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ELAVL2-directed RNA regulatory network drives the
formation of quiescent primordial follicles

Yuzuru Kato™*”
Mikiko Sato® & Yumiko Saga™*"

Abstract

Formation of primordial follicles is a fundamental, early process in
mammalian oogenesis. However, little is known about the underly-
ing mechanisms. We herein report that the RNA-binding proteins
ELAVL2 and DDX6 are indispensable for the formation of quiescent
primordial follicles in mouse ovaries. We show that Elavi2
knockout females are infertile due to defective primordial follicle
formation. ELAVL2 associates with mRNAs encoding components of
P-bodies (cytoplasmic RNP granules involved in the decay and stor-
age of RNA) and directs the assembly of P-body-like granules by
promoting the translation of DDX6 in oocytes prior to the forma-
tion of primordial follicles. Deletion of Ddx6 disturbs the assembly
of P-body-like granules and severely impairs the formation of
primordial follicles, indicating the potential importance of P-body-
like granules in the formation of primordial follicles. Furthermore,
Ddx6-deficient oocytes are abnormally enlarged due to misregu-
lated PI3K-AKT signaling. Our data reveal that an ELAVL2-directed
post-transcriptional network is essential for the formation of
quiescent primordial follicles.
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Introduction

Long-term reproduction of mammalian females is achieved by
controlled sustainability and growth of the most primitive ovarian
follicles called primordial follicles, which are composed of a single
oocyte and a few of the supporting somatic cells, granulosa cells.
Given the importance of primordial follicles as a finite reservoir of
eggs in mammalian ovaries, understanding the molecular
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mechanisms underlying the formation and sustainability of primor-
dial follicles is essential for reproductive biology and medicine.

Mammalian oogenesis begins once primordial germ cells enter
the embryonic ovary, where female gonocytes (or oogonia) prolifer-
ate with incomplete cytokinesis. Therefore, cells are connected to
each other via intercellular bridges [1]. Eventually, gonocytes initi-
ate meiosis after receiving retinoic acid signaling [2,3]. Primordial
follicles arise from oocytes in cysts by breaking down intercellular
connections between oocytes, a process termed cyst breakdown,
which occurs within a few days after birth in mice [4]. Substantial
effort has been made to understand the molecular mechanisms
underlying the formation of primordial follicles. FIGLA was initially
identified as an oocyte-specific transcription factor required for
primordial follicle formation [S]. Subsequently, several signaling
pathways, Notch, TGFp, and JNK, were reported to be involved in
this process [6-9]. More recently, in vitro production of functional
eggs from primordial germ cells and pluripotent stem cells has been
achieved in mice, which provides a great opportunity to understand
the molecular basis of primordial follicle formation [10,11].
However, the production of quiescent primordial follicles remains
challenging because follicle growth is simultaneously activated
in vitro. In other words, these studies raised a new question of how
primordial follicles become quiescent.

In addition to transcriptional gene regulation, post-transcriptional
RNA regulation also plays a fundamental role in the regulation of
gene expression. Traditionally, studies on reproductive biology have
documented integral contributions of post-transcriptional RNA regu-
lation mediated by species-specific and evolutionarily conserved
RNA-binding proteins (RBPs) to oocyte development [12]. Consis-
tent with this, many important processes of mammalian oogenesis,
including sexual differentiation and meiosis in embryonic ovaries,
and oocyte growth or maturation in postnatal ovaries, require the
functions of RBPs [13—18]. However, the role of post-transcriptional
RNA regulation in primordial follicle formation remains unknown.
In this regard, several studies have suggested some mechanistic dif-
ferences in terms of post-transcriptional RNA regulation between
oocytes in cysts and primordial follicles. The expression of MSY2, a
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germline-specific RBP involved in messenger RNA (mRNA) stability
and translational suppression, was reported to precede primordial
follicle formation [5,15,19,20]. In addition, another germline-
specific RBP, DAZL, is translationally suppressed coinciding with
the formation of primordial follicles [21]. These observations
prompted us to investigate the roles of post-transcriptional RNA
regulation in the formation of primordial follicles.

In this study, we explored RBPs involved in the formation of
primordial follicles in the mouse and identified ELAVL2 (embryonic
lethal and abnormal vision-like 2) as an essential RBP. ELAVL2 (also
known as HuB) is a member of the ELAVL RNA-binding proteins,
which promote translation by associating with mRNAs containing
AU-rich elements [22-24]. We found that ELAVL2 associates with
mRNAs encoding components of stress granules and processing
bodies (P-bodies), cytoplasmic ribonucleoprotein (RNP) granules
involved in mRNA decay, storage, or translational stalling [25], in
the ovary. Indeed, we discovered that large P-body-like granules
were assembled in oocytes prior to the formation of primordial folli-
cles in an ELAVL2-dependent manner. To investigate the potential
importance of the P-body-like granules for primordial follicle forma-
tion, we focused on Ddx6, a target gene of ELAVL2 that encodes a
central component of P-body assembly [26,27]. We found that Ddx6
is required for the assembly of the P-body-like granules and the
formation of quiescent primordial follicles. Our study provides a
framework to understand the molecular basis of the post-transcrip-
tional network underlying the formation of primordial follicles.

Results

Identification of ELAVL2 as a candidate RNA-binding protein
involved in the formation of primordial follicles

Primordial follicles are formed in neonatal ovaries. To explore the
genes encoding RNA-binding proteins (RBPs) involved in the forma-
tion of primordial follicles, we performed a microarray analysis using
total RNA isolated from embryonic day (E) 15.5, 17.5, and newborn
(PO) ovaries, and selected relevant genes whose expression increased
by more than twofold from E15.5 to PO. As a result, 55 gene probes
encoding RBPs (GO: 0003723) were selected (Fig EV1A). We further
focused on 17 genes among the 55 genes whose expression increased
by more than twofold from E17.5 to PO, of which three genes, G3bp2,
Elavl2, and DppaS, had the strongest expression in the PO ovary
(Fig EV1B). As Dppa5 knockout mice do not exhibit any abnormalities
[28], G3bp2 and Elavl2 were selected to examine female-specific
expression. Reverse transcription and quantitative polymerase chain
reaction (RT-qPCR) revealed that Elavi2 was predominantly expressed
in the ovary, whereas G3bp2 was increased toward birth not only in
the ovary but also in the testis (Fig EV1C). As primordial follicle
formation is a female-specific developmental event, we selected Elavi2
as a strong candidate. Immunostaining analysis demonstrated that
ELAVL2 was specifically expressed in oocytes marked by c-KIT
(Fig EV1D). The specificity of the antibodies is shown in Fig 1C.

Elavi2 is indispensable for primordial follicle formation

ELAVL2 is a member of the ELAVL RNA-binding proteins (ELAVLI-
4), which contain three RNA recognition motifs and associate with
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Figure 1. Loss of oocytes shortly after birth in Elavi2-deficient ovaries.

A Periodic acid—Schiff (PAS) staining in wild-type (Elaui2*/*) and Elaul2
knockout (EIauIZA/A) adult ovaries (left) and testes (right) (n = 3 animals for
each genotype).

B Immunostaining of a germ cell marker, MVH/DDX4, in neonatal ovaries
(n = 3 animals for each genotype). DNA was counterstained with 4',6-
diamidino-2-phenylindole (DAPI).

C Immunostaining of ELAVL2 newborn ovaries (n = 2 animals for each
genotype). Negative; negative control.

mRNAs containing AU-rich elements. ELAVL family proteins are
involved in several post-transcriptional events, including alternative
splicing, mRNA stability, and translation in somatic cells [29]. To
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examine the role of ELAVL2 in the formation of primordial follicles,
we generated Elavl2 knockout mice (Appendix Fig S1A and B).
Whereas a previous report indicates that ELAVL2 has oocyte-
specific isoforms [30], Western blot analysis revealed that our Elavi2
knockout mice were null mutants (Appendix Fig S1C). Elavl2 knock-
out mice (Elavi2/“) were born according to the Mendelian inheri-
tance (Appendix Fig S1D). Although more than 80% of homozygous
mutants progressively died by the weaning stage due to growth
retardation (Appendix Fig S1E), the surviving pups grew to adult-
hood. We found that Elavl2 knockout ovaries were markedly small
in size and oocytes were lost in adults, whereas mutant testes exhib-
ited no clear abnormalities in morphology (Fig 1A). To determine
the cause of the ovarian defects, a time-course immunostaining
analysis was conducted on Elavl2 knockout neonatal ovaries using
mouse vasa homolog (MVH, also known as DDX4) as a germ cell
marker. The specificity of the antibody was shown (Appendix Fig
S2A). We found that Elavl2 knockout ovaries progressively lost
oocytes after birth and oocytes were hardly observed in mutant
ovaries at a week after birth (Fig 1B), indicating that Elavi2 is
required for the survival of oocytes in neonatal ovaries. Immunos-
taining analysis confirmed that ELAVL2 expression was not detected
in mutant ovaries (Fig 1C).

We then asked whether cyst breakdown occurs in Elavl2 knock-
out ovaries. To distinguish oocytes in cysts from those in primordial
follicles, we performed immunostaining for an extracellular matrix
protein, LAMININ (Fig 2A). The specificity of the antibodies was
shown (Appendix Fig S2B). Primordial follicle formation began in
the medullary area indicated by the LAMININ layer that encloses a
single oocyte and surrounding granulosa cells (Fig 2A, asterisks),
whereas oocytes in the cortical area were still connected with each
other, represented by LAMININ-enclosed cysts
newborn ovaries (Fig 2A, dashed circles). On the other hand,
primordial follicles were hardly observed in the medullary area,
represented by LAMININ-enclosed oocytes that were broadly
observed in Elavl2 knockout ovaries (Fig 2A). We next examined
the number of intercellular bridges (ICBs), cell junctions that
connect oocytes in cysts, by performing immunostaining for the ICB
markers TEX14 and MKLP1 [31] (Fig 2B). ICBs were detected as
small dot- or ring-like signals as indicated by white arrowheads
(Fig 2B). We confirmed that these small foci were specifically
observed in a first antibody-dependent manner (Appendix Fig S2C).
Quantification of TEX14 and MKLP1 foci revealed that the number
of ICBs was approximately doubled in Elavl2 knockout ovaries
(Fig 2C). These results indicated that cyst breakdown is severely
compromised in Elavl2 knockout ovaries.

To evaluate the influence of Elavl2 deficiency on gene expres-
sion, we performed a time-course microarray analysis by extract-
ing total RNA from Elavl2 knockout E15.5, E17.5, and PO ovaries.
We found that gene expression (more than twofold difference)
was greatly changed in mutant PO ovaries (946 gene probes,
Fig 2D), consistent with the timing of primordial follicle formation,
in which the number of decreased gene probes (646) was approxi-
mately double that of increased gene probes (300) (Datasets EV1
and EV2). Among the decreased gene probes, representative genes
involved in folliculogenesis (Gdf9), zona pellucida formation (Zpl,
Zp2, and Zp3), and early zygotic development (NpmZ2 and Zarl)
were included (Fig 2E) [32-37]. These genes were reported to be
directly or indirectly up-regulated by the oocyte-specific

in  wild-type
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transcription factors FIGLA or NOBOX [5,38]. RT-qPCR data
revealed that Figla and Nobox expression was also decreased in
Elavl2 knockout ovaries together with a greater reduction of their
downstream genes, including Bmpl1S and Rfpl4 [38] (Fig 2F). We
normalized the data using Mvh because its expression level in
Elavl2 knockout PO ovaries was similar to wild-type in our
microarray data (fold change: 1.02) and RT-qPCR (Ct values:
25.27 + 0.39 in wild-type and 25.23 + 0.64 in Elavl2 knockout
ovaries). As expression of these genes increased toward birth
(Fig 2E), we further examined the influence of Elavi2 deficiency
on the expression of cognate genes. Among 735 gene probes
whose expression increased from E17.5 to PO in wild-type ovaries,
more than half (418 gene probes, 56.9%) demonstrated decreased
expression in Elavl2 knockout PO ovaries (Fig 2G). These data
suggest that Elavl2 deficiency globally influences oocyte gene
expression. Based on the results of immunostaining and gene
expression analysis, we concluded that ELAVL2 is an indispens-
able RBP involved in the formation of primordial follicles.

ELAVL2 associates with mRNAs encoding components of
P-bodies, which assembled in oocytes prior to the formation
of primordial follicles

To search for possible targets of ELAVL2, we performed RNA
immunoprecipitation followed by sequencing (RIP-seq) analysis
using wild-type newborn ovaries. Western blot analysis confirmed
successful immunoprecipitation of ELAVL2 (Fig 3A). As a result,
2519 genes were identified as putative ELAVL2-associating mRNAs
according to our stringent criteria (IP/input > 2, g-value < 10719,
Dataset EV3). Using this gene list, gene ontology analysis was
carried out to explore the cellular events that ELAVL2-associating
mRNAs are involved in. Although ELAVL2-associated mRNAs were
varied in terms of molecular or cellular events, we found that four
terms related to RNA processing were included in the top 10 of the
list (Fig 3B), among which three terms (CCR4-NOT, cytoplasmic
stress granule, and cytoplasmic processing body) were related to
cytoplasmic ribonucleoprotein (RNP) granules (Dataset EV4).
Cytoplasmic RNP granules are membraneless biomolecular
condensates induced by liquid-liquid phase separation [39]. Accu-
mulating evidence has demonstrated that these RNP granules are
closely associated with numerous biological processes, including
cell survival, neurodegenerative diseases, and germline develop-
ment [40-42]. We thus hypothesized that primordial follicle forma-
tion involves ELAVL2-directed regulation of cytoplasmic RNP
granules. To address this question, we first investigated the subcel-
lular localization of cytoplasmic RNP granules in perinatal oocytes
by focusing on a DEAD-box RNA helicase, DDX6, because DDXG6 is
a component of both P-bodies [26,27] and stress granules [43]. We
found that DDX6 formed aggregate-like foci in newborn oocytes
(Fig 3C, arrowheads), whereas it was diffused in the oocyte cyto-
plasm at E17.5 (Fig 3C). The stage-specific existence of granular
signals was confirmed by immunostaining of negative control
(Appendix Fig S3A). The number of oocytes containing clear DDX6
foci increased toward birth (Fig 3D), suggesting that DDX6-
containing RNP granules are assembled prior to the formation of
primordial follicles. DDX6 foci were also observed in oocytes after
primordial follicles had formed (Fig 3E, arrows); however, their size
was slightly smaller than those in cysts (Fig 3E, arrowheads). Thus,
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Figure 2. Elavl2 is indispensable for primordial follicle formation.

A Immunostaining of an extracellular matrix protein, LAMININ, and a germ cell marker, c-KIT in wild-type (ElauIZ*/*) and Elavl2 knockout (EIauIZ‘”") newborn ovaries
(n = 3 animals for each genotype).

B Immunostaining of TEX14 and MKLP1 in newborn ovaries (n = 3 animals for each genotype). Oocytes were marked by DAZL. Scale bars, 50 pum.
Quantification of TEX14 and MKLP1 foci (n = 3 animals) in (B).

D Microarray analysis of wild-type (WT) and Elavl2 knockout ovaries (n = 3 independent ovary samples). Gene probes up- or down-regulated by more than twofold in
Elavl2 knockout ovaries are shown.

E Expression profile of selected genes involved in follicular and early zygotic development in (D).

F Reverse transcription and quantitative polymerase chain reaction (RT-qPCR) of selected genes (n = 5-7 animals).
Scatter plot analysis of gene probes whose expression increased by more than twofold from E17.5 to PO in WT ovaries in (D). Probes demonstrating a greater than
1.5-fold difference between wild-type and Elavl2 knockout ovaries are shown.

Data information: (C, F, and G) Circles indicate individual data. Error bars, +SD. The significance is indicated (two-tailed Student’s t-test; ***P < 0.0005, **P < 0.005,
*P < 0.05).
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Figure 3. ELAVL2 associates with mRNAs encoding components of P-bodies that assembled in oocytes prior to the formation of primordial follicles.

A

O M m g0 W

RNA immunoprecipitation of ELAVL2 using WT newborn ovaries. Immunoprecipitated ELAVL2 was confirmed by Western blotting. MVH was used as a negative
control (n = 3 independent ovary samples).

Gene ontology analysis (DAVID ver. 6.8) of ELAVL2-associating mRNAs.

Immunostaining of DDX6 in E17.5 (n = 3 animals) and P1 (n = 10 animals) ovaries. DAZL was used as an oocyte marker.

Quantification of oocytes containing DDX6 foci (n = number of oocytes from two animals at each stage).

Images analysis of DDX6 foci. Images of DDX6 from PO and P2 ovaries (left) were used to create masks of DDX6 foci (middle). Merged images are shown on the right.
Quantification of DDX6 foci (n = number of oocytes from two animals at each stage).

Immunostaining of DCP1A (G) (n = 6 animals), AGO2 (H) (n = 3 animals), and TIAR (1) (n = 5 animals) together with DDX6 in newborn ovaries. DNA was
counterstained with DAPI.
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we quantified their size by image analysis (Fig 3E, middle) and
found that the proportion of large foci decreased in primordial folli-
cles (Fig 3F, magenta). Instead, smaller foci became more abundant
in primordial follicles (Fig 3F, blue and green). We next performed
co-immunostaining using antibodies for P-body components,
DCP1A [44,45] and AGO2 [46,47], and a stress granule component,
TIAR [48], together with DDX6. As a result, DCP1A and AGO2, but
not TIAR, colocalized to DDX6 foci in newborn oocytes (Fig 3G-1I).
The specificity of the antibodies was represented by DCP1A
(Appendix Fig S3B). These results demonstrate that large P-body-
like granules were assembled in oocytes prior to the formation of
primordial follicles.

ELAVL2-dependent DDX6 translation is required for the assembly
of P-body-like granules

We next analyzed the assembly of P-body-like granules in Elavi2
knockout newborn ovaries. Immunostaining of P-body components
revealed that the assembly of P-body-like granules was impaired in
Elavl2 knockout ovaries (Fig 4A and B). To quantitatively analyze
the results of immunostaining, we performed image analysis and
measured the area of DDX6 foci per unit area of oocytes (1 pm?).
The area of DDX6 foci was decreased to approximately one-fourth
in Elavl2 knockout ovaries (Fig 4C), indicating that massive assem-
bly of P-body-like granules requires ELAVL2 function. The expres-
sion changes in mRNAs related to P-body were less than twofold in
Elavl2 knockout PO ovaries (Fig 4D), suggesting that ELAVL2 has
little effect on mRNA stability. We then examined protein expres-
sion by focusing on DDX6 as a model. According to Western blot
analysis, DDX6 expression in Elavl2 knockout ovaries decreased to
34% of that in wild-type (Fig 4E), suggesting that ELAVL2 is
required for the translation or stability of DDX6. In addition, DCP1A
and AGO2 expression appeared to be weaker in Elavl2 knockout
ovaries (Fig 4A and B). Although we could not detect their expres-
sion changes by Western blotting due to high backgrounds, it is
possible that ELAVL2 broadly influences for protein expression of
the components of P-body-like granules.

To further clarify the interaction between ELAVL2 and Ddx6
mRNA, Flag-tagged ELAVL2 was transfected into HeLa cells together
with a gfp reporter (Fig 4F). Successful expression and immunopre-
cipitation of ELAVL2 was confirmed by Western blotting (Fig 4G).
RT-gPCR analysis revealed that interaction between ELAVL2 and
the gfp reporter was greatly increased in a Ddx6 3'-UTR sequence-
dependent manner (Fig 4H). ELAVL family proteins have three
conserved RNA recognition motifs (RRM1-3), among which RRM1
and RRM2 cooperatively bind to AU-rich elements [49]. To test the
role of RRM1 and RRM2 in the binding of the 3’-UTR sequence of
Ddx6, mutant ELAVL2, which carried a large deletion in RRM1 and
RRM2, was transfected (Fig 4F and G). We found that the interac-
tion was diminished to one-tenth in the RRM mutant (Fig 4H).
These data suggest that ELAVL2 is involved in the translation of
DDXG6 by directly associating with its 3’-UTR sequence.

DDX6 is required for the assembly of P-body-like granules and
the formation of primordial follicles

The defective assembly of P-body-like granules in Elavl2 knockout
ovaries prompted us to ask the importance of the ELAVL2-directed
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assembly of P-body-like granules for the formation of primordial
follicles. To address this question, we knocked out Ddx6 in an
oocyte-specific manner using Mvh-Cre [50] based on the require-
ment of DDX6 for P-body assembly in somatic cells [26]
(Appendix Fig S4A and B). Hereafter, we refer to this mouse line as
Ddx6 cKO. On immunostaining analysis of P-body components, the
assembly of P-body-like granules was severely compromised in
Ddx6 cKO newborn oocytes (Fig SA and B). Quantification of
DCP1A foci by image analysis revealed that the mean area of foci
was reduced to 15% in Ddx6 cKO ovaries (Fig 5C). As ELAVL2 was
robustly expressed in Ddx6 cKO oocytes (Fig 5D), it is unlikely that
the defective assembly of P-body-like granules was due to the reduc-
tion of ELAVL2. These results indicate that Ddx6 is required for the
assembly of P-body-like granules.

We next examined the consequences of Ddx6 deficiency for
primordial follicle formation. Histological analysis demonstrated
that approximately half of the oocytes remained in cysts in Ddx6
cKO ovaries even at 7 days after birth (Fig SE and F, dashed circles,
and Fig 5G), whereas most oocytes had developed to primordial
follicles in normal ovaries (Fig 5E and F, arrowheads, and Fig 5G).
Direct connection between oocytes was shown by immunostaining
for a germ cell marker, CDH1 (Fig SF, dashed circles). The speci-
ficity of antibodies was shown (Appendix Fig S5A). Accordingly, the
number of growing follicles (follicles in the transition state, T,
primary follicles, PF, and secondary follicles, SF) was reduced in
Ddx6 cKO ovaries (Fig 5G). These data indicate that Ddx6 is
required for normal formation of primordial follicles. Furthermore,
expression levels of genes regulated by FIGLA and NOBOX were
decreased in Ddx6 cKO ovaries, whereas those of Figla and Nobox
themselves were increased (Fig 5H), suggesting that the oocyte gene
expression program is primed but impaired in Ddx6 cKO ovaries.
Taken together, these results support the idea that primordial follicle
formation involves ELAVL2-directed assembly of P-body-like
granules.

DDX6 ensures quiescence of primordial follicles by attenuating
PI3K-AKT signaling

Although cyst breakdown was severely compromised, a substantial
amount of primordial follicles developed in Ddx6 cKO ovaries. To
investigate the terminal phenotype, Ddx6 cKO females were crossed
with wild-type males, demonstrating that Ddx6 cKO females were
infertile and oocytes were lost in adult ovaries (Fig 6A and B). Of
note, primordial follicles were abnormally enlarged at 2 weeks after
birth (Fig 6C, red arrowheads). Quantification analysis revealed that
the diameter of oocytes in primordial follicles was 1.3-fold longer in
Ddx6 cKO ovaries (Fig 6D). Primordial follicles were hardly
observed by 3 weeks after birth in Ddx6 cKO ovaries (Fig 6C and E).
Accordingly, the number of growing follicles was greatly reduced
(Fig 6E). This may account for the female infertility. We noticed
that the abnormal enlargement of primordial follicles in Ddx6 cKO
ovaries resembled that observed in postnatal oocyte-specific knock-
out mice for Pten, a suppressor of PI3K-AKT signaling [51]. The
removal of Pten in primordial follicles results in the up-regulation of
PI3K-AKT signaling, which induces premature oocyte enlargement.
Because the activation of PI3K-AKT signaling can be monitored by
nuclear to cytoplasmic translocation of FOXO3A transcription factor
[52], we performed immunostaining for FOXO3A and examined the

© 2019 The Authors
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Figure 4. ELAVL2-dependent DDX6 translation is required for the assembly of P-body-like granules.

A B Immunostaining of DDX6 together with DCP1A (A) (n = 6 animals for each genotype) and AGO2 (B) (n = 3 animals for each genotype) in wild-type (Elau/2*/*) and
Elaui2 knockout (Elavl2?/4) newborn ovaries.

C Quantification of the area of DDX6 foci in newborn ovaries. Twenty (wild-type) and 21 (Elavk2 knockout) ovarian sections from two animals were immuno-stained
by anti-DDX6 antibody and analyzed.

D Expression changes of mRNAs encoding components of P-bodies. Blue bars, fold enrichment of ELAVL2-associating mRNAs in Fig 3B. Red bars, fold expression

changes of cognate mRNAs by microarray (PO ovaries).

Western blotting of DDX6 in newborn ovaries. The expression level of DDX6 in Elavl2 knockout ovaries was normalized by MVH and represented as a ratio to WT.

Co-transfection assay of full-length and mutant ELAVL2 with gfp reporters in Hela cells.

Detection of immunoprecipitated ELAVL2 by Western blotting. ACTB was used as a negative control.

RT—qPCR analysis of gfp reporters. The vertical axis indicates relative quantity of immunoprecipitated gfp to inputs (n = number of experiment).

T o Tmm

Data information: (C and H) Circles represent individual data. Error bars, £SD. Boxes and horizontal bands in boxes represent quartile deviations and median,
respectively. The significance of changes is indicated (Wilcoxon rank sum test in (C) and two-tailed Student’s t-test in (H); ***P < 0.0005, **P < 0.005).
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Figure 5. DDX6 is required for the assembly of P-body-like granules and the formation of primordial follicles.

A, B Immunostaining of DDX6 together with DCP1A (A) (n = 3 animals for each genotype) and AGO2 (B) (n = 3 animals for each genotype) in newborn ovaries. DNA was
counterstained with DAPI.

C Quantification of the area of DCP1A foci in newborn ovaries. Twenty-eight (control) and 25 (Ddx6 cKO) ovarian sections from two animals were immuno-stained by

anti-DCP1A antibody and analyzed.

Immunostaining of ELAVL2 in newborn ovaries (n = 3 animals for each genotype).

PAS staining of P7 ovaries (n = 5 animals for each genotype).

Immunostaining of an oocyte marker, CDH1, together with LAMININ in P7 ovaries (n = 3 animals for each genotype).

Oocyte counting analysis of P7 ovaries (n = animals). Cyst, oocyte in cyst; PrF, primordial follicle; T, transition; PF, primary follicle; SF, secondary follicle.

RT—qPCR analysis of P7 ovaries (n = 4 animals).

T O T mO

Data information: (C, G, and H) Circles indicate individual data. Error bars, ==SD. Boxes and horizontal bands in boxes represent quartile deviations and median,
respectively. The significance of changes is indicated (Wilcoxon rank sum test in (C) and two-tailed Student’s t-test in (G and H); ***P < 0.0005, **P < 0.005, *P < 0.005).
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activation state of PI3K-AKT signaling in Ddx6 cKO ovaries. Consis- formation of primordial follicles in normal ovaries (Fig 6F, P1, P7).
tent with a previous observation [52], FOXO3A was localized to the On the other hand, nuclear translocation of FOXO3A was not
cytoplasm in cysts and its nuclear translocation coincided with the observed in Ddx6 cKO newborn oocytes (Fig 6F, P1) and it
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Figure 6. DDX6-dependent attenuation of PI3K-AKT signaling is involved in the formation of primordial follicles.

A Litter size analysis of Ddx6 cKO females. Ddx6™'*, Ddx6™*; Muh-Cre, and Ddx6™°*'* females were used as control. Control and Ddx6 cKO females (n = 6 animals for
each genotype) were crossed with wild-type males from 6 to 24 weeks after birth.

B PAS staining of adult Ddx6 cKO ovaries (n = 6 animals for each genotype).

C PAS staining of P14 (n = 3 animals) and 21 (n = 7 animals) ovaries. Areas indicated by white squares are magnified. T, transition; PF, primary follicle; SF, secondary
follicle; AF, antral follicle.

D Quantification of the oocyte diameter for primordial follicles in P14 ovaries. Data were obtained from two animals for each genotype.

E Oocyte counting analysis for P21 ovaries (n = 7 animals for each genotype). T, PF, and SF are the same as in Fig 5G. AF, antral follicle.

F Immunostaining of FOXO3A and CDH1 in P1 and 7 ovaries (n = 3 animals for each genotype). PrF, primordial follicle.

Data information: (D and E) Circles indicate individual data. Error bars, +SD. Boxes and horizontal bands in boxes represent quartile deviations and median, respectively.
The significance of changes is indicated (Wilcoxon rank sum test in (D) and two-tailed Student’s t-test in (E); ***P < 0.0005, **P < 0.005).
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remained in cytoplasm in P7 ovaries (Fig 6F, P7). The specificity of
antibodies was shown (Appendix Fig S5B). These data indicate that
DDX6 is required for the attenuation of PI3K-AKT signaling in
primordial follicles and account for abnormal enlargement of
primordial follicles in Ddx6 cKO ovaries.

Discussion

The formation of primordial follicles proceeds within a relatively
short time period in perinatal ovaries. Although transcription factors
and signaling molecules involved in primordial follicle formation
have been reported [5-9], the importance of post-transcriptional
gene regulation has not been addressed. In this study, we identified
ELAVL2 as an essential RBP required for the formation of primordial
follicles. Through the analysis of Ddx6 as an important target of
ELAVL2, we revealed an ELAVL2-dependent molecular network to
be involved in the assembly of P-body-like granules and the forma-
tion of primordial follicles. Furthermore, this molecular network
ensures the quiescence of primordial follicles by attenuating PI3K-
AKT signaling, a signaling pathway responsible for controlling
oocyte size. We propose that ELAVL2 directs an important post-
transcriptional network that drives the formation of quiescent
primordial follicles.

ELAVL family proteins are one of the RBPs whose molecular
function has been extensively investigated. As ELAVL RNA-binding
proteins are orthologs of Drosophila Elav (embryonic lethal abnor-
mal vision), most studies were conducted to address their functions
in neural cells or related cell types. In this study, we identified
ELAVL2 as an indispensable factor for the formation of primordial
follicles in the mouse ovary. At the molecular level, ELAVL2 associ-
ates with a variety of mRNAs, including those encoding cytoplas-
mic RNP granules, among which our results revealed the
importance of ELAVL2-dependent DDX6 translation. This is consis-
tent with the reported molecular function of ELAVL2. According to
the RNA operon (or regulon) hypothesis, mRNAs encoding func-
tionally related proteins are coordinately regulated by relevant
RBPs [53]. ELAVL2 may be one such RBP in oocytes. On the other
hand, murine ELAVL2 was reported to act as a translational
suppressor in growing oocytes [30]. It is possible that ELAVL2
plays multiple roles in a context- or developmental stage-dependent
manner. To gain a deeper understanding of the molecular function
of ELAVL2 in oocytes, studies on other ELAVL family proteins may
be useful. For example, ELAVL4 was reported to enhance transla-
tional activity depending on its interaction with e[F4A and the poly
(A) tail [54]. Whether ELAVL2 has similar characteristics to other
ELAVL proteins is of interest. Furthermore, ELAVL2 has important
target mRNAs other than Ddx6 because the phenotype in Elavi2
knockout ovaries was more severe than that in Ddx6 cKO ovaries.
Identification of such target RNAs will also facilitate our under-
standing of ELAVL2 and the mechanism of primordial follicle
formation.

We found that large P-body-like granules were assembled in
oocytes prior to the formation of primordial follicles in an
ELAVL2-dependent manner. The granules also exist in primordial
follicles but their size became smaller. The potential importance of
the P-body-like granules was suggested by oocyte-specific knockout
of Ddx6. Considering the assembly of large P-body-like granules
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together with the concept of liquid-liquid phase separation, it is
likely that abundant mRNAs expressed in cysts are aggregated
together with RBPs over the saturation constant. Whether mRNAs
encoding proteins that function in cysts or those that function in
primordial follicles are recruited to the large granules is an interest-
ing question. On the other hand, a recent study reported that cyto-
plasmic organelle transport from nurse-like oocytes to the destined
oocytes occurs during the formation of primordial follicles in mice,
reminiscent of Drosophila oogenesis [55]. Considering evolutional
similarities, P-body-like granules in perinatal oocytes may function
in the translational suppression of mRNAs during material trans-
port. Moreover, recent studies demonstrated that cytoplasmic RNP
granules sequestered mTORC1 (the targeted rapamycin complex)
by trapping mTOR, a central protein kinase involved in PI3K-AKT
signaling [56-58]. As PI3K-AKT signaling was abnormally activated
in Ddx6 cKO ovaries, P-body-like granules may exert such functions.
To clarify the role of the temporal assembly of large P-body-like
granules in cysts, methods to disturb granule assembly without
affecting the molecular functions of the components are required.

We identified Ddx6 as an important target of ELAVL2. DDX6 is
an evolutionarily conserved DEAD-box RNA helicase involved in
the translational suppression of maternal RNAs and oocyte survival
in Drosophila and Caenorhabditis elegans [59,60]. Although the
evolutional importance of DDX6 family proteins in oocytes is
known, its role in mammalian oocytes has not been addressed. We
found that depletion of DDX6 in oocytes resulted in the defective
formation of primordial follicles, which is the first demonstration of
a physiological role of DDX6 in mammalian oogenesis. As the loss
of DDX6 activates PI3K-AKT signaling, the defective formation of
primordial follicles may be explained by abnormal enlargement of
oocytes. How DDX6 attenuates PI3K-AKT signaling is an open
question. Considering the molecular function of DDX6 family
proteins as translational suppressors and the involvement of the
receptor tyrosine kinase c-KIT in the activation of AKT signaling
[61], DDX6 may suppress the translation of ¢-KIT or other proteins
involved in the signal cascade. In addition to the attenuation of
PI3K-AKT signaling, genes regulated by FIGLA and NOBOX were
markedly decreased even in the presence of ELAVL2 in Ddx6 cKO
ovaries, indicating that DDX6 is more directly responsible for their
expression. To clarify the role of DDX6 in the regulation of PI3K-
AKT signaling and oocyte gene expression, identification of target
mRNAs of DDX6 is required. Unveiling the molecular function of
DDX6 may also facilitate our understanding of long-term repro-
duction of mammalian females because our data suggest that
DDX6 is required for maintaining the quiescence state of primor-
dial follicles.

Lastly, our study provides a framework to understand the molec-
ular basis of post-transcriptional gene regulation involved in the
formation and the maintenance of the quiescent state of primordial
follicles. Knowledge from our and subsequent studies may aid in
the production of quiescent primordial follicles in vitro, which will
be useful not only for scientific research but also for medical and
industrial applications. In this regard, recent papers from Hayashi’s
laboratory reported that hypoxia and mechanical stress play impor-
tant roles in the formation and the maintenance of primordial folli-
cles during this revision [62,63]. Taken together with these novel
findings, further studies should be addressed to reveal the mecha-
nisms of this developmental process.
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Materials and Methods
Mice

Mice were housed in a specific-pathogen-free animal care facility at
the National Institute of Genetics. All experiments were approved
by the NIG Institutional Animal Care and Use Committee. CAG-Cre,
Mvh-Cre, and Rosa-FIp mice used in this study were generated previ-
ously [50,64,65]. All mouse lines used in this study were of a mixed
genetic background.

Production of Elavi2 conditional knockout mice: For the targeting
vector construction, homologous arms and exon 3 of Elavi2 were
prepared by PCR amplification from the mouse genome and were
integrated into the DT-ApA/conditional KO FW vector containing
the loxP, Frt, and Pgk-neomycin cassette (http://www.cdb.riken.go.
jp/arg/cassette.html). The targeting vector was electroporated into
TT2 ES cells, and the homologous recombinants were selected using
150 pg/ml neomycin-containing medium. Correctly recombined ES
cells were screened using the following primer sets: ELAVL2-LAF3
(5-GTGGATACTACAGGTAAGTGAG-3’) and ELAVL2-E2R (5'-CA
AGTTGGCCCATTAGACAG-3’) for 5’ recombination, and Neo-pA-L1
(5-GCTCATTCCTCCCACTCATG-3’) and ELAVL2-SA-OUT-R1 (5'-TA
GGGTGGCCACCGAGCAATTG-3') for 3’ recombination. These ES
cells were aggregated with 8-cell embryos, and the blastocysts that
formed the next day were transferred to foster mothers to generate
chimeric mice. After confirming germline transmission, the
neomycin cassette was removed by crossing with Rosa-Flp mice.

Production of Ddx6 conditional knockout mice: For targeting
vector construction, the homologous arms and exon 5 of Ddx6 were
prepared by PCR amplification from the mouse genome and were
integrated into a vector containing two loxP sequences via the
sequential infusion method (the targeting vector sequence is avail-
able upon request). A Pgk-neomycin cassette flanked by two Frt
sequences was then inserted upstream of the right arm. Two Cas9
target sites were selected using CRISPR direct (http://crispr.dbcls.
jp/), and each target sequence was integrated into the px330 Cas9
vector (Addgene). These vectors were transfected into TT2 ES cells
using Lipofectamine 2000 (Invitrogen), and homologous recombi-
nants were selected using 150 pg/ml neomycin-containing medium.
Accurately recombined ES cells were screened using the following
primer sets: DDX6-GL1 (5-CTCCCCCTCTGGGATTTTAGGG-3') and
Lox-R1 (5-TACGAAGTTATTAGGTCCCTCGAAG-3') for 5 recombi-
nation, and PGK-R (5-CTAAAGCGCATGCTCCAGACT-3') and
DDX6-GR1 (5-AAGTTTGAGGACAGCCAGGGC-3’) for 3’ recombina-
tion. These ES cells were aggregated with 8-cell embryos to generate
chimeric mice as described above.

Mouse breeding experiment

Control and Ddx6 cKO females were crossed with wild-type (ICR)
males when they reached 6 weeks of age. Each pair was kept in a
breeding cage until the female mice became 24 weeks old, and the
number of pups delivered during this period was counted.

Antibodies

The antibodies used for immunofluorescence analysis and Western
blotting are listed in Table EV1.

© 2019 The Authors
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Immunofluorescence staining

Frozen samples: Embryonic and newborn ovaries were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS)
for 0.5-1 h at 4°C. After washing with PBS, the fixed ovaries were
infiltrated with 10 and 20% sucrose in PBS for 0.5-1 h at 4°C.
The ovaries were then embedded in Tissue-Tek O.C.T. compound
(Sakura Finetek, Japan) and frozen in liquid nitrogen. Ovaries
were cryosectioned at 6 pm and applied to glass slides. After
drying the cryosections and washing them in PBS, the glass slides
were autoclaved in target retrieval solution (DAKO) at 105°C for
15 min and then pre-incubated with blocking buffer (3% skim
milk and 0.05% Tween-20 in PBS) for 1 h at room temperature.
The primary antibodies listed in Table EV1 were diluted in 0.05%
Tween/PBS (PBST) and reacted overnight with the sections at 4°C.
Negative controls of immunostaining were obtained by reacting
sections with normal antibodies [normal goat/mouse/rabbit IgG
(Santa Cruz, sc-2028/2025/3888), normal Armenian hamster/
guinea pig IgG (MBL, M199-3/PM067)]. After washing the samples
with PBST, secondary antibodies labeled with Alexa Fluor 488,
594, or 647 (1:1,000 dilution in PBST, Molecular probes) or Cy5
(1:1,000 dilution in PBST, Millipore) were reacted with the
samples at RT for 1 h. DNA was counterstained using DAPI. Fluo-
rescence micrographs were acquired using the Olympus FV1200
confocal microscope and processed with FV10-ASW (version 4.0)
software.

Paraffin-embedded samples: Ovaries from 1-week-old mice
were fixed overnight with 4% PFA/PBS at 4°C. After washing with
PBS, the ovaries were dehydrated and embedded in paraffin wax
following a standard protocol. The blocks were sliced at 6-um
thickness and placed on glass slides. After removing the paraffin
wax and autoclaving in target retrieval solution at 105°C for
15 min, the glass slides were washed in PBS and pre-incubated in
blocking buffer at RT for 1 h. The primary antibodies listed in
Table EV1 were then diluted in PBST and reacted overnight with
the sections at 4°C. Negative controls of immunostaining were
obtained by reacting sections with normal antibodies as described
above. After washing the samples with PBST, secondary antibod-
ies labeled with Alexa 488 or 594 (1:1,000 dilution in PBST) were
reacted with samples at RT for 1 h. DNA was counterstained with
DAPI. Fluorescence micrographs were acquired using the Olympus
FV1200 confocal microscope and processed with FV10-ASW (ver-
sion 4.0) software.

For TEX 14 and MKLP1 staining, newborn ovaries embedded in
paraffin were sectioned at 6-um thickness and placed on glass
slides. After removing the paraffin wax, samples were pre-incu-
bated with 3% bovine serum albumin (Wako) in PBS at RT for
1 h. The samples were then reacted overnight with primary anti-
bodies at 4°C. Negative controls of immunostaining were obtained
by reacting sections with normal antibodies [normal goat/guinea
pig/rabbit I1gG (MBL, M094/PM067/PM035)]. After washing with
PBST, the samples were reacted with secondary antibodies labeled
with Alexa 488, 555, or 647 (Thermo Fisher Scientific, Bioss Anti-
bodies) at RT for 1 h. DNA was counterstained with DAPI. Fluo-
rescence micrographs were acquired using the Keyence BZ-X700
microscope and processed with the attached analyzer. For quan-
tification, 2300 wild-type and 2201 Elavl2 knockout oocytes were
counted.
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Histological analysis

Histological analysis of ovarian sections from juvenile and adult
mice was performed by periodic acid-Schiff (PAS) staining accord-
ing to the standard protocol. Briefly, ovaries were fixed in Bouin’s
solution (Wako) and embedded in paraffin wax. Whole ovaries
were sequentially sliced at 6-pum thickness and submerged in xylene,
followed by 100, 90, and 70% ethanol. After staining with hema-
toxylin and PAS solution, images were obtained using BX 51 and 61
microscopy (Olympus). The developmental stages of ovarian folli-
cles were determined according to the criteria described in a
previous study [66]. Follicles were counted on every five sections,
and the oocyte diameter was measured using Cellsens software
(Olympus).

RT-qPCR

Total RNA was extracted from a pair of embryonic and newborn
ovaries, and testes using RNeasy Mini Kits (Qiagen), and incubated
with SuperScript III Reverse Transcriptase (Invitrogen) for 60 min at
50°C to synthesize cDNA according to the manufacturer’s proce-
dure. Oligo (dT) (500 ng) was used for cDNA synthesis. Quantita-
tive PCR was performed using KAPA SYBR Fast qPCR Kits (Nippon
Genetics) and Dice Real Time System Single Thermal Cycler
(Takara). The primers used are listed in Table EV2.

Western blotting

Newborn ovaries lysed in 1xSDS sample buffer [75 mM Tris-HCI,
pH 6.8, 1.2% sodium deoxycholate (SDS), 15% glycerol, 7% 2-
mercaptoethanol, and 0.001% bromophenol blue] were boiled for
5 min, separated on SDS-polyacrylamide gels, and transferred to
nitrocellulose membranes. After the membranes were submerged in
blocking buffer [5% skim milk in TBST (Tris-HCl, pH 7.5, 150 mM
NaCl, and 0.1% Tween-20)] at RT for 20 min, primary antibodies
diluted in TBST were reacted with the membranes at RT for 1 h.
After washing the membranes with TBST, the secondary antibodies,
horse/goat anti-mouse/rabbit immunoglobulin G conjugated with
horseradish peroxidase (1:2,000, Cell Signaling), were diluted in
TBST and reacted with membranes at RT for 30 min. Signals were
detected using the SuperSignal West Femto Chemiluminescent
Substrate Kit (Thermo Scientific). Images were captured using the
EZ-Capture MG chemiluminescence imaging system (Atto).

Image analysis

To quantify the DDX6 or DCP1A foci, oocyte sections were subjected
to immunostaining for DDX6 or DCP1A together with a germ cell
marker, DAZL. Confocal images were taken with Olympus FV1200
confocal microscope with a 100x oil-immersion objective lens, at a
pixel resolution of 1,024 x 1,024 and 1.5x zoom setting. Captured
images were analyzed automatically using a custom program writ-
ten for the R software environment (www.r-project.org) with the
EBImage packages [67]. Oocyte masks were created using the
images of DAZL staining, in brief, by applying a Gaussian blur filter
followed by local thresholding. Granular objects of DDX6 or DCP1A
were detected by applying the different Gaussian filters followed by
local thresholding, hole filling, and size selection. The area of DDX6
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or DCP1A foci in oocytes and those per unit area of oocytes were
calculated based on the pixel size.

Cell culture experiments

The 3xFLAG-ELAVL2-expressing vector was generated by inserting
the Elavi2-coding sequence into the p3xFLAG-CMV7.1 vector
(Sigma-Aldrich). As Elavl2 has oocyte-specific isoforms [30], cDNA
was reverse-transcribed from the total RNA of postnatal ovaries.
The deletion mutant of the 3xFLAG-ELAVL2-expressing vector was
generated using the In-Fusion HD Cloning System (Takara),
whereby RNA recognition motifs 1 and 2 were disrupted using the
following primer set: dRRM1/2-F (5-AGAGACAAAATAACAGA
CAAGCGGATTGAGGCAGAAG-3') and dRRM1/2-R (5'-CTCAATC
CGCTTGTCTGTTATTTTGTCTCTTACAAGC-3'). An EGFP reporter
was generated by inserting the Ddx6 3’-UTR sequence into the
pEGFP-C2 vector (Clontech). One microgram of 3xFLAG-ELAVL2 or
its deletion mutant vector was transfected together with the same
amount of the EGFP reporter with or without the Ddx6 3’-UTR into
3 x 10° HeLa cells using Lipofectamine 2000 (Thermo Fisher Scien-
tific) according to the manufacturer’s protocol. At 24 h after trans-
fection, the cells were dissociated using 0.15% trypsin and collected
by centrifugation (180 x g at 4°C for 2 min). Cells were then
homogenized in IP buffer (20 mM HEPES/KOH, pH7.5, 150 mM
NacCl, 2.5 mM MgCl,, 0.1% NP-40, 1 mM dithiothreitol, 1x protease
inhibitor cocktail (Roche), and 100 U/ml RNase inhibitor (Takara)).
After removing the debris by centrifuging the lysates (10,000 x g at
4°C for 10 min), the supernatant was incubated with magnetic
beads conjugated to protein G (Invitrogen), which were pre-incu-
bated with an anti-FLAG M2 antibody (1:200, Sigma-Aldrich, F3165)
at 4°C for 2 h. The lysate-bead mixtures were then incubated at 4°C
for 6 h with gentle rotation. The bead-antibody complexes were
washed thrice with IP buffer and transferred to fresh 1.5-ml tubes.
The complexes were washed again with IP buffer. The precipitated
proteins and RNA were eluted by incubating the bead-antibody
complexes with the elution buffer (IP buffer containing 0.5% SDS)
at 70°C for 5 min. Input samples (5% of starting material) were
taken from the centrifuged supernatants. Immunoprecipitation of
3xFLAG-ELAVL2 and its mutant protein was evaluated by Western
blotting using anti-FLAG M2 and anti-ACTB antibodies according to
the procedure described above. To quantify the precipitated reporter
RNAs, eluted samples were dissolved in TRIzol reagent (Invitrogen),
and RNA was extracted according to the manufacturer’s protocol.
c¢DNA synthesis and RT-qPCR were then performed according to
the procedure described above.

Microarray analysis

The quality of total RNA extracted from the wild-type and Elavi2
knockout embryonic and PO ovaries (n = 3, respectively) using
RNeasy Mini Kits (Qiagen) was determined using the 2100 Bioana-
lyzer (Agilent). Aliquots (200 ng) of the RNA were then reverse-
transcribed and labeled with Cy3 using the Low RNA Input Linear
Amplification Kit (Agilent). The Cy3-labeled complementary RNAs
were hybridized to a Whole Mouse Genome Oligo Microarray
(G4122F, Agilent) using the Gene Expression Hybridization Kit (Agi-
lent). The microarrays were scanned using a Microarray Scanner
System (G2565BA, Agilent), and the generated images were
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processed using the Feature Extraction software (version 9.1,
Agilent).

RNA immunoprecipitation and sequencing (RIP-seq)

One hundred newborn ovaries (three replicates) were homogenized
in IP buffer, and the debris was removed by centrifugation
(10,000 x g at 4°C for 10 min). The supernatants were incubated
with magnetic beads conjugated to protein G (Invitrogen), which
were pre-incubated with anti-ELAVL2 antibody (5 pg, Proteintech,
14008-1-AP) at 4°C for 2 h. Immunoprecipitation, elution, and isola-
tion of precipitated RNAs were performed according to the procedure
described above, and the quality of RNAs was evaluated using the
2100 Bioanalyzer (Agilent). Anti-sense RNAs were amplified using
the TargetAmp 1-Round aRNA Amplification Kit 103 (Epicentre)
according to the manufacturer’s protocol, and sequence libraries were
then generated using the KAPA Stranded mRNA-Seq Kit Illumina plat-
form (KAPA Biosystems) according to the manufacturer’s protocol.
The resulting libraries were sequenced on the Illumina GAIIx (single
end 36 base reads with TruSeq SBS kit v5 for GA., Illumina). These
input and RIP sequenced reads were then quality checked, and any
duplicated reads were discarded prior to mapping against the mouse
genome reference (GRCm38/mm10) using TopHat2 (https://ccb.
jhu.edu/software/tophat/index.shtml) [68]. During the mapping,
multiple-aligned reads were also discarded. The output bam files from
TopHat2 were processed by MACS2 callpeak (https://github.com/ta
oliu/MACS) [69] to estimate potential ELAVL2-associated sequences.
The cut-off g-value for the callpeak was 1e-7, and the nomodel option
was on. The called significant ranges were finally annotated using
ChIPpeakAnno  (https://www.bioconductor.org/packages/release/
bioc/html/ChIPpeakAnno.html) [70] together with biomaRt (https://
bioconductor.org/packages/release/bioc/html/biomaRt.html)  [71]
packages in the R statistical computing environment (https://www.r-
project.org). The reference database for the annotation was Ensembl
(https://www.ensembl.org/index.html), and the dataset was mmus-
culus_gene_ensembl for identifying gene IDs.

Statistical analysis

Comparison of two groups was performed by Student’s t-test except
those in image analysis, in which Wilcoxon rank sum test was
performed. Data are represented by means + SD. The significance
level of changes was represented by asterisks (***P < 0.000S,
**P < 0.005, *P < 0.005). C, value in RT-qPCR was calculated by
the second derivative maximum method, and the relative quantity
of each mRNA was calculated using the AACr method. In microar-
ray analysis, data were obtained from three independent samples
and processed using the Subio Platform (version 1.17, Subio) as
follows: All values < 1 were replaced with 1, and the data were
normalized to the 75™ percentile. The differentially expressed genes
were extracted from the datasets by fold expression change (more
than twofold) and Student’s t-test (P < 0.05).

Data availability

Microarray and RNA-sequencing data are available in the Gene
Expression Omnibus (GEO) database (Accession No: GSE112275

© 2019 The Authors
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and GSE113305). Requests for material transfer should be made to
Y.K. or Y.S. The custom program of image analysis is available from
the following web site (https://github.com/yukatonig/DDX6-foci-
analysis).

Expanded View for this article is available online.
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