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SUMMARY

Altered microRNA profiles have been implicated in
human brain disorders. However, the functional
contribution of individual microRNAs to neuronal
development and function is largely unknown.
Here, we report biological functions for miR-19 in
adult neurogenesis. We determined that miR-19
is enriched in neural progenitor cells (NPCs) and
downregulated during neuronal development in
the adult hippocampus. By manipulating miR-19 in
NPCs for gain- and loss-of-function studies, we
discovered that miR-19 regulates cell migration by
directly targeting Rapgef2. Concordantly, dysre-
gulation of miR-19 in NPCs alters the positioning
of newborn neurons in the adult brain. Further-
more, we found abnormal expression of miR-19 in
human NPCs generated from schizophrenic pa-
tient-derived induced pluripotent stem cells (iPSCs)
that have been described as displaying aberrant
migration. Our study demonstrates the significance
of posttranscriptional gene regulation by miR-19
in preventing the irregular migration of adult-born
neurons that may contribute to the etiology of
schizophrenia.

INTRODUCTION

Most animals, including humans, generate new neurons from

neural progenitor cells (NPCs) in the adult hippocampus, a brain

structure important for learning and memory (Deng et al., 2010;

Spalding et al., 2013; Zhao et al., 2008). After adult hippocampal

NPCs in the subgranular zone (SGZ) of the dentate gyrus (DG)

turn into neurons, they migrate short distances to the granule

cell layer (GCL) and develop into mature neurons by extending

dendrites and forming spines. However, the molecular mecha-

nisms responsible for guiding adult hippocampal neurogenesis

or its association with disease have not been completely

defined. In particular, very little has been revealed about non-
coding elements and their roles in adult hippocampal neurogen-

esis (Schouten et al., 2012).

microRNA (miRNA) is one of the major small noncoding RNA

classes. miRNAs cause deadenylation as well as translational

suppression of target messenger RNAs (mRNAs) by binding to

the 30 UTR of targets (Huntzinger and Izaurralde, 2011; Kim

et al., 2009b). As most mammalian mRNAs possess regulatory

motifs where miRNAs bind (Friedman et al., 2009), miRNAs

have been proposed as being integral regulatory molecules in

diverse biological processes, including development (Bartel,

2009). Misexpression and/or dysfunction of miRNAs have been

reported in several human diseases, further suggesting that

miRNAs hold functional significance (Wahid et al., 2014).

A recent study has reported that isolated adult NPCs from the

mouse brain express miRNAs, and this expression is influenced

by ablating REST (RE1-silencing transcription factor, also known

as NRSF [neuron-restrictive silencer factor]) in the isolated adult

NPCs (Gao et al., 2012). REST suppresses expression of

neuronal genes, and knockout of REST in adult NPCs acceler-

ates neuronal differentiation (Gao et al., 2011, 2012; Kim et al.,

2015). From the miRNA expression data in REST-ablated adult

NPCs (Gao et al., 2012), we noticed that the expression of

miR-19 declined dramatically, exhibiting the highest fold change

among evolutionarily conserved miRNAs in vertebrates. Thus,

we questioned whether changes in miR-19 expression might

play an essential role in neuronal development.

miR-19 is a member of polycistronic miRNA genes, miR-

17�92 and miR-106a�363, whose dosages are critical for brain

development and function (Figure S1A). Microdeletion of miR-

17�92 results in Feingold syndrome-2 in humans, who display

microcephaly, mild intellectual disability, and psychiatric symp-

toms (Celli et al., 2003; de Pontual et al., 2011; Ganjavi et al.,

2014). Microduplication of the genomic loci, including miR-

17�92, results in mildmacrocephaly and autism spectrum disor-

der (Hemmat et al., 2014). In addition, a postmortem study has

shown abnormal expression of miR-19 in the brain of schizo-

phrenic (SZ) patients (Beveridge et al., 2010), implying that

dysregulation of miR-19 in the brain may be associated with

neuropsychiatric disorders.

In the current study, we reveal the in vivo functions ofmiR-19 in

adult hippocampal neurogenesis. miR-19, which is enriched in

NPCs and decreases during neuronal development, modulates
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Figure 1. miR-19 Is Expressed in Adult Hippocampal Neural Progenitor Cells and Decreases during Differentiation

(A) Relative expression of miR-19a and miR-19b in differentiated cells compared to NPCs (day 0) (n = 3, mean ± SEM, one-way ANOVA, *p < 0.05).

(B) Schematics of a lentiviral construct, miR-19 tracer. GFP and RFP are transcribed throughM1 (Amendola et al., 2005) and CAGpromoters, respectively. GFP is

expressed constitutively, whereas RFP can be expressed when miR-19 is absent.

(C) Detection of miR-19 in NPCs using the miR19 tracer shown in (B). Control includes the same sequence of miR-19 after RFP. SOX2, a NPCmarker, is shown in

red in the separate right panels. Blue represents DAPI. Scale bar, 20 mm

(D) Detection of miR-19 in the DG of the adult brain using the miR19 tracer. RFP-expressing cells were counted in SOX2+GFP+ (n = 39), DCX+GFP+ (n = 21),

NEUN+GFP+ (n = 43), and S100b+GFP+ (n = 27) cells that represent NPCs, young neurons, mature neurons, and astrocytes, respectively.

(E) Representative pictures of the miR-19 mapping result in (D). Upper panel, cell-type-specific markers (magenta) with GFP. Lower panel, the same region in the

upper panel with RFP channel. Arrows in GFP+DCX+ cells indicate RFP-expressing cells. Scale bar, 50 mm

See also Figure S1.
the positioning of newborn neurons in the GCL of the DG by sup-

pressing Rap guanine nucleotide exchange factor 2 (Rapgef2). In

addition, miR-19 affects the maturation of newborn neurons. We

further report the aberrant expression of miR-19 and its inversely

correlated expression of Rapgef2 in human NPCs derived from

induced pluripotent stem cells (iPSCs) of SZ patients. Our find-

ings demonstrate pivotal roles for a single miRNA, miR-19, in

adult neurogenesis and provide a molecular mechanism under-

lying the etiology of SZ, a complex mental disorder.

RESULTS

Decreasing miR-19 during Adult Neurogenesis
miR-19 comprises a family composed of miR-19a and miR-19b,

which differ from each other by one nucleotide in the middle of

the sequence (Figure S1B). We first validated the expression of

miR-19 in isolated adult hippocampal NPCs by Northern blot

analysis (data not shown) and quantified the relative expression

level of miR-19 during differentiation from NPCs using real-time

PCR (Figure 1A). Both miR-19a and miR-19b were highly ex-

pressed in proliferating NPCs and decreased upon differentia-
80 Neuron 91, 79–89, July 6, 2016
tion. This low expression level of miR-19 was sustained even

after 4 days of differentiation. However, it was unclear whether

the basal-level expression of miR-19 would remain in fully

mature neurons.

To determine the expression pattern of miR-19 in the adult

brain, we performed in situ hybridization (ISH) using a locked nu-

cleic acid (LNA) probe (Figure S1C). ISH results showed that the

expression level of miR-19 was higher in the SGZ than in other

layers of the DG; however, it was unclear which cell types ex-

pressed miR-19. Therefore, we designed a lentiviral construct

consisting of a miR-19 tracer expressing GFP constitutively

while expressing RFP dependent on miR-19 (Figure 1B). The

complementary sequence to miR-19a and miR-19b was placed

behind RFP, thereby allowingmiR-19 to function as a small inter-

ference RNA. The same sequence of miR-19a and miR-19b was

placed behind RFP as a control construct. Using this scheme, all

tracer-infected cells appeared GFP+, but only cells lacking miR-

19 appeared RFP+. When the miR-19 tracer infected cultured

NPCs, GFP+ cells did not express RFP, indicating expression

of miR-19 (Figure 1C). Cells that were infected by control viruses

expressed both GFP and RFP. We injected the miR-19 tracer
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Figure 2. Overexpression of miR-19 Changes RNA Expression of

Ten Genes in Adult Hippocampal NPCs

(A) Hierarchical clustering of gene expression profiles for three adult NPC

samples overexpressing miR-19 and three controls expressing scrambled

shRNA.

(B) Differentially expressed genes (DEGs) in adult NPCs overexpressing miR-

19 in comparison to controls (FDR-corrected p value <0.05, using Benjamini-

Hochberg procedure). Number of predicted miR-19 binding sites is presented

by number of ‘‘+’’.

See also Figure S2.
lentivirus into the DG of adult mice and sacrificed animals for his-

tological analysis at 4 days post-injection (dpi) (Figures 1D and

1E). We detected GFP+ cells that were infected by viruses and

classified GFP+ cells according to distinct developmental stages

using the cell-type-specific markers for NPCs (SOX2), immature

neurons (DCX), and mature neurons (NEUN). Then, RFP-ex-

pressing cells were counted in GFP+ cells at each stage of

neuronal development (Figure 1D). All GFP+SOX2+ cells were

RFP–, whereas most of the GFP+NEUN+ cells were RFP+. The

ratio of RFP-expressing cells in GFP+DCX+ cells appeared to

be intermediate between NPCs and mature neurons. Three-

quarters of the GFP+DCX+ cells expressed RFP, whereas the

rest did not express RFP, indicating that miR-19 was expressed

in NPCs, decreased during neuronal development, and was
negligible inmature neurons. In addition to the neuronal lineages,

we found that astrocytes in the adult DG marked with S100b ex-

pressedmiR-19 (Figures 1D and 1E). Delivery of retroviruses that

encoded miR-19 binding sites after RFP confirmed the expres-

sion pattern of miR-19 during neuronal development (Figures

S1D–S1F). Most 1-week-old neurons expressing GFP did not

express RFP, whereas most 4-week-old neurons expressed

RFP, indicating that miR-19 is enriched in NPCs, expressed in

the early stages of neuronal development, and reduced upon

differentiation.

miR-19 Function in Cell Migration
To reveal the biological roles of miR-19 in adult hippocampal

neurogenesis, we manipulated miR-19 levels in NPCs and as-

sessed protein coding genes using high-throughput RNA

sequencing. We altered miR-19 levels in NPCs using plasmid

constructs (Figures S2A–S2H). Pre-miR-19 and a scrambled

short hairpin RNA (shRNA) were generated for overexpression

and its relative control, respectively. Competitive inhibitor to

endogenous target genes of miR-19, miR-19 sponge, was de-

signed for knockdown (Ebert et al., 2007). A control sponge

was produced by introducingmutations onmiR-19 binding sites.

We then performed RNA sequencing using poly(A)+ RNAs

(poly(A)-seq) that were prepared from the manipulated NPCs

(Figures 2 and S2I–S2K). While poly(A)-seq performed in tripli-

cate did not change gene expression profiles in miR-19-

depleting NPCs, it resulted in ten differentially expressed genes

(DEGs) between control and miR-19-overexpressing NPCs

(padj <0.05) (Figures 2B and S2I–S2L). Intriguingly, the two

genes that differed with the highest statistical significance

were Mmp11 (Matrix metallopeptidase 11, also known as ST-3

[Stromelysin-3]) and Cxcl12 (Chemokine [C- X-C Motif] Ligand

12, also known as Sdf1 [stromal cell-derived factor 1]), which

are known to be involved in cell migration (Bagri et al., 2002; Bas-

set et al., 1990; Friedl and Gilmour, 2009; Singh et al., 2004;

Sternlicht and Werb, 2001). Moreover, we observed differential

expression of Rapgef2 (also known as PDZ-GEF1), which is

also known to function in cell migration (Boettner and Van Aelst,

2009; Rebhun et al., 2000). Expression changes in these three

genes suggested potential functions of miR-19 in migration dur-

ing adult hippocampal neurogenesis.

To examine the effects of miR-19 on cell migration, cultured

NPCs were transfected with miR-19 overexpression or knock-

down constructs and then plated on one side of microfluidic

chambers that were separated by 75-mm long microgrooves

(Figure 3A). After 4–5 days in proliferating culture media, NPCs

on the opposite side of these devices were counted as migrated

cells. Remarkably, cell migration efficiency changed dramati-

cally depending on the miR-19 level (Figures 3B–3E). The

migration efficiency of the NPCs increased when miR-19 was

overexpressed and decreased when miR-19 was knocked

down. To exclude an influence of proliferation rate on cell migra-

tion, we cultured NPCs in differentiation media after manipu-

lating miR-19 and obtained the same result in cell migration

efficiency (data not shown).

To confirm the effect of miR-19 on cell migration in vivo, we

introduced pre-miR-19 into NPCs in the adult hippocampus us-

ing a retroviral vector that expressed GFP. Scrambled shRNA
Neuron 91, 79–89, July 6, 2016 81
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Figure 3. Expression Level of miR-19 in Adult Hippocampal NPCs Affects Migration Properties of the NPCs

(A) Schematic presentation of microfluidic chambers for cell migration assay. After 4–5 days of plating cells on one side of the chamber (blue), cells on the other

side (yellow) were counted.

(B) Relative migration efficiency of NPCs after overexpression miR-19. Eleven (shcontrol) and 12 (miR-19 OE) devices were used (n = 4, mean ± SEM, Student’s

t test, *p < 0.05).

(C) Representative pictures of (B). Dotted lines, microgrooves between two chambers. Scale bar, 50 mm

(D) Relativemigration efficiency of NPCs after knockdown ofmiR-19. Nine (control kd) and 12 (miR-19 kd) devices were used. (n = 4,mean ± SEM, Student’s t test,

*p < 0.05).

(E) Representative pictures of (D). Dotted lines, microgrooves between two chambers. The image scale is the same as in (C).

(F) Schematic depiction of analysis for the relative positions of newborn neurons in the granule cell layer (GCL). The perpendicular distance from the center of the

soma to a line of the GCL was normalized by thickness of the GCL. ML, molecular layer

(G and H) Relative positions of 28-day-old neurons within GCL. Pre-miR-19 (miR-19 OE, miR-19 overexpression) and its control in GFP-expressing retroviral

vectors were introduced into NPCs in the adult hippocampus. Totals of 65 and 54 cells were analyzed for control and miR-19 overexpression, respectively. (H)

Representative images of (G). Dotted lines, GCL. Scale bar, 50 mm (mean ± SEM, Student’s t test, ***p < 0.0001).

(I) Relative positions of cell bodies within the GCL at different time points. Numbers of cells counted are 82 (8 dpi), 70 (15 dpi), and 65 (28 dpi) for miR-19

overexpression and 51 (8 dpi), 63 (15 dpi), and 65 (28 dpi) for control (mean ± SEM, Student’s t test, **p < 0.001, ***p < 0.0001)

See also Figure S3.
was used as a control. We first validated that modulating miR-19

expression level did not change cell types (Figures S3A–S3D).

Then, we analyzed the relative positions of newborn neurons in

the GCL using single-plane confocal images containing the

middle of the cell bodies (Figure 3F). The inner border of the

GCL, dividing the GCL and SGZ, was defined as the start line

for cell migration, and the perpendicular distance from this

border to the center of each cell body was measured and

normalized by the thickness of the GCL. At 28 dpi, we found

that newborn neurons expressing more miR-19 migrated further

from the start line (Figures 3G and 3H). This migration phenotype

was observed at earlier time points of 8 and 15 dpi, which are

critical periods for determining the positions of newborn neurons

within the GCL (Kempermann et al., 2003) (Figure 3I). These data

demonstrate that the decline in miR-19 expression in early

neuronal development directs the positioning of adult-born neu-

rons within the GCL.
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We expected the attenuated migration when the miR-19

sponge was delivered to NPCs in the hippocampus. However,

the position of miR-19-depleted cells within the GCL did not

appear to be different from control cells (data not shown). We

assumed that differences in migration in the DG after depleting

miR-19 might be more difficult to detect because miR-19 de-

creases at such an early stage of neuronal development, leaving

only a brief window for knockdown of miR-19 to exert strong ef-

fects and/or because the distance for cell migration is too short

to observe any appreciable change. To verify the effect of miR-

19 knockdown on cell migration, we turned to the NPCs in the

subventricular zone (SVZ). New neurons born in the SVZ migrate

through the rostral migratory stream (RMS), a path that is up to

two orders of magnitude longer than the distance that newborn

neurons in the DG travel (Platel et al., 2010). The migratory dis-

tances of newborn neurons from the SVZ were normalized by

the whole length of the RMS to obtain their relative position



within the RMS (Figure S3E). Newborn neurons with suppressed

function of miR-19 migrated shorter distances than control cells

(Figure S3F). Consistent with the finding in the hippocampus,

when miR-19 was expressed ectopically, newborn neurons

migrated longer distances through the RMS (Figure S3G).

From these results, we concluded that miR-19 regulates the

migration of newborn neurons in the adult brain.

We next analyzed the maturation of adult-born neurons

depending on miR-19 level because a correlation between

neuronal migration and differentiation has been reported (Duan

et al., 2007; Fitzsimons et al., 2013; Kim et al., 2009a). miR-19 in-

fluences dendritic length, branch numbers, and spines of adult-

born neurons (Figures S3H–S3S). The total length of dendrites

decreased in miR-19-overexpressing neurons, whereas it

increased in miR-19-depleted neurons. miR-19-depleted neu-

rons also showed an increased number of branches. We also

analyzed spine maturation and found that the percentage of

mature mushroom spines decreased in the miR-19-overex-

pressing cells, whereas it increased in the miR-19-depleted

cells, without changes in total number of spines. Prolonged

expression of miR-19 delayed dendritic arborization and spine

maturation, whereas suppression of miR-19 function acceler-

ated these processes. The delayed maturation caused by miR-

19 overexpression is relevant to the expression pattern of

miR-19, which is higher in NPCs than in neurons. Thus, the

timing for clearing miR-19 in NPCs likely reflects the maturity

of neurons with respect to dendrites and spines, suggesting

that miR-19 can potentially be involved in maintaining character-

istics of NPCs.

Rapgef2, a Direct Target of miR-19
To identify direct target genes of miR-19 in NPCs, we revisited

our poly(A)-seq results (Eichhorn et al., 2014; Guo et al., 2010)

(Figure 2B). Using a target prediction program (http://www.

targetscan.org) (Lewis et al., 2005), we investigated which

DEGs included miR-19 binding sites on their 30 UTR, and we

identified two candidates: SytI (synaptotagmin I) and Rapgef2

(Figures 2B, S4A, and S4B). As binding of mammalian miRNAs

to targets predominantly induced deadenylation of the mRNAs

(Eichhorn et al., 2014; Guo et al., 2010), Syt1 and Rapgef2

were downregulated in miR-19-overepxressing NPCs.

To assess whether miR-19 suppressed Syt1 and Rapgef2

directly, we designed reporter constructs of luciferase that car-

ried their 30 UTR (Figure 4A). A luciferase assay using a construct

that possessed 30 UTR of Syt1 did not show significant changes

in activity in response to varying the miR-19 level, indicating that

Syt1 was an indirect target of miR-19 (Figure 4B). However, lucif-

erase activity decreased compared to control when the reporter

construct containing the Rpagef2 30 UTR was co-transfected

with pre-miR-19. Conversely, luciferase activity increased

when the reporter of Rapgef2 30 UTR was transfected with the

miR-19 sponge (Figure 4C). These results showed that miR-19

suppressed the expression of Rapgef2 directly at the posttran-

scriptional level through the Rapgef2 30 UTR.
A decrease in endogenous Rapgef2 inmiR-19-overexpressing

NPCswas verified at RNA and protein levels (Figures 4D–4F). We

then measured the expression level of Rapgef2 in NPCs after

transfection of the miR19 sponge. Although the expression of
Rapgef2 did not change at the RNA level, as shown in poly(A)-

seq, it did change at the protein level in miR-19-depleted

NPCs (Figures S2L and 4D–4F). RAPGEF2 protein accumulated

in NPCs when miR-19 was downregulated by the sponge,

showing clearly that miR-19 negatively regulates the expres-

sion of Rapgef2. Supporting this finding, RAPGEF2 protein

increased, whereas miR-19 level decreased during differentia-

tion (Figures 1A and S4C–S4E). In addition, we confirmed

that miR-19 was sufficient to suppress Rapgef2 without any ad-

ditive function of other miRNAs from the same cluster (Figures

S4F–S4I).

Rapgef2 has been shown to be involved in cell adhesion by

specifically activating Rap1 and Rap2 (Boettner and Van Aelst,

2009; Rebhun et al., 2000), and effects of Rapgef2 on neuronal

cell migration in the developing brain have been reported (Bilasy

et al., 2009, 2011; Ye et al., 2014). To determine whether

Rapgef2 influenced migration and/or maturation of newborn

neurons in the adult hippocampus as a downstream gene of

miR-19, three different shRNAs were designed to target endog-

enous Rapgef2 (shRapgef2 #1–3) (Figure S5A). As predicted, the

migration efficiency of NPCs was increased upon depletion of

Rapgef2 in vitro and in vivo (Figures 5A–5D and S5B–S5D).

Altered migration properties of the Rapgef2-depleted neurons

in the adult hippocampus were evident at 1 week and sustained

even after 4weeks (Figures 5C, 5D, S5C, and S5D). These results

mirrored the phenotype of the miR-19-overexpressing neurons

in the GCL (Figure 3). Interestingly, no clear defect was evident

in dendritic development after knockdown of Rapgef2 (Figures

S5E and S5F), suggesting that the primary effect of Rapgef2 dur-

ing neurogenesis is onmigration of NPCs and neuroblasts, which

is governed by miR-19.

Reciprocal functions of miR-19 and RAPGEF2 on migration

were confirmed by rescue experiments both in vitro and in vivo

(Figures 5E–5H). Rapgef2 coding sequence (CDS), which does

not carry the 30 UTR-bearing regulatory regions of miR-19, was

cloned into the same vector expressing pre-miR-19 or control

shRNA. When this Rapgef2 CDS was expressed ectopically

together with miR-19, the migration efficiency of NPCs was

restored to the level of the GFP-control shRNA. Taken together,

our results demonstrate that miR-19 modulates the migration of

NPCs and newborn neurons in the adult hippocampus by target-

ing Rapgef2.

Implications of miR-19 for the Etiology of SZ
Aberrant migration of adult-born neurons in the hippocampus

has been described in previous studies of DISC1 (disrupted in

schizophrenia 1), a gene closely linked to SZ (Duan et al.,

2007; Kim et al., 2009a). We hypothesized that miR-19 might

also be associated with SZ through dysregulation of cell migra-

tion. We utilized human hippocampal NPCs derived from embry-

onic stem cells (ESCs) and iPSCs from SZ patients (SZ-NPCs)

characterized in previous studies (Brennand et al., 2011; Yu

et al., 2014) to test this hypotheses, and we found increased

miR-19 in SZ-NPCs compared to control NPCs (Figure 6A).

Next, we investigated whether the regulating mechanism of

Rapgef2 by miR-19 in hippocampal NPCs was conserved in hu-

mans as miR-19 and its binding sites on 30 UTR of Rapgef2 were

conserved in vertebrates (Figures S1A and S4A). For this study,
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Figure 4. miR-19 Suppresses Rapgef2 in Adult Hippocampal NPCs

(A) Schematics of 30UTR of Syt1 and Rapgef2 after Renilla luciferase (RL).

(B) Dual luciferase assay using the Renilla constructs carrying 30UTR of Syt1. (n = 3, mean ± SEM, Student’s t test, ns, non-significant).

(C) Dual luciferase assay using the Renilla constructs carrying 30UTR of Rapgef2. (n = 4, mean ± SEM, Student’s t test, ****p < 0.00001).

(D) Real-time PCR for Rapgef2 after manipulating miR-19 in adult NPCs (n = 3, mean ± SEM, Student’s t test, *p < 0.05).

(E) Western blot for RAPGEF2 after manipulating miR-19 in adult NPCs. Loading controls: HSP90 and b-ACTIN for overexpression and knockdown (kd) ex-

periments, respectively.

(F) Quantification of western blot results shown in (E) (n = 3, mean ± SEM, Student’s t test, *p < 0.05).

See also Figure S4.
we manipulated the miR-19 level in human ESC-derived hippo-

campal NPCs by transient transfection of pre-miR-19 or miR-

19 sponge (Figures S2A–S2H) and performed western blot

analysis for RAPGEF2 (Figure S6). By showing an inverse corre-

lation between miR-19 and RAPGEF2 expression, we verified

that regulation of Rapgef2 by miR-19 occurred in human NPCs.

Finally, we analyzed the levels of Rapgef2 in SZ-NPCs to

examine whether Rapgef2 expression was influenced by the

miR-19 levels. Through real-time PCR and western blot ana-

lyses, we found a reduction of Rapgef2 in SZ-NPCs at both

RNA and protein levels (Figures 6B–6D), with the increased

levels of miR-19 (Figure 6A). This finding suggests that, in

SZ-NPCs, miR-19 is a key factor regulating expression of

genes associated with cellular phenotypes such as abnormal

migration.
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DISCUSSION

miR-19 is a component of polycistronic miRNAs, which are

continuously expressed from embryonic state to adulthood in

diverse tissues, including the hippocampus. Here, we investi-

gated the physiological roles ofmiR-19 in the adult hippocampus

by performing reverse genetic studies of miR-19 in a specific cell

type, adult NPCs. miR-19 is a key regulator of migration of

newborn neurons in the adult brain. Furthermore, we revealed

the functional significance of miR-19 in the human brain, which

is associated with SZ, by utilizing human hippocampal NPCs

derived from ESCs and iPSCs.

It is critical to identify the gene networks that control migration

of newborn neurons in the adult hippocampus because mis-

placed adult-born neurons can cause hippocampal dysfunction
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Figure 5. Rapgef2 Has an Antagonistic Function to miR-19 in Cell Migration

(A) Relative migration efficiency of NPCs using microfluidic chambers after depletion of Rapgef2. Twelve (shSCR) and 14 (shRapgef2) devices were used (n = 4,

mean ± SEM, Student’s t test, *p < 0.05). (B) Representative pictures of (A). Dotted lines, microgrooves between two chambers. Scale bar, 50 mm.

(C) Relative positions of 7- and 28-day-old neurons within the GCL after depleting Rapgef2 expression. Retroviruses that expressed GFP and shRNAs were

delivered into the adult hippocampus. The following numbers of cells were analyzed: n = 56 (shSCR) and n = 28 (shRapgef2) at 7 dpi, n = 28 (shSCR), n = 79

(shRapgef2) at 28 dpi (mean ± SEM, Student’s t test, *p < 0.05, **p < 0.005, ***p < 0.0005).

(D) Representative pictures of (C). Scale bar, 50 mm

(E) Migration assay of adult NPCs using microfluidic chambers after expressing miR-19 and RAPGEF2 coding sequence (CDS) in NPCs. Twelve, 13, 12, and

13 devices were used for GFP-control, GFP-pre-miR-19, RAPGEF2-control, and RAPGEF2-pre-miR-19, respectively (n = 3, mean ± SEM, one-way ANOVA,

*p < 0.05).

(F) Representative pictures of (E). Scale bar, 50 mm.

(G) Relative positions of 7-day-old neurons within the GCL after expressing miR-19 and RAPGEF2 CDS. The following numbers of cells were used for analyses:

n = 51 (GFP+shSCR), n = 82 (GFP+miR19 OE), n = 27 (RAPGEF2 CDS+shSCR), and n = 41 (RAPGEF2 CDS+miR19 OE) (mean ± SEM, one-way ANOVA,

**p < 0.005, ****p < 0.00001). Scale bar, 50 mm.

See also Figure S5.
(Fitzsimons et al., 2013; Manning et al., 2012). Here, we show

that miR-19 impacts the positioning of adult-born neurons by

regulating several protein coding genes that are tied to cell

migration. The miR-19-mediated migration of newborn neurons

is likely caused by cell intrinsic factors, because adult NPCs in

the SGZ and SVZ as well as isolated adult hippocampal NPCs

cultured in vitro showed a similar miR-19-dependent change in

migration. We identified Rapgef2 as a direct target of miR-19.

Decreasing miR-19 upon differentiation derepresses Rapgef2

and ensures placement of newborn neurons in the inner GCL.

Rapgef2 is a member of the Rapgef family, which has been

shown to be involved in neuronal migration along with the other

Rapgef, Rapgef1 (also known as C3G), in developing brains (Bi-

lasy et al., 2009; Voss et al., 2008; Ye et al., 2014). Rapgef2 and

Rapgef1 cooperate in the migration of cortical neurons by regu-

lating the multipolar-bipolar transition and translocation, respec-

tively (Franco et al., 2011; Ye et al., 2014). In adult NPCs that are

isolated from the hippocampus, Rapgef1 RNA transcripts are

undetectable by poly(A)-seq (Figure S2J), whereas its RNA

expression has been reported in the GCL of the adult hippocam-
pus (http://mouse.brain-map.org/) (Lein et al., 2007). Presum-

ably, Rapgef2 governs cell migration predominantly during the

transition from NPCs to neuroblasts, and Rapgef1 participates

in regulatingmigration at later developmental stages of adult hip-

pocampal neurogenesis. To control cell migration precisely, tight

regulations on RAPGEF2 activity are expected. We have demon-

strated posttranscriptional regulation of Rapgef2 by miR-19. As

epigenetic and posttranslational regulations on Rapgef2 have

been reported during development (Lee et al., 2012; Ye et al.,

2014), such regulations in adult NPCs are also possible.

In addition to Rapgef2, miR-19 overexpression in adult NPCs

altered the expression of other genes involved in cell migration to

a significant extent, namely, Mmp11 and Cxcl12 (Figure 2).

Although miR-19 does not regulate them directly, the combina-

torial effects of those proteins may facilitate migration. It is

interesting to note that Mmp11 and Cxcl12 are secreted mole-

cules, suggesting that miR-19 may coordinate the migration of

newborn neurons by modifying extracellular environments as

well as intracellular processes through Rapgef2. In miR-19-

overexpressing NPCs, the expression change of Syt1, which
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Figure 6. Abnormal Expression of miR-19 in Human NPCs Derived from iPSCs of SZ Patients

(A) Relative expression of miR-19a and miR-19b in hippocampal NPCs derived from human iPSCs of SZ patients and controls, SZ-NPCs and control-NPCs,

respectively (n = 3 for three control and three SZ lines, mean ± SEM, Student’s t test, *p < 0.05).

(B) Relative expression level of Rapgef2 in SZ-NPCs and control NPCs (mean ± SEM, Student’s t test, *p < 0.05).

(C) Protein level of RAPGEF2 in SZ-NPCs and control NPCs. b-ACTIN was detected as a loading control.

(D) Quantification of three independent western blot experiments shown in (C) (mean ± SEM, Student’s t test, *p < 0.05).

See also Figure S6.
regulates vesicle trafficking, further supports the possibility that

miR-19 mediates modification of extracellular environments

(Shin, 2014)

We showed that miR-19 regulates dendritic morphogenesis in

adult-born neurons. However, interestingly, morphological dif-

ferences in dendrites appeared after the changes in migration.

In miR-19-overexpressing neurons, though a non-significant

delay in arborization was detectable at 15 dpi (data not shown),

the abnormal migration phenotype was apparent at 8 dpi (Fig-

ure 3I). It indicates that miR-19, which is enriched in NPCs, is

primed for modulating cell migration in NPCs and neuroblasts,

then subsequently affects dendritic morphogenesis. Dendritic

phenotypes resulting from overexpression of miR-19 and knock-

down of Rapgef2 are different from each other, even though

Rapgef2 is a target of miR-19 in its regulation of cell migration.

Therefore, miR-19 possibly regulates gene groups other than

those involved in cell migration to control arborization at later

stage of neurogenesis.

Previous studies have described a similar migration pheno-

type of newborn neurons in the adult hippocampus by perform-

ing genetic manipulations in adult NPCs (Amiri et al., 2012; Duan

et al., 2007; Fitzsimons et al., 2013; Kim et al., 2009a; Manning

et al., 2012). Interestingly, Pten (phosphatase and tensin homol-

ogous), which harbors miR-19 bindingmotifs (Lewis et al., 2005),

is one of the genes involved in the migration of newborn neurons

(Amiri et al., 2012). miR-19-mediated Pten suppression has been

postulated in corticogenesis (Bian et al., 2013) and validated in

tumorigenesis (Mu et al., 2009; Olive et al., 2009). However, over-

expression of miR-19 in adult NPCs did not alter the level of Pten

transcript significantly (Figure S2K). The protein level of PTEN

was also constant regardless of overexpression or knockdown

of miR-19 (data not shown). Instead of Pten, miR-19 suppresses

Rapgef2 primarily in adult NPCs (Figures 2 and 4), demonstrating

cell-type-specific target suppression by miRNAs (Erhard et al.,

2014). Other genes, Disc1, Plcb1, and Nr3c1 (also known as

glucocorticoid receptor), thatmodulate themigration of newborn

neurons (Duan et al., 2007; Fitzsimons et al., 2013; Manning

et al., 2012) do not possess miR-19 binding sites on their
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30 UTR, and their RNA expression levels were unchanged by

miR-19 overexpression in adult NPCs. However, it is still

possible that miR-19 works in tandem with those genes on

newborn neuron positioning. For example, as glucocorticoids

affect miR-19 expression at both transcriptional and posttran-

scriptional levels in lymphocytes, glucocorticoid receptor may

be an upstream regulator of miR-19 in adult NPCs (Molitoris

et al., 2011; Smith et al., 2010).

Genes that have been described previously as modulators for

granule cell migration are involved in human neuropsychiatric

disorders, including SZ (Amiri et al., 2012; Duan et al., 2007; Fitz-

simons et al., 2013; Kim et al., 2009a; Kwon et al., 2006; Lo

Vasco et al., 2012; Manning et al., 2012; Millar et al., 2000;

Webster et al., 2002; Xu et al., 2009). Copy number variations

in DISC1 and PLCB1 (Lo Vasco et al., 2012; Millar et al., 2000)

and SNPs within NR3C1 (Webster et al., 2002) have been re-

ported as risk factors for SZ. RAPGEF2, which we found to be

a direct target of miR-19 in NPCs, has also been identified as a

gene in rare inherited copy number variants that are associated

with a familial SZ of an Afrikaner population (Xu et al., 2009).

Notably, Rapgef2 expression was dysregulated corresponding

to the expression level of miR-19 in human SZ-NPCs (Figures

6B–6D) even though RAPGEF2 was not mutated in the human

iPSC-derived NPCs utilized in this study (Brennand et al.,

2011). This finding highlights the importance of posttranscrip-

tional regulation of Rapgef2 by miR-19 in NPCs and in the

possible etiology of SZ.

In SZ-NPCs, miR-19 is upregulated (Figure 6A). SZ-NPCs are

immature relative to control NPCs, leading attenuated neuronal

differentiation of the NPCs (Yu et al., 2014). The increase of

miR-19 in SZ-NPCs reflects the immature state of NPCs. Upre-

gulation ofmiR-19 in SZ-NPCs is not driven by geneticmutations

in the gene (Brennand et al., 2011), suggesting that other effector

molecules cause abnormal expression of miR-19 in SZ-NPCs.

Effector molecules regulating miR-19 can be either genetic or

environmental factors, as the emergence of SZ is determined

by both elements (Howes et al., 2004). Further studies are

required to identify the effector molecules modifying the



functional activity of miR-19. miR-19 and its regulators may sug-

gest future candidates for target molecules of therapeutic

applications.

Taken together, our results demonstrate that a single miRNA-

mediated posttranscriptional gene regulation is potent enough

to control biological processes in the brain, and understanding

this type of posttranscriptional gene regulation will likely help

to elucidate the molecular mechanisms underlying the etiology

of human mental disorders.

EXPERIMENTAL PROCEDURES

Cell Culture

Adult hippocampal NPCs were isolated and cultured as described previously

(Gage et al., 1995). Human ESC- and iPSC-derived hippocampal NPCs were

cultured as described before (Yu et al., 2014). Protocols describing the use

of iPSCs and hESCs were previously approved by the University of California

San Diego and Salk Institute Institutional Review Board and the Embryonic

Stem Cell Research Oversight Committee. Please see Supplemental Experi-

mental Procedures for details.

Microfluidic Devices and Migration Assay

We designed a microfluidic device consisting of two separate compartments

connected by 75-mm-long x 10-mm-wide microgrooves. Microfluidic devices

were generated as published (Kim et al., 2012). To improve cell adhesion, con-

ventional tissue culture plates were coated with 0.5 mg/ml poly-L-lysine (PLL,

MW70,000–150,000, Sigma) overnight, washed three times with DI water, and

air-dried. After assembling devices on these plates, all reservoirs and channels

of the devices were coated with laminin diluted in basal culture medium before

plating cells. After transient transfection of the experimental plasmids, 0.12

million NPCs were plated on one side of the chamber. Four to 5 days following

plating, cells on the other side were counted after DAPI staining. Microfluidic

migration assay was replicated more than four times for each experiment.

Please see Supplemental Experimental Procedures for additional information.

Poly(A)+ RNA Sequencing Analysis

Total RNA was extracted from rat adult hippocampal NPCs using RNA-Bee

after 2 days of transfection. Poly(A)+ RNAwas selected and fragmented to pre-

pare sequencing libraries using the Illumina TruSeq Stranded RNA sample

preparation kit. Libraries were sequenced using an Illumina HiSeq 2500

sequencer at the Next Generation Sequencing (NGS) core at the Salk Institute

according to manufacturer’s instructions. Libraries were sequenced at single-

end 50-bp reads at an average depth of 15.8million reads per library. Adaptors

and low-quality sequence ends were trimmed using cutadapt (v.1.3).

Sequencing reads from all libraries were mapped to rat (rn5) genome using

STAR (v.2.3.1o). Read counts mapping to UCSC RefSeq gene annotations

were obtained using htseq-count (v.0.5.4). Differential expression analysis be-

tween groups of samples was performed with DESeq (v.1.16.0), using a false

discovery rate cutoff of 5%.
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The accession number for the polyA seq results reported in this paper is EBI:
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