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SUMMARY

The evolutionarily conserved miR-302 family of microRNAs is expressed during early
mammalian embryonic development. Here, we report that deletion of miR-302a-d in mice results
in a fully penetrant late embryonic lethal phenotype. Knockout embryos have an anterior neural
tube closure defect associated with a thickened neuroepithelium. The neuroepithelium shows
increased progenitor proliferation, decreased cell death, and precocious neuronal differentiation.
mRNA profiling at multiple time points during neurulation uncovers a complex pattern of
changing targets over time. Overexpression of one of these targets, Fgfl15, in the neuroepithelium
of the chick embryo induces precocious neuronal differentiation. Compound mutants between
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mir-302 and the related mir-290 locus have a synthetic lethal phenotype prior to neurulation. Our
results show that mir-302 helps regulate neurulation by suppressing neural progenitor expansion
and precocious differentiation. Furthermore, these results uncover redundant roles for mir-290 and
mir-302 early in development.

Graphical Abstract

miR-302 Regulates Mouse Neurulation

o > o > ]

Neuroepithelial Neural Neurons
Cells Progenitors eu
E7.5 E8.5 E9.0 E9.5

Wildtype H

miR-302 HHS
knockout :tf‘i_

INTRODUCTION

In non-fish vertebrates, neurulation is the morphogenetic process whereby the neural plate
folds into the neural tube. In humans, failure to complete this event leads to neural tube
closure defects, which occur in approximately 1 in 1,000 births. The genetic underpinnings
of neural tube closure are complex and involve different cellular processes (Copp and
Greene, 2010). Proliferation of neuroepithelial cells prior to closure increases the number of
cells within the neural tube. Neuroepithelial cells then give rise to progenitors that can either
continue to undergo mitosis or generate neural cells, starting with neurogenesis followed
later by gliogenesis. Proper timing of the transition from neural plate stage neuroepithelial
cells to neural tube progenitors that subsequently generate neurons is carefully orchestrated
during the neurulation morphogenetic program. The molecular mechanisms regulating the
temporal sequence of these processes are poorly understood. Here, we provide evidence that
microRNAs (miRNAs) help coordinate this differentiation program.

MiRNAs are small, ~21 nt, single-stranded RNASs that negatively regulate the stability and
translation of mRNA transcripts (Bartel, 2009). In general, miRNAs target sequences within
the 3’UTRs of mMRNA transcripts that are highly complementary to the miRNA seed
sequence (nucleotides 2-8) and have imperfect complementarity outside of the seed region.
Because of the degenerate nature of mMiRNA:mRNA interactions, a single miRNA may have
many mRNA targets. Surprisingly, although loss of all miRNAs results in early embryonic
lethality (Bernstein et al., 2003; Wang et al., 2007), deletion of individual miRNAS or entire
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clusters in mice has resulted in incompletely penetrant embryonic phenotypes or defects
postnatally; indeed, there have been no confirmed examples of an absolute requirement for
an individual miRNA locus in embryonic development (Vidigal and Ventura, 2015; Park et
al., 2010; Ebert and Sharp, 2012). These findings in mice, as well as in nematodes and
zebrafish, have led to the view that miRNAs fine-tune gene expression rather than play
central roles in development (Reinhart et al., 2000; Giraldez et al., 2005; Ebert and Sharp,
2012; Abbott et al., 2005; Alvarez-Saavedra and Horvitz, 2010; Miska et al., 2007).

miRNAs are processed from longer RNAs, typically from long non-coding RNAS or introns
within coding RNAs (Bartel, 2009). Often, multiple miRNAs are encoded by a single
transcript called a miRNA cluster. miRNAs arising from two clusters, mir-302/367
(mir-302) and mir-290/295 (mir-290), are highly enriched in pluripotent stem cells and early
embryos in mice, as are their orthologs in humans (Houbaviy et al., 2003; Suh et al., 2004;
Stadler et al., 2010; Jouneau et al., 2012). These two clusters encode multiple miRNAs that
share a common seed sequence, which can be shifted because of alternative processing (e.g.,
miR-302c¢) and thus together form a miRNA family (Houbaviy et al., 2005; Seong et al.,
2014). The earliest role identified for this family was in the regulation of the unique cell-
cycle structure of embryonic stem cells (ESCs), for which they were named the ESCC, or
ESC cell cycle regulating, miRNAs (Wang et al., 2008). Since then, multiple functions have
been uncovered for these miRNAs, including cell-cycle regulation, inhibition of ESC
differentiation, inhibition of apoptosis, and promotion of somatic cell reprogramming
(reviewed in Greve et al., 2013).

In vitro, the ESCC miRNAs can function interchangeably. However, in vitro, the two
clusters encoding these miRNAs have both overlapping and divergent patterns of
expression. Ubiquitously expressed when the zygotic genetic program is initially activated,
mir-290 expression later becomes restricted to extra-embryonic structures such as the
placenta and yolk sac (Parchem et al., 2014; Tang et al., 2007). Conversely, mir-302
expression begins after implantation, specifically in the embryo proper and is co-expressed
with mir-290 until embryonic day (E) 7.0, at which point mir-290 is downregulated while
mir-302 expression persists (Parchem et al., 2014; Houbaviy et al., 2005; Card et al., 2008;
Tang et al., 2007). The genetic deletion of mir-290 results in partially penetrant embryonic
lethality and female sterility (Medeiros et al., 2011); the genetic deletion of mir-302 has not
been previously described.

Here, by producing and evaluating a mir-302a-d-specific knockout model, we identify an
essential miRNA in mammalian development. Deletion of mir-302a-d led to increased
neural progenitor proliferation early, decreased apoptosis late, precocious neural
differentiation during neurulation, and a failure in neural tube closure. The atypical
fibroblast growth factor family member, Fgf15, was found to be a direct target of miR-302,
and its overexpression in chick neural ectoderm induced precocious neuronal differentiation,
recapitulating one of the multiple defects seen in mir-302 knockouts. Deletion of the
mir-290 cluster along with mir-302a-d resulted in early embryonic lethality, demonstrating
redundancy between these two miRNA clusters. Together, these results show that the ESCC
miRNAs are required for mammalian embryonic development, with mir-302 in particular
functioning as a regulator of neural development.
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RESULTS

mir-302 Cluster Expression in Early Embryos

Previously, the expression of the mir-302 cluster was evaluated through gastrulation until
E8.0 using a knockin mir-302-eGFP reporter (Figure 1A) (Parchem et al., 2014). The
reporter was activated at E5.5 and remained active throughout the embryo until E8.0. Here
we analyzed expression post-gastrulation. By E8.5, the reporter was largely localized to the
anterior neural plate, where it continued to be expressed during formation of the hind, mid,
and forebrain structures (E9.5) (Figure 1A). However, reporter activity was largely absent
by E10.5 (data not shown). Transverse sections of E9.5 cephalic regions showed dim GFP
expression throughout, with higher expression in the ventral floor plate and notochord
(Figure S1). Consistent with reporter activity, qRT-PCR showed decreasing levels of mature
miR-302b,c and miR-367 from E7.5 to E9.5 (Figure 1B). The miRNAS were undetectable at
E11.5. Together, these expression data suggest an initial broad role for miR-302 throughout
the embryo, which then becomes increasingly localized to anterior structures before being
largely silenced.

Neural Tube Closure Defects and Embryonic Lethality in mir-302 Knockouts

The mir-302 cluster produces four highly similar miRNAs (miR-302a-d) that share the seed
sequence aagugcu, as well as an unrelated miRNA, miR-367 (Figure 2A). To study the role
of miR-302 in embryonic development, we genetically deleted mir-302a-d by replacing the
hairpin structures with the coding region of enhanced GFP (eGFP) (Figure 2B). Resulting
heterozygous mice showed no discernible phenotype. However, heterozygous intercrosses
failed to produce any knockout mice (n = 621). Genotyping of embryos showed a large
decrease in the number of knockouts observed between E15.5 and E17.5 and no recoverable
knockouts at E18.5 (Figure 2C).

At E7.5, knockout embryos appeared normal and could be identified by higher levels of
GFP expression compared with their heterozygous littermates (Figure 2D). They had normal
size and normal morphological features (Figures 2D, S2A, and S2B). Genotyping and qRT-
PCR confirmed the loss of miR-302 but not miR-367 expression in knockout embryos. The
mir-302 cluster is antisense to an intron of another gene Larp7, which encodes part of the
7SK small nuclear ribonucleoprotein particle (He et al., 2008). mir-302a-d knockout
embryos showed a small, statistically insignificant reduction in the expression of Larp7;
thus, deletion of mir-302 appeared to have little to no effect on this gene (Figure S2C).
Notably, mice heterozygous for Larp7 have no discernible phenotype (Okamura et al.,
2012).

Although E7.5 knockout embryos appeared normal, E9.5 embryos were grossly abnormal,
with large open anterior neural tubes encompassing the mid and hindbrain, with variable
extension into the forebrain region (Figure 2E). This 100% penetrant phenotype was a
striking contrast to the phenotypes of wild-type and heterozygous littermates, which
consistently had closed neural tubes at this time point. In mir-302 knockouts, the neural tube
remained open throughout the remainder of development, resulting in severely abnormal
brain development and thickened exencephalic hindbrains at E13.5 (Figure S2D).
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Transverse sections of the mid and hindbrain showed a failure of dorsolateral hinge
formation and neural tube closure, eventually resulting in a collapse of the neural fold by
E10.5 (Figure 2F). Abnormal eye development was also evident in the knockout embryos
(Figure 2E). Together, these results show an essential role for miR-302a-d in early neural
development.

Thickening of the Neuroepithelium in mir-302 Knockouts

To determine the cellular basis of the neural tube defect, we dissected and carefully
evaluated neural development in the knockouts. Neurulation is the process by which the flat
neural plate folds into a neural tube along the anterior-posterior axis of vertebrates. It is
influenced by multiple cellular processes, including but not limited to proliferation,
apoptosis, differentiation, apical constriction, and patterning (Copp et al., 2003; Greene et
al., 2009; Greene and Copp, 2014). Murine cranial neurulation occurs from ~E8.25 to E9.25.
Early in neurulation at E8.5, there was no significant difference in the total number of cells
in the neuroepithelium between wild-type and knockout embryos (Figures 3A and S3A). By
E9.5, however, there was an approximately 25% increase in the total number of cells in
matching transverse sections of the hindbrain, along with an equivalent increase in the
thickness of the neural epithelium (Figure 3A). Similar to the increases in cellular number in
the hind-brain, increased thickness of the midbrain and forebrain were observed (Figure
S3B).

To understand the mechanism of neuroepithelial expansion between E8.5 and E9.5, we
analyzed markers of cellular proliferation and apoptosis. Staining for phospho-histone H3
(PH3) revealed a significant increase in the number of cells in M phase in knockout
neuroepithelium at E8.5 but not at E9.5 (Figures 3B and S3C). To analyze the S phase, we
performed bromodeoxyuridine (BrdU)-labeling experiments and found a significant increase
in BrdU-positive cells at E8.5 but not E9.5 (Figure 3C). Furthermore, analysis of apoptosis
by both cleaved Caspase3 immunohistochemistry and TUNEL staining showed a 5- to 10-
fold decrease in apoptosis at E9.5 but little to no change at E8.5 (Figures 3D and S3D-S3F).
Consistent with the apoptosis data, LysoTracker staining for dead cells in whole-mount
embryos showed a striking reduction in cell death in the hind and midbrain region of E9.5
embryos (Figure 3E). Together, these data show an expansion in neuroepithelium associated
with early increases in proliferation and late decreases in apoptosis during neurulation of the
knockout embryos.

Precocious Neuronal Differentiation in mir-302 Knockouts

Next, we asked whether there were defects in neuronal differentiation and patterning in
mir-302-knockout embryos. Tuj1 (acetylated B-111 tubulin) marks early post-mitotic neurons,
which are first seen in the cranial region in very small numbers following the completion of
neurulation at about E9.5. Staining for Tujl in the hindbrain at E8.5 showed no staining in
either wild-type or knockout neural tubes. However, small numbers of Tuj1+ cells were seen
in knockout hindbrains as early as E9.0 but not in wild-type (Figure S4-1A). By E9.5, there
was a striking increase in the number of Tuj1+ cells in both the midbrain and hindbrain of
the knockout embryos compared with wild-type (Figures 4A, S4-1B, and S4-1C). This
finding was confirmed with the other neuronal markers, including Elavi2 and Neurofilament
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(NF) (Figures S4-1D and S4-1E). Simultaneous immunostaining for Ki67, a marker of
cycling progenitors, revealed a small but significant increase in the number of total Ki67+
cells as well as Tuj1+/Ki67+ cells in knockout embryos compared with wild-type, which is
consistent with the simultaneous expansion of progenitors and precocious differentiation
(Figure 4B).

To further evaluate neurogenesis, we stained for Btg2 (Tis21). Btg2 is expressed in and
required for neurogenic progenitor divisions starting around E9.5 (lacopetti et al., 1999;
Farioli-Vecchioli et al., 2009). mir-302-knockout embryos showed increased Btg2
expression at E9.5 and E10.5 (Figures 4C and S4-1F). At E9.5, increased expression was
seen in the mid and hindbrain region. By E10.5, the difference was dramatically more
pronounced and could be found to extend into the forebrain region. In addition to Btg2, other
markers of neuroepithelial progenitors, such as Hesl and Hes5, were analyzed (Ishibashi et
al., 1995; Hatakeyama et al., 2004). Hes5 showed increased staining in the midbrain and
hindbrain at both E8.5 and E9.5 (Figures 4D and S4-1G). Similarly, Hesl also showed
ectopic expression in the hindbrain neuroepithelium at E9.5 that extended into the midbrain
and forebrain (Figure S4-1H).

To more directly measure neurogenic divisions, we performed analysis of daughter pairs
arising from individual dividing cells derived from dissociated anterior neural tubes.
Individual dividing cells had three possible outcomes: symmetric division into two Tujl-
progenitors (P/P), symmetric division into two Tujl+ neurons (N/N), or asymmetric division
into one Tujl1+ progenitor and one Tujl+ neuron (P/N) (Figure 4E). Quantification of these
divisions showed a preponderance of the P/P divisions in both wild-type and knockout
embryos (~90%). However, there was a small yet highly significant increase in the number
of N/N divisions in knockout embryos (Figure 4E). There was also a trend toward increased
P/N divisions (p = 0.35). Together, these findings show that the loss of mir-302 leads to
premature neurogenesis along with expansion of the neural progenitor pool during
neurulation of the cranial neural tube.

In contrast to the changes in proliferation, apoptosis, and differentiation, there did not appear
to be any changes in embryonic axis specification associated with mir-302 loss. Knockout
mice showed normal anterior-posterior patterning, as indicated by FoxG1 (forebrain), En-2,
Gbx2 (midbrain), and Krox20 (hind-brain) expression (Figure S4-2A and S4-2B).
Additionally, there were no obvious differences in dorsal or ventral patterning of the spinal
cord at E9.5, as measured by Msx1/2, Pax3, Pax6, and Nkx2.2 immunostaining (Figure
S4-2C).

Multiple Target mMRNAs Are Upregulated in mir-302 Knockouts

To understand the molecular basis underlying the mir-302 neurulation defect, we next
searched for targets of miR-302 in the context of the anterior neural plate/neural tube.
miRNAs regulate both translation and mRNA stability. Therefore, mRNA targets should be
increased in the mir-302-knockout background. Although the gross phenotype of the
knockout embryos is evident only beginning at E9.5, the molecular defects underlying this
outcome likely precede this event. Indeed, by E9.5, miR-302 levels were already down
approximately 6-fold from their peak at E7.5 (Figure 1B). Therefore, we performed mRNA
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profiling on wild-type and knockout littermates at multiple time points encompassing E7.5
to E9.5 (Figure 5A). All time points were defined by matching somite counts. Surprisingly,
very few targets were significantly misregulated at E7.5. This may be due to the closely
related miRNA family members expressed from the mir-290 cluster, whose expression
overlaps with early mir-302 expression (Figure 5B) (Parchem et al., 2014). In addition, for
technical reasons, the entire embryo was used at E7.5 for profiling expression; therefore,
microarray results reflect a heterogeneous mix of tissues with highly distinct expression
patterns. Beginning at E8.0, however, it was possible to specifically isolate the anterior
neural plate for profiling.

Among the genes that were upregulated in knockout embryaos, there was a strong enrichment
for the complementary sequence to the miR-302 seed in their 3’UTR and to a lesser extent
open reading frames (ORFs), even at E7.5, when few genes had altered mMRNA expression
levels (Figure 5A). By E8.0, hundreds (426) of genes were misregulated in the knockout
anterior neural plate, and this number continued to increase with further development (E8.5
and E9.5). By E9.5, there was no longer an enrichment of the miR-302 seed motif in the
upregulated gene set, consistent with most of the molecular defect being the secondary
consequence of earlier expression changes. Gene Ontology analysis of the E9.5 changes
showed a strong enrichment for categories associated with neurogenesis, thus validating our
phenotypic analyses of premature neuronal differentiation but not providing much insight
into the critical miR-302 targets (Figure 5C). Therefore, we focused on earlier time points.
The expression of ten representative genes that were upregulated at one of these time points
and had seed sequence matches to miR-302 were validated by qRT-PCR (Figure 5D).
Surprisingly few of the uncovered miR-302 targets were misexpressed at multiple time
points. Indeed, among all misregulated genes with seed matches, only two were consistently
upregulated from E8.0 through E9.5: Fgf15 and Ednrb (Figure 5E). Fgf15 was intriguing, as
previous work suggested that this gene is important for neurogenesis (Borello et al., 2008;
Fischer et al., 2011; Miyake et al., 2005). Interestingly, gRT-PCR showed that the degree of
Fgf15 overexpression in mir-302 knockouts increased with each developmental stage tested
unlike the other nine targets analyzed. Therefore, Fgf15 was a strong candidate for further
characterization.

Fgfl5 Is a Direct Target of miR-302 and Can Induce Premature Neurogenesis

To validate Fgf15 as a direct target of miR-302 in the anterior neural tube, we performed in
situ hybridization, western blotting, and luciferase assays (Figures 6A, 6B, S6A, and S6B).
In situ hybridization showed increased levels of Fgf15, which correlated well with our gRT-
PCR results (Figures S6A and S6B). Western blots showed that the protein was also
upregulated (Figure 6A). Luciferase activity was suppressed by miR-302 in constructs
carrying the 3’UTR of Fgf15 but not in constructs with a seed sequence mutation within the
3’'UTR (Figure 6B). Therefore, Fgfl5 is a direct target of miR-302 in the context of the
developing anterior neural tube.

To test whether overexpression of Fgf15 is sufficient to drive precocious neural
differentiation, we used viral overexpression to ectopically express Fgfl5 in chick embryos
during neurulation. Anterior neural tissue prior to neurulation was infected at HH stage 6-7,
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allowed to develop for 72 hr, and then analyzed for neurogenesis. Whole-mount staining and
phenotypic analysis revealed robust infection and gross morphological defects within
anterior neural structures associated with Fgf15 overexpression (Figure 6C). To quantify the
effect of Fgf15 on neurogenesis, we used pair analysis to compare neurogenic potential of
infected and non-infected cells within the same embryo (Figure 6D). Fgf15-overexpressing
cells were more likely to give rise to neurons than uninfected cells (Figure 6E). In contrast,
overexpression of GFP did not result in an increase in neurogenesis. Together, these findings
show that Fgf15 is a direct target of miR-302 and its mis-expression recapitulates aspects of
the precocious differentiation phenotype seen with mir-302 loss.

miR-302/miR-290 Double Knockouts Arrest Prior to Neurulation

The timing of the mir-302 phenotype was relatively late during the window of expression
for this cluster. Earlier roles of mir-302 could be masked by the co-expression of the
mir-290 cluster, which shares multiple miRNAs with the same seed sequence as miR-302a-
d. Expression of mir-302 and mir-290 overlap from ~E5.5-E7.5 (Figure 7A). To test
potential redundant roles for these two clusters, we produced compound mutants by
intercrossing mir-302/mir-290 heterozygous mice. The loss of any three or four of the four
alleles led to a decrease in the number of recoverable mutant embryos at E9.5 (Figures 7B
and 7C). Recovered embryos could not be appropriately staged, as they were highly
abnormal, although double knockouts had clearly arrested prior to neurulation. Thus, the
combination of mir-302 and mir-290 mutant alleles results in an early synthetic lethal
phenotype. These results demonstrate a role for mir-302 prior to neurogenesis that is
redundant with mir-290. Future studies will be required to understand the cellular basis for
this phenotype.

DISCUSSION

Neurulation is a defining feature of vertebrate development and is essential for proper CNS
development and embryonic viability (Zhong et al., 2000; Hatakeyama et al., 2004; Oka et
al., 1995; Copp and Greene, 2010; Copp et al., 2003; Greene and Copp, 2014). A failure in
neural tube closure is one of the most common birth defects, due in part to the complex
choreography required to bend, fold, and fuse the embryonic neural tissue while accurately
timing the proliferation, apoptosis, and differentiation of neural precursors (Copp et al.,
2003; Copp and Greene, 2010; Greene and Copp, 2014). Here, miR-302 is identified as a
critical and pleiotropic regulator of neuroepithelial differentiation during neurulation.
Specifically, miR-302 represses premature expansion of progenitors and production of post-
mitotic neurons (Figure 7D). Knockout embryos fail to close the neural tube and eventually
die, representing a fully penetrant embryonic lethal miRNA knockout phenotype.

The uncovered cellular phenotypes are consistent with an accelerated neural differentiation
program, suggesting that miR-302 functions as a developmental timer. Let-7, one of the
earliest miRNAs discovered, has also been proposed to act as a developmental timer,
regulating the timing of differentiation of several lineages in C. elegans (Reinhart et al.,
2000). Moreover, let-7 has recently been shown to regulate the timing of the neurogenic to
gliogenic transition during mouse neural development (Patterson et al., 2014; Nishino et al.,
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2013). miR-302 functions opposite to let-7, as its loss leads to an acceleration, rather than a
delay in differentiation. Interestingly, miR-302 and let-7 have been shown to have
antagonistic roles through the opposing effects on multiple downstream pathways in vitro
(Melton et al., 2010). Similar antagonism is likely to occur in vivo to regulate the timing of
cell fate decisions.

Fgf15 is a direct target of miR-302 in the context of neurulation. Previous analysis of Fgf15
knockout mice reported a delay in neurogenesis and increased proliferation in the cortex of
E12.5 and E14.5 mice, uncovering a requirement for this signaling factor in cell-cycle exit
and differentiation into neurons (Borello et al., 2008). Here, we find that Fgf15
overexpression, as seen with miR-302 loss, results in premature neurogenesis, showing that
it is not only necessary but also sufficient for the induction of differentiation in the
appropriate cell context. The previous association of Fgf15 loss with increased proliferation,
though, seemingly contradicts our results showing increased proliferation secondary to loss
of miR-302 and increased Fgf15 expression. Interestingly, morpholino-induced knockdown
of the zebrafish homolog Fgf19 results in reduced proliferation and increased apoptosis in
the dorsal regions of the developing dorsal forebrain, midbrain, and cerebellum (Miyake et
al., 2005). These differences in Fgfl5 function likely reflect differences in cellular context
both in terms of developmental time and place. Our mir-302-knockout phenotype is
consistent with aspects of the previously described Fgfl5 functions. However, changes in
Fgf15 alone cannot explain the multiple cellular phenotypes uncovered.

Many targets of miR-302 were uncovered in this study. Furthermore, many other miR-302
targets have been previously described, particularly in the setting of pluripotency (Lipchina
etal., 2011). Surprisingly, our analysis shows little overlap with this previous work but
rather identifies hundreds of distinct targets showing the importance of cellular context on
the repertoire of targets influenced by any particular miRNA. Indeed, even within the
context of neuroepithelial differentiation, the targets were rapidly changing over time.
Interestingly, the phenotypes uncovered here for miR-302 are the opposite of those
previously described for miR-302 and its related ESCC family members in other contexts. In
particular in ESCs, the ESCC family promotes cell cycle and inhibits apoptosis (Zheng et
al., 2011; Wang et al., 2008, 2013; Pernaute et al., 2014; Qi et al., 2009). Again, this
contradiction emphasizes the importance of cellular context on miRNA function.
Furthermore, it highlights the importance of studying miRNAs in vivo as well as in vitro.
Previous in vitro work on the role of miR-302 on human ESC differentiation suggested an
important role in mesendoderm specification (Rosa et al., 2009). However, the knockout
embryos show no obvious defect in the formation of early mesendoderm, although more
subtle phenotypes may be uncovered with further detailed characterization of mesendoderm
derived structures. Indeed, Tian et al. (2015) recently published a conditional deletion of the
entire mir-302 cluster, including miR-367, specifically in the developing heart. Resulting
mice were viable but showed ventricular wall thinning and septum hypoplasia associated
with a decrease in Ki67+ cells.

A small number of studies have suggested important roles for related miRNAs in non-
mammalian species. For example, in teleost (fish), miR-430 (miR-302 ortholog) has been
implicated in several developmental functions. Specifically, miR-430 was shown to degrade
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maternal transcripts at the maternal-zygotic transition in zebrafish (Giraldez et al., 2006).
Additionally, zebra-fish embryos lacking all miRNAs have defects in brain morphogenesis
that are rescued by reintroduction of miR-430 (Giraldez et al., 2005). Therefore, our results
suggest conserved function for this family of miRNAs during vertebrate neurulation,
although a more definitive comparison awaits an understanding of the cellular basis of the
zebrafish defect. The clearing of maternal transcripts is unlikely to be a conserved function
for miR-302, as it is not expressed until 3 days after the maternal-to-zygotic transition.
However, such a function may be accomplished by miR-290, which, similar to miR-430, is
upregulated shortly after fertilization at the time of zygotic gene activation (Tang et al.,
2007). In amphibians, the miR-302 ortholog miR-427 has been described to play a role in
gastrulation (Rosa et al., 2009). This earlier role may be masked in mammals by the co-
expression of the mir-290 and mir-302 clusters, which could be acting redundantly. Our
analysis of compound mir-290/mir-302 mutants is consistent with an earlier function for
miR-302 during gastrulation. The observation that removal of miR-302 and miR-290 leads
to more severe defects than either alone strongly supports this idea. Because expression of
miR-302 family miR-NAs is conserved across vertebrate development during gastrulation, it
likely plays an evolutionarily conserved role during germ layer formation, which in mice is
redundant with miR-290. It is interesting to speculate that the evolution of the mir-290
cluster allowed unique temporal control of expression in embryonic versus extra-embryonic
tissues and could thus have played a role in placental evolution while maintaining robust
regulation of gastrulation.

Analyses of miRNA knockouts in mice have uncovered largely variable and incompletely
penetrant phenotypes, with many knockouts showing no obvious phenotype at all (Park et
al., 2010; Vidigal and Ventura, 2015). A similar absence of phenotypes has been described
for most miRNA knockouts in C. elegans (Alvarez-Saavedra and Horvitz, 2010; Miska et
al., 2007). Compound mutants of homologous clusters can lead to more severe phenotypes
consistent with redundancy (Park et al., 2010; Ventura et al., 2008; Heidersbach et al.,
2013). However, none of these resulted in fully penetrant embryonic lethal phenotypes.
Thus, miRNAs are generally considered to be fine-tuners of gene expression that buffer
biological systems from environmental perturbation. Our findings contradict this notion, as
they show that a single cluster of related miRNAs plays a central role in neural
development. Therefore, the coordinated regulation of mMRNA degradation and translation of
specific MRNAs by miRNAs is more than a buffer against environmental perturbation; it
can also be part of an evolutionarily conserved developmental mechanism.

EXPERIMENTAL PROCEDURES

Genotyping

Mouse genomic DNA was isolated from toes of postnatal mice or tails of embryos. Tissue
was digested in lysis buffer (50 mM Tris-HCI [pH 8.0], 10 mM EDTA, 100 mM NacCl, 0.1%
SDS, and 5mg/ml proteinase K) overnight at 55°C. DNA was isolated by the addition of
equal volume isopropanol, vortexing, and then a 5 min centrifugation. Isopropanol was
removed, and samples were allowed to air dry. After the addition of H,O, samples were
again vortexed and heated at 85°C for 5 min and spun down. PCR was performed using
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primer pairs to distinguish the miR-302 wild-type (L: ctctttgggaggcggtcacg; R: gagac
agaaagcattcccatg) and mutant (L: ctctttgggaggceggtcacg; R: cttgeecgtaggtggeatcge). PCR
conditions were 35 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 45 s. Band sizes were
as follows: wild-type is 154 bp, while the mutant band is 216 bp. miR-302 GFP primers are
as follows: wild-type (L: caggacctactttccccagagctg; R: gaacccacccacaaggcaactag) and
mutant (L: caggacctactttccccagagcetg; and R: gaagatggtgcgctcctggacgtage). PCR conditions
were as previously described, except with an adjustment of the annealing temperature to step
down 64°C, 62°C, and 60°C. Band sizes for genotyping were as follows: wild-type band at
274 bp and GFP band at 547 bp.

Histology and Immunohistochemistry

Embryos were dissected in PBS, fixed in 4% paraformaldehyde in PBS at 4°C overnight,
cryoprotected in 30% sucrose at 4°C overnight, in 1:1 30% sucrose: OCT at 4°C overnight,
embedded in OCT and stored at —80°C until use. Cryomicrotome sectioning was done at 10—
12 um. Sections were stored at —80°C prior to immunohistochemistry staining. For BrdU
staining, 50 mg BrdU/kg weight was injected 2 hr prior to embryo collection. BrdU-labeled
cryosections were then steamed in 10 mM citrate buffer (pH 6) for 20 min at 99°C for
antigen retrieval. Sections were blocked with 5% goat serum/PBS 0.1% Tween 20,
incubated in primary antibody in blocking solution at 4°C overnight (BrdU 1:1,000 [AbCam
ab6326]; GFP 1:100 [Living Colors Clontech 632381]; PH3 1:500 [Cell Signaling 9701S];
TUJ1 1:1,000 [Covance MMS-435P-250]; Ki67 1:500 [Thermo Scientific #RM-9106-S1];
Isl1-2 1:200 [Developmental Studies Hybridoma Bank (DSHB) 40.3A4-S]; NF 1:500
[AbCam ab65845]; Caspase3 1:400 [Cell Signaling 9664]; Pax3 1:200 [DSHB pax3]; Pax6
1:200 [DSHB pax6]; Nkx2.2 1:200 [DSHB 74.5A5-S]; Msx1/2 1:200 [DSHB 4G1]; and
Elavl2 1:250 [Proteintech Group 14008-1-AP]). Secondary antibodies (AlexaFluor) in
blocking buffer were applied for 2 hr at room temperature. For quantification of apoptosis,
fluorescent TUNEL assays (TREVIGEN TACS.XLT 4828-30-DK) were performed on
cryosections per the manufacturer’s instructions for labeling. Rat anti-BrdU antibody
(AbCam) was then used for subsequent immunofluorescence staining. For whole-mount
LysoTracker evaluation of cell death, embryos were dissected in PBS, incubated in
LysoTracker Red 1:5,000 (Life Technology L7528) for 45 min at 37°C. Samples were then
washed twice in PBS and imaged.

Western Blots

Embryos were dissected as previously described, and E9.5 dorsal telencephalon explants
were isolated. Samples were lysed in lysis buffer (25 mM Tris at [pH 7.9], 150 mM Nacl,
0.1 mM EDTA, 0.1% Triton X-100, 10% glycerol, and 1 mM DTT) as well as 1X
Proteinase Inhibitor Cocktail (Roche) and 1x PhosSTOP Phosphatase Inhibitor Cocktail
(Roche). Samples were then treated to at least cycles of snap freeze and thaw at —80°C and
stored at —80°C until use. Protein was quantified with a Bio-Rad protein assay. Five to seven
micrograms of protein was resolved by SDS-PAGE (Bio-Rad 4%-15% Mini-PROTEAN
TGX Gel). Protein was then transferred to Immobilon-FL (Millipore), further processed by
immunodetection, and blots scanned on a Li-Cor Odyssey Scanner. Antibody dilutions were
Fgf15 1:200 (Santa Cruz; sc-16816) and GAPDH 1:1,000 (Santa Cruz; sc-365062).
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Secondary infrared-dye antibodies from Li-Cor used were diluted 1:15,000. Odyssey
Software was used to quantify images.

E7.5, E8.5, and E9.5 wild-type and mutant dorsal telencephalon explants were isolated as
described, lysed in 700 pl of Trizol, and stored at —20°C. RNA was isolated and purified
(miRNeasy micro kit) according to the manufacturer’s instructions. cDNA was generated for
miRNA and mRNA by reverse transcription with oligo-dT primers (Invitrogen Superscript
Kit). Gene-specific primers (500 nM) and Power SYBR Green PCR Master Mix (Life
Technologies) were used. PCR quality controls, experimental runs, and statistical methods
were performed as described (Shi and Chiang, 2005). Primer sequences can be found in the
Supplemental Experimental Procedures.

Gene Targeting

Mir-302 heterozygous knockout ESCs were generated by inserting the coding region for
eGFP in place of the miR-302a-d hairpin sequences. Genomic homology arms
encompassing mir-302 clusters were sub-cloned from BACs into pL253 targeting vectors by
recombineering. Fluorescent proteins adjacent to SV40pA were cloned into the pL452
recombineering vector next to the floxed neomycin cassette. The fluorescent protein/SV40
polyA and floxed neomycin cassette were then inserted in place of the miR-302a-d hairpins
in the pL253-targeting constructs using recombineering. pL253-targeting constructs were
linearized and electroporated (20 pug) into V6.5 ESCs followed by selection with Geneticin
(G418, 200 pg/ml) for 7 days. Sub-clones were screened for proper targeting using long-
range PCR. Primers specific to the transgene (i.e., fluorescent protein/neomycin cassette)
and genomic regions outside the homology arms of the targeting construct were used to
screen for properly targeted colonies. The resulting targeted clones were transfected with a
Cre recombinase-expressing plasmid to remove the neomycin cassette. PCR was used to
screen sub-clones for loss of neomycin.

Daughter Pair Analysis

Daughter pair analysis was done as previously described (Qian et al., 1998). Briefly, cranial
neural tissue was isolated from E9.5 embryos, dissociated into single cells, and plated in
poly-L-lysine coated wells. The single cells were incubated at 37°C, 5% CO», and 100%
humidity. Daughter pair cells were identified after 24 hr incubation by fixing with 4%
formaldehyde and staining for Tuj1 and DAPI.

Luciferase Assay

All experiments were performed using the Dual-Luciferase Reporter Assay System
(Promega) on a dual-injecting SpectraMax L (Molecular Devices) luminometer according to
the manufacturer’s protocol. Ratios of Renilla luciferase readings to firefly luciferase
readings were averaged for each experiment. Replicates performed on separate days were
mean-centered with the readings from the individual days. For target verification reporter
assay, 3’'UTRs of indicated genes were amplified from the mouse genomic DNA cells using
the Zero Blunt TOPO (Invitrogen) vector and sub-cloned into psiCHECK-2 vector
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(Promega) using the Cold Fusion Cloning Kit (System Biosciences). 3UTR seed sequences
were mutated using the Quickchange Lightning kit (Agilent). For transfection, 8,000
miRNA-deficient Dgcr8—/— mouse ESCs were plated in ESC media onto a 96-well plate
pretreated with 0.2% gelatin. The subsequent day, the cells were transfected with
miRIDIAN miRNA mimics (Dharmacon) using Dharmafectl (Dharmacon) at the
manufacturer’s recommended concentration of 100 nM. Simultaneously, 200 ng of the
psiCHECK-2 construct was transfected into the ESCs using Fugene6 (Roche) transfection
reagent according to the manufacturer’s protocol. Transfection of each construct was
performed in triplicate in each assay. The cells were lysed 24 hr after transfection, and the
luciferase assay was performed.

RNA Microarray Analysis

For mRNA analysis of embryonic tissue during development, total RNA was isolated from
dissected anterior neural tissue from E8.0-E9.5 and whole embryos isolated from extra-
embryonic tissues at E7.5 using miR-Neasy micro columns (Qiagen) according to the
manufacturer’s protocol. Triplicate biological samples were analyzed using Illumina
MouseRef-8 v2.0 Expression BeadChips run by the UCLA Neuroscience Genomics Core.
Microarray data were preprocessed, and quality control was performed using llumina
BeadArray software and the SampleNetwork R function (Oldham et al., 2012). This analysis
revealed one sample outlier (Z.K < —3), which was removed prior to quantile normalization.
Seed sequence enrichment was performed as previously described (Melton et al., 2010).

In Situ Hybridization

Digoxigenin-labeled probes were prepared and purified using RNeasy columns (Qiagen).
Whole-mount in situ hybridization was performed as follows: embryos were rehydrated in
PT (1x PBS [pH 7.4] and 0.01% Triton X-100) and fixed for 30 min in a 9:1 mixture of PT
to 37% formaldehyde. The embryos were then washed in PT and incubated in hybridization
buffer (5% SSC [pH 4.5], 1% SDS, 50% Formamide) at 65°C for 1-2 hr. Probe was added to
the embryos at a final concentration of 0.25-5 ng/ul in hybridization buffer and incubated
for 12-18 hr at 65°C. After probe removal, embryos were washed several times in
hybridization buffer at 65°C over 2—4 hr. Embryos were then washed several times in PT at
room temperature for 1 hr. This was followed by incubating overnight with antibody at 4°C
(Boehringer-Mannheim anti-digoxigenin/fluorescein-alkaline phosphatase [AP]) diluted
(1:3,000) in PT overnight at 4°C. The embryos were then washed several times in PT for 1
hr before washing in AP buffer (5 mM MgCl,, 100 mM NaCl, 100 mM Tris [pH 9.5], 0.1%
Tween-20) for 30 min at room temperature. The embryos were reacted in BM Purple
(Boehringer-Mannheim) for 1-24 hr in the dark at room temperature. After the reaction,
embryos were washed with PT, stained with DAPI, and imaged.

Retroviral Overexpression of Target Genes in Chick Embryos

Gene overexpression was targeted to the chick neuroepithelium via infection with the
RCASBP(B) viral construct (Hughes, 2004). Fgf15 was cloned into the RCAS (B) construct
using ColdFusion following the manufacturer’s protocol (SBI). RCAS-BP virus was
produced by infecting DF-1 cells with the SuperFect Transfection Reagent (Qiagen), and
then harvesting the viral supernatant as previously described (Morgan and Fekete, 1996).
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Virus was injected with a trace amount of Fast Green tracer dye into HH6 neural folds of
virus-free SPAFAS chick embryos (Charles River Labs) using glass micropipettes and a
Picospritzer fluid injector. Control embryos were injected with RCASBP(B)-GFP.

Animal Use

All animal experiments in this article were approved by the Institutional Animal Care and
Use Committee of the University of California, San Francisco.
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Highlights
miR-302 is required for neural tube closure and embryonic survival
miR-302 loss results in increased proliferation of neural progenitors
miR-302 loss leads to precocious neuronal differentiation

miR-290 and miR-302 act redundantly early in development
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Figure 1. Expression of miR-302 during Embryonic Development
(A) Design of mir-302 reporter with GFP expression from targeted mir-302 locus. Reporter

embryos show embryonic expression of mir-302-GFP at E7.5 and increased fluorescence in
anterior neural structures from E8.5-E9.5.

(B) gRT-PCR of miR-302b, miR-302c, and miR-367 expression relative to sno202 (n = 3) at
various developmental time points. Samples for E7.5 were whole embryos (extra-embryonic
tissues were removed); cranial neural tissue was isolated at other time points. Error bars
represent SD.
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Figure 2. Deletion of mir-302 Leads to Failure of Cranial Neural Tube Closure
(A) Sequences of mature miRNAs produced from the miR-302-367 cluster with common

seed sequence for miR-302 miRNAs in bold. The seed sequence for miR-302c is shifted by
one nucleotide relative to the other family members.

(B) Schematic showing design of knockout approach. EGFP coding sequence replaced the
mir-302a-d hairpin sequences, leaving mir-367 and Larp7 sequences unaltered.

(C) Number of knockout embryos recovered at indicated developmental stages. Graph of
observed knockout frequency showing reduced recovery after E15.5.

(D) Bright-field and fluorescent image of E7.5 litter from mir-302 heterozygous intercross.
Individual embryos were genotyped and assayed for expression of miR-302a, miR-302b,
miR-367, and sno202. Normalized expression is relative to wild-type embryo #3.

(E) Bright-field images comparing wild-type and knockout embryos at indicated
developmental stages. One hundred percent of mir-302-knockout embryos exhibited defects
in mid/hindbrain closure at E9.5 (n = 42 mutants).

(F) Transverse hindbrain sections of wild-type and knockout embryos with
immunohistochemistry staining using a pan-cadherin antibody at indicated developmental
stages. Arrows indicate area of dorsolateral bending.
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Figure 3. Increased Thickness of Neuroepithelium in mir-302-Knockout Embryos
(A) Transverse sections through wild-type and mutant embryonic hindbrain at E9.5 stained

for DAPI to enable counting of nuclei (n = 3 embryaos, six sections per embryo).
Quantification at E8.5 and E9.5. Error bars represent SD. *p < 0.05, **p < 0.005. The scale
bar represents 100 um.

(B) Immunohistochemistry against PH3 to visualize cells in M phase of the cell cycle.
Quantification of PH3-positive cells was calculated as the percentage of PH3-positive cells
out of total (DAPI+) neuroepithelial cells at indicated developmental stages. Error bars
represent SD (n = 3 embryos, six sections per embryo). *p < 0.05, **p < 0.005. The scale
bar represents 50 pm.

(C) BrdU incorporation analysis after 2 hr pulse. Quantification of BrdU-positive cells was
calculated as the percentage of BrdU-positive cells out of total neuroepithelial cells at
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indicated developmental stages. Error bars represent SD (n = 3 embryos, six sections per
embryo). *p < 0.05, **p < 0.005. The scale bar represents 50 pm.

(D) TUNEL assay was used to identify apoptotic cells in transverse sections of presumptive
hindbrain. Quantification of TUNEL-positive cells was calculated as the percentage of
TUNEL-positive cells out of total neuroepithelial cells at indicated developmental stages.
Error bars represent SD (n = 3 embryos, six sections per embryo). *p < 0.05, **p < 0.005.
The scale bar represents 100 pm.

(E) LysoTracker staining labels dead cells. White arrows point to comparable regions of
mutant and wild-type embryos. A qualitative decrease in LysoTracker staining was observed
at E9.5 (n = 3). Differences in staining were less pronounced at E8.5 between wild-type and
knockout.
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Figure 4. Precocious Neural Differentiation in mir-302-Knockout Embryos
(A) Tujl immunohistochemistry to visualize 3-111-tubulin+ post-mitotic neural cells.

Quantification of Tuj1+ cells was calculated as the percentage of Tujl1+ cells out of total
neuroepithelial cells (DAPI+) at E9.5. Error bars represent SD (n = 3 embryos, six sections/
embryo). *p < 0.05, **p < 0.005. The scale bar represents 200 pum.

(B) Immunohistochemistry against Ki67 was used to identify cycling cells, and Tuj1 was
used to identify neurons. Quantification of Ki67+ cells was calculated as the percentage of
Ki67+ cells out of total neuroepithelial cells at E9.5. Error bars represent SD (n =3
embryos, six sections per embryo). *p < 0.05, **p < 0.005. Increased Ki67+ staining and
increased Tuj1+ staining in the knockout is due to a greater number of Ki67+ cells that are
also Tujl+. The scale bar represents 100 pm.

(C) In situ hybridization using probe against Btg2 to identify neurogenic dividing cells.

(D) In situ hybridization using probe against Hes5 to identify neural progenitors. Transverse
sections of embryonic hindbrain counterstained with Fast Red.

(E) Individual neuroepithelial cells were plated at clonal density, incubated for 24 hr, fixed,
then stained for Tuj1. Pairs of cells that were generated from a single precursor were scored

Cell Rep. Author manuscript; available in PMC 2016 February 04.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Parchem et al.

Page 24

for three possible division types. Quantification represents the average of >150 cells per
embryo and genotype (n = 3 embryos). *p < 0.05, **p < 0.005.
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Figure 5. Identification of miR-302 Targets
(A) Microarray analysis of wild-type and knockout embryos at E7.5, E8.0, E8.5, and E9.5.

Significantly upregulated transcripts are shown as red diamonds, downregulated transcripts
as green squares, and unchanged transcripts as black circles (adjusted p value < 0.05, p < 0.1
for E7.5) (n = 3 embryos at each developmental time point). Analysis of seed matches in the
promoter, 5’UTR, ORF, and 3’UTR of downregulated and upregulated transcripts. Data are
presented as the mean number of seeds matches per kilobase of sequence for the listed
groups of altered genes described in (A). p values calculated by the Wilcoxon rank sum test
and Bonferroni corrected are shown for p < 0.01. *p < 0.05, **p < 0.005.
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(B) gRT-PCR of miR-293 expression relative to sno202 (n = 3) at various developmental
time points. Samples for E7.5 were whole embryos; at other time points, cranial neural
tissue (i.e., neuroepithelium/neural tube) was isolated. Error bars represent SD.

(C) Gene Ontology analysis of upregulated genes in knockout embryos at E9.5 reveals
enrichment for neural development-related terms.

(D) gRT-PCR of ten predicted targets that were upregulated in microarray analysis.
Expression was normalized to Rpl7 (n = 3 embryos for each genotype and developmental
stage). *p < 0.05.

(E) Venn diagram showing the overlap of genes that are upregulated at E8.0, E8.5, and E9.5.
Fgf15 and Ednrb were the only two genes upregulated across all time points.
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Figure 6. Fgf15 Promotes Neural Differentiation and Is a Direct Target of miR-302
(A) Western blot assaying levels of FGF15 in wild-type versus knockout brain at E11.5.

Quantification represents average expression relative to wild-type (n = 3). *p < 0.05.

(B) Luciferase reporter assay verifying miRNA-mediated translational repression of Fgf15.
Luciferase activity in cells transfected with reporters expressing either wild-type or mutant
UTRs with or without co-transfection of indicated miRNAs normalized to transfection with
control miRNA (mock) (n = 3 technical replicates). *p < 0.05. Schematic of Fgf15 mRNA
with miR-302 binding site indicated in the 3’ UTR.

(C) Whole-mount immunohistochemistry against GAG and Elavi2 in chicken embryos 72 hr
post-infection of the neuroepithelium.

(D) Pair analysis was performed on cranial neuroepithelium 72 hr after infection. Pairs were
grouped into GAG-positive and GAG-negative to compare neural differentiation associated
with viral overexpression of Fgf15 or GFP. Neurogenic division ratio is calculated as the
ratio of divisions giving rise to neurogenic (Elavl2+) progeny versus non-neurogenic
progeny in GAG+ versus GAG- divisions (n = 3 embryos).
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(E) Average neurogenic potential ratio of Fgfl5 and GFP infected neural cells (n =3
embryos). *p < 0.05.
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Figure 7. mir-290 and mir-302 Are Functionally Redundant
(A) Schematic summary of embryonic expression of mir-290 and mir-302 showing an

overlapping expression pattern during early development.

(B) Bright-field images of embryos recovered at E9.5 with genotypes listed. Loss of three
alleles corresponding to mir-290 and mir-302 results in early embryonic death and severe
phenotypic embryos.

(C) Recovery of mir-302 knockout embryos at E9.5 is lost when one or two alleles of
mir-290 are deleted. Expected number of recovered embryos indicated relative to expected.
*p < 0.05.

(D) Schematic summary of the mir-302 phenotype.
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