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SUMMARY

Asymmetric self-renewing division of neural precur-
sors is essential for brain development. Partitioning-
defective (Par) proteins promote self-renewal, and
their asymmetric distribution provides a mechanism
for asymmetric division. Near the end of neural
development, most asymmetric division ends and
precursors differentiate. This correlates with Par pro-
tein disappearance, but mechanisms that cause
downregulation are unknown. MicroRNAs can pro-
mote precursor differentiation but have not been
linked to Par protein regulation. We tested a hypoth-
esis that microRNA miR-219 promotes precursor
differentiation by inhibiting Par proteins. Neural pre-
cursors in zebrafish larvae lacking miR-219 function
retained apical proteins, remained in the cell cycle,
and failed to differentiate. miR-219 inhibited expres-
sion via target sites within the 30 untranslated
sequence of pard3 and prkci mRNAs, which encode
Par proteins, and blocking miR-219 access to these
sites phenocopied loss of miR-219 function. We
propose that negative regulation of Par protein
expression by miR-219 promotes cell-cycle exit and
differentiation.

INTRODUCTION

Following neural induction in vertebrate embryos, neural precur-

sor cells initially divide symmetrically to expand the precursor

population. After a period of tissue growth, many precursors

switch to asymmetric division, producing both new precursors

to maintain the population and cells that differentiate as neurons

or glial cells, either directly or after a limited number of transit-

amplifying divisions. Near the end of embryogenesis, most pre-

cursors exit the cell cycle and differentiate, although some may

become quiescent or be maintained into adulthood as stem

cells. A balance of symmetric proliferative divisions, asymmetric

self-renewing divisions, and terminal differentiation assure pro-

duction of appropriate numbers of neural cells to build a func-

tional brain (reviewed in Huttner and Kosodo, 2005; Gönczy,

2008). Mechanisms that maintain that balance remain incom-

pletely understood.
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One mechanism that clearly contributes to neural precursor

maintenance and differentiation involves neuroepithelial polarity

(reviewed in Shitamukai and Matsuzaki, 2012; Fietz and Huttner,

2011; Götz and Huttner, 2005). After closure of the neural tube,

apical membranes of neural precursors line a lumen, which sub-

sequently forms the ventricles and central canal of the central

nervous system. Associated with the apical membrane are

various protein complexes, including one consisting of the parti-

tioning-defective (Par) proteins Pard3, Pard6, and Prcki, also

known as atypical protein kinase C (aPKC). Experiments per-

formed in Drosophila provide strong evidence that unequal dis-

tribution of apical Par proteins during neural precursor division

determines the fate of the progeny cells. In particular, cells that

inherit apical Par proteins remain as precursors, whereas those

that do not enter a differentiation pathway (Prehoda, 2009).

Data from vertebrate models are generally compatible with the

idea that, in asymmetric divisions, high levels of apical Par pro-

teins are associated with neural precursor self-renewal, whereas

low levels lead to differentiation (Bultje et al., 2009; Costa et al.,

2008; Kosodo et al., 2004), although studies performed in zebra-

fish indicated that Pard3 can inhibit self-renewal and promote

differentiation (Alexandre et al., 2010; Dong et al., 2012). The

basis for these apparently conflicting conclusions is not known.

At the end of embryogenesis, the uniform disappearance of Par

proteins from apical membranes of neural precursors correlates

with their terminal exit from the cell cycle and differentiation

(Costa et al., 2008). Although the mechanistic basis of unequal

Par protein distribution to progeny cells undergoing asymmetric

self-renewing division has been thoroughly investigated, no

mechanism that promotes disappearance of Par proteins from

precursors fated to undergo terminal differentiation has been

described.

microRNAs (miRNAs) are small noncoding RNAs that in most

circumstances inhibit gene expression by mediating degrada-

tion or translational inhibition of target mRNAs (reviewed in

Bartel, 2009). miRNAs regulate numerous developmental pro-

cesses, but identification of authentic miRNA targets and the

mechanistic functions that targeting fulfills in vivo remain daunt-

ing because most miRNAs potentially bind dozens, if not

hundreds, of target mRNAs, and many mRNAs have multiple

sequences that could be bound by miRNAs (reviewed in Bartel,

2009; Asuelime and Shi, 2012). Nevertheless, recent data have

begun to identify some roles for miRNAs in regulating neural pre-

cursor division and differentiation. In particular, several studies

using mouse, zebrafish, and frog have shown that miR-9 can

drive precursors from the cell cycle and promote neuronal
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differentiation by regulating expression of multiple transcription

factors, including Foxg1, Meis2, Gsh2, Hes1, Her6, Zic5, and

Hairy1 (Shibata et al., 2011; Tan et al., 2012; Coolen et al.,

2012; Bonev et al., 2011). Neuronal differentiation also is driven

by miR-9 and let-7b through inhibition of the nuclear receptor

TLX (Zhao et al., 2009) and by miR-124, which represses ex-

pression of the RNA-binding protein PTBP (Makeyev et al.,

2007) and the transcription factor Sox9 (Cheng et al., 2009).

Given the large number of miRNAs expressed by neural cells

and their multitudes of potential target mRNAs, these advances

likely provide only a partial understanding of the mechanisms

by which miRNAs regulate neural precursor maintenance and

differentiation.

Here, we report evidence of neural precursor regulation by

miR-219, an evolutionarily conserved miRNA expressed in

zebrafish brain (Kapsimali et al., 2007). We previously noted

that knockdown ofmiR-219 in zebrafish caused a deficit of oligo-

dendrocyte progenitor cells (OPCs) (Zhao et al., 2010), raising

the possibility that miR-219 promotes formation of glial cells

from neural precursors. Target prediction software identified

potential miR-219 target sites within the 30 UTR sequences of

Pard3 andPrkci genes inmultiple species. Therefore, we hypoth-

esized that miR-219 promotes transition of neural precursors

from self-renewal to differentiation by negatively regulating

Pard3 and Prkci. Our work now shows that pard3 and prkci

mRNAs are functionally relevant targets ofmiR-219 in zebrafish.

Loss of miR-219 function results in prolonged maintenance of

apically localized proteins and retention of neural precursors in

the cell cycle at the expense of late-born neurons and glial cells,

indicating thatmir-219 contributes to a microRNA-based mech-

anism that promotes neural cell differentiation.

RESULTS

miR-219 Promotes Neural Precursor Exit from
Proliferative Division
To test the hypothesis that miR-219 promotes neural precursor

differentiation, we first set out to better characterize changes in

precursor characteristics during zebrafish spinal cord develop-

ment. In cat (Böhme, 1988) and rat (Sevc et al., 2009), a primitive

lumen, extending across nearly the entire extent of the dorsoven-

tral axis of the neural tube, transforms into a much smaller,

ventrally positioned central canal. Initiation of this transformation

coincides with exit of neural precursors from the cell cycle and

completion of neurogenesis in late embryonic stage. The zebra-

fish spinal cord undergoes a similar transformation. At 1 and

2 days postfertilization (dpf), the tight junction-associated pro-

tein ZO-1 was enriched at the apical membranes of cells lining

a primitive lumen spanning the spinal cord (Figures 1A and 1B).

At 3 and 5 dpf, apical ZO-1 enrichment was no longer evident

dorsally but remained associated with a central canal in ventral

spinal cord (Figures 1C and 1D). F-actin was similarly localized,

lining the primitive lumen at 1 and 2 dpf (Figures 1E and 1F) but

limited to the central canal at 3 and 5 dpf (Figures 1G and 1H).

This loss of apical protein enrichment coincided with loss of

neural precursors. Whereas numerous cells lining the primitive

lumen expressed Sox2, a marker of neural precursors (Ellis

et al., 2004), at 1 and 2 dpf (Figures 1E and 1F), fewer Sox2+ cells

remained at 3 and 5 dpf, and these were mostly restricted to the
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area bordering the central canal (Figures 1G and 1H). Similarly,

many cells lining the primitive lumen incorporated the thymidine

analog bromodeoxyuridine (BrdU), a marker of cells in S phase,

at 1 and 2 dpf (Figures 1I and 1J), but few spinal cord cells incor-

porated BrdU at 3 and 5 dpf (Figures 1K and 1L). Therefore, by

early larval stage most spinal cord precursors differentiate or

become mitotically quiescent, concomitant with transformation

of a primitive lumen to a central canal and loss of apically en-

riched proteins.

To investigate if miR-219 expression correlates with the

morphological and neural precursor changes described above,

we first performed quantitative PCR. This showed that miR-

219 levels were relatively low prior to 1 dpf and then peaked at

2 dpf (Figure S1 available online). We then carried out in situ

hybridization using a locked nucleic acid (LNA) probe designed

to detect the mature miR-219 sequence. At 1 dpf, spinal cord

cells expressed mir-219 very weakly (Figure 2A), but, by 2 dpf,

miR-219 expression was robust (Figure 2B). Notably, miR-219

expression appeared to be highest in the cells just outside the

proliferative ventricular zone and somewhat lower in the neural

precursors immediately adjacent to the primitive lumen. At 3

dpf, after transformation of the primitive lumen to the central

canal, cells throughout the medial spinal cord expressed miR-

219 at uniform levels (Figure 2C). At 5 dpf, following completion

of embryonic neurogenesis and gliogenesis,mir-219 expression

in spinal cord was no longer evident (data not shown). Therefore,

the pattern ofmiR-219 expression is consistent with the possibil-

ity that it regulates cell division and differentiation.

To test miR-219 function, we investigated markers of neural

precursors in control larvae and larvae injected with antisense

morpholino oligonucleotides (MOs) (Zhao et al., 2010) designed

to bind themature form ofmiR-219, thereby blocking function. In

3 dpf control larvae, few spinal cord cells incorporated BrdU,

indicating a low level of neural precursor division (Figure 2D).

By contrast, numerous BrdU+ cells occupied the medial spinal

cord of miR-219 MO-injected larvae (Figure 2E). Quantification

revealed elevated number of BrdU+ cells in both dorsal and

ventral spinal cord, with an approximately 2-fold greater in-

crease in dorsal spinal cord than in ventral spinal cord (Figure 2F).

Similarly, immunohistochemistry to detect phosphohistone H3

(PH3), which reveals cells in M phase, showed that miR-219

MO-injected larvae had substantially more PH3+ spinal cord

cells than control larvae (Figures 2G–2I). These data indicate

that miR-219 drives neural precursors from the cell cycle. To

determine if neural cells retain other precursor characteristics

in the absence of miR-219 function, we investigated expression

of Sox2 and localization of apically associated proteins. In 3 dpf

control larvae, Sox2+ cells were primarily located around the

central canal, revealed by F-actin labeling, in the ventral spinal

cord (Figure 2J). In miR-219 MO-injected larvae, Sox2+ cells

lined the entire dorsoventral axis of the medial spinal cord (Fig-

ure 2K). Quantification revealed thatmiR-219MO-injected larvae

had approximately 1.75-fold more Sox2+ cells than control

larvae, but that the difference was limited to dorsal spinal cord

(Figure 2L). Additionally, F-actin labeling revealed an enlarged

lumen extending into dorsal spinal cord (Figures 2K and 2K0).
Similarly, whereas ZO-1 was limited to membranes surrounding

the central canal of 3 dpf control larvae (Figures 2M and 2M0),
ZO-1 labeling was evident along the entire dorsoventral extent
evier Inc.
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Figure 1. Loss of Apical Polarity Correlates with Loss of Neural Precursors and Lumen Morphogenesis

All images show representative transverse sections at the level of the trunk spinal cord with dorsal up.

(A and B) At 1 and 2 dpf, ZO-1 is concentrated at apical membranes of cells lining a primitive lumen, which extends across the dorsoventral axis of the spinal cord

(brackets).

(C and D) At 3 and 5 dpf, the primitive lumen is replaced with a ventrally positioned central canal marked by apically localized ZO-1.

(E–H) F-actin is similarly localized to apical membranes lining the primitive lumen and central canal. Additionally, most cells that express Sox2 are associated with

F-actin localization.

(I–L) A BrdU pulse labels numerous cells lining the primitive lumen at 1 and 2 dpf, but at 3 and 5 dpf few cells incorporate BrdU. Scale bar equals 10 mm.
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of an enlarged lumen ofmiR-219MO-injected larvae (Figures 2N

and 2N0). These phenotypic features are characteristic of early

neural development. Therefore, loss of miR-219 function results

in retention of embryonic spinal cord characteristics into post-

embryonic, larval stage.

Our data show that larvae lacking miR-219 function maintain

excess spinal cord precursors, raising the possibility that the

OPC deficit we observed previously (Zhao et al., 2010) resulted

from a failure of precursor differentiation. To test this, we exam-

ined radial glial and neuronal markers in combination with EGFP

expression driven by an olig2:EGFP transgene, which marks

pMN precursors, motor neurons, and oligodendrocyte lineage

cells (Shin et al., 2003). In wild-type zebrafish, radial glia appear

by 1 dpf and persist throughout development and into adulthood

(Park et al., 2007). Accordingly, numerousGFAP+ radial glia were

evident in the spinal cords of 3 dpf control larvae (Figure 3A). By

contrast, GFAP+ radial glia were completely absent from miR-

219 MO-injected larvae, except in the most dorsal and ventral

portions of the spinal cord (Figure 3B). Consistent with our pre-
Developme
vious results, miR-219 MO-injected larvae also had few OPCs.

Expression of the radial glia marker BLBP showed a similar

pattern, marking numerous cells in control larvae (Figure 3C),

but only a few cells in the most dorsal and ventral portions of

the spinal cord of miR-219 MO-injected larvae (Figure 3D). To

investigate neuronal differentiation, we examined expression of

Elavl3, which marks newly born neurons (Marusich et al.,

1994). This revealed no obvious differences in neurons in wild-

type and miR-219 MO-injected larvae (Figures 3E and 3F). To

quantify a specific population of neurons, we counted motor

neurons, which are produced by ventral spinal cord precursors

and marked by Islet (Isl) expression. Indeed, motor neuron num-

ber inmiR-219MO-injected larvae was not different from control

at 3 dpf (Figure 3G). To investigate whether late stages of neuro-

genesis might be specifically affected by miR-219 loss of func-

tion, we performed a fate-mapping experiment. In particular,

we labeled dividing cells at 24 hr postfertilization (hpf) with a

pulse of the thymidine analog EdU, waited 24 hr to permit cell dif-

ferentiation, and examined EdU distribution. In control embryos,
ntal Cell 27, 387–398, November 25, 2013 ª2013 Elsevier Inc. 389
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Figure 2. miR-219 Knockdown Causes Retention of Embryonic Spinal Cord Precursors into Postembryonic Stage

All images show representative transverse sections through trunk spinal cord with dorsal up.

(A–C) In situ hybridization to detect the mature form ofmiR-219 reveals low expression at 1 dpf but prominent expression at 2 dpf. Staining appears most intense

in cells (asterisks) lateral to ventricular zone cells (vz, bracket) lining the primitive lumen. At 3 dpf, miR-219 expression appears uniform in medial spinal cord.

Boxed areas are shown in higher magnification in (A0)–(C0).
(D and E) miR-219 (3 dpf) MO-injected larva has more cells that incorporate BrdU than a control larva.

(F) Graph showing the number of BrdU+ cells in the ventral, dorsal, and entire spinal cord at 3 dpf. Data represent the mean ± SEM (n = 10 larvae, five to ten

sections each). ****p < 0.0001, unpaired t test.

(G and H) miR-219 (3 dpf) MO-injected larva has more PH3+ cells than a control larva.

(I) Graph showing the number of spinal cord cells labeled with anti-PH3 antibody in control and miR-219 MO-injected larvae. Data represent the mean ± SEM

(n = 10 sections obtained from 15 larvae per group, with two replicates). *p = 0.0328, unpaired t test.

(legend continued on next page)

Developmental Cell

miR-219 Promotes Neural Precursor Differentiation

390 Developmental Cell 27, 387–398, November 25, 2013 ª2013 Elsevier Inc.



A B C D

E F

G J

H I

Figure 3. miR-219 Is Required for Differentiation of Glia and Late-Born Neurons

All images show representative transverse sections through trunk spinal cord with dorsal up.

(A and B)Whereas numerous GFAP+ radial glia occupy the spinal cord of a 3 dpf control larva, amiR-219MO-injected larva has few radial glia except for the most

dorsal and ventral regions of spinal cord (brackets). Asterisks mark oligodendrocyte lineage cells.

(C and D) Images showing a deficit of BLBP+ radial glia in a miR-219 MO-injected larva compared to control.

(E and F) miR-219 MO-injected larvae appear to have a normal number and distribution of neurons, marked by Elavl3 expression, but fewer oligodendrocyte

lineage cells (asterisks) than control larvae.

(G) Graph showing number of Isl+motor neurons in control andmiR-219MO-injected larvae. Data are presented asmean ± SEM (n = 10 sections obtained from 15

larvae per group, with two replicates). p > 0.05, unpaired t test.

(H and I) Confocal images of embryos pulsedwith EdU at 1 dpf and fixed at 2 dpf. Numerous Edu+ cells are also Elavl3+ (arrowheads) in control larvae (H), whereas

most EdU label persists within cells lining the spinal cord lumen, and fewer neurons are labeled by EdU in miR-219 MO-injected larva (I).

(J) Graph showing number of Elav3+ EdU+ neurons in control andmiR-219MO-injected larvae. Data represent mean ± SEM (n = 10 sections obtained from five

larvae per group). ****p < 0.0001, unpaired t test. Scale bar equals 10 mm.
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many of the EdU+ cells were also Elavl3+, representing precur-

sors that had left the cell cycle and differentiated as neurons (Fig-

ure 3H). By contrast, miR-219 MO-injected embryos retained

most of the EdU label within the proliferative zone and had corre-

spondingly few EdU+ Elav3+ neurons (Figure 3I). Quantification

confirmed this, showing that miR-219 MO-injected embryos

had approximately half as many EdU+ Elav3+ neurons as control

embryos (Figure 3J). Together with the data presented above,

these results indicate that miR-219 promotes exit of neural pre-

cursors from the cell cycle and their differentiation as neurons

and glia at late stages of development.
(J–L)miR-219 (3 dpf) MO-injected larvae have more Sox2+ cells than control larva

cord. Data in graph represent mean ± SEM (n = 10 sections obtained from 15 larvae

K, M, and N)miR-219 (3 dpf) MO-injected larvae maintain a primitive lumen marke

higher magnification in (J0), (K0), (M0 ), and (N0). Scale bar equals 10 mm for low-m

See also Figure S1.

Developme
miR-219 Regulates pard3 and prkci via 30 UTR Target
Sites
Because zebrafish larvae retain neuroepithelial precursor char-

acteristics in the absence ofmiR-219 function, we hypothesized

that miR-219 promotes downregulation of factors necessary for

maintaining precursors in an undifferentiated, dividing state. To

search for such factors, we used target prediction software to

identifymiR-219 binding sites. Strikingly, this revealed single pu-

tative target sites within the 30 UTR sequences of the Par genes

pard3 and prkci that are conserved among numerous vertebrate

species (Figures 4A and 4B). Target prediction analysis also
e. Graph showing the number of Sox2+ cells in ventral, dorsal, and entire spinal

per group, with three replicates). *p = 0.0369, ****p < 0.0001, unpaired t test. (J,

d by apically localized F-actin and ZO-1 (brackets). Boxed areas are shown at

agnification images and 5 mm for high-magnification images.

ntal Cell 27, 387–398, November 25, 2013 ª2013 Elsevier Inc. 391



A B

C D E F G

H I

Figure 4. miR-219 Has Single, Conserved Target Sites within prkci and pard3 30 UTRs
(A and B) Schematic representations of prkci and pard3 transcripts with predicted miR-219 target sites conserved among various species.

(C–E) In controls at 1 and 2 dpf, Prkci protein is concentrated at apical membranes lining the primitive lumen, but by 3 dpf Prkci is limited to the central canal

(brackets).

(F and G) Prkci labeling persists along a primitive lumen extending across the spinal cord dorsoventral axis in 3 dpf and 5 dpf miR-219 MO-injected larvae.

(H) Sequences (220 bp) from the pard3 30 UTR containing wild-type and mutated miR-219 target sites were cloned into dual luciferase vectors.

(I) Quantification of light units revealed amiR-219-mediated reduction of reporter gene expression that was abrogated by 1 and 2 bp mutations within the target

site. Data represent ± SEM (three independent experiments). Brackets indicate pairwise comparisons. ****p < 0.0001, unpaired t test. Scale bar equals 10 mm.
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revealed single sites within the 30 UTR sequences of pard6b and

pard6ga but not those of pard6a and pard6gb. Because apical

localization of Par proteins is a hallmark feature of neuroepithelial

precursors and Par protein functions promote neural precursor

self-renewal in flies and mice (Bultje et al., 2009; Rolls et al.,

2003; Kuchinke et al., 1998; Lee et al., 2006; Costa et al.,

2008), we chose pard3 and prkci for further investigation.

To investigate whether Par protein localization coincides with

neural precursor state, we performed immunohistochemistry

using an anti-Prkci antibody (Horne-Badovinac et al., 2001; Rob-

erts and Appel, 2009). Similar to ZO-1 and F-actin, Prkci was

enriched at apical membranes along the entire spinal cord

dorsoventral axis at 1 and 2 dpf, but then limited to membranes

lining the central canal by 3 dpf (Figures 4C–4E). By contrast, api-

cal Prcki persisted throughout the spinal cord ofmiR-219MO-in-

jected larvae at 3 and 5 dpf (Figures 4F and 4G). These data are

consistent with the possibility thatmiR-219 promotes the disap-

pearance of Prkci from differentiating neuroepithelial precursors

with a concomitant loss of apical membrane characteristics.

We lack an antibody that reliably detects Pard3 protein in

zebrafish tissue. Therefore, to test whethermiR-219 can regulate
392 Developmental Cell 27, 387–398, November 25, 2013 ª2013 Els
pard3 expression, we cloned the pard3 30 UTR sequence con-

taining the predicted target site into a dual luciferase reporter

plasmid (Figure 4H), cotransfected the construct into HEK293T

cells with either a negative control mimic or miR-219 mimic,

and measured luciferase activity. The miR-219 mimic, but not

the control mimic, reduced luciferase expression by 70% (Fig-

ure 4I). Introduction of one and two base mutations in the target

site abrogatedmiR-219-mediated inhibition of luciferase expres-

sion (Figure 4I), indicating that miR-219 regulates pard3 expres-

sion by binding the predicted target site.

We tested the ability of mir-219 to regulate target expression

in vivo by fusing the pard3 and prkci 30 UTRs to cDNA encoding

EGFP and using the constructs as templates for in vitro synthesis

of mRNA, which we injected into zebrafish embryos at early

cleavage stage. We coinjected some embryos with miR-219

or, as a control, miR-216a, which has no predicted target sites

within the pard3 and prkci 30 UTRs. To quantify EGFP expres-

sion, wemeasured fluorescence intensity within a defined region

of the spinal cord. Whereas EGFP fluorescence appeared to be

similar in embryos injected only with RNA including the prkci 30

UTR and those coinjected withmiR-216a, fluorescence intensity
evier Inc.



Figure 5. mir-219 Regulates Reporter Gene Expression In Vivo via pard3 and prkci 30 UTR Sequences

(A–C) Fluorescence images of living embryos injected with EGFP:prkci 30 UTR mRNA alone, miR-216a control, or miR-219.

(D) Graph showing EGFP fluorescence intensity values. Units represent pixel intensity and are reported as percent of control values (n = 20 embryos, with three

replicates). Brackets indicate pairwise comparisons. **p = 0.0014, unpaired t test.

(E–G) Images of living embryos injected with EGFP:pard3 30 UTR mRNA alone, miR-216a control, or miR-219.

(H) EGFP fluorescence intensity values shown as in (D) (n = 20 embryos, with three replicates). ***p = 0.0001 unpaired t test.

(I and J) Images of embryos injected with EGFP mRNA alone or with miR-219.

(K) EGFP fluorescence intensity values shown as in D (n = 20 embryos, with two replicates). p = 0.8728, unpaired t test.

Error bars represent ± SEM.
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in embryos coinjected with miR-219 appeared to be less than

control (Figures 5A–5C). Quantification confirmed this, revealing

an approximately 30% reduction in fluorescence intensity in

miR-219-injected embryos relative to the controls (Figure 5D).

The pard3 30 UTR mediated a similar effect (Figures 5E–5H),

although the degree to which fluorescence intensity was

reduced was less than that mediated by the prkci 30 UTR.

EGFP fluorescence produced by RNA having neither the pard3

nor prkci 30 UTRs was not affected by coinjection of miR-219

(Figures 5I–5K).

We next performed a series of experiments to investigate

whether pard3 and prkci are functionally relevant in vivo targets

ofmiR-219. First, we reasoned that if the oligodendrocyte deficit

ofmiR-219MO-injected larvae results from elevated levels of Par
Developme
proteins, then reduction of Par protein function should restore

oligodendrocyte number. To test this prediction, we assessed

dorsally migrated oligodendrocytes, marked by Tg(olig2:EGFP)

reporter expression, formed in larvae injected with only miR-

219 MO or coinjected with miR-219 MO and MO designed to

block translation of pard3mRNA (Alexandre et al., 2010). Consis-

tent with our previous observations,miR-219MO-injected larvae

had few dorsally migrated OPCs compared to control (Figures

6A and 6B). By contrast, coinjection of miR-219 MO and pard3

MO partially restored OPC number (Figure 6C). To quantify this

effect, we classified phenotypes as normal, mild, or severe

based on the number of dorsally migrated OPCs. Whereas

most larvae lacking only miR-219 function were classified as

severe, significantly more larvae lacking both miR-219 and
ntal Cell 27, 387–398, November 25, 2013 ª2013 Elsevier Inc. 393



A B C

E F G

H I J

D

Figure 6. pard3 and prkci Are Functionally Relevant miR-219 Targets

(A–C) Lateral images of living 3 dpf (Tg:olig2:EGFP) larvae, focused on the trunk spinal cord. Control larva (A) shows the normal number and distribution of dorsally

migrating OPCs (arrow). WhereasmiR-219MO-injected larvae have few OPCs (B), larvae coinjected withmiR-219 and pard3MOs have an intermediate number

of OPCs (C).

(D) Graph showing quantification of OPC phenotypic classes. Larvae classified as normal had the number of dorsally migrated OPCs typical of wild-type. Larvae

were classified as severe if fewer than five OPCs hadmigrated andmild in all other circumstances. p value was calculated by comparing the number of larvae with

normal numbers of OPCs in the miR-219-MO alone and miR-219 MO ± pard3 MO experiments. Data represent ± SEM (n = 25 larvae per group, with three

replicates). *p = 0.0324, unpaired t test.

(E and F) Larvae injected with pard3 TP MO have fewer OPCs than those injected with a control TP MO.

(G) Graph showing quantification of the pard3 TP MO phenotypes. Data represent ± SEM (n = 35 and 55 larvae in two independent experiments). ****p < 0.0001,

unpaired t test.

(H and I) Larvae injected with prkci TP MO have fewer OPCs than those injected with a control TP MO.

(J) Graph showing quantification of the prkci TP MO phenotype. (n = 45–60 larvae per experiment, with three independent experiments). **p = 0.0020, unpaired

t test.
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pard3 functions were classified as normal or mild, with a con-

comitant reduction of the severe class (Figure 6D). Therefore,

reducing Pard3 function partially compensates for loss of miR-

219 function, providing strong evidence that miR-219 regulates

OPC formation by modulating Pard3 expression in vivo.

We also predicted that preventing the binding of endogenous

miR-219 to its relevant target sites should cause a deficit of

OPCs, similar to miR-219 knockdown. To test this, we synthe-

sized Target Protector (TP) MOs (Staton and Giraldez, 2011) de-

signed to bind to and block the putative miR-219 target sites

within the pard3 and prkci 30 UTRs. We also synthesized a MO

directed to a nonoverlapping sequence within the pard3 30

UTR to function as a control. Larvae injected with control TP

MO were unaffected, forming the normal number of dorsally

migrated OPCs (Figure 6E), but a significant number of pard3

TP MO-injected larvae had few OPCs (Figures 6F and 6G). Simi-

larly, most prkci TP MO-injected larvae formed fewer OPCs than

controls (Figures 6H–6J). To investigate whether the OPC deficit

is linked to changes in the neural precursor population, we exam-

ined distribution of apical membrane-associated proteins in TP-

injected larvae. Larvae (3 dpf) injected with either pard3 TP MO

or prkci TP MO had expanded primitive lumens along which

Prkci and ZO-1 were concentrated (Figures 7A–7F), phenocopy-

ing injection of miR-219 MO. TP MO-injected larvae also had

fewer radial glia than controls (Figures 7G–7I). Furthermore, TP

MO-injected larvae had more Sox2+ cells in dorsal spinal cord

than controls (Figures 7J–7L) as well as more BrdU+ cells (Fig-

ures 7M–7O). Similarly to mir-219 MO, the increase in BrdU+
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cells resulting from TP MO occurred mostly in dorsal spinal

cord (Figure 7P). Therefore, blocking interaction of miR-219

with its pard3 and prkci target sites is sufficient to maintain em-

bryonic spinal cord precursors and prevent formation of OPCs.

Finally, we attempted to overexpress Pard3, predicting that

it, also, would phenocopy mir-219 loss of function. To do so,

we used a transgenic line, Tg(hsp70l:pard3-EGFP), which ex-

presses Pard3 fused to EGFP (Geldmacher-Voss et al., 2003) un-

der control of a heat-responsive promoter. Although the fusion

protein was evident in nonneural tissues following heat shock,

it appeared to be rapidly degraded in the neural tube. Neverthe-

less, with repeated heat shocks we were able to obtain some

embryos with fusion protein expression evident in the spinal

cord. Notably, when present, EGFP was colocalized with ZO-1

to an expanded, primitive lumen (Figure S2), consistent with

the idea that persistent Pard3 expression maintains spinal cord

cells in a neuroepithlial precursor state. Therefore, we conclude

that negative regulation of Pard3 and Prcki by miR-219 drives

neural precursor differentiation at late embryonic stage.

DISCUSSION

The progression of neural precursors from symmetric prolifera-

tive to asymmetric self-renewing division and, subsequently, to

symmetric cell-cycle exit and differentiation represent key tran-

sitions in neural development. Data drawn from investigations

of invertebrate and vertebrate neural precursors provide the

basis for a model in which symmetric or asymmetric distribution
evier Inc.
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Figure 7. BlockingmiR-219Access to pard3

or prkci 30 UTRs PhenocopiesmiR-219 Loss

of Function

All panels show representative images of spinal

cord transverse sections with dorsal up.

(A–C) Larvae (3 dpf) labeled to detect Prcki local-

ization. In the control, Prkci is limited to a small

central canal (A). By contrast, Prkci extends

dorsally in pard3 TP MO and prkci TP MO-injected

larvae, marking a primitive lument (B and C).

(D–F) Similarly to Prcki, ZO-1 is restricted to a

central canal in the control larva (D) but extends

more dorsally in pard3 TP MO and prkci TP MO-

injected larvae (E and F).

(G–I) pard3 TP MO and prkci TP MO-injected

larvae have fewer medial spinal cord radial glia

than control.

(J–L) pard3 TP MO and prkci TP MO-injected

larvae have more Sox2+ cells in dorsal spinal cord

than control.

(M–O) BrdU incorporation at 3 dpf. TPMO-injected

larvae have more labeled cells than control.

(P) Graph showing number of BrdU+ cells in dorsal,

ventral, and entire spinal cord. Data represent ±

SEM (n = 10 larvae for each experiment, five to ten

section per larva). *p < 0.05, **p < 0.005, ***p <

0.0005, unpaired t test. Scale bar equals 10 mm.

See also Figure S2.
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of apical Par proteins to sibling cells at mitosis influences

whether each remains as a precursor or enters a differentiation

pathway (reviewed in Homem and Knoblich, 2012; Shitamukai

and Matsuzaki, 2012; Huttner and Kosodo, 2005). Still missing
Developmental Cell 27, 387–398, N
from this model is a mechanism that

would cause both progeny of a dividing

precursor to leave behind the self-renew-

ing activity of apical Par proteins and

undergo differentiation. Here, we pro-

pose that miRNA-mediated downregula-

tion of Par proteins contributes to this

transition.

In Drosophila, neuroblasts delaminate

from the neuroectoderm, retaining an api-

cobasal polarity evident in asymmetric

localization of Par proteins (reviewed in

Homem and Knoblich, 2012). Apical Par

proteins, through interaction with Inscut-

able, Gai, Pins, and Mud, position the

mitotic spindle so that neuroblast division

occurs perpendicularly to the plane of the

neuroectoderm (reviewed in Siller and

Doe, 2009). Consequently, apical Par

proteins are retained within one progeny

cell, which continues as a neuroblast,

and absent from the other, which un-

dergoes differentiation, indicating that

apical proteins are associated with self-

renewal. Consistent with this, reduction

of aPKC function resulted in failure of

neuroblasts to undergo self-renewing

divisions, whereas aPKC overexpression
caused formation of excess neuroblasts (Lee et al., 2006;

Haenfler et al., 2012). Neuroblasts exit the cell cycle prior to

adulthood, under control of a temporally regulated sequence

of transcription factors (Maurange et al., 2008), but whether
ovember 25, 2013 ª2013 Elsevier Inc. 395
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apical Par proteins are downregulated to help promote this tran-

sition and the mechanisms by which this might occur remain

unknown.

Although the correlation of spindle orientation, cleavage plane,

and cell fate is not as obvious in the vertebrate CNS as in flies,

several studies provided evidence that vertical cleavage planes

that bisect apical membrane of neural precursors equally are

generally associated with symmetric proliferative divisions,

whereas oblique or horizontal cleavage planes that cause

unequal segregation of apical membrane to progeny cells are

asymmetric with respect to cell fate (Bultje et al., 2009; Kosodo

et al., 2004; Haydar et al., 2003; Chenn and McConnell, 1995).

Consistent with these observations, Pard3 can be asymmetri-

cally localized to the progeny of dividing radial glial cells in

mice, although the mechanism of unequal distribution was not

clear (Bultje et al., 2009). Notably, whereas overexpression of

Pard3 promoted symmetric divisions producing progenitor

fate, Pard3 knockdown caused symmetric divisions producing

neurons (Bultje et al., 2009). Similarly, Pard3 knockdown

reduced proliferation of mouse cortical progenitors and favored

formation of neurons, whereas Pard3 or Pard6a overexpression

drove progenitor proliferation (Costa et al., 2008). These obser-

vations support the idea that, like invertebrates, apically local-

ized Par complex proteins promote a self-renewing precursor

state in the vertebrate nervous system.

Birthdating studies showed that the majority of dividing cells

within the mouse cerebral cortex ventricular zone exit the cell

cycle and differentiate by the end of embryogenesis (Takahashi

et al., 1996). This cessation of proliferation correlates temporally

with depletion of apical Par complex proteins from the ventricular

surface (Costa et al., 2008). We showed here that the zebrafish

spinal cord undergoes a similar transition. During early stages

of neural development, a primitive lumen occupies nearly the

entire dorsoventral extent of the neural tube. Apically associated

proteins, including the Par complex protein Prkci, are localized to

cell membranes lining the ventricular surface of the lumen. Cells

that border the lumen, and thereby have apically concentrated

Par proteins, have precursor characteristics in that they divide

and express the precursor marker Sox2. At the end of the embry-

onic period, the lumen transforms to a small central canal in the

ventral spinal cord. Concomitantly, the apparent concentration

of apically associated proteins is reduced from all spinal cord

cells except those bordering the central canal, and the number

of dividing neural precursors is greatly diminished.

Our functional studies provide evidence that termination of

neural precursor division and subsequent neuronal and glial dif-

ferentiation at late embryonic stage is driven, in part, by negative

regulation of Pard3 and Prkci by miR-219. We noted, though,

that our functional manipulations affected primarily dorsal spinal

cord. In fact, transitions in lumen morphogenesis, apical protein

distribution, and neural precursor characteristics during devel-

opment occur predominantly in dorsal spinal cord. In ventral spi-

nal cord, apical proteins and Sox2+, putative neural precursors

that also express olig2 (Park et al., 2007), remain localized to

the central canal into postembryonic stage, raising the possibility

that ventral neural precursors are not subject tomiR-219 regula-

tion. However, most spinal cord OPCs arise from ventral cells

that express olig2. Nevertheless, prkci mutant zebrafish larvae

had excess OPCs (Roberts and Appel, 2009) andmir-219 knock-
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down larvae had a deficit of OPCs (Zhao et al., 2010). One

possible explanation is that OPCs originate dorsal to the central

canal from precursors that are regulated bymiR-219.More care-

ful fate-mapping of OPCs origins should resolve this question.

Our data now extend current models in which, during early

stages of neural development, mechanisms that influence

whether the progeny cells of dividing neural precursors receive

equal or unequal amounts of apical Par proteins influence

whether divisions are symmetric and proliferative or asymmetric

with respect to cell fate. We now propose that, near the end of

embryogenesis, inhibition of new Par protein translation by

miR-219 depletes Par proteins from dividing precursors below

a limit necessary for their self-renewing functions, causing pre-

cursors to exit the cell cycle and differentiate as late born neu-

rons and glia.

Previous work identified miR-219 as an important regulator of

oligodendrocyte differentiation and myelination (Zhao et al.,

2010; Dugas et al., 2010). Our study identifies an additional

earlier and broader role for miR-219 in promoting the transition

of neural precursors to specified cell types, including oligoden-

drocyte lineage cells. Additionally, because neural precursors

continue to divide in the absence of miR-219 function, our data

raise the possibility that alterations of miR-219 expression

contribute to tumor formation. Consistent with this, miR-219

expression was significantly lower in childhood medulloblas-

toma relative to neural stem cells (Ferretti et al., 2009; Genovesi

et al., 2011).

EXPERIMENTAL PROCEDURES

The animal work in this study was approved by the Institutional Animal Care

and Use Committee the University of Colorado School of Medicine.

Zebrafish Lines

The experiments conducted in this study used the following strains of zebra-

fish: AB, Tg(olig2:EGFP)vu12 (Shin et al., 2003) and Tg(hsp70l:pard3-EGFP)co14.

Immunohistochemistry

Immunohistochemistry was performed on frozen sections as described previ-

ously (Park et al., 2005). F-actin was labeled using Rhodamine Phalloidin (Invi-

trogen). To detect EdU incorporation, we used the EdUDetection Reactionmix

(Invitrogen). Images were collected on a Zeiss Axio Observer microscope

equipped with a PerkinElmer UltraVIEW VoX spinning disk confocal system

and Volocity imaging software (PerkinElmer).

In Situ RNA Hybridization

Antisense probes were transcribed using the Roche digoxigenin-labeling re-

agents and T3, T7, or SP6 RNA polymerases (New England Biolabs). To detect

miR-219 expression, we used a dre-miR-219 miRCURY LNA probes (Exiqon

35172-01) (Kloosterman et al., 2006).

Luciferase Assay

A 220 bp sequence containing the predicted target site was placed in the 30

UTR of a renilla luciferase reporter gene using the commercially available

plasmid, psiCHECK-2 (Promega). This construct and microRNA mimics

were cotransfected into HEK293T cells. Luciferase activity was detected using

the SpectraMax L Luminescence microplate reader (Molecular Devices).

Morpholino Injections

Antisense morpholino oligonucleotides were purchased from Gene Tools,

LLC. We injected 1–2 nl of 0.25 mM morpholino in injection buffer into the

yolk just below the single cell of fertilized embryos. All morpholino-oligonucle-

otide-injected embryos were raised in embryo medium at 28.5�C.
evier Inc.
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BrdU and EdU Labeling

Dechorionated embryos were labeled with 20 mM 5-bromo-20-deoxyuadine
(BrdU) (Roche). For labeling with 5-ethynyl-20-deoxyuridine (EdU), embryos

were incubated in 2 mM EdU (Click-iT EdU Alexa Fluor 555 detection kit,

Invitrogen #c10338).

GFP Injections and Quantification

pard3 (1,200 bp) and prkci (800 bp) UTRs were cloned in an EGFP containing

vector. These mRNAs were injected with or without miR-219 at one cell stage

and raised to 30 hpf. Images of 20 embryos per group were collected using a

Leica M165 FC microscope equipped with a SPOT RT3 camera and SPOT

imaging software (Diagnostic Instruments). The experiment was performed

three times and readings from 60 total embryos per group are reported.

Tg(hsp70l:pard3-EGFP) Construction and Heat Shock Procedure

Tg(hsp70l:pard3-EGFP) (53 hpf) and nontransgenic control embryos were

placed in a 15 ml conical tube in approximately 10 ml of embryo medium

and immersed in a 38�C water bath for 1 hr after which they were allowed to

recover at room temperature for 1 hr.

Quantitative PCR

RNA was isolated from 15–20 pooled larvae for each control or experimental

condition. Samples for each condition were collected in triplicate. Real-time

qPCR was performed in triplicate for each cDNA sample using an Applied

Biosystems StepOne Plus machine and software version 2.1.

Quantification and Statistical Analysis

Cell counts were obtained by direct observation of sections using the micro-

scopes described above. For Sox10, Sox2, PH-3, and Isl quantification, ten

sections per embryo from 15 embryos per group with two or three replicates

were counted to produce the average number per section. p values were

generated using an unpaired t test using GraphPad Prism software. Dorsally

migrated OPCs were assessed based on lateral views of Tg(olig2:EGFP) em-

bryos at 3 dpf. olig2:EGFP positive cells were counted over the entire spinal

cord. Larvae classified as normal had the number of dorsally migrated OPCs

typical of wild-type. Larvae were classified as severe if fewer than five OPCs

had migrated and mild in all other circumstances. p values were generated

using an unpaired t test comparing the number of normal embryos when in-

jected with miR-219 MO alone or miR-219 together with pard3 MO.
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