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SUMMARY

In the developing brain, neurons expressing VEGF-A and blood vessels grow in close apposition,
but many of the molecular pathways regulating neuronal VEGF-A and neurovascular system
development remains to be deciphered. Here, we show that miR-9 links neurogenesis and
angiogenesis through the formation of neurons expressing VEGF-A. We found that miR-9 directly
targets the transcription factors TLX and ONECUTSs to regulate VEGF-A expression. miR-9
inhibition leads to increased TLX and ONECUT expression resulting in VEGF-A overexpression.
This untimely increase of neuronal VEGF-A signal leads to the thickening of blood vessels at the
expense of the normal formation of the neurovascular network in the brain and retina. Thus, this
conserved transcriptional cascade is critical for proper brain development in vertebrates. Because
of this dual role on neural stem cell proliferation and angiogenesis, miR-9 and its downstream
targets are promising factors for cellular regenerative therapy following stroke and for brain tumor
treatment.
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The coordination of neuronal and vascular cells development is critical to ensure the proper
formation of the vertebrate brain. Madelaine et al. show that the microRNA-9 couples
neurogenesis and brain angiogenesis through the inhibition of TIx and Onecut transcription factors
regulating neuronal VEGF-A expression.
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INTRODUCTION

The development of the neurovascular system is essential to ensure proper functioning of the
central nervous system (CNS). The vertebrate CNS is predominantly vascularized through
the process of angiogenesis, in which proliferating endothelial cells (ECs) form new vessels
by sprouting from a pre-existing vascular network (Risau, 1997). Studies across vertebrates
have identified many of the conserved cellular and molecular mechanisms underlying CNS
vascularization (Gerhardt et al., 2003; Ruhrberg et al., 2002; Stone et al., 1995). To date, the
most potent angiogenic intercellular signal identified is the vascular endothelial growth
factor VEGF-A (Ferrara and Kerbel, 2005; Ruhrberg and Bautch, 2013). VEGF-A gradients
guide the ingression and growth of blood vessels within neural tissues (Ruhrberg et al.,
2002). During development, VEGF-A is also involved in many aspects of vasculature
formation including sprouting, pruning, connectivity, vessel caliber, and survival (Ruhrberg
and Bautch, 2013).

Current models of CNS angiogenesis and neurovascular development are largely glia-centric
(Armulik et al., 2010; Bozoyan et al., 2012; Daneman et al., 2010), despite the observation
that VEGF-A is expressed in the brain prior to the generation of mature astrocytes during
early development (Breier et al., 1992; Walchli et al., 2015). Importantly, it was also shown
that astrocyte-derived VEGF-A is dispensable to retinal vasculature formation (Scott et al.,
2010), suggesting a critical role for neuronal VEGF-A in retinal angiogenesis. Consistent
with a neuronal function during neurovascular development in the CNS, VEGF-A
expression has been observed in multiple types of neurons in different species (D’Amore,
2007; Gerhardinger et al., 1998; Ogunshola et al., 2002; Shima et al., 1996). Further, a
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functional neuronal contribution has been suggested in the peripheral nervous system, where
nerve-derived VEGF can induce arteriogenesis (Mukouyama et al., 2002). However, the
exact cell type regulating this process was unclear as both Schwann cells and sensory
neurons forming the peripheral nerve express VEGF. In the spinal cord, one recent report
has shown that VEGF-A derived from neurons is required for vascularization (Wild et al.,
2017). Despite these observations, how neuronal VEGF-A is regulated and contributes to the
formation of the blood vessel network throughout the developing brain remain poorly
understood.

In this study, we investigate the coupling role of microRNA-9 (miR-9) activity to
neurogenesis and angiogenesis during brain development. miR-9expression is detected in
neural stem cells (NSCs) (Coolen et al., 2013) and its inhibition transiently increases
proliferation, reducing the number of early-born neurons while increasing the number of
late-differentiating neurons (Bonev et al., 2011; Coolen et al., 2012; Shibata et al., 2011).
Interestingly, miR-9 has also been associated to cancer cell vascularization /in vitro (Zhang et
al., 2012; Zhuang et al., 2012), suggesting a potential role for this microRNA in
physiological angiogenesis /n vivo. However, direct evidence has been lacking. Here, we
identify a key transcriptional cascade downstream of miR-9 that regulates neuronally-
derived VEGF-A. Our results uncover a delicate balance of VEGF-A signaling that controls
blood vessel formation, carefully maintained by miR-9 negative regulation of 7/ .Xand
ONECUT expression. This study indicates that miR-9-dependent neuronal expression of
VEGF-A is a main component of neurovascular system development in the vertebrate brain.

VEGF-A is highly expressed in neurons before astrogenesis in the developing human brain

To study early neuronal VEGF-A expression and function, we first investigated the
expression pattern of VEGF-A in the developing human brain. We examined cortical
neurons purified from 14 gestational week (14GW) fetal tissue (Fig. 1A). At this age of
human fetal cortical development, gliogenesis has not yet begun and the GFAP* cells
represent young neural stem cells (Zhang et al., 2016). We observed robust VEGF-A
expression in primary cultures of 14GW human fetal cortical neurons (Fig. 1A”, B; 98.5%,
n=201) but also in iPSC-derived neurons (Fig. 1C), suggesting that VEGF-A is a hallmark of
young neurons and that neuronally-derived VEGF-A may have a function during
developmental processes. We then extended this mammalian observation to the developing
zebrafish. We focused on the hindbrain and retina, two brain structures used as archetype
regions for brain vasculature development (Gerhardt et al., 2003; Ruhrberg et al., 2002). We
found that during early zebrafish development (2 day-old), VEGF-A is expressed in neurons
throughout the CNS (retina and hindbrain in Fig. 1D and Fig. S1A respectively, and spinal
cord in (Wild et al., 2017)). Consistent with a role for neuronally-derived VEGF-A in
angiogenesis, we found that the neurovasculature is embedded or in close cellular proximity
with axons (Fig. S1B-H"). Together with the axonal expression of VEGF-A observed in
cultured primary and iPSC-derived neurons (Fig. 1B, C), this observation suggested a
possible neuronal influence in vascular morphogenesis. Thus, we hypothesized that
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neuronally-derived VEGF-A is a component of the neurovascular system formation from
fish to human.

VEGF-A expression is regulated by miR-9 in the brain

We reasoned that miR-9 may control vasculature development by modulating the neuronal
expression of VEGF-A. Using human iPSC-derived cortical spheroids (Fig. 1E), which are
3D cultures resembling the developing human cerebral cortex (Pasca et al., 2015), we
identified MIR-9expression in NSCs in the SOXZ2* proliferative zones of the developing
human nervous tissue (Fig. 1E” and E”). Using neural stem cells markers (Chapouton et al.,
2010; Coolen et al., 2012; Schmidt et al., 2013), we also confirmed miR-9 expression in
gfap™ and deltaA* NSCs in the zebrafish brain (Fig. S2A, B), and uncovered a novel miR-9
expression in the Miiller cells (GS*), the neural stem cells of the retina (Fig. 1F). Because of
the conservation of miR-9expression in the human and zebrafish developing brains, and its
well-known function in neurogenesis, we hypothesized that miR-9 may be an important
regulator of neuronal VEGF-A expression.

We next investigated how the expression of VEGF-A might be affected by miR-9 using both
miR-9 depletion and miR-9 mimics to decrease and increase miR-9 activity, respectively
(Fig. 2A). Because of the miR-9 gene duplication (7 genes in teleosts and 3 genes in
mammals), genetic manipulation of this microRNA is not simple. Fortunately, all miR-9
genes produce an identical mature 23bp sequence that can be targeted by a single antisense
miR-9 morpholino (MO; (Bonev et al., 2011; Coolen et al., 2012)). We found that vegfa
mRNA accumulation was strongly increased throughout the brain including retina in the
miR-9 depleted larvae, while reduced in miR-9 mimics injected larvae (Fig. 2B). These
observations suggest that miR-9 controls directly or indirectly VEGF-A expression during
neurovascular development, and can potentially regulate blood vessels formation in the
brain.

Brain and retinal blood vessel networks are disorganized in absence of miR-9

The onset of miR-9expression in the hindbrain and retina during the second day of zebrafish
development is consistent with the formation of the vasculature in these regions (Fig. S1B, D
and Fig. S2C). To investigate the potential coupling of miR-9 activity to neurogenesis and
neurovascular development, we inhibited all miR-9genes (Fig. S3A) in a karl/
vegfrZ2:mCherry transgenic line that labels the entire vasculature (Chi et al., 2008). While the
vascular organization outside of the CNS was normal (Fig. S3B), many aspects of the blood
vessel network were affected in the brain and retina when miR-9 activity was impeded (Fig.
2C, D and Fig. S3C). In the brain, the middle mesencephalic central arteries (MMCtA) were
affected in the midbrain, as well as the central arteries (CtA) in the hindbrain. Similarly, in
the retina, the hyaloid vasculature was strongly reduced, but the remaining vessels were
thicker. These results suggest a role for miR-9 in brain and retina angiogenesis starting on
the second day of development.

As a post-transcriptional regulator, we reasoned that miR-9 may have a dose-dependent
effect on brain angiogenesis. In the eye, as the level of miR-9 knockdown decreased, the
hyaloid vasculature progressively recovered its mesh-like organization and retinal vessel
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network cupping the lens (Fig. S3D, F). In the zebrafish hindbrain, the Central Arteries
(CtAs) sprout from the Primordial Hindbrain Channels (PHBCs) at 32 hpf (Ulrich et al.,
2011), an event concomitant with the onset of miR-9 expression (Coolen et al., 2012). While
Posterior Communicating Segments (PCS) and the Basilar Artery (BA) were unaffected in
miR-9 morphants, CtAs failed to develop normally (Fig. 2C, D). When they did sprout, CtAs
were shorter and/or thinner, displayed multidirectional filopodial extensions and failed to
reach the midline. In contrast to CtAs, PHBCs appeared to be thicker (Fig. 2C-F), and
showed an increase diameter when miR-9 was depleted (Fig. 2F; 11.1 £1.3 um vs. 15.2 £3.2
pm in control and miR-9 morphant, respectively). Furthermore, when miR-9 expression was
abolished, we observed an increased number of ECs in PHBCs (22.8 2.7 vs. 32.3 6.2 in
control and miR-9 morphant, respectively) correlated to a 34% decrease in CtAs sprouting
(Fig. 2E-G), suggesting that ECs prematurely differentiated in the PHBCs and/or that their
capacity to be recruited to form CtAs was affected. As miR-9 expression was restored, the
sprouting of CtAs was progressively recovered (Fig. 2G and Fig. S3E). These observations
are consistent with the previous demonstration that EC migration from PHBCs is the
primary mechanism of CtAs formation (Ulrich et al., 2011). Altogether, these results
indicate that the level of miR-9 activity regulates the formation of the neurovascular system
in the brain.

VEGF-A signaling to regulate blood vessels development

We next hypothesized that VEGF abnormal expression induces the thickening of already
formed PHBCs at the expense of the normal formation of CtAs. To test this hypothesis, we
used a conditional approach to counteract the excess of VEGF-A signal with SU5416, a
specific inhibitor of the VEGF-Receptor (VEGFR). SU5416 was added in the fish water at
30 hpf, at a very low dose compared to what is used normally to study VEGFR function
(Ulrich et al., 2011), 1 pM vs. 0.06 uM in our experiment). We chose the lowest dose leading
to a vasculature defect to validate that the VEGF signal was at least partially impaired (Fig.
2H, I). We observed that a moderate inhibition of the VEGF signal in the miR-9 depleted
larvae at the onset of CtAs angiogenesis (SU5416 0.06 uM from 30 hpf to 72 hpf) efficiently
rescued the large majority of the blood vessel network (Fig. 2H, I; 86% versus 67% with the
miR-9 MO only, compared to 100% in control morphant). This result shows that miR-9
directly or indirectly limits VEGF-A/VEGFR signal which in turn controls normal sprouting
of new blood vessels from the preexisting vascular network.

TLX and ONECUTs are conserved direct targets of miR-9 in vivo

Because we found that no VEGF ligand genes harbor miR-9 target sites in their 3'UTR, we
utilized a computational approach (Bartel, 2009) to identify targets of miR-9 acting
upstream of VEGF-A. We identified a number of gene expression regulators that contain
miR-9 target sites and that were conserved from human to zebrafish: OVECUT,
ONECUTZ, LINZ28, FOXP1, FOXP2, FOXP4, and TLX/NRZE1. Among these candidates,
only tix/nr2el, onecutl, onecut2and onecut-like (human OCZ orthologue in zebrafish)
MRNA expression levels demonstrated miR-9 dependence /n vivo (Fig. S4A-D). tlx and
onecutl 3" UTRs each bear a single miR-9 target site that we validated /n vivo by using
target protection experiments (TP) and fluorescent sensor assays (Fig. 3A-C and Fig. S4E;
(Zhao et al., 2009)). In the case of onecut?and onecut-like, we identified 12 and 5 potential
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miR-9 binding sites in their respective 3'UTRs (Fig. 3D and Fig. S4D). In the presence of
miR-9 mimics, we observed a 56% decrease in EGFP expression fused to the 3'UTR of
onecut-like (Fig. S4F). Finally, using target protection we validated the direct interaction
with one miR-9 site particularly conserved between ONECUTZ orthologues across
vertebrates, and between onecut2 and onecut-like paralogues in zebrafish (Fig. 3A, D). Our
results demonstrate in vivothat tlxand onecuttranscription factor mRNAs are direct
conserved targets of miR-9 in the vertebrate brain.

TLX and ONECUT regulate VEGF-A transcriptional expression in vivo

Because human and zebrafish VEGF-A promoters carry putative TLX and ONECUT
binding sites, we next investigated the capacity of these transcription factors to mediate the
miR-9-dependent effect on vegfa expression. In zebrafish gastrulae, we expressed #/x and
onecut ORFs under the control of a heat-shock promoter. We assessed their impact on the
expression of endogenous vegfa or an egfp reporter driven by a compact vegfa promoter
(Fig. 3E). After heat-shock, we observed widespread expression of vegfaand egfp
transcripts. These results indicated that both TIx and Onecut are sufficient to induce
endogenous vegrfaand exogenous egfp transcription /n vivo (Fig. 3F-H). We next verified
using a Auc staining that no neurons were formed following TIx or Onecut expression,
demonstrating that vegfa transcription is induced independently of the acquisition of a
neuronal fate. We then performed a similar set of experiments where a p2A-EGFP cleavable
reporter was fused to TIx and Oc proteins to determine the cell autonomous transcriptional
activation of the vefga gene. We observed co-localization of vegfamRNA with EGFP in as
little as 15 min after a 15 min heat-shock, demonstrating fast cell autonomous transcriptional
activation of vegfaby TIx and Oc (Fig. 31). We then inhibited TIx and Oc expression in
miR-9 depleted embryos and observed a reduced induction of vegfa expression (Fig. 3J),
further supporting TIx and Oc endogenous roles downstream of miR-9 and upstream of
vegfa expression.

TLX and ONECUT promote the differentiation of neurons expressing VEGF-A

TLX and OC expression can be detected in NSCs and neurons ((Sapkota et al., 2014; Shi et
al., 2004; Yuan et al., 2015; Zhang et al., 2016); www.brainrnaseq.org) and we showed in
zebrafish that their expression in NSCs is strongly reduced when miR-9 is robustly
expressed in these cells (Fig. S5). These observations suggested a role for these transcription
factors in NSCs differentiation into neurons across vertebrates. First, we studied the role of
these transcription factors using primary human fetal neural stem cells at 14GW, a stage
where no differentiated astrocytes are present in the human brain. We transfected purified
hENSCs with plasmids for EGFP, TLX-p2A-EGFP, or OC2-p2A-EGFP, and allowed them
to differentiate in culture for one week. For TLX-p2A-EGFP and OC2-p2A-EGFP
transfected cells, we observed that the NSC pool was substantially depleted (Fig. S6A; 0.8%
and 2.4% respectively, versus 15.2% in the control). Interestingly, this reduction of ~90% in
the number of NSCs is not correlated to a reduction in the number of TUJ1* cells, but to a
9% increase of neurons expressing VEGF-A (Fig. S6A, B). Because of the limited access to
human fetal tissue, we next investigated the capacity of the miR-9/TIx/Oc cascade to control
neurogenesis in zebrafish. Similarly to human cell culture observation, miR-9 depletion in
zebrafish dramatically decreases the pool of NSCs in both brain and retina while increasing
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deltaA* and asc/1a" neural progenitors, and Auc™ neurons (Fig. S6C, D), as previously
described (Coolen et al., 2012). We also observed that TIx or Ocl expression in zebrafish
NSCs reduces GS expression and that when #/xand oc/ mRNAs are preserved from miR-9-
induced decay, def/taA* neural progenitors are increased in the developing brain (Fig. S6C,
D). Together, these results validate the neurogenic function of TLX and OC downstream of
miR-9, and suggest that embryonic NSCs depletion results from a transition into neuronal
fates, promoting the differentiation of neurons expressing VEGF-A.

Neuronal expression of VEGF-A induced by TLX and ONECUT controls brain vascular
development

To test whether TLX/OC-dependent VEGF-A expression controls vascular formation in the
developing CNS, we expressed these transcription factors under the control of a neuronal
promoter (using 7g(alpha-tubulin:gal4)line and the GAL4/UAS system) and also used
target protection to stabilize endogenous TIx and Oc mRNAs. In both experiments, TlIx or
Oc exogenous and endogenous expression induced vegfa upregulation, associated to a
reduction of CtAs sprouting (Fig. 4A-D and Fig. S7). We also observed an additive impact
of TIx and Oc on vegfa expression and angiogenesis defects. These results provide /n vivo
evidence that miR-9 can control neurovascular development by directly inhibiting #/x and
onecut expression and repressing the VEGF-A pathway.

Finally, to further validate that TLX and OC effects on neurovascular development are
mediated through neuronal VEGF-A expression, we expressed VEGF-A in neurons using
the alpha-tubulin:gal4 transgenic line. Consistent with the pro-angiogenic role of VEGF-A,
we showed that overexpression of vegfain neurons led to a global hyperplasia of blood
vessels in the brain (Fig. 4E), but some vessels like MMCtAs in the midbrain are missing
(Fig. 4E"). In the hindbrain, we observed a 54% decreases in CtAs sprouting while PHBCs
appears thicker (Fig. 4E” and F). Similarly, in the retina, the development of the hyaloid
vasculature is affected and retinal vessels are largely missing (Fig. 4E and E”). Thus, the
effect of vegfa neuronal expression on blood vessels development was reminiscent of the
miR-9 depletion phenotype. This observation suggests that the increase angiogenesis from
the preexisting vascular network affects the availability/capability of ECs to form subsequent
new blood vessels during development. Overall these results uncover a conserved miR-9-
dependent cascade regulating VEGF-A expression (Fig. 4G), and indicate that neuronally-
derived VEGF-A is a critical angiogenic factor in the developing vertebrate brain.

DISCUSSION

Neuronal VEGF-A is an angiogenic factor during early brain development in human

Consistent with a neuronal role in angiogenesis in the developing human brain, our data
show that neuronally-derived VEGF-A is highly expressed by human fetal primary neurons
at a time when no differentiated astrocytes are detected (14 gestational weeks in human fetal
cortices). This may represent the major source of VEGF-A necessary for neurovasculature
formation during early development. In comparison to radial glia, cortical neurons display a
much weaker immunostaining for VEGF-A proteins, but because neurons are much more
abundant during early CNS development, the gross VEGF signal produced by these cells
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may be entirely sufficient for normal vascularization. Our data showing that iPSC derived
neurons within human cortical spheroids (which are not vascularized) express VEGF-A
indicates that neuronal VEGF-A expression is a part of the genetic program controlling
neuronal identity, and is not solely a response to angiogenic processes. Interestingly, in both
primary neurons and iPSC derived neurons we detected a dual localization of VEGF-A in
the nucleus and in vesicular structures of the cytoplasm, suggesting that in addition to its
trans activity through VEGF Receptor-2 activation, VEGF-A may also have unappreciated
biological functions, such as transcriptional control of gene expression via a cell
autonomous mechanism, as demonstrated for VEGF-D in human lung fibroblasts (El-
Chemaly et al., 2014).

miR-9 is a critical factor coupling neurogenesis and angiogenesis

The coordination of neurogenesis and angiogenesis is critical to the proper formation of the
vertebrate brain and the control of VEGF-A expression by the neurogenesis modulator
miR-9 reveals a conserved transcriptional cascade linking neuronal and vascular
development. Two previous studies have reported a link between miR-9 and tumor
angiogenesis /n vitro, but the physiological significance of the reported mechanisms was
unclear because these reports produced paradoxical results: showing a pro-angiogenic
activity of miR-9 via the JAK-STAT pathway in one case (Zhuang et al., 2012) and an anti-
angiogenic activity via matrix metalloproteinase 14 in the other (Zhang et al., 2012). Here,
we demonstrated that miR-9 is regulating angiogenesis /n vivo by decreasing the stability of
tixand onecut mRNAS to limit neuronal VEGF-A signaling. The constitutive neuronal
expression of both TIx and Oc using a neuronal driver led to vasculature defects similarly to
neuronal VEGF-A expression, demonstrating their capacities to control VEGF-A
transcription in neurons downstream of miR-9 to regulate brain and retina angiogenesis.
These findings are not only significant for our understanding of the early vascularization in
the CNS but also as targets for anti-VEFG therapies in retinal diseases and brain tumors.

EXPERIMENTAL PROCEDURES

Fish developmental conditions and immunostaining

Embryos were raised and staged according to standard protocols (Kimmel et al., 1995). Our
animal protocol (#9935) is approved by the American Association for the Accreditation of
Laboratory Animal Care (AAALAC), in accordance with Stanford University animal care
guidelines. Embryos were fixed overnight at 4°C in 4% PFA, after which they were
dehydrated in ethanol. Immunostainings were performed using either anti-GFP (1/1000,
Torrey Pines Biolabs), anti-HuC/D (1/500, Molecular Probes), anti-DsRed (1/500,
Clontech), anti-GS (1/500, Fischer) and anti-Acetylated Tubulin (1/500, Sigma) as primary
antibodies and Alexa 488 or Alexa 555-conjugated goat anti-rabbit 1gG or goat anti-mouse
IgG (1/1000) as secondary antibodies (Molecular Probes).

Primary human embryonic neural stem cells immunostaining

Purified neural stem cells were obtained from 14 week-old human fetal brains (IRB approval
under Protocol #20083). For immunostaining, coverslips were fixed in 4% PFA for 10
minutes before blocking with 10% goat serum and 0.1% TritonX for 30 minutes. The
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primary antibodies include GFAP (1/1500, DAKO), Tujl (1/1500, Covance), VEGF-A
(1/50, Santa Cruz), and GFP (1/1000, Abcam). Coverslips were incubated with primary
antibody overnight in blocking solution, washed in PBS, and then incubated with secondary
antibodies (Alexa) in blocking solution for 90 minutes prior to mounting.

Human iPSC-derived cortical neurons immunostaining

Human cortical spheroids (hCSs) were generated from human iPSC as previously described
(Pasca et al., 2015). The generation of iPSCs were approved by the Stanford IRB.
Fibroblasts for reprogramming were collected and deidentified following informed consent.
For immunostaining, the samples were fixed in 4% PFA for 10 minutes before blocking with
10% goat serum and 0.3% Triton-X100 for one hour. Samples were incubated with primary
antibodies (anti-VEGF-A; 1/100, Santa Cruz), anti-HuC/D (1/400, Life technology), anti-
MAP2 (1/1500, Synaptic Systems) in 10% goat serum for 2 hours, washed with PBS and
incubated with secondary antibodies (Alexa-conjugated, Life technology) in 10% goat
serum for 45 minutes prior to mounting.

Image acquisition cell counting and blood vessel quantification

Confocal images were acquired using a Leica SP5 confocal microscope or a Leica TCS SP8
confocal microscope (Stanford cell science imaging facility). Images were prepared using
Photoshop (Adobe) and for cell counting and blood vessel quantification confocal, stacks
were analysed using ImageJ software. Statistical analyses associated with each figure are
reported in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
VEGF-A is expressed in human differentiated neurons prior to astrogenesis

miR-9 is expressed in neural stem cells and negatively regulates neuronal
VEGF-A

miR-9-direct targets, 7L Xand ONECUTSs, are transcriptional activators of
VEGF-A

miR-9 modulation of neuronal VEGF-A controls brain angiogenesis /n vivo
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Figure 1. Neuronal VEGF-A and miR-9 expression in NSCs are conserved in the human brain
(A) Schematic representation of the method used to obtain primary human neural stem cells
form fetal brain at 14 weeks of development. At 7 days in culture (A”), a majority of the
TUJ1 expressing embryonic neurons express detectable levels of VEGF-A (98.5%, n=201).
NSCs (arrow) and neurons (arrowhead) express VEGF-A in primary human cell culture. (B,
C) Confocal sections of primary human cortical neurons (B) and iPSCs-derived human
cortical neurons (C) immunolabelled with VEGF-A. Young human cortical neurons show
heterogeneous localization of VEGF-A (arrows show cytoplasmic and axonal localization,
arrowhead indicates strong nuclear expression). (D) Confocal section of double in situ/

Cell Rep. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Madelaine et al.

Page 15

immunolabelling showing overlap in the expression of vegfaaand Tg(huc.egfp) post-mitotic
neurons in the retina (arrowhead). (E) iPSC-derived human cortical spheroid in culture. /n
Situ hybridization showing MIR-9expression in the ventricular-like zone of human cortical
spheroid (E"). Confocal section of double /n situ showing co-localization of M/R-9and
SOX2in iPSC derived human NSCs (E”). (F) Confocal section of double immunolabelling
with glutamine synthetase (GS) and EGFP in Tg(hsa-MIR-9-2.egfp) retina at 72 hpf,
showing miR-9expression in retinal neural stem cells. Confocal section of double in situ/
immunolabelling showing overlap in the expression of de/taA and EGFP in Tg(hsa-
MIR-9-2:egfp) hindbrain at 72 hpf. Dorsal view of the brain with anterior up. Lateral view
of the retina. Scale bars: 25 ym (B, C), 100 um (D, E” and F), 4 mm (E) and 10 um (A" and
E).
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Figure 2. miR-9 controls brain vasculature development by limiting VEGF-A expression

(A) Schematic representation of the miR-9 MO and miR-9 RNA mimic effects. In presence
of the miR-9 MO, miR-9 is paired with the MO, inhibiting the mRNA degradation. The
miR-9 RNA mimic is ubiquitously expressed to allow the degradation of the miR-9 targets.
(B) Whole-mount /n situ hybridization against vegfaa in embryos at 48 hpf. vegfaa mRNA
behaves like a miR-9 target showing an increase in the miR-9 knockdown and a decrease in
the miR-9 gain of function. (C, D) Whole-mount in situ hybridization against //R-9 shows
that miR-9 knockdown does not affect brain and eye morphogenesis at 72 hpf. In miR-9
morphant Tg(kdrl:-mCherry) brain at 72 hpf, the mesencephalic central artery (MMCtA),
hindbrain and retinal blood vessels are affected (asterisk in D). In the hindbrain, Primordial
Hindbrain Channels (PHBCs) are thicker and Central arteries (CtAs) are disorganized,
thinner and show aberrant multidirectional sprouting. (E) Confocal projections of EGFP
labelling in Tg(karl-egfp) at 72 hpf showing ECs (E’; EGFP+/DAPI+) in posterior PHBCs
in control or miR-9 morphant larvae. (F) Quantification of the size of PHBC (um) (ROl in
E; control (n=33) or miR-9 MO (n=28)) and the total number of ECs recruited to form the
posterior PHBCs (control (n=12) or miR-9 MO (n=10)) at 72 hpf. (G) Quantification of the
number of CtAs found on each hemi-hindbrain in the control (n=20) or the miR-9 MO
dilution series (n=34, 28 and 56 for croissant dilutions respectively) at 72 hpf. (H, I)
Tg(kdrl:mCherry) brain at 72 hpf showing blood vessel formation in the hindbrain (H), and
quantification of the number of CtAs found on each hemi-hindbrain (1), of control (n=40),
0.06 UM SU5416 treated (n=48), miR-9 morphant (n=48), and miR-9 MO treated with 0.06
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UM SU5416 (n=30) larvae. Dorsal view of the brain with anterior up. Lateral view of the
retina. Scale bars: 100 um for ISH in B-D and 10 um (C-E” and H). Error bars represent
s.d. *P<0.05, **/<0.001, ***<0.0005, determined by #test, two-tailed.
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Figure 3. tix and onecut are direct miR-9 targets regulating VEGF-A transcriptional expression

in vivo

(A) Alignments of vertebrate TLX and ONECUT2 orthologues show strong conservation in
the 3"UTR containing a putative miR-9 binding site. (B) Schematic representation of the TP
assay. In the presence of the TP, the miR-9 binding site is not accessible and the mRNA
degradation is inhibited. (C-D) Schematic representation of the zebrafish #x (C) and oc/ (D)
mRNA indicating the sequence of the putative miR-9 binding site in the 3"UTR (red) and
the alignment with miR-9 or TP. #/xand oc/ mRNA behave like direct miR-9 targets showing

an increase in the TP context. (E) Schematic representation highlighting putative TIx

(NAGTCA/purple; (Qu et al., 2010; Yu et al., 2000)) and Onecut (NN(A/G)TC(A/C)A(T/
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G)NN/orange; (Lannoy et al., 1998; Plaisance et al., 2006)) binding sites in 1.5kb of the
vegfaa promoter. (F) Whole-mount /n situ hybridization against egfp driven by 1.5kb of the
vegfaa promoter. Embryos were injected with vegfaa.egfo only, hs:tlx, or hs.ocland heat-
shocked at 7 hpf. Embryos display ectopic expression of the egfp mMRNA 2 hours after
treatment showing that TIx and Onecut have the ability to induce the transcription via 1.5kb
of the vegfaa promoter. (G, H) Whole-mount /7 situ hybridization against vegfaaand Aucin
embryos at 9 hpf. Embryos were injected with As:t/x or hs:oc/and heat-shocked at 7 hpf.
Embryos display ectopic expression of vegfaa, but not Auc, two hours after treatment,
showing that TIx and Onecut transcriptions factors have the ability to induce the
transcription of the endogenous vegfaa gene independently of the neuronal fate. (1) Mosaic
expression of TIx-p2A-EGFP or Ocl-p2A-EGFP by heat-shock at 8.5 hpf induce
endogenous vegfaa expression in as little as 30 min in a cell autonomous manner suggesting
a direct regulation. (J) Whole-mount /n situ hybridization against vegfaain embryos at 48
hpf injected with the control MO, miR-9 MO, or miR-9 MO with #lxand oc/ MOs. Dorsal
view, Anterior up. Lateral view of the retina. Scale bars: 100 ym (C, D, F-H and J) or 10 pm

).
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Figure 4. TIx and Oc dependent neuronal expression of VEGF-A affect brain vasculature
development

(A) Whole-mount /7 situ hybridization against vegfaa at 48 hpf in controls or embryos
expressing uas:tlx, uas.ocl, or uas:tlx and vas:oc/in a pan-neuronal manner in 7g(alpha-
tubulin:gal4). (B) Quantification of the number of CtAs found on each hemi-hindbrain in
controls (n=34) or larvae expressing vas:tix (n=46), uas.ocl (n=46) or uas.tlx and uas.:oc/
(n=46) in a pan-neuronal manner in 7g(alpha-tubulin.gal4) at 72 hpf. (C) Whole-mount /in
situhybridization against vegfaa in embryos at 48 hpf injected with the control MO, #/x TP,
ocl TP, or tlxand oc/ TP. (D) Quantification of the number of CtAs found on each hemi-
hindbrain in the control MO (n=32), t/x TP (n=34), oc/ TP (n=34), or t/xand oc/ TP (n=34)
larvae at 72 hpf. (E) Neuronal expression of VEGF-A in the Tg(alpha-tubulin.gal4) line
leads to a global increase in ECs and/or blood vessels formation in the brain at 72 hpf. While
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most of the vessels appear to be thicker, the mesencephalic central artery (MMCtA) and
retinal blood vessels are reduced or missing (arrow and asterisk in E and E”). In the
hindbrain, PHBCs are thicker while CtAs sprouting is reduced, suggesting that their
development is affected following neuronal VEGF-A expression (E”). (F) Quantification of
the number of CtAs found on each hemi-hindbrain in controls (n=30) and larvae expressing
vegfaa (n=20) in neurons at 72 hpf (F). (G) During the normal development of the
neurovascular system, miR-9 represses the expression of Tlx and Oc to limit the level of
neuronally-derived VEGF-A. A reduction of miR-9 expression and/or an overexpression of
TIx/Oc increase the level of neuronal VEGF-A and affects the development of the brain
vasculature. Dorsal view of the brain with anterior up. Scale bars: 100 pm (A, C, E and E”)
or 10 um (F and E”). Error bars represent s.d. *£<0.05, **P£<0.001, ***<0.0005,
determined by #test, two-tailed.
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