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STAU2 binds a complex RNA cargo that changes temporally
with production of diverse intermediate progenitor cells during
mouse corticogenesis
Rebecca Chowdhury1, Yue Wang1, Melissa Campbell1, Susan K. Goderie1, Francis Doyle2,
Scott A. Tenenbaum2, Gretchen Kusek1, Thomas R. Kiehl1, Suraiya A. Ansari3,*, Nathan C. Boles1,*
and Sally Temple1,*,‡

ABSTRACT
STAU2 is a double-stranded RNA-binding protein enriched in the
nervous system. During asymmetric divisions in the developing
mouse cortex, STAU2 preferentially distributes into the intermediate
progenitor cell (IPC), delivering RNA molecules that can impact IPC
behavior. Corticogenesis occurs on a precise time schedule, raising
the hypothesis that the cargo STAU2 delivers into IPCs changes
over time. To test this, we combine RNA-immunoprecipitation
with sequencing (RIP-seq) over four stages of mouse cortical
development, generating a comprehensive cargo profile for STAU2.
A subset of the cargo was ‘stable’, present at all stages, and involved
in chromosome organization, macromolecule localization, translation
andDNA repair. Another subset was ‘dynamic’, changingwith cortical
stage, and involved in neurogenesis, cell projection organization,
neurite outgrowth, and included cortical layer markers. Notably, the
dynamic STAU2 cargo included determinants of IPC versus neuronal
fates and genes contributing to abnormal corticogenesis. Knockdown
of one STAU2 target, Taf13, previously linked to microcephaly and
impaired myelination, reduced oligodendrogenesis in vitro. We
conclude that STAU2 contributes to the timing of corticogenesis by
binding and delivering complex and temporally regulated RNA cargo
into IPCs.
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cortex, Mouse, Intermediate progenitor cells

INTRODUCTION
During mouse corticogenesis, radial glial cells (RGCs), the principal
progenitor cells in the cerebral cortex, can divide asymmetrically in
the ventricular zone (VZ) to produce intermediate progenitor cells
(IPCs) (Götz and Barde, 2005; Sessa et al., 2008). IPCs move to the
subventricular zone (SVZ) where they produce small cohorts of
neurons that migrate to the developing cortical plate (CP)
(Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004).

Differently specified IPCs play a central role in corticogenesis.
Neurons of different layers are produced in temporal order (Hevner
et al., 2003), with early IPCs generating all subtypes of cortical
projection neurons, and later IPCs producing neurons of more
superficial layers (Kowalczyk et al., 2009; Mihalas et al., 2016;
Vasistha et al., 2015). In late embryogenesis, after neurogenesis is
complete, progenitors produce astrocytes and oligodendrocytes,
which populate the developing cortex (Kriegstein and Alvarez-
Buylla, 2009; Noctor et al., 2008).

Mouse cortical lineage trees (Qian et al., 1998; Shen et al., 2006)
resemble those of Drosophila, where neuroblasts undergo repeated
asymmetric divisions to produce temporally specified ganglion
mother cells (GMCs), which then produce cohorts of different types
of neurons. Several molecules are asymmetrically inherited during
Drosophila neuroblast divisions that act as determinants of the
GMC fate. Staufen, a double-stranded RNA-binding protein
(dsRBP), is distributed asymmetrically into the GMC carrying
RNA cargo molecules that impact differentiation, for example, the
prospero transcript (Broadus et al., 1998).

In mammals, two Staufen genes are present: Stau1, which is
expressed ubiquitously, and Stau2, which is expressed predominantly
in the brain (Buchner et al., 1999; Duchaîne et al., 2002; Wickham
et al., 1999). Functions of STAU2 relating to neuronal polarity,
specifically dendritic spine formation and synaptic plasticity, have
been described (Goetze et al., 2006; Lebeau et al., 2011; Ortiz et al.,
2017; Popper et al., 2018), providing the impetus to gain a deeper
understanding of the STAU2 RNA targets in mature brain (Maher-
Laporte and DesGroseillers, 2010). In addition, the role of STAU2
in cortical development has been recognized. Studies of mid-
gestation cortex development show that STAU2 is frequently
expressed in dividing RGCs and is preferentially directed into the
TBR2 (EOMES)+ IPC daughter cell of an asymmetric RGC-IPC
division (Kusek et al., 2012; Vessey et al., 2012). These
observations raise the hypothesis that STAU2 may asymmetrically
segregate RNA molecules that contribute to the IPC fate.

We and others have demonstrated that STAU2 binds thousands of
different RNAs (Furic et al., 2007; Heraud-Farlow et al., 2013;
Kusek et al., 2012), suggesting that STAU2 could influence the IPC
fate by asymmetric delivery of a complex ‘targetome’ of RNAs. For
example, the delivered RNA cargo could participate in suppression
of RGC programs and stimulation of temporally appropriate IPC
programs of gene expression, thus contributing to the dramatic
differences in cell morphology, localization and division modes
reflecting the RGC versus IPC fates. Moreover, we might expect
that the cargo would change over time during corticogenesis, for
example by distributing transcripts into IPCs that regulate the
orderly production of specific types of neuronal or glial progeny.
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To identify transcriptome-wide RBP-binding events, techniques
such as RNA-binding protein immunoprecipitation (RIP) followed
by microarray (RIP-chip) (Tenenbaum et al., 2002), RIP followed
by RNA sequencing (RIP-seq) (Zhao et al., 2010), and RNA
crosslinking-immunoprecipitation (CLIP) and CLIP-seq have been
developed (Licatalosi et al., 2008; Ule et al., 2003; Yeo et al., 2009).
RIP-seq and CLIP-seq have been utilized to identify the typically
thousands of diverse RNA targets of RBPs involved in neural
development and function, such as TDP43 (TARDBP) (Sephton
et al., 2011), AGO2 (Malmevik et al., 2015), HuR (ELAVL1)
(Lebedeva et al., 2011), FMRP (FMR1) (Maurin et al., 2018) and
others. However, none has examined how the cargo changes
over time to provide an understanding of how stable or dynamic it
may be.
Here, we perform RIP-seq at four major time points duringmouse

corticogenesis to capture early and late periods of neurogenesis
and gliogenesis. We show that STAU2 binds a set of 3724 ‘stable’
genes important for RNA and protein metabolism, cell cycle
processes, protein localization and other housekeeping-related
activities at all ages examined. In addition, we identify a subset of
4244 genes in the cargo that are enriched at specific periods of
corticogenesis; these ‘dynamic’ genes include transcription factors
known to specify cortical progenitor and neuron subtype
production. These data support the concept that STAU2, by
binding and asymmetrically localizing a large number of RNAs,
contributes to production of two very different progenitor cell types
(an RGC and an IPC) in a single asymmetric division, and further
that dynamic changes in the cargo can help to ensure that the type of
IPC generated is altered over time to achieve the ordered temporal
production of cells during corticogenesis.

RESULTS
STAU2 is expressed throughout embryonic corticogenesis in
germinal and differentiating zones
We previously demonstrated a role for STAU2 in regulating
asymmetric divisions during mouse cortical neurogenesis
concentrating on a single mid-gestation time point, embryonic day
(E) 15 (Kusek et al., 2012). Here, we studied STAU2 function
throughout corticogenesis. We first examined its expression at four
time points (Fig. 1), reflecting radial glia expansion and onset of
neurogenesis (E11.5), deep layer (DL) formation (E13.5), upper
layer (UL) formation (E15.5), and transition to gliogenesis (E17.5)
(Cadwell et al., 2019). Cells were co-immunostained for TBR2,
which labels IPCs (Englund et al., 2005), and βIII-tubulin (BTUB),
an early neuronal marker (Easter et al., 1993; Moody et al., 1989).
At E11.5, TBR2+ and BTUB+ cells were observed in the preplate
(PP) and STAU2 was expressed throughout the neuroepithelium
with higher expression near the ventricular surface and in the PP
(Fig. 1A). At E13.5, TBR2+ cells were seen in the emerging SVZ,
BTUB+ neurons in the emerging cortical plate (CP) and STAU2
immunostaining was found throughout the layers (Fig. 1B). At
E15.5 and E17.5, whenmainly the deep and upper cortical layers are
being produced, respectively (Fig. 1C,D), STAU2 expression was
still robust in the remaining germinal VZ and SVZ layers and was
present in the CP, fitting its known role in dendritogenesis.
To examine cell type-specific STAU2 expression, we co-

immunostained for PAX6, a marker of RGCs (Götz et al., 1998),
and phosphohistone H3 (PHH3) to identify mitotic cells (Hendzel
et al., 1997). At E13.5 and E15.5, STAU2 was expressed in PAX6+

cells in the VZ, and in PHH3+ mitotic cells (Fig. 1E-H).
Interestingly, at E17.5, when the cortical layers are becoming
stratified (Britanova et al., 2008), STAU2 was most highly

expressed in layer V BCL11B (also known as CTIP2)+ cells
(Fig. S1A). Collectively, these results show that STAU2 is
expressed in PAX6+ RGCS, TBR2+ IPCs and differentiating
cortical neurons throughout corticogenesis, with particularly
robust expression in layer V cells at E17.5.

RIP-seq defines global STAU2 cargo at different stages of
corticogenesis
We used an anti-STAU2 antibody to pull down bound RNA
molecules (Jayaseelan et al., 2011) at these four stages of
corticogenesis (E11.5, E13.5, E15.5 and E17.5), performing three
independent experimental replicates. Briefly, cortical tissue was
lysed, incubated with anti-STAU2-coated Protein A/G beads, and,
after washing, the bound RNA was extracted. A portion of the
starting material (cortical cell lysate) was used as input control that
was not subjected to RIP. RNA sequencing was performed on the
STAU2 RIP and input samples. To identify the STAU2 targetome,
we utilized a peak-calling algorithm that provides high sensitivity to
detect enrichment of STAU2-bound transcripts, followed by a
Bayesian approach to determine differential binding over the time
course (Fig. 2A).

After the RNA-seq count data were mapped to the UCSC mm10
reference genome, HOMER (Heinz et al., 2010) was used to
identify peaks statistically enriched at least 4-fold over input and
commonly across all three replicates. Regions of high sequencing
read density that mapped to a specific location on either strand were
considered peaks, and those significantly enriched in the STAU2
RIP over input were considered STAU2 cargo. Peaks thus obtained
were further stratified based on peak score given by HOMER (Fig.
S2A). Of a total of 35,034 peaks, 12,763 had a peak score of less
than ten, 18,795 had peak scores between ten and 100, and 3476 had
peak scores higher than 100 (Fig. S2A). To select for transcripts
most enriched in the cargo, we assessed the peak trajectory (Fig.
S2B) and used the point of maximum curvature (the elbow of the
curve) as a cut-off, corresponding to a peak score of 12.5. By
removing peaks in the more incremental regime (below the cut-off )
we sought to reduce the likelihood of including false positives in our
analysis. As the scores increase more rapidly after the cut-off, we
expect them to reflect meaningful features of our system more
accurately. Peaks with scores greater than 12.5 (18,975)
corresponded to 7968 genes, which were analyzed further
(Table S1). We then validated candidate RNAs by RIP combined
with quantitative real-time PCR (qRT-PCR) and found significant
enrichment in STAU2 pulldowns versus IgG controls (Fig. S2C).
Given that Stau2 expression is low in developing brain and spinal
cord endothelial cells (Rosenberg et al., 2018; Zeisel et al., 2015;
Zhang et al., 2014), we also assessed endothelial cell transcript
binding as a measure of potential post-lysis, non-specific transcript
binding, and found this to be extremely low (see Supplementary
Materials and Methods), as expected given our protocol was
optimized to reduce this factor (Tenenbaum et al., 2002; Penalva
et al., 2004; Nicholson et al., 2017).

Distribution of the types of peaks identified and the genomic
features associated with the peaks were analyzed using R. The
majority of captured sequences were categorized as 3′UTR (6750),
followed by exons (5983), intergenic (4513), 5′UTRs (1140) and
introns (589) (Fig. 2B). A single peak was identified for 4508 genes,
two or three peaks for 2797 genes and four or more for the
remainder (661), with a maximum of 14 peaks per gene (Fig. 2C).
As an example, we examined three genes belonging to the TATA-
box-binding-protein-associated factor (TAF) family enriched in
the cargo, Taf10, Taf11 and Taf13, and found different patterns.
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Taf10 and Taf13 transcripts each had peaks at two sites within
exonic and 3′UTR regions, whereas Taf11 peaks were observed in
the 5′UTR and 3′UTR regions (Fig. S2D). Note that the location of

a peak was not used to identify its binding location, rather we
interpret a peak as indicative of the presence of the transcript in the
cargo.

Fig. 1. STAU2 is expressed throughout embryonic corticogenesis in germinal and differentiating zones. (A-D) Immunohistochemistry using a STAU2-
specific mouse monoclonal antibody in coronal sections reveals expression of STAU2 in the cortex at E11.5, E13.5, E15.5 and E17.5. TBR2 expression is
observed in the PP at E11.5 and in the SVZ and VZ from E13.5 onwards. BTUB is expressed in the PP at E11.5, CP at E13.5, and CP and IZ at E15.5 and
E17.5. (E-H) STAU2 is expressed in PAX6+ cells (E,F) and in PHH3+ cells (G,H) in the VZ at E13.5 and E15.5. Boxed areas are shown at higher
magnification to the right as single and merged images. Scale bars: 20 μm. See also Fig. S1.
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Having identified the STAU2 cargo across the span of
corticogenesis at a global level, we used Reactome and Gene
Ontology (GO) to identify cellular pathways (Fig. 2D, Table S3) and
biological process (BP) categories (Fig. S2E, Table S3). Major
pathways identified for all genes included ‘RNA polymerase II
transcription’, ‘post-translational protein modification’, ‘metabolism
of RNA, cell cycle’, ‘membrane trafficking’ and ‘vesicle-mediated
transport’ (Fig. 2D). The top biological processes for all genes
included several categories related to cell cycle and its regulation,
‘intracellular transport’ and ‘RNA processing’ (Fig. S2E). These

results demonstrate the diverse types of RNA in the STAU2 cargo
and their contribution to a variety of processes.

A subset of STAU2 target transcripts is temporally regulated
Given our hypothesis that the STAU2 targetome changes during
cortical development, we investigated whether a subset of the cargo
was preferably bound at different time points, i.e. was dynamic in
nature. A Bayesian approach was used to test whether transcripts
were differentially bound across time (Jeffreys, 1998). Using R, a
Bayes factor (BF) was assigned to each gene representing the degree

Fig. 2. RIP-seq defines global STAU2 cargo at different stages of corticogenesis. (A) Schematic depicting RIP-seq workflow. (B) Donut chart depicting
the number of captured sequences corresponding to different genomic features. (C) Bar chart showing the distribution of number of peaks per gene in the
cargo. (D) Top 15 REACTOME pathways for all STAU2-bound transcripts. To illustrate the contribution of STAU2 cargo to each category, the bars are filled to
show the proportion of STAU2 cargo (black) versus the remaining genes in the category (gray). See also Fig. S2.
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of differential binding between two consecutive time points, and
ln(BF)s were summed across the time course (Table S2). A higher
BF corresponded to greater evidence for variability in binding above
input across time whereas a lower score signified greater
consistency. This analysis discriminated changes at the level of
STAU2 binding of a particular target from changes occurring in the
expression level (input) of that target. We assigned RNA targets in
the cargo to distinct groups based on the evidence categories

outlined by Jeffreys (1998) (Fig. 3A): 12%were strongly variable in
their interaction with STAU2 over time (‘dynamic’), 41% were
moderately variable (‘partially dynamic’) and 47% showed no
significant difference in binding and were considered ‘stable’
(Fig. 3B).

To identify enriched categories for biological processes and
cellular pathways, we applied the HypeR enrichment function in R
using genesets available from GO and Reactome (Fig. 3C,D,

Fig. 3. A subset of STAU2 target transcripts is temporally regulated. (A) Bar chart showing the distribution of number of genes in STAU2 cargo as a
function of summed ln(BF) [denoted here as ln(BF)]. (B) Pie chart showing the classification of STAU2-bound transcripts as dynamic, partially dynamic, or
stable. (C,D) TreeMaps showing GO biological process (BP) categories associated with stable (C) and dynamic (D) transcripts in the STAU2 cargo. (E) Pie
chart showing the number of transcripts most highly bound by STAU2 at E11.5, E13.5, E15.5 and E17.5. Dynamic and partially dynamic genes were used for
this analysis (14 genes had the same maximal read counts at two time points and were not included in the figure). (F) Balloon graph showing the top parent
Reactome pathways associated with the most highly bound transcripts at each time point. See also Fig. S3.
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Tables 1 and 2, Tables S4-S6). The top GO biological process
categories for the stable group included ‘chromosome organization’,
‘cellular macromolecule localization’, ‘organonitrogen compound
biosynthetic process’ and ‘organelle assembly’ (Fig. 3C). Stable
transcripts were thus associated with activities related to general
cellular maintenance. In contrast, the top biological process and
pathways for the ‘dynamic’ genes included ‘neurogenesis’, ‘cell
projection organization’, ‘regulation of transport’ and ‘regulation of
cell differentiation’ (Fig. 3D).
To gain further insight into the mechanistic differences between

pathways for stable and dynamic genes, we consolidated all
pathways for each group into the top (parent) and second tier
pathways in the Reactome pathway hierarchy (Fig. S3) and
compared these. We noted that the ‘extracellular matrix (ECM)
organization’ category was only enriched in the dynamic group and
included pathways related to proteoglycans, syndecan interactions,
collagen formation, assembly and degradation, and integrin cell-
surface interactions. ‘Neuronal system’, a category associated with
chemical transmission across synapses, activation of NMDA
receptors and post-synaptic events, and pre-synaptic depolarization
and calcium channel opening, was more enriched in the dynamic
gene set. Other parent categories higher in the dynamic group
included ‘vesicle-mediated transport’ with downstream pathways
such as Golgi-ER retrograde and anterograde transport, membrane
trafficking, and gap junction trafficking and regulation (Table S7).
‘Transport of small molecules’, including ion channel transport,
was most highly enriched in the partially dynamic category.
Pathways such as ‘signaling by TGFβ family members’,
‘programmed cell death’, ‘DNA replication, cell cycle
checkpoints’, ‘MAPK family signaling cascades’ and ‘metabolism
of lipids’ were associated with partially dynamic and stable groups.
‘Protein localization’, ‘chromatin organization’, ‘cell-cell
communication’ and ‘chromosome maintenance’ parent pathways
were higher in the stable group. Others, such as ‘nervous system
development’, ‘metabolism of RNA’, ‘DNA repair’, ‘signaling by
receptor tyrosine kinases’, ‘RNA polymerase II transcription’,
‘metabolism of proteins’, ‘cell cycle’ and ‘immune system’, were
enriched across the entire cargo.
We then examined biological processes associated with genes

most highly bound at each time point (Fig. 3E, Table S8). At E11.5,

‘embryonic and tissue morphogenesis’, ‘regulation of cell
proliferation’ and ‘cell differentiation’ were among the most
enriched processes. At E13.5 and E15.5, GO categories such as
‘chromosome organization’ and ‘macromolecule localization’ were
highly represented. GO terms associated with ‘neurogenesis’ and
‘cell projection organization’ were highest at E15.5 and E17.5
whereas ‘neurotransmitter secretion’ and ‘regulation of transport’
were most enriched at E17.5 (Fig. 3F). Together, these analyses
suggest that STAU2 participates in fundamental cell processes
across corticogenesis and also developmentally regulated processes
by altering subsets of genes bound at different time points.

STAU2 binds pro- and non-IPC genes in a developmental
stage-dependent manner
To validate the stable and dynamic nature of the cargo, we chose
three of the top biological process and pathway categories associated
with the dynamic and stable STAU2 cargo genes (Tables 1 and 2),
selected five or six genes from each category, and plotted their level
of expression over time (Fig. 4A). This confirmed the stable versus
dynamic expression, and revealed how dynamic genes in the cargo
changed, with some building steadily over the time course, such as
Map6 and Acap3, and others peaking at mid-gestation, such as Auts2
and Cdon. To further validate our approach, we confirmed the
presence of several dynamic and stable transcripts in STAU2 cargo at
E15.5 and E17.5 by performing qRT-PCR on RNA isolated from
independent STAU2 RIPs (Fig. S4). Given the role of IPCs in
cortical neuron production (Mihalas et al., 2016), we then asked
whether the STAU2 RNA targetome included IPC determinants.

To explore the role of STAU2 in IPC specification, we compared
the STAU2 cargo with previously published datasets of genes with
defined roles in IPC formation and neuronal differentiation.
Transcriptome data from FACS-isolated proliferating progenitors
(defined as symmetrically expanding progenitor cells, mostly RGCs
in the VZ), differentiating progenitors, and neurons in E14.5 mouse
cortex were used to identify candidate genes functionally important
in IPC specification (Aprea et al., 2013). Genes enriched in IPCs
versus proliferating progenitors and neurons (ON-switch genes in
Aprea et al., 2013) and those enriched in proliferating progenitors
and neurons over IPCs (OFF-switch genes) are termed ‘pro-IPC’
genes and ‘non-IPC’ genes here, respectively. The STAU2 cargo

Table 1. Top 20 Reactome pathways enriched in stable STAU2 cargo

Category name P-value FDR Gene set Overlap

REACTOME_RNA_POLYMERASE_II_TRANSCRIPTION 4.20E-104 6.50E-101 1112 305
REACTOME_METABOLISM_OF_RNA 1.30E-92 9.90E-90 657 219
REACTOME_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 1.60E-81 8.30E-79 1370 308
REACTOME_CELL_CYCLE 2.20E-75 8.40E-73 655 198
REACTOME_DISEASE 1.40E-70 4.50E-68 1481 304
REACTOME_TRANSCRIPTIONAL_REGULATION_BY_TP53 7.70E-65 2.00E-62 353 134
REACTOME_CELL_CYCLE_MITOTIC 7.10E-58 1.60E-55 523 155
REACTOME_INFECTIOUS_DISEASE 1.80E-48 3.50E-46 776 178
REACTOME_CELLULAR_RESPONSES_TO_EXTERNAL_STIMULI 4.00E-48 6.90E-46 563 148
REACTOME_MEMBRANE_TRAFFICKING 1.20E-43 1.80E-41 616 149
REACTOME_PROCESSING_OF_CAPPED_INTRON_CONTAINING_PRE_MRNA 1.90E-43 2.70E-41 240 90
REACTOME_M_PHASE 9.30E-42 1.20E-39 381 112
REACTOME_DNA_REPAIR 2.30E-41 2.80E-39 310 100
REACTOME_VESICLE_MEDIATED_TRANSPORT 4.00E-40 4.40E-38 672 151
REACTOME_MRNA_SPLICING 1.20E-37 1.20E-35 188 74
REACTOME_HIV_INFECTION 5.60E-37 5.40E-35 224 80
REACTOME_CHROMATIN_MODIFYING_ENZYMES 6.50E-37 6.00E-35 247 84
REACTOME_TRANSLATION 2.10E-34 1.80E-32 289 88
REACTOME_REGULATION_OF_TP53_ACTIVITY 1.20E-33 9.80E-32 158 64
REACTOME_DEVELOPMENTAL_BIOLOGY 6.00E-32 4.70E-30 1011 177
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profile included 73 of the 208 pro-IPC (35%) genes and 78 of the
207 (37.6%) non-IPC genes. Of these, approximately two-thirds of
the genes in each group were dynamic in their interaction with
STAU2 (Fig. 4B, Table S9) and these were visualized across time
using the heatmap function in R (Fig. 4C,D). Interestingly, pro-IPC
genes were elevated in the cargo at E13.5 and E15.5 in comparison
with E11.5 and E17.5 (Fig. 4C), corresponding to IPC production at
mid-gestation. Non-IPC genes were highest at E17.5 and bound less
frequently at E11.5 and E13.5 (Fig. 4D). This, combined with the
knowledge that STAU2 is asymmetrically distributed into TBR2+

IPCs (Kusek et al., 2012), is consistent with the model in which
STAU2 carries a set of IPC determinants during mid-corticogenesis
that are then unbound at a later stage coinciding with the termination
of neurogenic IPC production.

STAU2 cargo includes cortical determinants associated
with nervous system phenotypes
To understand whether STAU2 carries transcripts that help
determine cell identity during IPC subtype specification, we first
identified which targets in the cargowere enriched in mouse cortical
germinal zones using transcriptomes obtained at mid-gestation
(Fietz et al., 2012). A substantial proportion (45-50%) of genes they
identified as markers of the VZ and SVZ are present in the STAU2
cargo (Fig. S5A). Understanding the key role that transcription
factors and chromatin modifiers play in progenitor cell and progeny
specification, we then filtered these gene sets to obtain the DNA-
binding (DB) genes specific for each germinal zone (Fig. S5A,
Table S10).
Given that most IPCs are located in the SVZ, we first identified

DB genes expressed in the SVZ by combining those unique to the
SVZ with those common to the SVZ and VZ, denoted as ‘SVZ-
DB’. SVZ-DB genes were highly enriched in the cargo at E13.5 and
E15.5 (Fig. 5A). A significant proportion of the SVZ-DB genes
peaked at the mid-stages of neurogenesis with almost no presence at
E11.5 and E17.5 (upper panel). Genes highest at E13.5 included
Emx1, important for production of cortical excitatory neurons
and glia (Gorski et al., 2002), Cux1, an UL marker involved in
dendritic branching, spine and synapse formation in later-born layer
II/III cells (Cubelos et al., 2010), and Cdk12, associated with
neurogenesis and microcephaly (Chen et al., 2017a). Genes with

highest expression at E15.5 included the neuron-promoting IPC
determinants, Myt1, Neurod1 (Kawaguchi et al., 2008) and Scrt2
(Paul et al., 2014). Another large group (lower panel) was present
from E13.5 to E17.5 but with maximal binding at E15.5, and
included regulators of neurogenesis timing, such asHes6 andHbp1.
Hes6, an IPC marker (Kawaguchi et al., 2008) was found to inhibit
astrocyte formation and promote neuronal differentiation (Jhas
et al., 2006), whereas deficiency of Hbp1 delayed neuronal
differentiation and disrupted cortical morphogenesis via altered
cell cycle progression (Watanabe et al., 2015). This group also
included genes prominent at E17.5 that are associated with layers II/
III, such as Cited2, Pou3f3, Satb2, Hivep3 (Belgard et al., 2011;
Fame et al., 2016; Sugitani et al., 2002; Tasic et al., 2018),
astrocytes, such as Srebf1 (Loo et al., 2019), and interneurons, e.g.
Dlx2 (Petryniak et al., 2007), and therefore may be involved in the
transition of progenitor cells into later-born cell types.

We then performed a similar assessment of cortical plate DNA-
binding (CP-DB) genes (Fig. S5B). Predictably, most were enriched
in the cargo at E17.5 and these included genes associated with
neurodevelopmental disorders in humans, such asDeaf1 (Chen et al.,
2017b), intellectual disability, such as Grin1 (Lemke et al., 2016),
and schizophrenia, such as Nr4a3 (Novak et al., 2010) and Ppp1r1b
(Wang et al., 2017). Other CP-DB genes in the E17.5 group included
Crtc1, involved in dendritic growth of cortical neurons and linked to
Alzheimer’s disease (Li et al., 2009; Parra-Damas et al., 2014),
and Nfix, important for astrocytic gene expression during CNS
development (Gopalan et al., 2006; Matuzelski et al., 2017) and
oligodendrogenesis in the forebrain (Zhou et al., 2015). Moreover,
CP-DB genes enriched at mid-stages of corticogenesis included
Cdh13, Fezf2, and other genes belonging to the Nfi family, Nfia and
Nfib, known to be essential for mouse forebrain development.

Fezf2 (present in the cargo at all stages, and highly bound at
E13.5 and E15.5) is necessary and sufficient for production of DL
subcerebral projection neurons (Chen et al., 2005; Molyneaux et al.,
2005). Cdh13, an attention deficit hyperactivity disorder (ADHD)-
associated gene, is involved in brain network formation (Rivero
et al., 2013) and its loss late in development caused a decrease in
interneurons and late-born pyramidal neurons with increased cell
death (Killen et al., 2017). Nfib is highly expressed both in RGCs
and corticofugal projection neurons, and knockout mice show

Table 2. Top 20 Reactome pathways enriched in dynamic STAU2 cargo

Category name P-value FDR Gene set Overlap

REACTOME_RNA_POLYMERASE_II_TRANSCRIPTION 6.10E-32 9.40E-29 1112 88
REACTOME_DEVELOPMENTAL_BIOLOGY 2.20E-28 1.70E-25 1011 79
REACTOME_NEURONAL_SYSTEM 1.20E-25 6.20E-23 398 48
REACTOME_VESICLE_MEDIATED_TRANSPORT 1.60E-25 6.30E-23 672 61
REACTOME_NERVOUS_SYSTEM_DEVELOPMENT 1.10E-23 3.30E-21 567 54
REACTOME_MEMBRANE_TRAFFICKING 1.50E-23 3.90E-21 616 56
REACTOME_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 7.20E-22 1.60E-19 1370 82
REACTOME_TRANSMISSION_ACROSS_CHEMICAL_SYNAPSES 1.20E-20 2.40E-18 260 35
REACTOME_SIGNALING_BY_RHO_GTPASES 2.30E-16 3.90E-14 419 38
REACTOME_DISEASE 4.20E-16 6.50E-14 1481 75
REACTOME_DOPAMINE_NEUROTRANSMITTER_RELEASE_CYCLE 5.00E-14 7.00E-12 23 11
REACTOME_SEROTONIN_NEUROTRANSMITTER_RELEASE_CYCLE 9.90E-14 1.30E-11 18 10
REACTOME_SIGNALING_BY_RECEPTOR_TYROSINE_KINASES 3.30E-13 4.00E-11 501 37
REACTOME_METABOLISM_OF_RNA 4.10E-12 4.60E-10 657 41
REACTOME_CYTOKINE_SIGNALING_IN_IMMUNE_SYSTEM 4.60E-12 4.70E-10 837 47
REACTOME_ADAPTIVE_IMMUNE_SYSTEM 2.00E-11 2.00E-09 721 42
REACTOME_NEUROTRANSMITTER_RECEPTORS_AND_POSTSYNAPTIC_SIGNAL_TRANSMISSION 5.10E-11 4.70E-09 196 21
REACTOME_METABOLISM_OF_CARBOHYDRATES 5.70E-11 4.90E-09 284 25
REACTOME_NCAM_SIGNALING_FOR_NEURITE_OUT_GROWTH 6.20E-11 5.10E-09 63 13
REACTOME_NEUROTRANSMITTER_RELEASE_CYCLE 6.50E-11 5.10E-09 51 12
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Fig. 4. STAU2 binds pro- and non-IPC genes in a developmental stage-dependent manner. (A) Dot plot showing the expression of representative
transcripts related to top GO biological processes for stable genes (left; macromolecule localization, chromosome organization, and cell cycle) and top GO
biological processes for dynamic genes (right; neurogenesis, differentiation, and cell projection organization) across three replicates for the four time points.
Counts represent the magnitude of expression and the Bayes factor (BF) reflects variability across time, with purple and red signifying low and high BFs,
respectively. (B) Bar graph showing the proportion of pro-IPC and non-IPC genes identified by Aprea et al. (2013) in the STAU2 cargo (left), and proportions of
dynamic and stable pro-IPC and non-IPC cargo genes (right). (C,D) Heatmaps showing the expression of dynamic and partially dynamic pro-IPC genes (C) and
non-IPC genes (D) in the STAU2 cargo from E11.5 to E17.5 (three replicates at each time point). Horizontal bar graphs next to each heatmap represent ln(BF).
Color key represents z-score after scaling across rows, with red and blue signifying higher and lower expression, respectively. See also Fig. S4.
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defects in UL neuronal migration, DL axon projection and a
reduction in outer RGCs and IPCs (Betancourt et al., 2014). Nfia
also plays a crucial role in astrocyte formation with Sox9 (also
present in STAU2 cargo with highest binding at mid-neurogenesis)
(Kang et al., 2012). These results show that STAU2 selectively

binds SVZ and CPDB genes, including key determinants of cortical
cell subtypes, at appropriate stages of corticogenesis.

We then investigated whether DB genes in the cargo are more
important for normal brain development than those not present in
the cargo by performing a phenotypic enrichment. STAU2 cargo

Fig. 5. See next page for legend.
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DB genes are more strongly associated with developmental
phenotypes such as survival (including lethality during fetal
growth through weaning, perinatal lethality and postnatal
lethality), brain/forebrain development, nervous system phenotypes
and brain/forebrain morphology compared with ‘not cargo’ DB
genes (Fig. 5B). Moreover, dynamic SVZ-DB genes were
significantly more enriched for brain/forebrain and nervous system
developmental phenotypes (Fig. 5C).

Cortical layer markers are present in the STAU2 cargo
Having established that STAU2 carries a subset of germinal zone DB
transcripts that contribute to developmental phenotypes, we then
asked whether the STAU2 RNA targetome included cortical layer
markers that were temporally regulated. We utilized a previously
published dataset to identify layer-enriched genes and then evaluated
the mean expression of these markers in the cargo (Fig. 5D).
Sequencing of microdissected adult mouse neocortical layer samples,
together with RNA in situ hybridization, produced calibrated
probabilities of genes enriched in cortical layers II-III, layer IV,
layer V, layer VI and layer VIb (Belgard et al., 2011). To generate lists
of layer-specific markers, we first scaled these probability values
across all layers using the empirical cumulative distribution function
(ECDF) function in R, and then selected geneswith scaled probability
values >0.9 as layer-specific markers. We thus categorized the genes
in the Belgard et al. dataset as UL orDLmarkers. A total of 882 genes
were exclusive to the UL and 1249 genes to the DL, and, of these, a
significant proportion, 325 (37%) UL and 478 (38%) DL markers,
were present in the STAU2 cargo. We analyzed the cumulative
expression of STAU2-bound layer markers with weights based on the
probability of being UL or DL, to calculate the weighted mean
expression of UL and DLmarkers in the cargo at the four time points,
shown with a 90% confidence interval (Fig. 5D). Although both DL
and UL-associated genes in the cargo increased from E11.5 to E13.5,
DL genes decreased after E15.5 whereas UL genes remained high.
Hence, the STAU2 cargo includes key genes important for cortical
neuron identity that change over time.
Next, we assessed enriched pathways for UL and DL genes, first

consolidating pathways for STAU2 cargo and ‘not cargo’ genes into
the top (parent) and second tier pathways in the Reactome pathway
hierarchy (Fig. 5E, Fig. S5C,D, Table S11). Cell cycle categories,
vesicle-mediated transport and signaling pathways were more

enriched in the cargo DL markers compared with those not in the
cargo. Pathways specific for cargo UL genes included Eph-Ephrin
signaling pathways and pathways related to synaptic cell adhesion
molecules, neurexins and neuroligins (Fig. S5C). STAU2 has
previously been linked to long-term potentiation (Berger et al.,
2017), and alterations in synaptic plasticity and neurexins and
neuroligins are implicated in autism and other cognitive conditions
(Hansel, 2019; Südhof, 2008), connecting STAU2 cargo to UL-
related cognitive disorders. Interestingly, although pathways related
to the respiratory electron transport chain and TCA cycle were
strongly associated with DL genes and the STAU2 targetome in
general, they were not enriched in the UL cargo but were instead
associated with non-cargo UL genes (Fig. S5C,D, Table S11). This
observation indicates that STAU2 specifically binds transcripts
related to such metabolic processes in the context of DL but not UL
cells. Overall, these results make it clear that there is a distinct
functional difference between transcripts bound and not bound by
STAU2 that may contribute to appropriate specification and
function of the cortical layers.

We found by immunostaining that STAU2 is most enriched in
layer V cells at E17.5 and in adult mouse brain (Fig. S1B), and
STAU2 has been characterized as a layer V marker in the adult brain
(Belgard et al., 2011). To investigate this connection further, we
performed pathway analysis of layer V genes in the STAU2 cargo and
found significantly enriched pathways, such asmembrane trafficking,
vesicle-mediated transport, post-translational protein modification,
and transport of small molecules (Table 3). The top categories also
included cellular metabolism-linked pathways, such as TCA cycle
and respiratory electron transport (Table 3, in bold). Hence, STAU2
binds transcripts involved in energy metabolism and ATP synthesis
specifically in layer V cells, which may be particularly important for
this layer (Agostini et al., 2016; Belgard et al., 2011).

Knockdown of a STAU2 target, Taf13, reduces OLIG2+ cells
If STAU2 contributes to the appropriate distribution of fate
determinants during asymmetric RGC/IPC divisions, we predict
that altering cargo molecules, especially those associated with DB
functions, will affect cortical development. One of the general
transcription factors present in the cargo across developmental stages
is TAF13. Taf13 was significantly reduced after STAU2 knockdown
(KD) in mouse embryonic cortical cultures in vitro (Fig. S6),
corroborating findings made in rat cortical cultures (Heraud-Farlow
et al., 2013). We then used shRNA lentiviral constructs to knock
down Taf13 in E13.5 cortical progenitor cells in vitro, achieving 80-
90% lower expression (Fig. 6A). After 5 days in vitro (DIV), we
examined neuronal and glial markers by qRT-PCR, and found a
significant reduction in expression of Olig2, an oligodendrocyte
lineage marker (Fig. 6B). Mki67, a mitotic cell marker, was slightly
reduced after Taf13 KD (Fig. 6C). The reduction of OLIG2+ cells
was confirmed by immunostaining (Fig. 6D,E). Although we
observed a trend towards an increase in BTUB+ neurons after Taf13
KD, this was not statistically significant (Fig. 6F). These
observations indicate that impaired STAU2 function could in turn
reduce levels of Taf13 and inhibit oligodendrogenesis. Hence, in
addition to known IPC determinants, the STAU2 targetome is a
resource for identifying previously unrecognized determinants of
cortical cell fate during corticogenesis.

DISCUSSION
In this study, we investigated the nature and complexity of RNA
molecules bound by STAU2 at four distinct stages of mouse
corticogenesis.We found that although STAU2 binds awide range of

Fig. 5. STAU2 cargo includes cortical determinants associated with
nervous system phenotypes and layer markers. (A) Heatmap showing
the average expression of dynamic and partially dynamic SVZ-DB genes in
the STAU2 cargo from E11.5 to E17.5. The horizontal bar graph next to the
heatmap represents ln(BF). Color key represents z-score after scaling
across rows, with red signifying higher expression and blue signifying lower
expression. (B) Bar graphs depicting the phenotypic enrichment of STAU2-
bound (GZ-Cargo) and not bound (GZ-Not Cargo) CP-DB, VZ/SVZ-DB,
SVZ-DB and VZ-DB genes identified by Fietz et al. (2012) using the MGI
database and MouseMine portal to determine Mammalian Phenotype
Ontology Enrichment. Note that for CP-DB, ‘nervous system phenotype’ was
not enriched, therefore it was substituted with the P-value for a related
category ‘abnormal learning/memory/conditioning’. (C) Bar graphs depicting
Mammalian Phenotype Ontology Enrichment of dynamic+partially dynamic
and stable SVZ-DB and VZ-DB genes in the STAU2 cargo. (D) Line graph
showing the cumulative expression of upper layer and deep layer markers
from E11.5 to E17.5. The gray shading denotes the confidence interval
(90%) for each time point. (E) Balloon plot showing enriched Reactome
parent pathways, i.e. the top tier and the second tier pathways associated
with DL genes. Dark and light purple indicates pathways associated with
STAU2 cargo and ‘not cargo’ genes, respectively. Percentage is indicated by
dot size and refers to the contribution of the specified category to all the
enriched categories. See also Fig. S5.
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RNA molecules stably across corticogenesis, a substantial portion of
the cargo changed in a dynamic manner. The dynamic cargo includes
pro-IPC determinants and cortical layer markers, consistent with a
role for STAU2 in distributing transcripts that regulate production of
specific types of progeny. To our knowledge, this is the first study to
describe temporal changes in target RNA molecules bound by an
individual RBP during development. Our findings indicate that
delivery of a complex targetome by STAU2 into IPCs that changes
during development may contribute to cell fate specification and
differentiation during the span of corticogenesis.
Previously, RIP analyses utilizing microarrays have shown that

STAU2 can bind large numbers of RNA molecules. For example,
1206 target mRNAs were detected in lysates from E17 rat brain
(Heraud-Farlow et al., 2013), 1566 targets in the E13-E14 cortex
(Kusek et al., 2012), and approximately 2000 targets were detected
in STAU2-transfected human embryonic kidney (HEK) 293 T cells
(Furic et al., 2007). Our analysis identified a total of 18,975 peaks
corresponding to 7968 genes. This difference in STAU2 cargo size
could be due to several factors, such as use of RNA sequencing
instead of microarrays to identify targets, the peak calling-based
cargo identification method, or the greater variety of transcripts
revealed by assessing four time points. Other studies using CLIP or
modified RIP protocols followed by RNA-seq have similarly
identified several thousand genes bound to other RBPs. For
example, 15,000-20,000 binding sites corresponding to 4000-
5000 genes were identified for HuR at a single time point (Lebedeva
et al., 2011), ∼6000 genes were found to interact with FMRP in
HEK293 cells (Ascano et al., 2012), and 14,376 peaks in the mouse
brain (Maurin et al., 2018) where a similar peak identification
method was used. Hence, advances in methods of detection and
analysis are demonstrating the complexity of RBP targetomes and
the central role these molecules play in RNA localization and
regulation in different cellular contexts.
Our RIP-seq dataset contains several previously validated

STAU2 targets, such as Camk2a (Fritzsche et al., 2013), Sacm1l,
Calm3, Rgs2, Stx1a, Nnat, Actg1 (Heraud-Farlow et al., 2013),
Hes6, Cdh5 and Mkks (Kusek et al., 2012). Other targets, such as
Rgs4 in rat brain (Heraud-Farlow et al., 2013) and Prox1 in mouse
cortex (Vessey et al., 2012), were not detected, possibly owing to

technical differences, analytical approaches or species differences.
Nevertheless, at a more global level, we confirmed that STAU2
binds transcripts associated with several processes and pathways
important for brain development, such as cell cycle, neurogenesis,
protein localization and RNA processing (Kusek et al., 2012;
Heraud-Farlow et al., 2013), and extended these studies by
demonstrating significantly greater cargo complexity. Moreover,
we were able to gain further insight into STAU2 function by
classifying the cargo into stable or dynamic, based on the detected
transcripts bound over time.

In accordance with previous studies implicating RBPs in
regulation of basic cellular events (Gerstberger et al., 2014), stable
genes in the STAU2 cargo were associated with processes and
pathways, such as chromosome organization, macromolecule
localization, translation, mRNA splicing and DNA repair, that
likely occur throughout neurogenesis. However, STAU2 is also
involved in processes that vary during cortical development, such as
dendritic spine morphogenesis (Goetze et al., 2006) and
synaptogenesis (Berger et al., 2017; Pernice et al., 2019). Indeed,
dynamic genes showed enrichment in categories related to
neurogenesis, cell projection organization, transmission across
chemical synapses, neurotransmitter release and neurite
outgrowth. This dynamicity in the cargo may be due to several
factors, such as altered gene expression over time, altered
modification of RNAs that changes their binding affinity to
STAU2, or alterations in STAU2 protein expression, modification,
protein-protein interactions or localization.

Of the Reactome parent pathways identified, ‘extracellular matrix
(ECM) proteins’ was exclusively enriched in the dynamic gene set.
Although ECM proteins provide structural support, they also
modulate signaling pathways that drive proliferation and
neurogenesis (Long and Huttner, 2019). Proteoglycans are major
constituents of the ECM and cell surfaces in the brain and serve as
dynamic fields of signaling that regulate cell behavior; ECM
dynamics are important for cell growth, differentiation and
migration (Maeda, 2015; Schwartz and Domowicz, 2018). Genes
coding for proteoglycans, such as Bcan (brevican), Ptprz1
(phosphocan), Bgn (biglycan), Dcn (decorin), Vtn (vitronectin),
Lum (lumican),Ncan, Ptprs andGpc4were enriched in the dynamic

Table 3. Top 20 pathways enriched in layer V transcripts present in STAU2 cargo

Category name P-value FDR Gene set Overlap

REACTOME_MEMBRANE_TRAFFICKING 1.50E-31 2.30E-28 616 63
REACTOME_VESICLE_MEDIATED_TRANSPORT 3.00E-30 2.30E-27 672 64
REACTOME_POST_TRANSLATIONAL_PROTEIN_MODIFICATION 6.00E-24 3.10E-21 1370 81
REACTOME_TRANSPORT_OF_SMALL_MOLECULES 8.60E-17 3.30E-14 713 48
REACTOME_ADAPTIVE_IMMUNE_SYSTEM 6.10E-16 1.90E-13 721 47
REACTOME_THE_CITRIC_ACID_TCA_CYCLE_AND_RESPIRATORY_ELECTRON_TRANSPORT 9.30E-16 2.40E-13 174 24
REACTOME_NEURONAL_SYSTEM 3.00E-15 6.70E-13 398 34
REACTOME_INTRA_GOLGI_AND_RETROGRADE_GOLGI_TO_ER_TRAFFIC 1.10E-14 2.20E-12 194 24
REACTOME_METABOLISM_OF_LIPIDS 1.40E-14 2.30E-12 723 45
REACTOME_ANTIGEN_PROCESSING_UBIQUITINATION_PROTEASOME_DEGRADATION 9.30E-13 1.40E-10 305 27
REACTOME_CLASS_I_MHC_MEDIATED_ANTIGEN_PROCESSING_PRESENTATION 1.40E-12 2.00E-10 360 29
REACTOME_PYRUVATE_METABOLISM_AND_CITRIC_ACID_TCA_CYCLE 2.30E-12 2.90E-10 54 13
REACTOME_ASPARAGINE_N_LINKED_GLYCOSYLATION 4.00E-12 4.70E-10 300 26
REACTOME_TRANSMISSION_ACROSS_CHEMICAL_SYNAPSES 7.00E-12 7.80E-10 260 24
REACTOME_TRANSPORT_TO_THE_GOLGI_AND_SUBSEQUENT_MODIFICATION 1.70E-11 1.70E-09 182 20
REACTOME_DISEASE 2.30E-11 2.10E-09 1481 61
REACTOME_GOLGI_TO_ER_RETROGRADE_TRANSPORT 2.30E-11 2.10E-09 127 17
REACTOME_ION_CHANNEL_TRANSPORT 9.70E-11 8.40E-09 179 19
REACTOME_PROTEIN_LOCALIZATION 1.70E-10 1.40E-08 164 18
REACTOME_GABA_SYNTHESIS_RELEASE_REUPTAKE_AND_DEGRADATION 2.50E-10 2.00E-08 19 8

Important categories highlighted in the main text are shown in bold.
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cargo. The interaction of STAU2 with specific ECM-related genes
could have important implications for development and disease. For
example, loss of function of the cargo proteoglycans Bcan and
Ndst1 leads to impaired hippocampal LTP (Bülow and Hobert,
2006), axon guidance defects and autism, and intellectual disability
and epilepsy, respectively (Maeda, 2015). A number of integrins
were enriched in the cargo, including Itgb1bp1, Itga4, Itga6, Itga9
and Itga11. Integrins modulate and drive signaling pathways that
regulate proliferation and differentiation during early development,
and neocortex size and folding during late neural development
(Long and Huttner, 2019; Milner and Campbell, 2002). For
example, disruption of integrin α6 (Itga6) caused abnormal
cortical plate lamination (Barros et al., 2011).
In the Reactome parent pathway ‘nervous system development’,

some branches under the ‘axon guidance’ subdivision, such as
EPH-Ephrin signaling, were associated with the partially dynamic
and stable groups, whereas others, such as NCAM1 signaling for
neurite outgrowth, were only enriched in the dynamic group.
Similarly, for the ‘autophagy’ parent pathway, whereas dynamic
genes were associated only with aggrephagy (the selective
recognition and subsequent degradation of protein aggregates;
Malampati et al., 2020), stable genes were involved in both
aggrephagy and mitophagy. The identification of pathways not
previously associated with STAU2 cargo, including ECM regulation,
autophagy, aggrephagy, lipid and carbohydrate metabolism, and the

fact that some functions appear regulated in a highly dynamic
manner, encourage future investigations into other previously
unidentified roles for STAU2 in brain development and function.

Given the specific inheritance of STAU2 by IPCs during
asymmetric cell divisions, we reasoned that STAU2 cargo
inheritance may promote the IPC fate. Indeed, approximately one-
third of all pro-IPC genes identified by Aprea et al. (2013) were
enriched in the STAU2 cargo, with a higher magnitude of binding at
E13.5 and E15.5, correlating with the peak timing of IPC generation
(Haubensak et al., 2004; Miyata et al., 2004). We found a similar
enrichment in DB factors in the cargo at these stages (SVZ-DB),
including several known IPC markers, such as Tbr2 (Englund et al.,
2005),Gadd45g,Mfng,Hes6, Sdc3, Slc17a6,Elavl4,Cxcl12, Sorbs2,
Serping1, Nrn1, Myt1, Neurod1 (Kawaguchi et al., 2008), Cux1
(Nieto et al., 2004) and Scrt2 (Paul et al., 2014) (Table S1). This
supports a role for STAU2 in delivering a complex of molecules that
act as IPC determinants to promote the transition of RGCs to IPCs.

IPCs produce DL and UL neurons in temporal order (Mihalas
et al., 2016; Hevner, 2019). Our analysis showed that markers of DL
neurons peaked in the cargo at E15.5 and declined at E17.5, whereas
markers of UL neurons were lower than DL genes at E13.5 and
E15.5, and higher at E17.5. Hence, the dynamic nature of STAU2-
bound cargo could be important for conferring progenitors with
specific neuronal identity. Enrichment analysis of a comprehensive
list of cortical layermarkers also implicated STAU2 in cortical neuron

Fig. 6. Knockdown of a STAU2 target, Taf13, reduces OLIG2+ cells. (A-C) E13.5 mouse cortical cells in vitro were infected with shRNAs targeting Taf13
or NTC shRNA at MOI=3, and cultured for 5 DIV. qRT-PCR was used to quantify (A) Taf13, (B) Mki67 and (C) Olig2 expression. (D) Representative images
showing phase-contrast images, and DAPI, OLIG2 and BTUB immunostaining in E13.5+5DIV mouse cortical cultures. (E,F) Quantification of OLIG2+ (E) and
BTUB+ (F) cells as a percentage of total DAPI+ cells. NTC, non-targeting control virus; TAF13 KD, infection with a combination of two Taf13-targeting
shRNAs; Unt, untreated. *P<0.05, paired Student’s t-test, n=3. ns, not significant. Graphs show mean±s.e.m. See also Fig. S6.
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layer specification. Notably, layer V genes in the cargo were
associated with cellular metabolism-linked pathways. The large layer
V pyramidal neurons are the only cell types in the cortex to project
beyond the skull (Guillemot et al., 2006), with higher soma area and
axon length than cells in layers II, III and IV (Wang et al., 2018) and
high metabolic demands (Agostini et al., 2016; Belgard et al., 2011).
The prevalence of pathways related to metabolism observed for layer
V cells in the dynamic cargo fit with a scenario of evolvingmetabolic
needs as these cells differentiate to attain and then maintain their
specific morphology and extensive projections. Moreover, metabolic
dysregulation is a feature of many diseases, such as amyotrophic
lateral sclerosis (Vandoorne et al., 2018), Parkinson’s disease
(Błaszczyk, 2018) and Alzheimer’s disease (Wang et al., 2020),
which preferentially affect cells with long axons and high metabolic
demands. The presence of these metabolism- and disease-related
genes in the cargo, together with our observation that STAU2 is more
highly expressed in BCL11B+ layer V cells than other layers in both
embryonic (E17.5) and adult cortices, implicates STAU2 in the
proper growth and survival of these cells. In the future, it will be
worthwhile investigating whether metabolism in layer V projection
neurons is particularly affected by loss of STAU2 function.
One of our predictions was that deeper analysis of the STAU2

cargo would reveal previously unidentified determinants of cortical
cell fate. Among the STAU2 targets was a transcript for TAF13,
which, with TAF11, is recruited to the RNA polymerase II general
transcription factor (TFIID) complex. After Taf13 KD in cortical
progenitor cells in vitro, we observed a significant decrease in Olig2
expression and in the number of OLIG2+ cells and a trend towards
increased BTUB+ cells. We also observed elevated Olig2 transcript
levels in the STAU2 cargo at E17.5, corresponding to the onset of
oligodendrogenesis (Kessaris et al., 2006; Kriegstein and Alvarez-
Buylla, 2009). Taf13 is a target of OLIG2 in the mouse spinal cord
(Darr et al., 2017) suggesting a potential co-regulatory relationship.
Mutations in Taf13 have also been linked to delayed myelination,
microcephaly and growth retardation in humans (Tawamie et al.,
2017), which corroborates our findings of reduced oligodendrocyte
production and reduced progenitor proliferation after KD. These
results provide insight into how STAU2, by regulating transcription
factors such as TAF13, may control not only RGC-IPC-neuronal
transitions but also neuronal-glial fate switches. Furthermore, we note
that other TFs involved in gliogenesis, including Nfia, Sox10 and
Olig2 (Table S1), are enriched in the STAU2 cargo at later stages.
In conclusion, this temporal RIP-seq analysis expands our

understanding of STAU2 function in the developing cortex,
highlights stable and dynamic subsets of genes in the cargo, and
forms a foundation for further studyof how newly revealed candidate
determinants and pathways contribute to orderly corticogenesis.

MATERIALS AND METHODS
Mice (Mus musculus)
Swiss Webster (SW) mice were obtained as timed pregnant females
(Taconic Biosciences). Both male and female mice were included and all
experiments were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of
Albany, Albany, NY, USA.

RIP
RIP experiments were performed as described previously (Baroni et al.,
2008; Kusek et al., 2012; Tenenbaum et al., 2002). Pooled cortical tissue
from a litter of embryos was used as starting material for each independent
experiment (i.e. biological replicate). For each RIP, 10 μg of anti-STAU2
(Abcam, ab60724) was mixed with 50 μl Dynabeads Protein G (Invitrogen).
A magnetic rack (Millipore) was used for the washing steps. RNA was

isolated and purified with acid phenol/chloroform extraction. For generation
of the RIP-seq dataset, STAU2 RIP results were compared directly to input
samples. Previous RIP experiments using the same antibodies showed that
negative control T7 antibody RIPs had only trace RNA bound and were not
useful to distinguish selective enrichment, so were not included in this
analysis; rather, we used the peak-calling method over input to determine
selective enrichment. After generation of the RIP-seq dataset, targets were
chosen for validation using qPCR. For this, RIPs were performed with the
MAGNA-RIP kit (Millipore, 17-700). For each RIP, 50 μl of Protein A/G
beads were blocked with 2% UltraPure BSA (Thermo Fisher, AM2616) at
room temperature (RT) for 1-2 h before overnight incubation with 10 μg
mouse monoclonal anti-STAU2 antibody (gift from Michael Kiebler,
Ludwig-Maximilians-University, Germany) or mouse IgG (MAGNA-RIP
kit) antibodies. RNA was purified using TRIzol (Thermo Fisher) and RNA
Clean andConcentrator (ZymoResearch, R1014) kits, with DNase treatment.

Library preparation for RNA-seq
Total RNA (input) and RNA samples purified after STAU2 RIP (described
above) were used for RNA-seq. The libraries were prepared using ScriptSeq
Complete Kit (Human/Mouse/Rat)-Low Input (Epicentre/Illumina,
SCL24H) following the manufacturer’s instructions. Briefly, a maximum
of 800 ng of DNA-free RNA was used for ribosomal RNA removal using
Ribo-Zero rRNA removal kit. rRNA-free samples were used for ScriptSeq
v2 RNA-seq library preparation, which included RNA fragmentation,
cDNA synthesis and terminal tagging. Purified cDNAs were PCR amplified
using ScriptSeq Index PCR Primers (Epicentre/Illumina, RSBC10948) to
barcode the libraries for multiplexing according to the manufacturer’s
instructions. After final purification, the libraries were sent to the UB Next-
Generation Sequencing and Expression Analysis Core at SUNY Buffalo for
quality checks and high-throughput sequencing (single-end) using the
Illumina platform.

RIP-seq and bioinformatic analysis
Detailed code is provided at: https://github.com/neural-stem-cell-institute/
Stau2. FASTQ files for triplicate STAU2 RIP and input control samples
were mapped to the mm10 genome using STAR (version 2.5). Peaks were
called using the FindPeaks function in Homer (version 4.10) to identify
statistically enriched peaks with a 4-fold enrichment over input and common
across replicates. We filtered the peaks based on the Peak Scores provided
by HOMER by calculating the elbow point and taking the peaks with higher
scores. Then using the GenomicRanges and GenomicAlignments packages
in R, the reads associated with either the positive or negative strand at the
identified peak locations were counted to generate a counts matrix, and
stranded positions with fewer than five counts were dropped from further
analysis. The count matrix was normalized through an iterative resampling
algorithm that provides ∼10 million reads per sample. Each position was
then annotated in R using the gencode annotation for mouse (M21) while
retaining strand-specific data.

We next sought to identify those genes that differentially bound STAU2
over the time course. We developed an algorithm that calculates a Bayes
factor indicating the likelihood of changing over the time course. Briefly,
peaks within a gene were selected and weighted according to the Peak score,
then a t-statistic was calculated from the normalized counts between time-
points and a ln Bayes factor [ln(BF)] was derived using the BayesFactor
package for each comparison and summed over the time course. Genes were
then classified as dynamic [ln(BF)>4.61], partially dynamic, or stable
[ln(BF)<1.163] cargo and enrichment analysis was carried out using the
hypeR package. Detailed description of other computational analyses may
be found in supplementaryMaterials andMethods and at https://github.com/
neural-stem-cell-institute/Stau2.

Immunohistochemistry (IHC) and imaging
Mouse brains were fixed overnight at 4°C in 4% paraformaldehyde (Santa
Cruz Biotechnology) or PHEM-fix (Bowser and Rieder, 1985). Tissue was
washed three times with PBS, equilibrated in 30% sucrose at 4°C for
approximately 48 h and frozen in optimal cutting temperature (OCT)
compound (Sakura Finetek) before storage at −80°C. Coronal cryostat
sections were cut at a thickness of 20 μm. Samples were blocked at RT for 60
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mins with a 0.3% Triton-X/PBS solution containing 3% bovine serum
albumin (BSA) and 2% goat serum (Jackson ImmunoResearch), before
overnight incubation at 4°C with primary antibody (Table S12). Alexa
Fluor 488, 594 and 647 (Thermo Fisher), as well as Cy3 (Jackson
ImmunoResearch) conjugated, species-specific secondary antibodies, were
used at a dilution of 1:300. DAPI (4′,6-diamidino-2-phenylindole) was used
at a dilution of 1:1000 for nuclear staining. Prolong Gold antifade reagent
(Invitrogen, P36930) was used for mounting sections on glass slides. Tissue
sections were imaged on a Zeiss LSM 780 confocal microscope.

Cortical cell culture
Cerebral cortices were dissociated by trituration and enzymatic digestion
(30 min at 37°C) in a DMEM (Thermo Fisher) solution containing 50 units of
Papain (Worthington Biochemical Corporation), 24 μg/ml DNase I (Sigma-
Aldrich), 2 mM L-glutamine (Thermo Fisher), 1 mM N-acetyl-L-cysteine
(NAC; Sigma-Aldrich) and 1 mM sodium pyruvate (Thermo Fisher). After
dissociation, cells were rinsed three times with DMEM, triturated to yield a
largely single-cell suspension, plated on PLL-coated surfaces (24-well plate,
Corning) and cultured in serum-free medium containing DMEM, N2
(Thermo Fisher), B27 (Thermo Fisher), 2 mML-glutamine (Thermo Fisher),
1 mM sodium pyruvate (Thermo Fisher), 1 mM NAC (Sigma-Aldrich) and
10 ng/ml FGF2 (Thermo Fisher). The culture medium was filtered at
0.22 μm, and culture medium was changed every 2 days.

Lentiviral vector production and infection
For Taf13KD experiments, shRNA lentiviral plasmids were purchased from
Sigma-Aldrich [TAF13 MISSION shRNA Bacterial Glycerol Stock
(mouse) SHCLNG-NM_025444 and MISSION pLKO.1-puro Non-
Mammalian shRNA Control Plasmid DNA]. 293FT cells were co-
transfected with packaging plasmids pCMV-VSVG and pCMV-dvpr,
using polyethylenimine. Viral supernatants were collected 48 and 72 h post-
transfection, concentrated with LentiX Concentrator (Clontech), and titered
via qPCR (ABM qPCR Lentivirus Titration Kit) before storage at −80°C.
For infection, Taf13 shRNA and non-targeting control (NTC) lentiviral
vectors were added to cells immediately before plating at a multiplicity of
infection (MOI) of 3 and removed after 36 h. STAU2 KD experiments were
performed as described by Kusek et al., 2012.

Quantitative real-time PCR (qPCR)
cDNA synthesis was performed with the Superscript VILO kit (Thermo
Fisher, 11754050). POWER SYBR Green Master Mix (Thermo Fisher,
4367659) was used to perform qPCR. Primers (IDT) were designed using
the Primer3 software to produce amplicons of 100-200 bp targeted to
genomic regions identified as peaks, amplifying either coding or 3′UTR
sequences (Table S12). The comparative Ct method (ΔΔCt) was used to
determine relative expression, with primer pairs tested for similar efficiency.
All reactions were run on a QuantStudio 6 Flex Real-Time PCR System.
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Götz, M. and Barde, Y.-A. (2005). Radial glial cells defined andmajor intermediates
between embryonic stem cells and CNS neurons. Neuron 46, 369-372. doi:10.
1016/j.neuron.2005.04.012
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