cell decisions as well as the cellular fate choices to undergo
glial or neuronal differentiation. An interesting trait of these
transcription factors is their pioneering function to remodel
chromatin and their capacity to reprogram non-neuronal
differentiated cells into neurons (Wapinski et al., 2013, 2017;
Pataskar et al., 2016; Guillemot and Hassan, 2017). Members of
this group include the genes Neurodl, Neussrod4, Ascll, Neurogl,
and Neurog2.

(ii) Differentiation factors. These genes encompass most
of the neural lineage bHLH transcription factors and are
predominantly expressed by differentiated neurons, in
which they regulate fate specification and neuronal identity
maintenance. Members of this group include Neurodl, Neurod2,
Neurod6, Bhlhe22.

The Neurod family contains four closely related proteins:
Neurodl, Neurod2, Neurod4, and Neurod6. The expression
pattern of these genes is highly overlapping but not identical
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FIGURE 1 | Developmental expression of the Neurod family during cortical development of mice. (A) Schematic representation of the cortical development in mice.
(Left) During early cortical development, neural progenitor cells (light green, also called radial glial cells) located in the dorsal ventricular zone (VZ) make early
decisions as to self-renew or differentiate into early born neurons (light blue). (Middle) As cortical development progress, neuronal progenitor cells increase their
choices and can then self-renew or differentiate into more committed progenitors (light orange) that populate an emerging subventricular zone (SVZ2) or into
differentiated neurons (light blue). Upon differentiation, neurons radially migrate throughout an intermediate zone (IZ) in order to populate the developing cortical plate
(gray areas), using radial glial fibers as a scaffold. (Right) According to the time of birth, cortical pyramidal neurons (dark blue) settle into their appropriate cortical layer
and start the elaboration of dendritic trees and the elongation or their axonal processes (see text). (B) Schematic display of the expression pattern exhibited by the
different members of the Neurod family during cortical development (see text). (C) Table summarizing the known functions of the different members of the Neurod
family during cortical development (see text). Panel (A) is inspired from Guo et al. (2015).

in the developing cerebral cortex (Figure 1). Expression of
these genes is abundantly present in the neuroepithelium of
the dorsal telencephalon in early development and is sustained
in the adult neocortex, hippocampus, and cerebellum (Schwab
et al., 1998). The expression of Neurodl can be first detected
around embryonic day 12 in the dorsal ventricular zone (VZ) of
mice (Bormuth et al., 2013). In the developing cerebral cortex,
Neurod] is also expressed by mitotic and early-postmitotic
neuronal cells that reside in the subventricular zone (SVZ),
which contains transit-amplifying progenitors that contribute
to the generation of most of the excitatory neurons that form
the mature cortex. In the postnatal life, Neurodl expression is
retained in the cerebral cortex, particularly in most excitatory
pyramidal neurons that form the upper-most layers of the cortex
(Lee et al., 1995; Bormuth et al., 2013; D’Amico et al., 2013).
Neurod4 expression has been reported to be confined to the
ventricular zone of the dorsal telencephalon during development
and can be detected around embryonic day 12/13 in mice (Mattar
et al., 2008). The other two members of the Neurod family,

Neurod2 and Neurod6, display a highly overlapping expression
pattern that appears in the mouse cerebral cortex around
embryonic day 12 (Bormuth et al., 2013). Interestingly, both
transcription factors are abundantly expressed by postmitotic
pyramidal neurons during embryonic development, albeit their
expression levels decline in the postnatal life. Neurod6 seems
to be selectively expressed in a subset of pyramidal neurons,
specifically those residing in the deeper layers of the adult
mouse cortex; whereas Neurod2 is expressed by all cortical
pyramidal neurons irrespectively of their laminar position
(Bormuth et al., 2013).

NEUROD FAMILY IN CORTICAL
DEVELOPMENT AND CORTICAL
FUNCTION

Pyramidal neurons (also known as cortical projection cells)
are generated from progenitor cells located in the ventricular
and subventricular zone of the dorsal telencephalon (see
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Figure 1; reviewed in Gotz and Sommer, 2005; Elston and
Fujita, 2014; Agirman et al, 2017). Soon after leaving the
cell cycle, pyramidal neurons initiate a radial migration using
the fibers of neighboring radial glial cells as a scaffold and
cross an intermediate zone (IZ) on their way to reach their
final destination within the developing cortex (reviewed in
Rakic, 1995; Kriegstein and Noctor, 2004; He et al., 2015).
After completing radial migration, pyramidal neurons settle in
the cortical plate (CP) and undergo terminal differentiation
(Gutierrez et al., 2004; Bianchi et al., 2013; Elston and Fujita,
2014). An interesting trait in cortical development is that the
distinct projection neurons that form the mature cerebral cortex
do not develop simultaneously but rather they are generated
and migrate in a temporal order to populate the cortical
plate in an inside-first and outside-last manner (reviewed in
Angevine and Sidman, 1961; Rakic, 1974; Noctor et al., 2001;
Buchsbaum and Cappello, 2019). This means that neurons
residing in the deepest layers of the mature cerebral cortex are
generated first during development and settle in the deepest
part of the developing cortex. After pyramidal neurons form
the deep layers of the cortex, superficially located projection
neurons are generated and radially migrate to populate their
corresponding upper layers (Rakic, 1974, 1995; Noctor et al,
2001; Kriegstein and Noctor, 2004; He et al., 2015). Once
in the cortical plate, pyramidal neurons initiate dendritic
arborizations and the projection of their axonal processes in a
stereotyped manner, that is, they start with their axon outgrowth,
fasciculation, pathfinding, and targeting of their appropriated
neuronal partners (Figure 1).

bHLH genes cooperate to control transcriptional programs
that select different aspects of neural progenitor cell biology
and effectively determine neuron subtype identity. Proneural
bHLH genes in the telencephalon, such as Neurogl and
Neurog?2, activate transcriptional cascades of gene expression in
progenitor cells that eventually lead to their terminal neuronal
differentiation (Ge et al., 2006). Neurogl and Neurog2 also
contribute with the dorsalization of the telencephalon by
suppressing the ventralization factor Ascll (Fode et al,
2000). The expression of Neurog 1 and Neurog2 is primarily
restricted to the dorsal ventricular zone, although a few
Neurog2 expressing cells can be observed outside this
area (Ge et al, 2006). An important instructive function
of Neurog2 is to promote a cortical neuron identity in
differentiating cells of the dorsal telencephalon. Neurod4 is
a known target of Neurog2 and dimerizes with it, forming
Neurog2/Neurod4 heterodimers (Mattar et al, 2008).
Neurog2/Neurod4 heterodimers accelerate the expression
of particular transcriptional programs in the cortex that
regulate neurogenesis. Mattar et al. (2008) have also shown that
NeuroD4 and Neurog2 can independently act to regulate gene
expression, albeit with a temporal delay. Similarly, Neurod4 can
also form heterodimers with Neurogl which are required
for habenular neurogenesis. In the habenula, Neurod4 and
Neurogl depend on Pax6 expression downstream of Sonic
hedgehog (Halluin et al., 2016).

Interestingly, the phosphorylation of Neurod4 limits its
ability to drive neuronal differentiation during neurogenesis,

which implies that post-transcriptional modifications finely tune
the activity of bHLH transcription factors, such as Neurod4
(Hardwick and Philpott, 2015; Hardwick et al., 2019). In
this context, a phospho-mutant Neurod4 increases its protein
stability and enhances its chromatin binding when compared
to wild-type Neurod4, which results in a transcriptional
up-regulation of a wide range of target genes (Hardwick and
Philpott, 2015). Lastly, Neurod4 has also been reported to be
capable to reprogram human and mouse astrocytes, and when it
is co-expressed with Insm]l it is capable of driving glutamatergic
neuron maturation (Masserdotti et al., 2015).

In the developing neocortex, Neurodl has been shown
to promote terminal neuronal differentiation in progenitor
cells, although there exists a hierarchy in the sequential
activation of transcription factors that regulate the transition
from precursor cells to differentiated pyramidal neurons
(Hevner et al., 2001, 2006; Muzio et al., 2002a,b; Hodge
et al.,, 2008; Hodge and Hevner, 2011). Indeed, the sequential
expression of the transcription factors Pax6 — Neurog2 —
Tbr2 — Neurodl — Tbrl correlates with the transition
from primary progenitor cells into intermediate progenitors
and ultimately into the generation of newborn glutamatergic
pyramidal neurons. Outside the cerebral cortex, Neurodl has
also been shown to induce terminal neuronal differentiation. For
instance, Boutin et al. (2010), using the olfactory periglomerular
neuron lineage in vitro, showed that expression of Neurodl
alone suffices to induce terminal differentiation in olfactory
periglomerular progenitor cells (Boutin et al., 2010). In vivo,
Neurodl overexpression in the periventricular region leads to
the rapid appearance of postmitotic cells with morphological
and molecular characteristics of mature neurons both in the
subventricular zone and rostral migratory stream (Boutin et al.,
2010). The function of Neurod1 in promoting terminal neuronal
differentiation seems to be conserved in evolution and has
been reported even in lower organisms like the worm C. teleta
(Sur et al., 2017). Environmental enrichment also seems to
induce Neurodl expression in the forebrain and to enhance
neuronal activity. For example, studies in the juvenile Atlantic
salmon (Salmo salar) showed that environmental enrichment
upregulates Neurodl expression in their forebrain, which
greatly improves their learning abilities (Salvanes et al., 2013).
In mice, environmental enrichment leads to an increase in
hippocampal volume and enhances dorsal-ventral differences in
DNA methylation, including binding sites recognize by Neurod1,
which seem to greatly promote adult neurogenesis (Zhang T.-Y.
et al., 2018). In adult humans, NEURODI expression increases
in the cerebral cortex after a traumatic injury, which might
indicate a protective mechanism play by Neurod1 in the postnatal
cerebral cortex (Zheng et al., 2013).

Neurogl and Neurog2 play an important function in
suppressing RhoA expression just as cortical progenitor cells are
about to leave the cell cycle, and this suppression is maintained
in postmitotic neurons by the direct action of Neurod1 (Ge et al,,
2006). The suppression of RhoA is critical for the migration
of pyramidal neurons into the cortical plate (Ge et al., 2006).
On the way to the cortical plate, pyramidal neurons also
require Reelin, a protein secreted by the Cajal-Retzius cells
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that locate in the superficial marginal zone of the developing
cortex. Neurod2 has been shown to control pyramidal neuron
migration and Reelin signaling by direct regulation of Cdk5r1,
Lrp8 and the transcription factor Cux1, which in turn controls
the differentiation of the upper layer (2/3 and 4) neurons
(Bayam et al., 2015).

Neurod2 and Neurod6 are essential regulators of axonal
navigation and axonal fasciculation in the mouse neocortex.
For instance, the anterior commissure and the corpus callosum
fiber tracts, which communicate the two cerebral hemispheres,
are completely absent in Neurod2 and Neurod6 double mutant
mice (Bormuth et al.,, 2013). Detailed inspections in Neurod2
and Neurod6 double mutant mice showed that callosal axons
defasciculate in the subventricular zone during development
and follow random trajectories into the ipsilateral cortex
rather than growing toward the midline to contralaterally
decussate (Bormuth et al., 2013). These axonal defects have
been correlated with the dysregulation of the cell adhesion
protein Cntn2 and the axonal receptor Robol (Bormuth et al.,
2013). Furthermore, Neurod2 mutant mice also exhibit deficits
in their thalamocortical projections to different cortical areas,
such as the somatosensory barrel cortex (Ince-Dunn et al,
2006). Furthermore, the ablation of Neurod2 and Neurod6 also
results in reduced numbers of functional glutamatergic synapses
and, consequently, in a diminished excitatory cortical network
(Bormuth et al., 2013).

The development of dendrites and synapses is a fundamental
process in the establishment of neuronal polarity and
connectivity. In this regard, Neurod2 has been shown to regulate
the structural and functional maturation of the hippocampal
mossy fiber synapses via the regulation of the synaptic scaffolding
protein PSD95 (Wilke et al., 2012). Neurodl and Neurod2 can
abrogate GABAergic differentiation directed by Ascll, a
well-known bHLH transcription factor critical for GABAergic
neuron development. Furthermore, the forced expression
of Neurod2 in progenitor cells of the ventral telencephalon is
sufficient to prevent their normal differentiation into GABAergic
neurons (Roybon et al., 2010). In addition, Neurod2 regulates
calcium signaling and homeostasis of mature neurons by
controlling the expression of the Stiml gene that encodes for
an ER calcium sensor (Guner et al., 2017). Abnormal dendritic
spine remodeling and turnover from postnatal day 30, and
onwards, was reported in Neurod2 mutant mice, particularly in
apical tuft dendrites of pyramidal layer 5 projection neurons of
the somatosensory cortex (Runge et al., 2020a). Thus, Neurod2 is
a nexus in the gene network that controls spine turnover in the
postnatal cortex (Runge et al., 2020Db).

Neural progenitor cells in the dorsal ventricular zone of
the telencephalon also express Neurod6, some of which move
into the subventricular zone and undergo multiple rounds
of symmetrical and/or asymmetrical cell divisions to produce
the set of neurons that reside in the upper cortical layers.
Neurod6 positive progenitor cells in the subventricular zone
are committed to generate glutamatergic neurons and might
have evolved to expand the number of pyramidal neurons in
the mammalian forebrain (Wu et al., 2005). Neurod6 has been
shown to be central in the mitochondrial biogenesis during

the early stages of neuronal differentiation. At these stages,
Neurod6 appears to stimulate a maximal mitochondria mass
accumulation which correlates with the onset of differentiation
and lamellipodia formation in the axonal growth cone, as
well as at the regions of axonal branching. This seems to be
achieved by the transcriptional regulation of Neurod6 on genes
encoding for cytoskeletal proteins, mitochondrial trafficking,
regulators of membrane potential, and mitochondria chaperones
(Uittenbogaard and Chiaramello, 2002, 2004, 2014; Kathleen
Baxter et al., 2009; Uittenbogaard et al., 2010a,b; Baxter et al,,
2012).

Neurod6 might also confer cellular tolerance to mitochondrial
stressors and oxidative stress, which is critical to prevent
neurodevelopmental disorders and neurodegenerative diseases,
such as the autism spectrum disorder or Parkinson’s disease.
The long-term consequences of early life stress on adult
pathological states are associated with significant changes
in DNA methylation and deregulation of miRNAs. miR-
30a-5p regulates hundreds of downstream targets, including
Neurod6, which may represent an important biological signature
associated with the risk to develop psychiatric disorders as
a consequence of exposure to early life adversities (Cattaneo
et al., 2020). Neurodl has also been shown to be critical for
neuronal plasticity and increased levels of Neurodl expression
are triggered in the murine hippocampus after chronic or mild
stress (Boulle et al., 2014). During neuronal differentiation, DNA
demethylation-reprograming events are also associated with
Neurod2 genome-wide binding (Hahn et al., 2019). In particular,
it has been shown that highly methylated genomic regions in
neuronal progenitor cells become demethylated after the onset of
Neurod2 expression, and this coincides with the transition from
proliferative progenitor state to differentiated neurons (Hahn
et al,, 2019). Furthermore, it has also been recently reported that
maternal hyperglycemia increases H3K14 acetylation levels at
Neurogl and Neurod2 binding sites. Enhanced and premature
expression of Neurogl and Neurod2 eventually leads to an
earlier differentiation of progenitor cells, which accelerates
the genesis of newborn neurons in the cerebral cortex (Ji
et al, 2019). Therefore, Neurod factors appear to display a
pioneer function in remodeling chromatin. In keeping with
this, Pataskar et al. (2016) recently demonstrated the pioneer
function of Neurodl in chromatin remodeling (Pataskar et al,,
2016). The pioneer function of Neurodl seems to be responsible
for the potentiation of mineralocorticoid receptor-mediated
transcription in the hippocampus, which has been suggested to
act as a neuronal protective mechanism against the development
of psychopathologies and, in particular, mood disorders (van
Weert et al.,, 2019). In addition, Neurodl has also been shown
to reprogram striatal non-reactive astrocytes into neurons, albeit
the reprogramming function of Neurodl seems to be less
efficient in cortical non-reactive astrocytes (Agirman et al., 2017;
Liu et al., 2020).

Over two decades ago, Schwab et al. demonstrated that
Neurodl and Neurod6 are required for terminal neuronal
differentiation in the hippocampus (Schwab et al, 1998,
2000). In Neurodl and Neurod6 double mutant mice, the
granule cells that are destined to populate the hippocampal
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dentate gyrus can be generated, but they fail to properly
mature and display several phenotypes that include the lack
of normal sodium currents, small dendritic arborization, and
alterations of the entorhinal and commissural axonal projections
(Schwab et al., 2000). Neurodl has also been reported to play
key functions in the survival and differentiation of newborn
neurons in the subgranular and subventricular zones of the
adult hippocampus (Gao et al., 2009). In keeping with this data,
Roybon and others have also reported a key regulatory role for
the Neurog2 and Neurod1 heterodimer complexes in controlling
neuronal commitment and hippocampal neuroblast formation
both in embryonic and in postnatal neurogenesis (Roybon et al.,
2009). Specifically, Neurog2 and Neurodl heterodimers control
progenitor cell production and the amplification of granule
neuron progenitors, but they are not required for the acquisition
of their granule cell identity (Roybon et al, 2009). In the
hippocampus, Neurodl seems to induce the cell cycle exit of
progenitor cells and to promote a rapid neuronal maturation
of their progeny, maturation that seems to be reinforced by the
expression of Neurod2 in differentiated hippocampal neurons
(Roybon et al., 2009).

NEUROD FAMILY IN THE DEVELOPMENT
OF THE POSTERIOR NEURAL TUBE

The Neurod family also plays critical functions in the
development of the posterior nervous system, that is the
cerebellum, brainstem, and the spinal cord. After the onset
of neural induction, the brainstem and spinal cord adopt
their posterior identity by responding to instructive patterning
signals generated from specialized cell centers located within the
neural tube as wells as in surrounding tissues. These patterning
centers produce fibroblast growth factors, bone morphogenetic
proteins, retinoids, and Wnt proteins, which are capable to
diffuse over long distances to carry out their instructive function
(Doniach, 1995; Lumsden and Krumlauf, 1996; Stern, 2005). The
most salient outcome of this early patterning is the generation
of distinct anterior-posterior segments characterized by and
overlapping as well as differential expression of transcription
factors, predominantly members of the Hox family (Philippidou
and Dasen, 2013). In the brainstem, for example, seven units
called rhombomeres (rhombomere 1-7) develop, whereas four
units (cervical, thoracic, lumbar, and sacral) are specified in
the spinal cord of humans and mice (Trainor and Krumlauf,
2000). Each rhombomeric and spinal cord unit is further
patterned along their dorsoventral axis by the action of diffusible
morphogens emanating from a dorsal and a ventral group of
specialized cells that act as organizers, the roof, and floor plate.
These two organizers antagonistically act and exert their function
via the secretion of Sonic hedgehog (by the floor plate) and
bone morphogenic proteins and Wnt proteins (by the roof plate;
Roelink et al., 1995; Liem et al., 1997; Ulloa and Marti, 2010).
These signals diffuse from the roof and floor plate forming
concentration gradients that differentially act upon progenitor
cells located at different distances from the signal source and
along the dorsal-ventral axis of the neural tube. It is thus the
spatial position of progenitor cells within the neural tube that

determines their response to morphogenic signals. Progenitor
cells then respond to these signals, in a dose-dependent manner,
and differentially express particular sets of transcription factors,
among these the Neurod family and several other bHLH factors.

This is the case of the cerebellum that develops from the
dorsal part of rhombomere 1 (known as the cerebellar anlage),
which directly receives instructive signals from the roof plate
(Millet et al., 1996; Broccoli et al., 1999; Chizhikov et al., 2006;
Butts et al., 2014a,b). The cerebellar anlage contains two distinct
germinal zones, the ventricular zone and the rhombic lip, which
produce all GABAergic and glutamatergic cerebellar neurons,
respectively (Hallonet et al., 1990; Alder et al., 1996; Wingate and
Hatten, 1999; Hoshino et al., 2005; Millen et al., 2014; Yamada
et al., 2014). Rhombic lip progenitor cells generate three distinct
neuronal populations in a stereotyped temporal order. The first
generation of glutamatergic neurons occurs between embryonic
days 10.5 and 13.5 (in mice), and during this period deep
cerebellar neurons are generated. A subsequent generation of
glutamatergic neurons occurs between embryonic day 13.5 and
birth, throughout this time external granular cell layer cells
become specified, these cells are the precursors of the granule
cells that develop in the early postnatal life. Lastly, unipolar brush
cells become specified from the rhombic lip between embryonic
day 15.5 and the first day of postnatal life (Ben-Arie et al., 1997;
Gazit et al., 2004; Machold and Fishell, 2005; Englund et al., 2006;
Fink et al., 2006; Machold et al., 2011; Yamada et al., 2014).

The generation of deep cerebellar neurons seems to largely
depend on the action of the bHLH factor Olig3 (Lowenstein
et al.,, 2021), whereas the production of external granular layer
cells and unipolar brush cells is regulated by the bHLH factor
Atohl (Ben-Arie et al., 1997; Gazit et al., 2004; Machold and
Fishell, 2005; Wang et al, 2005). Neurodl has long been
known to play a critical role in the differentiation of granule
cells, mainly in postnatal life (Gao et al, 2009). Deletion
of Neurodl greatly disrupts differentiation of these cells by
prolonging the proliferation of their external granular layer
cell progenitors and, in parallel, by inducing apoptosis in the
developing cerebellum (Miyata et al., 1999; Pan et al., 2009).
The extended proliferation and lethality of Neurodl-deficient
external granular layer cell progenitors might result from the
loss of the pioneer and proneural function that Neurodl exerts
in these progenitor cells by mediating, among other molecular
cascades, the expression of different elements of the Notch
signaling pathway (Pataskar et al., 2016). Indeed, expression of
Neurod1 is known to drive terminal neuronal differentiation in
external granular layer cell progenitor cells both in development
and in the postnatal life of mammals and other vertebrates, such
as in Xenopus (Cho and Tsai, 2004; Boutin et al., 2010; D’Amico
et al.,, 2013; Butts et al., 2014a; Hanzel et al., 2019). Furthermore,
a recent report shows that elevated levels of NeurodI expression
are sufficient to drive medulloblastoma cells into granule cell
differentiation, which demonstrates that Neurodl overrides
oncogenic mutations present in medulloblastoma cells (Cheng
et al, 2020). In spite of the substantial knowledge gained
from the study of Neurod1 function in cerebellar development,
less is known about the function of other members of the
Neurod family in cerebellar development and cerebellar function.
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However, an early study using Neurod2 mutant mice showed that
these mutants correctly develop until about the second week of
postnatal life, after which they began exhibiting ataxia and the
failure to thrive, which seems to be indicative of a cerebellar
dysfunction (Olson et al., 2001). More recently, Pieper and
colleagues (2019) reported on a critical function of Neurod2 in
promoting survival of both granule cells and inhibitory neurons
(particularly basket and stellate cells) that originate from the
ventricular zone (Pieper et al., 2019). The analysis of Neurod2
mutant mice seems to indicate that Neurod2 might have an
important function in cerebellar inhibitory neuron function, as
well as in the axonogenesis and synaptic formation of inhibitory
cerebellar neurons onto Purkinje cells (Pieper et al., 2019).

Work over the last two decades has also shown the great
influence of the Neurod family in other regions of the posterior
nervous system, which include the midbrain, the hindbrain,
and the spinal cord. Progenitor cells in the ventral midbrain
express high levels of Neurodl, and the combinatorial expression
of Neurodl with other bHLH factors sub-specifies different
neuronal populations emanating from this area, some of which
retain Neurodl expression (Park et al., 2006; Arimura et al,
2019; Asgrimsdéttir and Arenas, 2020; Poulin et al., 2020).
Furthermore, Neurod1 and Neurodé6 have been recently reported
to have a critical function in the development of particular
dopaminergic midbrain neurons (Khan et al., 2017). Specifically,
Khan and colleagues analyzed Neurod6 and Neurodl double
mutant mice, and found that these genes are required for the
survival of dopaminergic midbrain neurons located in the ventral
tegmental area, particularly those that project to the intermediate
and dorsal regions of the septum (Khan et al., 2017).

Unlike the neurogenic function that the Neurod family
has in the developing cortex, cerebellum, and the midbrain;
in the hindbrain and spinal cord Neurodl, Neurod2 and
Neurod6 seem to mainly regulate the correct specification of
discrete subpopulations of inhibitory interneurons (Hernandez-
Miranda et al., 2017). In the hindbrain and spinal cord, Ptfla-
expressing progenitor cells generate all inhibitory neurons, which
are known to co-express the homeodomain proteins Lbx1, Pax2,
and Lhx1/5. Interestingly, these inhibitory interneurons do not
uniformly maintain the expression of these transcription factors
during their maturation and greatly vary in their expression,
indicating that differential expression of such factors might
reflect distinct subpopulations of inhibitory neurons (Pillai
et al., 2007). Indeed, available evidence illustrates that Neurodl,
Neurod2, and Neurodé6 secure the specification of dynorphin+
and galanin+ inhibitory interneurons, whereas Lhx1/5 instruct a
NPY+ inhibitory fate (Brohl et al., 2008).

NEUROD GENES IN HUMAN
NEUROLOGICAL DISORDERS

The first report of human patients with a mutation on a gene
of the Neurod family came in 2010 by Rubio-Cabezas and
others (Rubio-Cabezas et al., 2010). In this study, the authors
reported on two distinct homozygous mutations in NEURODI
that were found in two unrelated probands diagnosed with
permanent neonatal diabetes and neurological abnormalities.

The identified mutations correspond to frameshift mutations
that predictably generate truncated proteins, without affecting
their DNA-binding domain. Neurologically, both patients
presented with learning difficulties, cerebellar hypoplasia,
profound sensorineural deafness, and visual impairment due
to severe myopia and retinal dystrophy. Thus, the deficits
observed in NEURODI-deficient patients resemble those seen
in Neurodl mutant mice, which include pronounced cortical,
cerebellar, brainstem, and spinal cord impairments (see above).
More recently, Sega and colleagues found de novo mutations
in NEUROD?2 in two unrelated children diagnosed with early
infantile epileptic encephalopathy and developmental delay
(Sega et al, 2019). In keeping with this, an early onset of
epilepsy has also been described in Neurod2 deficient mice
(Chen et al, 2016). In this context, Chen et al. suggested
that Neurod2 tightly controls the inhibition/excitation balance
of neuronal transmission in the mature cortex. Furthermore,
deficiencies of Neurod2 function in the mouse brain cause a
decrease in the cell-intrinsic excitability of excitatory pyramidal
neurons (Chen et al., 2016). There are two transcriptional targets
of Neurod2 that may contribute to these processes: gastrin-
releasing peptide (GRP) and the small conductance, calcium-
activated potassium channel, Sk2 (Kcnn2). The expression of
both genes is greatly decreased in Neurod2 mutant mice (Chen
et al., 2016). Very recently, Runge et al. (2020b) described
seven families with pathogenic NEUROD2 mutations causing
a variety of neurological disorders, such as autism spectrum
disorders, intellectual disability, and speech delay. The authors
of this study also suggest that behavioral deficits in social
behavior, which are reminiscent of autistic disorders, can be
found in Neurod2 mutant mice. In addition, Spellman et al.
identified a direct association of NEUROD?2 gene polymorphisms
with changes in cognitive functions present in schizophrenic
patients treated with antipsychotic drugs (Spellmann et al,
2017). It has also been shown that the lateral and basolateral
amygdala nuclei fail to form in Neurod2 mutant mice, and
that these mice display deficits in emotional learning (Lin
et al., 2005). In particular, Lin et al., found that Neurod2 is
required for amygdala development and the regulation of the
AMPA receptor, the y subunit of the GABAA receptor, and
the gene Ulipl, which are all involved in emotional learning
(Lin et al., 2005).

The most salient phenotype arising from the loss of
NEUROD! in humans is epilepsy. In mice, the ablation of
Neurodl produces an epileptogenic phenotype associated with
a malformation of the hippocampal dentate granule cell layer,
which seems to result from an excessive cell death of the neurons
forming this layer (Liu et al., 2020). Impaired neurogenesis
and decreased expression of NEURODI/Neurodl have also
been demonstrated in the hippocampus of the Huntington’s
disease R6/2 mouse model and in differentiated neural cultures
derived from Huntington’s disease patients (Fedele et al,
2011). NEURODG6 has been recently identified as a possible
biomarker for the diagnosis of Alzheimer’s disease. Indeed, low
expression levels of NEUROD6/Neurod6 have been detected in
postmortem Alzheimer’s patients and in Alzheimer’s mouse
models using RNA sequencing datasets, microarray datasets,
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and meta-analysis (Hokama et al., 2014; Satoh et al., 2014;
Liet al., 2015).

Despite the fact that NEURODI expression levels have
been reported not to be significantly changed in Alzheimer’s
patients (Satoh et al., 2014), its overexpression into hippocampal
progenitor cells increases dendritic spine density of hippocampal
newborn neurons and results in a great improvement in spatial
memory in the Alzheimer’s disease mouse model APPxPS1
(Richetin et al., 2015). Further studies by Richetin and others
have also shown that Neurodl promotes spinogenesis and
mitochondrial availability at the vicinity of mature spines,
and that this improves the integration and survival of adult-
generated hippocampal neurons, which are severely impaired in
the APPxPS1 mouse model (Richetin et al., 2017). These results
provide a potential therapeutic approach to patients affected with
Alzheimer’s disease. The half-life of Neurodl can be increased
by blocking its ubiquitin-dependent proteasomal degradation,
which enhances the transcriptional programs mediated by
Neurod1 during neuronal differentiation, but also those involved
in neuronal maturation and synaptic transmission (de Wilde
etal., 2016; Lee et al., 2020; Pomeshchik et al., 2020). Neurod1 has
also been used to successfully reprogram reactive glial cells
functional cortical neurons in stab-injured or Alzheimer’s disease
mouse models and in adult non-human primates after ischemic
stroke, which again offers the possibility to develop new
therapeutical approaches for patients affected with Alzheimer’s
disease (Guo et al., 2014; Ge et al., 2020).

CONCLUSION

The bHLH superfamily of transcription factors is well
conserved throughout evolution and plays critical roles in
tissue development and tissue maintenance. Whereas many
bHLH transcription factors display ubiquitous expression, a
small fraction of them has a tissue-specific expression. The
question of how different members of this superfamily were
selected to carry out common and divergent cellular functions
remains to be elucidated. In the developing nervous system, the
subfamily of neural lineage bHLH transcription factors regulates
a variety of biological functions that range from progenitor cell
proliferation and survival to neuronal differentiation, neuronal
migration, fate specification, axonal navigation, dendritic
elongation, and synaptic formation. Some members of this
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Radial neuronal migration is a key neurodevelopmental event indispensable for proper
cortical laminar organization. Cortical neurons mainly use glial fiber guides, cell adhesion
dynamics, and cytoskeletal remodeling, among other discrete processes, to radially
trek from their birthplace to final layer positions. Dysregulated radial migration can
engender cortical mis-lamination, leading to neurodevelopmental disorders. Epigenetic
factors, including chromatin remodelers have emerged as formidable regulators of
corticogenesis. Notably, the chromatin remodeler BAF complex has been shown to
regulate several aspects of cortical histogenesis. Nonetheless, our understanding of
how BAF complex regulates neuronal migration is limited. Here, we report that BAF
complex is required for neuron migration during cortical development. Ablation of
BAF complex in the developing mouse cortex caused alteration in the cortical gene
expression program, leading to loss of radial migration-related factors critical for
proper cortical layer formation. Of note, BAF complex inactivation in cortex caused
defective neuronal polarization resulting in diminished multipolar-to-bipolar transition and
eventual disruption of radial migration of cortical neurons. The abnormal radial migration
and cortical mis-lamination can be partly rescued by downregulating WNT signaling
hyperactivity in the BAF complex mutant cortex. By implication, the BAF complex
modulates WNT signaling to establish the gene expression program required for glial
fiber-dependent neuronal migration, and cortical lamination. Overall, BAF complex has
been identified to be crucial for cortical morphogenesis through instructing multiple
aspects of radial neuronal migration in a WNT signaling-dependent manner.

Keywords: BAF complex, neuronal migration, cortical lamination, glial fibers, cell adhesion, Wnt signaling, cortical
development
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BAF Complex Regulates Neuronal Migration

INTRODUCTION

Neuronal migration can be considered as a patterning event
which affords gross and subtle anatomical and functional cortical
area establishment during brain development (Silva et al,
2019). For the most part, neuronal migration is the critical
process that ensures proper placement of groups of neurons
into their fated cortical laminae during morphogenesis of the
cortex. Hence, in the event of neuronal misplacement due
to abnormal migration, the cortex is mis-laminated and the
ectopic neurons become susceptible to developmental anomalies,
including abnormal differentiation, incorrect neurite formation
and synaptogenesis, and dysregulated cell death, which can
culminate in many neurodevelopmental disorders (Valiente and
Marin, 2010; Evsyukova et al., 2013; Severino et al., 2020).

The bona fide cortical excitatory neurons generated by radial
glia (RG) cells in the ventricular zone (VZ) or by neurogenic
progenitors in the subventricular zone (SVZ) of the developing
mouse cortex make challenging radial navigations from their
place of birth to reside in defined regions (layers) in the cortical
plate (CP) by means of radial migration (Noctor et al., 2001,
2002; Pontious et al., 2008). Radial migration can occur in the
form of somal translocation or locomotion (Nadarajah et al,
2001). During somal translocation, which is mainly used by
early born neurons, the nascent neuron elaborates a long leading
process anchored at the pial basement membrane. By means
of progressive traction force generated by shortening of the
long leading process, the soma of the neuron is continually
translocated to be placed in its designated cortical lamina (Miyata
etal., 2001; Nadarajah et al., 2001).

Locomotion on the other hand is a complex and multiphasic
process. Unlike somal translocation, it depends on the molecular
and structural guidance of RG fibers needed for radial
profiles of neuronal movement that largely contribute to
the formation of superficial neocortical layers (Rakic, 1972).
The locomoting neuron, mainly late-born, displays striking
morphological changes in the course of its trajectory. Notably,
during locomotion, the newborn neuron briefly attaches to its
mother glial fiber or the adjoining fiber and actively moves with
a bipolar morphology into the lower part of the intermediate
zone (IZ). In the IZ, the bipolar neuron disengages from the glial
fiber to momentarily pause radial migration. It then transitions
to or adopts a multipolar morphology with which it makes
undefined micro-movements to probably collect directional cues
for subsequent radial (oriented) migration. Upon adequate
molecular conditioning and transient NMDA receptor-mediated
glutamatergic synaptic stimulation, the multipolar neuron then
switches back to bipolar morphology in the vicinity of the upper
IZ and re-attaches to the glial fiber to resume locomotion to its
final destination in the CP (Kriegstein and Noctor, 2004; Noctor
etal., 2004; Inoue et al., 2014; Mizutani, 2018; Ohtaka-Maruyama
et al, 2018). The bipolar neuron characteristically extends a
pia-directed leading process, the dendrite-to-be, and a trailing
process toward the VZ which becomes the future axon (Rakic
et al., 1996). Adopting the appropriate neuronal morphology
or polarity is a key determinate of successful radial migration
and cortical layer formation, which when perturbed can lead to

cortical malformation (Hakanen et al., 2019). Locomotion ends
in the CP by detachment of the migrating neuron from the
glial fiber to be properly positioned in its home layer via somal
translocation (Nadarajah et al., 2001).

Indeed, radial neuronal migration is a complex cell biological
process which must be under tight molecular regulation. As
such, a myriad of factors, including transcriptional and signaling
factors, have been identified to spatiotemporally regulate various
aspects of cortical neuron radial migration (reviewed in Heng
et al., 2007; Marin et al., 2010; Evsyukova et al., 2013). Notably,
it has been shown in seminal studies that the formation and
maintenance of RG fibers, and related neuronal cell adhesion
dynamics are tightly regulated during radial migration (Anton
etal., 1997, 1999; Elias et al., 2007; Kawauchi et al., 2010; Shikanai
et al., 2011; Sild and Ruthazer, 2011; Valiente et al., 2011; Solecki,
2012; Desai et al., 2013; Evsyukova et al., 2013; Schmid et al., 2014;
Tonosaki et al., 2014; Jinnou et al., 2018; Louhivuori et al., 2018;
Schaffer et al., 2018; Zhang et al., 2019).

Epigenetic factors have lately been at the center stage of
neurodevelopment regulation after previous underestimation of
their phenomenal role in orchestrating neural development.
Emerging among these epigenetic regulators are the chromatin
remodelers which can redesign the epigenetic landscape to
influence gene expression and related cell biological events
through direct alteration of chromatin structure and/or the
recruitment of other epigenetic or transcriptional cofactors
during cortical development (Sokpor et al., 2018).

The Brgl/Brm-associated factor (BAF) complex, a
mammalian version of the yeast SWI/SNF complex, is a
multi-subunit protein complex which primarily functions as a
chromatin remodeler (Clapier et al., 2017) and has been shown
in recent years to be indispensable for neural development (Son
and Crabtree, 2014; Sokpor et al., 2017, 2018). During cortical
development, the BAF complex regulates key processes such
as specification, proliferation, differentiation, and functional
maturation of cortical progenitors or postmitotic neurons (Son
and Crabtree, 2014; Sokpor et al., 2017, 2018). Notably, the BAF
complex subunits can be reconstituted to form cell type specific
variants that have unique functional effects. For example, there
are some compositional and functional differences between
the BAF complex in neural progenitors (npBAF) and the BAF
complex in neurons (nBAF) (Lessard et al., 2007; Wu et al., 2007;
Kadoch et al., 2013; Tuoc et al., 2013; Bachmann et al., 2016).

Although chromatin remodelers, including some BAF
subunits, have been reported to regulate neuronal migration in
the developing mammalian cortex (Nott et al., 2013; Wiegrefte
et al., 2015; Nitarska et al., 2016; Xu et al., 2018) and in worm
neural tissue (Weinberg et al., 2013), the mechanism involved is
far from clear. In this current study, we aimed at elucidating the
molecular and cellular mechanisms by which the BAF complex
orchestrates migration of excitatory projection neurons in the
developing cortex. To this end, we abolished the BAF complex in
early and late cortical progenitors and specifically in postmitotic
neurons to investigation how BAF complex(es) influence
neuronal migration during corticogenesis. From our molecular
and cellular analyses of the BAF complex mutant (knockout and
knockdown) cortex, it was evident that neurons fail to migrate

Frontiers in Molecular Neuroscience | www.frontiersin.org

June 2021 | Volume 14 | Article 687581


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Sokpor et al.

BAF Complex Regulates Neuronal Migration

properly in the absence of BAF complex functionality. As a result,
cortical neurons are misplaced in the mutant cortex leading to
abnormal cortical cytoarchitectonic and concomitant laminar
malformation. The BAF complex-ablated cortical neuron is
incapable of proper radial migration because of loss of glial
fiber guides and cell adhesion, defective cell polarization, and
abnormal Wingless/Int (WNT) signaling activity. Indeed, the
said altered intrinsic and extrinsic elements are known to be
vital for correct radial migration, and are tightly modulated by
many regulatory factors during cortical development (reviewed
in Evsyukova et al., 2013); to which we here add BAF complex as
a critical component.

MATERIALS AND METHODS

Animal Handling and Generation of

Transgenic Mice

We applied guidelines of the German Animal Protection Law in
handling the animals. Floxed BAF155 (Choi et al., 2012), floxed
BAF170 (Tuoc et al.,, 2013), Emx1-Cre (Gorski et al., 2002),
hGFAP-Cre (Zhuo et al., 2001), and Nex-Cre (Goebbels et al.,
2006) transgenic mice were used in the study. All animals were
maintained in a C57BL6/] background.

To eliminate BAF155 and BAF170 in early or late cortical
progenitors, and in postmitotic neurons, we crossed mice
carrying floxed BAF155 and BAF170 genes with the early
progenitor-active Emx1-Cre (Gorski et al., 2002) or late
progenitor-active hGFAP-Cre (Zhuo et al., 2001) and neuron-
specific Nex-Cre (Goebbels et al., 2006) mouse lines to
generate dcKO_Emzx1-Cre, dcKO_hGFAP-Cre, and dcKO_Nex-
Cre mutants, respectively. Heterozygous animals (BAF155fl/+,
BAF170fl/+, Cre negative) were used as controls. Emx1-Cre
mutants die before birth, whereas hGFAP-Cre and Nex-Cre
mutants survive early postnatal stages.

Plasmids

The following plasmids were used in the study: pCIG2-eGFP,
pCIG2-Cre-ires-eGFP (gift from Prof. Francois Guillemot, NIMR
London; Hand et al., 2005), and NeuroD-Cre-ires-GFP, NeuroD-
GFP (gift from Prof. Laurent Nguyen, University of Liege, CHU
Sart Tilman, Liege, Belgium).

Antibodies

Commercially obtained monoclonal (mAb) and polyclonal (pAb)
primary antibodies used in the study: CTIP2 rat pAb (1:200;
Cat. ab18465; Abcam), Cuxl rabbit pAb (1:50; Cat. sc-13024,
Santa Cruz), GM130 rat mAb (1:100; Cat. 610823; BD), BAF170
rabbit pAb (1:100; Cat. HPA021213; Sigma), BAF60a mouse
mAb (1:200; Cat. 611728; BD), BAF155 rabbit pAb (1:20; Cat.
sc-10756; Santa Cruz), BRM rabbit pAb (1:200; Cat. ab15597;
Abcam), BRG1 rabbit pAb (1:120; Cat. sc-10768X; Santa Cruz),
BAF155 mouse mAb (1:100; Cat. sc-48350X; Santa Cruz),
BAF250b mouse mADb (1:100; Cat. WH0057492M1; Sigma), Tbr1
rabbit pAb (1:300; Cat. ab31940; Abcam), a-Catenin rabbit
pAb (1:200; Cat. C2081; Sigma), Pax6 mouse mAb (1:100;

Developmental Studies Hybridoma Bank), Nestin mouse mAb
(1:50; Cat. 611658, BD), Pax6 rabbit pAb (1:200; Cat. PRB-
278P; Covance), GFP chicken pAb (1:500; Cat. ab13970; Abcam).
Secondary antibodies used were Alexa 488-, Alexa 568-, Alexa
594- and Alexa 647-conjugated IgG (various species, 1:400;
Molecular Probes).

RNA Sequencing

RNA sequencing (RNA-seq) and analyses were performed as
previously described in Narayanan et al. (2015, 2018), Nguyen
et al. (2018). The high throughput RNA-seq data has been
deposited in the NCBI Gene Expression Omnibus and accessible
via the accession number GSE106711 and also at Narayanan et al.
(2015), Nguyen et al. (2018).

Immunohistology and in situ

Hybridization

Immunohistochemical staining and in situ hybridization of
cortical tissue sections were performed as previously described
(Tuoc et al,, 2013; Bachmann et al., 2016; Wagener et al., 2016).
The following RNA probes were used in the in situ hybridization
experiment: Ndnf (A930038C07Rik), Rorb (Rorbeta), Etv1 (Er81),
and TC1460681 (simply designated T'C), to label cortical layers 1,
4, 5, and 6, respectively (Wagener et al., 2016).

Imaging and Quantitative Analysis

Coronal mouse brain sections were imaged with confocal
(TCS SP5, Leica) and/or widefield fluorescence (Axio Imager
M2, Zeiss; fitted with Neurolucida software, MBF Bioscience)
microscopes. Further image processing was done with Adobe
Photoshop program.

Neuronal cell counting and distribution (bin analysis), and
leading process length estimation were performed using NIH
Image] software. Neuronal cells with nuclear or cytoplasmic
labeling for specific markers with or without DAPI staining,
were counted in 4-6 structurally-matched control and mutant
(dcKO) or electroporated cortical sections obtained from 3 to
4 biological replicates. Fluorescent signal intensity measurement
was used to quantify uncountable histological staining in confocal
images using Image] software as previously reported (Tuoc and
Stoykova, 2008; Narayanan et al., 2015).

In utero Electroporation

In utero electroporation was done as previously described (Tabata
and Nakajima, 2001; Tuoc and Stoykova, 2008; Tuoc et al., 2013).
In brief, the pregnant mouse was surgically operated to expose
the E14.5 embryos in the intact uterus. About 3 L of a mixture
of the plasmid of interest (2 pg/iLL) and 0.5% fast green, at a
ratio of 1:10, was then injected into one lateral ventricle of the
embryo’s brain. Transfection of the cortical neuroepithelium was
achieved by applying 5 pulses of current (~30 V) across the
brain, with the positive terminal of the electroporator on the
injected side of the cortical hemisphere. Every other embryo was
injected and electroporated for each set of embryos in the uterus.
Embryos were then returned into the abdominal cavity and the
surgical incision was closed. The brains of the electroporated
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embryos were then harvested at E17.5 for histological processing
and microscopic analysis.

Pharmacological Treatment Using WNT

Inhibitor

ICG001 (Tocris Bioscience, Cat. No. 4505), was dissolved in
DMSO (vehicle). Pregnant mice received daily intraperitoneal
injections of vehicle (150 L), or ICG001 (150 wL of a 1.0 mg/mL
solution) from 11.5 to 16.5 days post coitum (d.p.c.). The brains
of the treated embryos (control and mutant) were harvested and
processed for histological analysis at Embryonic day (E) 17.5.

Statistical Analyses

Prism was used to perform statistical analyses. Statistical
comparisons were carried out using Student’s ¢ test or its non-
parametric equivalent, the Mann-Whitney U Test, and one-way
ANOVA followed by Bonferroni’s multiple comparison (Post
Hoc) test or the non-parametric equivalent Kruskal-Wallis test
followed by Dunn’s multiple comparison test, where appropriate.
The results are presented as means & SEM or median and range
for non-parametric data.

RESULTS

Loss of BAF Complex in Cortical
Progenitors Results in Impaired

Neuronal Migration Leading to Cortical
Mis-Lamination

We previously identified that the BAF complex function is
abolished by double deletion of its scaffolding subunits BAF155
and BAF170. In the absence of BAF155 and BAF170, the entire
BAF complex stability is compromised. This leads to disassembly
of other components (subunits) of the complex, making them
susceptible to proteasomal degradation with attendant functional
inactivation of the entire BAF complex (Narayanan et al., 2015;
Bachmann et al., 2016; Nguyen et al., 2016, 2018).

Given that cortical mass is dramatically reduced when BAF
complex is abolished in the neuroepithelium of early developing
cortex at the onset of neurogenesis (Narayanan et al., 2015),
we were unable to comprehensively study neuronal migration
in the mouse cortex that has lost BAF155 and BAF170 from
E10.5 onward as achieved in the dcKO_Emx1-Cre cortical model
(Supplementary Figures 1, 2). This warranted our choice of
another mutagenic strategy that allowed us to delete the BAF
complex at a later stage of corticogenesis. Thus, we generated
the dcKO_hGFAP-Cre mouse forebrain model in which BAF155
and BAF170 are deleted predominately in the VZ progenitors
of the developing cortex to achieve ablation of the entire
BAF complex (Supplementary Figure 1; Nguyen et al., 2018).
Because the hGFAP-Cre is relatively late-acting, with the earliest
activity detected around E13.5 (Zhuo et al, 2001; Nguyen
et al., 2018), we were able to lessen the impact of loss of BAF
complex on cortical morphogenesis compared with that caused
in the dcKO_Emx1-Cre (Figure 1 vs. Supplementary Figure 2).
Therefore, the dcKO_hGFAP-Cre model allowed us to study

neuronal migration at late embryonic and early postnatal stages
of cortical development with fairly preserved cortical integrity in
the absence of BAF complex.

We characterized the neuronal migration phenotype of the
E17.5 cortex, by which time the knockout effect under the
hGFAP-Cre activity is fully established in the entire cortex
(Nguyen et al., 2018). We started by reanalyzing our previously
generated RNA-seq data from the E17.5 cortex in which 1329
genes and 1195 genes were downregulated and upregulated,
respectively (Figure 1A; Nguyen et al., 2018). We then screened
for gene categories implicated in the regulation of neuron
migration in the cortex. Consistent with our observations in the
E12.5 dcKO_Emx1-Cre cortex (Supplementary Figures 2A,B),
we found several gene pathways involved in neuronal cell
migration, cell polarity establishment, neurite formation, and
cell adhesion downregulated in the dcKO_hGFAP-Cre cortex
(Figure 1B). Given that these categories of factors play crucial
roles in oriented-neuronal migration (locomotion) to afford
proper cortical lamination, we further probed the dcKO_hGFAP-
Cre cortex for specific factors that can affect the radial migration
of neurons therein. We selectively focused on the integrity of
radial glial scaffolds and cell adhesion in the BAF complex
mutant cortex due to their striking roles in radial migration
(Nadarajah et al., 2001; Kriegstein and Noctor, 2004; Noctor
et al., 2004; Drees et al, 2005; Elias et al, 2007; Schmid
et al., 2014; Schaffer et al., 2018). Thus, immunohistochemical
investigations for the adhesion protein o-Catenin and the
Nestin+ RG fibers in the E17.5 control and dcKO_hGFAP-Cre
cortex, which are notably downregulated in the dcKO_Emx1-
Cre cortex (Supplementary Figures 2C-E), were performed.
As expected, we found demonstrable depletion of RG fibers
and reduction in the apical and intra-cortical expression of
cell adhesion (a-Catenin) in the dcKO_hGFAP-Cre cortex as
compared with control (Figures 1C-E). Alternative proteins
that indicate radial glial fiber identity (BLBP, GLAST, RC2)
and related cell adhesion proteins (ZO1, Occludin) were shown
to be reduced in the BAF complex-ablated developing cortex
(Narayanan et al, 2015; Nguyen et al., 2018). Moreover, the
delamination, dispersion, and hyperproliferation of BAF155 and
BAF170-deficient neural stem cells (Pax6-expressing cortical
progenitors) also reflect loss of their fiber-mediated anchorage
in the cortical wall (Narayanan et al, 2015, 2018; Nguyen
et al,, 2018; Xie et al, 2019). These observations imply that
radial glial scaffolds are actually lost in the absence of BAF
complex functionality.

The neuronal migration phenotype in the E17.5
dcKO_hGFAP-Cre and control developing cortex was assessed
by applying antibodies against the lower layer (L5) cortical
neuron marker protein Ctip2 (Arlotta et al., 2005; Gaspard et al.,
2008) and the cortical layer (L2/3) neuron marker protein Cuxl
(Nieto et al.,, 2004). It was revealed that loss of BAF complex
at later-stage of embryonic corticogenesis severely disturbed
migration of both lower (L5) and upper layer (L2/3) neurons in
the E17.5 dcKO_hGFAP-Cre. Neurons expressing Ctip2 or Cux1
were observed to spread in the entire E17.5 dcKO_hGFAP-Cre
cortex instead of forming their respective layers as outlined in the
control images (Figures 1F-H). Because the dcKO_hGFAP-Cre
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FIGURE 1 | Cortical layers are malformed in the absence of BAF complex, and attributable to loss of cell adhesion and glial fiber scaffolds. (A) Volcano plot showing
genes downregulated and upregulated in the E17.5 dcKO_hGFAP-Cre cortex. Examples of top altered genes are indicated. (B) Graph showing downregulation of
selected gene categories or pathways mainly related to cell adhesion and polarity formation in the E17.5 dcKO_hGFAP-Cre cortex. (C) Sections of E17.5 control and
dcKO_hGFAP-Cre cortex immunostained for the glial fiber protein Nestin and the cell adhesion protein a-Catenin. Specifically quantified cortical areas are shown
with rectangles with dashed or stippled lines. (D,E) Simple (D) and grouped (E) bar charts showing quantification of Nestin and a-Catenin, respectively, in the E17.5
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FIGURE 1 | Continued

subventricular zone; 1Z, intermediate zone; CP, cortical plate; MZ, marginal zone.

control and dcKO_hGFAP-Cre cortex. (F) Micrographs showing immunostaining with antibodies against Ctip2 and Cux1 to mark neurons that make the lower (deep)
and upper (superficial) cortical layers, respectively, in the E17.5 control and dcKO_hGFAP-Cre cortex. White dashed lines are used to delineate the deep (Ctip2+) and
superficial (Cux1+) cortical layers. Bins (1-6) for neuronal distribution analysis are indicated. (G,H) Bar charts showing quantitative distributions of Ctip2+ deep layer
neurons and Cux1+ superficial layer neurons in the E17.5 control and dcKO_hGFAP-Cre cortical wall. Quantified cortical area = (420 wm x 170 um).

(I) Micrographs showing the PO control and dcKO_hGFAP-Cre cortex with Ctip2 and Tbr1 immunostaining. Where shown, sections are counterstained with DAPI
(blue). Unpaired Student’s t-test was used to test for statistical significance: *p < 0.01, **p < 0.001, **p < 0.0001; ns, not significant; n = 6. Scale bars: = 100 um
and 50 pum in overview and zoomed images, respectively. Results are presented as mean + SEM. |C, intracortical; AS, apical surface; VZ, ventricular zone; SVZ,

mutants barely survive early postnatal life, we limited the
postnatal characterization of the migration phenotype to PO
(i.e., just after birth), and by which time the majority of lower
layer cortical neurons [Tbrl + (L6) and Ctip2 + (L5) neurons]
have largely completed somal translocation or locomotion
to properly settle in their respective layers (Nadarajah et al.,
2001; Marin and Rubenstein, 2003; Molyneaux et al., 2007).
Unlike Cuxl or Brn2+ neurons, Tbrl+ or Ctip2+ neuron
production is minimally affected by hGFAP-Cre-mediated
BAF155 and BAF170 deletion in the early postnatal cortex
(Nguyen et al., 2018). Therefore, we immunohistologically
compared the distribution of lower layer neurons in the PO
control and dcKO_hGFAP-Cre cortex (Figure 1I). Quantitative
analysis indicated significant mis-distribution of Ctip2+ L5
neurons in the PO dcKO_hGFAP-Cre cortex as compared with
control (Supplementary Figure 3A and Figure 1I). Although,
majority of the Tbrl + L6 neurons migrated out of the germinal
zone, they appear to have over-migrated, making them locate
in the upper layer domain in the PO dcKO_hGFAP-Cre cortex
as compared with control (Supplementary Figure 3B and
Figure 1I). Additional check also showed that Brn2-expressing
upper layer neurons are also unable to migrate properly in the
dcKO_hGFAP-Cre cortex, leading to their accumulation in the
lower half of the E18.5 mutant cortical wall instead of settling in
their destined upper cortical layers as in control (Supplementary
Figures 3C,D).

Together, these results strongly implicate the role of the BAF
complex in orchestrating radial migration of cortical neurons
and proper cortical layer development. However, just like
in the dcKO_Emx1-Cre model (Supplementary Figure S2F),
the migration phenotype in the dcKO_hGFAP-Cre cortex co-
existed with disruption in progenitor cell proliferation and
differentiation consequent to BAF complex inactivation in neural
stem cells (Narayanan et al., 2015; Nguyen et al., 2018). Thus, a
postmitotic neuron-specific disruption of BAF complex function
is necessary to exclude abnormal neurogenesis in our cortical
neuron migration model.

Ablation of BAF Complex in Postmitotic
Neurons Caused Abnormal Migration of

Upper Cortical Layer Neurons

Specifically targeting nascent cortical neurons for BAF complex
inactivation is necessary to study migration defects independent
of key extrinsic factors such as glial fibers or cell adhesion
elements essential for radial migration. To achieve the neuron-
specific ablation of BAF complex, we resorted to the Nex-Cre

line (Goebbels et al., 2006). We generated the dcKO_Nex-
Cre mouse line in which BAF155 and BAF170 are deleted
exclusively in the principal neurons generated in the cortex
from E10.5 onward (Supplementary Figure 1; Goebbels et al.,
2006). The dcKO_Nex-Cre cortex can be seen to have lost the
expression of other core subunits of the BAF complex together
with BAF155 and BAF 170, although some residuals can be
seen in the mutant cortex, which are likely expressed by glia or
interneurons that are not affected by the NeuroD-Cre activity
(Supplementary Figure 4).

Characterization of the migration phenotype in the
dcKO_Nex-Cre cortex was mainly done at early postnatal
stage P1 due to early lethality of mutants. Generally, the gross
forebrain phenotype of the dcKO_Nex-Cre cortex was less
severe as compared with the dcKO_hGFAP-Cre cortex (data not
shown). To identify subtle migration defects, we first performed
fluorescence in situ hybridization (FISH) experiment in which
the P1 dcKO_Nex-Cre and control cortex were riboprobed with
the layer specific markers TC, EtvI, Rorb, and Ndnf which label
the cortical layers 6, 5, 4, 1, respectively. Based on distribution
of the aforementioned FISH probe signals, it was observed
that cortical layers are much less defined in the CP of the P1
dcKO_Nex-Cre cortex compared with control (Figure 2A). The
pattern particularly gives an impression of a wide spreading
of upper layer neurons in the CP, with lower layer neurons
displaying a mild form of such amorphous distribution in the P1
dcKO_Nex-Cre cortex (Figure 2A). Because the Ndnf-marked
L1 neurons are Cajal-Retzius cell which migrate tangentially into
the cortex from other cortical areas like the hem (Bielle et al.,
2005), they are presumably not affected by the Nex-Cre-mediated
ablation of BAF complex; hence they displayed no disturbance
in their laminar fate in the P1 mutant cortex compared to
control (Figure 2A).

At the protein level, our immunohistochemical analysis
showed that loss of BAF complex led to a mild defect in
the migration of Cuxl4 upper layer neurons in the P1
dcKO_Nex-Cre cortex compared with control (Figures 2B,C),
without significantly affecting the generation of such superficial
cortical layer neurons (Figure 2D). Analysis using Brn2
immunolabeling corroborated the abnormal (mildly delayed)
migration of upper layer neurons lacking BAF155 and BAF170
(Supplementary Figure 5). However, migration and distribution
of Ctip2+ lower layer neurons, which are also normally
generated in the dcKO_Nex-Cre cortex, were less obviously
affected (Figures 2C,E). Indeed, bin analyses revealed fewer
number of Cuxl+ neurons reached Bins 4 and 5 in the
dcKO_Nex-Cre cortex compared with control (Figure 2F),
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FIGURE 2 | Neuron-specific ablation of BAF complex causes downregulation of cell morphogenesis-related genes leading to delayed neuronal migration.

(A) Micrographs showing fluorescence in situ hybridization in the P1 control and dcKO_Nex-Cre cortex stained with the layer-specific RNA probes TC1460681, Etv1,
Rorb, and Ndnf to reveal cortical layers 6, 5, 4, and 1, respectively. (B) Overview micrographs showing immunostaining of the P1 control and dcKO_Nex-Cre cortex
with Cux1 antibody to mainly mark cortical layer 2/3 neurons. Bins (1-6) for neuronal distribution analysis are indicated. (C) Micrographs with cortical regions
indicated showing Cux1 and Ctip2 immunostaining of the P1 control and dcKO_Nex-Cre cortex. (D,E) Bar charts showing comparable number of Cux1+ (C) and
Ctip2+ (D) neurons in the P1 control and dcKO_Nex-Cre cortical wall. (F,G) Bar graphs showing quantitative distribution (Bin analysis) of Cux1+ (F) and Ctip2+ (G)
neurons in the P1 control and dcKO_Nex-Cre cortical wall. Quantified cortical area = (720 wm x 400 um). (H) Volcano plot show genes downregulated and
upregulated in the P1 dcKO_Nex-Cre cortex compared with control. Examples of top altered genes are shown. () Bar chart showing specific neuronal
morphogenesis-related genes with reduced expression in the P1 dcKO_Nex-Cre cortex. Where shown, sections are counterstained with DAPI (blue). Unpaired
Student’s t-test was used to test for statistical significance: *p < 0.01, **p < 0.001, ns, not significant; n = 6. Scale bar = 100 pm. Results are presented as

mean + SEM. IZ, intermediate zone; CP, cortical plate; MZ, marginal zone.

whereas the distribution of Ctip2+ neurons is arguably fairly radial glial fiber density or layout seems not to be disturbed
normal in the absence of BAF155 and BAF170 (Figure 2G). Of in the dcKO_Nex-Cre cortex (Supplementary Figures 6A-D)
note, unlike in the dcKO_hGFAP-Cre cortex (Figures 1C,D), following the deletion of BAF155 and BAF170 in postmitotic
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neurons. Therefore, the upper layer neuron migration defect
observed is likely independent of problems with the radial glial
scaffolds in the dcKO_Nex-Cre cortex.

Consistent with the observed phenotype, we identified
pertinent abnormal alterations in gene expression program in
the P1 dcKO_Nex-Cre cortex that emphasized or may have
underlined the disturbed neuronal migration. We found in
our RNA-seq analysis that almost equal number of genes
are downregulated (1167) as upregulated (1168) in the PI
dcKO_Nex-Cre cortex compared with control (Figure 2H).
Notably, some of the top downregulated genes include those
that are associated with neuronal migration. No overt change in
the expression of cell adhesion genes was observed (Figure 2H,
see RNA-seq data sheet). Interestingly, we noticed that many of
the neuronal migration-related genes downregulated in neurons
lacking BAF complex are key for cytoskeletal remodeling
(Figure 2I), and needed for cell polarization and morphogenesis
critical for cell migration (de la Torre-Ubieta and Bonni, 2011).
Thus, the neurons in the P1 dcKO_Nex-Cre cortex may be
incapable of adopting the right morphology suitable for their
radial migration.

Altogether, we have shown that exclusive deletion of BAF
complex in postmitotic neurons perturbs the expression of genes
crucial for neuronal morphogenesis. This can lead to improper
formation of neuronal appendages necessary for oriented-
neuronal migration, and which has implication for defective or
sluggish locomotion of cortical neurons.

Knockdown of BAF155 and BAF170 in
Cortical Progenitors Led to Disoriented

Neuronal Migration in Developing Cortex

In order to refine the cortical neuron migration phenotype due to
loss of BAF complex so as to identify any alteration in the cellular
dynamics involved, we employed the in utero electroporation
technique (Figure 3A). This focal genetic ablation strategy
afforded sparse loss of BAF complex in selected/single cortical
neurons, thus making the resultant migration phenotype
more conspicuous. To achieve this, we electroporated the
mouse cortex double floxed for BAF155 and BAF170 with
control plasmid pCIG2-eGFP (CAG-eGFP/GFP-only) or effector
plasmid pCIG2-Cre-ires-eGFP (CAG-Cre-eGFP) into the E14.5
cortex (Figure 3A). Because the CAG-Cre is active in the
cortical neuroepithelium, we essentially mimicked the neuronal
migration phenotype due to loss of BAF complex under the
Emx1- or hGFAP-Cre promoters as observed in the dcKO_Emx1-
Cre and dcKO_hGFAP-Cre cortical models reported earlier
(Supplementary Figure 2 and Figure 1). The electroporated
embryos were allowed to develop until E17.5 and then cortical
tissue was collected for immunohistological analyses.

By means of GFP immunostaining, we were able to track
the progress of transfected migrating cortical neurons from
the Pax6-marked VZ to the CP. We observed formation and
fasciculation of the axons of the GFP-only transfected neurons,
whereas the CAG_Cre-GFP transfected neurons failed to show
noticeable axon formation; signifying possible differentiation
defect in the neurons lacking BAF155 and BAF170 (Figure 3B).

This can be linked to abnormal RG cell fiber-neuron contact
or adhesion, which can disrupt axon formation and orientation
during locomotion (Xu et al., 2015).

At higher magnification, it was evident that glial fiber-
dependent (radial) migration of cortical neurons was disrupted
following loss of BAF155 and BAF170. Compared with control,
the BAF complex mutant (i.e., CAG_Cre-GFP-treated) neurons,
presumably multipolar neurons, appeared to have accumulated
in the lower regions of the cortical wall namely the Pax6-labeled
VZ and SVZ, and the IZ, making the upper and lower aspects of
the CP less populated with successfully migrated and/or properly
migrating neurons (Figures 3C,D). We identified that the cortical
neurons without functional BAF complex were mis-oriented
with respect to their normal radial alignment and also exhibited
abnormal polarity. This was revealed in our immunohistological
examination of the Golgi apparatus localization and leading
process length of migrating neurons in the middle and upper 1Z
(Figures 3E,F). The BAF complex-ablated bipolar neuron in the
upper IZ had its GM130+ Golgi located close to the nucleus and
presented a reduced leading process length (p-value = 0.0032,
Mann-Whitney U Test; Figures 3F-H).

In further support of our assertion of defective directed-
neuronal migration when BAF complex is inactivated in neurons,
we observed reduced engagement of Nestin + glial fibers by the
CAG_Cre-GFP-transfected migrating neurons compared with
the GFP-only positive neurons in the upper IZ and lower CP
(Figure 31I). In other words, based on neuron-glial fiber proximity
(i.e., GFP and Nestin signal “colocalization”), whereas more
than 80% of the control migrating neurons depend on or use
the glial fiber scaffolds to radially migrate, far less proportion
(16%) of CAG_Cre-GFP positive neurons seem to use glial
fibers for migration—even in the presence of normal radial
profiles of glial fibers (Figures 3LJ). Moreover, given the role
of adhesion molecules in radial migration (Solecki, 2012), we
inferred from the loss of cell adhesion in the developing cortex
due to deletion of BAF155 and BAF170 (Supplementary Figure 1
and Figures 1A-E) that it is possible the CAG_Cre-GFP positive
neurons improperly attach to glial fibers (or not at all) because of
loss of glial fibers and/or adhesion proteins leading to abnormal
radial migration. Indeed, the decreased proportion of migrating
neurons facing the pia, in mutants (CAG_Cre-GFP-transfected
neurons) compared with control (GFP-only-transfected neurons)
(Figure 3K) gives reason to abnormal radial migration seen in the
BAF complex knockdown condition (Figures 3B,C).

In all, the reduced use of glial fibers for migration by
the BAF complex-ablated cortical neurons and their defective
Golgi-dependent polarization, may have contributed to their
aberrant radial orientation and migration of neurons in the
developing cortex.

BAF155 and BAF170-Deficient Migrating
Cortical Neurons Display Defective

Multipolar-to-Bipolar Transition

Applying the same logic and advantage of using the dcKO_Nex-
Cre line as opposed to the dcKO_Emx1-Cre and hGFAP-Cre
lines, we neuron-specifically knocked-down BAF155 and BAF170
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FIGURE 3 | Locomoting neurons without BAF complex exhibit abnormal polarity and radial direction mis-guidance. (A) lllustration of in utero electroporation
technique used to achieve knockdown of BAF155 and BAF170. It shows a representative embryo in the uterine horn bearing double floxed BAF155 and BAF170
(BAF155fl/fl, BAF170fl/fl), and being injected in the brain with the plasmid of interest and electroporated at E14.5. Brain tissue was harvested at E17.5.

A representative immunomicrograph showing GFP expression in E15.5 cortex is presented. (B) Immunohistochemical micrographs showing overview of Pax6 (to
mark the germinal zone) and GFP staining in the E17.5 cortex (BAF155fl/fl, BAF170fl/f]) electroporated with control (GFP-only) or CAG-Cre + GFP plasmids. Arrows
in control image point to outgrowth of axons. (C) Micrographs showing the electroporated cortical areas in (B) at higher magnification. Approximate cortical wall
regions are shown. (D) Bar chart showing distribution of GFP+ cells (neurons) in the various cortical regions in the control and CAG-Cre + eGFP plasmid-injected
E17.5 cortex. (E) Images showing the E17.5 control and mutant cortical middle intermediate zone with GFP and GM130 staining (Golgi apparatus marker). Arrow
points in the direction of the pia surface. (F-H) Micrographs with GFP and GM130 staining (F) and illustration (G) showing estimation of the leading process (LP)
length of control and BAF complex mutant cortical neurons in the lower cortical plate, which is graphically (statistically) compared in (H). (I) Images of the E17.5
control and mutant upper intermediate zone and lower cortical plate immunostained with GFP and Nestin antibodies to reveal neuron-glial fiber colocalization. Arrow
heads (a—h) indicate examples of neurons migration with (a-d) or without/abnormally with (e-h) glial fiber guide. Arrow points in the direction of the pia surface. (J) Pie
chart depicting the quantification of the proportion of GFP+ control and BAF complex mutant neurons migrating with or without glial fiber guide in the upper
intermediate zone and lower cortical plate. (K) Bar chart showing the proportion of GFP+ neurons with their Golgi-leading process axis oriented toward the pia in (1).
Arrows in (E,l) points in the direction of the pia surface. Where shown, sections are counterstained with DAPI (blue). Unpaired Student’s t-test was used to test for
statistical significance: *p < 0.01, **p < 0.0001; n = 4, selected in total 25 and 17 control and mutant GFP+ neurons in the upper IZ/lower CP region for leading
process length estimation, respectively. Scale bars: =200 and 50 pwm in overview and zoomed images, respectively. Results are presented as mean + SEM or
median and range. IUE, in utero electroporation; GA, Golgi apparatus; N, nucleus; VZ, ventricular zone; SVZ, subventricular zone; IZ, intermediate zone; I/uCP,
lower/upper cortical plate; MZ, marginal zone.
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in the E14.5 cortex using a NeuroD-Cre-ires-GFP plasmid in
another in utero electroporation experiment as in Figure 3A.
Thus, the NeuroD-Cre-mediated inactivation of BAF complex in
postmitotic nascent cortical neurons increased the specificity of
the phenotypic effect on radially migrating neuron as compared
with the CAG-Cre approach, which targeted the BAF complex in
neural stem or progenitor cells.

Examination of GFP immunostaining in E17.5 cortex,
double floxed for BAF155/BAF170, electroporated with control
(NeuroD-GFP) and NeuroD-Cre-ires-GFP plasmids at E14.5
revealed marked disruption of radial neuronal migration in the
absence of BAF complex (Figure 4A). While the Pax6-stained VZ
in the cortex transfected with NeuroD-GFP or NeuroD-Cre-ires-
GFP plasmids is devoid of GFP+ cells, the IZ and lower CP of the
NeuroD-Cre-ires-GFP electroporated cortex are filled with more
GFP+ cells compared with the control cortex (Figures 4A,B).
However, as an indication of successful radial migration, the
control upper CP is seen to be populated with significantly more
GFP+- cells as compared with the NeuroD-Cre-ires-GFP treated
cortex (Figures 4A,B).

One of the critical cellular processes during radial migration of
cortical neurons is the transient transformation from multipolar
to bipolar morphology, which occurs in the upper IZ (Nadarajah
et al., 2001; Noctor et al., 2004). The function of the multipolar
phase is not clearly known, albeit some believe directional
cues are collected by the many temporary neurites of the
neurons at this stage (Mizutani, 2018; Shikanai et al., 2018).
The bipolar structure on the other hand is suited for the
glial fiber attachment and subsequent active locomotion to
the CP (Nadarajah et al., 2001; Noctor et al., 2004). This led
us to in examining the morphological integrity of migrating
neurons lacking BAF complex. We sampled and grouped
the diverse forms of migrating neurons in the electroporated
regions of the cortical wall into three morphological categories:
unipolar/bipolar, multipolar, and non-polar (neurite-lacking)
neurons (Figure 4C). Our statistical quantification revealed a
significantly smaller proportion of bipolar or unipolar neurons in
the NeuroD-Cre-ires-GFP electroporated cortical area compared
with the NeuroD-GFP electroporated cortical area. However,
we found more multipolar neurons in the NeuroD-Cre-
ires-GFP electroporated cortex compared with the cortical
area electroporated with NeuroD-GFP plasmid (Figure 4D).
Strikingly, we also found more so-called non-polar neurons
in the NeuroD-Cre-ires-GFP treated cortex, particularly in the
CP, as compared with that in the control cortex. Such non-
polar neurons presented only with their soma (Figures 4A,C,D).
Consistent with observations in the CAG_Cre-GFP IUE
experiment, neurons transfected with NeuroD-Cre-ires-GFP
plasmid display short leading process (Figure 4E), and many
of the leading processes were also not directed toward the pia
surface (Figure 4F).

Based on these observations and as schematized in Figure 4G,
our findings implicate the BAF complex in the regulation of
multipolar-to-bipolar transition of cortical neurons during radial
migration. As such, in the event of BAF complex dysfunction (i.e.,
under NeuroD-Cre-ires-GFP treatment condition), this neuronal
morphology conversion is hindered, leading to accumulation

of multipolar neurons in the IZ at the expenses of bipolar
neurons in the CP (Figures 5A,D,G). Moreover, it is likely
that even if it occurs, the morphological transformation of
the BAF complex-lacking neurons is abnormal and results
in aberrantly polar neurons with truncated and mis-oriented
leading processes (Figures 4A,E,F). Thus, it is conceivable that
the BAF complex mutant neurons undergo unconventional or
complicated migration other than the suitable radial (glial-
guided) migration that is prerequisite for correct laminar
formation in the developing cortex.

Together, we identified the BAF complex to also regulate
the process of multipolar-to-bipolar neuronal morphology
transition, which is a rate-determining phase in the process
of radial migration permissive for correct establishment of the
various cortical layers—especially upper cortical layers—during
development of the mouse cortex.

BAF Complex May Repress WNT
Signaling to Permit Proper Neuronal
Migration and Cortical Lamination

During Brain Development

In order to identify possible molecular factors or mechanism
that mediate BAF complex influence on radial migration of
cortical neurons, we screened the results of our RNA-seq
data generated for the BAF complex mutant and control
developing cortex. With reference to our previous report that
BAF complex regulates cortical neurogenesis via suppression of
WNT signaling in the developing mouse cortex (Nguyen et al.,
2018), we asked whether the neuronal migration phenotype
in the BAF complex mutant brain is dependent on WNT
signaling. Interestingly, several signaling pathways, including
WNT signaling, have been implicated in neuronal migration
regulation during brain development (Siegenthaler and Miller,
2004; Hashimoto-Torii et al., 2008; Yi et al., 2010; Boitard et al,,
2015; Bocchi et al., 2017; Martinez-Chavez et al., 2018; Saxena
et al., 2018). In the case of WNT signaling, it was reported that
dynamic regulation of the cascade is necessary for multipolar-to-
bipolar morphology transition during radial migration of cortical
neurons (Boitard et al., 2015).

Gene set enrichment analyses indicated abnormal elevation
of WNT signaling activity in the BAF complex mutant
cortex. Thus, WNT signaling-related or target genes were
significantly upregulated in the BAF complex mutant cortex
(Figures 5A-F). Notably, the E17.5 dcKO_hGFAP-Cre displayed
more WNT signaling-related factors with increased expression
(Figures 6A,B; Nguyen et al., 2018) compared with that observed
in the E12.5 dcKO_Emx1-Cre (Figures 5C,D) or P1 dcKO_Nex-
Cre cortex (Figures 5E,F). Therefore, we considered the WNT
signaling pathway as a potential candidate for rescuing the
neuronal migration phenotype. To this end, we designed a
rescue experimental paradigm for reducing the WNT signaling
hyperactivity in the mutant cortex. We chose the dcKO_hGFAP-
Cre cortex for our rescue experiment. The reason being that the
dcKO_Emx1-Cre cortex is not appropriate for clearly visualizing
neuronal migration dynamics because of massive cortical atrophy
(Supplementary Figure 2F), and the observation that the
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FIGURE 5 | BAF complex modulates WNT signaling to drive neuronal migration and cortical lamination. (A-F) Volcano plots (A,C,E) and bar charts (B,D,F) showing
upregulation of WNT signaling-related or target genes in the E17.5 dcKO_hGFAP-Cre (A,B), E12.5 dcKO_Emx1-Cre (C,D), and P1 dcKO_Nex-Cre cortex (E,F).

(G) lllustration of the scheduled intraperitoneal injection, of pregnant mouse carrying dcKO_hGFAP-Cre embryos, with the WNT inhibitor (WNTi) ICG001. (H,l)
Immunomicrographs showing Ctip2 (H) and Cux1 (I) — labeled neurons in the E17.5 control, dcKO_hGFAP-Cre, and WNT inhibitor-treated dcKO_hGFAP-Cre cortex.

WNTi-treated dcKO_hGFAP-Cre cortex. (L) Immunomicrographs showing Nestin and Ctip2 (merged), and Nestin-only staining in the E17.5 control,
dcKO_hGFAP-Cre, and WNT inhibitor -treated dcKO_hGFAP-Cre cortex. (M) Bar chart indicating quantification of Nestin+ glial fibers partial rescued in the WNT
inhibitor-treated dcKO_hGFAP-Cre cortex compared with the dcKO_hGFAP-Cre and control cortex. (N) Images showing intracortical (IC) and apical surface (AS)
expression of a-Catenin in the E17.5 control, dcKO_hGFAP-Cre, and WNT inhibitor-treated dcKO_hGFAP-Cre cortex. (O) Graphical representation of the
quantification of a-Catenin expression following WNT inhibition in the dcKO_hGFAP-Cre cortex compared with that in the dcKO_hGFAP-Cre and control cortex.
Inserted rectangles with dashed or stippled lines indicate specific cortical areas quantified. One-way ANOVA followed by Bonferroni post hoc analysis was used to
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FIGURE 6 | Schematic synopsis of how BAF complex may drive radial neuronal migration. (A) Schema showing the normal course of radial neuronal migration in the
developing wild-type cortex. The parent cortical neural progenitor that generates majority of excitatory neurons is the radial glia cell (RGC). It is typically anchored at
the ventricular surface by adhesion proteins (AdP) and extends a long slender fiber that traverses the marginal zone (MZ) to be anchored at the pial surface. The fiber
acts as scaffold that supports the radially migrating neurons. After the RGC gives rise to a newborn neuron in the ventricular zone (VZ), the young postmitotic neuron
usually attaches to the parent glial fiber and quickly migrates into the border between the subventricular (SVZ) and intermediate zones (1Z), where it acquires a
multipolar neuronal (MN) identity and briefly stops migrating to receive spatiotemporal molecular cues for further oriented migration. The MN then switches to bipolar

migration and cortical lamination.

neuron (BP) and re-attaches to the glial fiber to migrate into the cortical plate (CP). In the CP, the migrating neuron detaches from the glial fiber to undergo somal
translocation leading to its correct layer placement and ensures proper cortical lamination. The optimal activity of WNT signaling in the cortical germinal zone is
indicated by a light shade of red and critical for neuronal migration. (B) Schema showing that loss of BAF complex in neural progenitors causes loss of adhesion
proteins, glial fiber, disturbance of MN-to-BN transition, and increase in WNT signaling activity (indicated with a deep shade of red). These alterations result in
accumulation of nascent neurons and MNs, leading to abnormal radial migration and cortical laminar malformation. Red cross denotes deletion or loss. (C) Picture
showing outcome of rescue experiment following inhibition of the increased WNT signaling in the BAF complex mutant (dcKO_hGFAP-Cre) cortex. WNT inhibition
(WNTi) with the chemical ICG001 led to substantial preservation of neuronal polarization, glial fibers, and cell adhesion leading to partial rescue of radial neuronal

migration phenotype in the dcKO_Nex-Cre cortex is mild and
most likely to be more of a delayed rather than stalled neuronal
migration (Figures 2A,B and Supplementary Figure 5).

To perform the rescue experiment, we employed the in vivo
chemical inhibition approach to downregulate (knockdown) the
upregulated WNT signaling in the developing dcKO_hGFAP-
Cre cortex. This was achieved with the chemical ICG-001,
a small molecule capable of interfering with CREB-binding
protein (CBP) and B-catenin complexing during WNT signaling,
leading to inhibition of the pathway and its related downstream
molecular and cellular effects (Emami et al., 2004; Teo et al,
2005; Wiese et al., 2017). Mice pregnant with dcKO_hGFAP-Cre
embryos were thus intraperitoneally injected with daily dose of
ICG-001 from E11.5 to E16.5 and the brains were harvested

for histological analysis at E17.5 (Figure 5G). We previously
established that ICG-001 treatment at the dosage applied in
this study, or treatment with the vehicle (DMSO), does not
affect neurogenesis or neuronal migration in the wildtype cortex.
Similarly, treatment with DMSO had no effect on cortical
neurogenesis or neuronal migration in the BAF mutant brain
(Nguyen et al., 2018).

Intriguingly, immunostaining with Ctip2 and Cux1 antibodies
revealed partial rescue of radial neuronal migration and
formation of deep and superficial cortical layers in the WNT
inhibitor (WNT1i)-treated dcKO_hGFAP-Cre cortex compared
with the dcKO_hGFAP-Cre without WNTi pharmacological
treatment (Figures 5H,I). Our bin analysis showed that the
apparent crowding of Ctip2+ lower layer neurons and Cuxl1+
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upper layer neurons in the E17.5 dcKO_hGFAP-Cre lower
cortical wall region significantly resolved due to migration of
many of such neurons to populate their designated laminae in
the CP upon downregulation of WNT signaling (Figures 5J,K).
We also observed more preserved RG fibers and w-Catenin
(cell adhesion) expression in the WNTi-treated dcKO_hGFAP-
Cre cortex compared with dcKO_hGFAP-Cre (Figures 5L-
O). In agreement with the migration rescue effect of WNT
inhibition in the dcKO_hGFAP-Cre, we observed that more
WNT inhibitor-treated mutant (dcKO_hGFAP-Cre) neurons
labeled with GFP migrated out of the germinal zone and the 1Z
to populate the upper CP compared with neurons in the WNT
inhibitor-untreated dcKO_hGFAP-Cre cortex (Supplementary
Figures 7A,B). Furthermore, we observed slight increase in the
leading process of the rescued (WNT inhibitor-treated) BAF
complex mutant neurons compared with the untreated mutant
neurons (Supplementary Figure 7C). It is probable that WNT
inhibition in the dcKO_hGFAP-Cre cortex afforded maintenance
of glial fibers and cell adhesion, and rescue of the defective
multipolar-to-bipolar neuronal morphology transition, which
culminated in a largely correct radial neuronal migration and
cortical layer formation (Figure 6).

Put together, we have shown that the BAF complex is a critical
regulator of the glial fiber-dependent and independent aspects of
radial migration of cortical neurons through modulation of WNT
signaling activity to allow proper cortical lamination during
mouse brain development.

DISCUSSION

Laminar patterning during cortical development is fundamental
to the formation of functional cortical areas during development
of the cerebral cortex. Neuronal migration is a critical
process in cortical layer formation, and its dysregulation
can render the cortex malformed with several resultant
neurodevelopmental disorders (Valiente and Marin, 2010;
Evsyukova et al., 2013; Silva et al., 2019). Therefore, factors that
regulate migration of cortical neurons have been of interest to
many neurobiologists over the years.

In this study, we identified the ATP-dependent chromatin
remodeling BAF complex to play instructional roles during radial
migration of cortical neurons. We essentially inactivated the
BAF complex in neurogenic cortical progenitors or in nascent
postmitotic cortical neurons prior to commencement of radial
migration. This was carried out using three different mouse
models, in two of which the BAF complex was inactivated
in cortical progenitors at early and later cortical development
stages to produce the dcKO_Emx1-Cre and dcKO_hGFAP-
Cre, respectively. Abrogation of the BAF complex just after
generation of postmitotic cortical neurons was achieved in the
dcKO_Nex-Cre model. Thus, the dcKO_Nex-Cre model offered
the advantage of precluding the impact of abnormal proliferation
and neurogenesis seen/reported in the dcKO_Emx1-Cre and
dcKO_hGFAP-Cre cortical models (Narayanan et al., 2015;
Nguyen et al., 2018). We observed that the BAF complex-
deficient cortex lacks well defined cortical layers due to neuronal

migration dysregulation. In principle, given that the composition
and functional characteristics of the BAF complex in neural
progenitors (npBAF) is different from that found in neurons
(nBAF) (Lessard et al., 2007; Wu et al., 2007; Staahl et al., 2013;
Bachmann et al., 2016), to a large extent, we were able to dissect
the significance of BAF complexes in orchestrating neuronal
migration during cortical histogenesis.

BAF Complex Orchestrates Cortical
Lamination via Regulating Neuron

Migration in the Developing Cortex

By temporally and cell-type specifically inactivating the BAF
complex in the developing cortex, we found that the resultant
mutant neurons are incapable of normal migration. As a
result, the BAF complex-ablated developing cortex is improperly
laminated; showing both upper and lower layer neuron
misplacement in the cortical wall. The defective neuronal
migration phenotype was most severe and morphogenically
impactful in the dcKO_Emx1-Cre cortex followed by the
dcKO_hGFAP-Cre cortex. This may be as a result of concurrent
disturbance of neurogenesis due to deletion of BAF complex in
the early or late cortical neural stem/progenitor cells. Indeed,
neural progenitor cell proliferation and differentiation are
perturbed in the absence of optimal BAF complex function
(Narayanan et al., 2015; Nguyen et al, 2018). On the other
hand, the migration phenotype in the dcKO_Nex-Cre cortex
was mild and mainly presented as delayed locomotion of upper
layer neurons because they are late-born and make the longest
radial journey. This reduced impact in the dcKO_Nex-Cre cortex
may have resulted from the relative stability of the BAF complex
in postmitotic neurons probably because of their non-dividing
nature and the non-requirement of subunit recomposition of
the nBAF therein (Lessard et al., 2007; Wu et al, 2007).
As such, although majority of the BAF subunits are lost, we
found some subunit remnants in the P1 dcKO_Nex-Cre cortex
(Supplementary Figure 3), which we speculate may underlie the
observed mild phenotype.

Typically, abnormal neuronal migration calls forth several
other neurodevelopmental perturbations (Valiente and Marin,
2010; Evsyukova et al., 2013). In our case, we found that the
defective cortical neuronal migration may, in part, underscore
the defective morphology of the BAF complex mutant neurons,
which contributed to the diminished corticogenesis in the
BAF complex mutant brain (Narayanan et al., 2015; Nguyen
et al., 2016, 2018). At least, in terms of differentiation, some
BAF complex subunits have been reported to be essential
for axonogenesis, dendritogenesis, and spine formation during
cortical neuron maturation (reviewed in Sokpor et al., 2017).

Another reason that consolidates the specific link of BAF
complex dysfunction to the observed neuronal migration
problem is that: it is only under the condition of entire BAF
complex ablation that we disturb cortical neuron migration.
Single deletion of BAF155 or BAF170 did not yield any noticeable
neuronal migration anomaly in the developing cortex (Tuoc etal.,
2013; Narayanan et al., 2018). That notwithstanding, a previous
study reported defective neuronal migration following deletion
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of Ctipl (BAF100a), a variable subunit of the BAF complex
(Wiegrefte et al., 2015). We argue, however, that BAF100a may act
solitarily outside the chromatin remodeling function of the BAF
complex to control aspects of cortical neuron migration. Even
though the defective migration caused by deletion of BAF155
and BAF170 is more complex and severe than that resulting
from BAF100a ablation alone, it would be insightful to investigate
the structural and functional integrity of the BAF100a-lacking
BAF complex and how it may contribute to defective neuronal
migration during brain development.

Essential Cellular Mechanics in Radial
Neuronal Migration Require BAF

Complex Function

Classically, in utero electroporation is a powerful in vivo
technique used for gene manipulation to investigate cellular
processes, including neuronal migration in the developing
cortex (Saito and Nakatsuji, 2001; Tabata and Nakajima, 2001;
Shimogori and Ogawa, 2008). We took advantage of this method
to focally ablate BAF complex in the developing cortex, so as
to detail the effect on cellular mechanisms during neuronal
migration. To closely reproduce loss of BAF complex in
cortical progenitors as achieved in the dcKO_Emx1-Cre and
dcKO_hFGAP-Cre cortex, and in postmitotic neurons as in
the dcKO_Nex-Cre cortex, we used the CAG- and NeuroD-
Cre plasmids to delete BAF155 and BAF170 in selected cortical
areas, respectively. By this means, we identified that key steps
involved in glial fiber-guided cortical neuron migration go
awry in the absence of BAF complex. Notably, we found
that most of the BAF complex-deficient migrating neurons
“could not” locomote properly possibly because of a defect in
attachment to glial fibers. The observed reduction in neuronal-
glial fiber interaction may partly be due to disturbance in
cell adhesion to available glial fibers as revealed in our RNA-
seq analyses of the dcKO_Emx1-Cre and dcKO_hFGAP-Cre
cortex. Adhesion molecules such as catenins and cadherins, play
central roles in the attachment of neurons to glial guides during
locomotion (Solecki, 2012). In agreement, it has been recently
shown that loss of adhesion proteins in the cortex, particularly
a-Catenin, can perturb radial neuronal migration leading to
cortical neurodevelopmental disturbances (Schmid et al., 2014;
Schaffer et al., 2018). This partly gives relevance to the link
between loss of a-Catenin in the BAF complex-inactivated cortex
and contribution to the defective radial migration, and cortical
mis-lamination phenotype reported in this study.

Although not obviously revealed in our BAF complex
knockdown investigation using in utero electroporation, it is
conceivable that the reduced association of the BAF complex-
lacking migrating cortical neurons with glial fibers may also
emanate from the loss of the glial fiber layouts needed for
radial migration. This is deduced from the dcKO_Emx1-Cre and
dcKO_hFGAP-Cre cortex, which display dramatic loss of glial
fiber scaffolds due to ablation of BAF complex (Narayanan et al.,
2015; Nguyen et al., 2018). Traditionally, nascent cortical neurons
use their parent glial fibers to locomote to the CP to make well-
patterned radial columns, cortical laminae, and functional areas

defined in the cortex (Mountcastle, 1997; Noctor et al., 2001;
Torii et al.,, 2009). Neuronal migration may stall or deviate in
the absence of such proximal glial fiber guidance, which accounts
for the accumulation of Ctip2+ and Cuxl+ neurons in the
lower cortical wall of the dcKO_hGFAP-Cre cortex and in the
germinal zones of the cortical area electroporated with the CAG-
Cre-GFP plasmid. Moreover, our observation indicates that the
migrating BAF complex-ablated neurons may display protracted
multipolar phase leading to their accumulation in the IZ and/or
may undergo excessive tangential migration in attempt to find
adjoining fibers for onward radial migration (Inoue et al., 2017).

Adding to the complexity of how BAF complex regulates
cortical neuron migration, we also identified its importance in
controlling the multipolar-to-bipolar neuronal morphology
switch during radial migration. This morphological
transformation is critical for successful radial migration
(Noctor et al., 2004; Ayala et al., 2007; Namba et al., 2014) and
its interference or dysregulation can stifle neuronal migration
(La Fata et al., 2014; Boitard et al.,, 2015; Chen et al., 2015;
Barnat et al., 2017; Guo et al.,, 2017; Huang et al., 2017; Iwai
et al., 2018; Kurabayashi et al., 2018; Ohtaka-Maruyama et al,,
2018; Zhang et al, 2018). The BAF complex-ablated cortical
neurons are unable to properly undergo multipolar-to-bipolar
transition leading to their stagnation in the multipolar phase
or accumulation in the IZ, and reduced success in populating
the CP. In essence, we posit that neuronal polarization is
fundamentally distorted in the absence of BAF complex.
In support of this notion, we found downregulation of
cytoskeleton-related factors in the BAF complex-deleted cortex.
More so, adhesion proteins like a-catenin, which orchestrate
the plastic linkage between the cell membrane and the internal
cytoskeleton to afford cell (neuronal) structure remodeling
(Drees et al., 2005; Desai et al., 2013), is lost in response to BAF
complex inactivation in the developing cortex. Our investigation
of Golgi apparatus localization, which can also indicate alteration
in cell polarization, corroborates aberrant neuronal polarization
and resultant disturbance of multipolar-to-bipolar morphology
transition consequent to BAF complex deletion. A common
outcome of improper neuronal polarization during radial
migration is the disturbance of axon and dendrite formation,
which in the case of the latter, we observed as truncation of the
leading process (future dendrite) of the BAF complex mutant
migrating neurons. Additionally, improperly polarized radially
migrating neurons lacking BAF155 and BAF170 may overly
adopt the non-pia surface-directed mode of radial migration,
i.e., multipolar migration (Tabata and Nakajima, 2003), which
can be a reason for the observed spreading of neurons and
cortical mislamination. Future studies seeking to determine how
the BAF complex regulates neuronal process elaboration and
extension will enrich the literature on how chromatin remodelers
orchestrate cortical circuitry.

Together, our investigations show that the BAF complex
modulates contact guidance necessary for radial neuronal
migration and cortical laminar formation. Key among them
is that the BAF complex is essential for maintenance of RG
fiber scaffolds, cell adhesion, and neuronal polarization that are
indispensable for locomotion of cortical neurons.
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BAF Complex May Suppress WNT
Signaling to Drive Cortical Neuron
Migration

Beyond the mechanistic cellular intricacies involved in the
regulation of cortical neuron migration by the ATP-dependent
chromatin remodeling BAF complex, we were interested in
identifying a unified molecular mechanism through which BAF
complex acts to control radial neuronal migration and cortical
laminar formation in the developing brain. We started by
screening for possible molecular candidates imputable to our
BAF complex mutation-induced neuronal migration phenotype.
The WNT signaling pathway emerged as the most plausible
candidate among a complex mix of factors altered in the mutant
cortex. Unlike other identified signaling pathways (e.g., BMP,
SHH, Notch [data not shown]) altered in the BAF complex
mutant cortex, WNT signaling appeared consistently elevated in
all three dcKO models employed in the study. Moreover, the
disturbance of WNT signaling and its effectors are known to
cause abnormal neuronal migration (Poschl et al., 2013; Boitard
etal,, 2015; Bocchi et al., 2017). Admittedly, while WNT activity is
markedly increased in the dcKO_Emx1-Cre and dcKO_hFGAP-
Cre cortex [see RNA-seq data sheets in Narayanan et al. (2015)
and Nguyen et al. (2018), respectively], the dcKO_Nex-Cre cortex
displayed mild elevation in WNT signaling probably due to
alteration in indirect WNT signaling effectors, including Rspo2
(Lebensohn and Rohatgi, 2018). Perhaps, the perturbation in
WNT signaling in the dcKO_Nex-Cre cortex may be mild enough
to allow some degree of normal cortical layer formation at later
postnatal stages of cortical development, which may not be in the
case of the dcKO_Emx1-Cre or dcKO_hFGAP-Cre cortex.

By downregulating the increased WNT signaling activity in
the BAF mutant (dcKO_hFGAP-Cre) cortex, we were able to
substantially obviate abnormal radial migration of neurons and
cortical layer malformation. The neuronal migration rescue upon
WNT signaling knockdown is partly due to the preservation
of glial fibers, cell adhesion, and cell polarization. Thus, our
rescue experiment showed that the BAF complex likely modulates
WNT signaling to allow optimal establishment of the requisite
molecular and cellular conditions for normal oriented neuronal
migration and proper patterning of neocortical layers (Figure 6).
A possible explanation for the WNT inhibition-mediated rescue
of the migration phenotype is that BAF complex may suppress
WNT signaling in neurons en route to their laminae in the CP.
In support of our hypothesis, it was previously shown that BAF
complex can inhibit WNT/B-catenin signaling via its subunit
BAF250b (Vasileiou et al., 2015). It was also reported that WNT
signaling is dynamically regulated to allow correct neuronal
polarity formation and neuron-glial fiber engagement during
radial migration (Boitard et al., 2015; Bocchi et al., 2017). When
WNT signaling was ablated in the developing cortex, it resulted
in delay of radial migration leading to cortical malformation
(Boitard et al., 2015; Bocchi et al., 2017), as phenocopied in the
BAF complex mutant (dcKO_Nex-Cre) cortex. We demonstrated
in our previous work that BAF complex possibly modulates
WNT signaling to permit the establishment of epigenetic schemes
required for proper neuronal development during corticogenesis

(Nguyen et al., 2018). WNT signaling is indeed a formidable
regulator of cortical development as it is reported to regulate
many aspects of brain development, including primary forebrain
patterning, RG and neuronal precursor cell fate, cell adhesion and
polarity formation, and cortical laminar patterning (reviewed in
Harrison-Uy and Pleasure, 2012). Nonetheless, due to the partial
rescue of the migration phenotype by WNT inhibition, we think
other (signaling) factors may be involved. For instance, it could
be that WNT inhibition also leads to some normalization of the
other dysregulated signaling pathways in the developing BAF
complex mutant cortex. As a future consideration, it would be
interesting to elucidate the epiphenomenal aspect of our rescue
experiment to consolidate our findings.

Altogether, this current study highlights the indispensability
of the ATP-dependent chromatin remodeling BAF complex in the
formation of cortical layers through regulating multiple aspects of
radial neuronal migration in a WNT signaling dependent manner
during mammalian cortical development.
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Impaired SNF2L Chromatin
Remodeling Prolongs Accessibility at
Promoters Enriched for Fos/Jun
Binding Sites and Delays Granule
Neuron Differentiation

Laura R. Goodwin'2, Gerardo Zapata'2, Sara Timpano', Jacob Marenger' and
David J. Picketts’23*

! Regenerative Medicine Program, Ottawa Hospital Research Institute, Ottawa, ON, Canada, 2 Department of Biochemistry,
Microbiology and Immunology, University of Ottawa, Ottawa, ON, Canada, ° Cellular and Molecular Medicine, University of
Ottawa, Ottawa, ON, Canada

Chromatin remodeling proteins utilize the energy from ATP hydrolysis to mobilize
nucleosomes often creating accessibility for transcription factors within gene regulatory
elements. Aberrant chromatin remodeling has diverse effects on neuroprogenitor
homeostasis altering progenitor competence, proliferation, survival, or cell fate. Previous
work has shown that inactivation of the ISWI genes, Smarca5 (encoding Snf2h) and
Smarcal (encoding Snf2l) have dramatic effects on brain development. Smarcab
conditional knockout mice have reduced progenitor expansion and severe forebrain
hypoplasia, with a similar effect on the postnatal growth of the cerebellum. In contrast,
Smarcal mutants exhibited enlarged forebrains with delayed progenitor differentiation
and increased neuronal output. Here, we utilized cerebellar granule neuron precursor
(GNP) cultures from Smarca mutant mice (EX6DEL) to explore the requirement for Snf2|
on progenitor homeostasis. The ExX6DEL GNPs showed delayed differentiation upon
plating that was not attributed to changes in the Sonic Hedgehog pathway but was
associated with overexpression of numerous positive effectors of proliferation, including
targets of Wnt activation. Transcriptome analysis identified increased expression of
Fosb and Fos/2 while ATACseq experiments identified a large increase in chromatin
accessibility at promoters many enriched for Fos/Jun binding sites. Nonetheless,
the elevated proliferation index was transient and the EX6DEL cultures initiated
differentiation with a high concordance in gene expression changes to the wild type
cultures. Genes specific to Ex6DEL differentiation were associated with an increased
activation of the ERK signaling pathway. Taken together, this data provides the first
indication of how Smarcal mutations alter progenitor cell homeostasis and contribute
to changes in brain size.

Keywords: SMARCA1, Snf2L, ISWI chromatin remodeler, cerebellar granule neuron progenitors, ATAC-seq,
chromatin accessibility
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INTRODUCTION

Normal brain development requires the neural progenitors to
interpret external cues that are used to remodel their chromatin
and modulate an intrinsic gene expression program that
ultimately defines cellular competence, regulates proliferation,
and/or initiates a cell fate lineage decision. Indeed, progenitor
cell homeostasis is a tightly regulated process that if perturbed
can affect brain size, cellular fate and lamination, and/or cause
neurodevelopmental disorders. The characterization of animal
models have shown that ablation of chromatin remodeling
factors significantly impact neurogenesis, while human genetic
studies have implicated them in numerous neurodevelopmental
disorders (Bogershausen and Wollnik, 2018; Goodwin and
Picketts, 2018; Sokpor et al., 2018; Timpano and Picketts, 2020).

Chromatin remodeling is catalyzed by conserved complexes
containing a subunit with a SNF2-like helicase domain that binds
and hydrolyzes ATP to reposition nucleosomes. These complexes
can be subdivided into four classes, the switch/sucrose non-
fermenting (SWI/SNF), imitation-switch (ISWI), chromodomain
helicase DNA binding (CHD), and inositol requiring 80-like
(INO80) families based on extended homology within the ATPase
domain and the inclusion of additional motifs that facilitate
chromatin interactions (Clapier et al,, 2017). The mammalian
ISWI family comprises the closely related SMARCAI and
SMARCAS5 genes that are orthologs of the Drosophila ISWI
gene and encode the SNF2L and SNF2H proteins, respectively.
The mammalian ISWI proteins form heterodimers comprised of
either SNF2H or SNF2L and, most often, a BAZ (bromodomain
adjacent to zinc finger) gene family member (Goodwin and
Picketts, 2018). Seven complexes have been purified including
the NURF (Nucleosome remodeling factor), ACF (ATP-utilizing
chromatin assembly factor) and CHRAC (chromatin assembly
complex) complexes that are highly conserved across species
(Tsukiyama and Wu, 1995; Ito et al.,, 1997; Varga-Weisz et al,,
1997). In addition, four novel complexes have been purified from
mammalian cells, namely the WICH (WSTF-ISWI chromatin
remodeling complex), CERF (CECR2-containing remodeling
factor), RSF (remodeling and spacing factor), and NoRC
(Nucleolar remodeling complex) complexes (LeRoy et al., 1998;
Strohner et al., 2001; Bozhenok et al., 2002; Banting et al., 2005).
While it was originally reported that five complexes contained
SNF2H (ACE, CHRAC, NoRC, RSF, WICH) and two comprised
SNF2L (CERE NURE), a recent study has suggested that SNF2H
and SNF2L are interchangeable within all seven complexes and
identified a novel eighth complex containing the protein BAZ2A
(Oppikofer et al., 2017). However, most genetic and biochemical
data indicate that Smarcal and Smarca5 have non-redundant
functions, as described below.

The ISWI proteins remodel and space nucleosome arrays
in vitro albeit with different affinities (Corona et al., 1999; Langst
etal., 1999; Tang et al., 2004; Leonard and Narlikar, 2015; Clapier
et al., 2017), and have different effects on the positioning of
nucleosomes at transcriptional start sites (TSS) and at CTCF and
other transcription factor binding sites (Qiu et al., 2015; Kwon
et al., 2016; Wiechens et al., 2016). Moreover, SNF2H containing
complexes facilitate  DNA repair, regulate heterochromatin

maintenance and coordinate rRNA gene expression; functions
not demonstrated for SNF2L complexes (as reviewed by Goodwin
and Picketts, 2018). However, distinct roles seem less clear
when examining mouse models. The inactivation of Bptf, the
gene encoding the largest subunit of the Snf2l-containing
NURF complex results in decreased progenitor self-renewal and
impaired terminal differentiation in multiple cell types (Landry
et al., 2008, 2011; Koludrovic et al., 2015; Frey et al., 2017).
Similarly, inactivation of the Smarca5 gene resulted in reduced
growth and pre-implantation lethality, while tissue specific-
inactivation in the developing brain resulted in mice with a
striking cerebellar hypoplasia caused by a drastically reduced
proportion of proliferating cells in the external granule cell
layer (Stopka and Skoultchi, 2003; Alvarez-Saavedra et al., 2014).
Given that Snf2] is also expressed in the granule neurons of the
cerebellum, it provides the opportunity to utilize granule neuron
progenitor cultures to define whether Snf2h and Snf2l act with
overlapping or separate functions in progenitor cell homeostasis.

The development of the cerebellum is dependent on two
distinct progenitor populations, one located in the ventricular
zone (VZ) lining the fourth ventricle and one in the upper
rhombic lip (Hatten and Heintz, 1995). The VZ progenitors give
rise to all the inhibitory neurons, including Purkinje neurons,
while some of these Nestin-expressing progenitors migrate to the
external granule layer (EGL) to produce Bergmann glia (Hatten
and Heintz, 1995; Hoshino et al., 2005). The progenitors from
the rhombic lip give rise to all excitatory neurons including
those that form the deep cerebellar nuclei and the population of
granule neuron precursors (GNPs) that migrate to the EGL where
they proliferate extensively in the postnatal period to produce
granule neurons and promote folia growth (Hatten and Heintz,
1995; Alder et al., 1996; Machold and Fishell, 2005). Smarca5 is
expressed robustly in the rhombic lip and the VZ in the embryo
but it only seems to affect GNP expansion as normal numbers of
Purkinje neurons were detected in the hypoplastic cerebellum of
Smarca5 cKO mice (Alvarez-Saavedra et al., 2014). In contrast,
Smarcal showed very weak expression in the VZ and rhombic lip
appearing more prevalently after birth in differentiating granule
neurons (Alvarez-Saavedra et al., 2014). In the cerebral cortex,
mice with a targeted deletion of exon 6 of the Smarcal gene
(Ex6DEL mice) that encodes the ATP-binding pocket resulted
in increased proliferation of intermediate progenitor cells (IPCs)
that delayed differentiation and gave rise to animals with a
larger brain (Yip et al, 2012). These studies suggest that the
ISWI proteins Snf2h and Snf2] play distinct and critical roles
in regulating the transition of a proliferating progenitor to a
differentiated neuron.

The aim of the current study was to determine the effects
of Smarcal loss on GNP proliferation and granule neuron
differentiation in the developing cerebellum. Moreover, we
sought to utilize primary GNP cultures to assess the global
changes to the chromatin landscape and transcriptome as
a means to define the underlying function of Snf2l during
neurogenesis. In this way, we established that GNPs require
Snf2l to limit chromatin accessibility at key TSS to promote
differentiation. Cultures from the Ex6DEL mice showed an
enrichment of chromatin accessibility, particularly at the
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TSS of genes containing Fos/Jun binding sites that delayed
differentiation. Despite the delay in differentiation the Ex6DEL
cells utilized a similar genetic program to differentiate that was
characterized by increased activation of the ERK pathway.

MATERIALS AND METHODS
Animal Work

The Smarcal gene resides on the X chromosome and the
generation of the Smarcal®™®PEL/Y male mice have been
described previously (Yip et al., 2012). Animals were maintained
on an FVB/N background and housed in an animal facility under
SPF (specific pathogen-free) conditions on a 12/12 light:dark
cycle with water and food ad libitum. All animal experiments
were approved by the University of Ottawa’s Animal Care ethics
committee, with the guidelines set out by the Canadian Council
on Animal Care. Smarcal®*¢PEL/+ female mice were bred with
wild-type males and pups were harvested between 4 and 6 days
after birth for GNP isolation, or at postnatal day 10 (P10)
for RNA isolation.

GNP Cultures

GNPs were isolated from the cerebella of postnatal day (P)4-P6
pups as previously described by Lee et al. (2009). To increase GNP
culture purity, GNPs were passed through a 60-35% Percoll step
gradient (Sigma, cat # P4937), wherein GNPs settled at the 35-
60% interphase. Cells were plated in serum-free Neurobasal ™ -
A medium with B-27 supplement (Thermo Scientific, cat #
0080085-SA) at a density of 5.5 x 10° cells/well of a 24 well
plate coated with 1 mg/ml Poly-D-lysine hydrobromide (Sigma,
cat # P6407). A partial media change was performed within
a day of isolation and repeated every 48 h. GNP viability
was assessed using the Beckman Coulter Vi-CELLTM XR Cell
Viability Analyzer default cell counting system (cell size 5-
50 wM). Cell viability was assessed by trypan blue dye exclusion
method.

Genotyping was performed on genomic DNA from freshly
isolated GNP cultures after dissection under the following PCR
conditions: a denaturing cycle at 94°C for 2 min, 39 PCR cycles
(94°C for 30 s, 60°C for 30 s, 72°C for 45 s) and a final cycle at
72°C for 10 min. A three primer system was used for genotyping
with two primers located in the introns flanking exon 6
(Smarcallntron5For: 5'-CCTGGGCTGGAACCATGATC-3" and
Smarcallntron6Rev: 5-GTATGGACAAGTGTGTGAAGCC-3')
and a third primer located within Exon 6 (SmarcalExon6Rev:
5-CCATGTGGGGTCCAGGAATG-3"). PCR conditions result
in the amplification of only the smaller WT product of 509 bp
(Intron5-Exon6; the larger 1108 bp Intron5-Intron6é product is
undetectable). The Ex6DEL product is 450 bp and the PCR
reactions were electrophoresed on a 1.5-2% agarose gel for
genotype analysis.

BrdU-Pulse Labeling and

Immunostaining
Granule neuron precursors cultured on coverslips (n = 4) were
pulse labeled by adding BrdU (50 wM; Sigma, cat # B-5002)

directly to the culture for 2 h. For BrdU immunodetection, cells
were fixed (2% PFA, 10 min, RT) and permeabilized (PBS with
0.03% triton-X 100, 10 min at RT) and then were subjected to
a DNA hydrolysis incubation (2.5 N HCI, 10 min, RT) prior
to immunostaining. For immunostaining, cells were fixed to
coverslips and permeabilized as described above. Cells were
blocked in 10% horse serum (Life Technologies, cat # 26050-088)
in TBST with BSA for 1 hr at RT. Primary antibodies rabbit anti-
NF200 (1:500, Sigma, N4142); rabbit anti-Ki67 (1:500, Abcam,
ab16667); mouse anti-BrdU (1:500, BD Bioscience, 347580);
or rabbit anti-GFAP (1:500, Stem Cell Technologies, 01415)
were diluted 1:500 in blocking solution and incubated on the
coverslips overnight at 4°C. Secondary Alexa Fluor® (Jackson
Immunoresearch) antibody was diluted 1:4000 in PBS and
applied for 30 min RT prior to 5 min in a 1:10000 bis-benzimide-
Hoescht 33342 (Sigma, United States, cat#B2261) solution in PBS.
Coverslips were mounted onto slides with mounting medium
(Agilent Technologies, cat # S3023). Coverslips were imaged
with an Axio Imager M1 microscope (Zeiss) using either 20X
or 40X objectives. Images (6 per time point for each replicate)
were prepared with Fiji software' (version 2.0.0). All BrdU-
positive cell counts were performed relative to DAPI-labeled
nuclei and statistically analyzed by two-way ANOVA from 3-
replicate experiments using Excel software. Statistical significance
was assumed when the p-value was less than 0.05. p-values were
annotated on the figures as follows: *p < 0.05 **p < 0.01;
#%p < 0.001.

Immunoblotting

Cerebellar extracts were quickly dissected from individual pups
and then homogenized in ice-cold lysis buffer supplemented with
protease inhibitor cocktail (Sigma, United States; P8340) and
phosphatase inhibitor cocktail (Fisher, cat # 78441), and then
incubated for 10 min at 4°C with gentle mixing. Cultured GNP
cell lysates were prepared similarly following resuspension in PBS
with a cell scraper. After pre-clearing by centrifugation (5 min at
17,000 x g), proteins were quantified by the Bradford method
(BioRad, cat # 500-00006). Protein samples were resolved on
sodium dodecyl sulfate polyacrylamide gels under denaturing
conditions or using Bis-Tris 4-12% gradient gels (NuPage,
Invitrogen, United States; cat # NP0007) and blotted onto PVDF
membranes (BioRad, cat # 162-0177) by wet transfer for 1 hr
at 90V. Membranes were blocked (45 min, room temperature)
with 5% skim milk in TBST and incubated (4°C, overnight) in
primary antibody [rabbit anti-Snf2] (1:2000, Abcam, ab37003);
rabbit anti-Snf2h (1:2000, Abcam, ab72499); rabbit anti-vinculin
(1:2000, Abcam, ab129002); rabbit anti-Ki67 (1:2000, Abcam,
ab16667); mouse anti-NeuN (1:2000, Millipore, MAB377);
mouse anti-Tujl (1:2000, Stem Cell Technologies, 01409);
rabbit anti-CECR2 (1:1000; gift from Dr. Heather McDermid,
uAlberta); rabbit anti-ERK (1:2000, Santa Cruz, scl54); or
mouse anti-pERK (1:500, Santa Cruz, sc7383)]. Membranes were
incubated (1 h, RT) with ImmunoPure® HRP-conjugated goat
anti-rabbit or goat anti-mouse IgG (H + L) secondary antibodies
(1:25000; Pierce, Rockford, IL, United States). Membranes were

'http://gtrd.biouml.org/#!
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washed 3 x 10 min in TBST after antibody incubations, and the
signal was detected using the Pierce Supersignal West Fempto
chemiluminescence substrate (ThermoFisher Scientific, cat #
34095). At least 2 separate Western blots were quantified using
Image] software for quantitation (Schneider et al., 2012).

Co-immunoprecipitation (co-IP)

Each co-IP was prepared with 500 pg of P21 cerebellar protein
lysate (described above), 1 pg antibody, protease inhibitors and
lysis buffer to bring the final co-IP volume to 500 pL, which
was then rocked overnight at 4°C. Protein A/G magnetic beads
(Bioclone Inc, #MA-102) was rinsed twice on a magnetized
stand (Thermo Fisher) with two volumes of non-denaturing lysis
buffer. Thirty pL bead slurry was then added to each co-IP
reaction for capture on a rocking platform at 4°C for 1 h. Beads
were washed 5 times in 1 mL 0.3% triton-X in PBS, with each
wash being performed on a rocking platform at 4°C for 5 min.
Beads were resuspended in 0.1M glycine (pH 2.5) elution buffer
and incubated for 10 min RT prior to recovering eluate. Elution
was repeated 3 additional times. Samples were prepared in 1:3
in 1X NuPAGE LDS Sample Buffer and 1.5% p-mercaptoethanol
(Sigma, #M7522) prior to immunoblotting.

gRT-PCR

RNA was isolated from P10 cerebella or cultured GNPs using
TRIzol Reagent (Life Technologies, #15596018) according to
manufacturer’s instructions. RNA was purified using DNA-
free kit (ThermoFisher Scientific, AM1906) according to the
manufacturer’s instructions. Complementary DNA (cDNA) was
generated with the RevertAid First Strand ¢cDNA Synthesis Kit
(Thermo Fisher, #K1621) and was carried out in a thermocycler
for 5 min at 25°C, 1 h at 42°C followed by 5 min at 70°C.
qPCR reactions were prepared by mixing 10 pL Lo-ROX 2X
SYBR Master Mix (FroggaBio Inc, #BIO-94020) with 0.5 pM
of primers and 200 ng of ¢cDNA. Primer used in this study
are listed in Table 1. All reactions were performed in technical
triplicates. QPCR was carried out on MicroAmp® Fast Optical
96-well Reaction Plate (Life Technologies, #4346906) and run
on 7500 Applied Biosystems® Fast Real-Time PCR System [95°C
5 min, 40 cycles (95°C for 5's, 60°C for 15 s, 72°C for 20 s), and
72°C for 5 min]. Relative fold change was normalized using two
controls (18S rRNA and GAPDH) and calculated using AACt
method. Statistical significance was determined using Student’s
t-test.

RNA-seq Analysis

RNA was isolated from GNPs (~3 x 10° cells) using TRIzol
(Life Technologies, #15596018) according to manufacturer’s
instructions. RNA cleanup was performed with PureLink
RNA Mini Kit (Thermo Fisher, #12183020) with in-column
DNasel digestion (Thermo Fisher, AM1906). RNA samples
(n = 3) were sequenced at GenomeQuébec (Montréal). RNA
integrity was confirmed upon arrival by Bioanalyzer prior
to cDNA library generation. Paired RNA-seq was performed
on HiSeq4000 PE 100 bp lane and a minimum of 35
million reads was obtained per sample. Quality control (QC)
on raw.fastq files was carried out with FastQC (version

TABLE 1 | List of gPCR primers used for validation of differential gene expression.

BDNF F: 5-AGCCTCCTCTTCTCTTTCTGCTGGA-3’
R:5'-C GTTGTCTATGCCCCTGCCTT-3
Sox2 F: 5'-TGCTCAAGATCAAATGGC-3' R:

5'-GGAC GACCCAGTG-3

TH F: 5'-TCCCCAAGGTTCATTGGACG-3 R:
5'-GGTACCCTATGCATTTAGCT-3'

c-Fos F: 5'-GGGGACAGCCTTTCCTACTA-3' R:
5'-CTGTCACCGTGGGGATAAAG-3

FosB F: 5'-AAGTGTGCTGTGGAGTTC-3' R:
5'-ATGTTGGAAGTGGTCGA-3'

Fosl2 F: 5'-CCAGCAGAAGTTCCGGGTAG-3' R:
5'-GTAGGGATGTGAGCGTGGATA-3

JunB F: 5'-TCACGACGACTCTTACGCAG-3' R:

5'-CCTTGAGACCCCGATAGGGA-3

Jun F: 5'-CCTTCTACGACGATGCCCTC-3' R:
5'-GGTTCAAGGTCATGCTCTGTTT-3

c-Jun F: 5'-ACGACCTTCTACGACGATGC-3' R:
5'-CCAGGTTCAAGGTCATGCTC-3

JunD F: 5'-CCAGGTTCAAGGTCATGCTC-3' R:
5-AGCCCGTTGGACTGGATGA-3

Ets-1 F: 5'-AAAGAGTGCTTCCTCGAGCT-3' R:
5-AGGCTGTTGAAGGATGACTG-3'

Edn-1 F: &5'-TTTTTCCCCACTCTTCTGACCC-3' R:
5'-AGTCCATACGGTACGACG-3'

Ednra F: 5'-CAACTGTGTCTAGGAGGTGGGG-3' R:
5'-ATGGTCAGCCAAAAGTATGCCG-3

Ednrb F: 5'-TTGCTCGCAGAGGACTGGCCA-3' R:
5'-AAGCATGCAGACCCTTAGGGG-3

Fgf-3 F: 5-TCCACAAACTCACACTCTGC-3' R:
5'-GAACAGCGCCTATAGCATCC-3'

Fgf-6 F: 5'-AACTCCTCGTATTCCTACAATCC-3' R:

5'-CGGATGGCAAAGTCAATGG-3
188 F: 5'-TGTCTCAAAGATTAAGCCATGC-3' R:
5'-GCGACCAAAGAAACCATAAC-3'
F: 5’-ATCCACGACGGACACATTGG-3' R: &
-CAACGACCCCTTCATTGACCTC-3

Gapdh

0.11.5). Reads were pseudoaligned to GRCm38 (release 88)
by kallisto (version 0.44.0; bootstraps = 50) and quantified
with Sleuth (version 0.29.0). Differentially expressed genes
(DEGs) set a fold-change threshold of £1.5 with qval <0.05.
Heatmaps were generated with pheatmap (version 1.0.10)
and RColorBrewer (version 1.1-2). Gene Ontology (GO)
enrichment analysis® established enriched biological process
terms (significant enrichment set at fold enrichment > 1.5
and FDR < 0.05). oPOSSUM was used to identify the
transcription factor binding sites within promoter sequences of
the differentially expressed genes (Kwon et al., 2012). RNA-seq
data was deposited into the GEO database with the accession
number GSE122173.

ATAC-seq Sample Preparation

Samples from WT and Ex6DEL GNP cultures [1 days in vitro
(DIV) and 3DIV; n = 2] were prepared according to Buenrostro
et al. (2013, 2015) with modification in transposase reaction
conditions. Briefly, 50,000 cells were pelleted, resuspended in

Zhttp://www.geneontology.org/
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50 pL lysis buffer and centrifuged (500 x g for 10 min at
4°C). Transposition mix was prepared by combining 25 pL
Nextera TD 2X reaction buffer and 5 pL Nextera TDE1 Tn5
Transposase (Illumina, #FC-121- 1030) to 20 wL nuclease free
H20. Nuclei pellet was resuspended in transposition mix and
incubated for 40 min at 37°C. Transposed DNA was purified
and eluted using Qiagen MinElute PCR Purification Kit (Qiagen,
#28004). The PCR reaction was prepared with 10 L eluted
tagmented DNA, 10 nL nuclease-free H20, 2.5 WL 25 uM ATAC
PCR primers and 2X NEBNext High-Fidelity 2X PCR master mix
(New England Biolabs, #M0541S). Amplification and qPCR side
reaction was carried out as previously described by Buenrostro
etal. (2013, 2015). The amplified library was cleaned with Qiagen
MinElute PCR Purification Kit and verified by Bioanalyzer prior
to sequencing (Stemcore, Ottawa Hospital Research Institute).
Sequencing was performed with Illumina NextSeq500 (PE 75 bp)
and an average of 100 million reads were obtained per sample
(Stemcore, Ottawa Hospital Research Institute).

ATAC-seq Analysis

Quality control on raw fastq files was carried out with FastQC
(version 0.11.6). Adapters were trimmed using atactk (version
0.1.5) and aligned to mml0 with Bowtie 2 (version 2.3.4).
Duplicates were removed with Picard tools (version 2.17.0)
and peaks were called using macs2 -shift —100, —ext size
200 in -broad mode (qval < 0.1). BigWig files were prepared
for visualization with deepTools2 bamCoverage command and
normalized to reads per kilobase per million mapped reads
(RPKM) and visualized with IGV (Thorvaldsdottir et al., 2013).
DeepTools2 was used to plot read abundance over scaled gene
and accessibility heatmaps (Ramirez et al., 2016). Differentially
accessible regions (DARs) were established from consensus peaks
of merged replicates without summits with DiffBind (version
2.8.0; Ross-Innes et al., 2012). Distribution over genomic features
was plotted with ChIPpeakAnno (version 3.14.0; Zhu et al.,
2010). ATACseqQC (version 1.2.9; Ou et al., 2018) was used to
separate reads based on length. HOMER was used to annotate
peaks, as well as to identify and quantify differential motif
binding sites on accessible peaks (Heinz et al., 2010). SeqPlots
was used to quantify and compare accessible TSS (Stempor and
Ahringer, 2016). mESC E14 merged control ATACseq dataset
(GEO number GSE98390) was retrieved and analyzed similarly
using deepTools2. DAVID was used to identify the biological
process, Gene Ontology (GO) functional annotation of ATAC
peaks alongside the 0 and 72 h DEGs (Huang da et al., 2009).
Dplyr®, ggplot2*, and Vennerable® were then used to organize
and plot results in R (RStudio Team., 2020). Gene Transcription
Regulation Database (GRTD) was used to identify the overlap
of Fos/Jun/AP-1 binding sites between the DAR and DEG list
of the granule neuron progenitor cell population®. The ATAC-
seq data was deposited into the GEO database with the accession
number GSE122172.

Shttps://dplyr.tidyverse.org//
*https://ggplot2.tidyverse.org
>https://github.com/js229/Vennerable

RESULTS

During forebrain development, the ISWI homologs Smarca5
and Smarcal (encoding Snf2h and Snf2l proteins, respectively)
play essential non-redundant roles. When Smarca5 is inactivated
progenitor expansion is compromised leading to cortical
hypoplasia (Alvarez-Saavedra et al., 2019). In contrast, the
Ex6DEL mice, containing an internal deletion in the Smarcal
gene and lacking a functional Snf2l protein present with an
enlarged brain due to hyperproliferation of the IPCs (Yip et al.,
2012). Taken together, this data suggests that Snf2l and Snf2h
have differential effects on progenitor cell homeostasis. Smarca5
and Smarcal are both expressed in the developing postnatal
cerebellum, with the early loss of expression of Smarca5 causing
a severe reduction in cerebellar granule neuron progenitor
expansion and cerebellar growth (Alvarez-Saavedra et al., 2014).
To determine whether the ISWI proteins have antagonistic
roles in the cerebellum, we isolated primary cultures of GNPs
from WT and Ex6DEL mice to study the role of the Snf2l
protein (Figure 1A; Oliver et al., 2005; Bassett et al., 2016).
Freshly isolated GNPs from WT spontaneously differentiate over
3 days in culture into granule neurons (GNs) in the absence of
Sonic hedgehog protein (Shh) or agonist (Wechsler-Reya and
Scott, 1999). The GNP cultures had a high level of purity as
we observed < 5% of cells positive for glial acidic fibrillary
protein (GFAP; Supplementary Figure 1A). Immunostaining for
neurofilament 200 (NF200) of the GNPs from WT suggested a
neuronal identity and, by 3 DIV, highlighted the growth of neurite
extensions (Figure 1B) that were also readily visible by phase-
contrast microscopy (WT, Figure 1E). Immunoblot analysis at 1
DIV and at 3 DIV from WT GNP cultures indicated that Snf2l
protein levels increased 3.6-fold with differentiation while Snf2h
protein levels decreased by 11-fold (Figure 1C), consistent with
our observations in murine cerebellar extracts (Alvarez-Saavedra
etal., 2014). The WT cells were also immunoblotted for two pan-
neuronal markers (NeuN, Tujl) and a protein characteristic of
cycling cells (Ki67). These blots indicated that GNPs of WT had
exited the cell cycle and obtained neuronal identity by 3 DIV
(Figure 1C). Next, we isolated GNPs from the Ex6DEL mice to
compare their differentiation properties. Immunoblot and PCR
genotyping analysis (WT band 508 bp; Ex6DEL band 450 bp)
confirmed that the cells were deleted for exon 6 and expressed the
internally truncated Snf2l protein (WT protein 122 kDa; Ex6 DEL
protein 115 kDa; Figure 1D). While the cultures were very similar
at 1 DIV, we observed that the majority of the Ex6 DEL GNPs had
not extended neurites by 3 DIV (Figure 1E) despite insignificant
differences in cell viability (Supplementary Figure 1B).

Ex6DEL GNP Cultures Show Delayed

Differentiation Upon Plating

Within the developing forebrain of Ex6DEL mice we had
previously demonstrated that an increased proportion of IPCs
underwent self-renewal and that this in turn delayed cell
differentiation (Yip et al., 2012). To assess whether GNPs had a
similar fate, we initially immunostained 1 and 3 DIV cultures
for Ki67 (Supplementary Figure 2A). GNPs require Shh as a
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FIGURE 1 | Generation of GNP cultures from the Ex6DEL mice. (A) Schematic diagram of the procedure for generating GNP and granule neuron cultures.
(B) Representative images of WT cultures 1 DIV (top image) and 3 DIV (bottom image) stained with neurofilament-200 (red). Scale bar, 25 wM. (C) Protein extracts of
primary GNP cultures at | and 3 DIV were immunoblotted for the ISWI proteins (Snf2h, Snf2l), neuronal (Tuj, NeuN) and proliferation (Ki67) markers. Vinculin was used
as a loading control. (D) Immunoblot (top panel), Smarcal genotyping (middle panel), and RNAseq analysis (bottom panel) from WT and Ex6DEL GNP cultures
confirmed the loss of exon 6 in the GNP cultures isolated from Ex6DEL mice. The red rectangle outlines the absence of RNAseq reads corresponding to the position
of exon 6. (E) Phase contrast images of GNP cultures from WT and Ex6DEL mice. Scale bar, 50 M.

growth mitogen which is released from Purkinje neurons, and
since it is not present in the culture media the GNPs typically
complete a final mitotic cycle and initiate differentiation upon
plating (Wechsler-Reya and Scott, 1999). At 1 DIV, Ki67" cells
were present in both WT GNP and Ex6DEL GNP cultures but
Ki67™" cells were only detected in the Ex6DEL GNP cultures at
3 DIV (Supplementary Figure 2A) suggesting that cell cycle exit

was delayed. As such, we incubated GNP cultures with BrdU 2 h
before harvesting them at 2 h, 1 DIV, 2 DIV, and 3 DIV after
plating to quantify the proportion of cells in S-phase as a second
measure of cell proliferation (four independent experiments per
timepoint analyzed, five images quantified per coverslip). As
expected, the short BrdU pulse labeled 25-30% of cells at 2 h
and incorporation of BrdU decreased in the GNPs from WT
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to less than 10% after 1 DIV (Figure 2A). In contrast, BrdU
incorporation in the GNPs from Ex6DEL mice remained at or
above 25% at the 1 DIV and 2 DIV timepoints before dropping
below 10% at 3 DIV (Figure 2A). This suggests that the Ex6DEL
GNPs are delayed in their ability to exit the cell cycle, which
is consistent with what we observed in vivo in the developing
forebrain of Ex6DEL mice (Yip et al., 2012). In the postnatal
developing cerebellum, Pax6™ GNPs proliferate in the EGL then
the postmitotic granule neurons migrate through the molecular
layer to complete their maturation in the IGL. We reasoned
that the Ex6DEL cerebellum should contain fewer Pax6™ cells
migrating through the molecular layer at P10 if cell cycle exit
was delayed. P10 cerebellar sections from WT and Ex6DEL mice
were stained for Pax6 and the number of Pax6™ cells within the
molecular layer was quantified. This experiment showed a 25%
reduction in the number of migrating Pax6" granule neurons
in the molecular layer of Ex6DEL mice compared to WT mice
(Figures 2B,C). Taken together, these results suggest that Snf2l
is required for timely cell cycle exit that delayed but does not
impair granule neuron differentiation as indicated by NeuN
and Tujl staining in both GNP and cortical neuron cultures
(Supplementary Figures 2B-D).

The removal of exon 6 maintains the Snf2l open reading frame
(ORF) resulting in an internally truncated protein that renders
the enzyme unable to bind and hydrolyze ATP, thereby impairing
chromatin remodeling activity (Yip et al., 2012). Nonetheless, it
remains possible that the Ex6DEL Snf2l protein is incorporated
into ISWI complexes such as CERF. These complexes may
then maintain their ability to bind chromatin without catalytic
remodeling activity, which could contribute to the delayed
differentiation of the GNPs. To assess whether the truncated Snf2l
protein in Ex6DEL mice can incorporate into an ISWI complex
we performed co-immunoprecipitation (co-IP) experiments with
CECR2, the partner protein associated with Snf2l in the CERF
complex and abundant in the cerebellum (Banting et al., 2005).
Cerebellar lysates from WT and Ex6DEL mice isolated at P21
were used for co-IP with anti-Snf2l and anti-Cecr2 antibodies.
As indicated in Figure 2D, we detected the intact CERF complex
in both WT and Ex6DEL lysates suggesting that the internally
truncated Snf2l protein was incorporated into the CERF complex.

Increased Proliferation Linked to

Edn1/Ednra-MAPK-Fos/Jun Pathway

We next performed RNAseq analysis of WT and Ex6DEL
cerebellar GNP cultures (~3 x 10° cells) at 1 and 3 DIV
to identify transcriptome differences that might contribute to
the delay in cell cycle exit and differentiation. At 1 DIV, we
observed 126 downregulated and 403 upregulated genes in
Ex6DEL GNPs as compared with WT GNPs (log,fold-change
threshold £ 0.5 with qval < 0.05; Figure 3A and Supplementary
Table 1). GO term analysis of the differentially expressed
genes (DEGs) indicated that angiogenesis was the biological
process with the most significant change (Figure 3B). It also
highlighted a number of biological processes that could mediate
GNP homeostasis and contribute to the delayed differentiation
including transcriptional regulation, cell signaling, cell adhesion,

and cell proliferation (Figure 3B). The specific gene changes
we observed that are associated with these four GO terms are
highlighted in Figure 3C. It is well known that Shh signaling
mediates GNP proliferation (Wechsler-Reya and Scott, 1999),
but we did not observe any changes at 1 DIV to the pathway
components or downstream effectors (Glil, N-Myc, Mathl, or
Ccndl; Supplementary Table 1), except for an increase in StoxI
(Log2FC = 0.80), a gene normally repressed by Shh signaling
(Figure 3C). Of note, two members of the mitogenic fibroblast
growth factor family (Fgf3, Log,FC = -1.04; Fgf5, Log,FC = -
1.02) were decreased in expression (Figure 3C). Despite the lack
of change in mitogenic pathways affecting GNP proliferation
(e.g., Shh and Fgf), we observed altered expression of many genes
with known roles in cancer and the epithelial-to-mesenchyme
transition (e.g., Acer2, Log, FC = 0.59; Apin, Log, FC = 1.20; Chp2,
Log,FC = 1.21; Cntfr, Log,FC = -0.66; Pakl, Log,FC = —0.62;
and Wwtrl, Log;FC = 0.89; Figure 3C). In addition, the Wnt
receptor Fzd6 was upregulated (Log, FC = 0.84) as were multiple
downstream targets of the WNT/B-catenin signaling pathway
(FIt4, Log,FC = 1.00; Kdr, Log,FC = 0.89; Lefl, Log,FC = 0.84),
including endothelin 1 (EdnlI, Log;FC = 0.93) and its receptor
(Ednra, LogyFC = 0.79) (Figure 3C; Eckey et al., 2012; Katoh,
2018; Adams et al., 2020). The observation suggested that the
prolonged proliferative phenotype of the Ex6DEL GNP cultures
could arise from activation of the Wnt signaling pathway or
dysregulation of genes associated with cancer.

Aside from the genes linked to the GO term Cell Proliferation,
we examined our DEG list for changes in Wnt and B-catenin
(Ctnnbl) gene expression but did not observe any changes
suggesting that they are not direct transcriptional targets of
Snf2l (Figure 3C and Supplementary Table 1). Comparison
of our DEG list with known direct and indirect Wnt target
genes from two sources (The Wnt Homepage; Boonekamp et al.,
2021) revealed increased expression in seven additional Wnt
target genes (Abcbla, LogyFC = 0.97; Neurodl, Log,FC = -
0.61; Ptgs2, Log,FC = 0.89; Fnl, Log,FC = 0.77; and Plaur,
Log,FC = 1.12; Abcc4, LogaFC = 0.74; Nes, LogoFC = 0.63)
suggesting activation of the Wnt signaling cascade in Ex6DEL
cultures. Moreover, several downstream signaling components of
the Ednl/Ednra pathway showed increased expression including
Mapk15 (Log,FC = 0.87), Map3k8 (Log,FC = 0.61), and Fos
gene expression (Fosb, LogyFC = 0.64; Fosl2, Log, FC = 0.74)
suggesting further involvement of this effector pathway
(Supplementary Table 1). To assess the Ednl/Ednra-MAPK-
Fos/Jun pathway in the Ex6 DEL mice we first validated that Edn1
and both receptors (Ednra and Ednrb) were upregulated in P10
cerebellum from mutant animals (Supplementary Figure 3A).
Similarly, we confirmed a ~3-fold increase in expression of the
Fosb (FC = 3.16, p = 0.035) and FosI2 (FC = 2.79, p = 0.39) genes,
although Fosl2 did not reach statistical significance (Figure 3D)
in the Ex6DEL P10 cerebella, suggesting that the pathway was
active both in vitro (isolated GNPs) and in vivo. However, in
the Ex6DEL mice we observed that the expression of Jun, Junb,
and Jund were also upregulated in the cerebella, but this was not
observed in the Ex6DEL GNP cultures. Taken together, this data
suggested that activation of Wnt signaling and dysregulation
of the Ednl/Ednra-MAPK-Fos/Jun signaling pathway might be
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FIGURE 2 | Ex6DEL cultures show delayed differentiation. (A) Graph depicting the fraction of BrdU + cells in WT (white bars) and Ex6DEL (gray bars) GNP cultures
at the specified times. Cultures were pulsed with BrdU for 2 h prior to harvesting cells for analysis. (n = 4 independent experiments; five images per coverslip used for
quantification). **p < 0.001. (B) P10 cerebellar sections from WT and Ex6DEL mice stained for committed granule neurons (Pax6, magenta), Purkinje neurons
(Calbindin, green) or all cell nuclei (DAPI, blue). Arrowheads indicate the migrating postmitotic granule neurons. EGL, external granule layer; ML, molecular layer;
PCL, Purkinje cell layer; IGL, inner granule layer. Scale bar, 50 uM. (C) Plot of the percentage of Pax6™ cells within the ML. *p < 0.05. (D) Immunoblot analysis of
cerebellar extracts from WT and Ex6DEL mice co-immunoprecipitated for Snf2l, Cecr2, or a control rabbit antibody (Rb 1gG).
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FIGURE 3 | RNAseq analysis of WT and Ex6DEL cultures. (A) Schematic diagram showing the numbers of differentially expressed genes (DEGSs) between different
samples (WT and Ex6DEL) and days in culture. (B) GO term analysis of the DEGs observed at 1 DIV. (C) DEG lists for some of the top GO terms. (D) RT-gPCR
validation of Fos/Jun genes from RNA isolated from P10 cerebella. *p < 0.05.
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a key contributor to the prolonged proliferation of the GNPs
isolated from the Ex6DEL mice.

Increased Promoter Accessibility

Associated With Fos/Jun Binding Sites

The Drosophila ISWI protein has been shown to bind near
promoters and affect nucleosome positioning adjacent to the
transcription start site (TSS) of genes (Sala et al., 2011; Morris
et al., 2014). In HeLa cells, both SNF2H and SNF2L were
important for organizing nucleosomes adjacent to transcription
factor binding sites (Wiechens et al., 2016). As such, we
reasoned that loss of Snf2] remodeling activity in GNP cultures
would alter the chromatin landscape, particularly at gene
regulatory regions. Since we were not able to confirm the
validity of the commercial Snf2] antibodies for chromatin
immunoprecipitation, it prompted us to employ ATAC-seq to
map modifications in chromatin accessibility. ATAC-seq takes
advantage of a hyperactive Tn5 transposase which can insert
itself and add sequencing primers to sufficiently accessible
DNA from nucleosome free regions (NFR) to polynucleosomes
(Buenrostro et al., 2013, 2015). We performed ATAC-seq on
WT and Ex6DEL GNPs (1 DIV) and GNs (3 DIV) and binned
reads according to size, categorizing them as either nucleosome-
free (NFR), mono-, di-, or tri-nucleosome reads. Normalized
accessibility of WT and Ex6DEL cultures aligned over an
averaged gene showed an increased number of reads at the
TSS in Ex6DEL samples compared to WT cultures (Figure 4A),
most notably corresponding to NFR reads (both time points)
and for mono- and di-nucleosome reads at 1 DIV that suggests
there is increased accessibility and reduced nucleosome density
at the TSS (Supplementary Figure 3B). Progressive chromatin
condensation accompanies progenitor cell commitment toward
a specialized cell fate. The increased accessibility observed at the
TSS in the Ex6DEL progenitors compared to the WT cultures
at 1 DIV led us to explore whether the Ex6DEL chromatin
accessibility was similar to that of an earlier lineage cell type.
To this end, we added a publicly available ATAC-seq E14 mouse
embryonic stem cell (mESC) dataset (GEO GSE98390) to our
analysis. Interestingly, the mESC ATAC-seq accessibility reads
aligned most closely to those of the Ex6DEL GNPs (Figure 4B
and Supplementary Figure 4).

We next compared the number of differentially accessible
regions (DARs; FDR < 0.05) between WT and Ex6DEL cultures,
identifying 3231 DARs at 1 DIV and 860 DARs at 3 DIV
(Figure 4C). We focused on the large number of DARs at 1
DIV to determine if these might contribute to the delay in
cell differentiation that we observed in the Ex6DEL cultures.
Initially, we examined whether the DARs were associated with
an increase or a decrease in accessibility. We observed a
large increase in the number of accessible chromatin domains
(3118), while far fewer DARs (113) showed a reduced level
of accessibility within the Ex6DEL cultures compared to the
WT cultures (Figure 4D). Overall, the distribution of DARs
demonstrated that the majority of accessible regions were located
in introns (44%) and intergenic regions (39%) (Figure 4E).
The significance of these accessible regions remains to be

determined. Nonetheless, an enrichment of 315 DARs was
observed at promoter/TSS regions, which were defined as
peaks mapped between —1 kb and + 100 bp of a TSS
(Figure 4E and Supplementary Table 1); a finding consistent
with previous studies (Sala et al., 2011; Morris et al., 2014).
Since previous work has indicated that SNF2H and SNF2L
organize nucleosomes adjacent to transcription factor binding
sites (Wiechens et al., 2016), we examined the 315 promoter/TSS
DARs for enrichment of transcription factor binding sites. We
first examined CTCF since SNF2H but not SNF2L was required
to maintain CTCF occupancy at its binding sites (Wiechens et al.,
2016). Similar to that study, we did not observe an enrichment
in CTCF motifs in the promoter DARs (Figure 5A). However,
we did observe enrichment of 38 transcription factor motifs
including Fos-binding motifs (Figure 5B and Supplementary
Table 1), which is interesting given the upregulation of Fosb
and Fosl2 that we observed at the 1 DIV time point. Indeed,
97 of the 315 promoter DARs contained a Fos/Jun/AP-1
transcription factor binding site within the accessible region
(Supplementary Table 1).

Next, we examined the frequency of DARs associated with
the DEGs at 1 DIV. All DARs were linked to a gene based
on map position to the nearest gene. Overall, 79% of the
upregulated genes contained an open DAR associated with
them, although only 25 DEGs had a DAR located within the
promoter/TSS region (Figure 5C and Supplementary Table 1).
Of the 25 genes with a promoter/TSS DAR, thirteen genes
(Akap2, Arap2, Arc, Bhlhe40, Col4a2, Csrnpl, Empl, Etsl,
Gent2, P2rx6, Wnt9a, Wwtrl, and Zc3h12a) also contained a
Fos/Jun/AP-1 binding site and were increased in expression
(Supplementary Table 1). These genes also contained binding
motifs for Mzfl, KIf4, and Sp1 transcription factors within the
promoter DAR (Supplementary Figure 5).

Analysis of mapped IGV (integrated genome viewer) tracks
showed a clear increase in ATAC peaks and RNAseq reads for
the 13 genes with a Fos/Jun binding site in the promoter/TSS
DAR, as shown for the Arc gene (Figure 5D; additional genes
shown in Supplementary Figures 6A,B). However, Fosb and
Fosl2 upregulation was not associated with a promoter/TSS
DAR despite an apparent increase in chromatin accessibility
(Figure 5E and Supplementary Figure 6C). Similarly, the IGV
tracks for Mapk15, Ednl and Ednra showed increased expression
in the Ex6DEL cultures but the increased chromatin accessibility
at the promoter/TSS region did not reach the statistical threshold
cutoff for a DAR (Supplementary Figures 6D-F). Taken
together, we observed a good correlation between increased
chromatin accessibility and upregulated gene expression with a
subset of genes displaying Fos/Jun dysregulation.

In contrast to the upregulated genes, 38% of the
downregulated DEGs were associated with a DAR that had
reduced accessibility or showed no change in chromatin
accessibility (Figure 5C). In addition, for genes that showed
reduced accessibility we did not observe any overlap with the
promoter/TSS DAR list suggesting that downregulation was not
associated with altered chromatin structure at the promoter.
Surprisingly, 61% of DARs linked to downregulated genes
showed enhanced accessibility, which reflects the large number
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of accessible DARs in introns although the significance of these
chromatin changes remains to be determined.

Ex6DEL Cultures Show Increased

Activation of Erk Signaling
Despite the delay exiting the cell cycle, GNPs from the Ex6 DEL
cultures initiate the differentiation program. We compared the
differential gene expression between 1 DIV and 3 DIV timepoints
for both WT and Ex6DEL cultures to determine whether the
process of differentiation results in similar gene set changes. In
this regard, we observed a similar number of genes differentially
expressed from 1 DIV to 3 DIV, with 5647 DEGs changing in
WT cultures and 4951 DEGs altered in the Ex6DEL cultures
(Figure 6A). Moreover, 3419 genes were common to both
cultures (WT: 60.5% of DEGs; Ex6DEL: 69% of DEGs) suggesting
that the differentiation program proceeds along a similar path
regardless of Snf2l status (Figure 6B). There were 2228 and 1532
genes in WT and Ex6DEL cultures, respectively, that were specific
to the differentiation of the individual cultures. We reasoned that
many of these gene expression differences could reflect the overall
lag in differentiation occurring in the Ex6DEL cultures while
others could represent Snf2l-specific changes.

Next, we examined the differences in gene expression at 3
DIV to determine how similar or different the GNP cultures
were 3 days after plating. This analysis demonstrated 3518 DEGs

between the WT GNs and Ex6DEL GNs at 3 DIV (Figure 6A).
Given the lag in differentiation of the Ex6DEL cultures, we
compared how many of the DEGs between 1 DIV and 3 DIV
were resolved by the third day in culture. In both sets of cultures
approximately 2/3 of DEGs were resolved (60%, 1531/2228 WT
DEGs; 63%, 959/1532 Ex6DEL DEGs; Figure 6C). Alternatively,
one-third of the Ex6DEL (573 DEGs) and WT (697 DEGs)
remain altered in the 3 DIV cultures, while 2248 “new” genes
(GN DEGs) become differentially expressed (Figure 6C). Finally,
we performed GO analysis on these clusters of DEGs identified
at 3 DIV (i.e., Ex6DEL-specific, WT-specific, GN DEGs). Of the
573 DEGs that were considered to be specific for Ex6DEL 3 DIV
cultures, notable GO terms showed changes in cell proliferation,
cell migration, cell adhesion, and regulation of the ERK1/ERK2
pathway (Figure 6D). Notable GO terms for the 697 DEGs
specific for WT 3 DIV cultures included positive regulation of
transcription & gene expression, cell differentiation, multicellular
organism development (Figure 6E). Very similar GO terms were
also identified for the novel 2248 DEGs at the 3 DIV timepoint
suggesting that these latter gene sets are representative of a more
mature differentiated state (Supplementary Figure 7).

As such, we focused on the Ex6DEL-specific dataset and,
more specifically, the DEGs within the GO term “regulation of
ERK1/ERK2 pathway” to identify a potential pathway critical
for GN differentiation of the Ex6DEL cells. In this regard,
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we performed immunoblots for the Erkl/2 proteins and their
phosphorylated isoforms. GNPs were cultured from WT and
Ex6DEL mice and protein extracts isolated at 1 DIV and 3 DIV
for analysis. Since Erkl and Erk2 exhibit functional redundancy
we quantified global Erk phosphorylation (normalized pErk1 and
pErk2/Erkl and Erk2 levels) and not isoform specificity as a
measure of pathway activation (Busca et al., 2016). In the WT
samples the total Erk protein level dropped by 40% in the 3
DIV sample compared to the 1 DIV sample, but the activation
increased ~3-fold (3.6% at 1 DIV; 10.4% at 3 DIV). It should be
noted that the activation was primarily through phosphorylation
of Erk2 (Figures 7A,B). In the Ex6DEL cultures we observed a
similar drop in total Erk protein levels (~50%) at 3 DIV but
pathway activation was significantly increased (24-fold; 2.6% 1
DIV; 63.4% 3 DIV; Figures 7A,B).

To determine if the Erk pathway is altered in the Ex6DEL
mice, we performed RT-qPCR for three downstream Erk target
genes, using RNA isolated from cerebellar tissue at P10 from
Ex6DEL mice and control littermates. Consistent with increased
activation of the Erk1/2 pathway in Ex6DEL 3 DIV cultures we
observed increased expression of all three downstream target
genes, namely Sox2, Bdnf, and Th in the Ex6DEL cerebellum
(Figure 7C). We also examined whether the transcriptional
changes in the mice were duplicated in the cultures by assessing
the chromatin accessibility and transcript reads of these target
genes. For both Sox2 and Bdnf we observed a slight increase in
accessibility although none of the accessible regions reached the
significant threshold to be considered a DAR (Figures 7D,E).
Moreover, increased transcript reads were only observed for
Sox2 (Figure 7D) but not for Bdnf (Figure 7E) in the
culture experiments.

DISCUSSION

The Ex6DEL mice contain an internally truncated Snf2l protein
that lacks the ability to bind and hydrolyze ATP thereby rendering
it unable to remodel nucleosomes. We have shown that the
truncated Snf2l protein can assemble into ISWI complexes (e.g.,
CERF) and thus, it likely retains some ability to be recruited
to its genomic targets (e.g., promoter/TSS sites). GNPs isolated
from the Ex6DEL mice were mildly impaired in their ability to
exit the cell cycle, thus delaying differentiation when plated in
culture. The chromatin landscape of the Ex6DEL GNP cultures
showed a general increase in accessibility at TSS that was more
similar to that of mESCs than to control GNP cultures. Over 96%
of the DARs between WT and Ex6DEL GNP cultures showed
increased accessibility. Of those located in promoter/TSS regions
we identified an enrichment for Fos/Jun binding sites suggesting
that Snf2l remodeling normally decreases accessibility at these
sites to facilitate differentiation. The increased accessibility
was correlated with increased gene expression with ~80% of
the 529 DEGs, consistent with a role for Snf2l in repressing
gene expression during cerebellar development. Collectively,
the Ex6DEL cultures either represent a “less differentiated” or
committed GNP that does not immediately exit the cell cycle
upon plating, or alternatively, the culture contains a greater

proportion of a distinct progenitor cell type that alters the
differentiation kinetics of the culture. Regardless, the enhanced
proliferation index was transient and the Ex6DEL cultures
underwent differentiation showing a 69% concordance with WT
cultures in the DEGs associated with this process (i.e., 1 DIV
vs. 3 DIV expression changes). Expression differences at 3 DIV
highlighted the importance of the ERK signaling cascade for GNP
differentiation.

Granule neuron precursors migrate to the EGL from the
upper rhombic lip, one of two germinal zones in the developing
cerebellum. Within the EGL they respond to Shh released from
Purkinje cells to proliferate during the early postnatal period
which is critical for cerebellar folia growth. Dysregulation of
GNP expansion can result in a hypoplastic cerebellum, as was
observed for Smarca5 cKO mice (Alvarez-Saavedra et al., 2014),
or conversely, cause some subtypes of medulloblastoma as shown
for activating hedgehog (HH) mutations. We observed a transient
maintenance of proliferation in the Ex6DEL cultures that was not
associated with alterations in HH signaling suggesting that other
mitogenic pathways were active. A previous study demonstrated
increased proliferation of HeLa cells after siRNA knockdown of
Smarcal through the activation of the Wnt signaling cascade
(Eckey et al., 2012). The study demonstrated activation of
p-catenin using the TOP/FOP flash assay but determined that this
was a post-transcriptional effect ruling out SNF2L remodeling of
the CTNNBI gene. Three of the Wnt target genes upregulated
in that study (EDNI, FN1, PLAUR) were similarly altered in
our study as were an additional 9 Wnt responsive genes (Fzd6,
Flt4, Kdr, Lefl, Abcc4, Abcbla, Neurodl, Ptgs2, Nes) and the
receptor for Ednl (Ednra). The significance of these changes to
proliferation, however, remain to be fully determined. Another
similarity between our study and the one by Eckey et al. (2012)
was that the GO term analysis indicated that angiogenesis was the
biological process with the most significant change. While further
work is required to delineate the significance of the specific gene
changes, one possibility is that Snf2l is required to maintain
repression of genes critical for blood vessel formation.

One of the dysregulated Wnt target genes of interest was
the endothelin-1 gene, Ednl because it has been shown to
be critical for autocrine-mediated neuroprogenitor proliferation
within the postnatal subventricular zone of mice (Adams et al.,
2020). A similar decrease in proliferation was obtained when
one of the endothelin receptors, endothelin b receptor (Ednrb)
was deleted in mice. Further studies revealed that endothelin
signaling activated the Notch pathway to maintain proliferation
of the radial glia progenitors (Adams et al., 2020). While a similar
Ednl-Ednra autocrine effect could be occurring in the Ex6DEL
GNP cultures, we did not observe transcriptional activation of
Notch signaling components (e.g., Jagl, HeyI) as shown in the
Adams et al. (2020) study. Despite this difference, endothelin-
1 signaling can be transduced through phosphatidylinositol
3-kinase (PI3-K), Wnt, and mitogen-activated protein kinase
(MAPK) signaling pathways (Bouallegue et al., 2007; Kristianto
et al., 2017), the latter two for which we observed several gene
expression differences in the Ex6DEL cultures.

Given the incidence of Wnt activation in medulloblastoma,
several studies have examined the requirement for Wnt in GNP
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proliferation (Lorenz et al., 2011; Pei et al., 2012; Yang et al., 2019).
Using different methods to activate Wnt signaling, each study
came to the same conclusion, namely that Wnt activation was not
mitogenic for GNPs but actually promoted their differentiation.
This is opposite to the effect of Wnt signaling in the developing
forebrain where b-catenin stabilization resulted in a dramatic
increase in progenitor proliferation (Chenn and Walsh, 2002).
As such, it seems difficult to reconcile that Wnt activation in
the Ex6DEL GNPs is driving their proliferation unless perhaps,
we are observing an increased level of a second progenitor
subtype in the Ex6DEL cultures. In this regard, a rare population
of Nestin-expressing progenitor cells (NEPs) that migrate from
the second germinal zone (VZ lining the fourth ventricle) and
reside in the deep part of the EGL could be affected by loss of
Snf2l function. These NEPs are typically quiescent but can be
activated to replenish granule neurons following injury in the
postnatal period (Li et al., 2013; Wojcinski et al., 2017, 2019). In
such a scenario, the lack of Snf2l in this cell population would
alleviate their quiescence and activate their proliferation. As we
observed increased Nes gene expression, it remains possible that
both the activated Wnt signaling signature and the enhanced
BrdU incorporation observed in the Ex6DEL cultures result
from inappropriate NEP proliferation. Future analyses using
a scRNAseq approach should help define progenitor cell type
differences within the GNP cultures.

An essential marker of GNPs is the bHLH transcription
factor Atohl/Mathl which is required for their generation in
the rhombic lip, and later for the regulation of primary cilia
formation that facilitates proliferation in response to Shh (Ben-
Arie et al., 1997; Dahmane and Ruiz i Altaba, 1999; Wallace, 1999;
Chang et al., 2019). Atohl also induces the expression of Zicl,
Enl, and Neurod] to facilitate differentiation, the latter of which
has been shown in other experiments to be required for granule
neuron differentiation (Miyata et al., 1999; Pan et al., 2009;
Tulianella et al., 2019). Examination of the 1 DIV transcriptome
indicated that Neurodl expression is reduced (Log,FC = -0.61)
compared to control cultures but at 3 DIV it is differentially
increased (Log,FC = 0.725) supporting the argument that
differentiation is transiently delayed in the Ex6 DEL cultures. Zicl
was increased at the 3 DIV timepoint (Log;FC = 0.625) only,
while Enl and En2 were not altered compared to control cultures.

We also analyzed the gene expression profiles during (1
DIV vs. 3 DIV) and after differentiation (WT vs. Ex6DEL
3 DIV). In this way, we observed that differentiation was
associated with similar expression profiles regardless of Snf2l
status. This data suggests that Snf2l is not required to initiate
GNP differentiation. When we compared expression profiles
at 3 DIV we observed activation of the ERK1/2 pathway
which we confirmed by immunoblots of the protein extracts
from the cultures. Multiple studies have previously shown
that a wide range of soluble factors (Glucose, IGF-1, Wnt3)
can promote cerebellar granule differentiation through MAPK-
ERK1/2 activation (Torres-Aleman et al., 1998; Petersen et al.,
2002; Anne et al., 2013; Kronenberg et al., 2020). Our finding
that this was specific to the Ex6DEL cultures may simply
reflect the delayed differentiation of these cultures. Several
of these studies have also linked MAPK-ERK1/2 activation

directly to Neurodl activity which we mentioned above was
upregulated (Petersen et al., 2002; Kronenberg et al., 2020). One
study of particular interest demonstrated that Wnt3 promoted
GNP differentiation through a non-canonical Wnt signaling
pathway that activated the MAPK-ERK1/2 pathway instead of
the B-catenin canonical pathway (Anne et al, 2013). Wnt3
(Log2FC = 0.690) was also upregulated in the DEGs linked to
Ex6DEL differentiation. Regardless, it is clear that GNP cultures
isolated from Ex6DEL mice undergo differentiation utilizing a
common MAPK-ERK1/2-Neurodl pathway previously shown to
be important for granule neuron differentiation.

Analysis of Drosophila ISWI protein binding sites by ChIPseq
showed that the majority of sites mapped to ~300 bp after the
TSS with fewer binding sites located at exons, introns and the 3'-
end of several genes (Sala et al., 2011). The role of ISWI binding
near the TSS is important for positioning the downstream
nucleosomes, particularly the +1 and +2 nucleosome positions
(Sala et al., 2011; Wiechens et al.,, 2016). In mammals, the
nucleosome positioning by SNF2H facilitated binding at CTCF
binding sites while depletion of SNF2L had minor effects on
nucleosome organization at CTCF sites (Wiechens et al., 2016).
In addition to CTCEF, the authors observed that SNF2H and
SNF2L depletion altered the +1 and -1 nucleosome spacing
adjacent to 49 different TF binding sites often with contrasting
effects on nucleosome spacing, suggesting that they likely have
antagonistic effects on TF occupancy (Wiechens et al., 2016).
Using an ATACseq approach to define accessible chromatin in
GNPs we observed that depletion of Snf2l resulted in increased
accessibility at 3118 sites suggesting that Snf2l normally represses
access to chromatin. However, the large majority of differentially
accessible sites were located in introns and intergenic regions
with a smaller fraction (10%) at promoter/TSS regions, which is
different than the ChIPseq experiment in Drosophila (Sala et al.,
2011) and may reflect additional indirect changes in chromatin
accessibility. While the nature of the non-coding sites was not
examined, a high proportion (30%) of the promoter/TSS DARs
contained binding sites for the Fos/Jun transcription factor. This
data suggests that Snf2] may have an important role in regulating
TF occupancy at Fos/Jun target genes during GNP differentiation.
Consistent with this, we found that 25 of the DEGs contained a
promoter/TSS DAR and that half of these had Fos/Jun binding
sites. Many of the upregulated DEGs showed minor increases
in promoter accessibility that did not reach the significance
threshold for a DAR (compare Arc vs. Fosb). It suggests that
these genes may contain additional inter- or intra-genic accessible
regions that alter access at distal regulatory elements or, change
topological chromatin domains to affect expression. Certainly,
such changes were underappreciated in the type of analysis
performed here but would also represent a unique ISWI function.

In summary, we have shown that the Ex6DEL GNP cultures
have a transient delay in cell cycle withdrawal that was
also found in the intermediate progenitors of the developing
forebrain. GNPs undergo an average of eight divisions during
postnatal cerebellar growth producing an average of 250 granule
neurons (Tulianella et al., 2019). An extra cycle of proliferation
within the GNPs (or IPCs) are more than sufficient to
account for the increased brain size observed in the Ex6DEL
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mice. We suggest that the delay results from a less-restricted
chromatin configuration in the Ex6DEL progenitors, allowing
continued access to transcription factors such as Fos/Jun.
Despite the alterations to the chromatin landscape the Ex6DEL
GNPs maintain the ability to differentiate using previously
defined pathways.
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Cell-Type-Specific Gene Expression
in Developing Mouse Neocortex:
Intermediate Progenitors Implicated
in Axon Development

Francesco Bedogni’* and Robert F. Hevner?*

7 School of Biosciences, Cardliff University, Cardiff, United Kingdom, 2 Department of Pathology, University of California,
San Diego, La Jolla, CA, United States

Cerebral cortex projection neurons (PNs) are generated from intermediate progenitors
(IPs), which are in turn derived from radial glial progenitors (RGPs). To investigate
developmental processes in IPs, we profiled IP transcriptomes in embryonic mouse
neocortex, using transgenic Thr2-GFP mice, cell sorting, and microarrays. These data
were used in combination with in situ hybridization to ascertain gene sets specific for IPs,
RGPs, PNs, interneurons, and other neural and non-neural cell types. RGP-selective
transcripts (n = 419) included molecules for Notch receptor signaling, proliferation,
neural stem cell identity, apical junctions, necroptosis, hippo pathway, and NF-kB
pathway. RGPs also expressed specific genes for critical interactions with meningeal
and vascular cells. In contrast, IP-selective genes (n = 136) encoded molecules for
activated Delta ligand presentation, epithelial-mesenchymal transition, core planar cell
polarity (PCP), axon genesis, and intrinsic excitability. Interestingly, IPs expressed several
“dependence receptors” (Uncbd, Dcc, Nirk3, and Epha4) that induce apoptosis in
the absence of ligand, suggesting a competitive mechanism for IPs and new PNs to
detect key environmental cues or die. Overall, our results imply a novel role for IPs
in the patterning of neuronal polarization, axon differentiation, and intrinsic excitability
prior to mitosis. Significantly, IPs highly express Wnt-PCP, netrin, and semaphorin
pathway molecules known to regulate axon polarization in other systems. In sum, IPs
not only amplify neurogenesis quantitatively, but also molecularly “prime” new PNs for
axogenesis, guidance, and excitability.

Keywords: radial glia, intermediate progenitors, epithelial-mesenchymal transition, planar cell polarity, Wnt-PCP,
cortical development, touch-and-go

INTRODUCTION

Intermediate progenitors (IPs) are a type of cortical progenitors “intermediate” in the lineage
from radial glial progenitors (RGPs), which produce IPs, and projection neurons (PNs), which are
generated from IPs (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). RGPs have high
self-renewal capacity and multilineage differentiation potential, and are thus considered to be a class
of neural stem cells (NSCs) (Taverna et al., 2014). In contrast, IPs have low proliferative capacity and
single lineage commitment to produce only glutamatergic PNs, and thus are neural progenitor cells
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but not NSCs (Mihalas and Hevner, 2018). In mice, RGPs
and IPs are further distinguished by morphology, expression of
transcription factors (TFs) such as Sox9 and Tbr2 (respectively);
and by cell body location in the ventricular zone (VZ) for RGPs,
or VZ and subventricular zone (SVZ) for IPs (Kowalczyk et al.,
2009; Hevner, 2019). In mice, IPs generate the vast majority
(possibly all) of the PNs in all cortical layers, including Cajal-
Retzius cells and subplate neurons (Haubensak et al., 2004;
Kowalczyk et al., 2009; Mihalas et al., 2016).

Cortical IPs are a unique cell type in vertebrate neurogenesis,
but their significance in development remains uncertain. One
proposed advantage of IPs is that they can divide away from the
ventricular surface, to reduce crowding and increase neurogenic
output per VZ surface area (Taverna et al., 2014). Also, IPs play
a crucial role in Delta-Notch signaling as the major source of
Delta-like signals that activate Notch and prevent premature
RGP differentiation (Yoon et al., 2008; Nelson et al., 2013).
In addition, IPs interact with migrating interneurons (INs) by
secreting chemokine Cxcl12 (SDF-1), which binds to Cxcr4 and
Ackr3 receptors on INs to guide their tangential migration (Sessa
et al,, 2010; Saaber et al., 2019). Previously, it was suggested that
IPs are specialized to amplify upper layer neurons; however, IPs
were found to produce the majority of PNs in lower as well as
upper layers (reviewed by Hevner, 2019). Evolutionarily, IPs are
thought to serve as a cellular substrate for development of gyral
folds (Kriegstein et al., 2006; Hevner, 2016; Toda et al., 2016).

In the present study, we hypothesized that IPs may play
additional, unknown roles in cortical development, which might
be revealed by transcriptome analysis. Our goals were: (1)
to identify genes that are selectively expressed in IPs; (2) to
analyze the pathways of IP-specific genes, using context-specific
annotations from previous studies of neocortex; and (3) to
identify developmental processes that are selectively activated in
IPs, and compare them to those in RGPs and PNs. As part of
this analysis, we ascertained gene sets for other cell types and
features of E14.5 mouse neocortex, including neocortex-specific
properties such as rostrocaudal patterning and PN laminar fate.

Previous studies of mouse IP transcriptomes, using different
approaches, have produced distinct perspectives. An early single-
cell transcriptome study using microarrays and unbiased cluster
analysis distinguished RGPs, two types of IPs, and new PNs as
cell types in the embryonic mouse VZ and SVZ (Kawaguchi
et al., 2008). That study divided IPs into “type II” or apical IPs
(aIPs), and “type III” or basal IPs (bIPs). (“T'ype I” cells were
RGPs, and “type IV” were new PNs). The aIPs and bIPs were
found to share expression of many genes, including Tbr2 (MGI:
Eomes), but also exhibited some transcriptome differences. That
transcriptome study accorded with histological results showing
that Tbr2+ IPs occupy distinct bands in the VZ and SVZ
(Englund et al, 2005; Kowalczyk et al., 2009). Subsequently,
a different study used cells sorted from Tbr2-GFP mouse
neocortex to compare IP gene expression across embryonic
ages (Cameron et al,, 2012); however, due to the study design,
general markers of IPs (such as Tbr2) were not ascertained.
More recently, single-cell analyses of temporally defined RGP-
IP-PN lineages reported transcriptional waves associated with
PN differentiation (Telley et al., 2016, 2019). However, those

single-cell results were not all validated by in situ hybridization
(ISH), and we have found that many putative markers of
RGPs, IPs, and PNs from that study do not show expected
patterns on ISH. For example, some proposed IP markers
(such as Dbt, Pfkm, and Rprm) show strong expression in the
CP on ISH, consistent with postmitotic PNs. In the present
study, we hypothesized that a new approach and analysis of
IP transcriptomes could improve our knowledge of IP-selective
genes and developmental mechanisms.

To profile IP gene expression, we sorted GFP+ cells and GFP—
cells from embryonic day (E) 14.5 Tbr2-GFP mouse neocortex,
then compared their transcriptomes using microarrays. Partial
analyses of these data have been published previously (Bedogni
et al.,, 2010; Nelson et al., 2013; Elsen et al., 2018), but this is
the first comprehensive analysis to ascertain cell-type-specific
gene sets. Genes (transcripts) that were highly enriched in either
GFP+ cells or GFP— cells were further evaluated by ISH and
literature search. Using known correlations between histological
zone, gene expression, and cell identity in embryonic neocortex
(Kawaguchi et al,, 2008; Ayoub et al., 2011), we determined
that gene expression was cell-type-selective only if microarray
and ISH criteria met specific criteria (see section “Materials
and Methods”). This approach enabled us to identify gene
sets for all known cell types (neural and non-neural) in E14.5
mouse neocortex.

Non-neural cell types in developing neocortex are known
to include microglia, leptomeninges, vascular, and blood cells.
The vascular and blood elements are each further divided
into multiple types: endothelium and pericytes for vascular;
erythrocytes, monocytes, T lymphocytes, and B lymphocytes for
blood. The gene sets for these cell types were useful to evaluate
interactions between neural and non-neural cells during cortical
development, such as those between RGPs and meningeal cells
(Myshrall et al., 2012; Dasgupta and Jeong, 2019), and between
RGPs and blood vessels (Biswas et al., 2020).

Our results demonstrate: (1) that each cell type in E14.5
mouse neocortex is characterized by the expression of specific
gene sets; (2) that different cell types activate distinct signaling
pathways; (3) that IPs likely play previously unsuspected roles in
defining neuronal polarity and axogenesis; and (4) that extensive
interactions occur between diverse cell types to coordinately
regulate the growth, organization, and homeostasis of this
complex brain region.

RESULTS

Cell-Type-Specific Gene Expression
Determined by Microarray and in situ
Hybridization

To identify genes expressed selectively by IPs and other cell
types, we correlated microarray transcriptome profiling of
lineage-sorted cells with ISH expression patterns in embryonic
neocortex (Figure 1). Tbr2-GFP neocortex (E14.5) was
dissociated, and cells were sorted into GFP+ and GFP— bins,
after first enriching for progenitor cells on the basis of DNA

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2021 | Volume 14 | Article 686034


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Bedogni and Hevner

Intermediate Progenitor Gene Expression

DNA hi

GFP hi _ 1p/PN compare
lo 0 RNA
di - )3

C Enriched in GFP+ Cells =100 pm

IP-a Netlirog2 +0.54 Chd7 +0.80. Hes6 +0.75
(n=12) .. ; : : :
IP-ab Tb
(h=255) ,

SVZ

VZ

IP-b
(n=869)

SVZ g

PN-iz 1Z {8
(n=158)

Tbri  +2.95 Plxnad +0.76 Tiam2 +3.94

PN-cp ¥ ity (e it
(n=147) : -
Dync1il +1.81 ifngr2 +1.94 = Cdh13 +3.19

SP SP4 R RN o
(n=11)

MZ == 11 b a1 =y rtay 1 ,“_.“..::?.:__h
C-R -
(n=6)

Trp73 +2.00 Ddx17 +0.32 Calb2 +2.91
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GFP- cells, each profiled with transcriptome microarrays. Genes enriched in either group were studied by ISH. Note that sorting by DNA content evidently did not
exclude postmitotic cells (see test for details). (B) Schematic of cell types and TF expression in E14.5 neocortex. (C) GFP+ cell types included IPs and PNs in various
stages of differentiation, as indicated by typical ISH patterns. Some IP genes were expressed in the VZ and SVZ, indicating apical and basal IPs (IP-ab); others
selectively in VZ or SVZ, indicating enrichment in alP or bIP cells, respectively. (D) GFP- cell types showed characteristic ISH patterns. Numbers are logoFC values,
in colored text if significant (p < 0.05), and bold if in the top 300 positively or negatively enriched genes. ISH: Genepaint. Abbreviations: see text.
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content (Figure 1A). Importantly, despite sorting by DNA
content, postmitotic cells were evidently not excluded, as they
were well represented in the transcriptome results; the most
likely explanation is that cell dissociation was incomplete, with
doublets sorted as high-DNA cells.

RNA was amplified from GFP+ and GFP— cells for
hybridization on Affymetrix Mouse Gene 430 2.0 microarrays
(Nelson et al., 2013). In this experiment, GFP+ cells were
significantly enriched (unadjusted p < 0.05) in 4,685 genes,
and GFP— cells were significantly enriched in 3,262 genes.
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Gene enrichment was expressed quantitatively as log, of the
fold change (log,FC), which was positive for genes enriched
in GFP+ cells, and negative for genes enriched in GFP— cells.
The raw microarray results are presented in Supplementary
Table 1. Consolidated microarray results are presented along
with other information about each gene (ISH expression pattern,
literature references, etc.) in Supplementary Table 2 (the primary
integrated resource for this paper). Gene sets for all of the
cell types and other features ascertained here are presented in
Supplementary Tables 3-10.

Since GFP fluorescence in Tbr2-GFP neocortex labels not
only IPs, but also postmitotic PNs (due to passive GFP
inheritance), GFP+ cells encompassed the entire IP-PN lineage,
including Cajal-Retzius and subplate neurons. Conversely, GFP-
cells included RGPs and other non-Tbr2-expressing cell types,
including all non-neural lineages. We evaluated the top 300
enriched genes in GFP+ cells and GFP— cells by ISH, using online
databases and previous studies as described (Bedogni et al., 2010).
Genes that met both criteria of (1) enrichment in GFP+ cells or
GFP— cells, and (2) characteristic ISH expression patterns, were
ascertained as cell-type-selective (Figure 1 and Supplementary
Table 2 column I). (Genes are called “cell-type-selective” rather
than “cell-type-specific” because very few genes are truly specific
for one cell type).

Thus, cell-type-selectivity was strictly defined by criteria
from both microarray and ISH data (Figures 1C,D; see section
“Materials and Methods” for details). For example, IP-selective
genes were (1) significantly enriched in GFP+ cells, and (2)
expressed mainly in VZ (alPs), VZ and SVZ (all IPs), or SVZ
(bIPs) (Figure 1C). Genes that were expressed in all IPs, such
as Tbr2, were classified as IP-ab genes (n = 55). Genes expressed
mainly in aIPs were designated IP-a (n = 12), and genes mainly
in bIP cells were designated IP-b (n = 69). Thus, genes expressed
in aIPs included IP-a and IP-ab genes, while genes expressed in
bIPs included IP-b and IP-ab genes. The standard for determining
localization in VZ and SVZ was Tbr2 (Figure 1C). Detailed
analyses of IP- and RGP-selective are given below, following brief
descriptions of additional features captured in our analysis.

Pallial Identity, Rostrocaudal Patterning,
and Laminar/Axonal Projection Subtypes

Among genes enriched in GFP+ cells (IP-PN lineage), some were
expressed predominantly in the pallium (cortical primordium)
on ISH, with little expression in subpallial forebrain. These
pallial-selective genes, which may be important in cortex-
specific differentiation, were designated PN-cp, PN-iz, PN-svz,
or PN-vz, according to zonal expression patterns (Figure 2A,
upper row “PN”). Other genes enriched in GFP+ cells were
more broadly expressed in pallial and subpallial differentiation
zones on ISH. These genes, representing general neuronal
differentiation, were designated N-cp, N-iz, N-svz, or N-vz
(Figure 2A, lower row “N”). Interestingly, many markers of
PN or general neuronal differentiation, such as Elavi2, were
initially expressed in the VZ of cortex and were maintained in
more superficial zones, suggesting they are initially activated in
alPs (Figure 2A). Gene sets for the IP-PN lineage are listed in

Supplementary Table 3, and for general neuronal differentiation
in Supplementary Table 4.

Rostrocaudal expression gradients were noted for some
genes (Figures 2B,C). For most such genes, expression was
confined within one or two adjacent zones (VZ, SVZ, 1Z,
and CP) rather than spanning multiple zones (Elsen et al.,
2013). Markers of the cortical hem and antihem, which serve
as cortical patterning centers (Subramanian et al, 2009),
were also noted (Supplementary Figure 1), as were some
genes with hippocampal-restricted expression. Gene sets for
rostrocaudal markers, hem, antihem, and hippocampus are given
in Supplementary Table 5.

Laminar fates and axonal projection-defined subtypes of PNs
could not be inferred directly from gene expression data, but
candidate gene sets for these features were assembled from
previous studies (see section “Materials and Methods”). Genes
were confirmed as PN laminar fate or axon target markers if
they were enriched in GFP+ cells, and exhibited zonal expression
consistent with the proposed identity (Figure 2D). For example,
early-born corticothalamic (CTh) PNs are expected to reside in
the cortical plate on E14.5, while late-born upper layers 2-4 (L2-4)
neuron precursors are expected mainly in the SVZ and IZ. Since
callosal projection neurons (CPNs) are found in all neocortical
layers (although enriched in upper layers), CPN-selective genes
could be expressed in any zone. Gene sets for PN laminar fate and
axonal target identity are presented in Supplementary Table 6.

Proliferation Markers and Neural Stem
Cell Identity

Transcriptional markers of proliferative activity have been
established in previous studies (Whitfield et al., 2006). These were
screened against our microarray and ISH results (Supplementary
Figure 2A). The vast majority of proliferation markers were
enriched in GFP— cells, and were localized in the VZ on
ISH, thus satisfying criteria for RGP-selective genes. Additional
markers of proliferative activity were ascertained by annotating
known cell cycle functions. In contrast to proliferation genes,
molecules linked to cell cycle exit or quiescence were enriched
in GFP+ cells, and exhibited various expression patterns on ISH
(Supplementary Figure 2B). Gene sets for proliferation and cell
cycle exit are listed in Supplementary Table 7.

Proposed markers of neural stem cell (NSC) and progenitor
(NSPC) identity (Easterday et al., 2003; Andreotti et al., 2019)
were screened in the context of developing neocortex, using
our microarray and ISH data. Since RGPs exhibit properties of
NSCs while IPs do not (Taverna et al., 2014; Hevner, 2019),
candidate NSC marker genes were confirmed only if RGP-
selective (n = 15; Supplementary Figure 2C). Some candidate
NSC or NSPC genes were expressed in the VZ/SVZ, but were
not RGP-selective by microarray criteria. Such genes (n = 9;
Supplementary Figure 2D) were identified as markers of neural
stem and progenitor cells (NSPCs), likely expressed in both RGPs
and IPs. Indeed, this expression pattern has been reported for
Nes (Mignone et al., 2004) and Msil (Kawase et al., 2011). Gene
sets for cortical NSCs and NSPCs are listed in Supplementary
Table 7. Since Notch signaling is critical for NSC maintenance,
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FIGURE 2 | Gene sets for regional, laminar, and axonal projection identity or fate. (A) Genes that were expressed mainly in pallium but not ventral forebrain were
categorized as PN genes, while genes expressed widely expressed in differentiation zones were categorized as general neuronal (N). PN and N genes were found in
each histologic zone, categorized according to the deepest zone of expression. Not shown: PN-svz (n = 14) and N-svz (n = 48). R-C indicates the rostrocaudal axis.
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categorized (see section “Materials and Methods”). Abbreviations: CPN, callosal projection neuron; CTh, corticothalamic; SCPN, subcerebral projection neuron. n.d.,

not detected.

genes for Notch signaling are also listed in Supplementary
Table 7 (and are further discussed below).

Radial Glial Progenitor Identity

RGP-Selective Transcripts

Radial glial progenitor-selective genes (n = 419; Supplementary
Table 8) were significantly enriched in GFP— cells, and were
expressed mainly in the VZ (Figures 1D, 3). Our analysis
confirmed classic markers of RG identity including Slcla3
(GLAST), Notchl, Glul (glutamine synthetase), Sox9, and Vim
(vimentin) (Supplementary Table 2 column I). Many RGP-
selective genes were devoted to gene regulation, including 46 TFs,
10 non-TF epigenetic factors (Elsen et al., 2018), 6 RNA-binding
proteins (RBPs), and 5 IncRNAs, for a total of 67 RGP-selective

regulators of gene expression. Among the RGP-specific TFs were
four Sox (SoxI, Sox2, Sox9, and Sox21), two Spalt (Salll and
Sall3), and two Tcf/Lef (Tcf711 and Tcf712) family TFs, all linked to
NSC maintenance and/or repression of neuronal differentiation.
Pax6, previously characterized as a possible marker of RGPs
(Gotz et al., 1998), did not qualify as RGP-selective in the present
analysis because microarray probes were discrepant. Indeed, Pax6
is expressed in many Tbr2+ IPs, especially aIPs, as well as RGPs
(Englund et al., 2005). Other TFs, such as Sox9, are more specific
RGP markers (Kaplan et al., 2017). Interestingly, among the RGP-
selective RBPs, Ngdn (neuroguidin) regulates mRNA translation
spatially and in response to signaling activity (Jung et al., 2006).
Presumably, Ngdn may play a part in regulating local RGP
translation, linked to rapid RNA transport (Pilaz et al., 2016).

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2021 | Volume 14 | Article 686034


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Bedogni and Hevner

Intermediate Progenitor Gene Expression

A B c _. .
RGP-selective genes Developmental Functions Signaling Pathways
(n=419)
2810025M15Rik -0.53 NF:#E pathiway
" R TNF-R1 DNA
activation damage
e
\ _X Basal attachment i
Dag1 -
(Dag?) 1 Cell Cycle 159
2 Unknown 72
: ; 3 Metabolism 44
Interactions with
blood vessels 4 NSC Maintenance 29
5 Adhesion 20
Tgfb2/3, Vegft
(Tg - Vogic) 6 Neuronal Differentiation 18
7 DNA Damage Response 10
Cytoskeleton
e 8 RNA Metabolism 10
9 Growth 9
10 Membrane Trafficking 8
11 Apoptosis 5
Regulation of 12 Cytoskeletal 4
gene expression 13 Protection (ROS, toxins) 4
46 TFs 14 Protein Degradation 4
10 EFs 15 Angiogenesis 3
6 RBPs 16 Apical-Basal polarity 3
5 IncRNA 17 Nuclear Structure 3
(2810025M15Rik) 18 Phagocytosis 3 :
19 TGF-beta, Smad 3 NSC maintenance
20Wat Signaiing 3 Other pathways (Suppl. Fig. 3):
6 Proliferation 21 Neurite Guidance 2 P yaeuppl. Fig. 95
22 Ciliogenesis 1 TNF-R1 ,ﬁ}‘”t
Apical adherens junctions 23 GPCR Trafficking 1 gugnf’(gg.'g F (.QF
(Ctnnat, Lima, Cldn12 24 Protein Folding 1 S MYaDy ear
Tjp1, Tjp2, Jam2, Lpar1) 25 Telomere Structure 1 hippo
FIGURE 3 | RGP-selective genes. (A) The example transcript (2870025M15Rik) is a ncRNA of unknown function. Some key functions of RGP-selective genes and
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repressors of the pathway. Shapes with white fill represent genes expressed in multiple cell types.

Among molecules for RNA degradation, Pnrc2, an adaptor in
nonsense-mediated decay, was also RGP-selective.

RGP-Selective Signaling

Pathways were inferred from gene expression, with the caveat that
protein signaling activity may not reflect mRNA expression. With
this caveat in mind, pathway data (Figure 3B) showed that large
numbers of RGP-selective genes were linked to cell cycle activity
(n=159) or DNA damage response (n = 10), the latter also active
during the mitotic cycle (Petsalaki and Zachos, 2020). Genes that
control NSC self-renewal (n = 29) or IP/neuronal differentiation
(n = 18) were also numerous among RGP-selective genes. Other
RGP-selective transcripts indicated functions such as membrane
trafficking (n = 8), phagocytosis (n = 3), and GPCR trafficking
(n = 1; Cnih4).

Several important intercellular and intracellular signaling
pathways had one or more key components with RGP-selective
expression. For example, multiple molecules in the NF-«kB
signaling pathway (Mitchell et al., 2016) showed RGP-selective
expression (Figure 3C). The NF-kB transcriptional effectors p65
(Rela), p50 (Nfkbl), and TBL1 (Tblix) were all RGP-selective,
as were several upstream positive and negative regulators. These
findings indicate that the p65/p50-dependent NF-kB pathway
is largely RGP-selective in developing neocortex. The function
of NF-kB signaling in RGPs is primarily to maintain NSC
identity and block IP genesis (Methot et al., 2013; Yamanishi
et al., 2015). While the essential upstream activators of NF-kB
signaling in developing cortex are unknown, this pathway can
be engaged by TNF-R1 (Tnfrsfla) activation or DNA damage
(Fuetal., 2018; Van Quickelberghe et al.,, 2018). Activation of
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TNE-R1 (for example, by TNF-a, potentially released from
activated microglia) may lead to NF-kB signaling or necroptosis
(Khoury et al., 2020), the latter a type of apoptosis mediated by
RIPK (Ripkl) (Supplementary Figure 3).

Additional pathways with RGP-selective components
included Shh, Wnt, Ras-MAPK, hippo, IGE FGF, and purinergic
signaling (Supplementary Figure 3). The Shh signaling pathway
functions in RGPs primarily to promote symmetric proliferative
divisions (Dave et al., 2011), but must be modulated to prevent
acquisition of ventral forebrain properties (Yabut et al., 2020).
RGP-selective components of Shh signaling included Gasl, a
Shh co-receptor that binds Shh and potentiates its activity; Gli3,
a downstream effector of Shh that promotes proliferation and
represses IP genesis; and Tulp3, an intracellular repressor of Shh
signaling. The coordinated RGP-selective expression of both
activators and inhibitors of signaling pathways was a theme
observed with not only NF-kB and Shh, but also apoptosis,
canonical Wnt, and hippo pathways (Supplementary Figure 3).
In addition, RGPs were selectively enriched in components
of the ephrin-B1 (EfnbI) signaling pathway, which represses
neuronal differentiation (Qiu et al., 2008; Wu et al., 2009). Efnb1,
its signaling partner Rgs3, and proposed target gene Gpsm2
(LGN/Pins), were all RGP-selective. Moreover, we observed that
Ephbé, a ligand for ephrin-B1, is highly expressed by IPs and PNs.
Potentially, Ephb6 from IPs and PNs might provide feedback to
repress neuronal differentiation of RGPs. Since EphB6 lacks an
intracellular kinase domain, its feedback to Efnbl could be an
example of pure reverse signaling.

RGPs and Junctional Complexes

Near the apical (ventricular) surface, RGPs have robust adherens
junctions (AJs) that form a belt-like zonula adherens (Taverna
et al, 2014). But unlike most classic epithelial cells, RGPs
do not form tight junction (TJ) barriers (Aaku-Saraste et al,
1996; Taverna et al., 2014; Veeraval et al., 2020). However,
some TJ related proteins (TJRPs) are expressed in RGPs, such
as ZO-1 (Tjpl) (Aaku-Saraste et al., 1996). IPs and neurons
link to surrounding cells with AJ patches that are smaller and
molecularly distinct from RGP AJs (Wilsch-Brauninger et al,
2012). In RGPs, the zonula adherens is linked to a contractile ring
of F-actin and non-muscle myosin type II (NM-II). RGPs and
migrating neurons have gap junctions, which may be important
for PN radial migration (Elias et al., 2007), but no gap junction
genes were RGP-selective in our analysis.

Unique Molecular Composition of RGP AJs

We found that a large number of AJ and TJRP molecules
are selectively expressed in RGPs (Figure 4A). Interestingly,
RGPs expressed both “epithelial” (Ctnnal; oE-catenin) and
“neural” (Cdh2; N-cadherin) AJ molecules (Figure 4A and
Supplementary Table 2 column I). RGP-selective TJRPs included
Tipl, Tjp2, Jam2, and Cldnl2 (Figure 4A). The latter is an
atypical claudin that promotes paracellular diffusion of calcium
ions (Plain et al., 2020). Thus, although RGPs lack functional
TJs and do not express Ocln (occludin), they express several
TJRPs for enhanced adhesion and paracellular calcium diffusion.
In addition, RGPs selectively expressed Fatl, which associates

with AJs and promotes F-actin; Rhoa, a key regulator of AJ
integrity; Efhd2, which stabilizes F-actin; Limal (eplin), which
promotes formation of the zonula adherens (Taguchi et al,
2011); and Plekha7, a zonula adherens-specific A] adaptor that
is repressed by Insml to initiate IP delamination (Tavano et al,,
2018). In addition, AdgrvI, an adhesion GPCR, is also selectively
expressed by RGPs, but whether this molecule localizes in AJs
is unknown. In sum, at least nine RGP-selective A] molecules
(shaded in Figure 4A) are down-regulated in the transition
from RGP to alP.

Apicobasal properties of RGPs such as the location of AJs are
regulated in part by the apical polarity complexes PAR, CRB, and
Mals/Pals. The PAR complex is composed of Pard3, Par6, atypical
protein kinase C (aPKC), and Cdc42 (Kohjima et al., 2002).
Some components of PAR complexes, such as Prkci (aPKC\) and
Cdc42, are essential to maintain AJs and apical surface integrity
of the neocortex (Cappello et al., 2006; Imai et al., 2006). Perhaps
surprisingly, then, none of the PAR complex molecules were
RGP-selective. The CRB complex contains Crb, Palsl, and Patj
proteins. Among these, only Crb2 was RGP-selective. Indeed,
previous studies have shown that Crb2 is essential to maintain AJs
and prevent premature RGP to IP differentiation (Dudok et al.,
2016). No Mals/Pals molecules were RGP-selective.

The plasma membrane at the ventricular surface of RGPs,
known as the apical plasma membrane, gives rise to the RGP
primary cilium, and contains specific proteins for functions such
as endocytic uptake and membrane remodeling. Among these,
Lrp2 (megalin) was RGP-selective, but Prom1 was not (Our data
suggest that Prom1 is a marker of NSPCs, not NSCs). Among
many dozens of known primary cilium molecules, only one
(Ift74) was RGP-selective.

The Basal Surface and RGP Interactions With
Leptomeninges

At the basal surface, RGPs attach to the basement membrane
produced mainly by leptomeningeal cells (Supplementary
Figure 4A) (Radner et al., 2012). Leptomeningeal-selective
basement membrane genes included many isoforms of laminins
(such as Lama2, Lambl, and Lamb2) and collagens (such as
Col3al). RGPs selectively produced only a few ECM molecules,
including Vit, Ccdc80, and Bcan. To attach to the basement
membrane, RGPs require three basal attachment complexes
built around dystroglycan (Dagl), which binds Lama2; GPR56
(Adgrgl), which binds Col3al; and integrin-oasf; (Itga6, Itghl),
which binds laminins and promotes focal adhesions. Of these,
only Dagl showed RGP-selective expression, while Adgrgl
and the integrin genes were also expressed in other cell
types (Supplementary Figure 4A). Mutations in these basal
attachment genes (such as Dagl) or their signaling pathways
cause cobblestone-like cortical malformations (Myshrall et al.,
2012; Radner et al., 2012). Meningeal cells also send an essential
signal by producing Bmp7, which is necessary to maintain
RGP attachment to the basement membrane (Segklia et al,
2012). Our analysis of ISH and microarray data indicates that
RGPs express BMP7 receptor subunits ALK3 (Bmprla) and
Bmpr2, although not RGP-specifically (Saxena et al., 2018)
(Supplementary Figure 4A).
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FIGURE 4 | RGP adherens junctions and vascular interactions. (A) The RGP adherens junction includes many tight junction related proteins (TURPS) encoded by
genes such as Tjp1, Tjp2, and Jam2. The junctions form a continuous band around the RGP apical region, called the zonula adherens, which is promoted by Lima1.
The adherens junction is linked to the actin cytoskeleton with a contractile ring of F-actin and NMII. Cldn12 promotes paracellular calcium diffusion, and Fat7 is a
giant cadherin. (B) RGP interactions with endothelial cells. Key pathways for cortical vascular development include TGFB, Integrin (a,fs), and VEGF produced by
RGPs. Colored shapes indicate cell-type-specific genes; white fill indicates widely expressed genes.

The basal plasma membrane of RGPs, which covers 99% of
the RGP surface, expresses a basal polarity complex consisting of
DLG, LGL, and SCRIB. This complex, together with endocytic
adaptors Numb and Numbl, contribute to regulating the location
of AJs; however, none of these molecules were expressed
selectively in RGPs.

Notch Signaling

Activation of Notch receptors is essential for RGP self-renewal,
and is driven by presentation of Delta-like 1 (DIlI), mostly
from alIPs (Kawaguchi et al., 2008; Yoon et al., 2008; Nelson
et al,, 2013). Notch signaling occurs predominantly near the
apical surface, and during mitosis is organized by the PAR
complex. We found that Notchl, Notch2, and Notch3 were
selectively expressed by RGPs, along with Hes5, a downstream
target gene that is activated by Notch signaling (Supplementary
Figure 4B). On the IP side, we observed that DIlI, Mibl
(an essential activator of DIII), Mfng (a glycosyltransferase
that modifies DII1 and Notch), as well as Hes6 and Heyl

TFs, were IP-selective. DII3 was bIP-selective, and acts cell
autonomously to dampen Notch signaling. The Delta-Notch
signaling interaction between IPs and RGPs is illustrated in
Supplementary Figure 4B.

Mitochondria and Metabolism

Several mitochondrial molecules, including Mrpll3, Mrpl35,
Mrpl39, Ndufaf8, Timm44, and others, were RGP-selective.
Mitochondria are important in cortical development and their
distribution within RGPs is regulated (Rash et al., 2018). Also,
many molecules important in intermediary metabolism were
RGP-selective (n = 44).

RGP Interactions With Endothelial Cells

Radial glial progenitors are known to play essential roles
in cerebral cortex vascular development (Figure 4B) (Tata
and Ruhrberg, 2018). For example, production of integrin-
ayfBs (Itgav and Itgh8) by RGPs is essential for cortical
vasculature development. Also, TGF-8 and VEGF signals
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from RGPs promote vascular development. Many molecules
that mediate RGP-endothelial interactions were selectively
expressed by RGPs or endothelial cells, illustrating the
extensive, highly specific interactions between these cell
types (Figure 4B). Gene sets for vascular cell types are listed in
Supplementary Table 9.

Intermediate Progenitor Identity

IP-selective molecules were defined by significant enrichment
in GFP+ cells on microarray, and predominant expression in
the VZ/SVZ on ISH. Previous studies have reported that alIPs
and bIPs have partially overlapping gene expression (Kawaguchi
et al., 2008). To capture the distinct transcriptome profiles of
alPs and bIPs, we assessed IP-selective gene as “IP-a” if they were
enriched predominantly in the VZ; “IP-ab” if in VZ and SVZ; or
“IP-b” if mainly in the SVZ (Figure 1C). Accordingly, the aIP
transcriptome consists of the union of IP-a and IP-ab genes, while
the bIP transcriptome consists of IP-b plus IP-ab genes.

IP-Specific Transcripts

Among 136 total IP-selective molecules, 12 were IP-a, 55 were
IP-ab, and 69 were IP-b (Figures 5A-C and Supplementary
Table 2). The largest functional category in each group was
neuronal differentiation, consistent with previous evidence that
Tbr2+ IPs are committed neurogenic progenitors that produce
glutamatergic PNs (Hevner et al, 2006; Hevner, 2019). For
gene regulation, each group of IP-selective genes included
multiple TFs, such as Neurog2 among IP-a genes, Tbr2 in
IP-ab genes, and Neurodl in IP-b genes (Figure 5D). These
TFs illustrate that transcripts were ascertained for selective,
but not absolutely specific expression. Neurog2, for example,
fit criteria for IP-a enrichment, but is also expressed to some
extent in RGPs (Kawaguchi et al., 2008). In contrast, Tbr2
appears to be completely IP-specific, while Neurod1 is expressed
in bIPs and, to some extent, postmitotic neurons (Hevner
et al, 2006). Other interesting regulators of gene expression
selectively expressed in IPs included a microRNA (miR) host
gene, Mirl7hg, in alPs; Agol, an RBP that mediates mRNA
silencing, in abIPs (Figure 5A); and multiple IncRNAs in bIPs.
The epigenetic factors selectively expressed by IPs have been
described (Elsen et al., 2018).

TF Regulation in IPs

The transitions between RGPs, IPs, and PNs appear to be highly
discrete. In accordance with this view, regulatory mechanisms
that rapidly control the expression of key TFs in IPs have been
identified. While Pax6 is crucial to IP genesis and Tbr2 expression
(Quinn et al.,, 2007), Pax6 is downregulated and deactivated in
IPs, in part by feedback repression from Tbr2 (Elsen et al., 2018),
and in part due to dephosphorylation by protein phosphatase-
1 (Yan et al, 2007). Similarly, Neurog2, another driver of IP
genesis and Tbr2 expression (Ochiai et al., 2009), is rapidly
downregulated in IPs by Cbfa2t2 (MTGRI1), an IP-specific
transcriptional coregulator that is first induced by Neurog2,
then binds and inactivates Neurog2 (Aaker et al., 2009). Indeed,
decreased Neurog2 activity is essential for further differentiation
from IPs to PNs (Aaker et al., 2009). These examples illustrate the

principle that differentiation in the RGP-IP-PN lineage requires
rapid, active up- and downregulation of critical genes.

Adhesion and Apoptosis Pathways in IPs

Compared to RGPs, IPs markedly down-regulated proliferation,
AJ components, and RGP-specific pathways such as NF-kB,
hippo, and necroptosis. Not only were AJ components overall
downregulated in IPs, but the isoform of a-catenin also changed
from Ctnnal (aE-catenin) in RGPs, to Ctnna2 (aN-catenin) in
IPs and differentiating PNs. Conversely, alPs and bIPs selectively
expressed Ptprk, a homophilic adhesion molecule. These data
revealed a rapid, profound change in both the strength and
quality of AJs occurs concomitantly with RGP-IP differentiation.
Interestingly, while necroptosis pathways were reduced in IPs,
apoptosis of IPs may occur by other pathways, mediated by
“dependence receptors” that promote apoptosis if ligand is not
bound (see below). Consistent with this idea, IPs and neurons
express Ppp2r2b, which drives apoptosis in response to growth
factor deficiency.

Shh and Wnt Signaling Pathways in IPs

Shh co-receptor Boc was selectively expressed in alPs
(Figure 5A), rather than Gasl as in RGPs (Supplementary
Figure 3B). The canonical Wnt signaling pathway (involving
regulation of P-catenin signaling) was likewise modified in
IPs, for example, by selective upregulation of FzdI in the PN
lineage. Previous studies have shown that in multipolar bIPs,
canonical Wnt signaling is transiently downregulated (Boitard
et al.,, 2015). Our molecular analysis suggested that this change
might be mediated by Bcl6 (Bonnefont et al., 2019), expressed
selectively in the IP-PN lineage; and by Shisa2, a bIP-selective,
cell-autonomous inhibitor of Wnt and FGF signaling (Furushima
et al., 2007). However, non-canonical Wnt signaling, especially
the Wnt-PCP pathway, appears massively upregulated in
IPs (see below).

Delta-Notch Signaling in IPs

Notch pathway molecules were differentially and selectively
expressed between not only RGPs and IPs, but also between alPs
and bIPs. Expression of DIII was alP-selective (Supplementary
Figure 4B), while DII3 was bIP-selective. Like DIII, DII3 is
a Delta-like ligand that is fucosylated by Mfng, but DII3
functions cell-autonomously to block Notch activation and thus
consolidate neuronal differentiation of bIP cells (Serth et al.,
2015). At the same time, Bcl6 (which is selectively expressed
in the IP-PN lineage, beginning in aIPs) functions to repress
Notch signaling and, together with Bcor (an abIP-selective
gene), represses Hes5 (Tiberi et al., 2012). Heyl (abIP-selective)
represses HesI and Gasl, while promoting self-renewal of NSPCs
(Heisig et al., 2012; Weber et al., 2014). Thus, Heyl, together
with Boc (replacing GasI) in the Shh pathway, may support
IP division despite overall reduced proliferative activity of IPs
compared to RGPs.

Extracellular Matrix and Vascular Interactions

Intermediate progenitors do not interact with the meningeal
basement membrane, but do associate with blood vessels,
especially in the SVZ (Javaherian and Kriegstein, 2009;
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FIGURE 5 | (A-C) IP-selective genes included those expressed mainly in VZ (IP-a genes), in VZ and SVZ (IP-ab), and in SVZ (IP-b), with examples for each. Neuronal
development functions were highly represented in each category. (D) Table showing the number of gene regulatory molecules in each IP type.

Stubbs et al., 2009). Interestingly, we observed that bIPs
selectively express Mfap4, an RGD-containing ECM component
that may be a ligand for integrins and collagen. We found
that Adgrgl (GPR56), although best known for mediating RGP
interactions with the meninges (Supplementary Figure 4A), is
enriched in abIPs. We speculate that Adgrgl and/or Mfap4 may
mediate the association of IPs with blood vessels. Also, abIPs
selectively expressed Ltbp3 and Mfap2 (MAGP-1), both of which
stabilize TGF-B, and thus potentially enhance TGF-B signaling
from RGPs to blood vessels (Figure 4B).

IP Cell Migration

Previous studies have shown that as IPs differentiate from alIP
to bIP subtype, they migrate from the VZ where they have
“short radial” (Gal et al., 2006) or “pin-like” (Ochiai et al,
2009) morphology, to the SVZ where bIPs remodel to multipolar
morphology. The alPs initially maintain contact with RGPs at
apical AJs (Taverna et al., 2014), which are lost in the transition to
bIP. After final mitosis, new PNs exhibit multipolar morphology,
select an axonal process, convert to bipolar morphology, then
migrate into the cortical plate. During the multipolar phase,
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bIPs and new PNs undergo “multipolar migration” characterized
by frequent extension and retraction of short processes, and
short-range slow tangential migration in the SVZ and 1Z
(Tabata and Nakajima, 2003).

Epithelial-Mesenchymal Transition

One proposed mechanism for neural precursor migration from
the VZ is epithelial-mesenchymal transition (EMT) (Itoh et al.,
2013). Consistent with this idea, we observed that several critical
genes for EMT (Nieto et al., 2016; Aznar et al, 2018) are
selectively expressed in IPs, including Srsf2 in aIPs, Akna in abIPs,
and Scrt2 and Ccdc88c (Daple) in bIPs (Supplementary Table 2).
By ISH, scattered Scrt2-expressing cells were observed in the VZ,
likely indicating cells in transition from alP to bIP (Figure 5C).
In addition, Serpinil (neuroserpin), which is expressed in the
IP-PN lineage beginning in the SVZ, may contribute to EMT
(Matsuda et al., 2016). Partial or specialized forms of EMT are
common in biology (Nieto et al., 2016). In addition, ATP and
Ca(2+) signaling may also regulate migration from VZ to SVZ
(Liu et al., 2008).

Multipolar Migration

During the multipolar phase, we found that bIPs selectively
expressed Chn2 (B2-chimerin; Figure 1C), a Rac-GAP, as well
as Prexl (P-Rex-1), a Rac-GEF. Both Chn2 and Prexl have
been linked to regulation of multipolar migration, indicating
the importance of Racl (which is widely expressed) in this
process. Interestingly, Chn2 links EphA receptor signaling with
Racl inactivation to suppress migration (Takeuchi et al., 2009),
while Prexl activates Racl and stimulates migration (Li et al.,
2019). Since several EphA molecules (such as Epha4, Epha5)
are expressed in the SVZ and IZ, our data suggest that EphA
activation restricts migration. Lateral dispersion of PN clones
away from source RGPs is also regulated by EphA signaling (Torii
et al,, 2009). Interestingly, lateral dispersion of neural precursors
thus occurs before axogenesis and bipolar migration.

Other known regulators of bIP and new PN migration include
Rnd3 (Pacary et al, 2011), which we found was selectively
expressed by bIPs; and Rnd2, which was expressed by new PNs
(Heng et al., 2008). Another factor that may regulate IP migration
is the peptide CCK. The receptor CCK-1R (Cckar), reported to
mediate repulsive responses to CCK (Giacobini et al., 2004), was
selectively expressed on bIPs. The Cck ligand was the expressed
by PNs in the cortical plate (CP). Potentially, CCK signaling may
restrict IPs from entering the CP.

Cholinergic Signaling

Intermediate progenitors express cholinergic receptor subunits,
including Chrna3 selectively in ablPs, and Chrnb2 in IPs and
new neurons beginning in the SVZ. Cholinergic receptors can
be activated in vivo to provoke inward Ca(2+) currents (Atluri
et al., 2001). However, the functional significance of cholinergic
signaling remains unknown.

Wnt-PCP Pathway

Planar cell polarity is a conserved mechanism to polarize sheets
of cells in the tangential plane, for example, to orient bristles
on the fly body (Butler and Wallingford, 2017). The molecular

components of PCP include “core” and “Fat-Dachsous-Four-
jointed” (Ft-Ds-Fj) modules, which may interact concurrently or
sequentially. Arising by asymmetric endocytosis and endosomal
trafficking, PCP ultimately reorganizes the actin cytoskeleton to
control cellular morphology. One key mechanism that can orient
PCP is Wnt signaling gradients (Yang and Mlodzik, 2015).

Core PCP is implemented by six molecules (Fzd, Vangl, Celst,
Dvl, Prickle, and Ankrd6), some of which have multiple gene
isoforms. We found that a suite of three core PCP molecules
were expressed selectively in abIPs: Celsrl, Vangl2, and Ankrd6.
Together with broadly expressed isoforms of other core PCP
components — including Fzd3, Prickle2, and DvI2 — IPs thus
uniquely acquire a full complement of core PCP components
(Figures 6A,B). Notably, Fzd3 is the isoform most frequently
implicated in core PCP, although other Fzd isoforms can be
involved as well.

While several mechanisms may contribute to orienting the
directionality of PCP, one is by response to Wnt gradients,
known as Wnt-PCP signaling (Yang and Mlodzik, 2015). In
developing cortex, Wnt signaling gradients (Machon et al,
2007) are established by caudomedial expression of multiple
Whnts and Rspo2 (which potentiates Wnts) in the cortical hem
and hippocampus; and by Sfrp2 (a Wnt antagonist) from the
rostrolateral antihem (Supplementary Figure 1). The Wnt most
associated with PCP signaling in mammals is Wnt54, expressed
in the hem (Figure 6A). Other Wnts and Fzds show diverse
expression patterns that demonstrate the complexity of Wnt
signaling in developing cortex (Supplementary Figure 5).

Our findings suggest that concurrent with EMT, IPs undergo
a profound change in polarity, from apicobasal to planar
(Figure 6D). In PNs, no Ankrd6 or Vangl isoforms were detected,
and instead of CelsrI as in IPs, Celsr2 and Celsr3 were expressed
in PNs (Figure 6A). These molecular data suggest that PNs may
express a minimal “maintenance” form of PCP, initially oriented
in IPs, to promote axon fasciculation (Figure 6C). Importantly,
mutations in core PCP molecules have been associated with
defects of axon growth and connectivity in the forebrain
(Hakanen et al., 2019).

Axogenesis and Excitability

Axon selection by cortical PNs is thought to occur shortly after
they are generated from IPs, concurrently with the transition
from multipolar to bipolar morphology (Namba et al., 2014).
Interestingly, we observed that multiple genes associated with
axogenesis, neurite growth, and excitability were expressed by
bIPs (Figure 6E).

Among the bIP-selective genes for axogenesis were Pcdh?,
which initiates axon outgrowth in retina; Arhgef25, which
drives axon formation and growth; Nrnl (neuritin-1), an
activity-induced cell surface protein that promotes axon growth;
Sstr2, which stimulates axon outgrowth upon activation by
somatostatin (Le Verche et al, 2009); Bcarl, an adaptor
protein linked to neurite outgrowth; Igfs8, a cell surface
protein associated with neurite outgrowth; Ppp2r3c, a regulatory
component of protein phosphatase 2A (PP2A), which is linked
to axogenesis; and Duspl4, a phosphatase that inhibits MAPK
signaling and negatively regulates axon growth (references in
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FIGURE 6 | Wnt-PCP and axon differentiation pathways in IPs. (A) Ankrd6, Vangl2, and Celsr1 showed IP-specific expression; Fzd3, Prickle2, and DvI2 were broadly
expressed; Celsr2 and Celsr3 were expressed in postmitotic PNs. (B) Proposed model of Wnt-PCP signaling complexes in IPs, possibly patterned by gradients of
Wnt signaling, such as Wntba from the hem. Sfrp2 from the antihem might also shape Wnt gradients. Colored shapes indicate IP-selective genes, and white fill
indicates widely expressed molecules. (C) Proposed model of “minimal PCP” in PNs. Unlike IPs, PNs do not produce a full complement of core PCP molecules, but
do express Fzd3, Celsr2/3, and DvI2. (D) Proposed model of transition from apicobasal polarity (blue-yellow) to PCP (red-green) in alP to bIP differentiation. In this
model, PCP is initially patterned in IPs, and transmitted to postmitotic neurons in the IZ. (E) Molecules for axon development and excitability were expressed in the
SVZ (including Fgf11, Grik2, Kend2, N1, Pcdh7, and Arhgef25 as shown), while genes for axon initial segment stabilization were expressed in postmitotic PNs
(Ank2 and Ank3) of the IZ and CP. (F) Proposed model of axon-like excitability patch in IPs. (G) Proposed model for the development of excitability beginning in IPs.
Patches of excitable membrane may be produced in IPs, and rapidly assembled into axon initial segments in new postmitotic PNs.

Supplementary Table 2, column Z). Another critical regulator Intrinsic Excitability

of axon formation in neocortex, Rapgefl, was expressed in the A recent study unexpectedly found that voltage-gated sodium
IP-PN lineage beginning in bIPs. The selective expression of not  channel SCN3A (Nay1.3) is expressed by Tbr2+ IPs in developing
only activators, but also an inhibitor of axon growth suggests that human cortex (Smith et al, 2018). In the present study,
axogenesis is a regulated process that begins in bIPs. Scn3a could not be evaluated because Scn3a ISH data are
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A Glutamatergic signaling from IPs to INs
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FIGURE 7 | Glutamate signaling and other bIP-IN interactions. (A) blPs in the
SVZ express molecules for glutamatergic signaling including Sic17a6
(VGLUT2), Nptx1, Syn2, and Ptprd; while migrating INs express AMPA
receptors (Gria1, Gria4). (B) Proposed model for glutamatergic signaling from
bIPs to INs. Interestingly, bIPs produce Nptx1, a secreted protein that clusters
AMPA receptors. (C) Glutamate signaling is one of several interactions
between IPs and INs.

not available for embryonic mouse. Nevertheless, we did
find other excitability molecules expressed selectively in bIPs
(Figure 6E). These included Grik2 (GluK2/GluR6), which
causes membrane depolarization upon glutamate binding; Kcnd2
(Kv4.2), which mediates repolarization; and FgfII, a member
of the FGF-homologous factor family, whose members function
as intracellular modulators of voltage-gated sodium channels,
and may localize with them to the AIS (Goldfarb et al., 2007;
Pablo and Pitt, 2016). In addition, Kcng2 (Ky7.2) was also
expressed in IPs, albeit not selectively. Molecular markers of
stabilized axon initial segments, such as Ank2, Ank3, and
Cacna2dl, were not expressed until PNs reach the IZ and
CP (Figure 6E). Thus, despite the fact that IPs lack axons
or initial segments, IPs may function to promote excitability
even before the axon is formed (Figures 6EG). We speculate
that together, IP-expressed ion channels and Fgfll may form
excitable membrane patches (Figure 6F), with properties similar
to the Ank3-independent, immature AIS which accumulates
voltage-gated sodium channels and Ky 7.2 (Sinchez-Ponce et al.,
2012; Yamada and Kuba, 2016). Also, Nfasc (neurofascin),
another molecule linked to axon initial segment stabilization, was
expressed in bIPs; but this function of Nfasc is thought to be
Ank3-dependent.

Glutamatergic Signaling in IPs

Previous studies reported that bIPs express Slc17a6 (VGLUT2),
a vesicular glutamate transporter that packages glutamate for
release as a neurotransmitter (Kawaguchi et al., 2008). Our
analysis confirmed that bIPs selectively express Slc17a6, and
further revealed that bIPs also express Syn2 (synapsin II),
a synaptic vesicle molecule enriched in the IP-PN lineage
beginning in bIPs (Figure 7A). Thus, IPs may be prepared
to release glutamate vesicles. In addition, we found that
bIPs selectively express Nptxl, a secreted clustering factor for
GluAl-type glutamate receptors (Figure 7A). Moreover, bIPs
express Ptprd (RPTPSY), a tyrosine phosphatase that functions
to promote release of NptxI. Interestingly, GluAl (Grial), as
well as GluA4 (Gria4), are selectively expressed by migrating
INs (Figure 7A). Thus, bIPs have some properties of glutamate-
releasing neurons, along with the capacity to promote glutamate
receptor clustering on adjacent cells, in this case INs (Figure 7B).
Overall, glutamate signaling may be another mechanism of
interaction between IPs and INs, along with CxclI2 and
Sstr2 (Figure 7C).

Axon Guidance Molecules in IPs

Previous studies also reported that IPs express axon guidance
receptors, including Unc5d (same gene as Svetl) and Plxna2
(Kawaguchi et al., 2008). Our analysis confirmed and expanded
this repertoire, finding that IPs also selectively express Sema3c,
Sema5a, and Nrp2. These molecules belong to netrin and
semaphorin guidance pathways (Figure 8).

Netrin Signaling and IPs

Netrins are secreted factors that attract or repel axons, depending
on the receptor: For Ntnl, the most studied netrin, Dcc
and Neol are attractive, while Unc5 family molecules interact
with Dcc to form repulsive receptors (Boyer and Gupton,
2018; Yamagishi et al., 2021). Other molecules that interact
with the netrin system include Dscam, a netrin co-receptor
with Dcc; and Draxin, a secreted factor that binds Dcc to
modulate thalamocortical axon guidance. In addition, Flrt2 and
Flrt3 secreted ligands can bind Unc5d and Unc5b receptors,
respectively, to mediate repulsive cues for cell migration
(Yamagishi et al., 2021).

Among netrins, Ntnl and Ntn4 have similar receptor binding
and interactions (Qin et al., 2007). Ntnl is not expressed in
embryonic neocortex, but Ntn4 expression has been reported in
E14.5 VZ (Yin et al.,, 2000; Ayoub et al., 2011). We confirmed
expression of Ntn4 in the VZ on ISH, and furthermore observed
a high rostrocaudal to low caudomedial gradient (Figure 8G).
(Ntn4 was not detected at significant levels on microarray,
presumably for technical reasons). These findings suggested
that Ntn4 may be important in cortical development. Indeed,
Ntn4 deficient rats show reduced thalamocortical innervation
(Hayano et al., 2014).

Dcc was highly enriched in the IP-PN lineage (log, FC =+2.57),
and was expressed in the SVZ, 1Z, and CP, consistent with
bIPs and PNs (Figure 8D). Since bIPs also express Unc5d
(Figure 8F), they presumably respond to Ntn4 as a repulsive
guidance cue. This repulsive response is likely maintained for
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FIGURE 8 | Netrin and semaphorin signaling involving IPs. (A-G) Expression of selected netrin signaling molecules, including bIP-selective Unc5d (F). Each panel
shows low (left) and high (right) magnification views of cortex; rostral is to the left. (H) Proposed model for netrin signaling involving Nin4 from RGPs in a high rostral
gradient, and responsive PNs in each histologic zone. (I-0) Expression of selected semaphorin signaling molecules, including blP-selective genes Plixna2 (J), Nrp2
(L), and Sema3c (M); and ablP-selective Semaba (N). (P) Proposed model for semaphorin signaling among cell types.

new PNs in the IZ, which express Unc5b (Figure 8E). In
contrast, PNs in the CP did not express Unc5 molecules, except
for very low levels of Unc5a in the most superficial CP cells
(not shown). PNs in the CP did, however, express high levels
of Dcc, Neol (in a high caudal gradient), Dscam, and Draxin
(Figures 8A-D), suggesting that axons from PNs already in
the CP on E14.5 (early-born PNs) respond to Ntn4 as an
attractive cue (Figure 8H). These findings suggest that netrin
signaling may play an important early role in bIP polarization and
axon guidance.

Semaphorin Signaling and IPs

In this repulsive signaling system, semaphorins are ligands,
neuropilins are ligand-binding receptors, and plexins are signal-
transducing co-receptors (reviewed by Alto and Terman, 2017;
Toledano et al,, 2019). Previous studies have shown that this
system is important in the development of callosal axons,
which are repelled toward the midline by graded expression of
rostrolateral factors, including Sema3a, a secreted semaphorin.
We confirmed that Sema3a is expressed in a high rostrolateral
gradient in the VZ, and further found that Sema3a is selectively
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expressed by RGPs (Figure 80). The Sema3a receptor, Nrpl
(Hossain et al, 2019), and the co-receptor Plxna4, were
both expressed by new PNs in the IZ (Figures 8LK). Thus,
many new PNs in the IZ on E14.5 express Nrpl/Plxna4
repulsive receptors for Sema3a, consistent with callosal axon
phenotype (Figure 8P).

Many additional semaphorins and receptors were expressed
by specific cell types. Interestingly, like Sema3a in RGPs, other
semaphorins were expressed in high rostrolateral gradients,
including Sema5a in abIPs (Figure 8N) and Sema3c in bIPs
(Figure 8M). Also, Serma5b was expressed specifically by RGPs,
but no gradient was apparent (not shown). The receptor for
Sema5a consists of Nrp2 with Plxna2, both expressed selectively
by bIPs (Figures 8],L); signaling through this receptor may be
further potentiated by Ranbp9, a bIP-selective scaffold protein
that augments plexin-A activity. Sema3c has multiple potential
receptors. Sema5b, a transmembrane semaphorin, functions as a
repulsive cue for Nrpl+/Plxnal+ corticofugal axons to prevent
their entry into the VZ. While the complexity of signaling
using multiple semaphorins (each with multiple receptors)
defies simple predictions about effects on axon guidance, it
seems clear at least that the high rostrocaudal gradients of
secreted semaphorins (Sema3a, Sema3c, and Sema5a) may
have additive or redundant effects, especially on cortical axons
destined to cross the midline (Sudrez et al., 2014; Ku and Torii,
2020).

Molecules in the Robo-Slit system are also extremely
important in neocortical axon guidance, but were not selectively
expressed in IPs or RGPs, only in postmitotic neurons.

Apoptosis-Inducing Dependence Receptors

Previous studies have reported high levels of apoptosis in the
SVZ (Blaschke et al., 1996; Thomaidou et al., 1997), recently
attributed to asymmetric apoptosis of IP daughter cells (Mihalas
and Hevner, 2018). In contrast to RGPs, which were specifically
enriched in necroptosis pathways (Supplementary Figure 3A),
IPs showed no selective enrichment for apoptosis effectors.
However, we noted that IPs and new PNs in the IZ express
multiple dependence receptors, defined as transmembrane
receptors that trigger cell death if not bound by ligand (Negulescu
and Mehlen, 2018). Dependence receptors in bIPs included
Unc5d, Dcc, Ntrk3, and Epha4. As noted above, Unc5d and Dcc
are netrin receptors. Ntrk3, which is highly (but not selectively)
expressed in bIPs in the SVZ, is the receptor for Ntf3, and is part
of a neurogenic feedback mechanism from PNs to progenitor
cells that promotes a switch to upper layer fates (Parthasarathy
etal., 2014). Epha4 is a significant driver of cortical progenitor cell
proliferation (North et al., 2009). These findings suggest that PN
numbers are regulated by competitive mechanisms that utilize
dependence receptors.

Gene Sets for Other Cell Types

Gene sets for all neural and non-neural cell types in E14.5
mouse neocortex are presented in Supplementary Tables 3-
10. The criteria for assignment of each cell type, and the
specific Supplementary Table, are given in the “Materials and
Methods” section.

DISCUSSION

In the present study, we produced cell-type-specific gene sets
for E14.5 mouse neocortex, and analyzed the transcriptomes
of RGPs and IPs in detail. We found that IPs express suites
of genes for processes such as EMT, PCP, neuron polarization,
axogenesis, excitability, and glutamate signaling. Since IPs are still
dividing and do not have axons, our findings raise new questions
about how processes such as neuron polarization and axogenesis
could begin in progenitor cells. In addition, it is important
to recognize the limitations of our approach to assigning
IP-selective genes, and question whether the combination of
transcriptomes and ISH assigns genes to specific cell types
accurately. Also, it is important to keep in mind that mRNA
expression does not always correlate with protein abundance and
post-translational regulation.

Compared to previous studies, our approach identified
relatively large numbers of cell-type-selective genes, especially for
IPs (Kawaguchi et al., 2008; Cameron et al., 2012; Telley et al,,
2016). This outcome likely reflected the robust quantities of RNA
used for our bulk analysis. One pitfall was the interpretation of
ISH images to distinguish between bIPs in the SVZ, and new PNs
in the IZ: the SVZ and IZ overlap histologically, and some genes
are expressed in both cell types. In particular, genes involved in
neuron polarization, axon guidance, and excitability, might seem
more likely to be neuron-selective, rather than IP-selective. On
the other hand, other studies have independently substantiated
IP expression of some axon guidance and excitability genes.
Axon guidance molecules Plxna2 and Unc5d were reported in
IPs by single-cell analysis (Kawaguchi et al., 2008). Also, core
PCP molecule CelsrI was confirmed as an IP gene (Telley et al,,
2016). And most significantly, SCN3A was previously colocalized
with Tbr2 in IPs of developing human neocortex (Smith et al.,
2018). Overall, the coherence of our results and independent
confirmations increase confidence in the conclusions.

Epithelial-Mesenchymal Transition (EMT)
Epithelial-mesenchymal transition is a flexible process, usually
involving some or most of the same key EMT molecules,
such as Scrt2 (Nieto et al., 2016). In a previous study, EMT
of new neocortical neurons was attributed to the activity of
Scrtl and Scrt2, and was proposed to occur by transcriptional
repression of Cdhl (E-cadherin) (Itoh et al., 2013). In the
present study, we found that EMT begins at the step when
alPs delaminate from the ventricular surface to become bIPs
(Figure 6D). Also, we did not detect Cdhl expression in E14.5
mouse neocortex by microarray or ISH, making Cdh1 an unlikely
target of EMT-related transcriptional repression. Furthermore,
we identified Scrt2 selectively in bIPs, with some expression
in aIPs (Figure 5C), consistent with EMT occurring mainly
in IPs, not RGPs. These findings imply that bIPs have some
mesenchymal-like properties.

Core PCP in IPs and Minimal PCP in PNs

Our results revealed coordinate abIP-selective expression of
Celsr1, Ankrd6, and Vangl2, completing, along with more broadly
expressed molecules, a core PCP program in IPs (Figures 6A,B).

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2021 | Volume 14 | Article 686034


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Bedogni and Hevner

Intermediate Progenitor Gene Expression

In contrast, postmitotic PNs apparently expressed only a
rudimentary set of core PCP molecules, including Fzd3 (the Fzd
most often linked to PCP) along with Celsr2 or Celsr3 instead
of Celsrl (Figure 6C). The PCP polarization of IPs is consistent
with previous studies showing that, although PCP was originally
described in epithelia, mesenchymal-like cells can also have PCP,
for example, in convergent extension during gastrulation and
neurulation, and in limb bud morphogenesis (Yang and Mlodzik,
2015). Our findings raise the following questions: (1) What is
the function of core PCP in IPs? (2) What mechanisms orient
PCP in IPs? (3) Can PCP that is established in IPs be transmitted
to daughter PNs?

The functions of core PCP in developing neocortex have
previously been linked mainly to directional growth of
axons (reviewed by Hakanen et al., 2019). The most severe
axon phenotypes are seen in mice lacking Fzd3 (Wang
et al., 2002; Hua et al, 2014), or Celsr2 and Celsr3 (Qu
et al, 2014). Striking similarities between the Fzd3 and
Celsr2/Celsr3 knockout phenotypes suggest an interaction
between these molecules, consistent with our model for
“minimal” PCP in PN axons (Figure 6C). On this basis,
we propose that Celsr molecules are plausible candidates
for mediating “touch and go” interactions between new PN
axons and established tracts (Namba et al., 2014). The original
“touch and go” model (Namba et al., 2014) proposed that
TAG1 (Cntn2) and Lyn mediate axon interactions; however,
Cntn2 null mice have no significant axonal defects, and in
our assays, Lyn was detected only in non-neural cells of
E14.5 neocortex.

Of the IP-enriched PCP genes, mice lacking Celsrl have
microcephaly, due to reduced numbers of IPs and PNs (Boucherie
et al., 2018). This phenotype was previously attributed to
RGP defects, but as Celsrl expression is IP-selective, defects
in IPs would seem more likely. For example, it could be that
PCP is required in IPs for axon orientation, and axon failure
causes apoptosis. Deficiency of Vangl2 in mice (Lp/Lp) caused
severe cortical thinning (Lake and Sokol, 2009), but cortex-
specific Vangl2 knockout caused a much different phenotype,
with partial agenesis of the corpus callosum and hippocampal
commissure (Dos-Santos Carvalho et al., 2020). Mice lacking
Ankrd6 have no reported defects of cortical development,
although subtle changes of PCP were reported in the inner
ear (Jones et al, 2014). Together, the data suggest that in
IPs, core PCP is important to maintain IP numbers, and
to facilitate growth of axon pathways. These phenotypes
may be related because, if core PCP serves to polarize IPs,
then it is possible that “a failure to correctly polarize the
budding axon leads to abortive axonal outgrowth” (Wang et al.,
2002) and cell death.

We propose that PCP polarization of IPs serves to pre-
orient and thereby optimize polarization of PNs, improving
the efficiency of axon selection and growth. Previously, PCP
has been shown to regulate progenitor cell activities in
flies, fish, and mammals. In flies and zebrafish, PCP can
orient cell divisions, which is interesting because IPs divide
with mostly horizontal cleavage planes, while RGPs divide
with vertical cleavage planes (Smart, 1973; Englund et al,

2005; Kowalczyk et al., 2009). In mammals, progenitor cells
in developing epidermis express PCP components that are
internalized and redistributed during mitosis, in a process
that is important for patterning of the skin and hair follicles
(Devenport et al., 2011).

Wnt-PCP Signaling in IPs

Wnt-PCP is a signaling pathway conserved from flies to
mammals, in which Wnt gradients orient tissue polarity by
binding to Fzd receptors that are part of PCP complexes
(Yang and Mlodzik, 2015; Humphries and Mlodzik, 2018). In
developing neocortex, high caudomedial gradients of canonical
Wnt signaling have been documented (Machon et al., 2007),
and Wnt5a (a non-canonical Wnt frequently associated with
PCP) is, like several other Wnts (Supplementary Figures 1, 5),
expressed mainly in the cortical hem, a caudomedial patterning
center (Figure 6A). Also, Rspol and Rspo2, which bind
Whnts to enhance signaling potency, are likewise expressed
in the hem. Conversely, Sfrp2, a secreted molecule that
binds Wnts to inhibit their signaling, is highly expressed in
the antihem (rostrolateral patterning center) (Supplementary
Figure 1A) and may sharpen Wnt gradients (Humphries
and Mlodzik, 2018). Moreover, “transient downregulation of
canonical Wnt/B-catenin signaling during the multipolar stage”
may facilitate a switch to non-canonical, Wnt-PCP signaling in
bIPs (Boitard et al., 2015).

Overall, the data suggest that an intracortical gradient of
Whnt5a and other Wnts could potentially orient PCP in IPs by
Wnt-PCP signaling. But could this system orient axons? Previous
studies have demonstrated that Wnt-PCP signaling can specify
axon orientation and steer axon growth in diverse species (Onishi
et al,, 2014). For example, Wnt-PCP polarizes and guides axons
in Caenorhabditis elegans (Ackley, 2014) and zebrafish (Sun et al.,
2016). Together with the genetic evidence implicating PCP in
cortical axon development, these observations suggest that Wnt-
PCP signaling in IPs may orient the future growth of PN axons,
possibly in conjunction with axon guidance molecules.

IPs and Netrin Signaling

We (Figure 8F) and Tarabykin et al. (2001) and Kawaguchi et al.
(2008) found that bIPs selectively express Unc5d (Svetl), a netrin
receptor transducing repulsive responses. One proposed function
of Unc5d is to regulate cell migration through interactions
with FIrt2; however, Unc5d null mice exhibit no histological
defects in cortical layer formation (Yamagishi et al., 2011).
Moreover, Ntn4 produced by RGPs in a high rostrocaudal
gradient (Figure 8G; see also Yin et al., 2000) would be expected
to bind Unc5d and repel IP processes. Interestingly, Ntn4
deficient rats show aberrant thalamocortical innervation (Hayano
et al., 2014), but it remains unclear how the guidance of PN
axons is affected.

Axon Polarity Can Be Regulated Prior to
Mitosis

Previous studies have shown that axon polarity can be
oriented in neural progenitor cells prior to mitosis and
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axon outgrowth. In C. elegans, multiple guidance molecules
function to regulate polarity coordinates that are inherited
by daughter neurons (Killeen and Sybingco, 2008; Adler
et al, 2014). In chick neural crest, polarity generated
prior to mitosis can be inherited by dorsal root ganglia
neurons through a mechanism involving Septin7, which
labels sites for re-initiation of process growth following
mitosis (Boubakar et al., 2017). In neocortex, Septin7 is
essential for callosal and corticospinal axon growth (Ageta-
Ishihara et al., 2013). Together, these observations support the
possibility that PN axon polarization is initiated in IPs prior
to final mitosis.

Excitability in IPs

Surprisingly, several genes linked to neuronal excitability are
expressed in IPs (Figures 6E-G). This finding intersects with
a recent report that SCN3A, a voltage-gated sodium channel,
is expressed in IPs and is required for cortical morphogenesis
(Smith et al., 2018). What role might IP excitability play
in cortical development? One possibility is that IPs express
excitability genes to enhance interactions with migrating INs
(Figure 7). A second possibility is that IPs accumulate
excitability molecules in order to “prime” PNs for rapid
development of excitability after mitosis. Third, excitability
may enhance survival and differentiation of IPs and new PNs.
For example, it has been shown that depolarization recruits
Dcc to the plasma membrane and enhances axon growth
(Bouchard et al., 2008).

Polarization of IPs as a Mechanism to
Enhance PN Axon Development

Recent observations suggest that new PNs become polarized
and accelerate axon growth upon contacting a pre-existing PN
axon, prompting the “touch and go” model (Namba et al., 2014).
In our modification of this model (Figures 6B,C), we propose
that Celsr genes make contact at the axon surface, while Fzd3
transduces the signal as a form of Wnt-PCP signaling for axon
fasciculation. In addition, Ntn4-Unc5d might also orient the axon
prior to IP mitosis. In sum, we propose that IPs are oriented by
Wnt-PCP and netrin signaling, start to become excitable upon
reaching the SVZ as bIPs, and produce “pre-polarized” PNs that
interact with adjacent existing axons to rapidly integrate into
cortical circuitry.

CONCLUSION

We have ascertained gene sets for cell types in E14.5 mouse
cortex, and found that IPs selectively express genes involved in
core PCP, axogenesis, axon guidance, excitability, and glutamate
signaling. On this basis, we propose new neurodevelopmental
functions for IPs, in optimizing axon development and
integration into cortical pathways. These novel functions add
to previously known IP roles in amplifying neurogenesis,
shaping regional and laminar identity of PNs, and signaling
to INs and RGPs.

MATERIALS AND METHODS

Animals

No new mice were used for this study; only data from previous
microarrays and ISH were analyzed. The Tbr2-GFP mice for
cell sorting and microarrays were described previously (Bedogni
et al., 2010; Nelson et al., 2013; Elsen et al., 2018).

Identification of Differentially Expressed
Genes (DEGs) in Microarray Experiments

Genes from the microarray experiment (Supplementary Table 1)
were selected as DEGs if they showed significantly different
expression (unadjusted p < 0.05) between sorted cell populations
(GFP+ and GFP—), and were expressed above a minimal
detection threshold (2.279), determined empirically to accord
with ISH detection. For genes with multiple probes, the gene was
excluded if different probes conflicted by indicating significant
enrichment in both GFP+ and GFP— cells. If multiple probes
were differentially expressed and in agreement, the probe with
highest absolute value of log, FC was used to represent the gene
for integrated analysis (Supplementary Table 2).

Selection of Cell-Type-Selective Genes
by Microarray and ISH Criteria

For each cell type, specific criteria of expression on microarray
and by ISH were utilized. The ISH data were from public
open databases, or previous studies. The public databases were
Genepaint (Visel et al, 2004), Allen Brain Atlas Developing
Mouse Brain', and BGEM (Magdaleno et al., 2006). If no ISH
data were available, the zonal expression data of Ayoub et al.
(2011) were used.

Cajal-Retzius (C-R) Neurons

C-R neuron-selective genes (Supplementary Table 3) were
significantly enriched in GFP+ cells, and were expressed
exclusively or predominantly in the marginal zone on ISH.
Established markers of C-R neurons (Trp73, Calb2, and Reln)
were confirmed as C-R markers. Additional genes were also
screened from candidate C-R neuron markers (Yamazaki et al.,
2004), of which two (Cacna2d2 and Rcan2) were included.

Choroid Plexus

Genes (Supplementary Table 8) were selected on the basis of
enrichment in Tbr2-GFP— cells on microarray, and predominant
expression in choroid plexus epithelium (not fibrovascular core)
on ISH. Ttr, a known marker of choroid plexus, met these criteria
and was included.

Interneurons (INs) and Subtypes

Interneurons (Supplementary Table 8) were enriched in
Tbr2-GFP— cells on microarray, and showed expression
predominantly in the marginal zone and SVZ. Although most
IN subtypes do not differentiate until postnatal ages, we also
assessed peptide markers of IN subtypes (Calbl, Npy, Pvalb,

'http://developingmouse.brain-map.org/

Frontiers in Molecular Neuroscience | www.frontiersin.org

July 2021 | Volume 14 | Article 686034


http://developingmouse.brain-map.org/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Bedogni and Hevner

Intermediate Progenitor Gene Expression

Sst, and Tacl). All except Pvalb (which was below the detection
threshold) were significantly expressed and enriched in Tbr2-
GFP— cells. Putative IN genes from previous studies were also
screened (Batista-Brito et al., 2008; Marsh et al., 2008).

Intermediate Progenitors

IP genes (Supplementary Table 3) were assessed as listed below
for each subtype. Putative IP genes from previous studies were
also screened (Kawaguchi et al., 2008; Cameron et al., 2012; Telley
etal., 2016) along with novel targets.

Apical Intermediate Progenitor Enriched
Genes (IP-a)

These genes (Supplementary Table 3) were selected on the basis
of significant enrichment in Tbr2-GFP+ cells on microarray, and
expression predominantly in the VZ on ISH.

Apical and Basal Intermediate Progenitor
Enriched Genes (IP-ab)

Genes for this set (Supplementary Table 3) were selected on
the basis of significant enrichment in Tbr2-GFP+ cells on
microarray, and largely balanced expression predominantly in
the VZ and SVZ on ISH.

Basal Intermediate Progenitor Enriched
Genes (IP-b)

These (Supplementary Table 3) were selected for significant
enrichment in Tbr2-GFP+ cells on microarray, and expression
primarily in the SVZ on ISH.

Microglia

Genes (Supplementary Table 10) were selected on the basis of
enrichment in Tbr2-GFP— cells, expression in cells scattered in
all cortical zones, and literature linking the gene to microglia.
Widely used microglial markers Aifl (Iba-1 gene), Cx3crl, and
Cd68 met these criteria and were among the included genes.

Meninges (Leptomeninges)
Meningeal genes (Supplementary Table 9) were enriched in
Tbr2-GFP— cells on microarray, and showed predominantly
leptomeningeal expression on ISH. Putative meningeal markers
were also screened (DeSisto et al., 2020).

Neuronal Differentiation in the Cortical
Plate (N-cp)

These genes (Supplementary Table 4), representing general
neuronal differentiation in the CP, were selected by significant
enrichment in Tbr2-GFP+ cells on microarray, and expression
predominantly in the CP on ISH. They were also expressed
in neuronal differentiation zones of other forebrain areas
besides cortex.

Neuronal Differentiation in the

Intermediate Zone (N-iz)
These genes (Supplementary Table 4), representing general
neuronal differentiation beginning in the 1Z, were selected by

significant enrichment in Tbr2-GFP+ cells on microarray, and
expression predominantly in the 1Z, or IZ and CP, on ISH. They
were also expressed in neuronal differentiation zones in other
forebrain areas besides cortex.

Neuronal Differentiation in the

Subventricular Zone (N-svz)

These genes (Supplementary Table 4) were highly enriched in
Tbr2-GFP+ cells on microarray, and were expressed in the SVZ
and IZ, or SVZ, IZ, and CP on ISH. They were also expressed in
similar zones in other forebrain areas.

Neuronal Differentiation in the

Ventricular Zone (N-vz)

These markers of general neuronal differentiation
(Supplementary Table 4) were enriched in Tbr2-GFP+ cells on
microarray, and showed expression in the VZ, SVZ, IZ, and CP
on ISH. They were also expressed in differentiating neurons in
other forebrain areas.

Oligodendroglial Progenitor Cells
Oligodendrocytes do not differentiate until postnatal ages. the
possibilities that oligogenic lineages might exist in E14.5 cortex,
or might differentiate prematurely in mutant mice, prompted
us to select markers of oligodendroglia in postnatal cortex as
candidate oligodendrocyte identity genes (Supplementary Table
8). Two genes (Oligl and Pdgfra) were significantly enriched in
Tbr2-GFP— cells on microarray, and were expressed by scattered
cells in progenitor and differentiation compartments (mainly
rostrolateral), suggesting that a few immature oligodendrocyte
precursors are present in E14.5 neocortex.

Projection Neuron Differentiation in the

Cortical Plate (PN-cp)

These genes (Supplementary Table 3), representing relatively
specific differentiation of projection neurons in the CP, were
selected by significant enrichment in Tbr2-GFP+ cells on
microarray, and expression predominantly in the CP on
ISH. They were not highly expressed in other areas of the
telencephalon besides cortex, such as the striatum.

Projection Neuron Differentiation in the

Intermediate Zone (PN-iz)

These genes (Supplementary Table 3), representing specific
differentiation of projection neurons beginning in the IZ,
were selected by significant enrichment in Tbr2-GFP+ cells on
microarray, and expression predominantly in the IZ, or IZ and
CP, on ISH. They were not expressed in other areas of the
telencephalon besides cortex, such as the striatum.

Projection Neuron Differentiation in the

Subventricular Zone (PN-svz)

These genes (Supplementary Table 3), representing specific
differentiation of projection neurons beginning in the SVZ,
were selected by significant enrichment in Tbr2-GFP+ cells on
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microarray, and expression predominantly in the SVZ and IZ, or
SVZ,1Z, and CP, on ISH. They were not highly expressed in other
areas of the telencephalon besides cortex.

Projection Neuron Differentiation in the

Ventricular Zone (PN-vz)

These genes (Supplementary Table 3), representing relatively
specific differentiation of projection neurons beginning in the
VZ, were selected by significant enrichment in Tbr2-GFP+ cells
on microarray, with expression in the VZ, SVZ, IZ, and CP on
ISH. These genes were not expressed at high levels in the VZ of
subcortical areas of the telencephalon.

Subplate

The goal was to identify glutamatergic pioneer neurons in the
histological subplate. Accordingly, genes (Supplementary Table
3) were selected by significant enrichment in Tbr2-GFP+ cells
on microarray, and predominant expression in the subplate on
ISH. Proposed markers of the embryonic subplate (Hoerder-
Suabedissen et al., 2013) were also screened.

Vascular Cells

These genes (Supplementary Table 9) were enriched in Tbr2-
GFP— cells on microarray, and were expressed by cells lining
vascular spaces. They were further annotated by reference to
literature for each gene, and divided into endothelial and

pericyte groups.

Vascular Endothelial Cells

These genes (Supplementary Table 9) were significantly enriched
in Tbr2-GFP— cells on microarray, were expressed in elongated
cells of the vascular endothelium, and were confirmed as
endothelial markers by literature references.

Vascular Pericytes

These genes (Supplementary Table 9) were significantly enriched
in Tbr2-GFP— cells on microarray, were expressed in scattered
cells along blood vessels, and were confirmed as pericyte markers
by literature references.

Blood Cells

These genes (Supplementary Table 10) were enriched in
Tbr2-GFP— cells on microarray, and were expressed by cells
within vascular spaces. They were further annotated by reference
to literature for each gene, and divided into erythrocyte,
lymphocyte, and monocyte groups where possible from
available literature.

Neural Stem Cells
Candidate NSC markers were screened from previous
studies (Easterday et al., 2003; Andreotti et al, 2019).
NSC markers (Supplementary Table 7) met criteria for
RGPs (enriched in GFP— cells on microarray, and localized
predominantly in the VZ).

Callosal Projection Neurons

Genes in CPN Signature clusters (Molyneaux et al., 2015) were
screened. Genes (Supplementary Table 6) were selected if they
demonstrated enrichment in Tbr2-GFP+ cells, regardless of
ISH localization.

Corticothalamic Neurons

Genes in CThN Signature clusters (Molyneaux et al., 2015) were
selected for evaluation, and were included (Supplementary Table
6) if they demonstrated significant enrichment in Tbr2-GFP+
cells, and were localized mainly in the cortical plate. Genes with
predominant expression in progenitor zones were excluded.

Subcerebral Projection Neurons

Genes in SCPN Signature clusters (Molyneaux et al,
2015) were screened, were included (Supplementary
Table 6) if they showed enrichment in Tbr2-GFP+
cells, and were expressed mainly in the IZ and
CP. Notable excluded genes were Sox5 and Bclllb,
which were classified as Mixed cell-type genes by

Molyneaux et al. (2015).

Upper Layers 2-4

Genes previously implicated in genesis of upper layers in
publications were selected (Supplementary Table 6) if they
showed significant expression and enrichment in Tbr2-GFP+
cells, and were expressed predominantly in progenitor zones
(VZ and SVZ) and/or 1Z, possibly extending into the upper CP.
Notable exclusions were CuxI and Cux2, due to non-enrichment
in Tbr2-GFP + cells (possibly reflecting expression in INs). Tac2
(Figure 2D) was below the detection threshold on microarray,
presumably for technical reasons, but was retained as an upper
layer marker.

Lower Layers 5-6

Lower layers are comprised of mainly corticothalamic
and subcerebral projection neurons. Genes were selected
(Supplementary Table 6) if they met criteria for either of
those cell types.

Hem and Antihem

Genes (Supplementary Table 5) were selected if they showed
predominant expression in the patterning center by ISH. No
microarray criteria were applied.

Rostral and Caudal Identity

These gene sets (Supplementary Table 5) have been developed
and expanded from previous studies (Bedogni et al., 2010;
Elsen et al., 2013). Most recently, we have stratified rostral and
caudal gene sets into CP, IZ, SVZ, and VZ subsets, to precisely
evaluate rostrocaudal patterning of differentiating neurons and
progenitors in different zones. The criteria for each subset
are described next.
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Rostral Identity in the Cortical Plate

(R-cp)

By ISH, these genes (Supplementary Table 5) were expressed
predominantly in the CP and subplate, at higher levels in rostral
than in caudal neocortex. On microarray, genes were enriched in
GFP+ cells, or were not enriched in either cell group.

Rostral Identity in the Intermediate Zone
(R-iz)

By ISH, these genes (Supplementary Table 5) were expressed
predominantly in the IZ, or IZ and CP, at higher levels in
rostral than in caudal neocortex. On microarray, these genes were
enriched in GFP+ cells, or were not enriched in either cell group.

Rostral Identity in the SVZ (R-svz)

By ISH, these genes (Supplementary Table 5) were expressed
predominantly in the SVZ, at higher levels in rostral than in
caudal neocortex. On microarray, these genes were enriched in
GFP+ cells, or were not enriched in either cell group.

Rostral Identity in the VZ (R-vz)

By ISH, these genes (Supplementary Table 5) were expressed
predominantly in the VZ, at higher levels in rostral than in caudal
neocortex. No microarray criteria were used, because these genes
could theoretically be expressed in RGPs, RGPs and alPs, or alPs.

Caudal Identity

Caudal identity in each zone (Supplementary Table 5) was
assessed using the same criteria as for rostral identity, except
that the gene was expressed at higher levels in caudal than
in rostral cortex.

Proliferation Genes

Genes (Supplementary Table 7) were first evaluated from
known proliferation markers across cell types (Whitfield
et al., 2006). Additional proliferation markers were selected
if they were functionally linked primarily to cell cycle, and
matched the expression of validated markers (Whitfield et al.,
2006) in mainly RGPs.

Quiescence Genes
These (Supplementary Table 7) were aggregated from multiple
previous studies.

RBPs

These were designated according to McKee et al. (2005), or more
recent studies documenting RNA-binding activity, as cited for
individual genes.
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Nerve growth factor (NGF) stimulates numerous cellular physiological processes,
including growth, differentiation, and survival, and maintains the phenotype of several
neuronal types. Most of these NGF-induced processes require adaptation of the
secretory pathway since they involve extensive remodeling of membranes and protein
redistribution along newly formed neuritic processes. CREBS transcription factors have
emerged as signaling hubs for the regulation of numerous genes involved in the
secretory pathway and Golgi homeostasis, integrating stimuli from multiple sources to
control secretion, posttranslational modifications and trafficking of proteins. Although
recent studies have focused on their role in the central nervous system, little is known
about their participation in cell differentiation. Therefore, we aimed to analyze the
expression and signaling mechanism of CREBS3 transcription factor family members,
using the NGF-induced PC12 cell differentiation model. Results show that NGF
treatment causes Golgi enlargement and a parallel increased expression of proteins
and mRNAs encoding for proteins required for membrane transport (transport factors).
Additionally, a significant increase in CREB3L2 protein and mRNA levels is detected
in response to NGF. Both MAPK and cAMP signaling pathways are required for this
response. Interestingly, CREB3L2 overexpression hampers the NGF-induced neurite
outgrowth while its inhibition enhances the morphological changes driven by NGF. In
agreement, CREB3L2 overexpressing cells display higher immunofluorescence intensity
of Rab5 GTPase (a negative regulator of PC12 differentiation) than control cells. Also,
Rab5 immunofluorescence levels decrease in CREB3L2-depleted cells. Taken together,
our findings imply that CREB3L2 is an important downstream effector of NGF-activated
pathways, leading to neuronal differentiation.

Keywords: neuronal differentiation, Golgi complex, CREB3L2, CREB3, PC12, Rab5

INTRODUCTION

Members of the CREB3 family of transcription factors (CREB3, CREB3L1, CREB3L2, CREB3L3,
and CREB3L4) modulate a broad range of cellular processes. They are critical for development,
metabolism, secretion, survival, and cell division, among others, and show clear cell-specific
expression patterns (Chan et al., 2011). CREB3 members have been implicated in the ER and Golgi
stress responses as regulators of the cell secretory capacity and expression of cell specific cargos
(Fox and Andrew, 2015; Sampieri et al., 2019). They are ER-localized transmembrane proteins that,
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in response to the appropriate stimulus, are transported from
the ER to the Golgi, cleaved by S1P and S2P proteases; and
the released N-terminal cytosolic domains are translocated to
the nucleus to regulate transcription of specific target genes
(Fox and Andrew, 2015).

CREB3 transcription factors have been also implicated in
cell differentiation processes, such as osteoblast differentiation
(Murakami et al., 2009) and during human B-cell transition to
antibody secreting cells (Al-Maskari et al., 2018). Furthermore,
CREB3, CREB3LI, and CREB3L2 are expressed in different
cell types of the central nervous system (CNS), where
they perform important functions. For instance, CREB3
and CREB3L1 contribute to neuroendocrine regulation of
the hypothalamic/pituitary/adrenal axis by modulating the
glucocorticoid receptor activity and the arginine vasopressin
gene transcription (Greenwood et al., 2017; Penney et al., 2018).
Also, in hippocampal cells, CREB3 regulates gene expression
of several components of Golgi outposts and, therefore, their
formation (Chung et al., 2017). Furthermore, CREB3L2 levels
are positively regulated during oligodendrocyte maturation
(He et al, 2016), and, in dorsal root ganglia neurons, the
C-terminal domain of CREB3L2 is secreted and promotes
axon growth (McCurdy et al., 2019). Interestingly, CREB3 has
been identified as an NGF-sensitive transcription factor in a
comprehensive time-course microarray study performed in
PC12 cells (Dijkmans et al., 2008). Despite the advances in the
knowledge of CREB3 factors in the CNS, their participation
during neuronal differentiation has been poorly explored. In
this work, we aim to study the modifications in organelles
and proteins associated with the secretory pathway as well
as the response and participation of CREB3 transcription
factors in the NGF-induced PC12 cell differentiation model
(Greene and Tischler, 1976). In this model, NGF activates the
Ras/Raf/MEK/ERK signaling pathway (Cowley et al., 1994),
which, in turn, triggers a transcriptional program, leading to
upregulation of neuronal genes as well as a neurite outgrowth.

In summary, our data indicate that (a) the differentiation
process goes along with an increase in proteins and mRNAs
encoding for proteins of membrane trafficking pathways; (b)
although CREB3, CREB3L1, and CREB3L2 are co-expressed
in PC12 cells, only CREB3L2 increases significantly at an
early time point of differentiation (6 h); (c) both ERK
and PKA signaling pathways associated with NGF-dependent
neuritogenesis regulate CREB3L2 expression; (d) a CREB3L2
knockdown affects Golgi phenotype and neuronal differentiation,
acting as a negative regulator of this process; and (e) Rab5 levels
change after CREB3L2 inhibition or overexpression. Considering
our results and the existing literature, we assume that CREB3L2
is a downstream effector of NGF-activated pathways important
to neuronal differentiation of PC12 cells.

MATERIALS AND METHODS

DNA Constructs and Antibodies
A CREB3L2FL construct (cloned in pTRE2hyg plasmid) was
a kind gift from Dr. Kazunori Imaizumi (Saito et al., 2014).

Rab5WT and Rab5S34N, cloned in pEGFP plasmid (Gomez and
Daniotti, 2005), were kindly provided by Dr. Alejandro Vilcaes
(Universidad Nacional de Cérdoba), and Rablb WT and Rablb
N121I were available in our laboratory (Slavin et al, 2011).
shRNA pGFP-C-shLenti vectors were obtained from OriGene
(OriGene Technologies, Inc., Rockville, MD, United States).

The following primary antibodies were used: Rab1b (catalog
No. SC-599, Santa Cruz Biotechnology, Santa Cruz, CA,
United States), MAP2 (catalog No. M2320, Sigma-Aldrich,
St. Louis, MO, United States), KAP1 (catalog No. A300-
274A, Bethyl Laboratories, Montgomery, TX, United States),
GM130 (catalog No. 610823, BD Biosciences, San José, CA,
United States), Calreticulin (catalog No. PA3-900, Thermo Fisher
Scientific, Waltham, MA, United States), SRP54 (catalog No.
610941, BD Biosciences, San José, CA, United States), GalNAc-
T2 (catalog No. HPA011222, Sigma-Aldrich, St. Louis, MO,
United States), rabbit polyclonal antibodies to StarD7 [a gift
from Dr. Susana Genti-Raimondi, CIBICI-CONICET, National
University of Cordoba, Argentina (Angeletti et al., 2008)], Rab5
(catalog No. 46692, Santa Cruz Biotechnology, Santa Cruz,
CA, United States), B-actin (catalog No. A2228, Sigma-Aldrich,
St. Louis, MO, United States), a-tubulin (catalog No. T9026,
Sigma-Aldrich, St. Louis, MO, United States), and CREB3L2
(catalog No. PA5-40951, Thermo Fisher Scientific, Waltham,
MA, United States and catalog No. HPA015534, Atlas Antibodies,
Stockholm, Sweden). CREB3L2 antibodies were raised against
N-terminal residues.

Cell Culture and Treatments

The rat pheochromocytoma cell line PC12 [ATCC® CRL-1721™
(Greene and Tischler, 1976)] was grown in a normal growing
medium, containing Dulbecco’s modified Eagle’s medium
(DMEM), 5% fetal bovine serum, 5% of horse serum, and
penicillin-streptomycin (Thermo Fisher Scientific, Waltham,
MA, United States). For differentiation, cells were grown
in the DMEM medium, containing 1.5% horse serum, 1.5%
fetal bovine serum, penicillin-streptomycin, and 100 ng/ml
nerve growth factor (NGEF catalog No. B.5017, ENVIGO,
Indianapolis, IN, United States) for different periods of time.
Alternatively, cells were treated with 15 uM forskolin (FSK,
catalog No. ab120058, Abcam, Cambridge, United Kingdom).
Differentiation conditions include growth onto poly-L-lysine
(catalog No. P8920, Sigma-Aldrich, St. Louis, MO, United States),
coated plates and coverslips. A MAPK signaling cascade was
blocked with 10 pM U0126 (catalog No. 9903, Cell Signaling
Technology, Danvers, MA, United States) for 2 h before
NGF addition. For transfection, PC12 cells were transiently
transfected with Lipofectamine 2000 (Thermo Fisher Scientific,
Waltham, MA, United States), following the instructions of the
manufacturer. Complexes containing different DNA constructs
plus Lipofectamine 2000 were resuspended in Opti-MEM
(Thermo Fisher Scientific, Waltham, MA, United States)
and mixed with 10% of fetal bovine serum; after 4 h, the
medium was replaced for a normal growing medium. After
24 h of transfection, cells were NGF differentiated. For shRNA
experiments, transfections were performed for 48 h before NGF
differentiation.
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Immunofluorescence Analysis

Cells grown on poly-L-lysine (catalog No. P8920, Sigma-
Aldrich, St. Louis, MO, United States) were fixed, blocked,
and immunolabeled as described previously (Gil et al., 2004).
Primary antibodies were diluted as follows: anti-GM130 at 1:200;
anti-CREB3L2 at 1:200; anti-Rab5 at 1:75. Secondary antibodies
were diluted at 1:1000. Nuclei were stained, using Hoechst
33258 (catalog No. H-3569, Molecular Probes, Eugene, OR,
United States) at 1:1000.

Image Acquisition and Quantification

Image acquisition was performed for 2D images, using the
Leica DMi8 epifluorescence microscope (lasers: 488; resolution
X = 1024 and Y = 1024; objectives: 40x and 63x) and for
3D images, using either a spectral (Olympus Fluoview 1200)
or LSM 800 (Zeiss) (lasers: 488, 533, and 633; resolution
X =1024; Y = 1024 and Z = 0.3-0.5 pm; objectives: 63x:
plan-apochromat 63x/1.40 Oil DICM27 and 20 x: objective 20x
LD apochromat 20x/0.40, both inverted confocal microscopes).
Image quantification was performed, using Fiji-Image] software
(Schindelin et al., 2012), pixel by pixel, and data were used
to calculate the average of Golgi volume. To quantify GM130,
GalNAc-T2, CREB3L2, and Rab5 levels, total fluorescence
intensity was calculated throughout the z-axis, using the “z-
project/sum slices” plug-in of Fiji-Image]. Then, the soma was
measured as previously described (Siri et al., 2020). The results
were normalized with the control condition of each experiment.
Fire-LUTs are shown to clearly visualize the fluorescence levels
of each epitope.

Morphometric Analysis

Images of differentiated PC12 cells were processed, using a Fiji-
Image] software macro. After image processing, total neurite
length and the longest neurite of each cell were measured. Sholl
analysis was performed to quantify the number of intersections in
the neurite outgrowth of the cells [Sholl analysis v3.4.10 plug-in
for Image]J (Sholl, 1953)]. For measurements, a straight line was
traced from the center of the cell body to the end of the neurites;
intersections were analyzed, defining five shells, starting at 30 pm
of the cell soma to the last shell at 150 pm.

Protein Analysis
Cell processing and Western blot assays were performed
as described previously (Garcia et al., 2017). Detection
and quantification of the near-infrared fluorescence on the
membranes were performed, using the Odyssey CLx Imaging
System (LI-COR Biosciences, Lincoln, NE, United States)
through the Image Studio Software. Images were acquired on the
auto intensity at high resolution. The following primary antibody
dilutions were used: anti-MAP2 at 1:1000, anti-KAP1 at 1:1000,
anti-SRP54 at 1:500, anti-GalNAc-T2 at 1:500, anti-StarD7 at
1:500, anti-Rab1b at 1:100; anti-GM130 at 1:400; anti-CREB3L2
at 1:500; anti-calreticulin at 1:2000; anti-o-tubulin at 1:2000 and
anti-B-actin at 1:1000.

For Western blot quantification, the intensity of each band
normalized to P-actin or to KAP1 (loading controls) was

measured, and the fold change was calculated as the ratio of
the normalized values in the differentiated (D2 to D6) versus
control cells (D0). Unless indicated otherwise, three independent
experiments were performed, and each sample was run in
duplicate. The normalized value of one control was set as one,
the other values of the controls were calculated relative to these
values, and average values are shown in the bar graphs. Therefore,
the values in the different control conditions are close to one, and
their error bars represent == SEM.

RNA Isolation and RT-qPCR

Total RNA was purified from PC12 cells by using TRI Reagent
(catalog No. T9424, Sigma-Aldrich, St. Louis, MO, United States)
according to the protocol of the manufacturer. Synthesis of
cDNA was performed from 1 pg of total RNA in a total
volume of 20 l, using random primers (catalog No. C118A,
Promega, Madison, WI, United States) and 50 U M-MLV reverse
transcriptase (catalog No. M1705, Promega, Madison, WI,
United States). Primers were designed with the assistance of
the NetPrimer software (PREMIER Biosoft International, Palo
Alto, CA, United States). Primers were from Sigma-Aldrich
(Houston, TX, United States) or Macrogen (Seoul, South Korea),
and their concentrations and sequences (5-3') are: Sec3la
(150 nM), ATTCGGAGGGAAGTTGGTGAC (F), TCTGAGC
GGCTGAGGAAGTC (R); GM130 (150 nM), CGGGA
TGTCGGAAGAAAC (F), GTGTGGTCTGTGGGCACATT
(R), Rablb (250 nM) AACGGTTCAGGACCATCACTTC (F)
TCTCACTGGCGTAGCGATCTATT (R); KDELR3 (100 nM),
GGCATCTCTGGGAAGAGTCAG (F), ATAGGCACACAGGA
GGAAAACC (R); CREB3L1 (300 nM), GTGAAAGA
AGACCCCGTCGC (F), CTCCACAGGCAGTAGAGCACC
(R); CREB3L2 (300 nm), CGGGCTCAGTCACCATTTACC
(F), CCATTTCTCACTCTCCACCTCC (R); CREB3 (200 nM),
GGAAAGTGGAGATTTGTGGGC (F), GCACGGAGTTCTCG
GAAG (R); Rab7a (100 nM forward primer and 75 nM
reverse primer), GGAGGTGATGGTGGATGACAG (F), GG
GTTTTGAATGTGTTGGGG (R), Rab5a (250 nM forward
primer and 150 nM reverse primer), TTCTTCTAGGAGA
GTCTGCTGTTGG (F), CATCAAGACACACAGTTTGGGTT
(R), MAP2 (300 nM), GACGGACCACCAGGTCAGAA (F),
ACGTGAAGAGTAGCTTGGAGGAGT (R), TBP (300 nM),
GCACAGGAGCCAAGAGTGAA (F), CACATCACAGCTCCC
CACC (R). qPCR analysis was performed, using an ABI Prism
7500 detection system (Applied Biosystems, Foster City, CA,
United States) and SYBR Green chemistry. Reactions were
carried out in triplicate, using 1X SYBR Green PCR Master
Mix (catalog No. 4309155, Thermo Fisher Scientific, Waltham,
MA, United States) in a total volume of 15 pl. Specificity was
verified by melting curve analysis and agarose gel electrophoresis.
The fold change in gene expression was calculated according
to the 27AACt method, using TBP as the internal control
(Livak and Schmittgen, 2001).

shRNA

CREB3L2 expression was inhibited by using a commercial
pEGFP-C-shLenti  vector (OriGene Technologies, Inc.,
Rockville, MD, United States). This vector was designed to
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specifically inhibit CREB3L2 expression (shCREB3L2 I: 5'-AAC
CTCAAGGTTGTAGAACTGGAGAGGA-3'; shCREB3L2 II: 5-
AGCACCTCTCATCCAGGCTGAACACAGCT-3') and encodes
GFP protein as a marker of transfection. Lentiviral particles
were obtained by co-transfecting the HEK293T cell line
with pEGFP-C-shLenti, psPAX2, and pMD2.G plasmids.
PCI12 cells were then transduced, and, after 3 days of
puromycin selection, quantification of neurite length and
number, following NGF-differentiation, was carried out.
Lentiviral particles expressing scrambled shRNA (shScramble:
5'-GCACTACCAGAGCTAACTCAGATAGTACT-3") were used
as control.

Statistical Analysis

Results are presented as the mean & SEM of at least three
independent experiments performed in duplicates or triplicates.
Comparisons between two groups were made by using an
unpaired Student’s T-test. Multiple group analysis was conducted
by one-way ANOVA. As a post-test, the Bonferroni multiple-
comparison test was used. Statistical analysis was performed
by using GraphPad Prism 5.0 software (GraphPad Software,
San Diego, CA, United States). Differences were considered
significant at p < 0.05.

RESULTS

NGF-Induced Cell Differentiation
Promotes Changes in the Secretory
Pathway

To investigate changes in the secretory pathway during NGEF-
induced PC12 cell differentiation, cells were treated with NGF
during 6 days as previously reported (Galbiati et al, 1998;
Vanhoutte et al, 2001). The differentiated phenotype was
determined by analyzing the neurite outgrowth, morphological
transformations, as well as the changes in the expression
levels of the neuron-specific protein MAP2 (~8-fold relative
to the control, Supplementary Figures 1A,B). Next, we
evaluated the effect of NGF induction on Golgi morphology
by the immunostaining of cis-Golgi marker GM130, using
confocal microscopy and acquiring Z-stack images. As shown
in Figures 1A,C, the fluorescence intensity of GM130 signal
increases in response to NGEF, being evidently visible between
days 4 and 6. Thus, to further analyze changes induced
by NGF differentiation, Golgi volume was assessed by 3D
reconstruction of Z-stacks, and a set of transport proteins
was analyzed. In agreement with the increase of fluorescence
intensity, Golgi volume increases ~1.5- to 2-fold after 4 and
6 days of NGF treatment (Figure 1B). Moreover, we analyzed
the fluorescence intensity of other proteins associated with
membrane trafficking, such as the GTPase Rablb, essential for
ER to Golgi transport, localized at the ER-Golgi-Intermediate
compartment (Garcia et al., 2011; Slavin et al., 2011) and the
medial- and trans-Golgi marker GalNAc-T2 (Rottger et al,
1998). As shown in Figures 1C-E, the fluorescence intensity
of both protein markers correlates with the increase of the

GM130 signal. In agreement with the confocal examination,
Western blot analysis (Figures 1EG) indicated that GM130,
GalNAc-T2, and Rablb levels increased more than 2 times
relative to untreated cells (D0). Additionally, the expression
levels of the ER markers calreticulin and SRP54, and of the
phosphatidylcholine transfer protein StarD7 [one of the main
lipid transfer proteins associated with membrane expansion in
NGF-treatment of PC12 cells (Durand et al., 2004; Yang et al.,
2017)] increase up to 1.5 times relative to control. To verify
that increased protein levels are associated with transcriptional
changes, quantitative real-time reverse transcription-polymerase
chain reaction assays (QRT-PCR) were performed at different
times after NGF treatment (Figure 1H), and the relative mRNA
levels of undifferentiated (0 h) and NGF-differentiated PC12
cells (6, 24, and 96 h) were evaluated. We analyzed MAP2
transcript levels as a positive control of NGF treatment (Fischer
et al,, 1991), as well as mRNAs encoding for Rablb, GM130,
and two endocytic pathway proteins, Rab5 and Rab7. NGF
induced a progressive increase in MAP2 and Rablb mRNA levels
during the analyzed time, reaching 3-fold and ~2.5-fold increase
relative to the control for 96 h. GM130 displays a slight increase
after 6 h of NFG treatment and remains stable throughout
the analyzed times. Rab5a and Rab7 also increase significantly
during differentiation with NGF (Figure 1H). Taken together,
these results suggest that the homeostatic cellular response
to NGF involves transcriptional regulation of multiple genes-
encoding proteins of different compartments of the membrane
trafficking pathway.

NGF-Induced PC12 Differentiation
Strongly Increases CREB3L2 Expression

CREB3 factors have been characterized as regulators of genes-
encoding components of the secretory pathway (Fox et al,
2010; Sampieri et al, 2019). In addition, CREB3, CREB3L1,
and CREB3L2 are expressed in different cell types of the CNS
(MacGillavry et al., 2011; Okuda et al., 2014; Ying et al,
2014; Sumida et al., 2018). We hypothesize that levels of the
CREB3 family members could be modified during PCI12 cell
differentiation, and, therefore, mRNA levels of all were quantified
by qRT-PCR assays (Figure 2A). The results indicated that
CREB3 levels slightly increased ~1.5- and 1.8-fold after 24
and 96 h of NGF treatment, respectively. On the other hand,
CREB3L1 levels remained constant during the evaluated times,
and CREB3L2 levels increased rapidly and noticeably at 6 h
after NGF treatment (~6-fold), followed by a gradual decline
after 24 and 96 h of NGF treatment. Interestingly, the response
of CREB3L2 to NGF is fast, at 6 h, whereas CREB3 does not
show a significant increase at the same time. Furthermore, at
later times (24 and 96 h), CREB3 mRNA levels slightly increase,
while those of CREB3L2 decrease, suggesting that CREB3L2 leads
an early homeostatic cellular response. In contrast to CREB3,
CREB3L1 and CREB3L2, the transcript levels of CREB3L3 and
CREB3L4 were extremely low, making it difficult to quantify their
changes during differentiation (data not shown). Additionally,
we analyzed the CREB3L2 protein expression changes by
immunofluorescence and Western blot assays. As shown in
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FIGURE 1 | NGF-induced PC12 cell differentiation increases Golgi volume and transport proteins. (A,D,E) Immunofluorescence performed in PC12 cells
differentiated with NGF (100 ng/ml) during the indicated days and stained with the specified markers. Nuclei were stained with Hoechst (blue). (A,C) The Golgi
complex was labeled with GM130 (red, Bar: 8 um) and the normalized fluorescence intensity was plotted (a total of 60 cells were analyzed). (B) Golgi volume was
quantified on the indicated days. Fiji-imageJ software was used to perform three-dimensional reconstruction and quantification of the images. (D,E) Rab1b, GM130,
and GalNAc-T2 staining. Scale bars: 20 and 8 wm, respectively. (F) Representative Western blot assays performed with cell lysates obtained from PC12 cells
differentiated with NGF during the indicated days (D2, D4, and D6). (G) Densitometric quantification of proteins shown in (F) normalized to B-actin. Values represent
fold change relative to protein levels in untreated cells (DO). (H) Quantification of the indicated genes by gRT-PCR performed with total RNA during the indicated
times. Results were normalized to the levels of TBP and expressed according to the 2~ 2ACt method relative to the expression level of each gene in untreated cells
(O h, set as 1). Bars represent the mean + SEM of three independent experiments carried out in triplicates. (B,C,G,H) Statistical data analysis were performed using
ANOVA test, followed by Bonferroni multiple comparison post-test, considering statistically significant a value of p < 0.05 (*p < 0.05; **p < 0.001; **p < 0.0001).
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FIGURE 2 | Effect of NGF on CREB3 transcription factor expression. PC12 cells differentiated with NGF at the indicated times. (A) Quantification of CREBS,
CREBSL1, and CREB3L2 mRNA levels by gRT-PCR performed with total RNA. The results were normalized to the levels of TBP and expressed according to the
2-AACt method relative to the expression level of each gene in untreated cells (O h, set as 1). (B) Representative immunofluorescence staining of CREB3L2 in PC12
cells at the indicated times of NGF incubation. Nuclei were stained with Hoechst (blug). Insets show the ROI (white square) magnification from each image. Scale
bar: 20 wm. (C) Left panel: Representative Western blot assays (detecting the CREB3L2 N-terminal domain or cleaved fragment) performed with cell extracts
obtained from PC12 cells treated with NGF during the indicated times. Right panel: Densitometric quantification of CREB3L2 protein shown in left normalized to
B-actin. Values represent fold change relative to protein levels in untreated cells (DO). Bars represent the mean + SEM of three independent experiments carried out
in triplicates. Statistical data analysis was performed using ANOVA test, followed by Bonferroni multiple comparison post-test, considering statistically significant a
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Figures 2B,C, the immunofluorescence signal of CREB3L2
increased during NGF differentiation: full length CREB3L2 is
localized at the ER as indicated by its reticular pattern, and the
N-terminal domain (or cleaved fraction) colocalizes with Hoechst
in the nucleus (Murakami et al., 2009; Saito et al., 2014). Taken
together, these findings indicate that NGF induces an important
upregulation of CREB3L2 expression.

CREBS3L2 Expression Requires MAPK

and cAMP Signaling Pathways
It has been shown that PC12 differentiation induced by
NGF is mediated by its interaction with the tyrosine kinase

receptor type 1, TrkA (Kaplan et al., 1991; Klein et al,
1991). Upon interaction with NGF, TrkA is phosphorylated and
triggers the Ras/Raf/MEK/ERK signaling pathway to stimulate
CREB phosphorylation. Furthermore, in PC12 cells, the second
messenger cyclic AMP (cAMP) also mediates the action of NGF
in a calcium-dependent manner (Stessin et al., 2006) via the
PKA-CREB-dependent signaling pathway (Figure 3A).

To determine whether the Ras/Raf/MEK/Erk pathway was
associated with the effect of NGF on CREB3L2 expression,
CREB3L2 mRNA levels were evaluated after treatment with
U0126 (Figure 3A), a pharmacological inhibitor of MAP kinases
MEKI and MEK2 (Duncia et al., 1998). As shown in Figure 3B,
the inhibitor was effective and blocked differentiation even after
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FIGURE 3 | Effect of U0126 and Forskolin on neuritogenesis and CREB3L2 expression. PC12 cells differentiated with NGF during the indicated times in the
presence of vehicle (DMSQO), U0126 (10 wM), or Forskolin (FSK, 15 wM). DMSO and U0126 were added 2 h before NGF induction. (A) Schematic representation of
NGF-activated signaling pathways in PC12 cells with the site of action of U0126 and FSK. (B) Left panel: Representative images of cells incubated with NGF, or with
NGF and either DMSO or the MAPK/ERK 1/2 inhibitor, U0126, during the indicated times. Scale bar: 10 um. Right panel: gRT-PCR of CREBS3L2 transcript levels
performed with total RNA extracted from cells incubated with NGF at the indicated times. (C) Left panel: Representative images of cells incubated with NGF or
Forskolin during the indicated times. Scale bar: 10 pm. Right panel: gRT-PCR of CREBSL2 transcript levels performed with total RNA extracted from cells incubated
with Forskolin; mRNA values (B,C) were normalized to the levels of TBP and expressed according to the 2-AACt method relative to the expression level of CREB3L2
in untreated cells (0 h, set as 1). Bars represent the mean + SEM of three independent experiments carried out in triplicates. Statistical data analysis was performed
using ANOVA test followed by Bonferroni multiple comparison post-test, considering statistically significant a value of p < 0.05 (**p < 0.001, ***p < 0.0001).
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48 h of NGF incubation. Also, quantification of CREB3L2 mRNA
performed after 6 h of NGF addition indicates that U0126
inhibited the increase of mMRNA CREB3L2 levels induced by NGF.

To analyze the influence of the cAMP pathway in the NGF-
induced increase of CREB3L2, the effect of the adenylate cyclase
activator forskolin (FSK, Figure 3A) was tested (Seamon et al.,
1981). PCI12 cells were incubated with FSK (15 wM), and as
performed with U0126, its effect on the neurite outgrowth
was first confirmed microscopically (Figure 3C). As previously
shown (Richter-Landsberg and Jastorft, 1986), the increase in the
number and length of neurites in response to FSK was similar
or slightly lower to that induced by NGF. FSK also increased
CREB3L2 mRNA levels with the same kinetics as NGF, reaching a
maximum value at 6 h after treatment (Figure 3C). Remarkably,
CREB3L2 transcript levels increased up to 10 times at 6 h of
FSK treatment relative to the untreated cells (0 h), whereas the
maximum CREB3L2 mRNA increase after 6 h of NGF addition
was 6 times with respect to untreated cells.

Taken together, the data indicate that both MAPK and
cAMP signaling pathways are associated with neurite formation
as well as with the upregulation of CREB3L2 expression and

highlight a key role of CREB3L2 as a common effector of ERK
and cAMP pathways.

CREB3L2 shRNA-Mediated Knockdown
and CREB3L2 Overexpression Modify
the NGF-Induced Neuronal
Differentiation Phenotype of PC12 Cells

and Rab5 Protein Levels

To analyze the role of CREB3L2 during PC12 cells differentiation,
loss- and gain-of-function experiments were performed. Loss of
function was achieved by using a specific sShRNA sequence to
selectively decrease CREB3L2 expression (see section “Materials
and Methods”). PC12 cells were transduced with lentiviral
particles-encoding shRNA against CREB3L2 (shCREB3L2 I)
or a non-specific shRNA used as control (shScramble), and
after puromycin selection, cells were differentiated with NGF
(Figure 4A). CREB3L2 levels in cells expressing ss CREB3L2 were
~50% less than in control cells (Figure 4B). Total neurite length
and extension of the longest neurite were quantified at days 1,
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FIGURE 4 | The suppression of CREB3L2 alters the correct neuronal differentiated phenotype of PC12 cells. (A) Representative images of differentiated PC12 cells
transduced with shScramble-EGFP (shScramble) or shCREB3L2-EGFP (shCREBSL2 |) and fixed at the indicated time after NGF induction. Arrowheads indicate the
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FIGURE 4 | Continued

longest neurite. (B) Representative Western blot assays performed with cell lysates obtained from differentiated PC12 cells transduced with shScramble or
shCREBS3L2 | and blotted against CREB3L2 (detecting the N-terminal domain or cleaved fragment) and a-tubulin. Quantification of the total neurite length (C) and
the longest neurite (D). (E) Schematic representation of the Sholl analysis performed in the cells. (F) Left panel: Representative images of differentiated PC12 cells
transduced with shScramble or shCREB3L2 | and fixed at 6 days post NGF induction. Acquired images were inverted for morphometric analysis. Right panel:
Quantification of the number of intersections crossing the shells. (G) Representative images of differentiated PC12 cells transfected with control EGFP or
CREB3L2FL plasmids and fixed at 2 and 4 days post NGF induction. Quantification of the total neurite length (H) and the longest neurite (1). (J) 3D projection of
GM130 immunostaining in cells transduced with shCREB3L2 | or transfected with control EGFP or CREB3L2 FL plasmids. Arrowheads indicate punctate structures
labeled with GM130. (K) Left panel: Representative images of differentiated PC12 cells transfected with shScramble or shCREB3L2 | and fixed at 3 days post NGF
induction and immunostained for Rab5. Fire-LUTs are shown to clearly visualize IF levels. Right panel: Quantification of Rab5 fluorescence intensity normalized with
the control. (L) Left panel: Representative images of differentiated PC12 cells transfected with control-EGFP or CREB3L2 FL plasmids and fixed at 4 days post NGF
induction and immunostained for Rab5. Fire-LUTs are shown to clearly visualize IF levels. Right panel: Quantification of Rab5 fluorescence intensity normalized with
the control. Bars represent the mean + SEM of three independent experiments carried out in triplicates, and a total of 50 cells were analyzed. Statistical data
analysis was performed, using the Student’s T-test, considering statistically significant a value of p < 0.05 (*p < 0.05, **p < 0.01; ***p < 0.001). Scale bars (A,G)

20 pm; (J,K,L) 5 pm.

3, and 6 post-NGF addition in both shCREB3L2 and control-
transduced cells (Figures 4C,D). The results indicated that total
neurite length increased at D3 and D6 of NGF treatment in
shCREB3L2-transduced cells relative to control cells. Likewise, a
significant increase in the longest neurite length was observed at
D6 in shCREB3L2-treated cells relative to control cells. Similar
results were also observed in cells transiently transfected with an
shRNA (named shCREB3L2 II), targeting a different sequence
of CREB3L2, arguing against off-target effects (Supplementary
Figure 2). The data indicate that CREB3L2 inhibition deregulates
the neurite outgrowth during the neuronal differentiation process
of PCI12 cells. Furthermore, Sholl analysis was performed to
analyze morphology of the neurite outgrowth (Sholl, 1953; Brown
et al., 2011). To this end, five concentric shells spaced every
30 wm each were defined around the cell soma, and the number
of intersections crossing the shells was quantified (Figure 4E).
Cells expressing shCREB3L2 showed more intersections at 60 and
90 pm from the soma than control cells (Figure 4F). Moreover,
overexpression of CREB3L2FL induced a decrease in the total
neurite length and the longest neurite as well (Figures 4G-I).
Furthermore, in shCREB3L2-treated cells, punctate structures
labeled with GM130 were detected throughout the soma of
the cells (Figure 4J), suggesting that CREB3L2 depletion
induces Golgi fragmentation. Although some GM130-punctated
structures were also observed in CREB3L2 overexpressing
cells, this phenotype was stronger in CREB3L2 knockdown
cells (Figure 4]).

These results were puzzling and contradicted our initial
predictions. If CREB3L2 increases during NGF-induced
differentiation, how does its knockdown promote a neurite
outgrowth and its overexpression inhibit the same process?
Are these phenotypes related to the activity of membrane
trafficking pathway-related proteins? To address these questions,
we evaluated PC12 differentiation after interfering with ER-Golgi
or endosomal transport by over-expressing Rablb or Rab5
constructs, respectively (Plutner et al., 1991; Bucci et al., 1992).
PC12 cells were transiently transfected for 24 h and then treated
with NGF for 2 and 4 days. Interestingly, overexpression of
wild type Rablb (Rablb WT) induced the neurite outgrowth,
while the dominant negative construct, Rablb N121I (Pind
etal.,, 1994), inhibited it (Supplementary Figure 3). These effects
were opposite to those observed by CREB3L2 overexpression

or inhibition, respectively. In contrast, the neurite outgrowth
was impaired by overexpression of wild-type Rab5, whereas
it was promoted by the dominant negative Rab5 construct,
Rab5 S34N (Supplementary Figure 3; Liu et al., 2007). Rab5
phenotypes were similar to those observed after CREB3L2
inhibition and overexpression, which prompted us to examine
whether CREB3L2 affects Rab5 expression. To that end, cells
were transiently transfected with shScramble, shCREB3L2,
PEGFP or CREB3L2FL, and the Rab5 fluorescence signal was
quantified (an anti-CREB3L2 antibody was used to detect
CREB3L2 overexpressing cells). Immunofluorescence analysis
revealed decreased Rab5 levels in shCREB3L2-transfected cells
compared with control cells (scramble shRNA) after NGF
differentiation. In contrast, in CREB3L2 overexpressing cells,
Rab5 fluorescence intensity was higher than in control cells
(Figures 4K,L). Taken together, the data indicate that CREB3L2
modulates NGF-induced cell differentiation and strongly suggest
that Rab5 GTPase is one of the CREB3L2 targets.

DISCUSSION

Several studies carried out in different polarized cell types
have shown that the membrane trafficking pathway provides
membranes needed to achieve cell polarization (Lecuit and
Wieschaus, 2000; Ye et al., 2006). PCI12 cells, when cultured
in the absence of the nerve growth factor, are small round
(about 10 pm in diameter) or polygonal-shaped cells and
have very few if any neurite-like processes. NGF treatment
induces a dramatic increase in cell size (Seaborn et al., 2014;
Supplementary Figure 1). Consistent with these data, Martorana
et al. (2018) have shown that NGF differentiation goes along
with increased mitochondrial remodeling, involving higher levels
of fission and fusion proteins. To accomplish differentiation, a
massive expansion of the cell membrane occurs, and this event
should be accompanied by an increase in lipid content. Several
reports have already shown that NGF-induced differentiation
implies higher lipid synthesis (Araki and Wurtman, 1997;
Li and Wurtman, 1998), particularly of phosphatidylcholine. In
this regard, an increase in StarD7, a protein implicated in the
delivery of phosphatidylcholine to mitochondria, was detected in
the PC12 cells after NGF addition (Figure 1F).
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Neurons display a perinuclear or cell body-localized Golgi
apparatus and small Golgi cisternae located in dendritic spines
called “Golgi outposts” [GOPs, (Horton et al., 2005)]. The size
and the number of GOPs are related to the differentiation
stage and function of the neurons. In fact, Golgi volume and
dendritic GOPs increase during neuronal development (Horton
et al,, 2005). In agreement with this, our results show that the
differentiation of PC12 cells induced by NGF is accompanied
by an increase of both the volume of the Golgi complex and
the expression levels of proteins associated with the secretory
pathway (Figure 1). Transcripts encoding for transport factors
also increased. This suggests that the differentiation program
induced by NGF not only induces transcription of neuronal-
specific genes associated with the differentiated phenotype
but also genes that encode proteins ubiquitously expressed
involved in the cellular homeostatic process elicited during PC12
differentiation. Furthermore, mRNA levels analysis of the CREB3
family members showed that CREB3, CREB3L1, and CREB3L2
are co-expressed in PC12 cells. However, only CREB3L2 mRNA
levels significantly increase after 6 h of NGF induction, whereas
CREB3 slightly increases only after 24 h, suggesting that
CREB3L2 is a member of the CREB3 family that acts as
an early mediator of NGF-induced differentiation (Figure 2).
Interestingly, CREB3L2 mRNA levels increase out of a phase with
the increase of the cleaved CREB3L2 fraction (Figures 2A,C).
Also, immunofluorescence assays reveal an increase in full-
length CREB3L2 (represented by the ER pattern, Figure 2B).
These results clearly show that CREB3L2 regulation is a complex
process, involving both transcriptional and posttranslational
regulation (through S1P and S2P proteases).

Differentiation in neuronal cells can be induced by an
increase in intracellular concentrations of cyclic AMP (cAMP)
or calcium (Sanchez et al., 2004). cAMP and calcium, in turn,
activate specific signaling pathways, which ultimately lead to
the activation of transcription factors and genes involved in the
differentiation program. In NGF-treated PC12 cells, activation
of the ERK/MAPK signaling pathway leads to the induction of
a set of genes called “immediate-early genes” [IEGs, (Sheng and
Greenberg, 1990)]. IEGs are activated in a rapid, robust, and
transient manner, and independently of new protein synthesis
(Greenberg et al., 1985). Many of these IEGs (as c-fos) are
transcription factors required for the activation of a second
set of genes-encoding proteins that may contribute to the
differentiation process (Sheng and Greenberg, 1990). In PC12
cells, c-Fos is necessary for neurite elongation (Gil et al., 2004),
and its mRNA levels increase as early as 15 min after NGF
addition (Milbrandt, 1986). Our observations that CREB3L2
mRNA levels increase 6 h after NGF addition suggest that,
in a similar manner to that of c-fos, the rapid response of
CREB3L2 may be required during the first stages of NGF-induced
differentiation. PKA and MAPK/ERK are two extensively studied
signaling pathways that lead to neuritogenesis. According to our
results, CREB3L2 is a downstream effector shared between these
two signaling pathways (Figure 3).

The acquisition of the differentiated phenotype and neurite
growth is accomplished by several cellular adaptations, such as
membrane addition, redistribution of molecules and organelles,

cytoskeleton regulators, and the activation of their associated
proteins (Horton and Ehlers, 2003; Neukirchen and Bradke, 2011;
Takano et al, 2015). Some of the regulators of these events
are proteins associated with the membrane trafficking pathway.
In this regard, our results suggest that CREB3L2 acts as a
negative regulator of neuritic outgrowth (Figure 4). Interestingly,
the suppression of TBCID12 (a recycling endosome-resident
protein) promotes neurite development in differentiated PC12
cells (Oguchi et al., 2017). Similar results were observed in
a neuroblastoma cell line with the expression of pl60ROCK
[a Rho-associated protein kinase associated with microtubules
dynamics (Hirose et al., 1998)]. In addition, a knockout of the
transcription factor KLF4 enhances axon and neurite growth in
retinal ganglion cells (Moore et al., 2009).

Changes in CREB3 agree with those observed in a microarray
study performed on PC12 cells treated with NGF (Dijkmans et al.,
2008). Although it has been described that CREB3 participates
in axonal regeneration (Ying et al, 2014, 2015) and that,
in astrocytes, CREB3L1 impedes axon growth and functional
recovery after spinal injury (Sumida et al., 2018), many questions
about the molecular mechanisms of CREB3 transcription factors
in these neuronal processes remain unknown. In terms of the
participation of CREB3 transcription factors in differentiation
processes, our research group (Garcia et al., 2017) has previously
reported the adaptation of the Golgi complex in a CREB3L1-
dependent manner in rat thyroid cells incubated with TSH
(thyroid stimulating hormone). It has been demonstrated that,
during chondroblasts differentiation into mature chondrocytes,
CREB3L2 mRNA synthesis and proteolytic activation are
induced (Saito et al., 2009). Work by Al-Maskari et al. (2018)
shows that, during B-cell differentiation into antibody-secreting
plasma cells, not only do CREB3L2 levels increase but also
its processing. Moreover, blocking S1P-mediated proteolysis
prevents activated B-cells from becoming antibody-secreting cells
(Al-Maskari et al., 2018).

Furthermore, morphometric analysis shows that cells
expressing shCREB3L2 display a more complex neuritic
outgrowth than the control cells (Figure 4). This can be easily
linked to previous reports where the modulation of both
endocytic and secretory proteins affects the complexity of
the neuritic outgrowth. For example, inhibition of the small
GTPase Rab11 increases dendritic arborization in hippocampal
neurons (Siri et al., 2020). Also, Rab35-suppression enhances
the number of neuritic processes and acts as a negative regulator
during differentiation of the oligodendroglial progenitor cell line
(Miyamoto et al.,, 2014), and the knockdown of Rab5a and b,
Rab20, and Rab32 in PC12 cells promotes the neurite outgrowth
(Oguchi et al., 2018). Regarding Rab5a and Rab32, in silico
analysis reveals putative CREB3L2 response elements in their
promoter regions (data not shown). In agreement with this,
CREB3L2 inhibition and overexpression decreased and increased
the expression of Rab5, respectively (Figure 4). Rab5 is a central
player in the NGF-TrkA signaling pathway required for PC12
differentiation. Its activity impairs the correct neurite outgrowth
through the inactivation of TrkA signaling by promoting fusion
of early endosomes. This is a necessary step for their transition
to late endosomes and subsequent lysosomal degradation (Rink
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et al., 2005; Liu et al., 2007). Thus, the effect of CREB3L2 on the
neurite outgrowth strongly suggests that it regulates Rab5 levels.
This is consistent with previous evidence about the inhibitory
role of Rab5 in PC12 differentiation (Liu et al., 2007) and explains
the negative regulatory effect of CREB3L2 in the NGF-induced
differentiation process. Moreover, Golgi fragmentation due to
CREB3L2 downregulation also reflects a correlation between
CREB3L2 function and membrane trafficking. Although Golgi
fragmentation can be a common consequence of various
processes involving cellular stress; it is also an indicator of
disturbances at vesicular transport levels (Makhoul et al., 2018),
suggesting that CREB3L2 could regulate the expression of other
molecules involved in different steps of membrane trafficking.
In this sense, the partial downregulation of CREB3L2 achieved
with both shRNA sequences used could explain the mild effect
observed on the Golgi phenotype. However, we cannot exclude
any option, nor that it may be due to the redundancy of some
functions between CREB3L2 and CREB3 or CREB3L1, or that
they have completely different target genes. Our data also show
that altering ER to Golgi transport, by regulating Rab1b levels or
activity, affects PC12 differentiation (Supplementary Figure 3).
In agreement, the importance of Rabl levels and ER-Golgi
transport has been previously characterized in different cellular
models (Cooper et al., 2006; Tomas et al., 2012; Romero et al.,
2013). Additional studies must be performed to determine the
mechanisms that regulate the expression of proteins involved
in different membrane transport steps. Neuronal differentiation
is a remarkable process, consisting of fine tuning of inhibitory
and stimulatory events exerted by a large number of proteins.
Disruption of this intricate network at any level is expected to
alter the outcome of the differentiating cell program. On the
other hand, such a complex process does not rely on a single
protein to carry out one unique function, which is why proteins
belonging to the same family can be found to be redundant in
their functions.

This work provides novel evidence in the field of neuronal
differentiation, given that it was unknown that CREB3L2,
commonly associated with ER stress, also participates in
NGF-induced neuronal differentiation of PC12 cells. Further
characterization of downstream targets of CREB3L2 and the
other CREB3 family members is required to reveal their
participation in axonal growth and neuritic processes, either in
the context of development or regeneration.
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Supplementary Figure 1 | NGF-differentiated PC12 cells. (A) Representative
images of PC12 treated with NGF (100 ng/ml) during the indicated days (D2, D4,
and D6). Untreated cells (DO) are considered as control. (B) Western blot assays
performed with cell lysates obtained from PC12 cells differentiated with NGF
during the indicated days. One representative blot is shown. The bar graph shows
the densitometric quantification of the indicated proteins relative to the nuclear
protein KAP1 (loading control). Values from untreated cells were set equal to 1.
The quantification was carried out, using Image Studio analysis software. Bars
represent the mean + SEM from three independent experiments, which were
analyzed, using ANOVA test, followed by Bonferroni multiple comparison
post-test, considering statistically significant a value of p < 0.05 (*p < 0.05;

**p < 0.001). Scale bar: 20 um.
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Supplementary Figure 2 | Different shRNAs, shCREB3L2 |, and shCREB3L2 I,
elicit similar effects. Representative images of differentiated PC12 cells transfected
with shScramble-EGFP or two independent shCREB3L2-EGFP for 48 h before
NGF treatment. (A) Representative immunofluorescence staining of CREB3L2 in
PC12 cells transfected with shScramble, shCREBS3L2 |, or shCREB3L2 Il (D3).
Fire-LUTs are shown to clearly visualize IF levels. (B) Representative images of
PC12 cells transduced with shScramble and shCREBS3L2 Il and fixed at the
indicated day post NGF induction. (C) Quantification of the CREB3L2
fluorescence intensity normalized with the control condition (shScramble). (D,E)
Quantification of the total neurite length and the longest neurite. Bars represent
the mean + SEM of three independent experiments carried out in triplicates, and a
total of 40 cells were analyzed. Statistical data analysis was performed, using
Student’s T-test, considering statistically significant a value of p < 0.05

(*p < 0.05, **p < 0.01; ***p < 0.001). Scale bar: 20 pm.
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Interestingly, more males are diagnosed with autism spectrum disorder (ASD) than
females, yet the mechanism behind this difference is unclear. Genes on the sex
chromosomes and differential regulation by sex steroid hormones and their receptors
are both candidate mechanisms to explain this sex-dependent phenotype. Nuclear
receptors (NRs) are a large family of transcription factors, including sex hormone
receptors, that mediate ligand-dependent transcription and may play key roles in sex-
specific regulation of immunity and brain development. Infection during pregnancy
is known to increase the probability of developing ASD in humans, and a mouse
model of maternal immune activation (MIA), which is induced by injecting innate
immune stimulants into pregnant wild-type mice, is commonly used to study ASD.
Since this model successfully recaptures the behavioral phenotypes and male bias
observed in ASD, we will discuss the potential role of sex steroid hormones and their
receptors, especially focusing on estrogen receptor (ER)B, in MIA and how this signaling
may modulate transcription and subsequent inflammation in myeloid-lineage cells to
contribute to the etiology of this neurodevelopmental disorder.

Keywords: estrogen receptor g, brain myeloid cells, maternal immune activation, autism spectrum disorder, sex
differences, inflammation

INTRODUCTION

Many neurodevelopmental disorders (NDDs), such as autism spectrum disorder (ASD), attention-
deficit/hyperactivity disorder (ADHD), and schizophrenia, show sex differences (Waddell and
McCarthy, 2012; Hanamsagar and Bilbo, 2016; Hill, 2016; McCarthy, 2016; Bordeleau et al., 2019;
May et al., 2019; Lord et al., 2020; Merikangas and Almasy, 2020); yet the mechanisms behind
these observations are poorly understood. For example, it is known that males are more frequently
diagnosed with ASD than females (Baron-Cohen et al., 2011; Loomes et al., 2017; Dietz et al., 2020).
Several studies indicate a male to female ratio of approximately 3:1 or 4:1 in ASD, as well as sex
differences in symptoms (Loomes et al., 2017; Hull et al., 2020). To explain this sex difference
in ASD, several hypotheses have been proposed. One possibility is that sex chromosome gene
effects contribute to ASD etiology. Indeed, mutations in many genes are known to increase the
probability of ASD, and some of them, such as FMRI, MeCP2, and neuroligins 3 and 4, are on
the X-chromosome (Marco and Skuse, 2006; Guy et al., 2011; Percy, 2011; Zhang et al., 2017;
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Sledziowska et al., 2020; Savatt and Myers, 2021). While it
will not be addressed here, excellent reviews that discuss the
chromosomal contributions to sex differences in ASD can be
found elsewhere (Marco and Skuse, 2006; Guy et al,, 2011;
Percy, 2011; Zhang et al., 2017; Sledziowska et al., 2020; Savatt
and Myers, 2021). Another possible explanation for the sex
differences observed in ASD is the differential regulation of sex
hormones and their receptor-mediated signaling in females and
males, leading to differential gene transcription. In this review,
we will discuss the possibility that regulation of inflammation by
sex hormone nuclear receptors (NRs) contributes to the observed
sex differences in ASD.

Though both sex differences and immune involvement are
well established features of ASD, mechanisms linking sex and
immune factors in neurodevelopmental disorders like ASD
are not as well studied. However, the importance of sex
in inflammation has been demonstrated in other biological
contexts. Sex-dependent inflammatory phenotypes are observed
in response to innate and adaptive immune reactions as
well as in acute and chronic inflammatory diseases and
their animal models (Klein and Flanagan, 2016; Chamekh
and Casimir, 2019; Gal-Oz et al., 2019). Males are generally
more susceptible to pathogen infections (Klein, 2012; Vazquez-
Martinez et al., 2018), while females are more often diagnosed
with autoimmune diseases (Quintero et al., 2012; Ngo et al.,
2014; Billi et al., 2019; Lasrado et al., 2020). For example, in
experimental autoimmune encephalomyelitis, a mouse model
of multiple sclerosis, female and male mice have differing
disease courses (Constantinescu et al., 2011). Phenotypes also
differ by sex in animal models of high-fat diet, which induces
low grade but chronic inflammation in macrophages and
disrupts homeostasis in adipose tissues, resulting in induction
of metabolic syndrome (Lumeng et al, 2007; Duan et al,
2018). Male mice gain weight and display insulin resistance,
while female mice are more resistant to these effects (Pettersson
et al.,, 2012; Ingvorsen et al., 2017; Casimiro et al., 2021). These
observations suggest that sex-specific factors are important in
regulating inflammation.

MIA-Induced Inflammation as a Model of
ASD

The maternal immune activation (MIA)-induced animal model
of ASD has the potential to reveal insights about the impact of
sex-specific and immune factors, and their interactions, during
brain development. The MIA model was developed based on the
observation that infection during pregnancy is linked to ASD
(Atladottir et al., 2010; Zerbo et al., 2015; Al-Haddad et al., 2019).
Outbreaks of several viruses, such rubella and influenza, have
been documented to be associated with increased numbers of
individuals with ASD (Zerbo et al., 2013; Shuid et al.,, 2021).
Consistent with these findings, the MIA model uses the injection
of a toll-like receptor (TLR) ligand into pregnant wild-type
female mice on a specific day of gestation to induce an immune
response. A commonly used ligand is polyinosinic:polycytidylic
acid [Poly(I:C)], which mimics infection by double-stranded
RNA viruses and triggers the TLR3-mediated innate immune

response (Smith et al., 2007; Patterson, 2011). This MIA-
induced ASD model displays behavioral phenotypes, including
decreased sociability, increased repetitive restricted behavior,
impaired learning and memory, altered levels of anxiety, and
hyperactivity (Patterson, 2011; Estes and MecAllister, 2016).
Importantly, several groups have reported that the behavioral
phenotypes in this model are only observed in male offspring
(Xuan and Hampson, 2014; Coiro and Pollak, 2019; Haida
et al., 2019; Keever et al., 2020; Nichols et al., 2020, preprint;
Figure 1A). Based on these findings, MIA induction in mice
is widely used to study the mechanism of ASD because it
successfully recaptures behavioral phenotypes and sex-specific
features observed in the disorder.

Inflammation in Fetal Myeloid-Lineage
Cells Upon MIA

It is currently hypothesized that maternal cytokines are the
causative factor affecting fetal brain development in the MIA-
induced model of ASD (Smith et al., 2007; Choi et al., 2016).
Indeed, MIA induces an adaptive immune response in mothers,
particularly the activation of a subset of T helper cells (Th17 T
cells) and the release of maternal cytokines such as interleukin
(IL)-17, that can affect fetal brain development in mice (Choi
etal.,, 2016). However, a few groups, including ours, have reported
that MIA may also directly induce an inflammatory innate
immune response in fetal myeloid cells (Onore et al., 2014;
Matcovitch-Natan et al., 2016; Carlezon et al., 2019; Ben-Yehuda
et al., 2020; Cui et al., 2020; Nichols et al., 2020, preprint).

Brain myeloid-lineage cells derive from primitive
macrophages in the yolk sac and migrate to the brain on
embryonic day (E) 9.5 in mice, after which these cells expand,
migrate, and develop into microglial cells and border-associated
macrophages (BAMs) (Ginhoux et al., 2010; Goldmann et al.,
2016; Utz et al., 2020). These two myeloid subsets have common
as well as subset-specific gene expression profiles and localize to
different areas of the brain: microglia in the brain parenchyma,
and BAMs in the meninges and the choroid plexus (Ginhoux
et al,, 2010; Goldmann et al., 2016; Mrdjen et al., 2018; Jordao
et al., 2019; Van Hove et al., 2019; Utz et al., 2020). A few studies
point to BAMs as a key cell type in the response to MIA in
the fetal brain. Although the precise mechanism is not clear,
a recent publication indicates that MIA-activated BAMs in
the choroid plexus secrete the chemokine CCL2 into the fetal
ventricle, resulting in enhanced local inflammation (Cui et al.,
2020). Moreover, our single-cell RNA-sequencing (scRNA-seq)
analysis showed that the activation of fetal BAMs in response
to MIA was dependent upon fetal Trif, an essential signaling
molecule downstream of TLR3 (Nichols et al., 2020, preprint).
These findings indicate that MIA leads to fetal innate immune
signaling in BAMs. Furthermore, in validating our scRNA-seq
data, we found that MIA causes BAM:s in the choroid plexus, but
not meningeal BAMs or microglia, to have increased expression
of §100a8 and 9, key inflammatory genes that are known to
induce chemotaxis and enhance inflammation (Ehrchen et al.,
2009; Cesaro et al., 2012; Cury et al., 2013; Garcia-Arias et al.,
2013; Walsham and Sherwood, 2016; Nishikawa et al., 2017;
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FIGURE 1 | Hypothesized role of estrogen receptor (ER)B signaling in mediating sex differences in the maternal immune activation (MIA) mouse model of ASD. (A) In
the MIA model, polyinosinic:polycytidylic acid [Poly(l:C)] is injected into wild-type pregnant female mice at E12.5. MIA results in inflammatory signaling, including
responses in myeloid-lineage cells in the fetal brain (microglia and BAMs). Offspring of Poly(1:C) treated dams display sex-specific behavioral phenotypes such as
decreased social interaction in male offspring but not in female offspring. To explain the sex difference in the MIA-induced ASD mouse model, we consider sex
steroid hormone nuclear receptor signaling in the fetal brain. (B) Mechanism of ERB-mediated repression of inflammatory gene expression, which we previously
observed in microglia. (C) Two hypothesized mechanisms by which sex differences in ERB signaling in the fetal brain could contribute to the sex differences observed
in the MIA model. Differential expression of (I) ER or (Il) steroid ligands in female and male fetal brains could result in differential transcriptional responses to the MIA
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Aranda et al., 2018; Wang et al.,, 2019; Silvin et al., 2020). These
data suggest that inflammation in fetal myeloid cells may be
involved in the development of ASD-like changes in MIA-
induced fetal brains. Furthermore, it is possible that differential
regulation of this inflammation may be a mechanism to explain
the sex-specific phenotypes observed in this mouse model.

Expression of ERs and Sex Steroid

Hormones in the Fetal Brain
Since MIA induces inflammation in brain myeloid-lineage cells,
one hypothesis to explain the male bias in ASD is differing
magnitude and duration of inflammation in males and females
during fetal development. As we described above, in this review
we will mainly discuss sex steroid NRs, especially ERB, as
potential regulators of fetal brain inflammation. We focus on ERf
because (1) ER is broadly expressed in mouse brain (Mitra et al.,
2003; Fan et al., 2006) and (2) we previously showed that ERf
could regulate inflammation in microglial cells (Saijo et al., 2011).
So far, it is not clear whether ERa and ERP expression
in the myeloid cells of the fetal brain varies by sex. Studies
have examined estrogen signaling primarily in whole brain or
neuronal cells, and few have examined developmental time

points prior to the neonatal period. Excellent reviews are
available for overall brain expression analyses of ERa, ERp, and
enzymes required for the generation of androgens and estrogens
(McCarthy, 2008; Bondesson et al., 2015). Several reports indicate
that ERa, ERB, and enzymes are present during mid-gestation.
For example, ERP expression was detected in the fetal midbrain,
neuromere, hypothalamus, thalamus, and basal plate of pons at
E12.5 (Fan et al., 2006), and ERa expression was observed at
E16.5 in a gonadal sex dependent manner (Cisternas et al., 2015).
In amygdala neuronal cultures obtained from E15 embryos,
ERP is sex-differentially regulated: lower levels of Esr2 mRNA
expression were observed in females, but also sex differences
in hormonal responsiveness were present, with increased Esr2
expression in response to 17f-estradiol or DHT hormonal
stimulation only in females. These effects were dependent on
sex chromosome complement (Cisternas et al., 2017). Activity
of ERs, using an ERE-luciferase reporter, was observed in the
fetal forebrain and hindbrain as early as E13.5, though no
difference was detected between brains from females and males
except in the P1 hindbrain (Della Torre et al., 2018). Several key
enzymes involved in steroid hormone synthesis are expressed
in female and male E16 fetal brain, including StAR, Cypllal,
5a-Reductase, and aromatase (Cisternas et al., 2015). Aromatase
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is an enzyme that converts testosterone to 17p-estradiol and
androstenedione to estrone. Notably, sex-dependent expression
of aromatase in the developing mouse brain has been reported,
which may indicate the presence of differing concentrations of
ER ligands in females and males that could impact downstream
signaling (Harada and Yamada, 1992; Greco and Payne, 1994;
Hutchison et al., 1997; Cisternas et al., 2015; Shay et al., 2018;
Sellers et al., 2020).

Little is known about the expression of sex steroid hormones
in the fetal mouse brain; however, a report showed that 17f-
estradiol, testosterone, and DHT were detected in the brains of
fetal mice, and that these hormones may exhibit sex dimorphic
expression patterns in different brain regions (Konkle and
McCarthy, 2011). However, to better understand how sex steroid
hormones may regulate inflammation induced by MIA, precise
analysis of sex steroid hormone expression in the fetal brain
will be important.

Together, these expression studies suggest that the cellular
machinery for ER signaling is present in the fetal brain from a
relatively early age, and that sex differences in the expression of
receptors, steroid metabolizing enzymes, and hormone ligands
could contribute to differential regulation by ERs in females and
males. Our favorite hypothesis is that concentrations of particular
ER ligands differ between females and males in such a way
that MIA-induced inflammatory responses differ in magnitude
or duration. For example, ligands that induce transcriptional
repression of inflammatory genes via ERP may be highly
expressed in female fetal brains, leading to efficient resolution of
inflammation upon MIA. The hypothetically lower expression of
such repressive ERp ligands in fetal male brains could result in
larger or prolonged inflammatory responses compared to females
(Figure 1C, Hypothesis II). A comprehensive analysis of the
expression of ERs and related ligands in developing fetal mouse
brains, especially comparing sex, cell type, and specific brain
region, will be important in understanding the contribution of
ER-mediated transcription in sex-specific brain development.

Nuclear Receptor Signaling in General

NRs are a family of transcription factors which both positively
and negatively regulate transcription in response to ligand
binding. Steroid hormone NRs are a class of NRs with
activities that depend on endogenous small lipophilic ligands
such as steroid hormones. For example, estrogen receptors
(ERs) bind to estrogen response elements (essential ERE, 5-
GGTCAnnnTGACC-3’) (Driscoll et al., 1998; Klinge, 2001) in
gene regulatory regions to control the expression of target genes.
In addition to direct DNA binding, NRs can also regulate
transcription by binding to other transcription factors in trans.
NR function depends upon the ligands that are bound to the
receptor. Indeed, NRs change their conformation in response
to ligand binding in order to recruit either transcriptional
activator or repressor complexes (Moras and Gronemeyer, 1998;
Bourguet et al, 2000; Nagy and Schwabe, 2004), and it has
been proposed that ligand binding may induce post-translational
changes on NRs that stabilize co-factor binding (Hammer
et al,, 1999; Lannigan, 2003; Pascual et al., 2005; Lalevee et al.,
2010; Anbalagan et al., 2012; Helzer et al., 2015; El Hokayem
et al., 2017). To carry out their transcriptional activation and

repression activities, NRs recruit a wide variety of co-factors
and enzymes required for modifying histones and remodeling
chromatin. These factors include histone acetyltransferases,
deacetylases, methyltransferases, demethylases, and chromatin
remolding factors, as well as kinases, phosphatases, and ubiquitin
and SUMO E3 ligases (Olefsky, 2001; Perissi and Rosenfeld, 2005;
Dasgupta et al., 2014).

ERs and Their Impact on Inflammation
Various reports have suggested that sex steroid hormones and
their steroid hormone nuclear receptors (NRs) may regulate
inflammatory responses in innate immune cells. In particular,
two estrogen receptor isoforms (ERo and ERP) as well as
the androgen receptor (AR) are well characterized sex steroid
hormone NRs that are known to regulate innate immune
responses (Vegeto et al., 2003; Baker et al., 2004; Suuronen et al.,
2005; Harkonen and Vaananen, 2006; Sierra et al., 2008; Lai
et al., 2009; Saijo et al.,, 2011; Kovats, 2015; Villa et al., 2015;
Villa et al., 2016; Ardalan et al., 2019; Becerra-Diaz et al., 2020).
We have previously reported that ERP regulates the duration
and magnitude of the inflammatory response in microglial cells
(Saijo et al, 2011). ERB binds a range of ligands, including
estrogens and androgens, and specific ERP ligands can facilitate
repression of inflammation (Kuiper et al., 1997; Wu et al,
2013). See Figure 1B for a simplified schematic of ERB-mediated
transcriptional repression of inflammatory genes. Several reports
have indicated that 17B-estradiol, a ligand for both ERa and ERB,
can regulate inflammation in myeloid-lineage cells. However, this
regulation is not always clear in that some reports have suggested
that ER-mediated transcription represses inflammation (Vegeto
et al.,, 2003; Ribas et al., 2011), while others have suggested that
it does not (Calippe et al., 2010; Shindo et al., 2020). While the
amino acid sequences of the DNA-binding domains of these two
ER isoforms are highly conserved, their ligand-binding domains
(LBDs) are much less so (47% in human). Since the functions
of NRs are dependent upon ligands, this lack of conservation
in ER LBDs may suggest that ERa and ERB may differ in their
preferential ligands, and that binding of the same ligand to either
ERa or ERP could result in different transcriptional outputs.
Previously, we reported that ERB represses inflammation in
microglia in a ligand-dependent manner (Saijo et al., 2011).
In mouse microglial cells, a subset of ligands, including the
endogenous ligand 5-androsten-3p, 17p-diol (A5-Adiol) and the
synthetic ligands Indazole-estrogen-Cl and -Br, have been shown
to induce transcriptional repression of inflammation in an ERB-
dependent manner. Treatment with these repressive ligands, but
not the classic ER ligand 17-estradiol, results in the recruitment
of the transcriptional corepressor CtBP (Saijo et al., 2011;
Figure 1B). CtBP is a co-repressor platform that is known to
assemble enzymes required for transcriptional repression, such as
euchromatic histone-lysine N-methyltransferase 2 (EHMT?2, also
known as G9a), euchromatic histone-lysine N-methyltransferase
1 (EHMT1, also known as GLP), the histone deacetylases HDAC1
and 2, and lysine demethylase 1A (KDMIla, also known as
LSD1) (Chinnadurai, 2002; Dcona et al., 2017). When microglial
cells are stimulated with the TLR4 ligand lipopolysaccharide
(LPS), ERB binds to cFos and repressive ligands, which results
in the recruitment of the CtBP complex to target genes, thus
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regulating inflammation through a transrepression mechanism.
Interestingly, mutations in ERB, CtBP1/2, and HDACs have
been observed in human ASD patients (Chakrabarti et al., 2009;
Zettergren et al., 2013; De Rubeis et al., 2014). Although these
NRs and their co-factors/binding partners are proposed to be
genetic factors for ASD, we consider the possibility that these
steroid hormone NRs and their ligands may exert their effects on
brain development by modulating the inflammatory response to
environmental immune stimuli.

CONCLUSION AND FUTURE
DIRECTIONS

Endocrine disruption, such as sex hormone dyshomeostasis,
during fetal brain development increases the risk of NDDs
(Colborn, 2004; Schug et al, 2015 Moosa et al, 2018).
Further supporting the role of sex hormone signaling in brain
development, ERB conventional knockout mice show fewer
proliferating cells and more apoptotic cells in the E18.5 fetal
brain (Wang et al., 2003). These observations underscore the
importance of sex hormone nuclear receptor-mediated signaling
during brain development in addition to the well-known
role of hormone signaling in sex differentiation of the brain.
Investigating the role of ER signaling in different cell types and
across developmental time periods will clarify the mechanisms
underlying the observed brain phenotypes after disruption of
hormone signaling pathways.
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The zebrafish represents a powerful model for exploring how light regulates the circadian
clock due to the direct light sensitivity of its peripheral clocks, a property that is
retained even in organ cultures as well as zebrafish-derived cell lines. Light-inducible
expression of the per2 clock gene has been predicted to play a vital function in relaying
light information to the core circadian clock mechanism in many organisms, including
zebrafish. To directly test the contribution of per2 to circadian clock function in zebrafish,
we have generated a loss-of-function per2 gene mutation. Our results reveal a tissue-
specific role for the per2 gene in maintaining rhythmic expression of circadian clock
genes, as well as clock-controlled genes, and an impact on the rhythmic behavior of
intact zebrafish larvae. Furthermore, we demonstrate that disruption of the per2 gene
impacts on the circadian regulation of the cell cycle in vivo. Based on these results, we
hypothesize that in addition to serving as a central element of the light input pathway
to the circadian clock, per2 acts as circadian regulator of tissue-specific physiological
functions in zebrafish.

Keywords: circadian clock, zebrafish, period, cell cycle, behavior, metabolism

INTRODUCTION

The circadian clock is an endogenous and self-sustaining timing mechanism present in
most organisms, which evolved to anticipate daily environmental changes and thereby to
coordinate physiological and behavioral adaptations (Pittendrigh, 1993). Consistent with its central
coordinating role within physiology, disruption of the circadian timing system is associated with
many pathological conditions (Toh et al., 2001; Turek et al., 2005; Savvidis and Koutsilieris, 2012).
A vital feature of the internal clock is that external environmental signals (zeitgebers, primarily light,
but also food and temperature changes) can regularly adjust the phase of the circadian system to
ensure synchronization with the environmental day-night cycle.

In vertebrates, at the core of the molecular mechanism of the circadian clock is a series of
interlocking transcription-translation feedback loops. The positive limb of these regulatory loops
is constituted by the transcription factors CLOCK and BMAL, which heterodimerize, bind to
E-box enhancer promoter elements and thereby activate the transcription of downstream clock
target genes. These include genes which constitute the negative limb of the clock mechanism, the
period (Per) and cryptochrome (Cry) genes. Following translation, the PER and CRY proteins
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heterodimerize, translocate back to the nucleus, and inhibit
transcriptional activation directed by CLOCK/BMAL (Partch
et al., 2014). CLOCK and BMAL also regulate the expression of
other, clock-controlled genes (CCGs) including the transcription
factors Rev-erbo and Rora which form a stabilizing regulatory
loop within the core clock mechanism.

Over the course of vertebrate evolution, the regulatory
mechanisms, as well as the anatomical organization which
underlies the circadian timing system, have undergone several
changes (Menaker et al., 1997). At the anatomical level, in
mammals the circadian timing system is characterized by a
“master” clock located in the suprachiasmatic nucleus (SCN) of
the hypothalamus with multiple independent “peripheral” clocks
distributed in most tissues, organs and cells. This SCN clock
receives light input indirectly from the retina and is thereby
synchronized with the external solar day. It subsequently relays
this timing information to the peripheral clocks via a variety
of endocrine and systemic cues (Schibler and Sassone-Corsi,
2002; Schibler et al., 2015). In contrast, in non-mammalian
vertebrates, a directly light-entrainable circadian oscillator is
distributed in multiple tissues including the pineal gland, retina,
and various brain nuclei, predicting the widespread expression
of photoreceptors and elements of the clock light input pathway
(Fukada and Okano, 2002). An extreme independence of central
clock regulation can be seen in teleost fish where all peripheral
clocks can be directly light-entrained (Whitmore et al., 1998;
Sassone-Corsi et al., 2000; Foulkes, 2016). At the genomic level,
several clock genes have undergone duplications and probably
species-specific and tissue-specific sub-functionalization. The per
gene has three homologs in mammals and four homologs in fish,
perla, perlb, per2, and per3.

The per2 gene has been predicted to play an important role
in the photic entrainment mechanism of the circadian clock in
the vertebrate circadian timing mechanism. Indeed, levels of per1
and per2 mRNA expression are transiently induced in response
to light exposure, in the mouse SCN (Albrecht et al., 1997;
Bae et al., 2001). Furthermore, in zebrafish the expression of
the per2 gene is induced robustly following direct exposure of
intact larvae, isolated tissues, cells and even cell lines to light
via the effect of a D-box enhancer promoter element located
in the per2 gene promoter region (Vatine et al., 2009; Mracek
et al., 2012). In addition to light-entrainment, PER2 is linked
with the clock mechanism itself, as the S752G PER2 mutation in
humans leads to hypo-phosphorylation, PER2 stabilization, and
a familial advanced sleep-phase syndrome (FASPS) phenotype
(Toh et al., 2001). Via its ability to downregulate transactivation
driven by the CLOCK/BMAL complex within the core clock
mechanism, the PER2 protein appears to contribute to the
circadian regulation of a wide range of cellular functions
(Albrecht et al., 2007), including metabolism and cell cycle (Fu
et al., 2002; Grimaldi et al., 2010; Gu et al., 2012).

Several studies have also pinpointed a direct role for the PER2
protein, independent of its function within the core circadian
clock. Thus, in zebrafish, the PER2 protein has been implicated
in the direct transcriptional regulation of the bmall gene via the
retinoic acid—related orphan receptor response element (RORE)
binding sites in zebrafish (Wang et al., 2015). Furthermore, we

have shown that light-induced expression of per2 during early
embryonic development is a prerequisite for the development of
a functional circadian clock system (Ziv and Gothilf, 2006). In
addition, in mouse, it has been implicated as a tumor suppressor
gene (Fu et al,, 2002). Therefore, current evidence points to this
clock protein playing a diverse role in the dynamic control of
physiological systems, including the cell cycle.

In this report, we have explored the function of the per2
clock gene in zebrafish by generating a new per2 knockout
(KO) zebrafish line. Specifically, using TALEN technology, we
introduced a truncation mutation into the zebrafish per2 locus,
and then characterized the resulting phenotype of the per2 KO
zebrafish line. We show that loss of per2 gene function results in
an abnormal pattern of rhythmic locomotor activity in per2 KO
larvae under different lighting conditions and conclude that per2
plays an essential role in the regulation of circadian phase and
amplitude of behavioral rhythms and their entrainment by light.
Moreover, we demonstrate a tissue-specific function for the per2
gene in the maintenance of rhythmic expression of core circadian
clock genes and CCGs. Finally, we reveal that disruption of per2
gene function impacts on circadian regulation of the cell cycle
in vivo. Therefore, these results point to a pleiotropic function for
the per2 gene in circadian regulation of tissue specific function.

MATERIALS AND METHODS

Animals

Wild type (WT) and corresponding per2 KO sibling AB
strain zebrafish lines were raised at 28°C under a 14 h:10 h
light/dark cycle from the hatching stage. Lights were turned
on at 800 and turned off at 22:00 and the fish were fed
twice daily. To generate embryos, male and female zebrafish
were paired in the evening, and spawning occurred the next
day within 1 h after lights on. For locomotor activity analysis,
embryos were transferred into 48-well plates (one larva per
well) during the 4th or 5th day of development and placed
into the DanioVision observation chamber (Noldus Information
Technology). All zebrafish procedures were approved by
the Tel-Aviv University Animal Care Committee (04-18-051)
and conducted in accordance with the National Council
for Animal Experimentation, Ministry of Health, Israel. At
the Karlsruhe Institute of Technology, all husbandry and
experimental procedures were performed in accordance with
European Legislation for the Protection of Animals used for
Scientific Purposes (Directive 2010/63/EU), the German Animal
Protection Law [May 18th, 2006 (BGBIL. I S. 1206, 1313), last
changed March 29th, 2017 (BGBL I S. 626)]. Research was
also approved by the Local Government of Baden-Wiirttemberg,
Karlsruhe, Germany (35-9185.81/G-131/16 and 35-9185.82/A-
9/18). General license for fish maintenance and breeding: Az.: 35-
9185.64.

Generation of per2 KO Fish

Genome editing with the transcription activator-like effector
nucleases (TALEN) system was used to generate per2 KO
fish, registered in the Zebrafish Model Organism Database
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(ZFIN) as per2™02, Specific TALENSs designed to target the 2nd
exon of per2 (TALE F target sequence 5 -tcagcactactggtgtca-
3, TALE R target sequence 5'-tgaaaatcacaaattacc-3’) were
obtained from Addgene (TAL3138 and TAL3139, Addgene
plasmids #41312 and #41313). The TALE nuclease expression
vectors were linearized with Pmel and transcribed using
mMESSAGE mMACHINE T7 kit (Ambion) followed by the
Poly-A tailing kit (Ambion) according to the manufacturer’s
protocol. Approximately 2 nl of the TALENs mRNA at
concentration of 100 ng/pl each were microinjected into one-
cell stage embryos (F0). The injected embryos were raised,
and their progeny (F1) were fin-clipped and screened by PCR
(using the primers: per2-E2-F 5'-gccagtttcgcagaaggcactg-3’, per2-
I12-R 5'-agccatcaggtctcaactgtttgtca-3’) followed by T7E1 assay for
identifying mutations in per2 coding sequence. A male and
female F1 fish carrying the same 8 bp deletion mutation in per2
exon 2 (Figure 1) were identified by sequencing and crossed
to produce homozygous KO fish (F2) and their WT siblings.
The progeny of the F2 mutated homozygotes and of their WT
siblings were used for behavioral analysis, raising a possibility
of observing maternal effects of the mutation. However, the lack
of any conclusive evidence for maternal inheritance of circadian
clock function in zebrafish makes such a maternal effect unlikely
(Whitmore et al., 1998).

Locomotor Activity Monitoring of

Zebrafish Larvae and Statistical Analysis

Homozygous per2 KO embryos and control embryos (progeny of
WT siblings) were raised in a light- and temperature-controlled
incubator under 12-h:12-h LD cycles or constant darkness at
28°C. On the 4th or 5th day of development, larvae were
placed in 48-well plates in the observation chamber of the
DanioVision tracking system (Noldus Information Technology)
for acclimation under controlled temperature (28°C) and lighting
conditions (LED; intensity of “light” and “dim light” were
1.8 W/m? and 0.013 W/m?, respectively) according to the
desired protocol. Starting from the 6th day of development,
movement was tracked and analyzed by the EthoVision XT 11
software (Noldus Information Technology). Locomotor activity

was measured across three daily cycles by the total distance
moved (cm) by each larva per 10 min time-bins. All experiments
were repeated independently two to four times, the results shown
in Figure 2 are of one representative experiment.

For the analysis of circadian activity under constant conditions
(Figures 2A-C), normalization of the data was obtained by
dividing each activity value by the mean activity value. Short-
term trends were removed by a LOESS-smoothed 75th-percentile
function (Benjamini et al., 2011) with half window widths of
3.33 h (20 sliding points) for the moving percentiles and 8.33 h
(50 sliding points) for the LOESS curve. Peaks (local maxima)
and troughs (local minima) in the normalized smoothed curves
were used to compute the period, phase and amplitude of the
circadian locomotor activity rhythms. Period was estimated as
the weighted mean time difference (in hr) between each pair
of consecutive peaks. Phase was estimated as the weighted
mean direction [mean of circular quantities; (Jammalamadaka
and SenGupta, 2001)] of peak time relative to the estimated
period. Since higher amplitudes are less sensitive to noise, weight
was assigned to each peak in proportion to its amplitude for
estimating period and phase. The reported amplitude was defined
as half the difference in normalized activity between the peak of
the 2nd day of tracking and the preceding trough. Values are
reported as mean + standard error (SE). Statistical differences
in period and amplitude between groups were determined by
t-test, and statistical differences in phase were determined by
Watson-Williams test for the homogeneity of means.

In an experiment with LD cycles (Figure 2D), smoothing was
performed separately on each cycle with half window widths of
2.5 h (15 sliding points) for the moving percentiles and 4.17 h
(25 sliding points) for the LOESS curve. In order to assess
the difference in activity between groups under the light and
dark conditions, the average distance moved (cm/10 min) was
calculated for each larva separately for the light and for the
dark segments. The activity values (log-transformed) of the two
genotypes under the light and dark segments were compared by
mixed model ANOVA.

Data plotted in Figures 2A-D (middle chart) is the average
across larvae £ SE of the non-normalized LOESS-smoothed
percentile functions, with each group consisting of 20-24 larvae.

Exon 2

Intron 2

AGCCGAAGCAAGGACTCAGCACTACTGGTGTCATCGGGAAGCAACAAGAGgtaatttgtgattttcagtaa

AGCCGAAGCAAGGACTCAGCACTACTGGTGTCATCGGG

Il
1

WT
-8bp

AGAGgtaatttgtgattttcagtaa

WT | easal leaselracl ] 139933

per2 KO [ 160aa

FIGURE 1 | Above: Establishment of a TALEN-mediated per2 KO zebrafish line. A pair of TALENs was used to target the 2nd exon of the zebrafish per2 gene
(TALEN left and right target sites are highlighted in yellow). A deletion of 8 bp (red dashes against a gray background) resulted in a frameshift mutation. Below: The
consequent introduction of a premature stop codon and a predicted truncated PER2 protein of 160 aa compared with the 1399 aa WT protein. PER-ARNT-SIM
domains (PAS, orange) and C-terminal of PAS domain (PAC, green) in the WT protein are indicated.
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Gene Expression Analysis

Total RNA of zebrafish tissues was extracted using TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. The
concentrations of RNA samples were assessed with a NanoDrop
ND-1000 spectrometer (PeqLab). The quality of the RNA was
determined after electrophoresis on an agarose gel to visualize the
integrity of the ribosomal 28S, 18S, and 5S RNA bands. The first
strand cDNA synthesis of total RNA was performed according
to the manufacturer’s protocol (Promega). Quantitative PCR
was performed using the Step One Plus Real-Time PCR
System (Applied Biosystems) and SYBR Green (Promega) master
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FIGURE 2 | Per2 KO affects the phase of circadian rhythms of locomotor
activity and their entrainment by light. Analysis of locomotor activity of 6-8 dpf
per2 KO and control larvae under various lighting conditions. (A-D) Top,
experimental design of the photic treatment prior to and throughout activity
monitoring. White boxes represent light, black boxes represent dark, and
diagonally lined boxes represent dim light. Middle, the average distance
moved (cm/10 min) is plotted on the y-axis and circadian time (CT) for panels
(A=C) or zeitgeber time (ZT) for panel (D) is plotted on the x-axis; error bars
indicate SE. (A-C) Bottom from left to right, comparison of average phase,
period (£SE) and amplitude (£SE) between genotypes. In the circular plot of
circadian phase, arrow direction represents the average phase for each
genotype and the length represents the variance (longer arrow stands for low
variance and vice versa). (D) Bottom, comparison of average activity (+SE)
between genotypes throughout the light and dark segments. (A) Circadian
rhythms of locomotor activity under DimDim, after entrainment by 3 LD
cycles and 2 light-dim light (LDim) cycles; per2 KO larvae (n = 21) display a
(Continued)
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FIGURE 2 | Continued

phase delay of 2.7 h compared to control larvae (n = 20; p < 0.05 (denoted
by ), Watson-Williams test). (B) Circadian rhythms of locomotor activity under
LL, after entrainment by 5 LD cycles; per2 KO larvae (n = 24) display a phase
advance of 2.3 h compared to control larvae (n = 22; p < 0.05 (denoted by *),
Watson-Williams test). (C) Circadian rhythms of locomotor activity under
DimDim, after exposure to a 3-h light pulse (indicated by red arrowhead); per2
KO larvae (n = 23) display a decreased amplitude of activity rhythmicity
compared to control larvae (n = 23; p < 0.001 (denoted by ***), t-test).

(D) Locomotor activity under LD cycles is not affected by per2 KO; no
significant difference in average activity was observed between genotypes
during both the light and the dark segments (n = 24 per2 KO; n = 23 controls).

mix according to the manufacturers’ recommendations. Primer
sequences are shown in Supplementary Table 1. The relative
expression levels for each gene were calculated by the 272 ACT
method and normalized using the relative expression of p-actin.

Western Blotting

Protein extracts were prepared by homogenizing sample tissues
in 1X Laemmli (6% SDS, 20% glycerol, 125 mM Tris pH 6.8,
0.01% bromophenol blue, 100 mM DTT) containing a 1X cocktail
of protease inhibitors (Sigma-Aldrich) buffer. The samples were
electrophoresed on an SDS polyacrylamide gel and transferred to
an Immun-Blot [polyvinylidene difluoride (PVDF)] membrane
(Millipore) by electroblotting. Antibody incubation and washing
was performed following the manufacturers’ recommendations
and visualization was performed by using the ECL detection
system (Bio-Rad). Images were acquired and analyzed by using
the Image Lab Software (Bio-Rad).

Statistical Analysis of Gene Expression

Significance in the difference in gene expression dynamics
between mutants and controls was assessed via a two-way
ANOVA, fitted independently for each gene in each tissue. The
ANOVA model consisted of three fixed effects: genotype (per2
KO or WT siblings), time, and their interaction genotype x
time (see detailed results in Table 1). A significant interaction
indicates an alteration in the gene’s expression dynamics in the
mutants. A significant genotype effect indicates a total increase or
reduction in expression level in the mutants across all time points.
A significant time effect indicates non-constant expression over
time as would be expected in the rhythmic genes chosen in this
work. Post hoc analysis was performed in instances of significant
interaction (p < 0.05), comparing the two genotypes at each time
point individually. P-values were corrected using Sidak’s method.
Analysis was carried out using GraphPad Prism 7.0. All estimates
are expressed as means = SD of biological or technical replicates.

RESULTS

Altered Rhythmic Locomotor Activity in
per2 Mutant Larvae

In order to directly address the function of per2 in zebrafish,
we established a TALEN-based per2 KO fish line. An 8 bp
deletion was generated in the 2nd exon of per2, resulting in a

frameshift which is predicted to encode a truncated protein of
160 amino acids (aa) instead of the 1399 aa WT PER2 protein
(Figure 1). Without the crucial PAS protein-protein interaction
domains, this small, truncated protein is predicted to lack the
normal function that involves direct interaction with other
transcriptional regulatory factors. The presence of this mutation
was subsequently validated by PCR and DNA sequencing in each
subsequent generation of the per2 KO line.

In order to assess the impact of this TALEN-generated
mutation on clock-regulated behavioral rhythms and their
entrainment by light, we initially analyzed the rhythmic
locomotor activity of per2 KO and control larvae under different
photic regimes. Following entrainment by LD cycles (Cahill
et al., 1998) or by exposure to a single pulse of light (Ben-
Moshe et al., 2014), WT larval zebrafish display daily rhythms of
locomotor activity under constant conditions with higher activity
levels during the subjective daytime, a pattern that is highly
reproducible amongst independently raised families.

Locomotor activity was measured in LD-entrained per2 KO
and WT control larvae that were placed under constant dim light
(DimDim; Figure 2A) or under constant light (LL; Figure 2B).
Under both conditions, rhythms of locomotor activity were
maintained with no significant difference in period or amplitude
(DimDim, periods of 24.0 £ 0.4 and 25.0 £ 0.8 and amplitudes
of 1.42 £ 0.17 and 1.17 &£ 0.19 for control and per2 KO larvae,
respectively; LL, periods of 24.0 & 0.5 h and 25.4 £ 0.7 h and
amplitudes of 0.38 £ 0.07 and 0.46 =+ 0.07 for control and per2
KO larvae, respectively). However, substantial phase differences
between the genotypes were observed under both conditions.
Interestingly, the two lighting conditions induced an opposite
effect. While under DimDim, per2 KO larvae exhibited a phase
delay of 2.7 h compared to the controls, under LL, per2 KO larvae
exhibited a phase advance of 2.3 h (DimDim, phases of 7.9 & 0.5
and 10.6 £ 0.8 for control and per2 KO larvae, respectively;
p < 0.05, Watson-Williams test; LL, phases of 7.2 £ 0.6 and
4.9 £ 0.8 for control and per2 KO larvae, respectively; p < 0.05,
Watson-Williams test). Thus, loss of per2 function induces a
differential effect on the phase of locomotor activity rhythms
which depends on the lighting conditions. The results under
DimDim (Figure 2A) agree with a previous report with a
different per2 mutant, in which per2 mutant larvae presented an
approximately 2-h phase delay and a ~1.1-h lengthened period
under constant darkness (Wang et al., 2015).

When larvae raised in constant darkness were exposed to
a single 3-h light pulse on the 5th day post-fertilization (dpf)
and then monitored under DimDim (Figure 2C), a procedure
which is sufficient to trigger and set the phase of high amplitude
rhythms of locomotor activity (Ben-Moshe et al., 2014), per2
KO larvae displayed a significantly lower amplitude of activity
(0.66 £ 0.09 and 0.29 £ 0.03 for control and per2 KO larvae,
respectively, p < 0.001, t-test). However, the period and phase did
not change significantly (periods of 23.6 0.3 hand 25.0 £ 1.3 h
and phases of 5.5 & 0.4 and 4.7 £ 0.8 for control and per2 KO
larvae, respectively). These observations reflect the predicted role
of PER2 in light-entrainment and are consistent with previous
findings obtained by morpholino-mediated per2 knock-down
using a similar experimental setup (Ben-Moshe etal, 2014),
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TABLE 1 | Under LD conditions, the per2 knockout alters circadian rhythms of mRNA expression in (i) CCGs in the liver, heart, fins, muscles, gut and eyes (Figure 4), (ii)
clock-controlled genes in the heart (Figure 5), (iii) regulators of key physiological hepatic processes in the liver (Figure 6), (iv) genes encoding enzymes involved in
biosynthesis of non-essential amino acids in the liver (Figure 7), (v) regulators of skeletal muscle myogenesis and regeneration in the muscles (Figure 8), and in (vi)
cell-cycle regulators in the fin (Figure 9).

Related figure Tissue Gene Two-way ANOVA results
Genotype Time Genotype x Time
Figure 3 Embryo, whole body perib <0.001*** <0.001* n.s
cryla <0.001*** <0.001*** <0.001***
clock1 <0.001*** <0.001*** <0.001***
Figure 4 Liver cryla <0.05* <0.001*** <0.001***
Heart <0.001*** <0.001*** <0.001***
Brain n.s <0.001*** n.s
Fin <0.05* <0.001*** <0.05*
Muscle <0.001*** <0.001*** <0.001***
Gut <0.05* <0.001*** <0.001***
Eye <0.001*** <0.001*** <0.001***
Liver clock1 n.s <0.001*** <0.001***
Heart <0.05* <0.001*** <0.001***
Brain n.s <0.001** n.s
Fin n.s <0.001*** <0.001***
Muscle n.s <0.001** <0.001***
Gut n.s <0.001*** <0.001***
Eye n.s <0.001*** <0.001***
Figure 5 Heart timp3 <0.001*** <0.001*** <0.001***
cox6a2 <0.001*** <0.001*** <0.001***
mef2a <0.001*** <0.001*** <0.001***
smad3a <0.001*** <0.01* <0.01**
Figure 6 Liver impdh2 <0.01** <0.001*** <0.001***
hnfla <0.001*** n.s <0.001***
cypla <0.001*** <0.001*** <0.001***
ppargc1b <0.01** <0.001*** <0.01**
Figure 7 Liver gluta n.s <0.001*** <0.001***
asns <0.001*** <0.001*** <0.001***
gtp2l <0.001*** < 0.001** <0.001***
glud1b <0.01** <0.001*** <0.001***
got1 n.s <0.001** <0.001***
got2a n.s <0.001*** <0.001***
Figure 8 Muscle hsf2 <0.001*** <0.001*** <0.001***
myf6 <0.001*** <0.001*** <0.001***
Figure 9 cyclin A2 <0.001*** < 0.01"* <0.001***
Fin cyclin B1 <0.001*** <0.001*** <0.001***
p21 <0.001*** <0.001*** <0.001***

gRT-PCR was used to measure mRNA expression levels across five time points at 6 hourly intervals. Significance in the difference in gene expression dynamics between
mutants and controls was assessed via a two-way ANOVA, fitted independently for each gene in each tissue. The ANOVA model consisted of three fixed effects: genotype
(per2 KO or WT siblings), time, and their interaction genotype x time. A significant interaction indicates an alteration in the gene’s expression dynamics in the mutants.
A significant genotype effect indicates difference in the gene’s average expression between the mutants and the controls across all time points. A significant time effect
was exhibited in all tissues in almost all genes, indicating unsurprisingly that the expression over time is non-constant. The exception is hnfla in the liver (Figure 6), whose
rhythmic expression was maintained in the mutants, but with a 12 h phase-shift. No effect of per2 knockout on the circadian rhythm was observed in whole-body mRNA
expression of the CCGs per1, cryla and clock1 in embryos (Figure 3), as well as expression of cryla and clock1 in adult brains. Darker green shading donotes calculated
p values of <0.001, light green shading denotes p < 0.01 and grey shading denotes p < 0.05 (**p < 0.001, **p < 0.01, *p < 0.05).

where circadian locomotor activity rhythms were similarly
disrupted by this manipulation.

Under LD cycles (Figure 2D), the locomotor activity patterns
of per2 KO larvae were unaltered compared to control larvae.
Both groups exhibited significantly higher activity during the
light phase compared to the dark phase (p < 0.0001, ANOVA)
due to a masking effect, in which activity is mainly determined

by the lighting conditions and not by the clock. No significant
differences were observed between the activity of the two
groups during both the light and the dark segments, an
observation that does not correspond to a previously reported
experiment with another per2 mutant, where per2 mutant
larvae displayed reduced overall locomotor activity under LD
conditions compared to control larvae (Wang et al, 2015).
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This dissimilar outcome from two per2 mutant lines may
reflect different experimental conditions or genetic backgrounds.
Overall, our analysis supports an essential role for PER2 in
the regulation of circadian phase and amplitude of behavioral
rhythms and their entrainment by light.

Expression of Circadian Clock Genes in
per2 Mutant Zebrafish Larvae

In order to explore the consequences of loss of per2 function at
the gene expression level, we examined the pattern of rhythmic
core clock gene expression in the per2 mutants under normal LD
(12 h light-12 h dark) cycle conditions. We initially compared the
dynamic mRNA expression pattern of a subset of circadian clock
genes (clockl, cryla, and perlb) in whole body RNA extracts of
WT sibling and per2 mutant zebrafish larvae raised under LD
cycle conditions (Figure 3). While our results revealed a small
reduction in expression levels in the mutants in the case of all 3
clock genes, the overall expression pattern for these clock genes
was comparable in the WT and mutant larvae.

Tissue-Specific Regulatory Roles of per2

in Adult Zebrafish Peripheral Tissues
Since the whole-body expression pattern of clock genes did not
differ greatly between per2 mutants and WT fish, we next tested

for tissue-specific differences in the expression of clock genes.
We examined the rhythmic expression of the cryla and clockl
clock genes in liver, heart, brain, fin, muscle, gut, and eyes of
WT and per2 mutant zebrafish adults maintained under LD cycle
conditions (Figure 4). Interestingly, a change in the rhythmic
profile of clockl and cryla expression was detected in the heart,
liver, gut and muscle of the per2 mutants relative to the WT fish.

Given the observation of tissue-specific changes in the
rhythmic expression of certain clock genes in our zebrafish
mutant, we next performed a gene expression analysis of CCGs in
per2 KO zebrafish heart, liver, and muscle under normal LD cycle
conditions, as a first step toward evaluating the possible impact
of the per2 mutation on zebrafish cardiac, hepatic and skeletal
muscle physiology.

For the heart, we examined the expression of the
following CCGs: timp3, encoding a tissue inhibitor of matrix
metalloproteinases that was identified as being circadian clock
regulated in the mouse heart (Durgan and Young, 2010),
mef2a a clock controlled transcription factor involved in
heart development and myofibril assembly (Wang et al., 2005,
2007), cox6a2 a nuclear-encoded cytochrome oxidase subunit
involved in mitochondrial electron transport, that shows
circadian modulation in the mouse heart (Martino et al., 2004)
and smad3a, a TGF-p signaling gene exhibiting a circadian
expression pattern throughout the brain of zebrafish larvae
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FIGURE 3 | Circadian clock gene expression analysis in per2 KO and WT larvae. (A) Schematic representation of the experimental design. The horizontal bars
represent the lighting conditions before and during sampling; white and black boxes indicate light and dark periods, respectively; the arrows show the sampling
times. WT and per2 mutant larvae were kept 4 dpf in LD cycle (12 h light-12 h dark) conditions. On the 5th dpf, total RNA was extracted from pools of larvae
collected at 6-h intervals during a sampling window of 24 h. (B) gRT-PCR analysis of mMRNA expression levels of the circadian clock genes (clock1, cry1a, and per1b)
in WT and per2 mutant larvae. Mean mRNA relative expression (n = 2-3) & SD is plotted on the y-axis, while zeitgeber time (ZT) is plotted on the x-axis. ZTO
corresponds to lights-on, ZT12 to lights-off. A significant, small decrease in expression level was observed in mutants in all three genes (**p < 0.001, ANOVA
genotype effect, Table 1). Asterisks represent levels of significance in comparing the two genotypes at each time point individually, corrected by Sidak’s method

15 21 3 zT 9 15 21 3 T

Frontiers in Molecular Neuroscience | www.frontiersin.org

184

September 2021 | Volume 14 | Article 718387


https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/molecular-neuroscience#articles

Ruggiero et al.

Per2 Function in Zebrafish

A clock1 cryla

5 g 0.00064 - g 0.0087 sas
g %
3 §o00004 g 0%

< -

% wr % 0.004+

€ 0.0002{ *¥ - perzk E

2 2 0002

§ k]

0.0000- $ 0000
3§ 15 21 3 o © 3 8 15 21 3

§ 0.00044 § 0015
o 200003 - £ 0.010]
§ £ 00002 E
I ¢ £ o,
2 0.00014 N ¢ 0005
g ]
& 0.0000: r — & 0.00
3 9 15 21 3
zr
Cc & 0.005 & 0.05
2 2
§ 0.004 § 004
£ < o003 < 003
oz 3
m & 0002 t 0.02
° o
£ 0001 £ 001
& .00l ——r—— € 0.00]
3 9 15 21 3 3 9 15 21 3
zr zr
D g 0.008: £ 0.010
£ 0006 £ 0.008
uE_ g 0.004 -, go.ooe 3
[0 . & 0.004
g o002 £ 0.002
2 0.00 £ 0.000
3 9 15 21 3 3 9 15 21 3
T T

Sidak’s method (**p < 0.001, *p < 0.01, *p < 0.05).

FIGURE 4 | Per2 knockout alters rhythmic mRNA expression of the cry7a and clock1 clock genes in adult zebrafish tissues. gRT-PCR analysis of expression levels
of the circadian clock genes clock? and cry1a in the (A) liver, (B) heart, (C) brain, (D) fin, (E) muscle, (F) gut and (G) eyes of WT and per2 mutant adult fish. Sets

(n = 3) of 4 WT and per2 KO fishes (each set containing two males and two females) were maintained under LD cycle (14 h light-10 h dark) conditions, tissues were
dissected and pooled for RNA extraction at 6-h intervals during a sampling window of 24 h. Mean mRNA relative expression & SD is plotted on the y-axis; zeitgeber
time (ZT) is plotted on the x-axis. Zeitgeber times are indicated for each sample. ZTO corresponds to lights-on, ZT14 to lights-off. A change in rhythm was observed
for both genes in liver, heart, fin, muscle, gut, and eyes, as determined by a significant ANOVA Genotype x Time interaction effect (p < 0.001, see Table 1). For both
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(Sato et al.,, 2012; Sloin et al., 2018; Finger et al.,, 2021). The
circadian expression of each of these CCGs in per2 KO heart
tissue was affected, with a significant alteration of the circadian
expression pattern, thus suggesting a potential involvement
of per2 in the circadian regulation of heart physiology in
zebrafish (Figure 5). We then analyzed the expression of the
impdh2 [IMP dehydrogenase, a rate limiting enzyme in de novo
purine synthesis (Li et al., 2013)], cypla [cytochrome P4501A,
involved in detoxification (Carmona-Antonanzas et al., 2017)],
ppargclb [Peroxisome proliferator-activated receptor gamma
coactivator 1-beta, a transcriptional coactivator involved in
multiple aspects of cellular energy metabolism (Lin et al., 2003)]
and hnfla [hepatocyte nuclear factor 4, alpha, involved in
regulating liver-specific gene expression (Courtois et al., 1987)]
genes which all encode regulators of key physiological hepatic
processes and have been reported to show circadian rhythms
of expression in zebrafish larvae (Li et al,, 2013). The cypla,
ppargcelb, and hnfla genes all exhibited a significantly altered
circadian expression pattern in the per2 KO liver (Figure 6).
Specifically, cypla showed a general reduction in expression
levels and disrupted rhythmic expression. Furthermore, ppargc1b
and hnfla exhibited a 6 and 12 h phase delay of the rhythmic
pattern, respectively. Interestingly, however, the phase of
rhythmic expression of impdh2 resembled that observed in WT

liver controls, suggesting that the precise pattern of disrupted
rhythmic gene expression upon loss of per2 function differs
between CCGs. Given the central role played by the circadian
clock in regulating key metabolic pathways including amino
acid biosynthesis (Krishnaiah et al, 2017), we next chose to
test if the circadian expression of a set of CCGs encoding key
or rate-limiting enzymes involved in the biosynthetic pathways
for non-essential amino acids (Li et al., 2013), was affected in
the per2 KO liver. We specifically tested expression of gotl and
got2a (glutamic-oxaloacetic transaminase 1, and 2a) which are
linked with the aspartate biosynthesis pathway), asparagine
synthetase (asns) mediating asparagine production, glutamate
dehydrogenase 1b (gludlb), mediating glutamate synthesis,
glutamine synthetase 1a (glula), catalyzing glutamine formation
and glutamic pyruvate transaminase 2-like (gpt2l), involved
in alanine biosynthesis. Significant changes in the pattern of
rhythmic expression of all six CCGs were observed in per2 KO
liver (Figure 7). Specifically, gtp2l, asns, and got1 all displayed a
reduced amplitude of rhythmic expression. Furthermore, glud1b,
asns, gotl, and got2a exhibited a phase shift of approximately 6 h,
as previously observed for clock gene expression.

Expression of CCGs in the per2 KO skeletal muscle was
also tested. In particular, based on a previous study that
identified putative CCGs in skeletal muscle of the zebrafish
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FIGURE 5 | Per2 knockout alters the rhythmic mRNA expression of clock-controlled genes in the adult zebrafish heart. gRT-PCR analysis of expression levels of four
putative CCGs (A) timp3, (B) mef2a, (C) cox6a2, and (D) smad3a in WT and per2 KO heart tissues. Sets (n = 3) of 4 WT and per2 KO fish (each set containing two
males and two females) were maintained under LD cycle (14 h light-10 h dark) conditions, hearts were dissected and pooled for RNA extraction at 6-h intervals
during a sampling window of 24 h. Mean mRNA relative expression + SD is plotted on the y-axis; zeitgeber time (ZT) is plotted on the x-axis. Zeitgeber times are
indicated for each sample. ZTO corresponds to lights-on, ZT14 to lights-off. A change in rhythm was observed for timp3, cox6a2, mef2a, and smad3a, as
determined by a significant ANOVA Genotype x Time interaction effect for all genes (p < 0.01, see Table 1). Asterisks represent levels of significance in comparing
the two genotypes at each time point individually, corrected by Sidak’s method (***p < 0.001, *o < 0.05).

(Amaral and Johnston, 2012), we tested the expression of myf6
and hsf2 (Figure 8), that play an important role during skeletal
muscle myogenesis and regeneration (McArdle et al., 2006; Hinits
et al., 2007; Wang et al., 2008; Chong et al., 2009; Amaral and
Johnston, 2012). We revealed that both hsf2 and myf6 exhibited
a significant alteration in their rhythmic expression pattern in
per2 KO skeletal muscle. Rhythmic Myf6 expression showed a
phase delay of 6 h that matches the phase shift observed in the
expression pattern of the clock genes cryla and clockl while
hsf2 exhibited a robust reduction of rhythm amplitude. Thus,
taken together, our findings (Figures 4-8) implicate the per2 gene
in playing a role in circadian clock regulation in a tissue- and
gene-specific manner.

Abnormal Cell Cycle Control in per2 KO
Zebrafish

Given the proposed role of per2 as a tumor suppressor gene
we next investigated the contribution of the per2 gene to the
circadian regulation of the cell cycle in zebrafish. We tested the

gene expression of the clock-controlled cell cycle checkpoint
regulators cyclin A2, cyclin Bl and p21 in WT control and
per2 KO fins sampled in vivo. p21 is a potent cyclin-dependent
kinase inhibitor (CKI) which functions as a regulator of cell cycle
progression from GI1 to S phase, while cyclin Bl and cyclin A2
serve as regulators of the entry into M and S phase, respectively.
In all cases, in the mutant samples we observed significant
changes in the rhythmic profile of gene expression with a phase
delay compared to WT fin controls (Figure 9).

In our previous studies, we have shown that M phase
progression in zebrafish adult fin tissues, is gated to occur
preferentially during the dark phase as a result of circadian
clock regulation (Idda et al., 2012). Therefore, we tested whether
dynamic changes in the levels of M phase were affected in the per2
KO zebrafish adult fin tissues. We used a western blot assay to
quantify levels of the phospho-H3 protein, a marker of chromatin
compaction associated with mitosis, in the whole fin protein
extracts of the WT and per2 KO zebrafish lines. In agreement with
our previous results (Idda et al., 2012), WT fin tissues exhibited
a peak of phospho-H3 protein levels around ZT16 (Figure 10).
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FIGURE 6 | Per2 knockout alters the rhythmic mRNA expression of regulators of key physiological hepatic processes in the adult zebrafish liver. gRT-PCR analysis of
expression levels of four CCGs (A) impdh2, (B) hnf1a, (C) cypia, and (D) ppargc1b in WT and per2 KO liver. Sets of 4 WT and per2 KO fishes (each set containing
two males and two females) were maintained under LD cycle (14 h light-10 h dark) conditions, livers were dissected and pooled for RNA extraction at 6-h intervals
during a sampling window of 24 h. Mean mRNA relative expression (n = 2-3) £ SD is plotted on the y-axis; zeitgeber time (ZT) is plotted on the x-axis. Zeitgeber
times are indicated for each sample. ZTO corresponds to lights-on, ZT14 to lights-off. A change in rhythm was observed for impdh2, hnf1a, cyp1a and ppargc1b, as
determined by a significant ANOVA Genotype x Time interaction effect for all genes (p < 0.01, see Table 1). Furthermore, hnf1a exhibited a 12 h phase delay, and
ppargc1b exhibited a 6 h phase delay. Asterisks represent levels of significance in comparing the two genotypes at each time point individually, corrected by Sidak’s
method (**p < 0.001, *p < 0.01, *p < 0.05).

Instead, in the per2 KO fin tissues this peak was significantly
reduced, consistent with abnormal circadian clock regulation of
cell cycle progression in the per2 KO proliferative fin tissues.

DISCUSSION

The data presented in this study point to a complex role for the
per2 gene in the circadian timing system in fish. In particular, we
have demonstrated that the per2 gene loss-of-function mutation
affects rhythmic behavior of zebrafish larvae, the phase of
rhythmic core clock gene expression, as well as the expression of
certain CCGs in a tissue-specific manner. Finally, we reveal that
loss of per2 gene function is associated with abnormalities in the
circadian regulation of the cell cycle in vivo.

Per2 Function Influences

Clock-Controlled Behavior
The light inducible expression of the per2 gene in the mammalian
SCN as well as in the pineal gland, brain and peripheral tissues

in fish point to an important role for the per2 gene in the
entrainment of the circadian clock by light. This prediction is
supported here by the difference between WT and per2 KO
larvae in the amplitude and robustness of their locomotor activity
rhythms in response to a 3-h light pulse. Nevertheless, the fact
that the clock of per2 KO fish is still somewhat entrained by
light indicates the existence of mechanisms which compensate
for the loss of per2 gene function. It is tempting to speculate that
the clock gene cryla may be an element of such a mechanism.
Cryla is another robustly light-induced clock gene which is able
to interact with other core clock proteins, such as CLOCK and
BMAL (Tamai et al., 2007). In addition, we have previously
shown that 1-h exposure to light is sufficient to induce the
expression of several core clock genes or accessory clock genes
(Ben-Moshe et al., 2014) suggesting the existence of additional
compensatory factors.

In addition to light-entrainment, per2 loss-of-function also
strongly affects the phase of the locomotor activity rhythms,
suggesting a role for PER2 in the clock mechanism itself.
Interestingly, the effect of per2 KO on the circadian phase is
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FIGURE 7 | Per2 knockout alters the rhythmic mRNA expression of CCGs encoding key enzymes in non-essential amino acid synthesis in the adult zebrafish liver.
qRT-PCR analysis of expression levels of six CCGs (A) gluTa, (B) asns, (C) gpt2/ (D) glud1b (E) got1, and (F) got2a in WT and per2 KO liver tissues as described in
the legend for Figure 6. A change in rhythm was observed for all genes, as determined by a significant ANOVA Genotype x Time interaction effect for all genes

(o < 0.001, see Table 1). Asterisks represent levels of significance in comparing the two genotypes at each time point individually, corrected by Sidak’s method

hsf2

*%k%
*Q
3 9 15 21 3

0.010+

Relative mRNA expression »
o
o
o
D

0.004+ - WT
0.002- - per2-/-
0.000

ZT

[ I

time point individually, corrected by Sidak’s method (***p < 0.001).

FIGURE 8 | Per2 knockout alters the rhythmic mRNA expression of CCGs in adult zebrafish skeletal muscle. gRT-PCR analysis of expression levels of the CCGs
(A) hsf2 and (B) myf6 in WT and per2 KO skeletal muscle. Sets of 4 WT and per2 KO fish (each set containing two males and two females) were maintained under
LD cycle (14 h light-10 h dark) conditions, muscle tissue was dissected and pooled for RNA extraction at 6-h intervals during a sampling window of 24 h. Mean
mRNA relative expression (n = 2-3) & SD is plotted on the y-axis; zeitgeber time (ZT) is plotted on the x-axis. Zeitgeber times are indicated for each sample. ZTO
corresponds to lights-on, ZT14 to lights-off. A change in rhythm was observed for both CCGs, as determined by a significant ANOVA Genotype x Time interaction
effect for all genes (p < 0.001, see Table 1). myf6 exhibited a 6 h phase delay. Asterisks represent levels of significance in comparing the two genotypes at each
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context-dependent — under constant dim-light per2 KO led to
a phase delay of 2.7 h while under constant light per2 KO led
to a phase advance of 2.3 h. Since zebrafish per2 is a light-
responsive gene, the light-dependence of per2 KO effects may
be predicted. It is tempting to speculate that the different phase

shifts observed under different light intensities in the mutant
might reflect accompanying differences in light-induced signal
transduction in the larvae which subsequently differentially target
PER?2 function. Furthermore, the phase of the locomotor activity
rhythms in the mutants shows a higher variability relative to WT
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FIGURE 9 | Per2 knockout alters the rhythmic mRNA expression of cell cycle regulator genes in adult zebrafish fin tissues. gRT-PCR analysis of expression levels of
some cell cycle CCGs (A) cyclin A2, (B) cyclin B1, and (C) p27 in WT and per2 KO fin tissue. Sets of 4 WT and per2 KO fishes (each set containing two males and
two females) were maintained under LD cycle (14 h light-10 h dark) conditions, a portion of caudal fin tissue was amputated and pooled for RNA extraction at 6-h
intervals during a sampling window of 24 h. Mean mRNA relative expression (n = 2-3) & SD is plotted on the y-axis; zeitgeber time (ZT) is plotted on the x-axis.
Zeitgeber times are indicated for each sample. ZTO corresponds to lights-on, ZT14 to lights-off. A change in rhythm was observed for cyclin A2, cyclin B1, and p217,
as determined by a significant ANOVA Genotype x Time interaction effect for all genes (p < 0.001, see Table 1). Asterisks represent levels of significance in
comparing the two genotypes at each time point individually, corrected by Sidak’s method (***p < 0.001).

controls pointing to a disruption of the entire clock system by
the per2 mutation. Thus, using rhythmic locomotor activity as a
clock output we have demonstrated that per2 is involved in both
the core clock mechanism and its entrainment by light.

Per2 Regulation of Clock Gene

Expression

Period proteins together with the cryptochromes are classically
regarded as negative elements in the transcription translation
feedback loop mechanism at the core of the circadian clock
(Partch et al, 2014). However, the lack of a major effect on
cycling clock gene expression in per2 KO larvae would tend
to argue against such a global role for PER2 in zebrafish.
We did observe significant tissue-specific differences in the
dynamic expression pattern of core clock genes in our per2
KO fish. For example, rhythmic expression of clockl mRNA
was affected in the liver, heart, muscle and gut of the per2
KO, but not in other tissues. PER2 shares amino acid sequence
motifs with both coactivators and corepressors of hormone
receptors. For example, the mouse PER2 protein is characterized
by two LXXLL motifs in both of its predicted protein-protein
interaction domains (Albrecht et al., 2007). This motif is present
in different coactivators which interact with nuclear receptors
such as the steroid hormone receptor coactivator-1 (SRC-1)
(Onate et al., 1995). Moreover, it has been demonstrated that
the PER2 protein upregulates brmallb gene expression by directly
binding to the Rora nuclear receptor in zebrafish (Wang et al.,
2015). Interestingly, a ROR/REV-ERB response element (RORE)
has also been identified in the zebrafish clockl promoter, an
observation that would potentially account for the dysregulation
of clockl gene expression in certain tissues of per2 KO adults.
Thus, light-induced per2 expression might serve to adjust the
phase and amplitude of rhythmic expression of the clock gene.
An unresolved issue remains how the observed changes in the
profile and timing of clockl and cryla mRNA expression in
certain tissues does not lead to corresponding alterations in the
rhythmic expression of other core clock component genes, such

as perlb as well as other CCGs. It is tempting to speculate
that the effects of PER2 are manifest in a gene-specific fashion
and may reflect the different constellations of clock-regulated
enhancer elements present in the promoters of various CCGs and
core clock genes.

Per2 Tissue-Specific Function
The contribution of per2 to shaping the profile of tissue
specific rhythmic core clock gene expression raises the question
of the extent to which the per2 gene may also play a role
in regulating tissue-specific physiology. In order to address
this question, we also analyzed CCG expression in the liver,
heart and muscle of the per2 KO line. In particular, we
focused attention on the expression of genes that are involved
in the regulation of molecular mechanisms which underlie
important physiological processes ranging from metabolism,
development and maintenance of homeostasis to basic cellular
processes, including cell growth and division (proliferation), cell
movement (migration), controlled cell death (apoptosis) and cell
differentiation. In the per2 KO heart we observed a significant
impact on the circadian expression of the timp3, mef2a, cox6a2,
and smad3a genes (Wang et al., 2005, 2007; Sloin et al., 2018). Our
results therefore implicate per2 in the circadian clock-mediated
regulation of various cardiac functions. This is of potential
medical importance because there is a well-documented time of
day-dependent increase in the sensitivity to myocardial infarction
(Peckova et al., 1998) and disruption of circadian rhythms is a
major contributor to heart pathophysiology (Crnko et al., 2019).
We also investigated the involvement of the per2 gene in the
circadian clock regulation of liver-specific CCGs, such as impdh2,
cypla, ppargclb, and hnfla as well as genes encoding rate-limiting
enzymes involved in the biosynthetic pathways for non-essential
amino acids, namely got1, got2a, asns, glud1b, glula, and gpt2l.
The results reveal an impact of the per2 mutation on the rhythmic
expression of many of these key metabolic regulatory-specific
genes. Interestingly, the per2 gene has already been associated
with the regulation of liver-specific metabolic pathways in
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FIGURE 10 | Western blot analysis and quantification of the phospho-H3
protein in fins of the WT and per2 KO zebrafish line. (A) Schematic
representation of the experimental design. (B) Quantification of Western blot
analysis of Phospho-Histone H3 (p-H3) ser10 expression level normalized to
using Histone H3 (H3) as loading control. Relative optical density values for
pH3-specific bands were calculated from measurements of ECL images and
plotted on the y-axis. (C) Representative images of western blots obtained
with pH3 and H3 specific antibodies used for the quantification in panel (B).
Asterisks represent levels of significance in comparing the two genotypes at
each timepoint individually, corrected by Sidak’s method ("o < 0.05).

mammals. In particular, REV-ERBa and PPAR« interact with the
PER?2 protein in the liver to regulate the transcription of their
target genes (Schmutz et al., 2010). Moreover, using per2 KO
mice, it has been shown that PER2 directly represses the nuclear
receptor PPARYy, critical for adipogenesis, and hepatic insulin
sensitivity (Grimaldi et al., 2010). Therefore, these previous
findings together with our own CCG expression analysis support
the notion that the per2 gene plays an important role in liver
physiology. We also reveal disruption of rhythmic expression of
the CCGs myf6 and hsf2 in the per2 KO skeletal muscle. Thus,
PER2 may play an important role in the temporal coordination
of the mechanisms which direct the repair of muscle damage
generated during daytime-elevated locomotor activity.

Per2 Gene Function Influences Circadian
Clock Regulation of the Cell Cycle

The involvement of per2 gene function in the circadian regulation
of the cell cycle has been widely demonstrated in mammals
(Fu et al.,, 2002; Gu et al, 2012; Yang et al., 2012; Tan et al,
2015). Consistently, we observed a robust effect of the loss of

per2 gene function on the phase of rhythmic expression pattern
of important cell cycle regulators, p21, cyclin A2, and cyclin Bl
in adult fin tissue. It is important to note that in the same
tissue, rhythmic expression of clock genes is apparently normal
indicating that the per2-regulated expression of clock-controlled
cell cycle regulators in peripheral tissues may be regulated by
a distinct mechanism from the transcriptional control circuits
within the core circadian clock mechanism itself. Namely, the
cell cycle control represents a specific, clock output function for
per2. In the case of the p2I gene in zebrafish, transcriptional
regulation by the core clock mechanism via E-box enhancers
has been shown to direct rhythmic expression (Laranjeiro et al.,
2013). Furthermore, at a mechanistic level, it has already been
demonstrated that the PER2 protein modulates p53 stability and
transcriptional activity in normal human cells, thus affecting the
gene expression of cell cycle regulators, including p21, in response
to DNA damage in mammals (Gotoh et al., 2014). Therefore,
the phase-setting effects on p2I rhythmic expression may rely
on the loss of protein-protein interaction between PER2 and
p53 in the per2 KO zebrafish line. Previously, it has been shown
that M phase progression in zebrafish adult fin tissue, shows
a light-entrained, circadian clock regulation (Idda et al., 2012).
Our quantification of the levels of mitosis throughout the LD
cycle, revealed a dampened M-phase rhythm in the per2 KO
fin tissue. The dysregulation of rhythmic M phase progression,
together with the abnormal gene expression profile of p21, cyclin
A2, and cyclin BI, indicates that per2 may play a role in timing
of the G1/S or G2/M cell cycle checkpoints. Given the impact
of per2 gene function on the regulation of the expression levels
of these important cell cycle regulators, it could be anticipated
that PER2 may play a key role during the early stages of zebrafish
embryonic development. However, the normal early embryonic
development observed in per2 KO mutants would tend to argue
against this. Instead, this observation would tend to support a
hypothesis that the contribution of PER?2 to cell cycle regulation
is cell type-or developmental stage-specific.

In conclusion, our results suggest that the per2 gene plays a
crucial role in the circadian regulation of multiple tissue-specific
cellular and physiological processes in zebrafish.
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