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ABSTRACT

Neural development is controlled at multiple levels to orchestrate
appropriate choices of cell fate and differentiation. Although more
attention has been paid to the roles of neural-restricted factors,
broadly expressed factors can have compelling impacts on tissue-
specific development. Here, we describe in vivo conditional knockout
analyses of murine Ars2, which has mostly been studied as a general
RNA-processing factor in yeast and cultured cells. Ars2 protein
expression is regulated during neural lineage progression, and is
required for embryonic neural stem cell (NSC) proliferation. In
addition, Ars2 null NSCs can still transition into post-mitotic
neurons, but fail to undergo terminal differentiation. Similarly, adult-
specific deletion of Ars2 compromises hippocampal neurogenesis
and results in specific behavioral defects. To broaden evidence for
Ars2 as a chromatin regulator in neural development, we generated
Ars2 ChlP-seq data. Notably, Ars2 preferentially occupies DNA
enhancers in NSCs, where it colocalizes broadly with NSC regulator
SOX2. Ars2 association with chromatin is markedly reduced following
NSC differentiation. Altogether, Ars2 is an essential neural regulator
that interacts dynamically with DNA and controls neural lineage
development.

KEY WORDS: Ars2, SRRT, SOX2, Neurogenesis, Mouse,
Transcription, ChiP-seq

INTRODUCTION

Proper regulation of neural stem cell (NSC) lineage progression is
essential for embryonic brain development and adult brain function.
The mouse forebrain contains three major NSC populations:
embryonic NSCs in the ventricular zone (VZ) of the neural tube,
adult NSCs in the subventricular zone (SVZ) of the lateral ventricles
(LV) and hippocampal NSCs resident in the subgranular zone
(SGZ) of the dentate gyrus (DG). All three NSC types undergo
similar developmental stages before terminal maturation. NSCs first
give rise to intermediate progenitor cells (IPCs), which then become
post-mitotic immature neurons. Given appropriate environmental
and intracellular cues, these cells will further differentiate into
mature neurons with functional connectivity (Kriegstein and
Alvarez-Buylla, 2009). Over the past decades, elucidation of
transcriptional networks orchestrating proliferation, specification
and differentiation has laid the foundation for discovering the
molecular mechanisms controlling neural development. Central to
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these are families of sequence-specific transcription factors,
including HMG box factors (such as SOX2) (Ferri et al., 2004;
Pevny and Placzek, 2005), bHLH factors (i.e. HES and NeuroD
families) (Dennis et al., 2018) and T-box factors (TBR1/2)
(Englund et al., 2005).

In addition to sequence-specific transcription factors,
transcriptional co-regulators and general chromatin factors are
crucial for neural development. For example, the SWI/SNF
chromatin remodeling complex mediates NSC proliferation,
specification and neural maturation (Lessard et al., 2007).
Moreover, multiple members of CHD family chromatin remodelers
are mutated in human neural diseases (Li and Mills, 2014) and
CHD?7, a gene associated with CHARGE syndrome, binds SOX2 and
co-regulates genes in NSCs (Engelen et al., 2011). We have also
reported RNA-binding protein Ars2 (also known as SRRT) as an
unexpected transcriptional regulator of Sox2 that maintains adult SVZ
NSCs (Andreu-Agullo et al., 2012).

Ars2 was originally identified as a developmental locus in
Arabidopsis (Clarke et al., 1999; Grigg et al., 2005). It is conserved
across plants, fungi and metazoans (Prigge and Wagner, 2001), and
usually encoded by a single gene in animals. SRRT refers to the
plant ortholog SERRATE; however, because of the similarly named
Notch ligand Serrate, we prefer the designation Ars2, used hereafter.
Ars?2 participates in multiple nuclear regulatory complexes, with its
best characterized roles relating to the cap binding complex (CBC).
The core CBC associates with distinct partners to mediate diverse
RNA-processing reactions, and Ars2 functions in multiple CBC
subcomplexes. Ars2 promotes 3’ end formation of non-adenylated
histone mRNAs via CBC, SLBP and NELF-E (Gruber et al., 2012;
Hallais et al., 2013). Ars2 also associates with CBC-PHAX in the
CBCAP complex to promote transcriptional termination and 3" end
formation, especially within cap-proximal regions (Andersen et al.,
2013; Hallais et al., 2013; Sabath et al., 2013). Finally, Ars2
associates with the CBC-ZC3H18-NEXT (CBCN) complex to
facilitate substrate degradation via the RNA exosome (Andersen
et al., 2013; Lubas et al., 2011). Notably, CBC subcomplexes such
as CBCAP and CBCN have mutually exclusive components
(e.g. PHAX versus ZC3H18) and therefore determine distinct
RNA fates, although Ars2 appears to be shared by different CBC
subcomplexes (Giacometti et al., 2017). By promoting termination
and turnover of promoter upstream transcript (PROMPT) enhancer
RNA and cryptic non-coding transcripts, Ars2 was proposed as a
general suppressor of pervasive transcription (Iasillo et al., 2017).

Beyond the CBC, Ars2 participates in small RNA pathways.
Plant SERRATE was originally implicated in nuclear miRNA
biogenesis (Lobbes et al., 2006; Yang et al., 2006) by partnering
with HYL1, a double stranded RNA-binding protein cofactor for the
miRNA-generating RNase III enzyme DCL1. SERRATE promotes
accurate (Dong et al., 2008) and efficient (Iwata et al., 2013)
cleavage by DCL1. Metazoan Ars2 also links to miRNA and siRNA
pathways by associating with RNase III factors (Gruber et al., 2009;
Sabin et al., 2009), and is additionally required in transposon
silencing by piRNAs (Czech et al., 2013).
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Recent studies of Arabidopsis miRNA biogenesis provided an
unexpected connection of SERRATE to chromatin machinery, via
direct interaction with CHR2 (Wang et al., 2018). CHR2 is an
ATPase in the SWI2/SNF2 nucleosome remodeling complex, and
affects miRNA expression not only through transcription, but also
via an inhibitory role in remodeling primary(pri)-miRNAs to
prevent their processing (Wang et al., 2018). The mechanistic
crossover of post-transcriptional and transcriptional machineries is
further emphasized by Arabidopsis SERRATE regulating
deposition of H3K27mel by histone methyltransferases ATXR5/6
to control transposons (Ma et al., 2018) and that chromatin-bound
SERRATE preferentially acts as a positive transcriptional regulator
of intronless genes (Speth et al., 2018).

Here, we extend studies on the role of mammalian Ars2 in
neurogenesis (Andreu-Agullo et al., 2012) to embryonic and adult
SGZ stages, revealing common and stage-specific effects. Although
Ars2 is most well known as an RNA-processing factor, we use
ChIP-seq data to broaden its chromatin-based role. Ars2
preferentially occupies active enhancers genome-wide in NSCs
but loses these interactions in differentiating neurons. We also
revealed that adult-specific deletion of Ars2 in NSCs causes specific
defects in a high-stress behavioral paradigm. This work broadens
the regulatory scope of Ars2 in the neuronal lineage.

RESULTS

Ars2 is required for embryonic neocortex NSC proliferation
Ars2 is a conserved eukaryotic gene with essential roles in multiple
basic aspects of RNA biogenesis, which might imply ubiquitous
regulatory activities. However, we have previously observed that
Ars2 protein accumulates dynamically in the adult mouse SVZ: it is
high in quiescent NSCs, but much lower in neuroblasts (Andreu-
Agullo et al., 2012). We therefore examined Ars2 expression during
embryonic NSC specification and differentiation. Immunostaining

Ars2

A

E15.5

B C control
loxP Ars2o¥ex JoxP 9,
Y M e
hGFAP-Cre -
S
- Y
hGFAP-Cre; Ars2-cKO w 80
s 40
)

of E15.5 lateral ganglionic eminence (LGE) showed that Ars2 does
not accumulate uniformly with DAPI* nuclei (Fig. 1A). Instead,
Ars2 was higher in ventral VZ SOX2" nuclei (marking multipotent
NSCs), lower in SVZ (containing IPCs and early-born neurons) and
elevated in striatum (containing differentiating neurons) (Fig. 1A).
Ars2 expression overlapped with mitotic marker phospho-Histone
H3 (pH3), but most Ars2™ VZ cells were pH3~ (Fig. S1A). Thus,
Ars2 is enriched not only in G2-phase NSCs, but expressed by most
VZ cells. Embryonic neocortex single cell RNA-seq data (Loo et al.,
2019) corroborated these dynamics: Ars2 transcripts decreased
following NSC specification and differentiation, similar to neural
progenitor markers Nes, Sox2 and Ascll, whereas neuroblast marker
Dcx and postmitotic neuronal marker Neurod6 accumulated along
this cell trajectory (Fig. S1B,C).

We investigated whether this expression pattern might reflect
specific genetic roles for Ars2 in neural lineages. Using hGFAP-Cre
(Zhuo et al., 2001) to delete Ars2 in NSCs (Fig. 1B), we have
previously found Ars2 crucial to maintain adult SVZ NSCs
(Andreu-Agullo et al., 2012). To determine whether Ars2 is
required in embryonic NSCs, we cultured primary NSCs from E14.5
forebrain. After two passages, neurospheres from hGFAP-Cre;
Ars2™" mutants were smaller than hGFAP-Cre; Ars2™* controls
(Fig. 1C), suggesting that Ars2 is required for embryonic NSC
expansion as in the adult SVZ.

Deletion of Ars2in NSCs causes hydrocephalus and disrupts
cerebellum development with variable severity

hGFAP-Cre; Ars2™ mutants were born at Mendelian ratio but
exhibited severe brain defects, including reduction of total brain size,
absence of hippocampus and enlarged lateral ventricles (Fig. 2A-D).
Such defects were potentially consistent with defective NSC
expansion. However, these phenotypes were accompanied by
damage to the corpus callosum, and variable cortical thinning,

Fig. 1. Ars2 is required for embryonic
NSC development. (A) E15.5 ventral
forebrain stained for Ars2 (green) shows
it is expressed in the ventricular zone
(VZ) enriched for SOX2 (red) and in
postmitotic neurons in the striatum, but is
downregulated in the subventricular
zone (SVZ) region. DAPI (blue/
grayscale) stains all nuclei. (B) Strategy
to generate Ars2 conditional knockout
mice using hGFAP-Cre. (C)
Neurospheres (nsph.) from hGFAP-Cre;
Ars2™ embryonic forebrain are
significantly smaller. Arrows indicate
representative neurospheres. n=9, two
tailed t-test; data are meants.d.
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Fig. 2. Mosaic knockout of Ars2 during early neural
development. (A,B) Dorsal view of wild-type (control)
and hGFAP-Cre; Ars2™ brains. The mutant shows
reduced cortex (bracketed region), exposing the
thalamus (TH) and midbrain (MB), normally not visible
in the control hGFAP-Cre; Ars2"* brain. The cerebellum
(CB) spheres are also reduced. (C,D) Hematoxylin and
Eosin staining of coronal sections of P5 hGFAP-Cre;
Ars2™* (Control) and Ars2”" brains. Arrows indicate
enlarged lateral ventricle (LV) and damaged white
matter tract. (E-G) DAPI staining on sagittal sections of
P15 cerebellar vermis from Ars2”™ mouse shows
abnormal cerebellum foliation with varied severity (F,G)
compared with control (E). The arrowhead highlights the
appearance of the precentral fissure and lobule I. n>20
(strong phenotype) and n>15 (weak phenotype)
animals were analyzed. Note that initial crosses yielded
~4:1 strong:weak phenotypes, but the weak Cre-
dependent effect was segregatable to yield mostly the
weak cKO phenotypic class for several generations. (H)
Strategy to generate hGFAP-Cre; Ai9[ROSA-flox-stop-
flox-tdTomato] reporter mice. (1,J) Coronal sections of
PO hGFAP-Cre; Ai9 mice show variable Cre activity.
(K-M) DAPI staining on coronal brain sections of P12
mouse with Ars2 knockout using ‘weak’ hGFAP-Cre line
(L,L") compared with control (K,K’). K" and L" show
magnifications of the boxed areas in K and L,
respectively. Arrowheads indicate the irregular
hippocampal CA area. The size of the hippocampus is
defined as the least upper bound. n=4, two-tailed t-test;
data are meants.d. (N) Western blot validation of new
Ars2 antibodies following Ars2 overexpression in 293 T
cells. (O) P9 hGFAP-Cre; Ars2": Ai9 hippocampal CA1
region stained for tdTomato (red) and Ars2 (green).
Dotted lines highlight the areas with Cre-induced
tdTomato that consistently lack Ars2.

Ctrl cKO

which also indicated hydrocephalus (Fig. 2C,D). The possibility of
hydrocephaly made it difficult to distinguish cell-autonomous
functions of Ars2 from secondary brain damage caused by high
brain pressure.

However, we noticed that the fourth ventricle of ”GFAP-Cre;
Ars2™" mice was normal, indicating no hydrocephalus injury to its

boundaries, including the cerebellum. Z#GFAP-Cre is expressed by
granule cell precursors (GCPs) in the cerebellum external granule
layer (EGL) and Bergmann glia. Cerebellum foliation starts from
late embryogenesis and continues during the first two weeks after
birth (Fig. 2E) (Casper and McCarthy, 2006; Zhuo et al., 2001).
Curiously, although all #GFAP-Cre; Ars2™" animals exhibited

3
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phenotypes, we observed dramatic variation in gross cerebellar
morphology across individuals. Most Ars2-cKO mice (~80%)
exhibited severely reduced cerebellar size and arrested cerebellum
development. Mature neurons and cerebellar fissures were barely
detectable or fully absent (Fig. 2F; Fig. S2A). However, the
remaining knockouts (~20%) showed a well-folded cerebellum
that was reduced in size (Fig. 2G). Strikingly, these mutants
displayed emergence of the precentral fissure (Fig. S2B, arrow)
and cerebellum lobule I (Fig. S2B, arrowhead; Fig. 2G,
arrowhead), which were absent in control littermates and
C57BL/6 wild type (Sillitoe and Joyner, 2007) (Fig. 2E).
hGFAP-Cre is not activated in Purkinje cells (Zhuo et al., 2001).
Most Purkinje neurons differentiated successfully and migrated
into the Purkinje cell layer, with small groups of calbindin®
Purkinje cells detected in multi-layered structures (Fig. S2C,
arrowheads), possibly because of secondary effects of reduced
cerebellar size.

Overall, Ars2 deletion yielded animals with distinct cerebellar
classes: a strong phenotype accompanied with loss of most granule
cells and cerebellar complexity, and a weak phenotype with a mild
growth defect and, surprisingly, emergence of lobule I. Previous
studies have implicated that different strains of AGFAP-Cre exhibit
different recombination patterns in the brain (Casper and McCarthy,
2006; Guo et al., 2018). Here, our observations suggest that the
same hGFAP-Cre has varied recombination efficiency in different
mice. Curiously, we were able to segregate the weak Cre-phenotype
and it was inheritable for multiple generations. Thus, we primarily
used this background for further studies.

Mosaic deletion of Ars2 in NSCs permits analysis of its cell-
autonomous roles

In light of phenotypic variation in the cerebellum, we assessed the
variability of Cre-mediated recombination in the forebrain. We
crossed hGFAP-Cre; Ars2™" mice with Ai9[ROSAXP-STOP-loxP
tdTomato] (Madisen et al., 2010) and monitored reporter expression
(Fig. 2H). In most PO AGFAP-Cre; Ars2V*; Ai9 mouse forebrains,
tdTomato was expressed broadly (Fig. 21). However, other brains
exhibited sparse tdTomato" cells (Fig. 2J), indicating variable Cre
expression.

Although patterns in Cre-weak brains varied across different
mice, we observed consistent expression in the stratum pyramidale
(SP) layer of the hippocampal CA1 region. This was accompanied
by a smaller dentate gyrus (at Bregma —1.8~—2.2 mm) (Fig. 2K-M,
lower panel enlargements), and a smaller hippocampal size in
hGFAP-Cre; Ars2™': 4i9 mutants (Fig. 2M). These data suggest
depleted NSC pools and/or reduced proliferation at progenitor
stages (Andreu-Agullo et al., 2012). We thus focused on CA regions
of these Cre-weak mice.

We next generated and validated a new polyclonal goat antibody
against Ars2 C-terminal amino acids 849-863 (Fig. 2N), and
analyzed Ars2 status in tdTomato™ cells of CA regions of hGFAP-
Cre; Ars2™': Ai9 mice. Indeed, immunostaining of P9 brain
sections showed that Ars2 was expressed in tdTomato™ SP layer
neuron nuclei, but autonomously absent in Cre-activated tdTomato™
clones (Fig. 20). This highlights the in vivo specificity of our Ars2
antibody. Notably, 4rs2 null cells extended processes into the
stratum radiatum and stratum lacunosum layers, whereas normal
CA1 neurons establish connections with other neurons. Overall, the
mosaic expression of #GFAP-Cre in hippocampal CAl allowed
direct comparison of mutant and control territories in individual
animals, permitting cell-autonomous assessment of Ars2 in
regulating neural development.

Ars2 is required for hippocampal neural lineage progression
The hippocampal CA area mostly contains pyramidal neurons
derived from NSCs in the VZ of the hippocampal primordium
(Angevine, 1965). From embryonic to early postnatal stages,
these cells undergo initially vertical and then horizontal migration
to form a single layer of packed excitatory neurons (Xu et al.,
2014). Because the irregular pattern of DAPI-stained CA1 nuclei
in AGFAP-Cre; Ars2™" mice (Fig. 2K’,L’) suggested defective
cell migration, we characterized the identity and status of Ars2
null cells.

The wild-type postnatal day (P)12 CAl region is composed of
post-mitotic neurons, as indicated by lack of bromodeoxyuridine
(BrdU) incorporation. Ars2 knockout regions similarly lack BrdU*
cells, indicating they did not aberrantly retain mitotic cells
(Fig. 3A). On the other hand, these clones failed to express NeuN
(Rbfox3), indicating that 4rs2 mutant cells cannot differentiate into
mature excitatory neurons (Fig. 3B), indicating a late defect.

As summarized in Fig. 3C, NSCs undergo consecutive
developmental stages before differentiating into mature neurons.
In the dorsal forebrain, where the hippocampus resides, NSCs or
radial glia are first specified into proliferative IPCs (neuroblasts).
IPCs then exit the cell cycle and become immature neurons
expressing DCX (Gleeson et al., 1999) and TBR1; note TBR1 is
expressed in some types of mature cortical neurons but is very low in
mature CA neurons (Englund et al., 2005). Immature neurons then
undergo terminal differentiation and develop into NeuN" mature
neurons. Furthermore, the Notch corepressor BEND6 represents an
early marker of post-mitotic immature neurons that is broadly
maintained by mature neurons (Dai et al., 2013a). We observed
accumulation of both DCX and TBR1 in Ars2 mutant cells in P12
brain CAl, whereas these markers were poorly expressed in
neighboring Ars2* regions (Fig. 3D,E). Furthermore, Ars2 null cells
expressed high levels of BENDG6 (Fig. 3F). The absence of NeuN,
along with the presence of DCX, TBR1 and BEND®6, indicated that
Ars2 knockout cells arrest at early postmitotic neuronal stages. In
addition, Ars2-cKO CA1 regions exhibit astrogliosis, as indicated
by the astrocyte marker GFAP (Fig. S3).

Beyond cell identity analyses, we observed sporadic activation of
caspase 3 specifically within Ars2-null clusters (Fig. 3G), indicating
that Ars2 deletion also triggers apoptosis. Although we did not
previously observe excess cell death upon Ars2-cKO in adult SVZ
(Andreu-Agullo et al., 2012), increased apoptosis during embryonic
development may contribute to reduced hippocampal size of Cre-
weak Ars2-cKO mice.

Together, these data extend the role of Ars2 from NSC self-
renewal to governing terminal differentiation within the neuronal
lineage in CA1. Interestingly, these experiments suggest that Ars2,
which has multiple substantial RNA-processing activities, is not
essential for early neuronal fate commitment.

Ars2 is continuously required for adult neurogenesis in the
hippocampus

Beyond the embryonic VZ and adult SVZ, the DG SGZ is the third
NSC niche in the mouse forebrain. To investigate whether Ars2
regulates SGZ NSC development, we first characterized its
expression pattern in the DG. Immunostaining of 2-month-old
mouse brains revealed expression of Ars2 in adult NSCs, marked by
double positivity for GFAP and SOX2 (Fig. 4A). Many DCX*
neuroblasts appeared to downregulate Ars2 (Fig. 4B, asterisks),
whereas most NeuN"™ mature neurons expressed Ars2 (Fig. 4C).
Thus, the expression dynamics of Ars2 are similar between
embryonic (Fig. 1) and adult neural lineages.
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Fig. 3. Ars2 is required for neuronal maturation but not for neuronal specification. (A) P12 control (1\GFAP-Cre; Ars2"*) and hGFAP-Cre; Ars2""

brains immunostained for Ars2 (green), BrdU (red) and DAPI (blue). DG, dentate gyrus. (B) P12 brain immunostained for Ars2 (green), NeuN (red) and

DAPI (blue). Ars2-knockout hippocampal pyramidal cells (arrowheads) fail to differentiate into mature neurons. (C) Summary of neural development and stage-
specific molecular markers. (D-F) P12 hippocampal CA1 region demonstrates that Ars2-knockout cells inappropriately maintain neuroblast/newborn

neuronal markers DCX (D) and TBR1 (E), and express BEND6 (F). (G) Immunostaining for cleaved caspase-3 (red) reveals sporadic cell death preferentially
in Ars2 null regions. Arrowheads indicate mosaic Ars2-knockout regions in the hippocampal stratum pyramidal layer. Scale bars: 100 pm.
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Fig. 4. Ars2 is required for adult neurogenesis and select behavioral functions. (A) Immunostaining of adult dentate gyrus (DG). Bottom panels show
magnification of boxed area, which indicates a SOX2* cell with low Ars2. Dashed circles indicate co-localization of Ars2 (green), SOX2 (blue) and GFAP (red).
(B) Adult DG shows co-localization of Ars2 (green) and DCX (red), but Ars2 is downregulated in some DCX* cells (marked with asterisks). (C) Adult DG shows
co-expression of Ars2 (green) and NeuN (red). (D) Scheme of tamoxifen administration in Nestin-CreERT2; Ai9; Ars2™" mice. (E-F’) Reduction of immature DG
neurons co-expressing DCX (green) and tdTomato (red) in Nestin-CreERT2; Ars2: Ai9 mice compared with control littermates. E’ and F’ show magnifications of
the boxed areas in E and F, respectively. (G) Quantification of E,F; n=3, two tailed t-test; data are meanzs.d. (H) Experimental scheme of proliferating NSC
quantification assay used in J and K. (I,J) Quantitative evaluation of CIdU*/SOX2* NSCs and CldU*/IdU* proliferating NSCs in the DG of control and induced cKO
mice. *P<0.05. n=3, two-tailed t-test; data are mean+s.e.m. (K) Reduced immobility time of both male and female Ars2-CKO mice. C-TAM, control Ars2™ injected
with TAM; C-W, control wild type; E-TAM, Cre* Ars20if injected with TAM. Repeated measures of ANOVA. Males: group effect (2, 32)=4.449, P=0.0197;
groupxtime interaction F(4, 64)=2.63, P=0.0424; multiple t-test with the Holm-Sidak method; C-W versus E-TAM *P=0.0081. N=6, 12, 13. Females: group effect
F(2, 38)=4.08, P=0.0248; C-W versus E-TAM *P=0.0237 and 0.0306; C-TAM versus E-TAM #P=0.0179. N=8, 19, 14. Scale bars: 50 ym in A-C; 100 um in E,F.

To investigate the function of Ars2 in specification and
differentiation of adult DG NSCs, we utilized Nestin-CreERT?2
to conditionally delete Ars2 in a tamoxifen-dependent manner.
To test the efficacy of this system, we generated triple-transgenic
mice bearing A4i9 to monitor Cre-mediated activation of
tdTomato. We examined neurogenesis one month after
tamoxifen administration at 6 weeks of age (four daily doses)

by immunostaining DCX to mark neuroblasts and tdTomato to
monitor Cre activity (Fig. 4D). The number of tdTomato" cells
expressing DCX decreased dramatically in Nestin-CreERT2; Ai9,
Ars2"" mice (Fig. 4E-G), indicating that Ars2 maintains adult
neurogenesis. In addition, the remaining DCX and tdTomato
co-labeled cells showed reduced numbers and lengths of neural
processes.
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To test the role of Ars2 in generating adult SGZ NSCs, we
administered four doses of tamoxifen to two-month-old Nestin-
CreERT2; Ars2™' animals, then injected chlorodeoxyuridine
(C1dU) to monitor the fate of proliferating cells over 3 weeks, and
iododeoxyuridine (IdU) 1h before sacrifice to label actively
proliferating cells (Fig. 4H). Compared with control animals
without tamoxifen treatment, conditional ablation of Ars2 resulted
in substantial loss of label-retaining SOX2* cells (i.e. quiescent
NSCs), as well as C1dU"/IdU" cells (i.e. proliferating NSCs) in adult
SGZ (Fig. 4L,J). We conclude that Ars2 is essential for normal levels
of ongoing adult neurogenesis and neuroblast generation in the fully
mature DG.

Deletion of Ars2in SGZ NSCs causes abnormal stress coping
The possibility to obtain temporally selective deletion of Ars2 in
adult SVZ allowed us to study its impact on adult behaviors. First,
we confirmed that adult-specific ablation of Ars2 in tamoxifen-
treated Nestin-CreERT2; Ars2" (i.e. Ars2-cKO), beginning at two
months, resulted in substantial reduction in DCX" staining four
weeks later and thus a deficit in adult neurogenesis (Fig. S4).
Although precise functions of adult-born granule cells remain
controversial, loss- and gain-of-function studies suggest their
involvement in cognitive functions and emotional behavior,
including spatial learning/memory (Blaiss et al., 2011; Dupret
et al., 2008), contextual fear learning (Saxe et al., 2006), stress
responsiveness (Jedynak et al., 2014) and anxiety (Revest et al.,
2009).

After determining that Ars2-cKO did not substantially affect
overall levels of locomotion (Fig. S5A), we tested these mice for
cognitive performance. We employed two paradigms for
hippocampal-dependent learning and memory: the Morris water
maze (MWM) and contextual fear conditioning (CFC). The MWM
test is a spatial task to navigate a water-filled pool, using distal room
cues, to find and memorize the location of a submerged escape
platform. Following repeated learning trials, the platform is
removed and mice are tested to see whether they recall the
platform location by spending more time in the corresponding area
of the maze. CFC is an associative learning paradigm that tests the
ability of mice to link an adverse event (footshock) to the
corresponding context or environment, to anticipate the event
when exposed to the context later. One or a few context-footshock
associations suffice to elicit anticipatory freezing to context
exposure alone. Nestin-CreERT2-mediated Ars2-cKO in adult
mice did not cause deficits in either cognitive tests (MWM or
CFC, Fig. S5B,C), indicating no impairments in hippocampal
spatial and associative memory.

We next tested responses to fear- and anxiety-inducing stimuli. In
the elevated plus maze (EPM), mice tend to avoid the two open and
elevated arms and prefer the two closed protected arms. The relative
time spent in open versus opentclosed arms quantifies fear
response. In the forced swim test (FST), mice exhibit vigorous
escape-directed behavior (swimming and climbing) when placed in
a water-filled beaker, an inescapable environment. The time of
immobility (i.e. no swimming and climbing) is quantified over three
2-min intervals after placing mice in the beaker. Although reduced
immobility in FST was originally used to predict antidepressant-like
activity (Porsolt et al., 1978), this has more recently been interpreted
as increased active coping to inescapable stress. We observed that
avoidance of open EPM arms was not substantially altered in Ars2-
¢KO mice, suggesting normal responses in this relatively low and
avoidable stress environment (Fig. S5D). By contrast, Ars2-cKO
mice (Cre*, TAM) exhibited reduced immobility (i.e. increased

swimming/climbing) in the FST (Fig. 4K), suggesting increased
responsiveness to a strong and inescapable stress. Importantly, both
male and female Ars2-cKO mice exhibited FST behavioral
differences relative to control Nestin-CreERT2; Ars2™ mice that
were sham-treated, as well as to control Nestin-CreERT2; Ars2"*
mice treated with tamoxifen. Thus, increased stress responsiveness
of Ars2-cKO mice was robust to sex and is not attributable to
tamoxifen, genotype or stress associated with prior experimental
handling.

Overall, these data indicate that defects in adult neurogenesis
caused by Ars2-cKO manifest with specific behavioral
consequences. They do not alter cognitive functions or the ability
to cope with a low stress environment, but yield specific defects in
coping with inescapable stress.

Ars2 broadly associates with enhancers selectively in NSCs
Following these cellular and functional assays, we sought insights
into molecular roles of Ars2. We have reported that Ars2 binds to
Sox2 regulatory regions and transcriptionally activates Sox2 during
NSC renewal, and used neurosphere cultures as a model (Andreu-
Agullo et al., 2012). To extend a genomic view, we generated Ars2
and IgG ChIP-seq data from self-renewing primary neurospheres
cultured from adult SVZ (Fig. S6A). Indeed, the previously
identified enhancers upstream of Sox2 were strongly targeted by
Ars2 (Fig. 5A) and comprised some of the most enriched regions
genomewide.

As Ars2 has extensive roles in RNA biogenesis, Ars2 might
associate with chromatin indirectly through RNA or RNA synthesis
machinery. We therefore generated additional ChIP-seq data using
RNase-treated sonicated material. Inspection of Sox2 showed that
strong Ars2 peaks at its 5 UTR/3" UTR were selectively lost
following RNase treatment, whereas Ars2 peaks at Sox2 enhancers
remained (Fig. SA). These data are consistent with the notion that
RNase treatment disrupted transcript-associated Ars2 tethering to
chromatin.

The Ars2 ChIP peaks at Sox2 were so abundant that some
individual Ars2 ChIP-seq reads at Sox2 were highly duplicated (up
to millions of reads out of 100-180M reads). The Sox2 peaks did not
resemble classical PCR artifacts as they had smooth contours
(Fig. 5A), instead of square blocks of single amplified reads.
However, as we did not use unique molecular identifiers during
library construction, we were conservative and removed duplicate
reads for peak-calling. Even when considering only unique reads,
Sox2 enhancer peaks remained highly enriched compared with IgG
ChIP-seq. The peaks (=10 reads, >2.5 fold compared with IgG
control) were then subtracted using the mouseENCODE blacklist.
Using these parameters, we obtained 13,703 regions in Ars2 ChIP-
seq data without RNase (Fig. 5B). Fewer peaks were identified in
RNase-treated Ars2 ChIP-seq data (6327), but the strong majority of
these (4459 peaks) were shared with Ars2 ChIP-seq data generated
without RNase treatment (Fig. 5B).

When stratifying overlaps by ChIP peak strength, it was evident
that common peaks were concentrated amongst higher-enriched
Ars2 peaks in the respective ChIP-seq datasets (Fig. 5C). In
addition, we observed genomewide reduction of transcription start
site (TSS)-associated peaks in RNase-treated Ars2 ChIP data,
compared with data without RNase treatment (Fig. 5D). We took the
common peaks between the Ars2 ChIP datasets to represent
confident RNase-independent chromatin association of Ars2, and
used these for downstream analyses.

To verify these ChIP data, we selected regions with different
levels of Ars2 enrichment, along with negative controls, for ChIP-
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Venn diagram shows the genome-wide overlaps between 4428 common Ars2 and active enhancer marker H3K27Ac in NSCs.

gqPCR tests. Overall, we obtained good concordance between
ChIP-Seq and ChIP-gPCR from neurospheres (Fig. S5SE).
Furthermore, we performed ChIP-qPCR of Ars2 peaks at Sox2,
Sox21 and FEgfir using mouse forebrain tissues at different
developmental stages. In tissues containing NSCs, such as
embryonic day (E)18.5 brain, PS5 hippocampus and adult SVZ,
these Ars2 ChIP-seq regions confirmed enrichment compared with
IgG ChIP and adjacent ChIP-seq signal-negative sites. In contrast,
ChIP-qPCR using adult cortex, which consists of post-mitotic
neurons and glial cells, showed no ChIP enrichment (Fig. 5F).

To explore whether Ars2 has dynamic chromatin interactions, we
performed Ars2 ChIP-seq from differentiated neurospheres, which
include early post-mitotic neurons, astrocytes and oligodendrocytes
(Fig. S6B). Although we obtained >104 M reads mapped to the
mm1l0 genome, we obtained only 974 peaks (Fig. 5B). Moreover,
although not included in the mouse ENCODE genomic blacklist,

many of these peaks located in non-conserved regions, unassembled
genomic regions and Y chromosome (Fig. S6C). Interestingly,
Cwc22 exhibited intense Ars2 binding in differentiated
neurospheres (Fig. S6C). Only 31 peaks were co-targeted by Ars2
in proliferating NSCs, most of which were also not conserved
(Fig. 5B; Fig. S6D). This is consistent with our finding that Ars2 is
poorly expressed by immature neurons and that Ars2 knockout
NSCs can progress into premature neuronal stages.

Although analyses centered on TSS give an impression of centered
Ars2 enrichment close to basal promoters (Fig. 5D), its RNA-
independent chromatin-associated regions mostly comprise intronic
or intragenic regions distal from TSS, with ChIP sites in CDS and
UTRs accounting for only 1% and 2.3% of total peaks, respectively
(Fig. 5G; Fig. S6D,E). Still, Ars2 preferentially associated with
evolutionarily conserved regions, as its ChIP-seq peaks coincide with
local maxima in pan-mammalian PhastCons scores (Fig. SH).

DEVELOPMENT


http://dev.biologists.org/lookup/doi/10.1242/dev.180018.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.180018.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.180018.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.180018.supplemental
http://dev.biologists.org/lookup/doi/10.1242/dev.180018.supplemental

STEM CELLS AND REGENERATION

Development (2020) 147, dev180018. doi:10.1242/dev.180018

To further evaluate whether Ars2 is located in active regulatory
elements in NSCs, we compared Ars2 peaks with ChIP-seq data for
the active enhancer-associated mark H3K27ac (Martynoga et al.,
2013) and the promoter-associated mark H3K4me3 (Benayoun
etal., 2014). We observed that 2165/4459 Ars2 NSC peaks (48.6%)
overlapped with H3K27Ac-marked enhancers in the two NSC states
(1887 in proliferating NSCs and 1730 in quiescent NSCs). Most of
these regions (1452, 67.1%) were identified in both quiescent and
proliferating cells (Fig. 5I). In contrast, only 971 of the 4459 peaks
(21.8%) were marked by H3K4me3 (Fig. S6F). These analyses
suggest that Ars2-bound regions are more likely to be intronic and
intragenic enhancers in NSCs, and that substantial Ars2-DNA
interactions are independent of co-transcriptional associations via
RNA. Overall, these ChIP-seq data broadly extend the notion that
Ars2 associates with enhancers in a temporally dynamic fashion in
NSCs.

Ars2 targets many neural regulators

Many known NSC regulators were bound by Ars2 in both datasets.
Besides Sox2, these included genes such as Nes, EGFR and Ascll
(Fig. S6; Fig. 6). Moreover, gene ontology (GO) analysis revealed
that Ars2 targets are enriched for NSC and brain development
functions (Fig. 6A), including Hesl, Hes5 and Notchl (Fig. 6B).
Functional categories related to myelinating glial development were
also significantly enriched, such as Oligl/2 (Fig. 6B). ChIP-seq
analysis revealed that these genes are bound by Ars2 only in NSCs
but not in differentiated neurospheres. In contrast, there was no ChIP
enrichment at Bend6, Thrl or Dcx (Fig. S6G), genes with a
maintained expression in Ars2-cKO mosaic tissue (Fig. 3D-F).

We performed additional ChIP-qPCR validations using RNase-
treated material and our new Ars2 antibody, which our cKO
stainings showed to be specific for endogenous Ars2 (Figs 2 and 3).
Compared with IgG ChIP and a negative control region from Sox2,
we confirmed Ars2 enrichment at Hes5, Notchl and Oligl/2
(Fig. 6C). Given that Ars2 associates with active enhancers, we next
assessed how Ars2 loss impacts target expression. We have
previously used Ars2-shRNAs in adult NSCs (Andreu-Agullo
et al., 2012), but here used Cre virus to delete the floxed Ars2
allele in embryonic NSC cultures (Fig. 6D). We observed
downregulation of direct Ars2 targets Hesl, Hes5 and Sox2 in
gqPCR assays (Fig. 6D). Although we recognize that loss of any
factor crucial for NSC maintenance might lead to indirect changes
in gene expression due to alteration of cell identity, these data
support the notion that Ars2 can regulate bound loci in NSCs.

We extended our in vitro assessments to in vivo settings. To
circumvent the varied knockout efficiency and hydrocephalus by
hGFAP-Cre, we crossed Ars2™" mice to Olig2-Cre, which stably
expresses Cre in a subset of NSCs that give rise to oligodendrocytes,
interneurons (Fig. 6E) and motor neurons. As Olig2-Cre; Ars2™"
mice die at PO, possibly owing to failure of motor neuron genesis,
we focused on embryonic stages. At EI15.5, Olig2-Cre
recombination is constrained to the ventral VZ, which gives rise
to adult SVZ and ventral originating oligodendrocyte precursors
(OPCs), but it is not active in dorsal neural progenitors (Fig. 6E).
Immunostaining of Olig2-Cre; Ars2™" medial ganglionic eminence
(MGE) showed reduced thickness and reduction of dividing
markers (Ki67 and BrdU, Fig. 6F). Defective ventral proliferation
was consistent with the requirements of Ars2 for adult SVZ
(Andreu-Agullo et al., 2012) and embryonic forebrain NSC
development (Fig. 1C). In contrast, there were no proliferation
defects in the dorsal VZ, in which Olig2-Cre is not yet active
(Fig. S7). We further observed that in E15.5 Olig2-Cre; Ars2™"

MGE, cells negative for Ars2 reliably lacked SOX2, consistent with
their regulatory relationship (Fig. 6G). These observations support
the requirement of Ars2 in NSCs.

Ars2 exhibits broad genomic co-binding with core NSC factor
SOX2

To interpret the ChIP-seq data within broader regulatory networks,
we performed de novo motif discovery. Amongst the top 4000 Ars2
peaks were consensus sequences for known transcription factors
(TFs). These included high frequency (1148/4000 regions, E=1.6e-
62) of class II bHLH activator sites, which closely resemble the
recently defined consensus for Ascll (Casey et al., 2018), a well-
known neural lineage specification TF (Guillemot et al., 1993).
Other motifs included those for NRF1 (641/4000, E=4.0e-140), an
activator of NMDA receptor genes in neurons (Dhar and Wong-
Riley, 2009); EGR1 (1347/4000, E=1.2e-69), an immediate early
gene of active NSCs (Llorens-Bobadilla et al., 2015) that mediates
NSC expansion upon hypoxia (Alagappan et al., 2013); and NFIX
(989/4000, E=1.7¢-62), a TF crucial for NSC quiescence
(Martynoga et al., 2013).

The only unknown motifidentified was GCGTGCGT, the second
most significant motif (384/4000, E=1.0e-169) (Fig. S8). However,
this did not resemble the sequence we have previously characterized
in Sox2 to associate with Ars2 (Andreu-Agullo et al., 2012), even
though this region was indeed strongly enriched in our ChIP-seq
data. To further evaluate the Ars2 binding site in the Sox2 regulatory
region, we performed gel shift analysis using a minimal 27 bp
region that bound in vitro translated Ars2. By testing probes bearing
clustered mutations that tiled across its length, we identified specific
nucleotides necessary for Ars2 association to DNA in vitro
(Fig. S9). However, we are not presently able to relate the nucleic
acid binding properties of Ars2 to ChIP motifs. Thus, it appears
Ars2 ChIP-seq data may represent mostly indirect (albeit
RNA-independent) associations with chromatin.

The most intriguing aspect of Ars2 ChIP-seq data regarded the
top-enriched motif. This was present in 73/100 top Ars2-ChIP peaks
(E=6.4e—41) (Fig. 7A,B), and was the most highly represented motif
in all other peak classes, although more strongly enriched amongst
top Ars2-ChlIP peaks (Fig. 7B; Fig. S8). According to the JASPAR
TF database, this motif resembles the consensus recognized by
SOX2 (Matrix ID: MAO0143.3, E=1.87¢-08) (Fig. 7A), a well-
established NSC transcription factor that is targeted by Ars2 during
NSC development.

The SOX2 motifs are located near Ars2 peak summits (Fig. 7C),
suggesting close association. To evaluate colocalization of Ars2 and
SOX2 genomewide, we performed SOX2 ChIP-seq in proliferating
NSCs, which identified 3881 peaks (Fig. 7D). De novo motif
discovery identified the known Sox2 motif as the most highly
enriched DNA consensus sequence in SOX2-ChIP peaks,
validating data quality. GO analysis of SOX2-associated genes
showed enriched functions relating to brain development and
inhibition of neuronal differentiation (Fig. 7E). Strikingly, 1500/
3881 SOX2 peaks were co-occupied by Ars2 (Fig. 7D), providing
evidence for broad colocalization of these factors on chromatin.
Interestingly, SOX2 motif enrichment was slightly stronger
amongst SOX2 peaks co-bound with Ars2 (Fig. 7F).

Inspection of ChIP tracks confirmed co-occupancy of Ars2 and
SOX2 at many NSC loci, including Hes5, Notchl and Oligl/2
enhancers (Fig. 6C), as well as Sox2, Ascll and EGFR (Fig. 7G). As
we had confirmed these for Ars2 binding by ChIP-qPCR, we
selected these loci for SOX2 ChIP-qPCR using RNase-treated
chromatin samples. These assays confirmed that SOX2 associates
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Fig. 6. Ars2 targets essential neural regulators. (A) Functional annotation of Ars2-bound regions in proliferating NSCs. (B) Ars2 and SOX2 enrichment profiles
at representative NSC regulators (e.g. Hes5 and Notch1) and glial regulator Olig2. (C) Selected Ars2 peaks were validated by ChIP-gPCR (red bars in panel B
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Cre. Red region in the diagram indicates Olig2-Cre-expressing area in embryonic ventral forebrain. (F) E15.5 Olig2-Cre; Ars2"* (ctrl) and Olig2-Cre; Ars2™"
medial ganglionic eminence (MGE) region stained for Ki67 (red), BrdU (green) and DAPI (blue). Arrowhead indicates that the thickness of MGE, the ventral
progenitor region, is reduced in mutants. (G) E15.5 Olig2-Cre; Ars2™ ventral VZ stained for SOX2 (red), Ars2 (green) and DAPI (blue). Arrowheads indicate that
cells without Ars2 are specifically negative for SOX2. Panels on the right show magnification of the boxed areas on the left. Scale bar: 100 pmin F; 50 pmin G.

with these Ars2-bound loci (Figs 6C and 7H). Nevertheless, despite ~ Zcchc2 were only identified with SOX2-ChIP peaks (Fig. S10D-F).
strong trends for co-association, some regions were individually — Thus, these factors exhibit specificity in their respective ChIP-seq
bound by Ars2 or SOX2. For example, Hesl, Pou3F2 and Mytll  datasets. Overall, although ChIP-seq data did not resolve whether
were bound only by Ars2 (Fig. SI0A-C), whereas Gli2, Has2 and  Ars2 directly associates with chromatin via a distinct DNA binding
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site, we reveal unexpected genomic co-association of Ars2 and
SOX2, two factors needed for NSC self-renewal.

DISCUSSION

Stage-specific requirements of Ars2 during neural
development

Ars2 is well-established as an RNA-processing factor, and interacts
with diverse RNA machineries to regulate multiple transcript types
(Andersen et al., 2013; Gruber et al., 2009; Hallais et al., 2013;
Sabath et al., 2013; Sabin et al., 2009; Wang et al., 2018). Thus,
Ars2 is intuitively considered as a ubiquitous protein with
housekeeping functions. Here, our systematic conditional
knockout experiments yield unanticipated stage-specific roles for
Ars2 during neural development. Ars2 has cell type-specific
expression in neuronal lineages and not only maintains NSCs, but
also controls post-mitotic neuron maturation. In the adult,
hippocampal Ars2 is crucial for adult neurogenesis in the DG,
and required for specific aspects of emotional but not cognitive
behavior. Thus, Ars2 has dynamic roles in neuronal lineages.

Broad chromatin localization of Ars2 to enhancers in NSCs
Studies of Sox2 enhancers identified an unconventional role of Ars2
as a transcriptional regulator (Andreu-Agullo et al., 2012). Here, we
used ChIP-seq to reveal that Ars2 associates broadly with chromatin
in a cell type-specific manner. Ars2 is a nuclear co-transcriptional
RNA processor (Schulze and Cusack, 2017). However, beyond
association to actively transcribed exons, we defined thousands of
RNase-independent Ars2 ChIP peaks, which exhibit genomic
features of enhancers.

How does Ars2 interact with DNA? A limitation of our current
Ars2 ChIP analysis is that it did not reveal a direct binding site
consensus, which was sought from a previous study (Andreu-
Agullo et al., 2012). Ars2 structural analyses (Schulze et al., 2018)

revealed how the Ars2 RRM domain and C terminus interact with
RNA and protein partners, but we know less about the rest of Ars2,
including the RDEGP-rich N terminus, the domain of unknown
function 3546 (DUF3546), the middle helical core and the
C-terminal leg. Perhaps structural data can provide insights into
its association with DNA. However, an intriguing observation is that
Ars2 RNase-independent ChIP peaks in NSCs are highly enriched
for SOX2 motifs, and SOX2 ChIP-seq confirmed broad
colocalization of Ars2 and SOX2 in NSCs. Because SOX2
primes a permissive chromatin landscape in the NSCs during
SGZ neurogenesis (Amador-Arjona et al., 2015), Ars2 might be
recruited by SOX2 to DNA. Although studies of FLAG-SOX2
pulldown from E11.5 cortex did not recover Ars2 (Engelen et al.,
2011), it is tempting to speculate a feed-forward loop, whereby Sox2
is not only targeted by Ars2, but Ars2 has a broader role in working
with SOX2 at NSC enhancers.

Arabidopsis Ars2 ortholog SERRATE processes miRNAs by
physically interacting with the SWI2/SNF2 complex (Wang et al.,
2018). Mammalian Ars2 contains all functional domains of
Arabidopsis SERRATE, and SWI/SNF also plays crucial roles
during mammalian neurogenesis. Similar to the role of Ars2 in
neural specification, the SWI/SNF complex is not required for the
specification of neural progenitors into OPCs and does not associate
with DNA in OPCs. More interestingly, SWI/SNF null OPCs [cKO
of SWI/SNF core ATPase Brgl (Smarca4)] cannot differentiate and
undergo apoptosis (Yu et al., 2013), which we also observed in Ars2
null early-born neurons. Further studies can address whether NSC
Ars2 functions with SWI/SNF or other chromatin remodeling/
modifying complexes.

Impact of newly-born neurons on behavior

The contribution of adult-born neurons in the DG to cognitive and
emotional behaviors has been extensively studied by impairing
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adult neurogenesis using genetic manipulations, focal irradiation or
chemical tools. Perhaps because of differences across these
approaches, their effectiveness and side effects, these studies
collectively yielded inconsistent findings. Similar to our
observations with 4rs2-cKO mice, most studies found no effect of
suppressing adult DG neurogenesis on spatial memory in the MWM
(Groves et al., 2013; Jaholkowski et al., 2009; Saxe et al., 2006).
However, one study reported a cognitive deficit in a macrophage
migration inhibitory factor-deficient model (Conboy et al., 2011).
Although several studies conclude that loss of adult-born neurons
impairs contextual fear conditioning responses (Deng and Gage,
2015; Saxe et al., 2006), some, including this report with Ars2-cKO
mice, found normal fear memories in mice with impaired adult
neurogenesis (Drew et al., 2010). Behavior in the FST is even more
variable, with different strategies of impairing adult neurogenesis
reported as reducing (Jedynak et al., 2014), increasing (Snyder et al.,
2011) or causing no change (Deng and Gage, 2015; Revest et al.,
2009) to immobility behaviors. We note that the reduced immobility
behavior, interpreted as increased stress responsiveness, of
Ars2-¢KO mice is similar to the behavior of cyclin D2-¢cKO mice
in the FST (Jedynak et al., 2014). Finally, reduced neurogenesis in
Ars2-cKO mice caused no anxiety in a low stress and escapable
situation, represented by the open arm of the EPM, similar to some
models (Deng and Gage, 2015; Jedynak et al., 2014), whereas other
models exhibited increased anxiety-like behavior (Conboy et al.,
2011; Revest et al., 2009).

Considering these diverse behavioral conclusions from different
models of compromised adult neurogenesis, we note that Ars2-cKO
and cyclin D2-cKO mice exhibit relatively similar behavioral
profiles. These include increased stress response (FST, reduced
immobility) and no changes in spatial memory (MWM) or anxiety-
like behavior (EPM) (Jedynak et al., 2014). That these independent
genetic models of suppressing adult neurogenesis converge on
similar behavioral consequences supports the notion of a common
functional basis for this deficit at the circuit level.

MATERIALS AND METHODS

Mouse maintenance

All mice were housed in the Memorial Sloan-Kettering Cancer Center
mouse facility and treated with procedures approved by the Institutional
Animal Care and Use Committee (IACUC). Ars2-flox transgenic mice were
maintained as previously described (Andreu-Agullo et al., 2012). hGFAP-
Cre (Stock #004600) (Zhuo et al., 2001), 4i9 (ROSA-loxP-STOP-loxP-
tdTomato, Stock #007909) (Madisen et al., 2010), Nestin-CreERT2 (Stock
#016261) (Battiste et al., 2007) and Olig2-Cre (Stock #025567) (Zawadzka
etal., 2010) mice were obtained from the Jackson Laboratory. For activation
of the Nestin-CreERT2, 4-hydroxytamoxifen (TAM) was administered via
intraperitoneal injection in P30 mice, or through gavaging in adult mice over
P60. Both males and females were used for phenotypic analyses. All mice
were maintained with a mixed background of C57BL6 and /29S1.

NSC culture and differentiation

NSCs are cultured with NeuroCult Proliferation Kit (Stemcell Technologies,
05702) according to the manufacturer’s manual. Briefly, adult SVZ is
dissected from 6-8 week mice. Chopped tissue was enzymatically
dissociated with Accutase (Stemcell Technologies, 07920), mechanically
dissociated by pipetting, and cultured with NeuroCult medium containing
epidermal growth factor (EGF; 20 ng/ml, Peprotech) and FGF2 (10 ng/ml,
Peprotech). For the differentiation assay, cells were seeded on poly-D-
lysine-coated glass coverslips and cultured in medium without EGF.

Histology, antibody and imaging
Mice were perfused intracardially with phosphate buffered saline (PBS),
followed by 4% paraformaldehyde (PFA). The brain was then dissected and

post fixed for 6-8 h. Brain vibratome sections at 70 um were used for
immunohistochemistry. Rabbit Ars2 antibody was a gift from Dr Xin Lu
(Ludwig Institute for Cancer Research, Oxford, UK). A new goat Ars2 was
made using the C terminus peptide (C-DPRAIVEYRDLDAPD) and used at
2.5 pg/ml for immunostaining and ChIP-seq and 1 pg/ml for western
blotting. BENDG6 antibody was made by SDIX against amino acids 101-190
(LPQAVTQFEELVGMAETLLKSGGAVSTPASTLWRATNNSSPDSFA-
SLCSNSNSTSSSPSSVKAEEEQHPGEKQFTIERWQIARCNKSKPQ)
and used at 2 pug/ml for immunostaining. The following commercial
antibodies were used in immunostaining: rabbit anti-SOX2 (R&D Systems,
AF2018, 1:200), mouse anti-NeuN (Millipore, MAB377, 1:400), goat
anti-DCX (Santa Cruz Biotechnology, SC8066, 1:100), goat anti-Pax6
(BioLegend, prb-278p, 1:500), rabbit anti-cleaved Caspase-3 (Cell
Signaling Technology, D175, 1:400), mouse anti-GFAP (Sigma-Aldrich,
G3893, 1:1000), rabbit anti-GFAP (Dako, Z0334, 1:1000), rabbit anti-Ki67
(Thermo Fisher Scientific, RM-9106, 1:300) and rat anti-BrdU (Santa Cruz
Biotechnology, SC56258, 1:400). BrdU was administered via
intraperitoneal injection 30 min before sacrifice (50 mg/kg body weight).
Before BrdU staining, sections were treated with HCI (1N) and washed
thoroughly with PBS. EdU analysis was performed using the
manufacturer’s protocol (Life Technologies). Images were obtained using
a Leica TCS confocal microscope and analyzed with ImageJ and Photoshop.
The images of whole cerebellum, CA1 region and DG (Figs 2E,G,0, 3A,F
and 4E,F) were generated by automerging confocal images using the
photomerge utility in Photoshop. In some cases, merged images were
manually adjusted to optimize tiling.

ChlIP-seq and ChIP-qPCR

ChIP is performed largely as previously described with minor modifications
(Daietal., 2013b). In brief, 2x107 NSCs were harvested and cross-linked for
sonication. Immunoprecipitation was performed with 4 ug rabbit or goat
anti-Ars2 antibody. Normal rabbit or goat IgG was used as control. For ChIP
with RNase treatment, RNase A (Roche, 11579681001) was added to the
cell pellet and/or chromatin extract to 100 ug/ml. DNA libraries were made
using the Illumina ChIP-seq library preparation kit and sequenced as
individual lanes on the Illumina GAII. qPCR was performed with the Bio-
Rad CFX96 machine using Power SYBR Green reagent (Applied
Biosystems). Primers for qPCR were designed with online tools from IDT
(see Table S1).

Computational analyses

Reads were mapped to the mm10 genome using Bowtie2.2.5 with default
parameters (Langmead and Salzberg, 2012) and visualized by converting to
wiggle coverage format using QUEST (Valouev et al., 2008). Peaks were
defined with MACS2 (Feng et al., 2012). We used a conservative approach
to re-apply peak calling with MACS2 (https:/github.com/taoliu/MACS)
(Zhang et al., 2008) and removed duplicate reads at unique-mapped
locations. Note that this may underestimate the peak enrichment at highly
ChlIPed regions, such as Sox2. Peak summits were annotated to genes with
the nearest TSS (within 2 million base pairs) using Refseq release 72. For de
novo motif finding, we ran MEME-ChIP on regions with 300 bp flanking
summits, searching for 6-12 nt motifs using default settings (Bailey and
Elkan, 1994). We tested different classes of Ars2-bound regions across
various levels of ChIP enrichment, as summarized in the text. GO analysis
was carried out using GREAT v3.0 (http:/great.stanford.edu/public/html/)
(McLean et al., 2010).

We used published scRNA-seq data (Loo et al., 2019) to survey genes in
E14.5 embryonic neocortex, focusing on the RG1 (8-E), VZ-SVZ (11-E),
and SVZ (migrating) (4-E) cell populations as described (http:/zylkalab.
org/datamousecortex).

Behavioral procedures

All testing was performed between 8am and Spm with §-to 14-week-old
mice. First, animals were tested for spatial memory in the MWM as
described (Dumont et al., 2009). The subjects’ movements in the maze were
tracked and analyzed using EthoVision (Noldus Information Technology).
One week after the completion of this test, innate fear/anxiety was assessed
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using the EPM as previously described (Gleason et al., 2010). Numbers of
arm entries and distance covered during a 10 min trial were tracked and
analyzed by EthoVision. One week after the completion of the EPM test,
stress-induced escape behavior was assessed using the Porsolt swim test
(Porsolt et al., 1978), with mice placed into a cylinder filled with room
temperature water and allowed to swim for 6 min. Immobility duration was
scored from video by a blinded observer. Finally, 3 days later, animals were
tested for contextual fear conditioning according to a published protocol
(Pattwell et al., 2011). Freezing behavior was recorded by the FreezeFrame
software (Actimetrics).

Statistical analysis

Prism (7.0c) and SPSS (20) were used to perform unpaired #-test, one-way
ANOVA, two-way ANOVA, and repeated-measures ANOVA, as specified
in the legends of each figure.
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Figure S1. Additional characterization of Ars2 expression.

(A) A minority of ventricular zone (VZ) nuclei coexpress phosphohistone H3 (pH3), but most VZ nuclei are Ars2+/pH3-.

Overall, Ars2 protein decreases in the subventricular zone (SVZ). (B-C) Single cell RNA-seq data (from Loo et al,
2019) recapitulates the immunostaining pattern of Ars2 protein and other celltype markers. (B) Ars2 transcripts are
higher in neural stem cells (radial glia), and progressively lower in the VZ-SVZ population to migrating SVZ cells. This
pattern is opposite to the progressively increasing pattern of neuroblast marker Dcx and neuronal marker Neurod6.
(C) Pattern of Ars2 in these cell populations is similar to known NSC markers.

C
o
e}
(]
£
-
'.9
£
>
|4
©
-
C
Q
£
Q
Q
Q
>
wn
L]
)
[
Q
£
Q
o
()
>
[}
o



Development: doi:10.1242/dev.180018: Supplementary information

Ctrl hGFAP-Cre; Ars2-fi/fl

NeuN

scale=400um

Ctrl hGFAP-Cre; Ars2-fl/fl

Pax6
scale=50um
C Ctrl hGFAP-Cre; Ars2-fl/fl
Calb

scale=250um

Figure S2. Phenotypic analysis of Ars2 knockout cerebellum.

(A) Sagittal sections of P15 cerebellar vermis from hGFAP-Cre; Ars2fl/fl mouse with strong phenotype and control littermate were stained with NeuN.
Scale bar = 400pm.

(B) Sagittal sections of P15 cerebellum from hGFAP-Cre; Ars2fl/fl mouse with weak phenotype and control littermate were stained with Pax6. Arrow indi-
cates the appearance of central fissure. Arrowhead indicates lobule I. Scale bar = 50um

(D) Sagittal sections of P25 cerebellum from hGFAP-Cre; Ars2fl/fl mouse with weak phenotype and control littermate were stained with Calbindin (Calb)
antibody. Arrowheads indicate the multilayered Purkinje cells. Scale bar = 250pm.
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------

hGFAP-Cre; Ars2™

Ars2 7 N 4

Figure S3. Ars2 deletion leads to astrogliogenesis.

P12 hGFAP-Cre; Ars2fl/fl hippocampal CA1 area stained with Ars2 (green) and astrocyte marker GFAP (red).
Arrowheads and zoomed area indicate mosaic Ars2 knockout regions with ectopic GFAP expressing cells.
Scale bar=100um.
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3 different sham-treated mice (honey gavaging)

3 different Tamoxifen-treated mice

Figure S4. Adult hippocampal neurogenesis is compromised by conditional ablation of Ars2 in neural stem cells.

Nestin-CreER; Ars2 fi/ffl: treated at 2 months, analyzed 4 weeks later

Representative independent Nestin-CreERT2; Ars2-fl/fl mice were sham treated (honey gavaging) or tamoxifen treat-
ed at two months of age, and dissected and stained for Doublecortin (Dcx) stainings four weeks later. The tamoxifen
treated animals exhibited substantial decreases in numbers and branching of total Dcx+ neuroblasts in the dentate
gyrus. Mice from this protocol were used for behavioral analysis.
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A Overall locomotion

B Morris water maze

C Contextual fear conditioning
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Figure S5. Testing the behavioral consequences of adult-specific ablation of Ars2 in neural stem cells.

(A) Conditional KO of Ars2 does not alter overall locomotor activity in open field. C-W=control wild type, E-TAM=Cre+ Ars2-/- injected
with TAM.

(B) The spatial memory of Ars2 cKO mice in the MWM is intact. Groups same as in A.

(C) cKO mice have a control level of fear at baseline (day 1) and one day after contextual fear conditioning (day 2). Time of freezing in
% of total time. C-TAM=control Ars2-/- injected with TAM, E-TAM=Cre+ Ars2-/- injected with TAM. Two way group x day ANOVA. Males,
group effect F(1,50)=0.1145, P=0.7365, N=31, 21. Females, group effect F(1,39)=0.008251, P=0.9281, N=18, 23.

(D) Ars2 cKO and control mice have similar levels of innate anxiety in the EPM. Distance traveled in the open arm vs. total distance in
%. Groups same as in C. Males, unpaired t-test. t=1.441 df=50, p= 0.1557, N=31, 21. Females, t=1.483 df=36, p=0.1467, N=17, 21.
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Figure S6. Ars2 associates with cis-elements in neurospheres, a model of neural stem cells.

(A-B) Confocal images of primary cultured proliferating and differentiating neurospheres. Scale bar=100um.

(C) Enrichment profiles at representative loci with Ars2 binding only in differentiating neurospheres. The non-genic regions generally show
low conservation during evolution. The example of Cwc22 locus exhibits intensive Ars2 binding in differentiated neurospheres.

(D) Enrichment profiles at representative loci with Ars2 binding in both proliferating and differentiated neurospheres. As a class, these re-
gions also show low evolutionary conservation.
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Ki67 BrdU Ki67/BrdU/DAPI

Ctrl

Olig2-Cre; Ars2-cKO

Figure S7. Cell proliferation in dorsal VZ does not change in Olig2-Cre; Ars2-cKO mice.

Confocal images of Olig2-Cre; Ars2-fl/+ control (Ctrl) and Olig2-Cre; Ars2-fl/fl mouse dorsal forebrain stained with
the antibodies to Ki67 (red), BrdU (green) and with DAPI (blue) at E15.5. Consistent with the lack of expression
of Olig2-Cre in dorsal VZ at this stage, no proliferation change was observed in this region, in contrast to the
ventral VZ (see Figure 6F).
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Figure S8. De novo motif discovery using of Ars2 ChIP-seq sites in proliferating neurospheres.

Motifs were derived using the top 4000 most enriched Ars2 sites that were common to ChIP-seq datasets made with-
out and with RNase treatment from self-renewing neurosphere cultures.
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(C) UCSC genome browser of the Sox2 regulatory region; the 27 bp region directly tested in gel-shift analysis is marked with a black bar,

(A) Wildtype and mutant Sox2 sequences tested for binding in gel shift tests using in vitro-translated (IVT) Ars2 protein. The top strand
with locations of mutant probes #3 and #4 indicated in pink.

sequences of the Sox2 probes are shown, with mutations shown in red.
(B) Gel shift tests show that Sox2 mutant probes #3 and #4 failed to interact with IVT Ars2 protein.
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Figure S10. Examples of Ars2 and Sox2 ChIP-seq data on non-overlapping target loci.

(A-C) Example loci targeted by Ars2 but not Sox2 in proliferating neurospheres.
(D-F) Example loci targeted by Sox2 but not Ars2 in proliferating neurospheres.

Table S1. qPCR primers

Click here to Download Table S1
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