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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
remain 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 ONECUTs to regulate VEGF-A expression.
miR-9 inhibition leads to increased TLX andONECUT
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 neurovas-
cular 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 ther-
apy following stroke and for brain tumor treatment.

INTRODUCTION

The development of the neurovascular system is essential to

ensure proper functioning of the CNS. The vertebrate CNS is

predominantly vascularized through the process of angiogen-

esis, in which proliferating endothelial cells (ECs) form new ves-

sels 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 intercel-

lular 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
Cell R
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blood vessels within neural tissues (Ruhrberg et al., 2002). Dur-

ing development, VEGF-A is also involved in many aspects of

vasculature formation, including sprouting, pruning, connectiv-

ity, vessel caliber, and survival (Ruhrberg and Bautch, 2013).

Current models of CNS angiogenesis and neurovascular

development are largely glia-centric (Armulik et al., 2010; Bo-

zoyan et al., 2012; Daneman et al., 2010), despite the observa-

tion that VEGF-A is expressed in the brain prior to the generation

of mature astrocytes during early development (Breier et al.,

1992; Wälchli 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 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-9 expression is detected in neural stem cells

(NSCs) (Coolen et al., 2013), and its inhibition transiently in-

creases 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 with cancer cell

vascularization in vitro (Zhang et al., 2012; Zhuang et al., 2012),

suggesting a potential role for this microRNA in physiological

angiogenesis in vivo. However, direct evidence has been lack-

ing. Here, we identify a key transcriptional cascade downstream
eports 20, 1533–1542, August 15, 2017 ª 2017 The Authors. 1533
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Figure 1. Neuronal VEGF-A and miR-9 Expression in Neural Stem Cells (NSCs) Are Conserved in the Human Brain

(A) Schematic representation of themethod used to obtain primary humanNSCs from fetal brain at 14weeks of development. At 7 days in culture (A’), amajority 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 and C) Confocal sections of primary human cortical neurons (B) and iPSC-derived human cortical neurons (C) immunolabeled 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/immunolabeling showing overlap in the expression of vegfaa and Tg(huc:egfp) post-mitotic neurons in the retina

(arrowheads).

(legend continued on next page)
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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 TLX and ONECUT expression. This study indicates

that miR-9-dependent neuronal expression of VEGF-A is a main

component of neurovascular system development in the verte-

brate brain.

RESULTS

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 (Figure 1A). At this age

of human fetal cortical development, gliogenesis has not yet

begun, and the glial fibrillary acidic protein (GFAP)+ cells repre-

sent young NSCs (Zhang et al., 2016). We observed robust

VEGF-A expression in primary cultures of 14GW human fetal

cortical neurons (Figures 1A’ and 1B; 98.5%, n = 201) but also

in iPSC (induced pluripotent stem cell)-derived neurons (Fig-

ure 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

(2-day-old) zebrafish development, VEGF-A is expressed in neu-

rons throughout the CNS (retina and hindbrain in Figures 1D and

S1A, respectively, and spinal cord in Wild et al., 2017). Consis-

tent with a role for neuronally derived VEGF-A in angiogenesis,

we found that the neurovasculature is embedded or in close

cellular proximity with axons (Figures S1B–S1H’). Together

with the axonal expression of VEGF-A observed in cultured pri-

mary and iPSC-derived neurons (Figures 1B and 1C), this obser-

vation suggested a possible neuronal influence in vascular

morphogenesis. Thus, we hypothesized that 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-derivedcortical spheroids (Figure1E),whichare3Dcultures

resembling the developing human cerebral cortex (Pasxca et al.,

2015), we identifiedMIR-9 expression in NSCs in the SOX2+ pro-

liferative zones of the developing human nervous tissue (Figures

1E’ and 1E’’). Using neural stem cell markers (Chapouton et al.,

2010;Coolen et al., 2012;Schmidt et al., 2013),wealso confirmed
(E) iPSC-derived human cortical spheroid in culture. In situ hybridization showing

Confocal section of double in situ/immunolabeling showing co-localization of MI

(F) Confocal section of double immunolabeling with glutamine synthetase (GS) an

retinal NSCs. Confocal section of double in situ/immunolabeling showing overlap

hpf. Dorsal view of the brain with anterior up. Lateral view of the retina.

Scale bars: 25 mm in (B) and (C); 100 mm in (D), (E’), and (F); 4 mm in (E); and 10
miR-9expression ingfap+ anddeltaA+NSCs in the zebrafishbrain

(Figures 1F, S2A, and S2B) and uncovered a novelmiR-9 expres-

sion in the M€uller cells (GS+), the NSCs of the retina (Figure 1F).

Because of the conservation of miR-9 expression 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 bymiR-9, using bothmiR-9 depletion andmiR-9mimics

to decrease and increasemiR-9 activity, respectively (Figure 2A).

Because of themiR-9 gene duplication (7 genes in teleosts and 3

genes inmammals), geneticmanipulation of thismicroRNA is not

simple. Fortunately, all miR-9 genes produce an identical mature

23-bp sequence that can be targeted by a single antisensemiR-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 mimic-injected larvae (Figure 2B).

These observations suggest that miR-9 controls directly or indi-

rectly 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 ofmiR-9 expression in the hindbrain and retina during

the second day of zebrafish development is consistent with

the formation of the vasculature in these regions (Figures S1B,

S1D, and S2C). To investigate the potential coupling of miR-9

activity to neurogenesis and neurovascular development, we

inhibited all miR-9 genes (Figure S3A) in a kdrl/vegfr2:mCherry

transgenic line that labels the entire vasculature (Chi et al.,

2008). While the vascular organization outside of the CNS was

normal (Figure S3B), many aspects of the blood vessel network

were affected in the brain and retina when miR-9 activity was

impeded (Figures 2C, 2D, and S3C). In the brain, the middle

mesencephalic central arteries (MMCtAs) were affected in the

midbrain, as well as the central arteries (CtAs) 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 network cupping the lens (Figures S3D and

S3F). In the zebrafish hindbrain, the CtAs sprout from the primor-

dial hindbrain channels (PHBCs) at 32 hours post-fertilization

(hpf) (Ulrich et al., 2011), an event concomitant with the onset

of miR-9 expression (Coolen et al., 2012). While posterior

communicating segments (PCSs) and the basilar artery (BA)
MIR-9 expression in the ventricular-like zone of human cortical spheroid (E’).

R-9 and SOX2 in iPSC-derived human NSCs (E’’).

d EGFP in Tg(hsa-MIR-9-2:egfp) retina at 72 hpf, showingmiR-9 expression in

in the expression of deltaA and EGFP in Tg(hsa-MIR-9-2:egfp) hindbrain at 72

mm in (A’) and (E’’).
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were unaffected in miR-9 morphants, CtAs failed to develop

normally (Figures 2C and 2D). 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 (Figures 2C–2F) and

showed an increased diameter when miR-9 was depleted (Fig-

ure 2F; 11.1 mm ± 1.3 mm versus 15.2 mm ± 3.2 mm 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 versus 32.3 ± 6.2 in control and

miR-9 morphant, respectively), correlated to a 34% decrease

in CtAs sprouting (Figures 2E–2G), suggesting that ECs prema-

turely 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

(Figures 2G and S3E). These observations are consistent

with the previous demonstration that EC migration from

PHBCs is the primary mechanism of CtA formation (Ulrich

et al., 2011). Altogether, these results indicate that the level of

miR-9 activity regulates the formation of the neurovascular sys-

tem in the brain.

miR-9 Limits VEGF-A Signaling to Regulate Blood Vessel
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 (Ul-

rich et al., 2011) (1 mM versus 0.06 mM in our experiment). We

chose the lowest dose leading to a vasculature defect to validate

that the VEGF signal was at least partially impaired (Figures 2H

and 2I). We observed that a moderate inhibition of the VEGF

signal in themiR-9-depleted larvae at the onset of CtA angiogen-

esis (SU5416; 0.06 mM, from 30 hpf to 72 hpf) efficiently rescued

the large majority of the blood vessel network (Figures 2H and 2I;

86% versus 67% with the miR-9 MO only, compared to 100% in
Figure 2. miR-9 Controls Brain Vasculature Development by Limiting V

(A) Schematic representation of the miR-9 MO andmiR-9 RNA mimic effects. In th

degradation. The miR-9 RNA mimic is ubiquitously expressed to allow the degra

(B) Whole-mount in situ hybridization against vegfaa in embryos at 48 hpf. ve

knockdown and a decrease in the miR-9 gain of function.

(C and D) Whole-mount in situ hybridization against miR-9 in control (C) and miR

morphogenesis at 72 hpf. In miR-9 morphant Tg(kdrl:mCherry) brain at 72 hpf, the

affected (asterisks in D). In the hindbrain, primordial hindbrain channels (PHBCs)

aberrant multidirectional sprouting.

(E) Confocal projections of EGFP labeling in Tg(kdrl:egfp) at 72 hpf showing ECs

(F) Quantification of the size, in microns, of PHBCs (the region of interest [ROI] ind

recruited to form the posterior PHBCs (control, n = 12; or miR-9 MO, n = 10) at 7

(G) Quantification of the number of CtAs found on each hemi-hindbrain in the co

dilutions) at 72 hpf.

(H and I) Tg(kdrl:mCherry) brain at 72 hpf showing blood vessel formation in the

hindbrain (I), of control larvae (n = 40), SU5416-treated larvae (0.06 mM; n = 48)

SU5416 (n = 30). Dorsal view of the brain with anterior up. Lateral view of the ret

Scale bars: 100 mm for in situ hybridization (ISH) in (B)–(D) and 10 mm for immunola

t test, two-tailed; n.s, not significant.
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 30 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 hu-

man to zebrafish:ONECUT1,ONECUT2, LIN28, FOXP1, FOXP2,

FOXP4, and TLX/NR2E1. Among these candidates, only tlx/

nr2e1, onecut1, onecut2, and onecut-like (human OC2 ortholog

in zebrafish) mRNA expression levels demonstrated miR-9

dependence in vivo (Figures S4A–S4D). tlx and onecut1 30

UTRs each bear a single miR-9 target site that we validated

in vivo by using target protection (TP) experiments and fluores-

cent sensor assays (Figures 3A–3C and S4E; Zhao et al.,

2009). In the case of onecut2 and onecut-like, we identified

12 and 5 potential miR-9 binding sites in their respective 30

UTRs (Figures 3D and S4D). In the presence of miR-9 mimics,

we observed a 56% decrease in EGFP expression fused to the

30 UTR of onecut-like (Figure S4F). Finally, using TP, we validated

the direct interaction with one miR-9 site particularly conserved

between ONECUT2 orthologs across vertebrates and between

onecut2 and onecut-like paralogs in zebrafish (Figures 3A and

3D). Our results demonstrate in vivo that tlx and onecut transcrip-

tion 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 puta-

tive 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 tlx and onecut open reading frames (ORFs) under
EGF-A Expression

e presence of the miR-9 MO, miR-9 is paired with the MO, inhibiting the mRNA

dation of the miR-9 targets.

gfaa mRNA behaves like a miR-9 target, showing an increase in the miR-9

-9 morphant (D) shows that miR-9 knockdown does not affect brain and eye

mesencephalic central artery (MMCtA), hindbrain and retinal blood vessels are

are thicker, and central arteries (CtAs) are disorganized and thinner and show

(E’; EGFP+/DAPI+) in posterior PHBCs in control or miR-9 morphant larvae.

icated in E) (control, n = 33; or miR-9 MO, n = 28) and the total number of ECs

2 hpf.

ntrol (n = 20) or the miR-9 MO dilution series (ns = 34, 28, and 56 for croissant

hindbrain (H), and quantification of the number of CtAs found on each hemi-

, miR-9-morphant larvae (n = 48), and miR-9-MO larvae treated with 0.06 mM

ina.

beling in (C)–(E’) and (H). Error bars represent SD. ***p < 0.0005, determined by
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Figure 3. tlx and onecut Are Direct miR-9 Targets

Regulating VEGF-A Transcriptional Expression

In Vivo

(A) Alignments of vertebrate TLX and ONECUT2 orthologs

show strong conservation in the 30 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 and D) Schematic representation of the zebrafish tlx (C)

and ocl (D) mRNA indicating the sequence of the putative

miR-9 binding site in the 30 UTR (red) and the alignment

with miR-9 or TP. tlx and ocl mRNA behave like direct

miR-9 targets, showing an increase in the TP context.

(E) Schematic representation highlighting putative Tlx

(NAGTCA/purple) (Qu et al., 2010; Yu et al., 2000) and

Onecut (NN(A/G)TC(A/C)A(T/G)NN/orange) (Lannoy et al.,

1998; Plaisance et al., 2006) binding sites in 1.5 kb of the

vegfaa promoter.

(F) Whole-mount in situ hybridization against egfp driven by

1.5 kb of the vegfaa promoter. Embryos were injected with

vegfaa:egfp only, hs:tlx, or hs:ocl and were heat-shocked

at 7 hpf. Embryos display ectopic expression of the egfp

mRNA 2 hr after treatment, showing that Tlx and Onecut

have the ability to induce the transcription via 1.5 kb of the

vegfaa promoter.

(G and H) Whole-mount in situ hybridization against vegfaa

(G) and huc (H) in embryos at 9 hpf. Embryos were injected

with hs:tlx or hs:ocl and heat-shocked at 7 hpf. Embryos

display ectopic expression of vegfaa, but not huc, 2 hr

after treatment, showing that Tlx and Onecut transcription

factors have the ability to induce the transcription of the

endogenous vegfaa gene independently of the neuronal

fate.

(I) Mosaic expression of Tlx-p2A-EGFP or Ocl-p2A-EGFP

by heat shock at 8.5 hpf induces endogenous vegfaa

expression in as little as 30 min in a cell-autonomous

manner, suggesting a direct regulation.

(J) Whole-mount in situ hybridization against vegfaa in

embryos at 48 hpf injected with the control MO, miR-9 MO,

or miR-9MOwith tlx and oclMOs. Dorsal viewwith anterior

up. Lateral view of the retina.

Scale bars: 100 mm in (C), (D), (F)–(H), and (J) or 10 mm in (I).
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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 (Figure 3E). After heat

shock, we observed widespread expression of vegfa and egfp

transcripts. These results indicated that both Tlx and Onecut

are sufficient to induce endogenous vegfa and exogenous

egfp transcription in vivo (Figures 3F and 3G). We next verified,

using a huc staining, that no neurons were formed following Tlx

or Onecut expression (Figure 3H), 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 Tlx and

Oc proteins to determine the cell-autonomous transcriptional

activation of the vefga gene. We observed co-localization of

vegfa mRNA with EGFP in as little as 15 min after a 15-min

heat shock, demonstrating fast cell-autonomous transcriptional

activation of vegfa by Tlx and Oc (Figure 3I). We then inhibited

Tlx and Oc expression in miR-9-depleted embryos and

observed a reduced induction of vegfa expression (Figure 3J),

further supporting Tlx 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) (http://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 (Figure S5).

These observations suggested a role for these transcription fac-

tors in NSC differentiation into neurons across vertebrates. First,

we studied the role of these transcription factors using primary

human fetal NSCs at 14GW, a stage where no differentiated as-

trocytes are present in the human brain. We transfected purified

human embryonic NSCs (hENSCs) with plasmids for EGFP, TLX-

p2A-EGFP, or OC2-p2A-EGFP and allowed them to differentiate

in culture for 1 week. For TLX-p2A-EGFP- and OC2-p2A-EGFP-

transfected cells, we observed that the NSC pool was substan-

tially depleted (Figure 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

(Figures S6A and S6B). Because of the limited access to human

fetal tissue, we next investigated the capacity of the miR-9/Tlx/

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 deltaA+ and ascl1a+ neural progenitors and huc+

neurons (Figures S6C and S6D), as previously described (Coolen

et al., 2012). We also observed that Tlx or Ocl expression in

zebrafish NSCs reduces GS expression and that when tlx and

ocl mRNAs are preserved from miR-9-induced decay, deltaA+

neural progenitors are increased in the developing brain (Figures

S6C and S6D). Together, these results validate the neurogenic

function of TLX and OC downstream of miR-9 and suggest

that embryonic NSC depletion results from a transition into

neuronal fates, promoting the differentiation of neurons express-

ing 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 con-

trols vascular formation in the developing CNS, we expressed

these transcription factors under the control of a neuronal pro-

moter (using the Tg(alpha-tubulin:gal4) line and the GAL4/UAS

system) and also used TP to stabilize endogenous tlx and onecut

mRNAs. In both experiments, Tlx or Oc exogenous and endog-

enous expression induced vegfa upregulation, associated with

a reduction of CtAs sprouting (Figures 4A–4D and S7). We also

observed an additive impact of Tlx and Oc on vegfa expression

and angiogenesis defects. These results provide in vivo evi-

dence that miR-9 can control neurovascular development by

directly inhibiting tlx and onecut expression and repressing the

VEGF-A pathway.

Finally, to further validate that TLX and OC effects on neuro-

vascular 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 vegfa in

neurons led to a global hyperplasia of blood vessels in the brain

(Figure 4E), but some vessels like MMCtAs in the midbrain

are missing (Figure 4E’). In the hindbrain, we observed a 54%

decrease in CtAs sprouting, while PHBCs appear thicker (Fig-

ures 4E’’ and 4F). Similarly, in the retina, the development of

the hyaloid vasculature is affected, and retinal vessels are largely

missing (Figures 4E and 4E’). Thus, the effect of vegfa neuronal

expression on blood vessel development was reminiscent of

the miR-9-depletion phenotype. This observation suggests that

the increase in angiogenesis from the preexisting vascular

network affects the availability/capability of ECs to form subse-

quent new blood vessels during development. Overall, these re-

sults uncover a conservedmiR-9-dependent cascade regulating

VEGF-A expression (Figure 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 devel-

oping human brain, our data show that VEGF-A is highly ex-

pressed 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 neu-

rons display a much weaker immunostaining for VEGF-A pro-

teins, but because neurons are much more abundant during

early CNS development, the gross VEGF signal produced by

these cells may be entirely sufficient for normal vasculariza-

tion. Our data showing that iPSC-derived neurons within human

cortical spheroids (which are not vascularized) express VEGF-A

indicate 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 pri-

mary neurons and iPSC-derived neurons, we detected a dual
Cell Reports 20, 1533–1542, August 15, 2017 1539
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Figure 4. Tlx- and Oc-Dependent Neuronal Expression of VEGF-A Affect Brain Vasculature Development

(A) Whole-mount in situ hybridization against vegfaa at 48 hpf in controls or embryos expressing uas:tlx, uas:ocl, or uas:tlx and uas:ocl in a pan-neuronal manner in

Tg(alpha-tubulin:gal4).

(B) Quantification of the number of CtAs found on each hemi-hindbrain in controls (n = 34) or larvae expressing uas:tlx (n = 46), uas:ocl (n = 46) or uas:tlx and

uas:ocl (n = 46) in a pan-neuronal manner in Tg(alpha-tubulin:gal4) at 72 hpf.

(C) Whole-mount in situ hybridization against vegfaa in embryos at 48 hpf injected with the control MO, tlx TP, ocl TP, or tlx and ocl TP.

(D) Quantification of the number of CtAs found on each hemi-hindbrain in the control MO (n = 32), tlx TP (n = 34), ocl TP (n = 34), or tlx and ocl 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 vessel formation in the brain at 72 hpf. While

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 CtA 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.

(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 Tlx/Oc increases 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 mm in (A), (C), (E), and (E’) or 10 mm in (F) and (E’’). Error bars represent SD. *p < 0.05; ***p < 0.0005, determined by t test, two-tailed.
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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

unappreciatedbiological functions, suchas transcriptional control

of gene expression via a cell-autonomousmechanism, asdemon-

strated 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 re-

veals a conserved transcriptional cascade linking neuronal and

vascular development. Two previous studies have reported a

linkbetweenmiR-9 and tumor angiogenesis in vitro, but thephys-

iological 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

in vivo by decreasing the stability of tlx and onecutmRNAs to limit

neuronal VEGF-A signaling. The constitutive neuronal expression

of both Tlx and Oc using a neuronal driver led to vasculature de-

fects similarly to neuronal VEGF-A expression, demonstrating

their capacities to controlVEGF-A transcription in neuronsdown-

stream of miR-9 to regulate brain and retina angiogenesis. These

findings are significant for our understanding of the early vascu-

larization in the CNS but also to identify molecular 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% paraformaldehyde (PFA), after which they were

dehydrated in ethanol. Immunostainings were performed using anti-GFP

(1/1,000, Torrey Pines Biolabs), anti-HuC/D (1/500, Molecular Probes), anti-

DsRed (1/500, Clontech Laboratories), anti-GS (1/500, Fisher Scientific), and

anti-Acetylated Tubulin (1/500, Sigma) as primary antibodies and Alexa 488-

or Alexa 555-conjugated goat anti-rabbit immunoglobulin G (IgG) or goat

anti-mouse IgG (1/1,000) as secondary antibody (Molecular Probes).

Primary Human Embryonic NSC Immunostaining

Purified NSCs were obtained from 14-week-old human fetal brains (institutional

review board [IRB] approval under Protocol #20083). For immunostaining, cov-

erslipswerefixed in4%PFAfor10minbeforeblockingwith10%goat serumand

0.1% Triton X-100 for 30 min. The primary antibodies include GFAP (1/1,500,

Dako), Tuj1 (1/1,500, Covance), VEGF-A (1/50, Santa Cruz Biotechnology),

and GFP (1/1,000, Abcam). Coverslips were incubated with primary antibody

overnight in blocking solution, washed in PBS, and then incubatedwith second-

ary antibodies (Alexa) in blocking solution for 90 min prior to mounting.

Human iPSC-Derived Cortical Neuron Immunostaining

Human cortical spheroids (hCSs) were generated from human iPSCs as previ-

ously described (Pasxca et al., 2015). The generation of iPSCs was approved by

the Stanford IRB. Fibroblasts for reprogramming were collected and deidenti-

fied following informed consent. For immunostaining, the samples were fixed
in 4% PFA for 10 min before blocking with 10% goat serum and 0.3% Triton

X-100 for 1 hr. Samples were incubated with primary antibodies anti-VEGF-A

(1/100, Santa Cruz), anti-HuC/D (1/400, Life Technologies), and anti-MAP2

(1/1500, Synaptic Systems) in 10% goat serum for 2 hr, washed with PBS,

and incubated with secondary antibodies (Alexa-conjugated; Life Technolo-

gies) in 10% goat serum for 45 min 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 Sciences Imaging Facility).

Images were prepared using Photoshop (Adobe). For cell counting and blood

vessel quantification, images were analyzed using ImageJ software. Statistical

analyses associated with each figure are reported in the figure legends.
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Supplemental Figure 1: Neurons expressing VEGF-A are closely associated with blood vessels (related to 

Figure 1) 

(A) Confocal section of double in situ/immunolabelling with vegfaa and EGFP in the hindbrain of Tg(huc:egfp) line 

at 48 hpf shows neuronal expression of vegfa in the zebrafish brain. Close up of vegfaa expression in the hindbrain 

(A’). (B, C) Confocal section of double immunolabelling showing the physical interaction/close proximity between 

axons (Acetyl Tubulin, green) and blood vessels (red) in Tg(kdrl:mCherry) hindbrain at 36 and 48 hpf. (D-H) 

Confocal section of double immunolabelling showing the physical interaction/close proximity between axons 

(Acetyl Tubulin, green) and blood vessels (red) in Tg(kdrl:mCherry) retina at 36 hpf, 48 hpf or in the adult retina. 

Close up on a blood vessel in the adult retina (H’). Arrowheads show co-localization. Dorsal view of the brain with 

anterior up. Lateral view of the retina. Scale bars: 100 µm (A and D-H) or 10 µm (A’, B, C and H’). 

  





 

Supplemental Figure 2: miR-9 expression in NSCs in the zebrafish brain (related to Figure 1)  

(A, B) Confocal section of double in situ/immunolabelling showing extensive overlap in the expression of 

endogenous miR-9 and EGFP protein in hindbrain at 72 hpf or in the ventricular zone of the adult zebrafish 

telencephalon in the Tg(gfap:gal4), Tg(uas:egfp) line, revealing miR-9 expression in embryonic and adult NSCs. 

(C) Whole-mount in situ hybridization against miR-9 showing the time course of miR-9 expression in the developing 

embryo at 24, 36 and 48 hpf. Dorsal view of the brain with anterior up. Lateral view of the retina. Scale bars: 10 µm 

(A, B) or 100 µm (C). 

  





 

Supplemental Figure 3: miR-9 controls the neurovasculature formation in a dose dependent manner (related 

to Figure 2)  

(A) Schematic representation of the miR-9 MO binding to microRNA-9. With the control MO, miR-9 is available, 

allowing the degradation of the mRNA target and revealing the miR-9 expression pattern with the specific miR-9 

LNA probe. In presence of the miR-9 MO, miR-9 is bound by the MO, inhibiting the mRNA degradation and the 

binding of the LNA probe. (B) Whole-mount in situ hybridization against miR-9 at 72 hpf shows that miR-9 

knockdown does not affect trunk morphogenesis.mCherry immunolabelling in Tg(kdrl:mCherry) at 72 hpf showing 

blood vessels formation in the trunk of control or miR-9 morphant larvae. In the trunk, miR-9 knockdown does not 

affect blood vessels development. (C) Confocal projections of mCherry immunolabelling in Tg(kdrl:mCherry) at 72 

hpf showing blood vessels formation in control or miR-9 morphant larvae in the brain. The affected 

neurovasculature in the midbrain, hindbrain and retina is highlighted by an asterisk. (D, E) Whole-mount in situ 

hybridization against miR-9 at 72 hpf in larvae injected with the control MO or the miR-9 MO in the retina (D) and 

brain (E). Confocal projections of mCherry immunolabelling in Tg(kdrl:mCherry) at 72 hpf showing blood vessels 

formation in control MO and miR-9 MO injected larvae. Higher is the quantity of miR-9 MO injected in the egg, 

stronger is inhibition of miR-9 expression. The severity of the neurovasculature defects is correlated to the level of 

miR-9 inhibition. (F) The formation of the hyaloid vasculature in the retina of control MO (n=25) or miR-9 MO 

dilution series (n=24, 30 and 28 for croissant dilutions respectively) at 72 hpf was classified in four groups and 

quantified. Group 1: The blood vessels form a complex vascular network. Group 2: The hyaloid vasculature shows a 

reduced branching complexity. Group 3: In addition to the reduction of the branching, the caliber is affected and 

some vessels appear to be thicker. Group 4: The hyaloid vasculature is absent. Dorsal view of the brain with anterior 

up. Lateral view of the retina. Box1 is a close up of the retina. Box2 is a close up of the hindbrain. Box3 is a close 

up of the hyaloid vasculature in the retina. Scale bars: 10 µm for immunolabelling and 100 µm for whole mount 

ISH. 

  





 

Supplemental Figure 4: Validation of miR-9 targets conserved across vertebrates (related to Figure 3)  

 (A, B) Whole-mount in situ hybridization against tlx (A) or ocl (B) in larvae at 72 hpf injected with the control MO, 

the miR-9 MO or the miR-9 RNA mimic. tlx and ocl behave 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) Schematic representation of the zebrafish oc1 (C) 

and oc2 (D) mRNA indicating the sequence of the putative miR-9 binding sites in the 3’UTR (red). Whole-mount in 

situ hybridization against oc1 (C) and oc2 (D) in larvae at 72 hpf injected with the control MO, the miR-9 MO or the 

miR-9 RNA mimic. onecut family mRNAs behave like miR-9 targets showing an increase in the miR-9 knockdown 

and a decrease in the miR-9 gain of function. (E, F) Fluorescent sensor assay to test the functionality of miR-9 

binding sites in the 3’UTR of oc1 (E) and ocl (F) showing that miR-9 mediates oc1 and ocl inhibition via the 

3’UTR. TagRFP and EGFP protein expression in embryos at 24 hpf: embryos were co-injected with the egfp mRNA 

containing the 3’UTR of oc1 (n=7) or ocl (n=3) fused to the SV40pA and the internal control, tagrfp mRNA (n=8 

and 3 respectively) in the presence or absence of miR-9 mimic. The ratio between the level of EGFP and TagRFP 

proteins fluorescence shows a decrease in EGFP expression, but not TagRFP, in the presence of the miR-9 RNA 

mimic.  Dorsal view of the brain with anterior up. Lateral view of the retina. Scale bars: 100 µm. Error bars 

represent s.d. *P<0.05, **P<0.001, ***P<0.0005, determined by t-test, two-tailed. 

  





 

Supplemental Figure 5: Neural expression of tlx and ocl (related to Figure 3) 

(A, B) Whole-mount in situ hybridization showing the time course of tlx (A) and ocl (B) expression in the 

developing embryo at 24, 48 and 72 hpf. During development, when miR-9 expression becomes broader and 

stronger after 24 hpf, we observe a correlative decrease in tlx and ocl expression. (C-H) Confocal section of double 

in situ/immunolabelling with tlx or ocl mRNAs and EGFP in the Tg(gfap:gal4); Tg(uas:egfp) line labelling NSCs in 

the hindbrain. When miR-9 is not expressed broadly throughout the brain at 24 hpf, we observed an overlap in the 

expression of tlx and ocl with the NSCs marker GFAP (C, D). At 48 hpf, when miR-9 is strongly expressed in the 

brain ocl is excluded from the NSCs domain (E, F). At 72 hpf, both tlx and ocl are not detected in NSCs (G, H). 

Arrowheads show co-localization with EGFP. Dorsal view of the brain with anterior up. Scale bars: 100 µm. 

  





 

Supplemental Figure 6: TLX and OC activity control neural stem cells fate (related to Figure 4) 

(A) In vitro effect of transfecting primary human embryonic neural stem cells with a control EGFP plasmid, TLX-

p2A-EGFP or OC2-p2A-EGFP. Overexpression of TLX (n=646) and OC2 (n=528) significantly depletes the 

existing neural stem cell population in the dish compared to the EGFP control (n=408). Furthermore, in comparison 

with EGFP transfection (n=344), expression of TLX (n=99) and OC2 (n=69) slightly increases the percentage of 

primary human NSCs that differentiate into cortical neurons. (B) Triple immunolabelling against TUJ1, EGFP and 

VEGF-A after transfection of primary human embryonic NSCs with the TLX-p2A-EGFP plasmid (nuclear marker 

DAPI is in blue). Embryonic cortical neuron express high detectable level of nuclear (arrowhead) and cytoplasmic 

(arrow) VEGF-A after TLX expression (EGFP). (C) Confocal projection of immunolabelling with endogenous GS 

protein in the brain of control MO or miR-9 MO injected larvae and larvae expressing uas:tlx or uas:ocl in NSCs 

using Tg(gfap:gal4) line at 72 hpf. Embryonic NSCs are reduced in the miR-9 depleted and tlx or ocl expressing 

brain. (D) Whole-mount in situ hybridization against deltaA, ascl1a, ascl1b, neurog1 or huc in embryos at 48 hpf 

injected with the control MO, miR-9 MO, tlx TP or ocl TP. miR-9 inhibition increases neural progenitor cells 

(deltaA and ascl1a) and promote a neuronal fate (huc). tlx or ocl mRNA protection also leads to an increase in 

deltaA+ neural progenitors in the zebrafish brain. Of note, miR-9 morphant shows an increase in deltaA+ and 

ascl1a+ NPCs but not ascl1b+ or neurog1+ NPCs. Dorsal view, Anterior up. Scale bars: 10 µm (B) or 100 µm (C, 

D). Error bars represent s.d. *P<0.05, **P<0.001, ***P<0.0005, determined by t-test, two-tailed. 

  





 

Supplemental Figure 7: Tlx and Ocl neuronal expression affect vasculature development (related to Figure 4) 

 (A) Confocal projections of mCherry immunolabelling in Tg(kdrl:mCherry) at 72 hpf showing blood vessels 

formation in the hindbrain of controls or larvae expressing uas:tlx, uas:ocl or uas:tlx and uas:ocl in a pan-neuronal 

manner in Tg(alpha-tubulin:gal4) line. (B) Confocal projections of mCherry immunolabelling in Tg(kdrl:mCherry) 

at 72 hpf showing blood vessels formation in the hindbrain of control MO,  tlx TP,  ocl TP or tlx and ocl TP larvae. 

Dorsal view of the brain with anterior up. Scale bars: 10 µm. 

 

  



 

SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

Primary human embryonic neural stem cells culture, purification and transfection 

Human fetal cortex was collected after elective abortion by a commercial vendor (StemExpress, Placervill, 

CA). The meninges were removed and the tissue was enzymatically dissociated to make a suspension of single cells 

as described previously (Cahoy et al., 2008; Dugas et al., 2006). Briefly, the tissue was incubated at 33°C for 45 

minutes in 20 ml of a papain solution containing Earle’s balanced salts (EBSS, Sigma, St. Louis, MO, E7510), D(+)-

glucose (22.5mM), NaHCO3 (26mM), DNase (125U/ml, Worthington, Lakewood, NJ, LS002007),  papain (4 U/ml, 

Worthington, Lakewood, NJ, LS03126), and L-cysteine (1mM, Sigma, St. Louis, MO, C7880). The papain solution 

was equilibrated with 5% CO2 and 95% O2 gas before and during papain treatment. Following papain treatment, the 

tissue was washed three times with 4.5ml of inhibitor buffer containing BSA (1.0mg/ml, Sigma, St. Louis, MO, A-

8806), and ovomucoid (also known as trypsin inhibitor, 1.0 mg/ml, Roche Diagnostics Corporation, Indianapolis, IN 

109878) and then mechanically dissociated by gentle sequential trituration using a 5ml pipette. Dissociated cells 

were layered on top of 10ml of high concentration inhibitor solution with 5mg/ml BSA and 5mg/ml ovomucoid and 

centrifuged at 130g for 5 minutes. The cell pellet was then resuspended in 12 ml Dulbecco’s phosphate-buffered 

saline (DPBS, Invitrogen, Carlsbad, CA 14287) containing 0.02% BSA and 12.5U/ml DNase and filtered through a 

20um Nitex mesh (Sefar America Inc., Depew NY, Lab Pak 03-20/14) to remove undissociated cell clumps. Cell 

health was assessed by trypan blue exclusion. 

To purify neural stem cells, the single cell suspension was immunopanned with a CD15 antibody (BD, 

mouse) for a 30 minute incubation. The adherent cells on the CD15 plate were washed 8 times with 10-20 ml of 

DPBS to remove all antigen-negative nonadherent cells, and then removed from the plate by treating with trypsin 

(Sigma, 1,000U/ml, T-4665) in 8ml Ca2+ and Mg2+ free EBSS (Irvine Scientific, Santa Ana, CA, 9208) for 3-10 

minutes at 37°C in a 10% CO2 incubator. The cells were dislodged by gentle squirting of over the plate and 

harvested by centrifugation at 200g for 10 minutes.  

Plasmid transfection was performed on purified neural stem cells from 14 week-old human fetal brains. TLX 

and ONECUT2 ORF were amplified by PCR from human cDNA, fused to the p2A-EGFP and cloned in the 

pCDNA3.1 vector downstream of a CMV promoter. EGFP, TLX, and OC2 plasmids were transfected into cells 

using the nucleofector kit (Lonza) for primary neural stem cells. 2-4ug of each plasmid was added to the cell 

suspension and briefly electoporated according to the user protocol. Cells were then plated on PDL coated coverslips 

and cultured in a defined media including DMEM, insulin, pyruvate, Pen/Strep, L-glutamine, Sato, and N-

acetylcysteine. Two 14 week-old brains were used to prepare 6 samples for each condition, each sample containing 

150-450 cells. 

Generation of human iPSC-derived cortical neurons 

 Human iPSCs derived from healthy individuals were grown on inactivated mouse embryonic fibroblasts 

feeders in iPSC medium (DMEM/F12, 20% Knockout Serum, 1mM non-essential amino acids, GlutaMax (1:200), 



 

0.1mM β-mercaptoethanol, penicillin and streptomycin (1:100)). Colonies of iPSCs were detached with dispase 

(0.35mg/ml, Invitrogen) and transferred into low-attachment plates in iPSC medium supplemented with 

dorsomorphin (5 μM, Sigma) and SB-431542 (10 μM, Tocris), and the medium was changed daily. On day six of in 

vitro differentiation, neural spheroids were transferred to neural medium (NM) (Neurobasal A, B27 without vitamin 

A, GlutaMax (1:100), penicillin and streptomycin (1:100); Life Technologies), which was supplemented with EGF 

(20 ng/ml) and FGF2 (20 ng/ml) until day 24, and then supplemented with BDNF (20 ng/ml) and NT3 (20 ng/ml) 

from day 25 to 42. From day 43 onwards, cortical spheroids were maintained in NPC with medium changes every 4 

days.  

For enzymatic dissociation and culture in monolayer (Deverman et al., 2016), hCS were incubated with 

accutase for 15 minutes at 37°C, washed 3 times with NM and gently triturated with a P-200 pipet. Cells were plated 

on poly-ornithine and laminin coated glass coverslips (15 mm) at around 300,000 cells/well and maintained in NM 

supplemented with BDNF (20 ng/ml) and NT3 (20 ng/ml) with half medium changes every other day. 

Zebrafish transgenic lines and plasmid construction 

The following transgenic lines were used to visualize: post-mitotic neurons Tg(huc:egfp) (Park et al., 

2000), neural stem cells Tg(gfap:gal4); Tg(uas:egfp), miR-9 expressing cells Tg(CNE1:egfp), referred as Tg(hsa-

MIR-9-2:egfp) or endothelial cells Tg(kdrl:ras-mCherry) (Chi et al., 2008) and Tg(kdrl:egfp) (Choi et al., 2007a).  

For the generation of Tg(alpha-tubulin:gal4) and Tg(gfap:gal4), the goldfish a1-tubulin promoter (Hieber 

et al., 1998) and the zebrafish gfap promoter (Bernardos and Raymond, 2006) were cloned into the p5E 5’ entry 

vector of the tol2kit (Kwan et al., 2007). Then, the 5’ entry vector was recombined into the Tol2 transposon 

destination vector. pTol2-vegfaa:egfp was by made by PCR amplification of 1.5kb upstream of the vegfaa promoter 

from zebrafish genomic DNA. PCR products were directionally cloned into the XhoI and BglII sites of the pTol2-

E1b:EGFP vector. To establish Tg(alpha-tubulin:gal4), Tg(gfap:gal4) and Tg(CNE1:egfp) stable transgenic lines, 

plasmids were injected into one-cell stage embryos with the Tol2 mRNA transposase (Kwan et al., 2007). 

 To generate pDestTol2-uas:vegfaa, pDestTol2-uas:tlx, pDestTol2-uas:ocl, pDestTol2-uas:tlx-p2A-egfp, 

pDestTol2-uas:ocl-p2a-egfp pDestTol2-hs:tlx, pDestTol2-hs:ocl, pDestTol2-hs:tlx-p2A-egfp and pDestTol2-hs:ocl-

p2A-egfp plasmids for transient expression; vegfaa, tlx and ocl ORF were amplified by PCR from zebrafish cDNA 

and cloned in the pME entry vector of the tol2kit. The appropriate middle entry clone was mixed with the UAS or 

the heat-shock promoter 5’ entry vector and the SV40pA 3’ entry vector, and recombined into the Tol2 transposon 

destination vector (Kwan et al., 2007). 

In situ hybridization 

In situ hybridizations were performed as previously described (Oxtoby and Jowett, 1993). Previously 

described antisense DIG labelled probes for neurog1 (Blader et al., 1997), deltaA (Haddon et al., 1998), ascl1a and 

ascl1b (Allende and Weinberg, 1994) were generated using standard procedures. ORFs were cloned in a pCS2+ 

vector using zebrafish cDNA for vegfaa, tlx, oc1, oc2, and ocl or human cDNA for SOX2; and antisense DIG 



 

labelled probes were transcribed using the linearized pCS2+ plasmid containing the ORF. For miR-9 ISH, the 

previously described miRCURY detection probe (LNA) hsa–miR-9 (Exiqon) was used (Leucht et al., 2008). In situs 

were revealed using either BCIP and NBT (Roche) or Fast Red (Roche) as substrates. 

Antisense morpholino and microRNA-9 mimic injection  

We used the previously described miR-9 MO (TCATACAGCTAGATAACCAAAGA) and the control MO 

(CACCAAACCATATAGAAGTGATA) (Leucht et al., 2008). Embryos were injected at the one-cell stage with 

0.12 to 2 pmole of the miR-9 or control MO. tlx (GCTTGCTCATATTGAAGACCACGGC) and ocl 

(ACATCTCTCCCATATTACCATCCAT) MOs were injected at 1 pmole and the efficiency of the MO was tested 

by the capacity of the MO to down-regulate EGFP (but not the internal mCherry control) expression driven by a 

construct containing the MO binding site in the 5’UTR of tlx or ocl fused to a p2A-EGFP (data not shown). For 

target protection, tlx TP (CCTTTGGTTTTCAGCACTATGTCAA), ocl TP 

(TCTTTGGTATTGGGACTCCTATCAG), and control TP (CTGTGGCCTAAAGGGTCTAGACATG) were 

designed as previously described (Choi et al., 2007b; Staton and Giraldez, 2011) and used at 1 pmole.  

Gain of function of miR-9 was performed with the injection of the mirVana miR-9 RNA mimic, hsa-miR-

9-5 (2 μM, Ambion). 

Mosaic analysis 

For mosaic expression of uas:vegfaa, uas:tlx, uas:ocl, uas:tlx-p2A-egfp, uas:ocl-p2A-egfp, hs:tlx, hs:ocl, 

hs:tlx-p2A-egfp and hs:ocl-p2A-egfp, the appropriate Tol2 based construct (25 ng/μl) was co-injected with synthetic 

mRNA encoding the Tol2 transposase (25ng/μl) into one-cell stage embryos. Heat-shocks were performed in a water 

bath at 37°C for 1 hour. For pan-neuronal expression using the uas promoter, the injection was performed in 

embryos from crosses between identified heterozygote carriers of Tg(alpha-tubulin:gal4) and Tg(kdrl:ras-mCherry). 

Expression in neural stem cells was performed by injection in the Tg(gfap:gal4) line. 

Drug treatments 

Tg(kdrl:ras-mCherry) embryos were treated with 0.06 μM solution of the chemical tyrosine kinase 

inhibitor SU5416 (S8442, Sigma Aldrich) dissolved in DMSO (Herbert et al., 2009). Treatments started at 30 hpf 

and both DMSO and SU5416 treated embyos were fixed at 72 hpf to quantify the blood vessels sprouting. 

Fluorescent sensor assay  

Fluorescent sensor assay with the 3’UTR of oc1 and ocl was performed as described in (Staton and 

Giraldez, 2011). Capped mRNAs for EGFP containing the oc1 or ocl 3’UTR and TagRFP reporter constructs were 

synthetized using linearized pCS2+ plasmids and mMessage mMachine kit (Ambion). Zebrafish embryos were 

injected at a one-cell stage with 150ng/μL of EGFP and TagRFP mRNAs and either a control or miR-9 RNA 

mimics (2 μM, Ambion). The ratio of EGFP/TagRFP fluorescence was quantified using ImageJ software. 



 

In silico predictions 

Putative targets for miR-9 in human were first searched using the ElMMo miRNA target prediction server 

(http://www.mirz.unibas.ch/ElMMo3). 3’UTR of orthologous genes in zebrafish were retrieved from the Ensembl 

web server and searched for conserved miR-9 binding sites (Bartel, 2009). 

The miR-9 consensus binding sequence (Leucht et al., 2008) was queried against the 3’UTR of each human 

gene in the GRCh37 human reference (hg19) using LASTZ (version 1.02.00) with sensitive parameters (--

hspthresh=500 --gappedthresh=500 --seed=match6). The highest scoring alignments from LASTZ were inspected 

for conservation using the UCSC 46-way multiple alignment (Karolchik et al., 2014). 
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