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Despite extensive studies on mammalian neurogenesis, its post-transcriptional regulation remains under-explored.
Here we report that neural-specific inactivation of two murine post-transcriptional regulators, Pumilio 1 (Pum1) and
Pum?2, severely reduced the number of neural stem cells (NSCs) in the postnatal dentate gyrus (DG), drastically
increased perinatal apoptosis, altered DG cell composition, and impaired learning and memory. Consistently, the
mutant DG neurospheres generated fewer NSCs with defects in proliferation, survival, and differentiation, sup-
porting a major role of Pum1 and Pum2 in hippocampal neurogenesis and function. Cross-linking immunoprecip-
itation revealed that Pum1 and Pum2 bind to thousands of mRNAs, with at least 694 common targets in multiple
neurogenic pathways. Depleting Pum1 and/or Pum2 did not change the abundance of most target mRNAs but up-
regulated their proteins, indicating that Pum1 and Pum2 regulate the translation of their target mRNAs. Moreover,
Pum1 and Pum2 display RNA-dependent interaction with fragile X mental retardation protein (FMRP) and bind to
one another’'s mRNA. This indicates that Pum proteins might form collaborative networks with FMRP and possibly
other post-transcriptional regulators to regulate neurogenesis.
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Neurogenesis in mammals occurs mainly during prenatal
and early postnatal development; afterward, it persists pre-
dominantly in two regions of the adult brain: the subgranu-
lar zone (SGZ) of the hippocampal dentate gyrus (DG) and
the subventricular zone (SVZ) lining the lateral ventricles
(Ming and Song 2011; Kempermann et al. 2015; Lim and
Alvarez-Buylla 2016; Silbereis et al. 2016). In the hippo-
campus, neurogenesis begins with neural stem cell
(NSC) divisions, which give rise to intermediate progeni-
tor cells that will differentiate into migratory neuroblasts,
immature neurons, and, eventually, mature neurons
(Kempermann et al. 2015).

Extensive studies have revealed the delicate regulatory
network of neurogenesis, involving the interplay of intra-
cellular factors such as transcriptional factors (Ahmed et
al. 2009; Lui et al. 2011; Nord et al. 2015; Shibata et al.
2015) and epigenetic regulators (Juliandi et al. 2010) as
well as extracellular signals such as growth factors, neuro-
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transmitters, hormones, and other morphogens (Lehtinen
and Walsh 2011; Ramasamy et al. 2013; Zheng et al. 2016).
In recent years, post-transcriptional regulation, which de-
livers much more rapid and subcellularly localized con-
trol of gene expression, especially has emerged as a
critical aspect of neurogenesis and been implicated in vir-
tually all steps of neurogenesis (DeBoer et al. 2013; Pilaz
and Silver 2015). Despite this, relatively little is known
about specific mechanisms that exert post-transcriptional
regulation. A small number of studies have reported the
role of microRNAs (miRNAs) (Han et al. 2016) in mediat-
ing post-transcriptional regulation, and less is known
about miRNA-independent post-transcriptional regula-
tion, which includes pre-mRNA processing, nuclear-to-
cytoplasmic transportation, stability control, and transla-
tional regulation (Anko and Neugebauer 2012).
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Pumilio was originally discovered in Drosophila for its
role in embryonic patterning (Lehmann and Nusslein-Vol-
hard 1987). It belongs to the conserved PUF family (pum-
ilio and fem-3 mRNA-binding factor) of RNA-binding
proteins with members found throughout eukaryotes
(Spassov and Jurecic 2003b). The defining feature of the
PUF family is the conserved C-terminal RNA-binding
domain (Pumilio homology domain [Pum-HD]) that con-
sists of eight repeats of ~36 amino acids flanked by short
conserved sequences on each side (Zamore et al. 1997).

Extensive studies in invertebrates have revealed the
roles of PUF proteins in germline stem cell maintenance
(Lin and Spradling 1997; Parisi and Lin 1999; Crittenden
et al. 2002; Carreira-Rosario et al. 2016) and neuronal
function (for review, see Baines 2005). It has also been re-
ported in invertebrates that PUF proteins bind their target
mRNAs by recognizing the conserved 32-nucleotide (nt)
PRE (Pumilio response element) motif in the 3’ untrans-
lated region (UTR) using their Pum-HD (Zhang et al.
1997). Upon binding, PUF proteins may exert effects
on the stability, localization, and translation of their
target mRNAs (for review, see Quenault et al. 2011).
However, the biological functions and molecular mecha-
nisms of the mammalian PUF proteins still remain largely
underexplored.

In mammals, there are two PUF proteins: Pumilio 1
(Pum1) and Pum2. They are highly homologous. Recent
works have shown that Pum1 is important in both male
(Chen et al. 2012) and female (Mak et al. 2016) germline
development and in preventing neurodegeneration by re-
pressing Ataxinl expression (Gennarino et al. 2015),
whereas Pum2 plays multiple roles in neuronal function
(Vessey et al. 2006, 2010; Siemen et al. 2011; Driscoll
et al. 2013). Moreover, both Pum1 and Pum2 are impor-
tant for maintaining genomic integrity (Lee et al. 2016;
Tichon et al. 2016). Despite these efforts, it remains un-
known what role Pum1 and Pum?2 play in neural develop-
ment and what targets and mechanisms are mediated by
them in the mammalian nervous system.

Among numerous RNA-binding proteins, one of the
best studied in neurogenesis regulation is fragile X mental
retardation protein (FMRP)—a translational repressor re-
quired for adult NSC proliferation and differentiation as
well as hippocampal-dependent learning (Luo et al.
2010; Guo et al. 2011; Saffary and Xie 2011). Interestingly,
Pum1 and Pum2 have been identified as mRNA targets of
FMRP in a RIP-chip (ribonucleoprotein immunoprecipi-
tation followed by microarray) study (Brown et al. 2001)
and HITS-CLIP (high-throughput sequencing of RNA iso-
lated by cross-linking and immunoprecipitation) study in
mouse brains (Darnell et al. 2011). What is more, Pum2
colocalizes with FMRP in the stress granules in neurons
(Vessey et al. 2006), suggesting that there might be con-
nections between Pum proteins and FMRP.

In this study, we demonstrate the neurogenic and cogni-
tive function of Pum1 and Pum2 in mice. Furthermore, we
identify mRNA targets of Pum1 and Pum?, which allow
us to reveal multiple molecular pathways regulated by
Pum1 and Pum?2 in the brain. Finally, we report the inter-
action between Pum1, Pum2, and FMRP in neurogenesis.

Pumilio proteins in neurogenesis

Results

Pum1 and Pum? are expressed in the cytoplasm of NSCs,
progenitors, and neurons

To explore the function of Pum proteins in the mammali-
an brain, we first examined the expression of Puml and
Pum?2 in the mouse brain as compared with other nonneu-
ral tissues. Both Puml and Pum2 mRNA transcripts are
present in a variety of tissues, including brain, heart, kid-
ney, liver, lung, muscle, skin, intestine, spleen, stomach,
and thymus, as revealed by Northern blot hybridization
(Spassov and Jurecic 2003a). To measure the developmen-
tal dynamics of the expression levels of Puml and Pum?2
proteins in the brain, we performed immunoblotting at
different developmental time points using whole-brain ly-
sate at embryonic day 13.5 (E13.5) and microdissected hip-
pocampus and cortex at postnatal day 1 (P1), P7, P15, P30,
and 5 mo. The anti-Pum1 and anti-Pum?2 antibodies that
we used are specific to Pum1 and Pum2, respectively, in
the brain for both Western blot and immunofluorescence,
since we did not detect these proteins in neural-specific
Puml;Pum?2 double conditional knockout mice (Sup-
plemental Fig. S1C,D; see below). Both Pum1 and Pum2
are expressed at all of the above time points (Fig. 1A). In-
terestingly, the expression profiles of both Puml and
Pum? resemble that of neurogenesis, which occurs ro-
bustly from E11.5 to E18.5 and declines but continues to
occur afterward. This indicates possible involvement of
Puml and Pum2 in neurogenesis at both prenatal and
postnatal periods.

In order to study in which cell populations Pum1 and
Pum?2 are expressed, we did coimmunofluorescence mi-
croscopy of Pum1/2-specific antibodies with different cell
markers. SOX2 was used as a marker for NSCs, TBR2/
EOMES was used as a marker for neural progenitor cells
(NPCs), and neuronal nuclei (NeulN|) was used as a marker
for mature neurons. We observed expression of both Pum1
and Pum?2 in the cytoplasm of NSCs, NPCs, and mature
neurons (Fig. 1B,C). To confirm the expression of the
two proteins in the NSCs, we stained individual NSCs
separated from cultured neurospheres with Pum1/2 and
SOX2 antibodies. Puml and Pum2 are indeed present
in the cytoplasm of NSCs (Supplemental Fig. S1A,B).
These results indicate the possibility that both proteins
function throughout the entire course of neurogenesis.

Neural-specific double conditional knockout (Ndcko)
of Pum1 and Pum? results in defects in neurogenesis

Since Pum1 and Pum2 global double knockout mice are
lethal by E8.5 (Uyhazi 2012), we generated neural-specific
Puml and Pum2 double conditional knockout mice to
study the role of Puml and Pum2 in neurogenesis. We
crossed Puml and Pum2 double Flox mice (LoxP sites
flanking exons 8 and 9 of Pum1 and exon 3 of Pum?)
with Nestin promoter-driven Cre mice (Fig. 2A; Tronche
et al. 1999). Nestin-Cre-mediated conditional knockout
starts from the beginning of neurogenesis and occurs
in the entire central nervous system by E15.5 (Dubois
et al. 2006). We bred Pum1*/;,Pum2*//,Nestin-Cre* with

GENES & DEVELOPMENT 1355


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.298752.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.298752.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.298752.117/-/DC1

Zhang et al.

A Whole
brain

E13.5P1 P7 P15P30 5mo P1 P7 P15 P30 5mo
Pum1 W D GEER s G W S S S—

PUM? e e e —— - — DD e —— -
G a7 e o e S e e e e ey

F"um1
Pumi 3
| IPumZ <
Pum2
um2

Cortex Hippocampus

DAPI

DAPI

DAPI

DAPI

DAPI

.

Figure 1. Puml and Pum2 are expressed in mouse brains. (A)
Western blot using lysate of whole brains at E13.5 and lysates
of microdissected cortices and hippocampi at P1, P7, P15, P30,
and 5 mo. (Puml) 126 kDa; (Pum2) 114 kDa; (Gapdh) 37 kDa.
(B,C) Immunofluorescence of PUMI1 (B)/PUM2 (C) and markers
for NSCs (SOX2), neural progenitor cells (TBR2/EOMES), and
neurons (neuronal nuclei [NeuN]). The right four columns are en-
larged pictures of the boxed regions in the left column. White ar-
rowheads point to representative cells with Pum1/2 localized in

the cytoplasm of the marked cells. (Green) Puml/Pum?2; (red)
SOX2/TBR2/NeuN; (blue) DAPI. Bar, 50 pm.
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out (Pum1”;Pum2*/;Nestin-Cre*), Pum2 conditional
knockout (Pum1*/f.Pum2"f,Nestin-Cre*), and Pum1 and
Pum?2 Ndcko (Pum1”,Pum2™;Nestin-Cre*) mice as lit-
termates. In the presence of Cre recombinase, exons 8
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and 9 of Pumi as well as exon 3 of Pum?2 flanked by
LoxP sites were deleted as shown by RNA sequencing
(RNA-seq) (Fig. 2B) and resulted in a frameshift that leads
to minimal protein expression (Fig. 2C,D) without any
truncated protein residues (Supplemental Fig. S2A,B).
The Ndcko mice are viable but smaller in size. They dis-
play a reduction in body weight (Supplemental Fig. S2C,
D) and a proportional reduction in brain weight (Supple-
mental Fig. S2E F). Hence, neural-specific depletion of
Pum proteins does not affect viability but leads to reduced
growth, possibly by compromising the hypothalamic-
adenohypophyseal axis of hormonal regulation.

Since the majority of the neurons in the mammalian
forebrain is generated prenatally in the ventricular zone
(VZ), SVZ, and DG (Rakic 1985; Gage 2000; Bhardwaj et
al. 2006), we examined the Ndcko mouse DG. Strikingly,
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Figure 2. Nestin-Cre-mediated PumI;Pum?2 double-knockout
animals. (A) Schematic diagram for the generation of Nestin-
Cre-mediated Pum1;Pum?2 double-knockout mice. Exons 8 and
9 of the Pum1 allele and exon 3 of the Pum?2 allele are flanked
by LoxP sites and depleted in the presence of Cre recombinase,
resulting in null alleles. (B) RNA-seq in neonatal brain lysates
confirmed the depletion of exons 8 and 9 in the Pum1 transcript
in Pum1 global knockout (P1KO) mice and exon 3 in the Pum2
transcript in P2KO mice. (C) Highly efficient depletion of
PUMI and PUM?2 protein from the nervous system in Nestin-
Cre-mediated conditional knockout mice as shown by Western
blot using neconatal brain lysates. (Ctrl) Pumi*’,Pum2*/;
Nestin-Cre*; (Plcko) Pum1’/,Pum2*/;Nestin-Cre*; (P2cko)
Pum1*,Pum2”,Nestin-Cre*; (Ndcko) Pum1",Pum2’/,Nestin-
Cre”. (D) Quantification of the Western blot in C. The intensity
of the Pum1 and Pum2 bands was normalized to the intensity of
the respective Gapdh bands. For comparison, each data set was
normalized to the control. n=3.
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we observed a significant reduction in size of the DG start-
ing from neonatal day 1 to 12 mo of age (Fig. 3A; Supple-
mental Fig. S3A). Quantification of the DG volume
using brain stereology revealed that there is an ~60% re-
duction of the DG at P1, but, by P30, the mutant DG vol-
ume is further reduced to <20% of the normal size and
remains so during the subsequent 360 d of life (Fig. 3B).
Even when normalized to the brain weight (which is an
underestimate of DG reduction because the reduced brain
weight is partly due to reduced DG), the reduction is still
highly significant (Fig. 3C). In contrast, the measurement
of the area of the CAl (cornu ammonis region 1) stratum
and pyramidal cell layer did not reveal any significant dif-
ferences between the control and Ndcko mice at neonatal
and adult stages (Fig. 3D), indicating that the size reduc-
tion is specific to the DG region that contain NSCs. Our
finding of the reduced DG suggests that Pum proteins
might be critical for learning and memory because neuro-
genesis in the DG generates new neurons for the hippo-
campus, which is the learning and memory center in
mammals.

We then compared neurogenesis between control and
Ndcko brain sections. Neurogenesis in the hippocampus
originates with NSCs, which give rise to early progenitor
cells that then differentiate into immature neurons and
finally mature neurons (Fig. 3E). We used TBR2/EOMES
as an early progenitor cell marker and Doublecortin
(DCX) as an immature neuron marker. Since the DG
area is reduced in the Ndcko brain, we normalized the
number of positively stained cells to the corresponding
DG area to estimate the relative cell density. As com-
pared with the control, the Ndcko brain had a much
higher density of TBR2" NPCs (Fig. 3F,G; Supplemental
Fig. S3B) but much lower density of DCX* immature neu-
rons (Fig. 3H,I; Supplemental Fig. S3C), indicating that
depletion of Pum1 and Pum? leads to a shift in the cell
composition during neurogenesis, with an accumulation
of NPCs but a reduction of immature neurons. We also
examined the proliferation of the NSCs by costaining of
Sox2 and BrdU after 30 min of labeling. We did not find
a significant difference in the ratio of BrdU-positive cells
to Sox2-positive cells between the control and Ndcko
mice (Supplemental Fig. S4C,D). Besides the neurogene-
sis lineage, we also compared the ratio of astrocytes
and neurons by costaining GFAP (glial fibrillary acidic
protein) and NeuN and immunoblotting of GFAP using
control and Ndcko neonatal brains, which showed that
there might be an increased ratio of astrocytes/neurons
in Ndcko mice (Supplemental Fig. S4A,B). Furthermore,
we found that the neonatal Ndcko mouse brains dis-
played drastically increased apoptosis in the DG com-
pared with their littermate controls (Fig. 3]J,K) but not
at later stages (Supplemental Fig. S3D). This finding ech-
oes our laboratory’s previous study of Puml in mouse
spermatogenesis, where Puml suppresses apoptosis of
spermatocytes (Chen et al. 2012). Costaining of Caspase
3 with Sox2 (Supplemental Fig. S4E), Tbr2 (Supplemental
Fig. S4F), or NeuN (Supplemental Fig. S4G) indicates that
neurons are most likely the type of cell that undergoes
apoptosis.

Pumilio proteins in neurogenesis

Deletion of Puml and Pum2 leads to reduced
self-renewal and compromised differentiation
of neural stem and progenitor cells (NSPCs)

To further study the functions of Pum proteins in neuro-
genesis, we compared the control and Ndcko NSPCs us-
ing a neurosphere assay (Fig. 4A). NSPCs from the control
and Ndcko DG gave rise to primary neurospheres starting
from day 4 of culture in neurosphere medium. At day 7,
we counted the number of primary neurospheres (>30
pm in diameter) as an indicator of the number of NSPCs.
The neurospheres were then passaged every week, and
the number of viable cells was recorded at every passage
to estimate the self-renewing division ability of NSPCs.
We observed that the Ndcko NSPCs formed much fewer
and much smaller primary neurospheres compared with
those isolated from control mice (Fig. 4B; Supplemental
Fig. S5A,C), indicating that there were fewer self-re-
newing NSPCs in the Ndcko DG. Furthermore, the
neurosphere-forming NSPCs isolated from Ndcko mice
did not further divide and displayed significantly lower
viability as compared with the control NSPCs (Fig. 4C,
D), indicating a significant reduction in self-renewing
division.

To furtherinvestigate the self-renewing ability of Ndcko
NSPCs, we digested the primary neurospheres and plated
5000 cells for secondary neurosphere formation. Seven
days after plating, the neurospheres were counted and
then cytospun for TUNEL assay and BrdU staining (after
24 h of labeling). Ndcko NSPCs gave rise to much fewer
secondary neurospheres with much more reduced sizes
(Fig. 4B; Supplemental Fig. S5B,D). Furthermore, the
formed neurospheres displayed much increased apoptosis
(Fig. 4E) and decreased proliferation (Fig. 4F), indicating a
compromised ability of the mutant NSPCs in self-renew-
ing divisions.

To test the differentiation ability of NSPCs, we plated
the same number of control and Ndcko NSPCs in differen-
tiation medium and observed their differentiation after 10
d of culture. The Ndcko NSPCs differentiated into fewer
neurons (B-tubulin IIT*) than the control NSPCs (Fig. 4G).
Together, the results in this section indicate that the
Ndcko DG has a significantly reduced number of active
NSPCs and that the mutant stem cells show defects in
both maintenance and differentiation in vitro. Both obser-
vations resemble the in vivo phenotype of the Ndcko
mice.

Ndcko mice display defects in learning and memory

Because the depletion of Puml and Pum?2 from the ner-
vous system leads to pleiotropic defects in the DG, we hy-
pothesized that spatial learning and long-term memory,
for which hippocampal neurons are critical, would be ad-
versely affected. We assessed the learning and memory in
both young (4- to 6-mo-old) and aged (12-mo-old) Ndcko
mice using a low-stress cognitive test: the Lashley III
maze (Fig. 5A; Bressler et al. 2010). Each mouse was sub-
jected to one trial in the maze per day for 15 consecutive
days. Young Ndcko mice took a longer time than their
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Figure 3. Depletion of Pum1 and Pum? resulted in neurogenesis deficiency. (A) Representative images of P60 control and Ndcko brain
coronal sections. The horizontal check mark-shaped dense granule cell zones defined by red dotted lines are the DG. (Left to right) An-
terior to posterior. (O) Statum oriens; (P) pyrimidal cell layer; (R) stratum radiatum; (LM) lacunosum molecular; (blue) DAPI. Bar, 100
um. (B,C) Quantification of the absolute DG volume (B) and the DG volume normalized to the corresponding brain weight (C) in control
and Ndcko mice at different time points. (**) P-value < 0.01. n = 4-6. (D) Quantification of the whole stratum layer and the pyramidal cell
layer area of the CA1 (cornu ammonis region 1) region normalized to the corresponding brain weight in control and Ndcko mice at P1 and
P60 as representative time points. n = 4-6. (E) Illustration of cell lineage during neurogenesis: NSCs give rise to NPCs, which eventually
differentiate into neurons. (F,H) Representative TBR2 (F) and Doublecortin (DCX) (H) staining on P30 control and Ndcko brains. The
white dotted line defines the DG. (Green) TBR2; (red) DCX; (blue) DAPI. Bar, 100 um. (G,I) Quantification of TBR2-positive and DCX-
positive cells normalized to the DG area at different time points. For each animal, four to six serial sections of the brain were scored
and averaged. (*) P-value < 0.05; (**) P-value <0.01. n = 4-6. (],K) Increased apoptosis in neonatal Ndcko brains compared with control in
the cortex and hippocampus. (Green) Activated Caspase3; (blue) DAPI. Bar, 100 pm. (**) P-value <0.01. n=>5.
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Figure 4. Ndcko NSPCs are deficient in self-renewal and differ-
entiation. (A) Experimental procedure of neurosphere assays. (B)
Representative images and quantification of primary and second-
ary neurospheres from control and Ndcko NSPCs. Bar, 0.1 mm.
(**) P-value <0.01. n = 5. (C,D) Growth curve (C) and cell viability
(D) of the cultured NSPCs based on the total cell numbers (C)and
Trypan blue staining-negative cell numbers divided by total cell
numbers (D) prior to seeding the cells at PO (harvest day), P1 (pas-
sage 1), P2, and P3. (*) P-value <0.05. n=5. (E) Apoptosis in con-
trol and Ndcko neurospheres by TUNEL staining. (Green)
TUNEL; (blue) DAPI Bar, 100 pm. (**) P-value <0.01. n=3. (F)
Proliferation in control and Ndcko neurospheres by 24 h of
BrdU labeling. (Red) BrdU; (blue) DAPL Bar, 100 pm. (*) P-value
<0.05. n=3. (G) Differentiation of control and Ndcko NSPCs
into neurons and astrocytes. (Green) p-tubulin IIT (3-TublII); (red)
GFAP; (blue) DAPL Bar, 100 um. (*) P-value <0.05. n=3.

control siblings to learn the maze (Fig. 5B). In the aged co-
horts, all of the control mice learned the maze within 6-10
d, while none of the aged Ndcko mice learned the maze by
the end of 15 d (Fig. 5B).

To further quantify the ability of learning, we used the
learning index—the ratio of correct entries to total entries
—as an indicator of learning. On the first trial, all of the
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animals randomly explored the maze, and thus the learn-
ing index was ~0.5; in the subsequent trials, both the
young and old the control animals increasingly made
more correct entries and fewer errors, leading to an in-
crease in the learning index (Fig. 5C,D). In contrast, both
young and aged Ndcko mice essentially were unable to
learn the maze; thus, the learning index of the Ndcko
mice did not increase during the first 4 d (Fig. 5C,D). We
quantified the difference in the rate of learning by compar-
ing the change in the learning index per day between the
age-matched control and Ndcko mice. This comparison
revealed that both young and old Ndcko mice were
more than sevenfold slower than their aged-matched con-
trol mice in learning (Fig. 5E). These analyses indicate that
Pum proteins in the nervous system are important for
learning and memory, which may be due to their effects
on neuronal differentiation and survival.

Individual nucleotide resolution CLIP (iCLIP)
revealed many Pum1 and Pum? target genes
and their binding sites

To unravel the molecular mechanisms mediated by Pum1
and Pum?2, we performed iCLIP to identify Puml and
Pum? target RNAs and delineate the Pum-binding sites
at the single-nucleotide resolution. We used neonatal
wild-type brains for Pum1 and Pum2 iCLIP, with neonatal
brains from Puml global knockout (P1KO) and P2KO
mice as the negative controls, respectively (Supplemental
Fig. S6A-D). Three biological replicates were carried out
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Figure 5. Ndcko mice have impaired learning and memory. (A)
Schematic diagram of the Lashley maze. (B) Days of learning for
young (4- to 6-mo-old) and aged (12- to 14-mo-old) cohorts of con-
trol and Ndcko animals. None of the aged Ndcko mice learned
the maze by the end of the 15-d test. (C,D) The learning index
(correct entries/total entries) on the first four test days for young
(C) and aged (D) control and Ndcko animals. Dotted lines repre-
sent the linear regression of each data set. (E) The slopes of the
learning index linear regression from C and D. (**) P-value <
0.01. n =6 for young groups; n =9 for aged groups.
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for each condition (Supplemental Table S1). All replicates We calculated the Spearman correlation of genes across
showed large overlaps for Pum1- and Pum2-binding genes the replicates in each condition. As indicated by heat
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Figure 6. iCLIP-seq (iCLIP combined with high-throughput sequencing) identification of Pum1 and Pum2 targets. (A) Reproducibility
among biological triplicates for Pum1 and Pum?2 iCLIP, indicated by significant overlapping of the binding site-associated genes. (Rep) Bio-
logical repeat (the numbers of genes are indicated). (B) iCLIP peaks on the Git1 and Rps9 transcript in Pum1 iCLIP and Pum2 iCLIP. Git1 isa
target for Pum1 and Pum2, and Rps9 is anontarget. (C) Pum1 and Pum2 RIP-qPCR validation of the target Git1 and nontarget Rps9. (D) Dis-
tribution of the Pum1-bindingsites (left)and Pum2-bindingsites (right) in different genomic sections. (E) MEME results for de novo discovery
of the binding motif for Pum1 (top) and Pum2 (bottom). (F) Comparison between Pum1 and Pum? target genes. Pum1 has 1874 target genes,
and Pum2 has 875 target genes, 694 of which are common targets. (G, H) Biological processes identified by gene ontology analysis of Pum1 (G)
and Pum?2 (H) target genes. (I) Reproducibility among biological repeats for RN A-seq, indicated by the coefficient of variation. (Four repeats
for wild type, P1KO, and P2KO and three repeats for Ndcko). (/) RNA-seq heat map showing the expression of the 694 iCLIP-identified Pum1
and Pum2 common target transcripts in wild type, Ndcko, P2KO, and P1KO. (K)RT-qPCR analysis of iCLIP-identified Pum1 and Pum2 com-
mon targets in wild type, Ndcko, P2KO, and P1KO. (Red) Targets; (blue) nontargets. Data were normalized to Ubgln1.n = 3. (L) Western blot
analysis of iCLIP-identified Pum1 and Pum2 common targets revealed regulation of these targets at the protein level. (Red) Targets; (blue)
nontargets; (black) loading control. (M) Quantification of the Western blot in L. Gapdh bands or prestained gels (Supplemental Fig. S6G)
were used for normalization. For each protein, the results were normalized to wild type. (*) P-value < 0.05; (**) P-value <0.01.n=9.
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type samples are >0.88, showing a good reproducibility of
the replicates. In addition, we recovered previously report-
ed Pum targets such as Pum1 and Pum? (Supplemental
Table S2). Furthermore, we validated some of the iCLIP-
identified targets by Puml and Pum2 RIP-qPCR using
the same materials (Fig. 6B,C; Supplemental Fig. S6E,F).
Together, these results indicate the good quality of our
iCLIP data.

In our iCLIP analysis, we identified the binding sites for
Pum1 and Pum?2 as cross-linking-induced truncation sites
(CITS) using the publicly available software developed by
the Zhang laboratory (Moore et al. 2014). To gain the in-
formation about Puml’s and Pum2’s binding preferences,
we normalized the number of binding sites in each geno-
mic segment to the segment length and found that both
Puml and Pum2 were preferentially bound to the 3’
UTRs of the mRNAs, with the second abundant region be-
ing the 5 UTR (Fig. 6D).

The motifs that we discovered for both Pum1 and Pum2
are identical to the conserved binding motif UGUA-
HAUA (H represents A/C/U) (Fig. 6E). More specifically,
408 of 3393 Puml-binding sites and 317 of 1068 Pum2-
binding sites contain known Pum-binding motifs (Supple-
mental Table S2). Moreover, most of the motif-containing
sites reside in the 3’ UTRs of transcripts, with 372 out of
408 (91%) for Puml sites and 289 out of 317 (91%) for
Pum? sites. This indicates that the Pum protein family
preferentially binds to 3’ UTRs (Supplemental Table S2).

The Puml-binding genes and the Pum2-binding genes
share 694 common targets (Fig. 6F). Gene ontology (GO)
analysis of the targets for Pum1 and Pum?2 showed similar
results. The top pathways that are enriched in Pum targets
include cell adhesion, cell migration, synapse function,
neuron differentiation, and development as well as other
pathways that are critical for neurogenesis (Fig. 6G,H).
From the targets, we speculate that Pum proteins regulate
multiple cellular pathways to achieve their neural func-
tion in both maintaining NSCs at early stages and ensur-
ing proper neuron differentiation at later stages.

Pum1 and Pum? regulate their target mRNAs mainly
at the post-transcriptional level

To investigate how Pum1 and Pum2 regulate their targets,
we measured the expression level of their targets at the
RNA and protein levels. First, we used one-tenth of the
samples from the Puml and Pum2 iCLIP experiments
(four biological repeats of wild-type, P1KO, and P2KO
neonatal brains) to extract total RNA for RNA deep se-
quencing. We also collected three Ndcko neonatal brains
for RNA deep sequencing. The coefficient of variation
showed high reproducibility among the three or four bio-
logical repeats for each condition (Fig. 6I). P1IKO and
P2KO showed only ~100 and ~300 differential expressed
genes compared with wild type. However, the Ndcko mu-
tant showed >7000 differentially expressed genes com-
pared with wild type. We then plotted the heat map
using iCLIP-identified Pum1 and Pum2 common targets.
We found that only a small number of the 694 common
targets showed differential expression in P1KO or P2KO
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as compared with wild type. However, 370 of the common
targets showed differential expression in Ndcko brains as
compared with wild type, with 211 targets down-regulat-
ed and 159 targets up-regulated (Fig. 6]).

To further relate the function of Pum proteins to the
DG, we analyzed those of the 694 common target genes
that are expressed in the DG. A recent RNA-seq study
identified 7499 genes that are expressed in specific cell
types of the DG (Cembrowski et al. 2016). We found
that 563 out of the 694 common target genes are among
the 7499 genes expressed in the DG, while 908 out of
1180 Puml-exclusive targets and 137 out of 181 Pum2-ex-
clusive targets are expressed in the DG, indicating that
Puml and Pum?2 mostly target the DG transcripts.

We then further analyzed 416 neuron-enriched genes as
reported by a previous study that profiled mRNA-seq from
specific types of brain cells (Zhang et al. 2014). Among
these neuron-enriched genes, there are 108 up-regulated
and 130 down-regulated genes in Ndcko as compared
with wild type. For example, neuron-specific gene Rbfox3
(NeuN) is 1.9-fold down-regulated in the Ndcko as com-
pared with Puml wild type (Supplemental Tables S3,
S4), suggesting that Ndcko has an impact on neuron-en-
riched genes. Among these neuron-enriched genes, 210
are expressed in the DG, with 59 up-regulated and 67
down-regulated genes in Ndcko as compared with wild
type, again indicating the DG as the main target area for
Puml/2 regulation among neuron-enriched genes. qRT-
PCR using RNA extracted from neonatal brains validated
the RNA-seq data (Fig. 6K). These results indicate that
Puml and Pum?2 together, but not alone, have an impact
on the levels of a subset of their mRNA targets, possibly
by regulating their stability. Meanwhile, most of the dif-
ferentially expressed genes in Ndcko are more likely to
be due to indirect effects resulting from depletion of
both Pum1 and Pum2.

To determine whether Pum1 and Pum2 regulate their
targets at the protein level, we selected a few targets
that are present in the multiple GO-enriched pathways
and critical for neurogenesis and measured their protein
levels by immunoblotting. All of the examined targets
showed up-regulation in P1KO, P2KO, and Ndcko (Fig.
6L,M; Supplemental Fig. S6G), indicating that Pum1 and
Pum? (either alone or together) repress the translation of
these targets.

Pum1 and Pum? interact with FMRP in an RNA-
dependent manner

Our analysis of the 694 common targets shared by Pum1
and Pum?2 revealed that 200 of them are also HITS-CLIP
targets of FMRP, another important translational regula-
tor of neurogenesis (Fig. 7A; Darnell et al. 2011). FMRP
is encoded by the Fmr1 gene on the X chromosome whose
mutation is associated with the fragile X syndrome. Our
iCLIP experiments also identified Fmrl mRNA as a com-
mon target of Puml and Pum?2 (Supplemental Fig. SSA).
Previous studies have shown that depletion of FMRP
from NSCs leads to altered hippocampal neurogenesis
and defects in hippocampus-dependent learning (Guo
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Figure 7. Pum proteins interact with Fmrp in an RNA-depen-
dent manner. (A) Venn diagram of Puml iCLIP-identified,
Pum?2 iCLIP-identified, and Fmrp HITS-CLIP-identified (Darnell
et al. 2011) target genes. (B) Fraction of a wild-type neonatal
mouse brain into cytoplasmic, nucleoplasmic, and chromatin
compartments. The proteins used as markers are color-coded
with the corresponding compartments. (C) Polysome fraction-
ation of wild-type neonatal mouse brains. Every third fraction
was used for RNA and protein analysis. (D-F) Immunoprecipita-
tion of Pum1 (D), Pum2 (E), and Fmrp (F). (FT) Flow-through. (G,
H) Puml (G) and Pum2 (H) RIP in Fmr1 heterozygous (Het) and
homozygous knockout (KO) neonatal brains. RT-qPCR was
used to analyze the immunoprecipitation/input enrichment of
the Puml, Pum2, and Fmrp common targets (red); Pum-unique
target (yellow); Fmrp-unique target (green); and nontarget (blue)
in the knockout compared with heterozygous. Two biological re-
peats, each with two technical repeats. (I) Fmrp RIP in wild-type,
P1KO, P2KO, and Ndcko neonatal brains. RT-qPCR was used to
analyze the immunoprecipitation/input enrichment of the
Puml, Pum2, and Fmrp common targets (red); Fmrp-unique tar-
gets (green); and nontargetd (blue) in the mutants compared
with wild type. Three biological repeats, each with two technical
repeats.
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et al. 2011)—a phenotype very similar to that of the Pum
Ndcko mice. Moreover, both Pum1 and Pum2 mRNAs
were FMRP targets, as identified as by HITS-CLIP. These
important connections led us to study the functional rela-
tionship between FMRP, Pum1, and Pum?2 in regulating
neurogenesis.

We first examined whether Pum1, Pum2, and FMRP are
in the same cellular compartments. We performed cellular
fraction to separate the cytoplasm, nucleoplasm, and chro-
matin and used immunoblotting to detect the localization
of Pum1, Pum2, and FMRP. We found that both Pum1 and
Pum?2 are localized almost exclusively in the cytoplasm
and that the majority of FMRP is also localized in the cyto-
plasm (Fig. 7B). We then used polysome fractionation to ex-
amine the presence of Puml, Pum2, and Fmrp in the
polysomes and found that Pum proteins and FMRP broadly
cofractionate in RNP, ribosomal subunits, and monosome
and polysome fractions (Fig. 7C). We also performed high-
performance liquid chromatography (HPLC) on neonatal
mouse brain lysates to separate protein complexes based
onsize and found that Pum1, Pum2, and FMRP comigrated
in similar profiles (Supplemental Fig. S8B). To analyze
whether this comigration reflects the presence of these
proteins in the same complexes, we immunoprecipitated
FMRP, Puml, and Pum?2 individually from protein ex-
tracts of neonatal mouse brains and examined whether
the other two proteins were coimmunoprecipitated. In-
deed, FMRP coimmunoprecipitated with both Pum1 and
Pum? (Fig. 7D,E). Reciprocal coimmunoprecipitation us-
ing anti-FMRP antibodies confirmed the interaction (Fig.
7F), indicating that FMRP indeed forms a protein complex
with Puml and Pum2. However, the interaction was dis-
rupted when the samples were treated with RNasel (Fig.
7D-F), indicating that the interaction between FMRP
and Pum proteins is RNA-dependent.

To investigate the impact of Pum1 and Pum2 on FMRP
binding to its targets, we performed Puml and Pum2 RIP
from Fmrl heterozygous and homozygous knockout
brains (Fig. 7G,H) and, reciprocally, FMRP RIP from
wild-type, P1KO, P2KO, and Ndcko mouse brains (Fig.
71). We selected a few Pum1, Pum2, and FMRP common
targets as well as FMRP-unique targets and examined
their enrichment in the FMRP/Puml/Pum2 RIP using
qRT-PCR. We found that depletion of Pum or FMRP did
not significantly impact their binding to their common
targets, suggesting that Pum and FMRP do not affect
each other’s binding to their target mRNAs but might
be involved in exerting the regulatory effect of each other
toward their target mRNAs.

Discussion

Pum1 and Pum?2 play crucial roles in hippocampal
neurogenesis and function

PUF proteins are highly conserved for their defining
structure (the C-terminal RNA-binding domain) and their
UGUAHAUA-binding motif from yeasts to humans
(Wickens et al. 2002; Keene 2007; Quenault et al. 2011;
Chen et al. 2012), but their function in stem cell
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maintenance has been demonstrated in the germline of
only a few invertebrate species such as Drosophila, Cae-
norhabditis elegans, and the planarian Dugesia japonica
(Parisi and Lin 2000; Salvetti et al. 2005). Furthermore,
PUF proteins in different organisms and sometimes even
in different tissues exhibit different selectivity in binding
to their target RNAs and in executing different regulatory
impacts toward their target RNAs (Quenault et al. 2011).
The versatility and specificity of PUF proteins underscore
the importance of investigating the function and action
mechanism of PUF proteins in mammalian systems.
However, few such studies have been conducted. We fo-
cused especially on the mammalian nervous system
because post-transcriptional regulation is known to play
crucial roles in neurogenesis (Pilaz and Silver 2015),
but this type of mechanism has not been well explored
in general. Particularly relevant to our study is a recent re-
port on a paradigmatic neurodegenerative proteinopathy
termed spinocerebellar ataxia type 1, in which the ex-
pression of the mutant Ataxinl protein in neurons causes
toxicity, leading to progressive deterioration of motor co-
ordination (Gennarino et al. 2015). Gennarino et al. (2015)
discovered that Pum1 directly represses ATAXIN1 expres-
sion and thus plays an important role in motor function
and in preventing neurodegeneration. These important
discoveries also highlight the clear need to investigate
Puml and Pum?2 function in normal neurogenesis. Our
analysis filled this void and demonstrated the important
role of Pum1 and Pum?2 in neurogenesis, especially in hip-
pocampal development and function.

Because our conditional knockout mice depleted Pum1
and Pum?2 from the nervous system since the beginning of
neurogenesis, the observed defects in the DG as the most
obvious phenotype in the Ndcko mutant mice represent
amajor function of Pum1 and Pum2 in hippocampal neuro-
genesis and perhaps the most important function of Pum1
and Pum?2 in the brain. Our study revealed a collective
function of Pum1 and Pum?2, advancing the knowledge of
Pum?2 function in the mouse nervous system (Siemen
et al. 2011). Depleting Pum1 and Pum2 in the neural sys-
tem causes drastic reduction of the DG, mostly due to re-
duced number, survival, and proliferation of NSCs in the
DG. These stem cell defects were confirmed by the neuro-
sphere assay. In addition, the mutant DG accumulates an
excessive number of NPCs but contains fewer immature
neurons. These observations reveal the key role of Puml
and Pum?2 in promoting the establishment and self-renew-
ing division of NSCs in the DG as well as the differentia-
tion of their derivative neural progenitors into immature
neurons. This biphasal function of Pum1 and Pum2 echoes
their expression through the neural lineage. Furthermore,
the important function of Puml and Pum?2 in hippocam-
pal neurogenesis is expected to have a significant impact
on learning and memory, since information storage relies
on the generation and incorporation of newborn neurons
in the hippocampus (Deng et al. 2010). Indeed, our behav-
ioral tests of the Ndcko mice clearly demonstrated the
important role of Pum1 and Pum?2 for the survival of neu-
rons (or NSPCs) and hippocampal neurogenesis, which in
turn ensures normal learning and memory.

Pumilio proteins in neurogenesis

Pum1 and Pum? regulate >2000 mRNAs, which may
achieve their neural function

To fully understand how Pum proteins achieve their bio-
logical function, it is critical to find out how Puml and
Pum? regulate their target RNAs. A few conserved tar-
gets, including hunchback and cyclinB, have been discov-
ered in the early studies of Pum and Nos (Wharton and
Struhl 1991; Asaoka-Taguchi et al. 1999). However, the
mRNA targets were not systematically identified until
the advent of genomic approaches such as RIP-chip or
deep sequencing (RIP-seq) and CLIP. RIP-chip has been ap-
plied to yeast PUFs (Gerber et al. 2004), mouse Puml in
testes (Chen et al. 2012), and human Pum proteins in
HeLa cells (Galgano et al. 2008) and revealed distinct
populations of mRNAs enriched in diverse pathways.
The development of the HITS-CLIP and iCLIP techniques
allowed investigators to identify binding sites at single-
nucleotide resolution. For example, photoactivatable ri-
bonucleoside-enhanced CLIP (PAR-CLIP) of human
Pum?2 using the 293T cell line identified 3000 transcripts,
more than any previous efforts (Hafner et al. 2010). De-
spite the large number of targets, all of these genome-
wide studies, including our work reported here, identified
the same PUF-binding motif (UGUGHAUA), consistent
with the conserved PRE.

Our triplicate iCLIP analysis identified 1874 targets for
Puml and 875 targets for Pum2. They form an overlapping
set of 694 common targets, suggesting the overlapping of
their functions and explaining their partial functional re-
dundancy. The iCLIP technique also enabled us to reveal
the strong binding preference toward the 3’ UTR for both
Puml and Pum?2. Interestingly, besides binding to the
mRNAs, we also discovered a number of binding sites in
the noncoding RNA (ncRNA) regions for both Pum1 and
Pum?2, with such sites much more enriched for Pum2
than Puml. These noncoding binding sites might be in-
dicative of Puml and Pum?2 binding to long ncRNAs
(IncRNAs) that contain these sites. Indeed, recent work
has discovered the interplay between Pum proteins and
IncRNAs in maintaining genomic stability (Lee et al.
2016; Tichon et al. 2016). Hence, our findings provide ev-
idence for potential interaction between Pum proteins
and many other ncRNAs as a distinct role of Pum1 and
Pum?2 in gene regulation during neurogenesis and beyond.

Our GO analysis of Pum1 and Pum? target mRNAs re-
vealed their enrichment in multiple pathways that are
critical in neurogenesis. Top terms were “cell adhesion”
and “cell migration,” both vital for proper neuronal prolif-
eration, differentiation, and maturation (Hayashi et al.
2015). Cell adhesion is key to maintaining stem cells in
their niche, yet cell migration is a key aspect of neuronal
migration and projection development. Thus, the enrich-
ment of the Pum targets in these pathways is consistent
with the deficiency of the mutant in NSC establishment
and self-renewal as well as in neuronal differentiation.
Other pathways—including small GTPase-mediated sig-
naling transduction, the Wnt signaling pathway, and neu-
rotransmitter regulation, all of which play important roles
in regulating NSC proliferation, differentiation, and
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survival—thus can also nicely explain the functions of
Pum proteins in stem cell maintenance at early stages. Fi-
nally, it is worth noting that Pum proteins target regulato-
ry pathways such as chromatin modification, regulation
of transcription, and translation, suggesting that Puml
and Pum?2 might regulate these regulators.

PUF proteins regulate diverse targets; however, differ-
ent PUF proteins also exert different modes of regulation
toward their targets. For example, yeast PUF protein
Puf5p induces deadenylation-mediated mRNA turnover
and translational repression by direct recruitment of the
Ccr4-Pop2p-Not deadenylase complex (Goldstrohm
et al. 2006). In contrast, C. elegans PUF protein FBF adopts
a deadenylation-independent way to repress translation in
which the PUF-Ago-eEF1A complex attenuates transla-
tion elongation by inhibiting eEF1A GTPase activity
(Friend et al. 2012). Both Drosophila Pum and Xenopus
Pum function by competing with eIF4E for 5’ cap struc-
ture recognition (Cho et al. 2005; Cao et al. 2010). Our ex-
amination of Pum target mRNAs and proteins encoded by
a limited number of the targets indicates that the main
function of Pum1 and Pum?2 might be in translational re-
pression, with a secondary function in regulating the
stability of a small subset of mRNAs. Further studies are
required to systematically address this question.

Pum1 and Pum? interact with FMRP in regulating
neurogenesis

Although the regulation of Pum1 and Pum2 toward 2055
target mRNAs represents a seemingly insurmountable
challenge to further mechanistic studies, our identifica-
tion of FMRP as a novel protein partner of Puml and
Pum? will likely provide an effective entry point for future
studies. FMRP binds to target mRNAs with its KH binding
domains and represses the translation from the mRNAs by
interfering with translational initiation, stalling ribosom-
al translocation, and/or mediating RNAi (Santoro et al.
2012). FMRP is an important post-transcriptional regula-
tor in neurogenesis, including the DG (Guo et al. 2011).
Puml and Pum?2 not only appear to interact with FMRP
in the same complex but also bind to each other’s mRNAs.
In addition, our observation of the similar but noniden-
tical phenotypes of Pum1 and Pum?2 single-knockout an-
imals (data not shown) as well as the overlapping but
not identical target pools for Puml and Pum?2 identified
by iCLIP, suggest that Puml and Pum2 play similar but
different roles in regulating neurogenesis. A recent study
from Wang et al. (2016) discovered a unique protein part-
ner, dynein light chain (DLC-1), for C. elegans FBF-2
that promotes its localization and function in germline
progenitor maintenance but not for its highly similar ho-
molog, FBF-1. Hence, different PUF proteins may have dif-
ferent protein partners to perform different functions.

Materials and methods
Generation and maintenance of Puml and Pum2 knockout mice

P1KO mice were generated as described by Chen et al. (2012).
P2KO mice were generated in a similar way, starting with a condi-
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tional knockout strategy to avoid possible embryonic lethality. A
region in the Pum2 allele that contains exon 3 was flanked by LoxP
sites by targeting the wild-type Pum? allele in mouse embryonic
stem cells. Mice in the B6/129 background that carry this allele
were generated by the University of Connecticut Gene Targeting
and Transgenic Facility. Pum2°*/1°% mice were mated with a
VASA-cre line in which Cre expression is confined to the gonads
(Gallardo et al. 2007). Pum2 testis conditional knockout males
(Pum2~"M9%, VASA-cre/+) thus generated were crossed with wild-
type females. In this mating, the Pum2-null allele was transmitted
through the male germline, and thus the resulting offspring were
globally Pum2*/~. Self-cross of Pum2*/~ mice gave rise to P2KO
(Pum2~/~) mice and also maintained this strain.

Pum1*M°%, pumo+/Mo%, Nestin-Cre* breeders were generated by
crossing Pum1 and Pum?2 LoxP mice with the Nestin-cre line
[B6.Cg-Tg(Nes-cre)1KIn/J; stock n0:003771] from the Jackson lab-
oratory (Tronche et al. 1999). Pum1*//1°%, Pum2+/"1°X, Nestin-Cre*
mice were bred with Pum /01X, pumo/lox/flox, Nestin-Cre~
mice to generate Pum1*/1%,Pum2*/M°%;,Nestin-Cre* (Ctrl) and
Pum 17105/110%, pympflox/flox. Nestin-cre/+ (Ndcko) mice. Also see
the Results.

The Fmr1 knockout female breeder (B6.129P2-Fmr1tm1Cgr/J;
stock n0:003025) was purchased from the Jackson laboratory
(Bakker et al. 1994). She was bred with a B6/129 wild-type male
to generate Fmr1*/~ heterozygous females and Fmr1~/Y homozy-
gous males. The Fmr1*/~ female was then bred with the Fmr1~/Y
male to generate Fmr1*/~ heterozygous and Fmr1~/~ homozygous
females as well as Fmr1*/Y wild-type males in the same litter for
comparison.

Immunoblotting

For protein lysate preparation, the whole-brain tissues were
ground with disposable pestles in 4 vol of Western blot lysis buffer
(0.5% NP40, 0.5% TritonX-100, 0.15% SDS, 50 mM HEPES at pH
7.4, protease inhibitor [Roche, 1697498001]), briefly frozen at
—80°C, and thawed at room temperature followed by sonication
(Bioruptor, medium strength, 20 shots) for thorough lysis. The ly-
sates were then centrifuged at maximum speed for 5 min at 4°C to
remove the debris. Protein concentrations were measured using
BCA assay with the Pierce BCA protein assay kit (Thermo Fisher
Scientific, 23225). Before loading the gel, the samples were mixed
with 6x SDS loading buffer (300 mM Tris-HCI at pH 6.8, 12%
SDS, 30% glycerol, 600 mM B-mercaptomethanol, 0.04% bromo-
phenol blue) and boiled for 5-10 min at 95°C.

Protein samples were run on 4%-15% precast polyacrylamide
gels (Bio-Rad, 456-1085) in 1x Tris-glycine SDS-PAGE running
buffer. Next, the 0.45-um nitrocellulose membrane (Bio-Rad,
162-0115) was used for semidry transfer. The membrane was
blocked in 5% milk for 1 h at room temperature followed by over-
night incubation in primary antibody at 4°C. Dilutions of primary
antibodies are listed in Supplemental Table S5. After incubation
with primary antibody, the membrane was washed three times
with TBST for 10 min each and incubated with the corresponding
secondary antibody conjugated with HRP for 2 h at room temper-
ature. The membrane was again washed three times with TBST
for 10 min each and incubated in SuperSignal West Pico chemilu-
minescent substrate (Thermo Fisher Scientific, 34080) for 5 min.
Finally, the membrane was exposed to films and developed in the
darkroom.

Immunofluorescence microscopy and brain stereology

The whole brain was dissected out fresh, fixed in 4% paraformal-
dehyde (PFA) overnight at 4°C with rotation, and either embed-
ded in 4% agarose and floating-sectioned into 45- to 60-um
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sections or OCT-embedded (Scigen, 4583) and cryo-sectioned
into 10-um sections. For animals >7 d post-partum, perfusion
with 4% PFA was performed before sacrifice and dissection.
The perfusion and sacrifice procedure was approved by the Yale
Animal Resources Center.

For immunofluorescence, the slides were rehydrated in PBS for
5 min. For antibodies that require antigen retrieval, the slides
were then steamed in 0.01 M sodium citrate buffer (pH 6.0) for
20 min and naturally cooled. The slides were then permeabilized
in 0.3% Triton in PBS at room temperature for 15 min and washed
in PBST (0.1% Tween in PBS) before being blocked in 5% normal
donkey/goat serum for 1 h at room temperature and incubated in
primary antibody in a humid chamber overnight at 4°C. Dilutions
of primary antibodies are listed in Supplemental Table S5. Sec-
ondary antibody was incubated for 2 h at room temperature.
DAPI was stained for 5 min at room temperature. After primary
and secondary antibody incubation, the slides were washed three
times with PBST for 10 min each. Finally, mounting medium was
added to the sections, and the slides were sealed with cover glass.
Stained slides were imaged with either a Zeiss confocal micro-
scope (for Pum1 and Pum?2 expression) or a Zeiss fluorescence mi-
croscope (for phenotype).

Brain stereology was performed by adapting the method de-
scribed in Lu et al. (2001) and Han et al. (2015). Serial sections
were stained with DAPI and imaged under a microscope. The
DG region had a high cellular density and thus could be reliably
defined. The borders of the DG were traced manually. The areas
of the DG on five or six serial sections (enough to include the en-
tire DG from anterior to posterior) were summed up and multi-
plied by the section interval (50 pm x 5, 250 pm x 6, or 300 pm x
6) to estimate the volumes.

Neurosphere assay

Primary culture of NSCs was performed by adapting the protocol
described in Sestan et al. (1999). First, the DG was microdissected
from control or Ndcko neonatal mouse brains, minced, and disso-
ciated enzymatically with PPD (papain-protease-DNase) solu-
tion (0.01% papain [Worthington Biochemical Corporation,
LS003124], 0.1% neutral protease [Dispase II; Sigma-Aldrich,
D4693], 0.01% DNase I [Sigma-Aldrich, D5025] in Hank’s buff-
ered salt solution [HBSS]) for 45-60 min at 37°C. Dissociated cells
were pelleted and washed with PBS and then plated in neuro-
sphere medium (2% B27, 100 U/mL penicillin-streptomycin in
DMEM/F12 supplemented with 20 ng/mL EGF and bFGF [all
from Thermo Fisher Scientific]). Neurospheres were passaged
about once a week (Ndcko neurospheres were passaged about ev-
ery 10 d, as they grew much slower) using Accutase (Millipore,
SCRO005) for digestion and maintained up to three passages. For
staining, the neurospheres were cytospun onto the slides at 600
rpm for 5 min and fixed in 4% PFA for 0.5 h at room temperature.

NSC differentiation was done on chamber slides (BD Falcon,
354108) coated with poly-L-ornithine (Sigma, P3655) for 2 h at
37°C and then laminin (Thermo Fisher Scientific, 23017015)
overnight at 37°C. Differentiation medium (2% B27, 2 mM L-glu-
tamine, 1 mM sodium pyruvate, 5% FBS [fetal bovine serum]|, 100
U/mL penicillin-streptomycin in neurobasal medium [all from
Thermo Fisher Scientific]) was used to replace the neurosphere
medium 24 h after cells were plated and was changed every 2 d
for a total of 10 d. Finally, the slides were stained for neuronal
and glial markers.

TUNEL analysis

TUNEL analysis was performed using the ApopTag fluorescein in
situ apoptosis detection kit (Millipore, S7110) according to the
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manufacturer’s manual. Briefly, slides were first rehydrated in
PBS and then treated with 20 pg/mL Proteinase K for 15 min at
room temperature. After washing twice using PBS, TdT enzyme
in working buffer was applied to the slides and allowed to react
for 1 h at 37°C. The poly-T tails thus added were visualized by in-
cubation with an anti-digoxigenin antibody conjugated to FITC.
Stained slides were imaged on a Zeiss fluorescence microscope.

Lashley I1I maze

The Lashley IIl maze tests were performed following the protocol
described in Bressler et al. (2010). The maze was borrowed from
Dr. Gretchen Hermes and was constructed following the param-
eters described in the original protocol. Briefly, each day, the an-
imals were moved to the behavioral testing room 0.5 h before the
test for acclimation. Next, each mouse was placed in the start box
and voluntarily explored the maze until it got to its corresponding
pseudo-home cage. For each mouse, we recorded the time it spent
in the maze, the number of errors it made, and the number of days
it took to learn. Errors were defined as entries into a dead end zone
or travelling back through an already travelled arm of the maze. A
mouse was considered as having learned the maze when it
reached the goal box with zero or one error on two consecutive tri-
als. We performed one trial per animal per day on 15 consecutive
days. Mice were tested in the same order on successive trials.

iCLIP

iCLIP was performed following the protocol described in Konig
et al. (2011). For each condition (namely, WT_PI1iCLIP,
P1IKO_P1iCLIP, WT_P2iCLIP, and P2KO_P2iCLIP), five to 10
whole neonatal brains were pooled together to obtain 0.5 g of
starting materials for one biological replicate. Tissues were col-
lected in 500 pL of PBS and gently dissociated using disposable
pestles. Dissociated tissues were moved to a 10-cm dish, and 8
mL of ice-cold PBS was added. The dish was placed on an icebox
and, with the 1id removed, irradiated twice for 400 mJ/cm? in a
Stratagene Stratalinker 1800 at 254 nm. Next, the sample was
transferred into a 15-mL Falcon tube and pelleted at 1000g for
5-10 min at +4°C. Supernatant was removed, and the pellets
were snap-frozen in liquid nitrogen and stored at —80°C until use.

On the day of the experiment, tissues pellets were thawed on
ice, resuspended in 1 mL of lysis buffer, and transferred to a 1.5-
mL Eppendorf tube. Sonication was done with the Bioruptor for
six pulses of 10 sec each at medium strength with 20-sec pauses.
Tissues were then spun at maximum speed for 10 min at +4°C to
remove the debris.

Partial RNA digestion was performed before immunoprecipita-
tion with a 107 dilution of RNasel (Ambion, AM2295) for Pum1
iCLIP and a 10~% dilution for Pum2 iCLIP. The lysates were first
precleaned with 10 pL of Dynabeads Protein G and then incubat-
ed with 30 uL of Pum1 antibody (Abcam, 92545) or 15 pL of Pum2
antibody (Abcam, 92390) for 4 h followed by the addition of 30 pL
of beads for another 4 h.

All of the other steps and reagents that were not mentioned
here were performed/purchased exactly as described in the proto-
col of Konig et al. (2011).

The prepared libraries were sequenced following standard Illu-
mina protocols for 50-nt single-end runs. The steps of data prepro-
cessing were done with in-house scripts: (1) demultiplexing
samples, (2) trimming of 3’ and 5" adaptor sequences, (3) removal
of PCR replicates using random barcodes, and (4) removal of reads
mapped to repeat annotated regions (RepeatMasker track in Uni-
versity of California at Santa Cruz [UCSC] genome browser, ver-
sion mm10).

GENES & DEVELOPMENT 1365


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.298752.117/-/DC1

Zhang et al.

We then mapped the reads to the Mus musculus genome (UCSC
mm10) and transcriptome (RefSeq) via TopHat and prefiltered out
reads with multiple genomic alignments (with parameters -M -g
1). TopHat aligned reads to exon—-exon junction sites to recover po-
tential binding sites around exon—exon junctions. The majority of
reads mapped to genic regions (Supplemental Table S1).

Identification of the binding sites was done using CITS follow-
ing steps 88-113 described in Moore et al. (2014). Briefly, the
script searched for significant peaks by considering one specific
genic region as a unit for permutations to estimate an expected
peak height. A peak was called for a height compared with the ex-
pected height (with a P-value of <0.001 threshold).

Moreover, we looked for reproducible binding sites across du-
plicates, as reproducible sites can provide evidence of potential
Pum bindings to transcripts. Peaks occurring in at least two rep-
licates within a condition were called reproducible sites.

Finally, 30 base pairs was added to both sides of the reproduc-
ible binding sites for MEME to perform a de novo motif discovery.
We performed GO analysis by DAVID version 6.7 and used the de-
fault mouse gene list as the background set.

RIP

For each condition in each biological repeat, one neonatal whole
brain was homogenized in MCB buffer (150 mM KAc, 1% Triton
X-100, 1% NP40, 50 mM HEPES at pH 7.4, 2 mM MgAc,, 10%
glycerol, EDTA-free protease inhibitor, RNase inhibitor [Thermo
Fisher Scientific, 10777019]), spun at maximum speed for 10 min
to remove the debris, and precleared with 10 pL of empty Dyna-
beads Protein G for 0.5 h. Antibody was incubated with the
lysates for 1 h, and then 20 pL of beads was added. The incubation
of beads/antibodies/lysates was done with rotation at 4°C over-
night for Pum1/2 and for 3 h for Fmrp. Next, the beads were
washed three times with MCB buffer, and the RNA was eluted us-
ing 1 mL of TRIzol (Thermo Fisher Scientific, 15596026) follow-
ing the manufacturer’s manual.

gRT-PCR and RNA-seq

For wild type, P1KO, and P2KO, the starting materials were 10%
of the materials saved from the iCLIP experiment. For Ndcko, the
starting materials were one neonatal whole brain for each biolog-
ical repeat. Total RNA was extracted using RNeasy Plus kit (Qia-
gen, 74134) following the manufacturer’s manual. For qRT-PCR,
the RNA was converted to cDNA using the High-Capacity cDNA
reverse transcription kit (Applied Biosystems, 4368814). One mi-
crogram of RNA was used for every 20 uL of reverse transcription
reaction mix. The following program was used for gPCR: 3 min at
95°C (15 sec at 95°C, 0 sec at 55°C, and 30 sec at 72°C) for 39 cy-
cles followed by melting curve measurement. The qPCR primers
are listed in Supplemental Table S6. In each pair of primers, either
one primer spanned an exon-exon junction, or the pair covered a
region that included a large intron to preclude amplification of re-
sidual genomic DNA.

For RN A-seq, the libraries were constructed using the TruSeq
stranded mRNA sample preparation kit (Illumina, RS-122-2101)
and sequenced on an Illumina HiSeq 2000 platform. We aligned
RNA-seq reads to M. musculus UCSC mm10 references with
TopHat and calculated the FPKM (fragments per kilobase per mil-
lion mapped fragments) of each gene with Cufflinks. The expres-
sion level of each gene was calculated as its FPKM. Differentially
expressed genes were assessed with the Cuffdiff package at a false
discovery rate (FDR) of <0.05.

The RNA-seq data in this work were deposited in the NCBI
Gene Expression Omnibus (GEO) under accession number
GSE95197.
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Coimmunoprecipitation

For each condition in each biological repeat, one neonatal brain
was homogenized in coimmunoprecipitation buffer (150 mM
KAc, 0.06% Triton X-100, 0.06% NP40, 50 mM HEPES at pH
7.4,2mM MgAc2, 10% glycerol, 1 mM DTT, EDTA-free protease
inhibitor), spun to remove the debris, and precleared with 10 pL of
empty beads for 0.5 h. Antibody was incubated with the lysates
for 1 h, and then 20 pL of beads was added overnight at 4°C
with rotation. Beads were then washed three times with coimmu-
noprecipitation buffer and eluted with SDS-PAGE loading buffer.

Cellular fraction

The protocol was adapted and modified from Wuarin and Schibler
(1994). One wild-type neonatal whole brain was homogenized in
200 pL of ice-cold NP-40 lysis buffer (10 mM Tris-HCl at pH 7.5,
0.05% NP40, 150 mM NaCl) by pipetting and incubated for 5 min
onice. Next, the lysate was gently moved onto a layer of 2.5 vol of
chilled sucrose cushion (24% sucrose in NP-40 lysis buffer) and
centrifuged at 13,000g for 10 min at 4°C. The supernatant was
collected as the cytoplasmic fraction, 3% of which was used for
Western blot.

The nucleus pellets were rinsed with 1x PBS/1 mM EDTA and
then resuspended in 100 pL of prechilled glycerol buffer (20 mM
Tris-HCl at pH 7.9, 75 mM NaCl, 0.5 mM EDTA, 0.85 mM DTT,
0.125 mM PMSF, 50% glycerol) by gentle flicking of the tube.
Next, an equal volume of cold nucleus lysis buffer (10 mM HEPES
at pH 7.6, 1 mM DTT, 7.5 mM MgCl, 0.2 mM EDTA, 0.3 M
NacCl, 0.2 M urea, 0.2% NP-40) was added and vortexed vigorous-
ly followed by incubation for 5 min on ice. Finally, the lysate was
centrifuged at 15,000g for 3 min at 4°C, and the supernatant was
collected as the nucleoplasm fraction, 3% of which was used for
Western blot.

The remaining pellet was chromatin and was gently rinsed
with cold 1x PBS/1 mM EDTA and treated with 2 uL of DNase
in 1x PBS with shaking at 500 rpm for 10 min at 37°C. Again,
3% of the chromatin fraction was used for Western blot.

Polysome fractionation

The protocol was adapted and modified from Merrick and Hen-
sold (2001). Five wild-type neonatal brains were pooled together
and lysed in TMK-100 lysis buffer (10 mM Tris-HCl at pH 7.4, 5
mM MgCl,, 100 mM KCl, 1% TritonX-100, 0.5% sodium deoxy-
cholate in nuclease free water; EDTA-free protease inhibitor and
RNase inhibitor were added fresh) by disposable pestles and spun
down at maximum speed for 10 min at 4°C to remove the debris.

The sucrose gradient was prepared 2 d in advance using 10%
and 60% sucrose solutions (10% or 60% sucrose, 100 mM KCl,
5 mM MgCl,, 2 mM DTT, 20 mM HEPES-KOH at pH 7.4 in nu-
clease free water) and kept at 4°C.

Clear tissue lysate was loaded onto the gradient and ultracen-
trifuged at 35,000 rpm with an SW40Ti rotor for 3 h and then frac-
tioned with fraction collector with continuous monitoring of
absorbance at 254 nm. Forty-five fractions were collected.

Size exclusion chromatography analysis in brains (FPLC)

Five wild-type neonatal brains were pooled together, homoge-
nized in 5 mL of lysis buffer (150 mM KAc, 0.06% Triton X-
100, 0.06% NP40, 50 mM HEPES at pH 7.4, 2 mM MgAc,, 10%
glycerol, 1 mM DTT, EDTA-free protease inhibitor [Roche,
11873580001], RNase inhibitor [Thermo Fisher Scientific,
10777019]), and then spun down at 15,000 rpm for 30 min at
4°C to remove nuclei and debris. The cleared lysate was injected
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into an HPLC machine and fractionated into 120 2-mL fractions
through a HiPrep Sephacryl 16/70 S-400 HR column. The 25th—
73th fractions were then examined by immunoblot analysis
with 16 pL loaded onto the gel using antibodies of interest.
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